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Abstract 

Wildland fires around the globe have been increasing in their severity and frequency, 

leaving natural and heritage resource managers to cope with their irreversible effects. 

Here, I review the literature on wildland fire environments and behavior and I investigate 

their influence on buried archaeological materials. To better understand this process, I 

propose and test a protocol which utilizes soil micromorphology and Fourier transform 

infrared microspectroscopy to quantify the impact of thermal energy on the sub-surface 

environment and the transformations that occur within the chemistry and mineralogy of 

common organic soils. An initial application of this protocol was carried out within the 

perimeter of a wildland fire near Logan Lake, British Columbia, which successfully 

measured on a millimetre-scale the heat diffusion pattern through the soil column. This 

analytical protocol can now be used in post-burn investigations to assess the effects of 

wildland fires on sub-surface archaeological materials of different regions.  

Keywords:  wildland fire; archaeology; soil and sediment; infrared spectroscopy; 

FTIR; soil micromorphology 
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human-caused fires, escaped wildland fire use events, escaped 
prescribed fire projects, and all other wildland fires where the 
objective is to put the fire out" (National Wildfire Coordinating 
Group [NWCG]1996). 

Wildland "An area in which development is essentially non-existent, except 
for roads, railroads, powerlines, and similar transportation 
facilities. Structures, if any, are widely scattered" (NWCG 1996). 

Wildland Fire "Any non-structure fire that occurs in the wildland. Three distinct 
types of wildland fire have been defined and include wildfire, 
wildland fire use, and prescribed fire" (NWCG 1996). 



 

x 

Image 

 
Wildfire no. K20203 near Logan Lake, British Columbia, May 2018. 
Image credit: TWITTER/@VSAMaintenance. 

 

 

 

 

 

 

 

  



 

1 

Chapter 1.  
 
Introduction 

1.1. Research Context 

In Canada since the late 1900's, there has been a steady increase in the average 

size of wildfires throughout the region (Flannigan et al. 2009). This has been matched by 

an increase in their frequency and severity (Nitschke and Innes 2008). The obvious 

effects of these events are seen in the transformations that have taken place on a grand 

scale within the natural (Brown and Smith 2000) and the built (Radeloff et al. 2018) 

environments. Less understood, however, are the effects that have taken place in the 

sub-surface environment. In the fields of archaeology and heritage resource 

management there is a growing interest in the impacts and alterations that occur to 

archaeological features and artifacts which are exposed to the intense thermal energy of 

a wildland fire. This thesis will address these effects, describe the changes that take 

place in the sub-surface environment, and present an analytical protocol to improve our 

understanding of the impact of wildland fires on soils and sediments. 

On a global scale, wildfires are increasing in those places where forest and plant 

fuels are available to burn. In the period from 1979 to 2013 there was a 19 % global 

increase in mean fire-weather season length, the areas which are prone to wildland fires 

have doubled in size, and the frequency of abnormal and extreme fire-weather seasons 

has increased by more than 50 percent (Jolly et al. 2015). Although other research has 

called attention to a statistical bias which claims these findings were focused too heavily 

on data from fire-prone countries like the United States and Australia (Doerr and Santín 

2016), most research indicates that these upswings are evident and undeniable 

(Boulanger et al. 2018; Bremer et al. 2018; Cai et al. 2018). 

Looking ahead, global forecast models indicate that wildfire season-length and 

fire severity will continue to increase until the end of the twenty-first century, with the 

most significant effect being felt in northern high latitudes (Flannigan et al. 2013). In 

these northern countries, wildfire size was already observed to be increasing as was 

confirmed by research conducted by Wagner (1988). Throughout the 1990's research 
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continued to support a forecast model which predicted increases in wildfire size (Weber 

and Flannigan 1997). In British Columbia the rate of occurrence, severity and area of 

wildfires has increased. During the period that this thesis was being researched and 

prepared, the province of British Columbia experienced two of its most extreme fire 

seasons. In 2017, a wildfire season garnered notoriety for being the worst on record in 

terms of the total cost of fire suppression, the number of people displaced by evacuation, 

and the amount of land burned (at 1.2 million hectares [ha]) (British Columbia Wildfire 

Service 2018). In 2018, those records were broken again in a season that experienced 

1.4 million ha of burned landscape (British Columbia Wildfire Service 2019). In British 

Columbia, across Canada, and globally, it has been demonstrated that the causes for 

these increases are due to climate change, long term climate cycles, forest management 

practices, fire suppression policy, or a combination of these factors (Abatzoglou and 

Williams 2016; Flannigan et al. 2009; Stephens et al. 2014). 

Assuming the veracity of this forecast, it follows that the occurrence of more 

wildland fires will result in greater impacts on all land values including cultural heritage 

resources. Wildland fires will increasingly leave their mark by producing irreversible 

transformations on near-surface archaeological sites and the consequences of this will 

be inescapable. From the perspective of an archaeologist, materials which have been 

exposed to fire become more complicated. Fire can cause lithic artifacts to be 

transformed into materials that are something other than what are found at their 

geological source (Deal 2012). And as will be revealed in Chapter 5, the soils and 

sediments of an archaeological site will be altered by way of their chemical properties as 

they maintain the effects of oxidation and reduction. These and other results will add a 

burden of complexity to any archaeological research and it will be necessary for 

archaeologists and heritage resource managers to manage and account for these 

transformations as they are encountered. In this research I consider what the 

transformations of common soil components such as clay minerals can tell us about the 

intensity of a wildland fire that has occurred on a landscape surface. I will assess the 

impact on landscape ecology and on the preservation of archaeological material and 

sites. 
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1.2. The Wildland Fire Environment 

To understand the effects that thermal energy from a wildland fire has on sub-

surface archaeological sediments and materials, it is important to understand the 

physical and chemical properties of forest fuel combustion. The depth and intensity of 

heat transmission into the ground can vary according to several factors. For instance, 

the shape of the energy source will affect the shape of the impact pattern on the ground 

(Ryan and Koerner 2012). The vertical arrangement of trees, shrubs, plants, lichens and 

grass within the forest strata will determine the firing order in which fuels are consumed, 

thereby determining the distance from the energy source to the impact zone (Ryan and 

Koerner 2012; Scott and Reinhardt 2001; Van Wagner 1977). The energy potential of 

the forest fuels, which is largely dependent on its moisture content, will determine the 

amount of energy that is released during combustion (Ryan and Koerner 2012; Van 

Wagner 1987). As well, the direction in which the fire is moving will determine where, 

within the fire perimeter, the greatest impact will occur within soils and sediments 

(Buenger 2003). In order for a heritage resource manager or archaeologist to properly 

investigate and understand the impact of a wildland fire on the sub-surface environment, 

these and many other factors related to fire behavior must be taken into consideration. 

These factors will be looked at in detail in this chapter.  

Detailed descriptions of the fundamentals of wildland fire behaviour can be found 

in texts by Michaletz and Johnson (2007), Potter (2012), Pyne (1996), Rothermel (1972), 

and Wagner (1977). These principles have also been described concisely by Ryan and 

Koerner (2012) who have tailored the results of their research with specific reference to 

the impact of wildland fires on archaeological sites and the implications for heritage 

resource management. They describe the wildland fire environment as being composed 

of three factors: weather, terrain, and fuels. Weather is defined as the state of the 

atmosphere at a given time and place. It is expressed quantitatively by measurements of 

the ambient temperature, wind speed, wind direction, humidity, and precipitation. Terrain 

is defined as "the shape of a particular landform on the earth’s surface" (Ryan and 

Koerner 2012) and this is characterized in respect to its slope, aspect, elevation, and 

drainage qualities. Fuels are the living and dead vegetation which span the entire forest 

stratum, from the highest reaches of the canopy to the organic components of soils and 
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sediments. The energy-discharge characteristics of a wildland fire are determined by the 

various combinations of these three environmental factors.  

From a time-related perspective, the effects of fire-weather can be considered by 

its short- and long-term impact (Ryan and Koerner 2012). Short-term weather is 

examined on a scale of hours to days. In this operational period, changes in the moisture 

content of forest vegetation is highly responsive among fine-sized fuels such as twigs, 

grass, moss, coniferous needles and the upper humic layers of soil. Long-term weather 

is examined on a scale of several weeks or an entire season and will affect the moisture 

content of large logs and the deeper layers of soils and sediments (Ryan and Koerner 

2012; Van Wagner 1987). Other weather variables such as temperature and relative 

humidity play key roles in infusing or extracting moisture from forest fuels, as in the case 

where high ambient temperatures combined with low relative humidity can produce 

conditions for high rates of curing in dead vegetation. However, it is wind speed that has 

the greatest immediate effect on the intensity of a wildland fire; even small increases can 

generate dramatic changes in fire behavior (Ryan and Koerner 2012; Van Wagner 

1987). 

According to Ryan and Koerner (2012), terrain is defined as the physical 

attributes of a landscape and is the most constant factor of a wildland fire. Terrain is a 

relatively fixed variable for the duration of a fire's burning period and its effects are 

largely predictable, unlike other factors such as weather conditions and fuel properties 

which are always fluctuating and changeable. The effects of terrain, for example, can 

impact the way solar radiation penetrates the ground, the way water collects or drains 

from areas, the way wind moves through a landscape, and the way specific vegetation 

takes root and propagates. In the southern British Columbia interior, due to solar heating 

and drying on different landform aspects, we tend to find Douglas fir conifers 

(Pseudotsuga menziesii) growing on north-facing slopes while Ponderosa pines (Pinus 

ponderosa) favor southern faces. In some cases, these two biogeoclimatic zones might 

be separated by only one or two hundred meters, but they would still each support forest 

fuels with different burning characteristics. This is largely due to the aspect of their slope, 

the resulting amount of solar radiation they receive, and the floral and geophysical 

properties that distinguish each zone. 
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Forest fuels are defined by Ryan and Koerner (2012) as the organic biomass that 

is available for burning. Fuels will ignite and burn only when certain conditions are met. 

Among the most important of these is the moisture content of the vegetation which, by its 

relative amount, will determine how much fuel is available for combustion (Albini and 

Reinhardt 1995; Nelson 2001). Moisture content is the percentage of water in proportion 

to the dry weight of fuel (Ryan and Koerner 2012) and is expressed in the formula:  

  moisture content  =  (wet weight  –  dry weight)  /  (dry weight)  ×  100 

Among the fine-sized fuels such as twigs, needles and grass, the moisture 

content is essential because these fuels are the initial kindling which support a wildland 

fire (Ryan and Koerner 2012). Increasing the moisture content of fine fuels will reduce 

the likelihood of ignition. However, in a wildland fire which is capable of sustaining 

combustion, if there is a high percentage of fuel moisture content, then a specified 

amount of fuel will burn for a longer period due to a reduction in the fuel's burning 

efficiency (Thomas 1970). Thus, the increased moisture content of an established fire 

may smoulder on the ground for days or weeks before it is discovered, or it could also 

simply self-extinguish. It is important to note that this smouldering action will promote 

greater penetration of thermal energy into the ground due to prolonged exposure times, 

which will drive the effects of combustion deeper into soils and sediments. However, an 

increase in wind speed will result in a shortened burn duration by increasing the burning 

rate (Ryan and Koerner 2012).  

Fire transforms forest fuel in three ways: by consuming it, creating it, and by 

modifying the location where it grows (Ryan 2002). In the first, consumption of fuels 

occurs during the destructive stage of a fire, in what has been identified as the "flaming 

combustion phase", which will be discussed below. In the second transformation, fuels 

are created when vegetation is devitalized and cured by a wildland fire. Lastly, fertile 

land is modified on an ecological scale by a fire which either sparingly consumes surface 

fuels, or produces the high energy of an intense conflagration which can replace an 

entire stand of forest. 

As noted by Ryan and Koerner (2012), forest fuels are similar in their chemical 

properties regarding the way in which they combust. Vegetative biomass fuels are 

classified as a type of polymer consisting of 41-53 % cellulose, 15-20 % hemicellulose, 
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and 16-33 % lignin, with lesser amounts of secondary plant metabolites and minerals 

(Ryan and Koerner 2012). The mineral content of forest fuels includes calcium, 

potassium, magnesium and silica. Lignocellulosic fuels are hygroscopic and tend to 

absorb or lose moisture in response to changes in atmospheric moisture. As humidity 

rises or falls, so too does the fuel moisture content. Moisture can permeate fuel in an 

absolute manner, as it is penetrated by direct contact with rain, or in a subtle way, as it is 

suffused by pervasive relative humidity. 

1.3. Fire Behavior Principles 

Three components are necessary for a fire to ignite (Pyne, 1996:6). First, 

burnable fuel must be available. Second, enough heat must be applied to the fuel to 

raise its temperature to the ignition point. And last, enough oxygen is needed to maintain 

the combustion process and to sustain the heat supply that is necessary for the ignition 

of un-burned fuel. These three components are known to wildland fire managers as the 

fire triangle (DeBano and Neary 2005). Stephen Pyne (1996:6) provides a useful 

description of the fire triangle: 

"The fire triangle has been used to describe the interacting factors 
involved in fire fundamentals. Fire requires all three sides: the appropriate 
fuel, adequate oxygen, and enough heat. Fuels burn under appropriate 
conditions, reacting with oxygen from the air, generating combustion 
products, and releasing heat. The fuel side of the triangle refers to the 
material that burns -— type, chemical composition, density, moisture 
content. Heat refers to pilot source heat, enough to reach the ignition 
point to where heat can be continuously released, which must be enough 
to sustain combustion. Oxygen is required for combustion and is affected 
by fuel arrangement. When the fuel is gone, when the pilot heat source is 
not available, if not enough heat is generated to continue the process, if 
ash builds up or dirt is thrown on the fuel limiting oxygen supply, then a 
side of the triangle is broken and the fire goes out" (Pyne 1996:6). 

Before the combustion of wildland forest fuels can take place, Ryan and Koerner 

(2012) state that the temperature of the fuel must increase. This is accomplished by the 

flames at the head of an advancing fire which slant toward un-burned fuels and preheat 

them by means of convection and radiation. At this location at the head of a fire (Figure 

3), thermal radiation intensity will be at its maximum (Planas et al. 2011). A variety of 

heating effects come into play at this point. Local winds will cause the flame to pulsate 

and tilt its angle, which occasionally envelops the adjacent fuels into direct contact with 
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the fire. Larger flames create turbulence along with the convective transport of heat 

which will create more occasions where fire can contact un-burned fuel. Finally, rising 

hot gases will carry embers and firebrands ahead of the flame front and, by these ways, 

the fire propagates by means of both radiation and convection. 

The maximum temperature of a wildland fire will be attained when the flame zone 

depth reaches 1.0 m (Figure 2). The length of the flame zone depth is proportional to the 

temperature of the flame (Ryan and Koerner 2012), thus, a longer depth results in a 

higher temperature. The length of the flame itself will indicate the amount of energy that 

is being released by combustion and, in most forest fuel types, this can be calculated 

with the formula, 

energy  =  259.833  ×  (flame length) 2.174 

where flame length is measured in meters (m) and the energy release rate in kilowatts 

per meter (kW/m; Alexander 1982).  

 
Figure 1. Flame zone depth.  
  From Ryan and Koerner 2012. 

The backing fire (Figure 2) will advance at a slow rate of spread as it moves 

against a wind or down a slope. At this point on the fire perimeter, flame lengths will be 

at their minimum but will extend out over forest fuels which have already been burned 

(Ryan and Koerner 2012). This area of the fire will largely remain in a smouldering-

burning state. Due to slow rates of spread and heating from both surface flames and 

sub-surface fuels, the backing fire will support more thorough consumption of fuels. 

Therefore, a greater duration and deeper penetration of ground heating will take place 

(Buenger 2003) which will have an associated impact on sediments and sub-surface 

artifacts. Between the head and the back are the left and right flanks of the fire. If the 
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head of the fire burns very quickly and with great vigor, and the back with long duration 

and low energy, the flanks are spatially and behaviorally in the middle of these. Local 

variations in wind speed and terrain features can cause the flanking flames to alternately 

extend over burned fuels, then again over un-burned fuels, which results in the flanks 

sometimes acting like a backing fire and other times like a heading fire. Most backing 

fires will be 0.1-0.2 times the intensity of a heading fire, and flanks will be from 0.4-0.6 

times the intensity of the head (Catchpole et al. 1992). 

In the absence of wind and slope, and if the forest fuels are homogenous and 

uninterrupted, a fire will advance outward in a uniform manner and will expand in the 

shape of a circle. But if located on a slope, a wildland fire will take on an elliptical shape. 

Likewise, an ellipse would form if the fire is driven by a steady wind. When the fire 

experiences a combination of these and other factors such as gusty winds, rolling 

terrain, and variations in available forest fuels, its growth vector and resulting shape will 

be complicated by the influence of the slope, the force of the wind, and the potential 

energy from the diversity of combustible fuels that are consumed. 

1.4. Fuel Strata and Types of Fire 

There are three types of forest fuels that are classified according to their vertical 

arrangement, these being the canopy fuels, surface fuels, and ground fuels (Figure 3).  
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Figure 2. The combustion zones of a wildland fire.  
  From Ryan and Koerner 2012. 

From Ryan and Koerner's research (2012) it becomes evident that the lowest two of 

these will have the greatest impact on sub-surface artifacts and materials. This is due to 

their direct contact with soils and sediments and their ability to effectively transport 

thermal energy into these layers by means of radiation, conduction, vaporization and 

condensation. Canopy fuels are described by Ryan and Koerner (2012) as live or dead 

plant biomass that exist at a level of 2.0 m or higher. These fuels are predominantly fine-

sized and consist of needles, lichens, leaves, twigs, branches and bark. Due to their 

vertical structure and their open spatial arrangement, they will release the maximum 

amount of energy that is possible in a wildland fire due to the amount of air that can 

enter freely into the combustion zone, but this release happens only for short durations 

of usually 30-80 seconds (Ryan and Koerner 2012). Crown fires in the canopy fuels will 

release high amounts of energy but in shorter durations. Though it is possible for a fire in 

the canopy to burn independently in what is termed an "active crown fire" (Van Wagner 

1977), this is a rare occurrence and fire behavior in this forest stratum is almost always 

supported by the energy of an active surface fire. 
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Figure 3. Fuel strata and forest vegetation.  
  Adapted and modified from Ryan and Koerner 2012. 

In the middle layer of the forest strata we find surface fuels, which are located 

from 2.0 m above the ground to the surface of the forest floor. This layer is composed of 

a complex mix of living and dead vegetation which includes leaves, conifer needles, 

cones, mosses, lichens, grasses, low bushes, and re-generating trees. Fire behavior 

prediction systems often classify surface fuels which are dead and decomposing into two 

broad categories of fine woody debris (FWD) and coarse woody debris (CWD). Each of 

these represent different burning characteristics as measured by their intensities and 

durations. Surface fires can occur in FWD such as dead matted grass and dead fallen 

needles which will display short, hot, flashy burn durations of 1-2 minutes; or it can creep 

through heavy CWD and tightly packed fuels which will burn at rates as slow as 10 

centimeters (cm) per hour (Ryan and Koerner 2012). Surface fires are in the middle 

space between canopy and ground fires and they cover a wide range of intensities and 

durations depending on the structure and quantity of forest fuels that are available for 

burning. 
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The lowest layer of combustible plant materials are the ground fuels which are 

found at and below the forest floor. These fuels are made up of the litter-fermented-

humus layer (LFH, or duff), trees roots, grass and shrub roots, buried decaying logs, and 

rodent middens. Most ground fuels are densely compact and will burn primarily by 

smoldering combustion for a duration of hours or possibly weeks. They will have rates of 

spread in the range of 10 cm to around 2 m per day with combustion energies capable of 

remaining at 300 °C for several hours (Ryan and Koerner 2012). In most cases, ground 

fires are low in intensity and long in duration, but in certain instances ground fires can be 

much more intense, such as is found in sub-surface cone caches of the Douglas squirrel 

(Tamiasciurus douglasii). Their habitat is located along the Pacific west coast from 

northern California to the mid-coast of southern British Columbia, but it also extends into 

the southern British Columbia Interior. They can produce modified ground fuels of one or 

more meters in depth made of discarded shells of tree cones and bracts which they 

collect and stockpile. These middens will burn with an intensity similar to surface fuels 

due to the airy and well-ventilated nature of these cached conifer cones which aerate the 

combustion zone beneath the ground.  

Previous research by Grishin et al. (2009), Hungerford et al. (1995), Reardon et 

al. (2007) and Rein et al. (2008) has revealed that duff layers need to be from 4-6 cm in 

thickness in order for ground fuels to maintain smouldering combustion. Anything less 

would serve only to insulate lower sediments from the thermal energy being produced at 

the surface (Ryan and Koerner 2012). This un-burned duff layer protects the deeper 

organic strata and sediments from heating during the passage of surface and crown fires 

(Figure 4a). In more hazardous conditions and with a duff layer of 6 cm or greater, an 

advancing flame front will ignite ground fuels when they are sufficiently dry. This results 

in the formation of a localized hotspot in the organic layer (Figure 4b). At this stage the 

fire will grow laterally as it vaporizes any remaining moisture and raises the temperature 

to where smoldering combustion can take place (Figures 4c and 4d, modified with labels 

indicating the depth of the duff layers). 
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Figure 4. The passage of a fire through the duff layer: (a) thin duff layer 

insulates mineral soils from thermal penetration during a surface 
fire; (b, c and d) when the duff layer is greater than 6 cm, an 
expanding ground fire conducts thermal energy laterally and 
vertically as it grows wider and deeper into the mineral soils.  

  Adapted and modified from Ryan and Koerner 2012. 

When all three fuel types of the forest stratum are involved in the wildland fire, 

ground fuels will continue to burn independently for several hours after the passage of 

the flaming front at the surface, but at a much slower rate. In canopy and surface fires, 

most of the heat that is generated will be absorbed by the atmosphere and by the 

surfaces of adjacent materials via radiation and convection. Whereas in ground fires, 

most heat is transferred into soil via conduction. Thus, the prolonged combustion of 

organic ground material is the primary source of deep heating in lower sedimentary 

layers (Ryan and Koerner 2012). For the archaeologist or heritage resource manager 

working on the site of a wildland fire, this is an important principal to bear in mind.  

The combined effects of dry fuel, hot and windy weather, and steep terrain will 

result in surface fires which are more energetic and which could support rates of spread 

of several kilometers (km) per day (Ryan and Koerner 2012). In places with a heavy 

accumulation of CWD, combustion beneath logs and other debris could last for several 

hours and result in significant heating of soils and sediments (Ryan and Koerner 2012). 

If canopy fuels are plentiful and sufficiently dry, the presence of ladder-fuels such as 
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branches and hanging lichens can carry the fire upward from the surface and into the 

canopy (Scott and Reinhardt 2001; Van Wagner 1977). When the flame front of a 

surface fire reaches an area where the amount of fuel available for combustion is 

increased, the intensity of fire behavior will increase by its temperature and flame length. 

This will also result in a significant transfer of thermal energy into the ground (Ryan and 

Koerner 2012). 

1.5. The Combustion Process 

When forest fuels combust, they undergo a process of rapid oxidation which 

releases carbon dioxide, water, ash, and heat. This process is a repeating chain-reaction 

that begins with endothermic movements, and finishes with exothermic movements of 

energy which are described in four phases: preheating, flaming, smoldering, and glowing 

(Pyne 1996; Williams 1982). After being sparked by an ignition source of sufficient 

energy, a wildland fire will advance through these four phases until the continuity of fuel 

which feeds the flame-front is exhausted, or until other changes in atmospheric or 

terrestrial conditions interrupt the process. To sustain combustion, fuels must continue to 

produce energy faster than what is being absorbed by the surrounding environment 

(Ryan and Koerner 2012). In the wildland context, these surroundings consist largely of 

soils and sediments, plant biomass, and atmosphere.  

In the preheating phase (Figure 5), as the flame-front approaches the forest 

fuels, thermal energy is transferred into un-burned organic material by means of 

convection and radiation. When the temperature of the forest fuel reaches 100 ºC (Table 

1), free water is vaporized and liberated from the plant fiber (Ryan and Koerner 2012). 

Sustained heating causes the fuel moisture content to drop further until molecularly 

bound water is freed and pyrolysis can begin. At this point, volatile compounds such as 

waxes, terpenes and resins begin to vaporize which leads to the rapid decomposition of 

lignocellulosic biomass (Ryan and Koerner 2012). When the carbonaceous gases of 

pyrolysis become hot enough, the next phase of the process occurs (Tihay and Gillard 

2010).  
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Figure 5. The repeating chain-reaction of a wildland fire as it proceeds 
through the phases of pre-heating, flaming combustion, and 
smoldering.  

  Adapted and modified from Ryan and Koerner 2012. 

The second phase, flaming combustion, begins when the gases of pre-heating 

are ignited. This results in an exothermic discharge of energy into the adjacent fuels and 

surrounding environment. Flaming combustion is a destructive phase wherein all 

flammable materials in the path of the fire begin to decompose (Ryan and Koerner 

2012). At this stage we begin to notice temperatures that are of interest to this research 

because they now approach levels which can produce permanent transformations upon 

the minerals in soils and sediments. A forest fuel particle will ignite and develop a 

luminescent flame envelope in the space above it when a temperature of 350 ºC is 

reached. In the controlled conditions of a laboratory combustion chamber, these fuel 

particles will produce temperatures in excess of 2000 ºC (Yokelson et al. 1997). In a 

wildland environment, however, where numerous non-combustible particles and cooler 

air are present within the combustion zone, effective flame temperatures are measured 

at between 500 ºC and 1000 ºC (Pyne 1996; Ryan and Koerner 2012; Sullivan 2009). 

Eventually, as the solid fuel becomes depleted and is reduced to charcoal, the 

surrounding environment begins to absorb more energy than is being produced by 

combustion. At this point the flames become interrupted and sporadic, and the wildland 

fire moves into its next stage (Bertschi et al., 2003; Ryan and Koerner 2012). 
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Table 1. Temperatures associated with phases of combustion.  
  Adapted and modified from Ryan and Koerner 2012. 

Temperature 
°C Effect 

0-100 Preheating of fuel: free water is evaporated. 

100-200 
Preheating of fuel: bound water and low molecular weight compounds volatilized, 
decomposition of cellulose (pyrolysis) begins, solid fuel is converted into gaseous 
vapors. 

200-300 Preheating of fuel: thermal degradation continues more rapidly. 

300-325 Ignition temperature in well aerated wildland fuels: transition to flaming. 

325-400 Flaming phase: rapid increase in decomposition of solid fuel. 

400-500 Flaming phase: gas production rate peaks around 400 °C and declines between 450 
°C and 500 °C as all residual volatile compounds are released. 

500-1000 Flaming phase: Maximum flame temperatures within flames may approach 1600 °C in 
deep flame envelops but temperatures of 500 °C to 1000 °C are more typical. 

500-800 Glowing phase: residual carbonaceous fuel (charcoal) burns by glowing combustion. 
The combustion of charcoal is associated with the liberation of CO and C02. 

  

Smoldering combustion is the third phase and is characterised by the release of 

ignition products which are the result of incomplete burning of the fuel. These include 

carbon monoxide (CO), methane (CH4), ammonia (NH3), C2 and C3 hydrocarbons, 

methanol (CH3OH), formic and acetic acids, and formaldehyde (CH2O) (Bertschi et al. 

2003; Ryan and Koerner 2012; Yokelson et al. 1997). No visible flame is present in this 

phase but the fire will continue to produce high temperatures (Ryan and Koerner 2012). 

When the inflammable compounds necessary to support flaming combustion have been 

expended, the fire enters the fourth phase of glowing combustion. At this stage when 

smoke is no longer being released, the charcoal will combust by emitting an 

incandescent glow. This burning characteristic is the sign that it has now transitioned into 

the fourth phase. In this phase, burning will continue until the fuel solids have been fully 

reduced to incombustible ash, or until the exothermic process stops due to excessive 

absorption of heat into the surrounding environment (Ryan and Koerner 2012). At this 

point the wildland fire becomes interrupted, and the chain-reactions of the stages of 

combustion cease.  

Since no two wildfires will burn in the same way, even between forest fuel 

structures of similar complexity, it is important to account for the variations in intensities 
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of fire behavior. To do this, Ryan and Koerner (2012) refer to the combustion efficiency 

of a wildland fire, which is defined as the relationship between the effective heat that a 

fire will release versus the maximum possible heat that could be released if combustion 

was to take place in a well ventilated and controlled environment, such as in a laboratory 

combustion chamber (Ryan and Koerner 2012; Urbanski et al. 2008). Combustion 

efficiency is a function of the fuel's moisture content and the fuel's structural packing 

ratio, which affects the flow of air into the combustion zone. The packing ratio is 

calculated by the formula: 

fuel volume  +  air volume  =  total fuel bed volume 

This ratio is the proportion of the fuel bed volume that contains fuel particles (Ryan and 

Koerner 2012). It indicates the compaction of the fuel and how easily air can flow into the 

combustion zone. Combustion efficiency does not consider any other factors of the 

surrounding environment such as relative humidity or ambient temperature. Efficiencies 

can range from as high as 95 percent to as low as 50 percent (Pyne et al. 1996; Ryan 

and Koerner 2012; Urbanski et al. 2008). The second phase of flaming combustion, 

mentioned previously, is the most efficient of the four phases of a wildland fire (Ryan and 

Koerner 2012). At the other end of the scale, while burning in a low-efficiency state, an 

incomplete combustion will produce carbon monoxide (CO), nitrous oxides (N20), 

sulfurous oxides, hydrocarbons, and solids in the form of soot. This is seen when the 

smoke of a wildland fire appears dark, which indicates that more un-burned carbon 

particles are present and, thus, a lower level of combustion efficiency is occurring 

(Urbanski et al. 2008). Conversely, a wildland fire with light colored smoke indicates a 

more thorough combustion of fuel particles and a higher combustion efficiency. If 

pyrolysis occurs at the sub-surface level and in the absence of oxygen, such as in buried 

wood or other organic artifacts, destructive fractionation would occur at higher 

temperatures than found in a normally aspirated forest environment, and will take place 

at a temperature of around 600 °C (Ryan and Koerner 2012). 
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Chapter 2.  
 
Impact of Fire on Soil and Sediment 

2.1. Heat Transfer: Aerial to Ground 

There are five ways that thermal energy can be transferred into solids, and that is 

by convection, radiation, conduction, vaporization and condensation. From among these, 

it is the first three that will have the most significant impact on the sub-surface 

environment during a wildland fire. In this context, Ryan and Koerner (2012) have 

described convection as "the transfer of energy within liquids and gases from a heat 

source to a cooler area by transport of energy in the form of heated molecules. In 

contrast to the typical lay use of a fluid as describing a liquid, gasses behave as fluids in 

a physics and engineering context, that is, gasses flow from places of high temperature 

towards places of lower temperature" (Ryan and Koerner 2012). In a wildland fire, the 

smoke and flames we observe rising from a conflagration are convective gases which 

are in the process of transporting thermal energy. Larger flames indicate that a greater 

amount of thermal convective transportation is taking place (Ryan and Koerner 2012). 

In a manner similar to convection and which occurs under severe conditions, a 

wildland fire may enlarge its perimeter by a process known as "spotting" (National 

Wildfire Coordinating Group 1996). In this process, the embers and firebrands from an 

intense wildland fire are transported upward by the energy of its convective column. 

Combined with a prevailing wind, this can result in small independent fires which ignite 

outside the larger active fire perimeter, sometimes to a distance of one or more 

kilometers away. This is an example of convective heat transfer by mass transport and, 

for the fire manager, archaeologist or heritage resource manager, will result in great 

challenges in any efforts put toward the protection of organic cultural resources, such as 

wooden structures or culturally modified trees.  

The transfer of thermal energy by radiation is defined as the flow of 

electromagnetic energy through space at the speed of light (Ryan and Koerner 2012). In 

the context of a wildland fire, this energy decreases rapidly with distance from the heat 

source, and "increases rapidly as the temperature of the emitting source increases" 
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(Ryan and Koerner 2012). Expressed in a different way, as fire intensity increases by the 

size or the temperature of the flames, the energy that is radiated will increase and the 

distance it travels will also increase. The actual distance depends to a large degree on 

the efficiency of combustion (Ryan and Koerner 2012). 

If radiated thermal energy affects only the surface of an object, such as a fuel 

particle, artifact, or rock art, then it is by convection that the heating of its interior takes 

place (Ryan and Koerner 2012). This process is the principal way by which thermal 

energy is transferred into sub-surface artifacts and sediments. Conduction is defined as, 

"the transfer of energy through a substance by the direct imparting of heat from molecule 

to molecule without appreciable movement of molecules within the substance, which is 

extremely important for heat transfer within solids such as fuel particles" (Ryan and 

Koerner 2012). 

The effective transfer of thermal energy into sediments and cultural materials is 

complicated by other moderating factors which Ryan and Koerner (2012) have described 

in three ways: spatial variations of fire behavior, the composition of the cultural materials, 

and the composition of the soil context. In the first, it is noted that basic principles of 

radiation transfer are presented under the assumption that they are radiating from a 

point source, and that radiation decreases by the square of distance. However, the 

radiant heat which emanates from a wildland fire is not coming from a point, but rather a 

voluminous two- or three-dimensionally shaped energy source. In this environment, 

radiation will effectively decrease more slowly with distance, and any sediments or 

assemblage of artifacts which are exposed to the same heat source might encounter 

very different degrees of impact (Ryan and Koerner 2012). Owing to the different 

aspects of exposure they are bearing, they could each be faced with a very different 

regime of flame emissions. 

The second complication focuses on the material composition of sediments and 

artifacts. Due to the countless varieties of compounds that are present in the natural and 

built environments, there exists an uncountable combination of possible reactions that 

can take place after cultural materials have been exposed to thermal energy. These 

countless combinations will appear in cultural materials as variations in heat transfer 

rates, thermal expansion, and internal structural stress. Some of the observed effects will 
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include surface coloration, fracturing, deformation or, in extreme cases, complete 

decomposition. 

The last of these complications, the composition of the soil context, will affect 

many components of the surrounding environment but will have the most impact on our 

area of concern, that is, the sub-surface context of an archaeological site. In addition to 

their material composition, soils are differentiated in terms of their compaction, particle 

size, void typology, sorting, roundness, groundmass, the presence of organic material, 

and other geo-archaeological variables described in detail by Stoops (2003). The 

combination of these factors affects ways by which heat dissipates through sediment. 

The thermal energy will therefore impact the soil matrix in many varieties of ways, and 

these will manifest quantitatively as variations in depth and intensity. 

2.2. Impact of Fire on Soil and Sediment 

There has been much research carried out which addressed the effects of fire on 

soils and sediments, and these include studies by Raison (1979), Swanson (1981), and 

Iglesias (1997). Leonard and Neary (2005) have also written extensively on the topic and 

their research will be referred to frequently in this section. 

Before discussing the impacts of wildland fires on the sub-surface environment it 

is important to characterize the difference between a soil and a sediment as each reacts 

differently to high temperatures and thermal stress. Following Goldberg and Macphail 

(2008), we can establish a temporal distinction between the two. A soil is classified as a 

material which has had a relatively shorter life than a sediment. Sediments have a 

"dynamic history which includes the process of erosion, transport, and deposition over a 

landscape or area" (Goldberg and Macphail 2008). This can be seen, for example, in 

glacial till, aeolian loess, or beach sand, each of which have been impacted significantly 

by the forces of sedimentary distribution and accumulation. In contrast, soils are formed 

in situ and are static in that they have been produced through various weathering and 

biological processes in one place. The moment of soil forming can be regarded as a 

period of depositional (or lack of depositional) stability. An archaeological deposit, they 

also mention, should be considered a sedimentary feature rather than a soil, having a 

source and a mode of deposition. As such, it can undergo post-depositional 
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transformations that are the product of either a geological course, a pedogenic process, 

or both. 

The Soil Survey Staff of the United States Department of Agriculture (USDA) 

have established firm definitions of soils which were produced based on their pedogenic 

composition and their tendency to be either of organic or mineral in nature. They 

recognize that all soils and sediments contain traces of both mineral and organic 

components, but most are dominantly one or the other. They broadly classify the sub-

surface environment into mineral soils and organic soils, while recognizing that making a 

clear distinction between the two is not always easy. In any case, they assert that soil 

horizons which are less than about 20-35 % organic matter by weight are more nearly 

those of mineral than of organic soils (Soil Survey Staff 2003). 

When discussing the effects of fire on soils and sediments, DeBano and Neary 

(2005) differentiate between the intensity of a wildland fire and its severity. Fire intensity 

is a term used to describe the rate at which a fire produces thermal energy (Brown and 

Davis 1973) and is a measured value related to the flame length at the combustion zone 

(DeBano et al. 1998). Fire severity is a qualitative term used to describe ecosystem 

reactions to landscape fires and is used to describe the effects of fire on soils and 

aquifer systems (Simard 1991). Severity indicates the amount of thermal energy 

released by a fire and is determined according to assessments of the affected area. The 

degree of change within soils and sediments from a wildland fire event depends on five 

factors: 

1.  the level of fire severity; 

2.  combustion and heat transfer; 

3.  magnitude and depth of soil heating; 

4.  the threshold temperatures at which the different soil properties 
change; 

5.  proximity of the soil property to the soil surface. 

Fire severity can vary depending upon a multitude of factors such as the time it 

takes for fuels to accumulate between fires, the quantity of fuels that combust during a 

fire, the burning potential of fuels that are available for burning, the effect of fuels on fire 

behavior during the ignition and combustion of these fuels, and the heat transfer into 
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soils and sediments during the combustion of forest fuels (DeBano and Neary 2005). It is 

not always the case that highly intensive fires will produce high severities in soils and 

sediments. As indicated previously by Ryan and Koenker (2012), it is possible for a low 

intensity smoldering fire to burn within roots or other humic materials which will cause 

extensive soil heating and produce large changes in adjacent sediments. We also find 

that high severity crown fires "may not cause substantial heating at the soil surface 

because they sweep so rapidly over a landscape that not much of the heat generated 

during combustion is transferred downward to the soil surface" (DeBano and Neary 

2005). 

Combustion and heat transfer are the second factor affecting the degree of 

change in soils and sediments. As was described above, combustion is the rapid 

physical-chemical destruction of organic matter that releases heat that has been stored 

as potential energy within the forest biomass. Heat energy is transferred downward by 

the processes of radiation, convection, conduction, vaporization, and condensation. 

Vaporization and condensation are important processes in the transfer of heat, though to 

a lesser degree than the other three, and serve as a paired reaction which facilitates a 

more rapid transfer of thermal energy through soils and sediments (DeBano et al. 1998). 

As a result of this principle, heat energy is transferred more effectively through moist 

soils and sediments than it is through dry ones (DeBano and Neary 2005). 

The exothermic release of energy from a wildland fire is transferred in all 

directions with large amounts of heat lost into the atmosphere by means of radiation, 

convection and mass transport. It is estimated that only about 10-15 % of the heat 

energy released during the combustion of forest fuels is absorbed and transmitted 

directly into soils and sediments (DeBano et al. 1998). If humic organic materials and soil 

layers are absent, then thermal energy will be transferred directly into sediments by 

radiation (DeBano 1973).  

As heat is transferred into the sub-surface layers we find the greatest increase in 

temperature at the soil surface, and only a short distance below at 5-10 cm it quickly 

diminishes to slightly above ambient levels (DeBano and Neary 2005). The extent of 

these temperature increases depends on the severity of the fire as described above. The 

duration of heating and the amount of heat that flows through an area is also referred to 
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as "flux" (Hungerford et al. 1995) or "radiant heat flux" (National Wildfire Coordinating 

Group 1996) and is a measure for the depth and magnitude of soil heating. 

When assessing the impact of wildland fires on soil and sediments it is important 

to consider the temperature at which nutrients and minerals volatilize and undergo 

irreversible changes. This is called the "threshold temperature" (DeBano et al. 1998) and 

it marks a key concept which provides the basis for this thesis. Farmer (1974) has 

identified temperature thresholds for numerous chemical substances and minerals. And 

Ryan and Koerner (2012) have provided a range of temperatures over which some 

common soil properties change in response to soil heating, as can be seen in Figure 6. 

DeBano and colleagues (1998) have categorized these temperature thresholds into 

three types, and an understanding of these is necessary to accurately assess the impact 

of fire on various soil properties. The first, insensitive soils, are those that do not change 

until temperatures have reached at least 450 °C. This soil type contains minerals such 

as kaolinite, smectite, calcium, magnesium, potassium and manganese. The second 

type are the moderately sensitive soils, which are those that transform between 100 and 

400 °C. Materials belonging to this class include sulfur, organic matter, and soil 

properties dependent upon organic matter. And finally, there are the sensitive soils 

which are those that transform at temperatures less than 100 °C. Examples of sensitive 

materials include living microorganisms such as bacteria, fungi, mycorrhizae, and 

organic material such as plant roots and seeds, and also many of the biologically 

mediated nutrient cycling processes in soils. 
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Figure 6. Fire effects on soil biota and the temperature ranges of common 

impacts on surface and sub-surface materials. Numerical values are 
in degrees-Celsius unless otherwise indicated.  

  From Ryan and Koerner 2012. 

The organic horizons that make up the forest floor are particularly important when 

discussing fire effects. They are directly subjected to the heat produced by the burning of 

surface fuel, and they contain a large proportion of the organic matter found in soil 

(DeBano et al. 1998). Although some nutrients contained in the organic matter may not 

be volatilized, "others such as nitrogen are vaporized in direct proportion to the amount 

of organic material lost" (DeBano and Neary 2005). Most of the fire effects produced 

during surface combustion occur in the upper organic horizons within the top part of the 

A-horizon. Thermal energy penetration into the B-horizon and the sediments only occurs 

when roots begin to combust which creates pockets of sub-surface heating. 

An assessment of the effects of a wildland fire on soils also requires three further 

steps. First, the amount of energy radiated downward during combustion of fuels must 

be estimated because "this energy is the driving force responsible for producing changes 

in soil properties" (DeBano and Neary 2005). Radiated heat from the source at the 

surface increases the temperature in the duff layer and causes changes in organic 

matter and in other soil properties. Therefore, the postfire appearance of vegetation, 

litter, duff, and upper soil horizons can be used to estimate the amounts of surface 
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heating, and can also be used to classify fire severity as low, moderate, or high. The 

basic assumption used in this technique is that as the amount of heat radiated 

downward intensifies, the severity increases from low to moderate to high (in other 

words, the magnitude of change in the soil property increases). An earlier discussion 

describing fire severity provides the necessary framework for establishing the severity of 

the fire in different ecosystems. After the fire severity has been established, in the 

second step it can be used to estimate soil temperatures that develop when different 

ecosystems are burned, as we find in grassland, shrubland or forests (DeBano and 

Neary 2005). Finally, once the approximate soil temperatures have been established, 

the changes in specific soil properties can be estimated using temperature threshold 

information. The percentage loss of different nutrients can be used along with estimates 

of the quantities of nutrients affected by fire to estimate the total nutrient losses, or gains, 

which occurred on a specific site during a fire (DeBano and Neary 2005). 

In summary, DeBano and Neary (2005) provide a method for assessing a fire's 

impact on soils and sediments which is similar to the protocol to be introduced in this 

thesis. In their system, they make visual assessments of post-fire appearances by 

observing the transformations that have occurred. However, although they describe the 

objects to be examined such as vegetation, litter, duff, etc., they do not provide details 

on how to conduct this examination. To expand upon their methods and to bring more 

fidelity to their system, in my research I will present an analytical protocol that examines 

micro-features of a thermally altered soil matrix by means of soil micromorphology and 

Fourier transform infrared spectroscopy. 

2.3. Archaeological Research Addressing Effects of 
Thermal Exposure on Soils and Sediments 

There are few archaeological studies which address directly the effects of 

thermal exposure on cultural materials contained in soils and sediments. Many of these 

are reviewed by Weiner (2010). More recently, Aldeias et al. (2016) conducted controlled 

experiments which focused on the effects of temperature, duration, sediment type, 

moisture, and mineralogy inherent in the transfer of heat into sub-surface sediments. 

Their results show that sediments up to 10 cm directly below a heat source routinely 

reach temperatures of 200 ºC. Higher temperatures and greater depths of heat transfer 

occur when there are longer durations of thermal exposure (Aldeias et al. 2016). The 
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implications of their results suggest that fire on any landscape can produce thermal-

alterations of archaeological artifacts and sediments deposited much earlier in the 

sequence and can alter their chemical and physical properties. This results in increasing 

difficulties for researchers when performing sourcing analysis and chronometric dating 

(Aldeias et al. 2016).  

A study on the impact of thermal energy on the inorganic components of soils 

and archaeological sediments was conducted at Tel Dor, Israel by Berna et al. (2007). 

This research characterized the sedimentary matrix of archaeological deposits in order 

to identify proxies of pyrotechnological activities that took place across the site and 

throughout the centuries. During its years of continuous occupation from the Middle 

Bronze Age to the end of the Crusader period, the Tel Dor hosted bronze, ceramic, and 

iron industries, as well as major destructive conflagrations. The presence and location of 

these were pinpointed by analyzing the chemical and mineralogical composition of the 

sediments. This was achieved by examining the heat-induced mineralogical 

transformation of clay minerals, the presence or absence of high temperature silicate 

phases of cristobalite and tridymite, and the content of copper and zinc and iron hammer 

scales. Special focus was placed on an analysis of local terra rossa soil clay minerals, 

smectites (e.g., montmorillonite) and kaolinite (Berna et al. 2007). The researchers' 

hypothesis was that the chemical and mineralogical composition in the stratum was the 

result of the materials that were used and prepared, and the temperatures that were 

attained during different pyrotechnical activities. This was tested by creating an 

experimental reference sample collection in which local soil clay minerals were extracted 

and heated. These control samples were subjected to thermal exposure in a laboratory 

oven where the sediments were treated at specific temperatures. The Fourier transform 

infrared spectroscopy (FTIR) spectra produced from these reference samples showed 

the chemical changes at temperatures ranging from 400 to 1300º C in increments of 100 

ºC. These controlled laboratory IR thermal-signatures were compared to the IR spectra 

of archaeological sediment samples from several areas at Tel Dor, including areas of 

conflagration, metallurgy and ceramic production. When a Tel Dor IR spectrum matched 

a spectrum from the experimental reference collection, a temperature could then be 

positively assigned to a sample from the archaeological site. By repeating this matching 

procedure, a pyrotechnical activity profile could be assigned to each of the strata within 

the excavation. Copper melting, for example, requires temperatures of up to 1100 ºC, 
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and iron requires up to 1500 ºC., so when these two temperatures were identified within 

the chemically altered sediments, an industrial process could then be assigned. The 

positive results of this research indicate that infrared spectroscopy can be used to 

determine the temperature-signature of identified minerals which were present in the 

archaeological samples collected from Tel Dor. 
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Chapter 3.  
 
Materials and Methods 

3.1. Research Aims: Designing an Analytical Protocol to 
Assess the Impact of Wildland Fires on Buried 
Archaeological Sites  

As described above, previous research shows that wildland fires are an 

increasing concern for the environment and for cultural heritage, and that sub-surface 

archaeological values will be complicated by the transformative effects of thermal 

exposure. Extensive literature exists on the effects of direct heat exposure on 

archaeological materials such as bone, shells, clay minerals, phytoliths, wood, bark, 

limestone and lithic materials such as obsidian, basalt, chalcedony and obsidian (Weiner 

2010; Deal 2012). As well, there are various resources on the World Wide Web relevant 

to this topic which are dedicated to the effects of wildland fire on archaeological 

materials (Gassaway 2011). However, very little research exists on the effects of 

wildland fires on the undisturbed microstratigraphy of an archaeological site. Thus, the 

broad aim of my study is to develop and test an analytical protocol to investigate on a 

millimetre-scale the in situ diffusion of thermal energy as it is transferred from the surface 

of the soil and into the sub-surface. 

The protocol I put forward here is based on a microstratigraphic analysis of soil 

profiles obtained within the perimeter of a wildland fire. The aim of my research is to 

investigate the sub-surface of soils that have been affected by exposure to high 

temperatures. I have accomplished this by integrating soil micromorphology, FTIR 

spectroscopy, and FTIR micro-spectroscopy of loose and intact soil samples which have 

been processed into petrographic thin sections. An analysis of soil micromorphology 

provides much information about the exothermic transport of energy at the surface and 

the endothermic absorption of energy into the sub-surface. By using FTIR, the presence 

and absence of thermally sensitive minerals such as smectite and kaolinite and their 

heat by-products can be identified (Berna et al. 2007). From this, I have produced an 

effective geo-thermometer, that is, a thermal measuring device made from the 

surrounding soils and sediments. The use of FTIR microspectroscopy allows a full in situ 
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integration of FTIR and soil micromorphology with the highest spatial resolution possible 

(Berna 2017). The specific aim of this study is to test this protocol on soils that have 

been burned by a recently documented wildland fire, then to correlate this 

microstratigraphic data with observations and reports provided by fire suppression 

managers. The sampling site that was selected uses the soil from the perimeter of a 

wildland fire at Logan Lake, British Columbia. This wildfire incident occurred in May 

2018. 

 
Figure 7.  Fire no. K20203 at Logan Lake, British Columbia, showing the un-

burned (foreground) and burned areas along the perimeter. 

3.2. Sampling Site 

3.2.1. Location 

The goal of the research was to study soil and sediment samples from the site of 

a wildland fire, whereby one group of samples would be taken from within the fire 

perimeter, and samples from a control-group would be taken from an un-burned area 

outside the perimeter (Figure 7). To accomplish this, an appropriate sampling location 

would require certain specifications, the most significant of which was that it have a duff 

(humic) layer of greater than 5 cm depth. As mentioned in Chapter 2 above, it is believed 

that a site with less than 4 cm of combustible organic material would not generate 

enough thermal energy to produce measurable results for this research. It would serve 
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only to insulate the sediments from the thermal energy of a surface fire (Neary et al. 

2005). Therefore, soils composed of sparse duff layers are not relevant to this research. 

This includes all identified British Columbia biogeoclimatic zones of Bunchgrass and 

Ponderosa Pine, which are zones known to produce very thin duff layers. Zones in 

alpine areas such as the Boreal Altai Fescue Alpine, Coastal Mountain-Heather, and the 

Alpine Interior Mountain-Heather Alpine, were also excluded as intense wildfires do not 

often occur in these places due to low ambient temperatures, high humidity, and 

generally a high moisture content of the plants and trees. Other requirements included 

that the sampling site be located within 1 km of a documented archaeological site, and 

that the wildfire be less than two years old from the time of sampling. 

3.2.2. Wildland Fire No. K20203 at Logan Lake 

Table 2.  Weather data for wildland fire no. K20203 at Logan Lake, British 
Columbia.  

  From British Columbia Wildfire Service. 

Date Temperature 
(ºC) 

Relative 
Humidity 

(%) 

Wind 
Direction 
(degrees 

from north) 

Wind 
Speed 

(km / h) 
Precipitation 

(mm, past 24 hr) 

2018/05/14 24.8 17 215 13 0.0 

2018/05/15 24.1 18 180 11 0.0 

2018/05/16 21.5 29 329 7 0.0 

2018/05/17 20.0 26 345 18 0.0 

2018/05/18 17.0 43 43 10 0.2 

      

An appropriate sampling site was identified at a wildland fire near Logan Lake, 

British Columbia (Figure 8) which was designated with a fire identification number of 

K20203 by the Kamloops Fire Centre, which was the government agency that managed 

the suppression activities at the incident. The incident took place in 2018 and occurred in 

a provincially administered forest which had been licenced for industrial tree harvesting. 

The human-caused fire grew over the course of three days to approximately 165 ha, at 

which point it was controlled and extinguished. The fire had ignited on May 15 and was 

brought under control by May 18, 2018. Weather data has been provided in Table 2 for 
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the days that preceded and concluded the incident. Weather readings were measured at 

13:00 each day from a weather station located 5.0 km north of the wildfire and at a 

similar elevation. After receiving permission from the British Columbia Wildland Services, 

Kamloops Fire Zone, an archaeological research team entered the fire perimeter on May 

31, 2018 and selected a sampling site near the south-east corner of the fire perimeter.  

The elevation of this elliptical-shaped fire ranged from 800-1150 m. Our sampling site 

was situated at 1130 m with a slope of 15 % on a north-east aspect. The fire occurred in 

an area which was transitioning between the biogeoclimatic zones of Ponderosa Pine 

and Montane Spruce. Observed tree species included Ponderosa pine (Pinus 

ponderosa), lodgepole pine (Pinus contorta var. latifolia), subalpine fir (Abies lasiocarpa), 

trembling aspen (Populus tremuloides), and Douglas fir (Pseudotsuga menziesii). The 

ground vegetation consisted mainly of bluebunch wheatgrass (Agropyron spicatum), 

pasture sage (Artemisia frigida) and Kentucky bluegrass (Poa pratensis).  

 
Figure 8.  Map of British Columbia, Logan Lake, and the sampling site at 

wildland fire no. K20203. 
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3.2.3. Nearest Archaeological Sites 

There are 79 documented archaeological sites within a 15 km radius of the 

sampling site (British Columbia Archaeology Branch 2019). From among these, two are 

notable. The first of these was nearest to the sampling site and identified as EdRf-5 

which was located at 270 m to the east of the fire. In 1997, an archaeological 

assessment of EdRf-5 was conducted which reported findings of "lithic scatter" and 

"chert flakes" in a sampling area of 1.0 m2 in size (Aegis Associates 1997). The second 

archaeological site was a long-term research project at the Highland Valley Copper Mine 

located 8.5 km to the south-west of the sampling site. Further away from our research 

area, there was another archaeological site of note which was a well-documented lithic 

source located 45 km to the north and known by its Euro-Canadian name as Arrowstone 

Hills. This was a traditional source for raw materials and has supplied Indigenous people 

with basalt, dacite and andesite for the production of chipped stone tools. 

3.2.4. Geology 

The research area lies between the Coastal Range and the Cascade Mountains 

within the British Columbia Interior Plateau. The topographic features are made up of 

broad upland areas separated by deep valleys with the Thompson River and its main 

tributaries, the North and South Thompson, and Nicola River, being the principal water 

systems of the lowlands. As well, the Coldwater River is located ~20 km south of the 

sampling site. The minor watershed of Guichon Creek is less than 200 m to the east of 

the fire perimeter, and Tunkwa Lake is located 7 km to the north. 

In the vicinity of the sampling site we find three principal formations which are the 

Coast Intrusions, the Kamloops Group, and the Nicola Group (Figure 9). A small 

instance of the Coldwater Beds is also present in a pocket located at 2 km to the south-

east of the sampling site (Duffell and Mctaggart n.d.). 
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Figure 9.  Geological features at the wildland fire and sampling site near Logan 

Lake, British Columbia. Yellow = Kamloops Group, pink = Coast 
Intrusions, and green = Nicola Group.  

  From Geological Survey of Canada, modified with insertion of fire perimeter and  
  labels. 

Many plutonic rocks are included with the Coast Intrusions and are variably 

intrusive into Triassic rocks with which they come in contact. The rocks are mostly 

medium- to coarse-grained granodiorites or quartz diorites. The common 

ferromagnesian minerals are biotite and hornblende. A large igneous intrusion known as 

the Iron Mask Batholith contains copper deposits and veins of magnetite, the southern 

edge of which is located 40 km to the north-east of the fire perimeter (not included in 

Figure 9). The plutonic mass west of Guichon Creek also serves as host rock to several 

copper deposits (Duffell and Mctaggart n.d.). To the north is the Kamloops group, which 

consists of volcanic and sedimentary rocks. The Coldwater beds are at the base of the 

group and in places appear to underlie the volcanic rocks unconformably. The volcanic 

rocks are dense, fine-grained, basaltic lavas. They exhibit a wide range of colours and 

are intercalated with breccia and agglomerate. Interbedded with these volcanic rocks 

and grading upwards into the agglomerates are the Tranquille beds. These consist of 
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conglomerate, shale, sandstone, and tuff, with thin coal seams. (Duffell and Mctaggart 

n.d.). 

3.2.5. Surface Geology and Soil 

Pleistocene and more recent deposits cover much of the bedrock and these are 

thickest in the valleys but are also present along the slope of many of the hills. The 

larger valleys are lined in many places with marginal terraces of sand, gravel, and clay 

(Duffell and Mctaggart n.d.). 

According to the Integrated Management Branch of the British Columbia Ministry 

of Environment, Land and Parks, the Logan Lake fire occurred on soils classified as 

eutric brunisol soils developing on loam derived from morainal surface deposits on rolling 

hills (Young et al. 1992). As reported by Sanborn and Pawluk (1989), other soils of the 

Thompson Plateau near Logan Lake, British Columbia are predominantly regosols, and 

humus forms are xerorhizomulls. The landscape is composed of aeolian-capped till and 

colluvial-capped till. These till soils are typically loamy-skeletal orthic dark brown 

chernozems with localized moist seepage sites (Sanborn and Pawluk 1989). 

3.3. Sample Preparation 

3.3.1. Soil Profile 

Several 1.0 × 1.0 m pits were excavated inside and outside the area affected by 

wildland fire K20203. Sampling locations were designated as either burned or un-burned 

soil. The samples from the un-burned soil were used as an experimental control for the 

burned soil samples. The burned soil sampling pits were opened in an area that had 

experienced near-complete consumption of organic material, while the un-burned soils 

were not affected by the fire and had their top organic layers intact. Soil profiles were 

described from within both the burned and un-burned sampling pits. As well, the 

sampling procedures in each were identical.  

Horizons were identified and described in the field according to the criteria laid 

out by the Soil Survey Staff of the USDA (2003) and Munsel (1975). Particular attention 
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was paid to a description of the color, structure, compaction, composition and angularity 

of the larger inclusions, and potential disturbances of each horizon.  

3.3.2. Sample Collection: Intact Blocks 

The area was situated on a gradient of ~15 %. Intact blocks of sediments (monoliths) 

were sampled from the high-slope profiles of two representative pits using standard 

procedures recommended for soil micromorphology analysis (Stoops 2003). The intact 

blocks were carved out of the profile and jacketed with plaster of Paris bandages on all 

exposed surfaces before their final removal from the sampling pit (Figures 10 and 11). 

This procedure allowed us to maintain the integrity of the stratification, the pedofeatures, 

and the undisturbed geometric relationship of the microscopic components of the 

groundmass. The intact blocks represented the entire stratigraphic sequence from the 

surface to a depth of 40 cm below surface in order to fully characterize the sub-surface 

impact of the wildland fire that occurred there. 

 
Figure 10.  Preparing the sampling blocks in un-burned Profile A, Logan Lake, 

British Columbia. 
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In the lab, the jacketed blocks were partially opened to allow for venting and were 

placed into a drying oven (Avantor VWR Gravity Convection Oven) at a temperature of 

50 ºC for a period of two weeks. 

 
Figure 11. Collecting sample blocks in burned Profile B, Logan Lake, British 

Columbia. 

3.3.3. Sample Collection: Loose Samples 

Loose samples of soil and sediment were collected from the individual soil 

horizons of each profile in preparation for FTIR analysis. These loose samples were 

obtained from the center of each identified strata using a trowel. A few grams of 

sediment were placed into plastic artifact bags and the loose samples were also dried in 

the convection drying oven at a temperature of 50 ºC for two weeks. 

3.3.4. Embedding: Intact Blocks  

After drying, the intact block samples were embedded with un-promoted 

polystyrene resin which was diluted with styrene and catalyzed with MEKP. The specific 

mixture was designed to be extremely fluid and slow-curing to ensure complete and 
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thorough impregnation of the pore and groundmass of the block's soil matrix. The 

procedure required that samples were left to soak in the resin at room temperature for 

two weeks before the resin hardened. Final curing was achieved by placing the 

embedded blocks into an oven at 50 ºC for 24 hours. 

3.3.5. Petrographic Thin-section Preparation from Intact Blocks 

The hardened blocks, now fully polymerized with their strata intact, were cut into 

slabs with a 14 in. blade masonry saw. The slabs were trimmed in 2 × 3 × 1 in. (5.0 × 7.5 

× 2.5 cm) chips using a brick saw with a 5 in. (12.5 cm) blade. The chips were polished 

on one of their 2 × 3 in. (5.0 × 7.5 cm) faces using a Buehler EcoMet 250 Polisher-

Grinder which was dressed with Buehler CarbiMet abrasive paper. The side was 

polished progressively from coarse to fine until a burnished surface was attained with a 

600-grit paper. The polished chip surface was mounted onto a 75 × 50 mm microscope 

glass slide using epoxy resin and left to cure for 24 hours under pressure. Thick sections 

of 200 micrometres (µm) width were cut from the glued and polished chips using an 8 in. 

(20.5 cm) diamond sectioning blade on a Buehler PetroThin Thin-Sectioning System. 

Using the lapping wheel of the Buehler PetroThin Thin-Sectioning System, the thick 

sections were then further polished to a thickness of 30 µm to permit the transmission of 

visible and infrared light for the intended analysis. 

3.4. Lab Analysis 

3.4.1. Loose Sample Infrared Spectroscopy 

FTIR spectroscopy analysis of the loose soil and sediment samples was 

conducted in the laboratory using a ThermoFisher Nicolet iS5 with an iD1 transmittance 

module. Representative FTIR spectra were obtained by grinding a few tens of 

micrograms of sample using an agate mortar and pestle. About 0.1 mg or less of the 

sample was mixed with about 80 mg of IR-grade potassium bromide (KBr). A 7.0 mm 

pellet was made using a Specac Hydraulic Hand-Press which was compressed without 

evacuation into a pellet using 1.7 US-tons of pressure. The IR spectra from these 

samples were collected between 4000 and 400 cm-1, at 4 cm-1 resolution. 
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3.4.2. Infrared Micro-spectroscopy 

Infrared microspectroscopy (mFTIR) was conducted on the petrographic thin 

sections using a Thermo Fisher Nicolet iN10-MX FTIR image microscope. FTIR 

chemical maps representing the distribution of kaolinite and smectite in the thin section 

samples were created by sampling at spatial resolution of 25 µm in transmission mode. 

Spectra were collected with a 50 × 50 µm aperture at 8 cm-1 resolution in 16 scans within 

the 4000 - 2400 cm-1 spectral range using the linear array detector. Phase identification 

and chemical map generation were performed with OMNIC Picta (T) software using a 

reference spectral library containing FTIR spectra of kaolinite, smectite, and the 

polyester used for the preparation of the thin sections. For each mFTIR map, over 

30,000 spectra were collected from within sampling areas measuring ~30 × 5 mm. 

Quantitative representations of the presence and absence of kaolinite and smectite 

absorptions were overlaid onto a video mosaic of the analyzed areas of the petrographic 

thin sections. 

3.4.3. Soil Micromorphology 

The petrographic thin sections were examined using a polarizing light 

petrographic microscope (Olympus B41). They were described following the 

conventional criteria laid out by Stoops (2003).  
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Chapter 4.  
 
Results 

4.1. Soil Micromorphology 

4.1.1. Profile A: Un-burned Soil Profile 

The thin sections from the sampling pit at un-burned Profile A revealed a soil 

column with four horizons (Figure 12). The top horizon extends from 0.0 to 3.0 cm and 

was composed of litter which was only partially decomposed. I found sand and silt 

dispersed among plant remains which comprise the majority of the litter. The second 

horizon ranged from 3.0 to 10.0 cm below the surface and was a gravely, sandy loam 

which was only partially pedogenized, with dispersed humified organic material. It 

contained charcoal along with angular and subangular gravel-sized rock fragments 

which are metamorphic, felsic-phaneritic and aphanitic. The porosity was distinguished 

by extrapedal planar voids which produced an emerging platy structure to this horizon. 

Large roots were also present. The third horizon covers depths 10.0 to 5.0 cm below the 

surface and was a massive and coherent clay loam with a few subangular but very 

coarse sand and gravel-sized rock fragments. The porosity here consisted of some 

accommodating cracks along with a few channels and vughs. The fourth horizon ranged 

from 15.0 to 20.0 cm and appeared to be a gravel composed of angular and sub-angular 

rock fragments which were metamorphic, felsic-phaneritic and aphanitic. The space 

between the gravel was filled with massive silty loam.  

Due to its developing pedogenesis, the un-burned soil at Profile A was consistent 

with a soil classified as inceptisol or regosol (Sanborn and Pawluk 1989). Despite the 

presence of charcoal in all four horizons, none of the rock fragments observed in the thin 

sections appeared to be heat altered. Thus, it was assumed that the charcoal was 

incorporated into the mineral soil horizons through roots or animal burrowing, or due to 

tree-throw mixing. 
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Figure 12.  Un-burned Profile A from the Logan Lake sampling site with thin-

section samples from the left and right blocks. The orange/red 
circles in the center indicate points where loose samples (A-I, A-II, 
etc.) were collected. 
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4.1.2. Profile B: Burned Soil Profile 

The soil micromorphology analysis of the thin sections from the burned soil 

sampling pit at Profile B describe a portion of the forest soil that has been impacted by 

the wildland fire. It reveals a soil column with five horizons (Figure 13). The top horizon 

runs from 0.0 to 1.0 cm below the surface and was composed of ashed pine needles 

and plant materials. Only a few of these materials appeared to be charred and were not 

reduced to ash. Some of the space between the ashed plant materials was filled with 

microcrystalline pyrogenic calcite, quartz fine-sand, and silt-with-clay. The second 

horizon ranged from 1.0 to 5.0 cm below the surface and was a loam containing quartz 

sand-with-silt, subrounded and round gravels, and subrounded and round pebbles which 

were metamorphic and felsic in composition. The structure of the matrix was granular 

with self-supporting extrapedal porosity. The color of the top 0.5 cm of this horizon was 

discolored into a blackish brown due to the effects of thermal exposure from the wildfire 

at the surface. Of special note is that the pebbles and gravel in this sub-horizon 

appeared to be discolored by thermal exposure. Continuing down the sampling pit of 

burned Profile B, we found a third horizon at the 5.0 to 10.0 cm range which contained 

quartz sand-with-silt and sub-rounded and rounded gravel which were metamorphic and 

felsic in composition. The structure was massive with a few cracks, channels and vughs. 

Locally, it appeared that granules were fused together. The fourth horizon at 10.0 to 15.0 

cm below the surface was a loam containing quartz sand-with-silt and sub-rounded and 

rounded gravel which were metamorphic and felsic. The structure was platy with a few 

channels, chambers and vughs. Locally, as above, it appeared that granules were fused 

together. A fifth horizon was identified at a depth of 15.0 cm and deeper which contained 

quartz sand-with-silt with subrounded and round gravels and pebbles which were 

metamorphic and felsic in composition. The structure was spongy to vughy with a few 

channels and chambers. 

The soil in burned Profile B was consistent with soil classified as brunisol 

developing on loam which had been derived from morainal surface deposits in rolling 

hills. It thus appears that burned Profile B was a much more mature soil than un-burned 

Profile A. The mineralogical composition in the two profiles was otherwise comparable. 
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Figure 13.  Burned Profile B from the Logan Lake sampling site with thin-

section samples from the upper and lower blocks. The orange/red 
circles in the center indicate points where loose samples (B-I, B-II, 
etc.) were collected. 
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4.2. FTIR: Loose Sample KBr Pellet 

The mineralogical composition of the soil profiles excavated inside and outside 

the perimeter of wildland fire no. K20203 was analyzed by FTIR spectroscopy of loose 

sediment samples. Special attention was given to the presence and absence of the FTIR 

absorptions of kaolinite (i.e., 3695 and 3650 cm-1 wavenumbers) and mica smectite (ca., 

3620 cm-1 wavenumbers). The two minerals are in fact transformed or volatized at 500 

°C and at 700 °C, respectively (Farmer 1974). Therefore, the presence of both minerals 

would indicate that, locally, the soil temperature did not reach 500 °C, and the presence 

of smectite alone indicates the temperature of the soil exceeded 500 °C but did not 

reach 700 °C. Finally, the absence of both kaolinite and smectite would imply that the 

soil temperature exceeded 700 °C.  

4.2.1. Profile A: Un-burned Soil (Control) 

FTIR analysis was performed on samples collected from the four horizons 

described above. Very importantly, the FTIR absorptions of kaolinite and smectite were 

detected in all four of the horizons, from the surface to a depth of 15 cm. In the top 

organic horizons, FTIR absorptions at 3695, 3650 and 3620 cm-1 were statistically 

detectable above the background noise, indicating that small quantities of these two 

minerals were dispersed upon the soil surface and within the top soil horizons (Figure 

14). The presence of these two minerals within the soil environment will enable a bona 

fide assessment of the possible temperatures that can be attained in the soil surface, 

that is, the top- and the sub-soil horizons of the wildland fire near Logan Lake. 
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Figure 14.  FTIR spectra of bulk loose sediments collected at different elevation 

below surface. Note the FTIR absorptions of kaolinite (i.e., 3695, 
3650, 3620 cm-1) and smectite (3620 cm-1) are present in all the 
samples. 

4.2.2. Profile B: Burned Soil 

The FTIR analysis of the bulk column soil sample from burned Profile B located 

inside the perimeter of wildland fire no. K20203, showed the absence of the FTIR 

absorptions of kaolinite (3695 and 3620 cm-1) but the presence of the FTIR absorption of 

smectite (weak absorption of 3620 cm-1) in the top most sample (Figure 15). This 

observation suggests that the soil surface temperature in this location reached values 

close to 700 ˚C. This observation is consistent with the fact that the litter here was 
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completely ashed, a condition that requires temperature well above 500 ˚C, and is 

normally achieved at 600 ˚C. It is interesting to note that loose bulk samples collected 4 

cm below the surface show the FTIR absorption of both kaolinite and smectite, indicating 

that the temperature of the soil at this depth did not reach 500 ˚C. As expected, kaolinite 

absorptions are also present at 17.0 cm which indicates that temperatures didn’t reach 

500 ˚C at this depth. 

 
Figure 15.  FTIR spectra of bulk loose sediments collected at different elevation 

below surface from burned Profile B. Note the FTIR absorptions of 
kaolinite and smectite (i.e., 3695, 3650, 3620 cm-1) in sample 
collected 17 and 4 cm below the surface and the absence of both in 
samples collected 1 cm below the surface. This data indicates that 
surface temperature in this location reached close to 700 ˚C. 

Thus, it appears that in one of the locations investigated inside the wildland fire 

perimeter, the temperature reached close to 700 ˚C. Interestingly, the high thermal 

energy of the surface dissipated in the first 4 cm of soil depth and did not affect the 

structure of the clay minerals. On the other hand, the thermal energy at the surface was 

sufficient to ash the litter and discolor (i.e., char) the top 0.5 cm sub-surface at the top of 
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the soil matrix and the rock fragments within it (Figure 15). This discoloration suggests 

that temperatures at this depth reached at least 300 ˚C. To increase the spatial 

resolution of the analysis of the heat diffusion under the soil surface, FTIR spectroscopy 

was conducted on several thin sections from the burned soil at Profile B.  

4.3. FTIR micro-spectroscopy on soil petrographic thin 
sections 

 FTIR microspectroscopy was performed on petrographic thin sections of the 

burned and un-burned soil to attempt to identify and map the presence (or absence) of 

kaolinite and smectite and to accurately determine the extent and the depth of the heat 

related alterations. Importantly, the presence of the absorptions of both minerals, 

kaolinite and smectite, were recorded in the fine fraction of the ground mass of 

essentially every sample processed in the thin sections. As expected, the only exception 

was the lack of kaolinite absorption in the top most portions of the burned Profile B. In 

Figures 16 and 17, the distribution maps of the FTIR absorptions of kaolinite and 

smectite in the top 3 cm of burned Profile B, sample LOG-BU-2, are given. 

The maps show that kaolinite, which would normally be present, has either 

transformed into meta-kaolinite or has de-materialized in the top 1.4 cm of duff layer and 

mineral soil. This observation implies that the temperature reached by the combusted 

fuel in the top 1.4 cm of the top soil has exceeded 500 ˚C. This temperature reading is 

consistent with the observation of the complete ashing of the duff layer. Ashing of 

organic matter such as pine needles, twigs, and grasses is in fact achieved at or above 

500 ˚C. As well, at those places on the mFTIR map where we find smectite distributed 

below 0.9 cm, which would normally be transformed and de-materialized at 700 ˚C or 

higher, the temperature of the soils and sediments did not exceed 700 ˚C. Therefore, it 

appears that the results from the mFTIR analysis are consistent with the results obtained 

with the FTIR analysis performed on the loose samples collected from the profiles in the 

field. Both results are also consistent with the literature on wildland fire fuel temperature 

and heat diffusion in soil, as discussed above. The loam texture, the clay content, and 

the scarce porosity of the Logan Lake soil function as an insulating agent and protects 

the soil from temperatures exceeding 500 ˚C.  
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Figure 16.  Cross-polarized light micro-photograph of petrographic thin section 

from the surface of burned Profile B, sample no. LOG-BU-2. Note the 
ashed pine needles, the charred top soil matrix, the discolored 
pebbles, and the brown soil matrix. The red box is the sampling area 
which was scanned and mapped using mFTIR. 
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Figure 17.  FTIR microspectroscopy mapping of a petrographic thin section from 

the top of burned Profile B, sample no. LOG-BU-2, which was sampled 
inside the perimeter of wildland fire no. K20203. Figure 17a, transmitted 
light photomosaic of the sampling area mapped by FTIR microscopy. 
Figure 17b, an intensity map of smectite FTIR absorption (3620 cm-1). 
The red arrow at ~9000 µm below the surface indicates the point above 
which the mineral has vitrified, volatized and/or transformed into meta-
smectite. Blue = 0 intensity; Red = max intensity. Figure 17c, an 
intensity map of kaolinite (absorption 3695 cm-1). The arrow here is at 
~14,000 µm below the surface, and above this point the kaolinite has 
vitrified, volatized and/or transformed into meta-kaolinite. Blue = 0 
intensity; Red = max intensity. 
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Chapter 5.  
 
Discussion 

Wildland fires are an increasing threat for people, the environment, and cultural 

resources. This has been established by a considerable body of research which 

describes the impact of thermal exposure on cultural heritage values and soil ecology. 

Researchers have described the effects of heat on common lithic stone tool materials 

such as obsidian, basalt, chalcedony and obsidian (Deal 2012). Similarly, it has been 

shown that soils and sediments which have been exposed to the intense heat of a 

wildland fire tend to become hydrophobic and prone to erosion, thus reducing their 

productivity (Bergaya and Lagaly 2013; Nyman et al. 2014). 

Less work has been focused on the effects of wildland fires on cultural heritage 

values in the sub-surface environment. As this gap in the research record became more 

apparent, it seemed necessary to develop and test a protocol to investigate the impact of 

wildland fires on the soil surface and sub-surface. The best way to accomplish this was 

by measuring the in situ dispersal of thermal transformations of the organic and 

inorganic components. To achieve this goal I created a protocol based on the integration 

of soil micromorphology, FTIR spectroscopy and microspectroscopy. 

By utilizing an analysis of soil micromorphology, one can identify many 

characteristics of the soil matrix which affect both the exothermic transport of energy at 

the surface, and its endothermic absorption into soils and sediments. To do this I 

considered features such as soil types, the physical properties which affect the diffusion 

of heat, the residue produced by forest fuels, the conditions of combustion, the 

thresholds of exhaustion and completeness of combustion, the physical transformation 

of the organic and inorganic components, and the groundmass of the top soil and sub-

surface soil horizons. Using FTIR we can now identify the presence and absence of 

thermally sensitive minerals such as silicates and clay minerals found in the smectite 

and kaolinite groups and determine their heat by-products (Berna et al. 2007). These 

minerals and their thermal transformations have been extensively studied and used in 

ceramic and archaeological research as described by Aldeias et al. (2016) and Berna et 

al. (2007). Finally, the use of FTIR microspectroscopy allows us to combine FTIR and 
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soil micromorphology, thus achieving the highest in situ spatial resolution possible 

(Berna 2017). 

This protocol was tested for the first time at our sampling site. In Figure 18, the 

diagram presents an effective and accurate assessment for a specific location along the 

perimeter of the wildland fire near Logan Lake. This computation took place at the 

millimeter-scale. It evaluates the fuel composition, combustion temperature, the 

reduction/oxidation (redox) conditions, and heat-related transformations of the ground 

mass and larger inclusions such as archaeological artifacts and ecofacts.  

 
Figure 18.  Diagram showing the reduction/oxidation (redox) conditions and the 

depth of thermal effects in burned Profile B, sample LOG-BU-2. 

The data produced here can be utilized by fire suppression agencies and can be 

linked into their wildland fire data reports. During active burning periods on large project 

fires, a risk management and mitigation program could be produced and incorporated 

into fire suppression planning strategies which will facilitate an operational response that 

accounts for sub-surface values. 
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At Logan Lake in burned Profile B, it was observed that the fuel was composed of 

duff layer material and consisted mainly of pine needles. These were almost 100% 

consumed by the process of combustion and were deposited as ash. This observation 

indicated that temperatures were well above 500 °C, and possibly 600-650 °C, and that 

combustion was taking place in optimally oxidative conditions (e.g., low fuel moisture). 

The top 0.5 cm of the mineral soil reached similar temperatures but in reduction 

conditions, possibly owing to the compaction of the sediments at this point and the 

resulting restriction of airflow, while temperatures lower than 500 °C were diffused 

downward for at least another half centimeter. Interestingly, the physical properties of the 

local soils acted as an effective insulator causing the heat to dissipate into the first 

centimeter or two, while simultaneously protecting the rest of the soil column from 

temperatures exceeding 500 °C. More work needs to be done in this area by testing and 

measuring the diffusion of lower temperatures. Nevertheless, I can say that this 

approach for the Logan Lake case study has proved to be successful.  

5.1. Implications of the Results at Logan Lake 

A moderately severe wildland fire that can ignite the duff layer and sustain 

combustion will produce temperatures close to 700 °C. Thus, direct contact with this 

burning forest fuel can significantly affect the preservation or destruction of organic and 

inorganic archaeological materials. In these and similar conditions, organic materials will 

simply be ashed into dust, and inorganic elements such as raw lithic materials will be 

physically impacted by fracturing, discoloring, adhesion, etc., and will be mineralogically 

and chemically transformed. Temperatures as high as 600 to 700 °C will cause major 

changes such as calcination and dihydroxylation of many important archaeological 

materials such as bone, teeth, ivory, shells, corals, chert, obsidian, ochre and other 

pigments. These changes will irreversibly alter the physical and chemical (i.e., isotopic) 

properties of raw materials resulting in a compromised analysis. On the other hand, a 

closer look at the loam texture of the Logan Lake soil shows what appears to be a 

protection-effect which guards any object that is buried only a few centimeters deep and 

shields it from the impacts of thermal exposure. From the observations found in this 

research, this condition appears to be more pronounced than the general conditions 

described in the literature. The findings at Logan Lake are the source of some optimism 

for the production of effective risk management measures for those archaeological sites 
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which are buried in similar non-managed forest brunisolic soils of the British Columbia 

Interior Plateau. 

 
Figure 19.  Burned Profile C, opened inside the perimeter of wildland fire No. 

K20203. Note the ashed duff layer at the surface and a slightly 
discolored top-soil horizon. 

This research represents the first trial of a microstratigraphic protocol to assess 

wildland fire impact on buried sediments and archaeological sites. It was tested 

successfully using a single sampling site. In future implementations of this protocol, it 

would be better to assess the impact of wildfires on material culture. Ideally, there should 

be a plan in place to expand upon the sampling population presented above. This would 

provide a supplemental inventory of data which represents similar types of soils present 

in the Logan Lake fire perimeter. This has already been partially accomplished by 

conducting a cursory analysis of two more burned soil profiles within the perimeter of 

wildland fire no. K20203. However, due to time constraints, these samples were not 

processed into thin sections nor analyzed using mFTIR. However, soil micromorphology 

revealed that surface and sub-surface conditions in burned Profile C (Figure 19), located 

10 m away from Profile B (Figure 13), were only slightly different from it. A fourth 

sampling pit at Logan Lake was prepared at Profile D (Figure 20), also 10 m away from 
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Profile B, which appeared to have the majority of its duff layer in a charred condition, but 

not ashed, which was indicative of onsite temperatures that were below 500 ˚C. 

 
Figure 20.  Profile D, opened inside the perimeter of wildland fire No. K20203. 

Note the majority of the duff layer is charred from conditions 
characteristic of temperatures below 500 ºC. 

Several kilometers away, a supplemental sampling site was found along the 

Coldwater River, located 40 km south of Logan Lake. This location, at fire no. K60123, 

was chosen because it contained the remains of a root network that had been 

completely consumed by a low intensity wildfire positioned 25 m away from the river. 

The thermal exposure within this soil had penetrated up to 50 cm below surface (Figure 

21). Sedimentary samples were collected around the charred roots for FTIR 

spectroscopy and micro-spectroscopy with the results still being processed at the time of 

this writing. 
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Figure 21.  The burned sub-surface root network of fire no. K60123 along the 

Coldwater River, located 40 km south of Logan Lake, British 
Columbia. 

5.2. Applications of the Protocol 

For the archaeologist or heritage resource manager there are many possible 

applications where this protocol could be utilized to reduce the complexity that has been 

brought about by cultural materials that have been impacted by thermal exposure. One 

scenario to consider is when an archaeologist attempts to determine whether a site has 

been thermally exposed by local heat sources or by a wider regional broadcast burning. 

In this context, the discovery of artifacts such as fire altered rocks, scorched artifacts or 

thermally exposed sediments could lead the researcher to two possible conclusions: 

they could have been impacted by a contained heat source, as in a cooking hearth or a 

metal production site, or they could have been affected by the sweeping effects of a 

landscape burn. Looking for evidence of thermally transformed sedimentary minerals by 

this analytical protocol would aid in the process of discerning between these two heat 

sources. In one case, for example, evidence of a landscape burn would be found over 

an extended area as opposed to a smaller localized site. Such evidence could be 

established by a research design which would include large-scale sampling by 

employing this geo-thermometer protocol over an expanded territory. 
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This protocol would also provide a more effective means to analyze the burn 

characteristics of sedimentary strata in general, as the sediments which are host to 

these transformed and volatized minerals can provide more detailed information about 

the heat source rather than, say, a charcoal stratum or lens. For example, at Tel Dor 

(Berna 2007) the evidence for thermal exposure was not found in within a charcoal layer 

but rather a mineral-sedimentary layer. Sedimentary charcoal was not regarded as a 

significant indicator of pyrotechnical industrial use, although its presence was observed 

and noted (Berna 2007). Charcoal artifacts themselves do not indicate with any accuracy 

the temperatures that were reached in their sedimentary contexts; whereas this 

analytical protocol, in the correct conditions, can determine the temperature of the soil 

context. 

It is not only archaeologists and heritage resource managers who could employ 

this protocol. This analytical technique can also impact the way in which other 

environmental resource managers approach their work and research. The effects of 

dematerialization of smectite and kaolinite group minerals in soils and sediments caused 

by thermal exposure will likely remain intact for a lengthy period. Of course, there are 

always opportunities for the mixing of soils and sediments by natural forces such as 

cryo- or bio-turbation but, failing this, the dematerialization effects should persist long 

after their occurrence. Therefore, these trace sediments can permit researchers involved 

in environmental studies to use the technique to determine the region-wide, long-term 

impacts of wildland fires in cases involving paleo-environments. And it could do this on 

time scales of geologic proportion. 

In a shortened period, land resource managers can also employ this protocol in 

an analysis of the immediate effects of soil transformation and an assessment of soil 

health. In general, the destruction of smectite and kaolinite group minerals will impact the 

permeability and structure of soils. In most cases, clay is a hydrophilic material that 

promotes fertile ground drainage and wetter conditions on a landscape. When this 

characteristic is removed from the soil matrix it will weaken the potency and productivity 

of an affected area due to the weakening of the soil's ability to bind with water (Bergaya 

and Lagaly 2013). For the geologist and geotechnician, loss of clay in soil and sediment 

will also promote erosion as clays can absorb significant amounts of water. This provides 

protection against erosion by sudden abundant rainfall, which is the principal mechanism 

of erosion (Bergaya and Lagaly 2013). Finding evidence of smectite and kaolinite group 
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dematerialization through these means will provide the land resource manager with 

another analytical tool to test for the absence of these components. It will allow them to 

determine the health of soils and sediments and their structural ability to support a load. 

This analytical protocol could assist in determining the post-depositional site formation 

processes, such as the impact of erosion on the site. It would be accomplished with the 

knowledge that a specific temperature has been reached within a sedimentary profile, 

and by observing the transformed characteristics of that sediment. 

Continued investigations into the use of this protocol will be expanded both by its 

thermal and regional extents. At Logan Lake, I used the presence and absence of 

kaolinite and smectite. These two minerals are almost ubiquitous on a global scale, but 

there are certainly some soils which lack these components. One limitation of using 

these two minerals is that they are sensitive only to temperatures exceeding 500 °C and, 

thus, do not provide useful data on the effects which take place at lower temperatures. 

To remedy this, future investigations could include a research program which 

incorporates the development of this procedure through an analysis of other common 

clay minerals such as imogolite and allophane. As well, other low-temperature indicators 

such as bone and teeth, aragonite (i.e., shell, snails and corals), and sulphates (gypsum) 

could be utilized. These materials transform irreversibly at well-defined temperatures of 

300, 250, and 150 ºC respectively (Weiner, 2010), and are commonly found in 

undisturbed soil and anthropogenic deposits. Ultimately, one can consider adding the 

use of organic petrology, which can estimate the temperatures of burning plant materials 

by measuring the optical reflectance of the charred organic compounds. Further 

applications of this protocol are anticipated. 
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