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ABSTRACT 

Surface fires in wetland ecosystems frequently ignite smoldering ground fires. Ground fires often create and maintain 
open, shallow marshes that contribute to ecosystem diversity. Fire exclusion, drainage, deforestation, and other human 
activities have altered the landscape patterns and ecosystem processes in wetlands. Land managers who recognize 
the ecological role of fire want to use it as a management tool in wetlands. Conflicts between concerns such as air 
quality and ecosystem management objectives limit the range of acceptable fire prescriptions. Land managers need 
information on ignition and burnout of organic soils to successfully use fire in wetlands and to make decisions abOut 
allocating resources for wildfires. 

In this paper we review the current state of knowledge on the ignition and burnout of organic soils and present 
initial results of laboratory ignition and smoldering experiments with soil samples collected from North Carolina pocosins 
and Alaska black spruce boreal forests. Initial results from a prescribed burn in Alaska are also presented and contrasted 
with duff from the Northern Rocky Mountains. Ignition tests were applied to black spruce and pocosin soil samples 
to determine the effect of soil moisture and mineral content on limits to ignition. Initial results for a range of inorganic 
contents indicate that pocosin soils will ignite at moisture contents from 25% to 100% higher than for peat moss and 
for feather moss from Alaska. 

The data suggest that bulk density and moisture content of organic materials may influence ignition and tem
peratures more than does soil origin. Temperatures observed in the combustion zone of prescribed fires and in 
laboratory burns of undisturbed soil cores are quite similar even for different organic materials. Soil temperature profiles 
(depth and magnitude of heating) are related to the duration of heating and the amount of organic material consumed. 
Lab and field data presented here are being used to validate and modify existing physical models that predict 
consumption of organic material and heat transfer into the soil. 

Citation: Hungerford, Roger D., William H. Frandsen, and Kevin C. Ryan. 1995. Ignition and burning characteristics 
of organic soils. Pages 78-91 in Susan I. Cerulean and R. Todd Engstrom, eds. Fire in wetlands: a management 
perspective. Proceedings of the Tall Timbers Fire Ecology Conference, No. 19. Tall Timbers Research Station, Tal
lahassee, FL. 

INTRODUCTION 

Organic soils and mineral soils with organic surface 
horizons are common to a variety of ecosystems from 
wetlands to upland forested sites. Organic layers of dif
ferent thickness are formed, because low temperature, 
high acidity, low nutrient supply, excessive water and 
oxygen deficiency slow the decomposition of dead plant 
matter. Organic soils (often generically called peat) are 
classified (Gilliam 1991) based on organic carbon con
tent and depth. These soils often have a root mat at the 
surface over horizons of highly decomposed sapric (muck) 
material or less decomposed fibric (peat) material. To 
be classed as an organic soil, organic matter content must 
be greater than 20 % with a thickness of greater than 41 
cm (Gilliam 1991). Deep organic soils in wetlands are 
often greater than 1.5 m thick and have organic contents 
of greater than 90 %. Soils with organic horizons 20 to 
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41 cm thick are said to have histic epipedons, which 
means mineral soils with organic topsoils. Many soils 
classed as mineral soils have an organic top layer from 
3 to 20 cm thick. This organic layer is topped by un
decomposed litter over a duff layer (fermentation and 
humus materials) which accumulates over mineral soil. 
The organic layer thickness depends on decomposition 
rates and time since disturbance. 

Fire has played a significant role in the evolution 
and maintenance of many wetland ecosystems with or
ganic soils as well as drier ecosystems with mineral soil 
and organic horizons. Fire is an important process af
fecting vegetation development, wildlife habitat, and 
budgets for carbon, water, and nutrients. Numerous wet
land species are either adapted to survive fire or are 
present only during early post-fire succession. Most 
shrubs and many grasses and forbs readily sprout fol-
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lowing surface fires. Other species require an ash seedbed 
for successful germination. Because organic detritus de
composes slowly in most wetlands, site nutrients become 
increasingly unavailable for growth until a fire occurs. 
Many plant species are adapted to rapidly take up the 
nutrients released by burning. Burning releases several 
chemical compounds to the atmosphere; many of these 
are "greenhouse" gases (Crutzen and Goldammer 1993; 
Levine 1991). 

The role of fire in wetlands depends on the cyclic 
nature of the hydroperiod, the frequency and duration 
of favorable fire weather, and the presence of ignition 
sources. How frequently a wetland bums depends on the 
rate of accumulation of continuous, fine, dead biomass. 
This varies with the site's rates of net primary produc
tion and decomposition and with the physiography of 
the vegetation. 

Many wetland areas accumulate substantial quan
tities of fine dead biomass. Fine dead fuels can bum 
intensely after only a few hours oflow relative humidity, 
even when the underlying soil is saturated. For example, 
marshes and sedge meadows rapidly accumulate fine, 
well aerated fuels that bum readily over open water when 
dry enough. The frequency of fire in these areas depends 
on the availability of ignition sources. 

The frequency of potential ignitions often depends 
on the fire regime of adjacent upland ecosystems. Upland 
ecosystems are generally drier and bum more frequently. 
Upland fires may spread into the adjacent wetlands; 
however, they initiate ground fires there only when the 
wetlands are drier than normal. 

Wetlands characterized by annual dry periods be
come increasingly susceptible to burning as biomass ac
cumulates following the last fire. In wetlands that dry 
annually, the mean fire free interval varies from every 
few years in subtropical climates where net primary pro
ductivity is high to centuries at high latitudes and alti
tudes where productivity is low. Fire-return intervals in 
the subtropical wetlands that dry annually are in the 
range of five to 20 years (Wade et al. 1980), except in 
areas of high salinity where fires are less common (Frost, 
this volume). Fire return intervals in wetlands of the 
taiga (boreal) forest zone are on the order of 50 to 120 
years in continental climates and range from 500 to 1,000 
years in boreal climates dominated by maritime air 
(Heinselman 1981; Johnson 1992). Fires that occurdur
ing nominally dry periods consume predominantly above 

. ground biomass in surface fires and crown fires (those 
consuming living foliage above 2 m high). Fires that 
occur during extended droughts can ignite and burn 
deeply into organic soils (ground fires). 

Fig. 1. Smoldering fire. 

The occurrence of ground fire (Figure 1) in organic 
soils has been well documented (Cypert 1961; Ellery et 
al. 1989; Wein 1983). If surface fires initiate ground fire 
in the organic soil horizons, smoldering may continue 
for months or even years. Extensive consumption of 
organic soil drastically changes the vegetation (Cypert 
1973; Wein 1983; Weakley and Schafale 1991). At the 
extreme, terrestrial habitats are converted to marshes 
and aquatic habitats (Cypert 1961; Otte 1981; Richard
son 1991). Very little experimental work has described 
the processes of ground fire in enough detail that man
agers can predict ignition or consumption. Prescribed 
fire managers often bum under conditions that make 
sustained burning of organic soil unlikely. Even so, there 
are numerous instances when ground fires occur unex
pectedly. 

Numerous management problems revolve around 
the ignition and burnout of organic soil. Ground fires 
are of relatively low intensity and combustion efficiency 
(Ward 1990). They often produce considerable smoke, 
which if poorly dispersed can reduce visibility, cause 
health problems, and violate clean air standards. Ground 
fires are difficult to extinguish (Artsybashev 1983). These 
"hold-over" fires pose considerable risk of escaping fire 
lines. However, sustained ground fires are naturally reoc
curring ecological processes that maintain the diversity 
of plant and animal species and their habitats in wetland 
ecosystems (Christensen 1981; Christensen et al. 1981). 
Continued suppression of ground fires may lead to un
desirable ecological changes, a buildup of fuels, and to 
more severe wildfires. Occasional ground fires may be 
necessary to perpetuate prairies and open areas (Cypert 
1961 and 1973; Ellery et al. 1989; Hermannetal. 1991). 
Thus, it may be both desirable and necessary to restrict 
the "mop-up" of smoldering organic soil in wildfires and 
to conduct prescribed bums designed to consume or
ganic soil. In 1992 the U.S. Department of Agriculture, 
Forest Service's Intermountain Fire Sciences Laboratory 
(IFSL) entered into a cooperative agreement with the 
U.S. Fish and Wildlife Service to conduct research into 
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the processes of ignition, consumption, and heat transfer 
into duff and organic soils. The immediate research goal 
is to understand the processes of ignition, sustained 
smoldering, and heat transfer within organic soils. Un
derstanding these processes will help us develop meth
ods for predicting.ignition probability and the amounts 
of organic soil consumed. The long-tenn goal of this 
research is to predict the abiotic and biotic effects of fire 
on soils and vegetation development. Our approach to 
understanding these processes is to: 1) collect organic 
soil samples fro~different regions of the United States 
to improve our ability to predict ignition, amounts of 
consumption, and heat transfer into unburned soils and 
2) test predictive ignition, consumption and heat transfer 
models in operational fires. Ultimately, we hope to relate 
model predictions to post-fire visual assessments of fire 
severity. 

The purpose of this paper is to review current 
knowledge of ignition and smoldering in duff and organic 
soils, and to present preliminary results of a research 
program to investigate combustion of organic soils. In 
this paper we will focus on the physical processes and 
the site factors that influence ignition and sustained 
smoldering. First, we briefly describe the vegetation, soils, 
and fire relationships of our study areas. Second, we 
review current knowledge on the effects of moisture and 
mineral content on the ignition of duff and organic soil 
and describe standard tests to compare the ignition of 
various organic soils. Third, we will describe our current 
understanding of the propagation or burnout of organic 
soils. Fourth, we will describe soil heating associated 
with burnout of duff and organic soils. 

STUDY AREAS 

Our sites range from upland forested sites with or
ganic horizons (duff) derived from conifer needles over 
mineral soil to wetland ombrotrophic (nutrient poor) 
bogs with deep organic soils. We are collecting samples 
and planning prescribed fires at three wetland sites (in 
Alaska, Michigan, and North Carolina) and one upland 
site (in Idaho). At each site, soil samples are brought 
back to the lab for a variety of tests and burning exper
iments.In July of 1993, a prescribed burn was accom
plished on a black spruce site in Alaska. Burns are planned 
in 1994 for a pocosin shrub bog in North Carolina and 
for a black spruce bog or marsh in northern Michigan. 
Although each of the wetland study sites has organic 
soil, the physical characteristics of the soils and the cli
mate, vegetation, and fire regimes of the sites are quite 
different. 

In North Carolina we are concentrating on shrub 
and tree pocosins at the Alligator River National Wild
life Refuge (NWR) and the Croatan National Forest. 

Vegetation in pocosins is quite varied, but these fire
dependent ecosystems are dominated by a variety of 
mostly evergreen and deciduous sclerophyllous shrubs 
that burn readily because of volatiles in the foliage. The 
most common species (Kartesz 1994) are fetterbush 
(Lyonia Lucida), titi (Cyrilla racemijlora), bitter gallberry 
(Ilex glabra), and zenobia (Zenobia pulverulenta) 
(Weakley and Schafale 1991). Widely scattered pond 
pine (Pinus serotina), loblolly bay (Gordonia lasianthus), 
red bay (Persea palustris) and sweet bay (Magnolia vir
giniana) are present in many pocosins and some of these 
species grade into mixed hardwood forests. The vege
tation is typically a dense tangle of shrubs and vines 
(Smilax laurifolia, greenbrier) that is nearly impenetra
ble and provides considerable fuel. Most species resprout 
following fire, either from the base (Figure 2B) or along 
the stem like pond pine (Figure 2A). Historically, fire 
return intervals are 10 to 50 years in these ecosystems 
(Ash et al. 1983; Christensen 1981; Frost, this volume). 
The soils are deep (1 to 8 m) with a thick root mat (15 
to 30 cm) on top of highly decomposed sapric peat (Lily 
1981). Soil bulk densities increase as inorganic content 
increases. The range of bulk density is from 0.35 g cm-3 

for soils with 80% organic matter (OM), to 0.62 g cm-3 

for soils with 30% OM. As the peat accumulates, the 
elevation of the bog increases and the bog becomes more 
ombrotrophic because the only mineral input is from 
rainwater (Richardson 1981; Sharitz and Gibbons 1982). 
Historically, fire helped create vegetation mosaics by 
burning varying amounts of the organic soils (Cypert 
1961; Sharitz and Gibbons 1982; Weakley and Schafale 
1991). 

Our Alaska study area is classified as an open black 
spruce (Picea mariana) forest (Viereck et al. 1992) at the 
Tetlin NWR near Tok, Alaska. Overstory vegetation is 
dominated by short (3 to 9 m) black spruce with stringers 
of closed white spruce (P. glauca) or closed black spruce
white spruce forest (Viereck et al. 1992). The understory 
is composed of open to nearly continuous low shrubs. 
Common shrubs include bog blueberry (Vaccinium uli
ginosum), lingonberry (V. vitis-idaea), Labrador tea 
(Ledum groenlandicum), crowberry (Empetrum ni
grum), red bearberry (Arctostaphylos rubra), and some
times prickly rose (Rosa acicularis) and shrubby cinque
foil (Potentillafruticosa) (Viereck et al. 1993). Common 
grasses and herbs include reedgrass (Calamagrostis spp.), 
sedge (Carex spp.), horsetail (Equisetum sylvaticum), 
cottongrass (Eriophorum vaginatum), and cloudberry 
(Rubus chamaemorus). The ground cover is dominated 
by lichens (Cladonia), feather mosses (Pleurozium schre
beri and Hylocomium splendens), and peat moss (Sphag
num spp). The pattern of ground cover is highly variable 
at a fine scale; patches dominated by lichens, feather 
moss, and peat moss may all occur in a square meter. 
These ecosystems are dependent on fire to maintain black 
spruce; average fire-return intervals range from 50 to 
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100 years. Some of the species resprout following fire, 
but many of them regenerate either by wind-blown seed 
or residual seed banks. The soils in our study area have 
organic horizons from 15 to 45 cm thick on top of min
eral soils of alluvial origin. Moss, common to forested 
regions, has organic bulk densities ranging from 0.02 to 
0.07 g cm-3 near the surface to a range of 0.1 to 0.5 g 
cm -3 for sphagnum moss 15 to 20 cm below the surface 
(data on file at the Intermountain Fire Sciences Labo
ratory, Missoula, Montana). Throughout the lowland 
areas, stringers of white spruce occur in old river chan
nels filled with mostly silty mineral soils with thin sur
face organic horizons (Viereck et al. 1992). The per
mafrost level in July of 1993 was about 30 cm below 
the soil's organic surface. Between fires, organic layers 
(peat) accumulate, the permafrost moves closer to the 
surface, growth of black spruce diminishes, and nutrients 
are increasingly tied up in living and dead organic soil 
layers (Lutz 1956). Fires that consume organic soils alter 
the species composition and provide seedbeds suitable 
for regenerating black spruce forests. In the last 50 years, 
the average area burned annually has steadily decreased 
because of fire suppression, even though the number of 
fires annually increased five-fold (Stocks 1991). As a 
result, some areas of black spruce are somewhat older 
than might be expected. 

At a third site we are working with sedge meadow 
peatlands and black spruce bogs at the Seney NWR in 
the Upper Peninsula of Michigan. These peatlands are 
dominated by sedges,grasses, and forbs, but invading 
shrubs from nearby sand ridges are changing the char
acter of the meadows. The soils on the sedge meadows 
are deep (1 to 2 m) organic peat derived from sedge with 
a 15 to 30 cm root mat layer over fibrous decomposed 
peat material. The texture and development of the peat 
suggests the bulk densities would be similar to pocosin 
soils. Where burning consumes considerable depths of 
peat, aquatic habitats are created. Black spruce bogs and 
upland areas of mineral soil dominated by red pine (Pi
nus resinosa), white pine (P. strobus), and hardwoods 
are commonly interspersed throughout the area. Light 
to severe surface fires burned the adjacent pine uplands 
every 5 to 50 years. More severe stand-replacement fires 
occurred every 150 to 300 years (Heinselman 1981). 

The northern Idaho study sites are located on Tsuga 
heterophylla climax series (Cooper et al. 1987) at the 
Deception Creek Experimental Forest near Coeur 
d'Alene, Idaho. Overstory tree species include grand fir 
(Abies grandis), western white pine (Pinus monticola), 
western hemlock (Tsuga heterophylla), western larch 
(Larix occidentalis), and Douglas-fir (Pseudotsuga men
ziesii var. glauca). Understory vegetation is dominated 
by pachistima (Pachistima myrsinities), huckleberry 
( Vaccinium g/obuiare), baldhip rose (Rosa gymnocarpa), 
twinflower (Linnaea borealis), and clintonia (Clintonia 

Fig. 2. Postfire response of pond pine (Pinus serotina) 
(A) showing epicormic sprouting along the bole a few 
months after fire. Shrub resprouts (8) after top kill and 
burning of organic soil around the root crown. 

uniflora}. Soils are silt loam, derived from volcanic ash
influenced loess 28 to 45 cm thick. Volcanic ash has a 
high water-holding capacity and is associated with very 
productive forests. Duff depths on the forest floor av
erage 4 cm, ranging from 2 to 8 cm. Site elevation is 900 
to 1,200 m on a 50 to 80 % east-facing slope with 150 
cm of annual precipitation (25 % snow) (Reinhardt et 
al. 1991). Occasional pockets of rotten wood average 
13.5 cm deep. Duff bulk density is near 0.1 g cm-J, a 
common value for coniferous forests. Fire-return inter-
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vals for stand-replacing fires range from 150 to 500 years; 
fire-return intervals for low-severity underburns range 
from 50 to 150 years (Cooper et a1. 1987). 

IGNITION AND CONSUMPTION OF 
ORGANIC SOILS 

Ignition occurs when the heat evolved from com
bustion is sufficient to overcome heat losses. Ignition is 
initiated by a source of heat: a flame or a glowing ember. 
At first the ignition process is influenced by the source. 
The sample may appear to be ignited but heat from the 
source may be offsetting the heat losses. As a result, when 
the source is removed or bums out, the organic material 
ceases to bum. Consequently, sustainable ignition is not 
achieved unless the material continues to bum after re
moval or extinguishment of the ignition source. Hawkes 
(1993) went beyond this simple scenario showing that 
the limit of ignition depends both on the amount of 
applied heat and its duration. Increasing either factor 
allowed smoldering combustion to be sustained at pro
gressively higher moisture contents. The ignition test we 
describe later for. peat moss and pocosin organic soils 
are comparable to the moderate heat load/short duration 
and moderate heat load/moderate duration treatments 
described by Hawkes (1993). 

Moisture reduces the chance of ignition because of 
the water's latent heat of vaporization. Inorganic ma
terial also reduces the chance of ignition because it re
places organic material and absorbs heat that would have 
contributed to combustion. Moisture-related ignition 
limits reported in the literature vary from 40 to 500 % 
(Table 1). Bancroft (1976) reports that the humus layer 
of organic soils in southern Florida will burn at moisture 
contents (MC) below 40 %. Wade et a1. (1980) state that 

Table 1. Moisture-related ignition limits reported for or
ganic soils and duff. 

Material Site 

Organic soil 
Organic soil 
Organic soil 

Commercial 
peat moss 

Commercial 
peat moss 

Organic soil 

Organic soil 

Duff 

Duff 

Organic soil 

Florida 
Canada 
Florida 

Florida 

Russia 

Russia 

Idaho 

Southeast 
U.S. 

Ignition 
Moisture 
(Percent) 

40 
100 
135 

110 

140-310 

65 

500 

70 

<150 

to H20 table 

Author 

Bancroft 1976 
Wein 1983 
McMahon et al. 

1980 
Frandsen 1987 

Hawkes 1993 

Wade et al. 
1980 

Artsybashev 
1983 

Artsybashev 
1983 

Brown et al. 
1985 

Christensen 
1981 

the upper organic layer will ignite at less than 65 % MC, 
then bum progressively wetter layers with up to 150 % 
Me. Hawkes (1993) reports ignition limits within the 
range of 140 to 180 % MC for his moderate heat load/ 
short duration heat treatment. The highest ignition limit 
he reported was 310 % MC for a high heat loadllong 
duration heat treatment. Wein (1983) sampled peat ahead 
of the combustion front and found that the smoldering 
fire was moving into peat at MC of 100 %. Artsybashev 
(1983) reports observations of peat smoldering at a MC 
of 500 %, and an ignition limit of 70 % for the forest 
floor (mosses, lichens, and top humus). McMahon et al. 
(1980) report that peat soils (Florida swamp muck) burn 
at 135 % MC but they do not suggest that organic soils 
with higher MC will not ignite. Christensen (1981) and 
Ellery et a1. (1989) report that peat soils can burn down 
to near the water table. More literature exists on the 
ignition limits of upland forest floor organic layers than 
for organic soils. Most of this literature suggests that the 
ignition limit for organic soil horizons is less than 150 
% MC (Norum 1977; Brown et a1. 1985; Ottmar et a1. 
1985). Clearly, the range of moisture contents where 
smoldering can be sustained is not well known and prob
ably varies with the physical characteristics of the or
ganic soil. 

Frandsen (1987) developed an ignition test for po
rous organic soils using peat moss. A red hot coil was 
placed near to-but not touching- the surface for 3 min
utes. Then the coil was removed, and the sample was 
observed. Ignition was successful if the sample burned 
to ash. Water and inorganic material were mixed with 
the sample to determine their influence on ignition. Us
ing this technique an ignition model was developed 
(Frandsen 1987) for peat moss. He found that peat moss 
with less than 10 % inorganic content would not smolder 
when MC was 110 % or greater. Increasing inorganic 
content resulted in a linear drop in the moisture ignition 
limit until the inorganic content reached 81.5 %. When 
the inorganic content was this high, even oven dry sam
ples could not be ignited. The limit of smoldering com
bustion is a combination of these two variables (Figure 
3): 

FM = 110 - 1.35 F j 

where FM is the MC and F j is the inorganic content, both 
expressed as percentages on a dry weight basis. The or
ganic bulk density was held constant at 0.11 g cm-3 • 

Hartford (1989) extended these studies, observing a low
er probability of ignition with increasing organic bulk 
density. 

The process of smoldering and consumption of duff 
or peat soil is not well understood. However, our field 
observations and those of others (Artsybashev 1983; 
Wein 1983; Ellery et al. 1989) provide us with a con
ceptual picture of the development of bum holes for field 
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Fig. 3. Moisture limits of smoldering ignition at 50 % 
probability for Alaskan (sphagnum, feather mosses, rein
deer lichen and sedge meadow) and North Carolina po
cosin ground fuels. Each moisture limit is associated with 
the average inorganic content of the samples tested for 
each ground fuel type. The solid line-shown for com
parison-expresses the limit of ignition for peat moss 
on both moisture and inorganic content (Frandsen 1987). 
Ignition is increasingly successful with decreasing mois
ture contents below the individual data pOints and the 
solid line. 

conditions (Figure 4). A spot or a number of spots may 
be ignited by fire brands or by the passage of a fire front 
from a surface or crown fire, if conditions are suitable. 
Smoldering may be initiated at the ground surface, in a 
crack or depression, or in woody material that burns 
down into the organic soil. The number of ignition points 
is chaotic, but can be expected to increase with surface 
dryness and the duration of the surface fire. Once ignition 
occurs, the smoldering front begins to burn downward 
and laterally, if conditions are favorable for sustained 
smoldering (Figure 4A). As smoldering progresses, it cre
ates a bowl-shaped depression (Figure 4 B). Lateral spread 
(most often below the surface) becomes the dominant 
form of spread once downward spread reaches mineral 
soil or MC above the smoldering moisture limits. Mois
ture is expected to change markedly over short lateral 
distances, as it would ifthe smoldering front passed from 
soil under the overhanging branches of a tree through 
the drip line to moister soil beyond. Inorganic content 
is not expected to change as dramatically. Consequently, 
lateral spread is modified by changes in moisture con
tent. Near the surface of the soil, the front will not spread 
as rapidly because of heat losses. Unburned material will 
overhang burned-out peat. Horizontally spreading fires 
may leave a thin unburned crust that will cave in under 
a person's weight (McMahon et al. 1980). As smoldering 
continues, the burn hole expands concentrically as long 

Mineral Layers 

Mineral Layers 

Fig. 4. Schematic diagram of the smoldering process. 
(A) shows the initial ignition point of smoldering initiated 
by a passing surface fire. (8) shows the concentric spread 
of the burn hole from the initial point. (C) shows the 
pyrolysis zone and drying zone ahead of the glowing 
zone in a fully developed burn hole. Heat generated at 
the glowing zone flows in all directions: some sustains 
the glowing zone, some moves downward, heating un
burned horizons, and some is lost to the atmosphere. 

as conditions are uniform. Lateral spread continues un
less the front reaches noncombustible materials. The 
front may encounter conditions unsuitable for ignition 
as it spreads downward (high MC, mineral soil, etc.), so 
the bottom glowing zone will be extinguished. The bot
tom ofthe burn hole flattens out; continued smoldering 
is limited to lateral spread (Figure 4C). As the smoldering 
front moves through the peat, it creates a drying zone 
caused by heat from the glowing zone. Pyrolysis occurs 
between the drying zone and the glowing zone; organics 
are charred and gases are produced there (Figure 4C). 

Availability of models to predict sustained smol
dering and consumption of organic soil are limited. Peter 
(1992) developed a model that describes the burning 
process of duff, based on heat generated by the surface 
fire, heat transfer through the organic layers, and bal
ancing the heat generated by smoldering with heat losses 
and the amount of heat needed to sustain combustion. 
This model's utility for predicting burnout of organic 
soil will be evaluated using data collected in this study. 
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Fig. 5. A box of 2.5 cm thick cElramic board holds the 
samples. Glass wool fills the space between the sample 
and the box. After an electrically heated coil on the left 
wall ignites dry peat moss, the smoldering com?u~t~on 
front travels to the right into the sample. Sample Igmtlon 
is successful if the combustion front continues into the 
sample. 

Methods 

A modified test was developed for field samples (10 
x 10 cm and 5 cm thick) obtained from the organic 
mantle on the forest floor. Inorganic content was as ob
tained in the field and moisture content was changed to 
examine its influence on ignition. Samples were allowed 
to equilibrate for at least 2 days before ignition. Tests 
were carried out in an insulated box (Figure 5) similar 
to the original design (Frandsen 1987). A one cm slice 
of the sample was cut from the side to determine the 
moisture content ofthe sample and replaced with easily 
ignited dry commercial peat moss to provide for a robust 
transition from a red hot coil placed at the side of the 
box container to the side of the sample. With this con
figuration the sample was presented with a lateral 
spreading combustion zone similar to field situations. 

Organic samples from the muck layer (under the 
root mat) of pocosins would not hold their shape as 
blocks so they were collected in buckets or cans as a 
slurry. Oven and air dried samples would not rehydrate, 
but freeze dried samples could be rehydrated so that the 
sample moisture content could be varied for the ignition 
test. Pocosin samples were obtained with inorganic con
tents of 3, 52, and 79 %. Freeze dried muck at 3 % 
inorganic content was in the form of a plug, 4 cm in 
diameter and 8 cm long. Freeze drying equipment did 
not allow for fabrication oflarger samples as above. Two 
cm disks were cut from the plug to form samples for the 
ignition test. Freeze dried muck at 52 and 79 % inorganic 
content did not retain their shape, so ignition samples 
were formed by pouring alternate amounts of soil and 
water into a 3 cm long cylinder 2.5 cm in diameter. 

Pocosin samples conditioned to the required mois-

ture content were surrounded by ash residue from smol
dering combustion. This approximates the ignition en
vironment in the field where the point of ignition is 
surrounded by ash from surface burning which acts to 
insulate the ignition point from heat loss. Half a gram 
of carbon powder (ground charcoal briquette sieved to 
100 mesh) was spread over the surface of the sample to 
act as the igniter replacing the red hot coil. A torch 
ignited the carbon powder producing temperatures above 
600 C for 5 minutes. These conditions were sufficient 
to ignite the sample if it was able to burn. More ash was 
spread over the sample after igniting the carbon powder, 
simulating the insulating ash cover in the field. Bulk 
density, mineral content, and moisture content were re
corded for each test along with success or failure to ignite. 

Results 

The probabilities of ignition for a given soil are 
obtained from the dependence of ignition success and 
failure on moisture content as determined by a logistic 
regression model (Hartford 1989). For ease of com
munication, the moisture content for the 50% ignition 
probability will be considered the smoldering combus
tion limit. Results of lab ignition tests show that the 
smoldering limit for pocosin soils is higher than that of 
commercial peat moss (Figure 3), ranging from 25 to 
160% MC when inorganic content ranges from 79 to 
2.5%. At the center of peat deposits, inorganic contents 
are typically 2 to 10%, but near sand ridges in pocosins 
mixing occurs and inorganic contents are 79%. The high
er ignition limits for pocosin soils than commercial. peat 
moss may be due to higher heat contents: 24.5 kj g-l for 
pocosin organic soil (Ingram 1987) compared to 20.7 kj 
g-l for commercial peat moss (measured with oxygen 
bomb calorimeter at the Intermountain Fire Sciences 
Laboratory). More heat is available for smoldering from 
pocosin soils than from an equivalent organic mass of 
commercial peat moss, therefore combustion is more 
likely to be sustained. 

Eight types of organic duff material were sampled 
from the Tetlin NWR near Tok, Alaska. Those sampled 
were: upper feather and sphagnum moss (0 to 5 cm), 
lower feather and sphagnum moss (10 to 25 cm), middle 
sedge meadow (5 to 15 cm), lower sedge meadow (15 to 
25 cm), reindeer/feather (0 to 5 cm), and white spruce 
duff (0 to 5 cm). The smoldering limit for both upper 
and lower feather moss lie very near the smoldering limit 
for peat moss (Figure 3). The rest lie above the smol
dering limit for peat moss. Except for reindeer/feather 
moss and lower sphagnum moss the results lying above 
the limit for peat moss form a line nearly parallel but 
displaced upward from the peat moss limit. This may 
be an artifact resulting from the difference in the method 
of ignition; the samples from Tetlin NWR were ignited 
from the side below the surface and the peat moss sam-
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pIes from the exposed top surface. An argument could 
be advanced on the basis that the Alaska samples were 
insulated from heat losses when ignited below the surface 
compared to the exposed surface ignition of peat moss. 
That might account for their survival at higher moisture 
and inorganic contents. However, this would not then 
explain the very close proximity of the feather moss to 
the peat moss limit. Field observations of feather moss 
ahead of a smoldering front showed that the front moved 
into moss with average MC of 47% (4% inorganic con
tent) at the surface and 81% (10% inorganic content) 7 
to 9 cm below the surface. Both moisture contents are 
below the smoldering limit for commercial peat moss at 
their respective inorganic contents. 

Field observation of a smoldering front at the Seney 
NWR showed that it moved into peat 15 cm ahead of 
the front with moisture contents up to 89% at 5 cm below 
the surface and 100% at 10 cm below the surface (Figure 
6). At one meter ahead of the front, the MC was 82% 5 
cm below the surface and 100% 10 cm below the surface. 
Just 5 cm ahead of the front the MC was 61% at 10 cm 
below the surface suggesting the peat was being dried by 
the burning front. Observations near a smoldering front 
at the Lake Agassiz NWR in Minnesota showed that the 
front was moving into peat with moisture contents rang
ing from 200 to 260%. 

HEAT FLUX AND SOIL HEATING 

Heat flux is also called intensity. It is expressed in 
SI units as J S-1 m-2 or w m-2 (w = J S-I). It represents 
the flow of heat through some material such as air, soil, 
duff, or wood. Heat flux under fires is not easily mea
sured, because adequate sensors are not available. How
ever, it is an important boundary condition for modeling 
heat transfer to predict temperature histories in material 
adjacent to the burning zone. 

Downward heat transfer from a surface fire or from 
a smoldering ground fire needs to be modeled to predict 
fire effects on soils and biotic systems in the soil. Models 
developed by Aston and Gill (1976) and Campbell et al. 
(1995) are among the few soil heat-transfer models that 
have been developed for wildland fires. Numerous other 
heat-transfer models have been developed for other uses, 
but are not specific to wildland soils and fire. Several 
aspects of modeling soil heating as it applies to burning 
organic horizons above mineral soils are discussed by 
Hungerford (1990) and Hungerford et al. (1991). Much 
of the work described in this paper is designed to provide 
data to test heat-transfer models. 

Heat generated from surface fire is transferred to 
underlying soil horizons, which mayor may not ignite. 
If the organic soil ignites, and smoldering proceeds as 

Moisture Content Near The Smoldering Zone 

~ 1 meter 'I 
15 cm--->l 

5cm 

X X 
ID rem ~ x -

79% 89% -l 82% 10cm 

Burn Hole x x x -
61% 100% 100% 

Fig. 6. Schematic diagram of Qrganic soil moisture 
ahead of an advancing smoldering combustion zone from 
information obtained at the Seney National Wildlife Ref
uge in the upper Peninsula of Michigan .. Sample moisture 
contents (dry weight basis) are identified adjacent to the 
X's marking the location of extracted samples. 

described above, heat flows to the underlying organic or 
inorganic horizons. If, however, the organic horizons do 
not ignite, they retard heat penetration (Frandsen and 
Ryan 1986). Temperatures in smoldering organic ma
terials range from the ignition point (> 300 C) to over 
600 C. Hawkes (1993) reports an average combustion 
zone peak temperature of 475 C for six lab burns of 
commercial peat moss. These temperatures are consid
erably lower than temperatures associated with flaming 
combustion, which range from 800 to 1,200 C. 

Methods 

Heat flux measurements were made with a sensor 
developed at the Intermountain Fire Sciences Labora
tory. The sensor is an insulated cup: 13 cm high, 9 cm 
outside diameter, and 6.5 cm inside diameter. The cup 
is filled with 300 g of water with the level about 0.5 cm 
from the top. A porous ceramic disk less than 1 mm 
thick covers the top. Sand surrounds the sensor up to 
the ceramic disk forming the interface between smol
dering peat moss and the sand substrate. The porous 
disk prevents debris from falling into the water. During 
burning, moisture vapor moving ahead of the peat com
bustion zone passes through the peat and the porous 
disk, condensing in the water below. The water is con
tinuously mixed by a magnetic stirrer so that radiative 
heat, sensible heat, and heat from the condensed vapor 
are distributed uniformly throughout the water. The rate 
of heat absorbed by the water from the heat flux through 
the porous disk is obtained from the product of the mass 
of water (300 g), the specific heat of water, and the rate 
oftemperature change. Only a thin (I to 2 mm) layer of 
char and residue remain on the disk after the bum. 
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Fig. 7. 8urningof a soil core 30 cm in diameter x 30 
cm deep. 

Developing and testing the soil heat-transfer models 
require that we compare observed temperature data with 
the model predictions. The initial phase is being con
ducted in the laboratory by burning undisturbed soil 
cores (Figure 7) from each of our study sites. Soil cores 
are obtained with a sharpened steel corer 30 cm diameter 
and 30 cm deep. After the sampler has been driven into 
the soil, it is removed using a shovel, and a lid and 
bottom plate are put on it to protect the sample. Core 
samples from North Carolina, Alaska, and Idaho are 
stored in a cooler (2-6 C) at the Intermountain Fire 
Sciences Laboratory. They are burned in the lab (Figure 
7) at three different core moisture contents with four 
replications. During test bums, thermocouples (16 on 
each side) are installed at I-to 2-cm intervals from the 
surface of the core to a depth of 20 cm. Each thermo
couple is inserted into the center of the core through a 
tube held parallel to the surface by a jig (Figure 7). Tem
peratures are measured at 3D-second intervals as the soil 
smolders. Afterward, post-bum measurements deter
mine ash depth, depth of burn and the actual depth at 
which each thermocouple was placed. These measure
ments along with surface visual observations determine 
bum severity. As burned material is removed, soil sam
ples are taken for nutrient analysis and each layer is 
tested for water repellency using the water drop pene-
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Fig. 8. Heat flux histories from burning 2-cm. 4-cm, and 
6-cm deep beds of dry peat moss recorded by ~ stirr~d 
water calorimetric heat flux sensor. Peat moss In (A) IS 
oven dry and peat moss in (8) is 15 % moisture content 
(Me). 

tration technique (De Bano 1981). Soil samples are also 
taken from unburned cores and each layer is tested for 
water repellancy. 

Prescribed burns at several field sites will be used 
for field model testing. During such bums data loggers 
with eight thermocouples each are placed in the different 
burning treatments. Thermocouples are placed at regular 
intervals (depths depend on the site conditions) by in
serting them through tubes held parallel to the surface 
by a jig. Temperatures are monitored at l-minute in
tervals during the fire. When smoldering is complete, 
postburn measurements are made of burn depth, ther
mocouple location, visual severity, and other factors. 
Pre-burn soil samples for nutrient and moisture content 
analysis are collected when thermocouples are installed, 
and post-burn soil samples are collected adjacent to each 
thermocouple. 

Results 

Some preliminary results obtained with the stirred 
water calorimeter show the peak heat flux at the peatl 
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Fig. 9. Preliminary data on the fraction of the heat burn
ing peat moss directs downward at the peat moss/sand 
interface. Downward fraction decreases slightly with in
creasing moisture content (MC), but does not change 
appreciably with increasing depth burned. 

sand interface is reduced as peat depth increases (Figure 
8A and 8B). This reduction is questionable because the 
combustion zone source of heat flux is not expected to 
change with load. 

Integrating to calculate the area under the heat flux 
curve· gives the total amount of heat received by the 
sand. Curves that do not finish at zero heat flux are 
extended to zero using the final slope of the curve. Form
ing the product of the effective heat content of smol
dering peat, 14.2 kJ g-I (Frandsen 1991), and the fuel 
load ofthe peat moss gives the potential heat load. With 
these data we determine the fraction of the potential 
heat arriving at the calorimeter or peat/sand interface 
(Figure 9). These calculations show that about 30% of 
the total heat available is received by the sand substrate. 
This implies that radiative and convective heat losses 
to the atmosphere above the burning peat are approxi
mately 70%. 

Our data from prescribed burns in Idaho (litter and 
duff layers over mineral soil), laboratory burning of un
disturbed soil cores from Idaho, and a prescribed fire in 
Alaska (black spruce organic soils with moss-lichen sur
face fuels) show that temperatures within the smoldering 
zone are similar in all three cases. Average maximum 
temperature in the Idaho field bums was 462 C (ranging 
from 375 to 543 C), based on 14 measurements in two 
contrasting burns. One bum in dry duff (I 2% MC) con
sumed all the duff; the other in wet duff (124% MC) 
consumed only a portion of the surface. Maximum tem
peratures in the burning zone for the laboratory cores 
averaged 484 C (ranging from 402 to 632 C) based on 
31 measurements. These data represent a variety of 
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Fig. 10. This graph shows time temperature profiles at 
the duff/mineral soil interface for field burns in Alaska 
(AK) and Idaho (ID) and a laboratory core (from ID). The 
AK 100% burn .consumed all peat above the mineral soil. 
The AK 90% burn consumed all but 2 cm of the peat. 
In both the AK burns the soil MC was greater than 50%. 
The ID dry 100% burn consumed all duff with primarily 
smoldering combustion; flaming lasted for only a couple 
minutes. Duff MC was 12% and soilMC was 7% for the 
ID dry 100%. The ID wet 35% burn was a spring slash 
burn with 40 foot flame lengths; the duff MC was 124% 
and soil MC was 68% and 35% of the forest floor was 
consumed. 

burning conditions over soils of different moisture con
tents. In the burning zone for the Alaska black spruce 
organic soil, maximum temperatures averaged 493 C 
(ranging from 422 to 625 C). Because of the within-site 
variability, we cannot conclude that peat-based soils from 
Alaska burn hotter than duff from upland conifer forests. 
These results are consistent with conclusions based on 
heat content data for peat moss and needle-derived duff 
and on studies of the smoldering process (Ohlemiller et 
al. 1979). Data for pocosin organic soils in the Southeast 
(McMahon et al. 1980) show that burning zone maxi
mum temperatures ranged from 416 to 625 C. Even 
though these peat materials have a higher heat content 
(Ingram 1987), maximum temperatures are similar to 
those we measured for other soil types. The heat gen
eration rate and temperature are controlled by oxygen 
supply (Ohlemiller et a1. 1979). Thus, bulk density in
fluences temperatures and burning rates. Future work 
with planned prescribed fires and laboratory burning of 
cores will test the effect of bulk density and organic soil 
type. 

The high temperatures and long residence times 
(duration of burning) of smoldering increase the oppor
tunity for heat to penetrate into the soil when compared 
to fires where organic layers are not involved in the 
combustion process. Time-temperature profiles at the 
organic-mineral soil interface for. two burns in Idaho, 
two locations in the Alaska bum, and a laboratory bum 
(Figure 10) illustrate the range of temperatures that oc
cur. Temperatures for these examples ranged from 63 
to 506 C at the mineral soil surface. The highest and 
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lowest temperatures were from field burns of conifer duff 
in Idaho. The highest temperatures were recorded in dry 
duff (12% duff MC, 10% mineral soil MC) where the 
7-cm duff layer was consumed completely. The other 
was wet duff (124% duff MC, 68% mineral soil MC) 
where 1.4 em of duffwas consumed and 2.4 cm remained 
after the burn. 

The profiles from Alaska show two situations where 
the organic layer was completely consumed or nearly 
consumed. Where some organic material remained after 
the bum (2 cm) and 1 Q cm of material was consumed, 
the maximum temperature was 75 C. At another sample 
point where a 20-cm organic layer was completely con
sumed, the maximum temperature was 241 C. Not shown 
are many other sample points where a small percentage 
of the organic layer was consumed and temperatures at 
the surface of the mineral soil remained cool. The one 
laboratory core burn example is representative of a pat
tern frequently observed in controlled burns of cores. 
The maximum temperature of293 C, one to 2 mm below 
the duff/soil intep-ace, was achieved by burning 7 cm of 
dry conifer duff over dry soil (10% MC). These soil con
ditions were comparable to soil conditions at the Idaho 
dry duff field bum. 

Where the organic layers were consumed (Figure 
10), temperatures at the mineral soil surface remained 
above 100 C for 7 to 20 hours. If a threshold of 60 C is 
used to represent the lethal level for biological activity 
(Levitt 1980), the length of time temperatures exceeded 
the lethal level ranged from 3.5 to 24 hours. At locations 
where organics were not burned to the mineral surface, 
and/or where the moisture content of the mineral soil 
is high, temperatures at the mineral soil surface and 
deeper did not reach 100 C and the length of time tem
peratures exceeded the lethal level was short. 

IMPLICATIONS OF SOIL 
CONSUMPTION AND SOIL 
HEATING 

The consumption of organic soil and associated soil 
heating affect different plant species differently. The de
gree of mortality and change in frequency and abundance 
of a plant species is related to the morphology and to 
the depth of its regenerating structures in the soil profile 
(Flinn and Wein 1977; Bradley 1984). Regenerating plant 
parts (seeds, rhizomes, bulbs, etc.) are more likely to 
survive if .they are below the boundary of lethal soil 
heating (60 C). Structures that are more massive (such 
as lignotubers) and that have protective surfaces such as 
bark are more likely to endure 60 C temperatures for a 
short period of time than those that do not (Hungerford 
et al. 1991). Perennating structures cannot survive in 
organic soil that is consumed, since temperatures in the 

combustion zone exceed 350 C for long periods. Even 
though root morphology and depth of regenerating struc
tures are important, only a small number of studies de
scribe characteristics of individual species. Very little 
information has been published on subterranean peren
nating structures and on the fire response of wetland 
species. The information that is available is summarized 
for many species in the Fire Effects Information System 
(Fischer and Brown 1991). 

Based on observations of a number of people, the 
pattern of ignition and initiation of smoldering ground 
fire spots may be influenced by variations in microto
pography. Irregularities in the surfaces of many wetlands 
with organic soils are often a result of vegetation patterns 
and fire (Christensen et al. 1981). Shrubs and trees often 
are on hummocks, with Sphagnum spp., low shrubs, and 
other vegetation of smaller stature in depressions. In 
some ecosystems tussocks develop and become elevated 
above the general organic surface. Bunchgrasses may 
sometimes approximate this form. Due to differential 
drying and water use by plants in hummocks compared 
to those in depressions, and to the differing distances to 
the water table, potentials for ignition vary from place 
to place. In addition, more fuel seems to accumulate at 
the base of shrubs on hummocks than in depressions, 
which may increase the probability of ignition and ini
tiation of smoldering on hummocks. These thoughts raise 
several important research questions. What is the prob
ability for initiation of smoldering for the different mi
crotopographic. sites? What is the relationship between 
microtopographic position and moisture content? Is there 
a relationship between the amount of fuel and moisture 
content? Answers to these questions in conjunction with 
information on the relationship between moisture con
tent and ignition may help to determine the probability 
of sustained ground fire for any given condition. We plan 
to make a preliminary assessment of microsite influences 
during the prescribed bums at the AlligatC)r River and 
Seney NWR, and Croatan National Forest. 
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