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LABORATORY WILDLAND FIRE SIMULATION AND THE EFFECTS OF HEATING ON ARCHAEOLOGICAL RESOURCES
Previous research involving laboratory wildland fire simulation to address the impact of fire on archaeological resources is nonexistent.  Laboratory research performed by archaeologists focused on addressing the potential for thermal alteration of archaeological materials has generally been limited to the heating of experimental artifacts within electric laboratory furnaces (Bennett and Kunzmann 1985; Burgh 1960; Shipman et al. 1984; see also previous section).  While heating in an a muffle furnace is an expedient method from which to observe the range of thermal alteration for various artifact classes, it is quite limited in its approximation of the conditions archaeological materials would experience during a natural fire.  Heating in a muffle furnace is generally gradual and uniform whereas surface heating during a prescribed or wildland fire can be rather precipitous and severe.  The potential for significant thermal alteration of archaeological materials during a wildland or prescribed fire is likely to be much greater than that experienced by heating in an electric furnace due to the likelihood of severe and differential heating that could induce thermal shock within artifacts.  

In order to address this issue, a research design explicitly focused on replicating wildland fire conditions where archaeological materials are also incorporating into the fire simulations was developed and implemented. Laboratory wildland fire simulations were conducted at the USDA Fire Sciences Laboratory in Missoula, MT.  The research was a collaborative effort performed with the assistance and direction of several members of the Fire Lab staff.  The fire scientists at the Fire Lab have developed accurate and replicable methods to simulate wildland fire conditions in the laboratory that have been used to address several issues regarding wildland fire behavior (Rothermel and Anderson 1966).  The research objectives of this project included: 1) Accurate simulation of variable fuel loads and wildland fire intensities in a controlled laboratory environment; 2) The incorporation of experimental artifacts, representative of a range of artifact classes, into the fire simulations with the purpose of assessing potential thermal alteration given a specific artifact type, fuel load, and fire intensity; 3) From the time/temperature curves and time/heat flux data generated during the simulations, establish the temperature and heat flux ranges at which significant thermal alteration of specific artifact type occurs; 4) Utilize these data to make predictions regarding the potential for thermal alteration of archaeological resources under actual field conditions given a specific artifact class, fuel load, and wildland fire burn intensity.   

Research Design

Laboratory wildland fire simulations were performed in a controlled wind tunnel environment where wind velocity, relative humidity, and ambient temperature were maintained using a computer automated system.  The wind chamber measures approximately 3mW x 3mH x 10mL and is constructed of steel panels with fire resistant windows that permit fire behavior observations.  Wildland fire simulations were conducted on a burn table positioned within the wind chamber (Figure ??).  The burn table was divided into two sections, the fuel bed measuring 88 x 186cm, and the sediment bed, which measures 88 x 45cm where the experimental artifacts were placed. Excelsior was used as fuel during the simulations and large fraction Brule Formation clay was used for sediment on the artifact bed.  Fuel loading was established by placing predetermined g/m2 distributions of excelsior on the fuel bed prior to ignition.  These defined g/m2 distributions of excelsior formulaically correlate to actual ton/acre fuel loads that characterize combustible fuels common to natural environments.  For the majority of the experiment shredded excelsior was placed in the fuel bed only, not overlain on the sediment bed and experimental artifacts in order to produce an oxidizing environment in which radiant heat energy exposure on the artifacts was optimized.  However, two sets of simulations were conducted where shredded excelsior fuels were placed on the sediment bed and experimental artifacts in order to simulate a reducing environment similar to field conditions where duff and light litter overlay artifacts deposited on the mineral soil surface.  In addition, the Moderate (6.33 ton/acre) fuel treatment consisted of cribbed excelsior where stacked dowels were used in place of shredded excelsior.  Ignition of excelsior fuels was achieved using a linear deposit of alcohol on the leading edge of the fuel bed and an electric coil operated from the exterior of the wind tunnel.  Data on flame height, length, and angle were recorded by video taping flaming combustion during each trial, and using a calibrated measurement system post-fire during video play-back (Figure ??).     

  
For the experiment we simulated 4 different fuel loads representative of a wide range fuel loads found in natural environments common to the Western United States; Heavy, Moderate, Moderate-Light, and Light.  Brief descriptions of each fuel load used in the experiment are provided below: 

1) Heavy (1947 g/m2 or 8.76 ton/acre).  This fuel loading is roughly analogous to a mixed conifer environment with light ground fuels (Anderson 1982).

2) Moderate (1421 g/m2 or 6.33 ton/acre).  This fuel loading is roughly analogous to a piñon-juniper environment with light understory (Anderson 1982).

3) Moderate-Light (973 g/m2 or 4.34 ton/acre).  This fuel loading is roughly analogous to a sagebrush environment or an open ponderosa environment with grass understory (Anderson 1982).

4) Light (225 g/m2 or 1.00 ton/acre).  This fuel loading is roughly analogous to a grassland environment (Anderson 1982).

In addition, we also incorporated two different wind velocities into the experiment to add variable fire intensities for each of the four fuel load treatments.  

1) High Wind Velocity (512-525 ft/min or approximately 5-6 mph)

2) Low Wind Velocity (256-265 ft/min or approximately 2-3 mph)

Wind velocity was measured at the sediment bed within the wind chamber using computer automated environmental controls.  It should be noted that wind velocity measured at the sediment surface correlates to substantially greater atmospheric 20ft wind velocities encountered during actual wildland fires. 

The combination of variable wind velocity, differential fuel loads, and fuel placement (fuel absent on artifacts or fuel present on artifacts) produced a total of 10 experimental conditions.  Each experimental condition was performed and then replicated 2 times with the exception of the light fuel load conditions that were run only once with no replication.  In total, the experiment consisted of 26 trials as each fuel loading and wind velocity condition and associated replicate was performed over the duration of the experiment.   Summaries of each fuel load / wind velocity condition and associated trials are provided below. 

Trials #1-3  (8.64 ton/acre fuel load, 5-6 mph wind velocity)

Trials #4-6 (6.33 ton/acre fuel load, 5-6 mph wind velocity) 

Trials #7-9 (4.34 ton/acre fuel load, 5-6 mph wind velocity)

Trial #26  (1.00 ton/acre fuel load, 5-6 mph wind velocity)

Trials #13-15  (8.64 ton/acre fuel load, 2-3 mph wind velocity)

Trials #16-18  (6.33 ton/acre fuel load, 2-3 mph wind velocity)

Trials #10-12  (4.34 ton/acre fuel load, 2-3 mph wind velocity)

Trials #22-24  (Fuel on Artifacts) (4.34 ton/acre fuel load, 2-3 mph wind velocity)

Trial #25  (1.00 ton/acre fuel load, 2-3 mph wind velocity)

Trials #19-21 (Fuels on Artifacts) (8.64 ton/acre fuel load, 2-3 mph wind velocity.) 

Prior to the ignition of fuels during each fire simulation, experimental artifacts were placed on the sediment bed, and thermocouples were positioned on the upper and lower surfaces of each artifact to record the temperature differential between the upper and lower surfaces of artifacts during burning.  The position of the artifact and its associated pair of thermocouple was held constant throughout the experiment.  Temperature data was recorded using 22 thermocouples wired to 3 Campbell Scientific Inc. CR10 data loggers that were programmed to record temperature in °C every 1 second.  In addition, heat flux data in the form of Total Flux (convection and radiant combined) and Radiant Flux (radiant only) were recorded in kw/m2 using 2 Medtherm radiometers; one positioned at the surface of the sediment bed to measure soil heat flux, and one positioned 25cm above the sediment bed to measure air heat flux (Figure ??).  


The experimental artifacts burned during each trial of the experiment, and their position on the sediment bed relative to the terminal end of the fuel bed, are summarized below:

1. Corrugated Pottery Sherd (unprovenienced Southwestern sherd) (35cm from fuels)

2. Black-on-White Pottery Sherd (unprovenienced Southwestern sherd)

    (15cm from fuels)

3. Black Hills Quartzite Primary Flake (modern replicate) (13cm from fuels)

4. Hartville Uplift Chert “Core” (nodule, roughly the sized of an exhausted core)

    (10cm from fuels)

5. Pecos Chert Biface and Fort Hood Chert Biface(modern replicate, fragmented 

     unfinished Paleo-Indian points)(30cm from fuels).

6. Obsidian Biface and Blade (black/red/translucent and black/gray-banded unknown 

    sources)(modern replicates)(34cm from fuels)

7. Glass (modern bottle fragments, clear and amber) (30cm from fuels)

8. Freshwater Mussel Shell (small and large, unspecified species) (20cm from fuels)

9. Elk (Cervus) Antler (sawed into sections) (30cm from fuels)

10. Domestic Cattle (Bos), Elk (Cervus), and Deer (Odocoilius) Bone (appendicular 

      elements sawed sections) (16cm from fuels)

11. Cliff House Formation sandstone (block sections) (38cm from fuels)

In total, 286 experimental artifacts were subjected to burning during the 26 wildland fire simulations that comprised the overall experiment.  Descriptive data for the experimental artifacts was collected prior burning and post-burning.  Artifacts were measured for maximum length, width, and thickness, weighed to the nearest 100th of a gram using a digital scale, and assigned Munsell color values.  Artifacts were also photographed using a digital camera prior to each simulation and again following burning.  Thermal alteration of artifacts was assessed by macroscopic analysis following each simulation and recorded by notation.  Descriptive artifact data and thermal alteration analysis coding are summarized in Table (??).
Heavy Fuel Load / High Wind Velocity Condition (Trials #1-3)

Trial #1


The first round of fire simulations were performed using the heavy fuel load (8.67 ton/acre) and high wind velocity (5-6mph) treatment.  Three trials were conducted under this experimental treatment using the methodology outlined in the previous section.  Trial #1 produced maximum flames lengths of .77m, flame heights of .54m, and a flame angle of 45.5°.  The peak temperatures recorded on the upper surfaces of the experimental artifacts ranged between 814.0-401.0°C, with most falling within the 500-600°C range.  Peak upper surface temperatures were sustained for 13-42 seconds with the exception of the 814°C reading, which was sustained for only 1 second.  Maximum temperatures recorded on the lower surfaces of artifacts ranged between 480-39°C.  The 480°C reading is anomalous and may have recorded due to the presence of an open space between the artifact and the sediment surface in which the release of radiant heat energy was greater.  The majority of maximum temperatures recorded on the lower surfaces of artifacts were in the 100-200°C range.  The time/temperature curves generated for Trial #1 show that the upper surfaces of artifacts experienced precipitous heating in which temperatures peaked within 30-90 seconds (Figure ??).  In contrast, time and temperature curves generated from thermocouples positioned at the lower surfaces of artifacts were less severe and more protracted.  Peak soil flux readings at the soil surface were 27.86 kw/m2 for Radiant Flux and 57.18 kw/m2 for Total Flux, and 30.41-67.64 kw/m2 for Radiant and Total Air Flux respectively (Figure ??). 


Observable thermal alteration of the experimental artifacts ranged from a combustive residue deposit present on the exposed surfaces of all specimens, to thermal fracturing for some artifacts, particularly lithics.  All specimens were blackened with a soot deposit loosely adhering to the upper surfaces of artifacts as well as a blackish tar deposit that resiliently adhered to artifacts.  These deposits are the byproducts of the combustion of organic fuels (excelsior).  The tar deposit is a condensate tar produced by combusting fuels, which condenses on the cooler surfaces (artifacts) located below the fire (Yokelson et al. 1997).  The soot deposit is easily removed from artifact surfaces; however, the tar deposit adheres to artifacts more tenaciously requiring vigorous scrubbing with a pumice based hand soap and brush.  Significant thermal alteration in the form of thermal fracturing was observed for the quartzite flake, which was fragmented into three pieces.  The flake also exhibited mineral oxidation resulting in a color change from brown to reddish brown along the margin of the fracture surface.  Peak upper and lower surface temperatures recorded for this specimen were 551.2-252.3°C respectively.  In addition, the chert core sustained one thermal spall as well as two linear surface cracks across the entire upper surface of the specimen.  Maximum upper and lower surface temperatures recorded for the chert core were 559.1-190.8°C.  The obsidian biface exhibited the propagation of preexisting radial fracture lines and surface crazing under maximum temperature of 814-480.6°C for upper and lower surfaces.  The sandstone block section exhibited light mineral oxidation traversing the leading edge of the specimen resulting in a thin linear streak of red color alteration.  Bone and antler specimens exhibited charring and partial combustion resulting in weight losses ranging between.3.4-6.0%.  Thermal alteration of the shell specimen took the form of delamination of the inner surface of the shell as well as a loss in mass of 0.83%.  Peak upper surface temperatures recorded for organic specimens ranged between 455.1-643.9°C.  All organic specimens were noticeably more friable and subject to breakage during handling post-fire. 

Trial #2


The second trial under the heavy fuel load / high wind velocity treatment was performed as a replicate.  Flame measurements showed maximum flame lengths of 0.76m, heights of 0.47m, and a flame angle of 54.7°C.  Maximum temperatures recorded by thermocouples positioned on the upper surfaces of artifacts ranged between 888-392.1°C, and those placed beneath artifacts recorded peak temperatures of 595.1-84.9°C.  The 595.1°C reading is anomalous and was likely registered as flames or significant levels of heat energy advanced beneath the artifact due to a gap between the artifact and sediment bed.  The 888°C reading was maintained for a brief period for one thermo couple only.  The majority of peak upper surface temperatures fell within the 500-700°C range and were sustained for approximately 25-82 seconds.  The ascension from ambient temperature to maximum upper surface temperature was rapid, generally peaking within 30-60 seconds.  Conversely, lower surface temperatures reached lower maximums over a more protracted period of 2-3 minutes.  Time and temperature curves for Trial #2 are provided in (Figure ??).  Heat Flux readings were 43.48-20.32 kw/m2 for Total and Radiant Soil Flux, and 60.81-24.45 kw/m2 respectively for Total and Radian Air Flux (Figure ??).  


Thermal alteration of experimental artifacts was similar to that observed during Trial #1.  All artifacts exhibited heavy soot and combustive tar on exposed surfaces producing a deeply blackened appearance.  Significant thermal alteration induced by thermal shock was observed for the quartzite flake and Pecos chert biface.  The quartzite specimen sustained thermal fractures (4 fragments) at the distal end of the flake where the material was thinnest.  Peak upper and lower surface temperatures recorded for this specimen were 650.3-595.1°C.  The Pecos chert biface sustained a complete fracture at its midpoint, essentially fragmenting the specimen into halves.  This occurred under a rather severe differential between maximum upper in lower surface temperatures, which were 813.0-349.0°C respectively.  The chert core exhibited one thermal spall on its upper surface, which was associated with a peak upper surface temperature reading of 576.2°C.  Thermal fracturing was also observed for the glass specimen (historic canning jar fragment), which was fractured into 22 pieces under extremely differential peak upper and lower surface temperatures of 888.0-65.8°C.  The obsidian biface exhibited the propagation of preexisting linear fractures lines under peak upper and lower surface temperatures of 624.4°C and 187.3°C.  The sandstone specimen exhibited faint oxidation along the upper edge of the leading surface (linear reddening).  Bone and antler specimens were deeply charred and sustained partial combustion of the organic phase resulting in reductions in mass of 5.4-9.1%.  In addition, the bone specimen (weathered Bos tibia section) sustained noticeable enhancement of preexisting surface cracks.  Peak upper surface temperatures associated with bone and antler specimens ranged between 692.1-613.7°C.  Under similar conditions, the shell specimen sustained interior surface delamination and a 4.1% reduction in mass.  The friability of all organic specimens was enhanced post-heating.

Trial #3


The heavy fuel load / high wind velocity treatment was replicated an additional time during Trial #3, and then terminated.  Flame data derived from video analysis showed that the simulation generated maximum flame lengths of 0.76m, heights of 0.43m, and flame angles in the 55.4°C range.  Peak temperatures recorded on the upper surfaces of artifacts ranged between 835.0-300.6°C with the majority of maximum temperatures reaching the 500-700°C mark.  Residence time for peak and near-peak upper surface temperatures range between 20-75 seconds, and heat-up time from ambient to peak temperature was precipitous, generally occurring within 30-75 seconds.  Maximum lower surface temperature ranged between 445.4-54.1°C, and similar to that reported for the previous two trials, the 445.4°C is anomalous.  Time/temperature curves for upper surface thermocouples rise and fall sharply, while the lower surface curves are more protracted indicating less severe heating gradients.  The temperature differential between peak upper and lower artifact surfaces was generally greater than 50% indicating the potential for significant levels of thermal stress within the experimental artifacts.  Peak heat flux readings from the sediment surface were 51.2 kw/m2 for Total Flux and 16.8 kw/m2 for Radiant Flux, and those recorded 25cm above the sediment surface were 60.9 kw/m2 for Total Flux and 19.8 kw/m2 for Radiant Flux.  


Thermal alteration of experimental artifacts during trial #3 was similar to that reported for artifacts from the previous two trials.  Every artifact exhibited soot and combustive residue deposits on exposed surfaces.  Significant forms of thermal alteration were observed for two lithic specimens and the glass specimen.  The quartzite flake sustained thermal fractures near the distal end of the flake where the material was thin.  Mineral alteration resulting in color change from brown to reddish brown was also observed on two of three fragments.  This specimen experienced a peak upper surface temperature of 613.5°C and a peak lower surface temperature of 321.4°C.  The Hartville Uplift chert core exhibited extensive thermal fracturing of the thin portion of the nodule resulting in 22 individual fragments.  Mineral alteration resulting in color change from yellowish brown to dusky red was also observed on 19 the fragments.  Peak upper and lower surface temperatures for this specimen were 630.9-404.4°C.  In addition, one potlid fracture was also observed on one of the fragments.  The glass specimen (historic canning jar fragment) exhibited significant thermal fracturing that resulted in fragmentation into 15 pieces.  Thermal alteration of bone and antler consisted of charring and partial combustion resulting in reductions in pre-burn mass of 5-7% as well as the enhancement of pre-burn surface cracks on the weathered on the weathered Bos specimen.  The freshwater shell specimen also sustained a weight loss of approximately 4% as well as delamination of the inner surface.  Organic specimens were noticeably more friable during handling post-burn.  The sandstone block section exhibited light oxidation in the form of linear reddening along the leading edge of the specimen where the associated maximum upper surface temperature 300.6°C.                   

Summary


The results of the heavy fuel load (8.76 ton/acre) / high wind velocity (6-5 mph) fire simulation show time/temperature profiles recorded from upper surfaces of artifacts that climb precipitously to peak temperatures of 888.0-300.6°C, with most registering in the 500-700°C.  Maximum upper surface temperatures were attained within 30-75 seconds with near peak temperatures being sustained for 20-82 seconds.  Maximum lower surface temperatures varied widely between 595.1-54.1°C, although temperatures on the upper end of the spectrum were anomalous due to space between the artifact and the sediment bed.  Thus, time/temperature curves generated from these simulations were precipitous and serrated for upper artifact surfaces and more protracted and smoother for the lower surfaces of artifacts. 


Thermal alteration of experimental artifacts was characterized consistent deposition of combustive residue tar and soot on the upper surfaces, and to some extent edges and lower surfaces, of all artifacts.  Lithic artifacts sustained the greatest degree of significant thermal alteration compared to other material types.  The Black Hills quartzite flake sustained consistent thermal fracturing during each of the three simulations.  In addition, mineral alteration (iron oxidation to hematite) resulting in a color change from brown to reddish brown was also observed for fragmented portions of the quartzite flake specimen during trials #1 and #3.  Thermal fracturing of quartzite specimens occurred where peak upper surface temperatures ranged between 650.3-551.2°C, and peak lower surface temperatures fell within the 595.1-190.8°C range.  The Hartville Uplift chert core also exhibited thermal fracturing and mineral oxidation in trials #2-3.  During these trials, a portion of the core was fractured into multiple pieces (19-22), and some of those fragments exhibited a color change from yellowish brown to dusky red due to the oxidation of limonite to hematite.  In trial #1, the chert core sustained one thermal spall and two linear surface cracks that traversed the entire upper surface.  Peak upper surface temperatures associated with thermal damage of the chert core ranged from 630.9-559.1°C.   The more pronounced thermal fracturing observed for the chert core, as compared to other lithic specimens, may be attributed to a greater potential for pronounced heat differential and resultant thermal shock due to the larger body size of the chert nodule.  In trial #2 the Pecos chert biface sustained a thermal fracture that essentially split the specimen into two halves.  The fracture was clean and linear, somewhat resembling a snap fracture, and was generated under an extreme peak upper surface temperature in excess of 800°C, and a temperature differential between upper and lower surfaces of over 60%.  These results suggest that chert and quartzite artifacts are susceptible to thermal fracturing during severe wildland fire conditions were temperatures ascend rapidly within 30-70 seconds to peak temperatures of 550-800°C on upper surfaces, and where temperature differentials between upper an lower artifact surfaces are approximately 50% or greater. 


Obsidian biface specimens exhibited the propagation of existing radial fracture lines at maximum upper and lower surface temperatures of 600°C and 200°C respectively.  In addition, fine linear surface crazing was observed on the upper surface of the obsidian biface fragment during trial #1 where the temperature peaked at 814.0°C.  No thermal fracturing was observed for obsidian specimens during trials #1-3.  The Cliff House formation sandstone block section exhibited minor oxidation on the leading edge of the upper surface in two of three trials where upper surface temperatures reached the low to middle 300°C range.  This specimen was positioned at the very rear of the sediment bed, approximately 40cm from the leading edge of fuels.  Thus, the specimen was not subjected to a high degree of flaming combustion and radiant heat energy as compared to specimens positioned closer to the fuel bed.  Bone and antler specimens exhibited deep charring, particularly on high surfaces, partial combustion of the organic phase, increased friability, and propagation of preexisting surface cracks.  The shell specimens from trials #1-3 exhibited delamination of the interior surface, increased friability, and reductions in mass.  In sum, the heavy fuel load / high wind velocity treatment generated rapidly peaking severe temperatures and heat flux levels, which initiated significant thermal alteration of some experimental artifacts, particularly lithics and bone. 

Moderate Fuel Load / High Wind Velocity Condition (Trials #4-6)
The second round of fire simulations were performed using the same high wind velocity (5-6mph) defined for the previous three trials; however, the fuel treatment was reduced to 6.33 ton/acre to simulate a moderate fuel load.  In addition, cribbed excelsior dowels were used in place of shredded excelsior to produce the desired fuel loading. Three trials were conducted under this experimental condition using the methodology outlined in the research design section.

Trial #4


Flaming combustion during Trial #4 produced maximum flame lengths of 1.2m, heights of 0.73m, and an angle of 52.1°C.  The cribbed fuels produced longer flame lengths compared to the shredded excelsior fuels used in the previous three trials.  Heat flux measurements were 49.6 kw/m2 for total flux at the soil surface, 18.6 kw/m2 for soil radiant soil flux, 59.4 kw/m2 for total heat flux 25cm above the sediment surface, and 19.6 kw/m2 for radiant air flux.  Peak temperatures recorded on the upper surfaces of artifacts ranged between 649.7-368.1°C, with the majority of recorded maximums ranging between 400-500°C.  Maximum upper surface temperatures peaked within 30-70 seconds and were sustained at high levels for 15-22 seconds.  Peak temperatures from thermocouples placed on the lower surfaces of artifacts ranged between 382.1-102.7°C, the majority of which registered between 100-200°C.  Lower surface temperatures peaked and fell more gradually and uniformly compared to peak upper surface temperatures in which curves were serrated and precipitous (Figure ??).  


Thermal alteration of experimental artifacts consisted of soot and combustive residue deposits on the exposed surfaces of each specimen burned during the trial.  Significant thermal alteration of experimental artifacts was observed for lithic specimens, glass, and to a lesser degree, organic specimens.  The quartzite flake sustained thermal fractures resulting in two fragments on the distal portion of the flake where the material was thinnest.  Peak upper surface and lower surface temperatures associated with this specimen were 561.7°C and 191.9°C respectively.  The chert core specimen exhibited two linear surface cracks radiating from the same point of origin, and traversed across the entire upper surface of the specimen.  The peak upper surface temperature recorded for this specimen was 541.3°C and the peak lower surface temperature was 102.7°C.  The Pecos chert biface exhibited a small (12.4mm) linear surface crack on the upper surface radiating from the distal end of the specimen.  Peak upper and lower surface temperatures recorded for this specimen ranged between 440.8-145.1°C.  Longer flame lengths observed during trial #4 produced peak upper and lower surface temperatures of 649.7-382.1°C at the rear of the sediment bed where the sandstone block was positioned; however, thermal alteration of the block was limited to an linear band of oxidation along the leading edge of the upper surface of the specimen.  No thermal fracturing or spalling was observed.  The glass specimen (historic medicine bottle fragment) sustained thermal fractures resulting in three fragments when subjected to peak upper and lower surface temperatures of 414.2-291.0°C.  Bone and antler specimens exhibited moderate charring, propagation of surface cracks, and weight reductions of 3-4%.  The shell specimen sustained a weight reduction of approximately 8% as well as moderate delamination of its interior surface.  All organic specimens were perceptively more friable during handling after the simulation.  Peak upper and lower surface temperatures for these specimens generally fell within the 500°C and 100°C ranges.

Trial #5


Trial #5 replicated the experimental conditions defined for Trial #4.  Video analysis of flaming combustion during this trial showed maximum flames lengths of 1.2m, heights of 0.66m, and angle of 54.5°.  Total heat flux measured at the soil surface was 54.6 kw/m2, radiant soil flux was 33.1 kw/m2, total air flux measured at 25cm above the sediment bed was 85.1 kw/m2 and radiant air flux was 39.2 kw/m2.  Peak temperatures attained from the upper surfaces of artifact ranged between 689.6-286.5°C, with most peaking at 500-600°C.  These temperatures reached apex levels within 30-60 seconds and where sustained for 12-37 seconds.  Peak lower surface temperatures ranged widely between 220.7-39.9°C, although temperatures generally were recorded in the 100-200°C range.  Time/temperature curves were precipitous and serrated for upper surface thermocouples, but more evenly protracted for lower surface thermocouples (Figure ??).  


Thermal alteration of experimental artifacts during this trial was similar to that described for the previous trial, in that the exposed surfaces of all specimens were blackened by soot and combustive tar.  However, the extent of significant thermal alteration observed during this trial was somewhat less than that observed for trial #4.  Significant thermal alteration was limited to the chert core, glass, and organic specimens.  The chert core exhibited one potlid fracture on its upper surface as well as two linear surface cracks that radiated from near the potlid scar.  The peak upper surface temperature recorded for this specimen was 415.9°C, and peak temperature recorded from its lower surface was 101.5°C.  The sandstone block section exhibited a thin linear section of oxidation along the leading edge of the upper surface where maximum temperatures reached 689.6°C.  Again, heating of this specimen was enhanced due to the longer flame lengths produced by combustion of the cribbed fuels.  The glass specimen (historic amber screw-top) sustained thermal fracturing that produce four fragments as well as one linear crack radiating from the vicinity of the fracture surface.  Peak upper and lower surface temperatures for this specimen ranged between 573.6-39.9°C.  The bone specimen (weathered deer tibia section) sustained significant enhancement of existing surface cracks in which the cracks became large fissures under thermal stress.  The bone and antler specimens exhibited charring on upper surfaces and weight reductions of approximately 3% due to the partial combustion of the organic phase.  The shell specimen sustained a weight reduction of 2% as well as moderate delamination of its interior surface.  In general, peak upper and lower surface temperatures recorded for organic specimens were recorded in the 600°C and 100°C ranges.  

Trial #6


Trial #6 replicated the moderate fuel load and high wind velocity treatment defined for the previous two trials.  Combustion of cribbed fuels during this trial produced flame lengths of 1.1m, heights of 0.71m, and flame angle of 49.2°.  Peak heat flux measurements recorded at the sediment surface were 42.8 kw/m2 for total flux and 18.9 kw/m2 for radiant flux; and those recorded 25cm above the sediment surface were 45.1 kw/m2 for total flux and 22.5 kw/m2 for radiant flux.  Peak temperature recorded from the upper surfaces of artifacts ranged between 702.0-321.1°C, with the majority registering between 500-600°C.  These temperatures generally reached apex levels within 30-60 seconds and were sustained for a period of 12-37 seconds.  Peak temperatures measured from the lower surfaces of artifacts ranged widely between 201.4-34.50°C, although most maximum lower surface temperatures were recorded in the 100-200°C range.  Time/temperature data show sharp rises to the apexes for upper surface maximum temperatures and more uniformly rounded curves for lower surface thermocouples (Figure ??).


As reported for the previous two trials, each artifact burned during this simulation exhibited combustive residue deposits, soot and tar, on upper surfaces giving the artifact a blackened appearance.  Significant thermal alteration was observed for some lithic, glass, and to a lesser extent, organic specimens.  The quartzite flake sustained one small fracture scar on the proximal end (fragment not recovered) and a deep linear surface crack (completely through flake body) that extended across the entire specimen.  The fracture scar also exhibited mineral oxidation in which the original brown color was altered to reddish brown.  Peak upper and lower surface temperatures recorded for this specimen were 476.5-123.3°C.  The chert core sustained significant thermal fracturing on the upper surface of the nodule on the side orientated closest to the fuel bed, where thermal stress generated five fragments.  Each of the fragments sustained mineral oxidation in which the original color was altered from yellowish brown to dusky red.  In addition, one of the fragments exhibited a potlid fracture, and the core body exhibited a linear fracture radiating from the area of significant fracturing and across the upper surface of the specimen.  The peak temperature recorded on the upper surface of this specimen was 456.1°C and the peak lower surface temperature was 111.9°C.  The sandstone block section exhibited minor oxidation along the leading edge of the upper surface under a maximum upper surface temperature of 702.0°C.  Again, this temperature was elevated due to increased flame lengths associated with cribbed fuels.  The glass specimen (historic preserve jar) sustained one thermal fracture along the lip of the container, generating one detached fragment as well as one linear crack radiating from the same area.  The peak temperatures associated with this specimen were 311.5°C and 37.3°C for the upper and lower surfaces respectively.  Organic specimens sustained partial combustion and weight reductions in the 1-3% range.  Delamination of the interior surface of shell and crack enhancement of preexisting surface cracks on the bone specimen were also observed.  These specimens were subjected to peak upper and lower surface temperatures in the 600°C and 100°C ranges.  

Summary

In brief, significant thermal alteration of experimental artifacts observed during the moderate fuel load / high wind velocity wildland fire simulation was limited to lithic specimens, glass, and to a lesser extent, organic materials.  Thermal fracturing of the Black Hills quartzite flake was observed during two of three fire simulations.  Peak upper and lower surface temperatures associated with the fractured specimens ranged between 561.7-476.5°C and 191.9-123.3°C respectively.  Thermal alteration of the Hartville Uplift chert core varied between surface cracking, limited potlid fracturing, and thermal fracturing during each of the three simulations.  Maximum upper surface temperatures recorded for these specimens were in the 400-500°C range while peak lower surface temperatures were within the 100°C range. The Pecos chert biface also exhibited a linear surface crack, albeit minor, following the first trial where peak upper and lower surface temperatures were 440.8-145.1 respectively.  Historic glass specimens sustained thermal fractures in each of the three simulations where peak upper surface temperatures were recorded in the 300-500°C range, and peak lower surface temperatures varied widely from 291.0-37.3°C.  Organic specimens sustained partial combustion and weight reductions generally in the 1-4% range.  In addition, weathered bone specimens exhibited crack propagation of existing surface cracks, and shell specimens exhibited moderate delamination during each of the simulations.  However, charring and discoloration of organic specimens was not as pronounced as that observed for the heavy fuel trials.  

Although the cribbed fuels produced greater flames lengths compared to the first simulation, the extent of thermal alteration observed under this treatment was not as extensive as that observed for trials #1-3 where fuel load and peak upper surface temperatures were greater.  In addition, the residence times of peak temperatures were greater under the heavy fuel load as compared to the moderate loading. These variables are probably key to the diminished prevalence of significant thermal alteration observed during the moderate fuel load / high wind velocity simulations.  Nonetheless, quartzite flakes, chert cores, historic glass, and organic material continue to be most susceptible to significant forms of thermal alteration.

Moderate-Light Fuel Load / High Wind Velocity Condition (Trials #7-9)
Trial #7


The third set of wildland fire simulations incorporated a moderate-light fuel load (4.34 ton/acre) and a high wind velocity (5-6 mph).  The treatment is similar to that used for the previous simulations, but with a reduced fuel load.  Shredded excelsior was used as fuel during this simulation.  In total, three trials were conducted under this experimental treatment (Trials #7-9).


Flaming combustion during trial #7 generated peak heat flux readings of 35.5 kw/m2 total soil flux, 14.4 kw/m2 for radiant soil flux, 43.6 kw/m2 for air total flux, and 17.4 kw/m2 for air radiant flux.  Flame data for trial #7 is not available due to a malfunction with the video system.  Peak temperatures measured by thermocouples placed on the upper surfaces of artifacts ranged between 664.9-337.9°C.  Peak upper surface temperatures were reached within approximately 20-50 seconds and sustained for a period of 9-20 seconds.  Maximum temperatures measured by thermocouples positioned on the lower surfaces of artifacts varied widely between 208.9-36.5°C, with most falling within the 100-200°C range.  Heat flux graphic data and time/temperature curves generated for upper and lower surface thermocouples are provided in Figure (??)  

As observed during previous trials, all experimental artifacts exhibited combustive residue deposits on upper surfaces giving specimens a blackened appearance.  Significant thermal alteration of experimental artifacts during trial #7 was limited to the chert core, glass, and to a lesser extent, obsidian and organic materials.  The chert core exhibited significant thermal fracturing along the upper surface of the nodule (closest to fuels) in which 24 small fragments were observed.  In addition, mineral oxidation was observed on 20 fragments in which color was altered from 10YR5/6 (yellowish brown) pre-burn to10R3/4 (dusky red).  Eleven potlid fractures were also observed on seven of the fragments.  The peak temperature recorded from the upper surface of this specimen was 552.4°C.  This contrasts starkly to the 83.4°C peak temperature recorded from the lower surface of the specimen.  The sandstone block exhibited minor oxidation resulting in a thin linear reddened area along the leading edge of the upper surface.  The peak temperature recorded on the upper surface of this specimen was 531.7°C.  Enhancement of preexisting radial fracture lines was observed on the upper surface of the obsidian specimen (black and gray banded blade) where the peak temperature reached 572.8°C.  The glass specimen (historic ink jar) sustained two undulated linear surface cracks that traversed then entire circumference of the vessel.  Peak upper and lower surface temperatures recorded for the ink jar were 337.9-123.9°C.  Organic specimens exhibited moderate charring, particularly on upper surfaces, as well as partial combustion resulting in reductions in mass of 1-2%.  In addition, the weathered bone specimens exhibited enhancement of existing surface cracks, and the shell specimen sustained delamination of it interior surface.  Peak upper surface temperatures recorded for organic specimens ranged between 664.9-512.9°C.

Trial #8

Trial #8 replicated the fuel load and wind velocity treatment defined for the previous trial.  Flaming combustion of shredded excelsior during this trial generated flame lengths of 0.76m, heights of 0.38m, and angles in the 58.3° range.  Heat flux measurements recorded at the sediment surface were 47.3 kw/m2 for total soil flux, 19.9 kw/m2 for radiant soil flux, 57.3 kw/m2 for total air flux, and 19.2 kw/m2 for radiant air flux.  Peak temperatures measured on the upper surfaces of experimental artifacts varied widely between 819.0-397.5°C, with most falling within the 500-700°C range.  These temperatures peaked within a period of 30-50 seconds and were sustained at high temperature briefly between 7-26 seconds.  Graphical heat flux data and time/temperature curves generated for upper and lower surface thermocouples are provided in Figure (??)  The high maximum upper surface temperatures recorded during this trial may be a function of the steep flame angle of 58.3° observed during combustion.  In effect, the steep flame angle, driven by a high wind velocity, brought the flames closer to the upper surface of artifacts and the sediment surface.  Although the residence times of peak temperature were shorter due to reduced fuel load, the flame produced high temperatures and significant levels of radiant heat energy at the sediments surface.  


Thermal alteration of experimental artifacts was characterized by the deposition of combustive residues on the upper surfaces of all specimens, giving them a blackened appearance.  Significant thermal alteration was observed for the chert core, chert biface, glass, and to a lesser degree, obsidian and organic materials.  The chert core sustained thermal fractures resulting in one large fragment and two small fragments on the portion of the specimen positioned closest to the fuel bed.  In addition, the two small fragments exhibited mineral oxidation that altered their color from yellowish brown to dusky red.  The peak upper and lower surface temperatures recorded for this specimen were 470.5°C and 195.1°C respectively.  The chert biface was subjected to a maximum upper surface temperature of 819.0°C, and a maximum lower surface temperature of 238.5°C.  As a result, the biface sustained a linear fracture through its midsection resulting in the fragmentation of the biface into two halves.  The fracture somewhat resembled a snap fracture; however, the thermal fracture was slightly more undulating.  Thermal alteration of the obsidian specimen (black and gray banded blade) was characterized by the propagation of existing radial fracture lines on the upper surface where the maximum temperature peaked at 754.0°C.  The sandstone block section exhibited minor oxidative reddening along the leading edge of the upper surface where temperatures reached 432.3°C.  The glass specimen (historic medicinal bottle) sustained thermal fracturing on the proximal end, which produced three fragments.  Peak upper and lower surface temperatures for this specimen varied widely between 727.0°C and 65.6°C.  Peak upper surface temperatures associated with organic specimens ranged between 705.0-504.1°C.  As a result, organic specimens exhibited slight charring of upper surfaces and partial combustion resulting in weight losses of 1.6-2.6%, as well as shell delamination and enhancement of existing surface cracks.  These specimens also became noticeably more friable during handling after the fire simulation. 

Trial #9

Trial #9 was final replicate trial conducted under the moderate-light / high wind velocity experimental treatment.  Flaming combustion during this simulation produced maximum flame lengths of 0.76m, heights of 0.46m, and angle of 52.0°.  Heat energy produced by flaming combustion generated peak heat flux measurements of 38.0 kw/m2 for soil total flux, 22.0 kw/m2 for soil radiant flux, 49.1 kw/m2 for air total flux, and 23.0 kw/m2 for air radiant flux.  Peak temperatures recorded on the upper surfaces of artifacts ranged between 592.3-287.2°C, with most registering in the 400-500°C range.  Temperatures ascended to apex levels within approximately 10-40 seconds, and temperatures at the upper end of the spectrum were sustained for 8-32 seconds.  Maximum temperatures measured at the interface between the sediment surface and the under side of artifacts varied widely between 343.0-80.9°C, with most temperatures falling within 100-200°C.  The flame angle recorded for this trial (52.9°) was not as extreme as that recorded for trial #8 (58.3°), thus peak upper surface temperatures and soil total flux readings were diminished during thus trial as compared to trial #8.  Time/temperature curves generated for upper and lower surface thermocouples and graphical heat flux data are provided in Figure (??). 


Thermal alteration of experimental artifacts included moderate combustive residue deposits on the exposed surfaces of all artifacts giving them a blackened appearance.  Significant thermal alteration was observed for the quartzite flake, chert core, and to a lesser degree, obsidian and organic specimens.  The quartzite flake sustained a thermal fracture near the distal end of the flake where the material was thinnest.  The thermal fracture produced one fragment, and mineral oxidation was observed along the fracture surface in which the color altered from brown to reddish brown.  Peak upper and lower surface temperatures associated with this specimen were 435.5-160.9°C respectively.  Thermal alteration of the chert core included a fracture at approximately midpoint resulting in one large fragment.  The fragment also exhibited a thermal spall scar and minor mineral oxidation in which the color was altered from yellowish brown to dusky red.  Peak upper and lower surface temperature associated with thermal alteration of the chert core ranged between 513.8-165.9°C.  The obsidian blade exhibited the propagation of existing radial fracture lines on the upper surface of the specimen where the peak temperature reached 592.3°C.  Thermal alteration of organic specimens included light to moderate charring on upper surfaces, partial combustion resulting in weight losses of 1-4%, enhancement of existing surface cracks, and delamination of the interior shell surface.  These specimens were also more friable post-heating where peak temperatures reached 566.2-525.4°C.

Summary
Although the fuel load was reduced to 4.34 ton/acre during these simulations, the high wind velocity continued to produced steep flame angles of greater than 50°C, which in turn, generated temperatures and significant levels of heat energy at the sediment surface.  This was particularly evident during trial #8 where the flame angle nearly reached 60°C, and peak temperatures on the upper surfaces of artifacts reached the 700-800°C level.  As a result, significant thermal alteration of experimental artifacts from trial #8 was more prevalent as compared to that observed during the other two simulations.  Nonetheless, significant thermal alteration of artifacts was pervasive during all three simulations.  

Thermal alteration was most consistent for the chert core, in which thermal fracturing and minor mineral oxidation during all trials where peak upper surface temperature reached the 552.4-433.5°C range.  Similarly, the obsidian blades exhibited propagation of existing radial fracture lines on upper surfaces during each simulation.  Consistent thermal alteration of organic materials in the form of slight charring of upper surfaces and partial combustion resulting in weight losses of 1-4%, as well as shell delamination and enhancement of existing surface cracks was also observed.  Of important note, was the thermal fracturing of the Pecos chert biface during trial #8 where peak upper and lower surface temperatures were recorded at 819.0°C and 238.5°C.  Thermal fracturing of glass was observed during two trials where peak temperatures range widely from as high as 727.0°C for upper surface and as low as 65.59°C for lower surfaces.  Also, minor oxidation of limonite to hematite along the leading edges of two Cliff House formation sandstone specimens was observed under peak upper surface temperatures that ranged between 531.2-432.3°C.  These results are consistent with those reported for the previous trials, and further suggest that quartzite, chert, glass, and organic materials are most susceptible to significant forms of thermal alteration.  Moreover, the results are an indication that significant thermal alteration of certain archaeological resources may occur in environments characterized by moderate-light fuel loads where severe wildland fire conditions exist.     

Light Fuel Load / High Wind Velocity Condition (Trials #26)
One simulation was conducted using an experimental treatment of light fuel load, 1.00 ton/acre, and a high wind velocity of 5-6 mph.  These conditions are roughly analogous to moderate intensity wildland fires and prescribed fires in grassland fuels.  This treatment was performed only once since the results of the first trial were very predictable.  Flaming combustion of lightly loaded excelsior produced maximum flame heights of 0.37m, lengths of 0.52m, and angle of 44.4°.  Peak temperatures measured on the upper surfaces of experimental artifacts ranged between 498.9-220.2°C.  The 498.9°C reading is an outlier with most maximum upper surface temperatures ranging between 200-400°C.  Peak upper surface temperatures ascended to their apexes within 20-25 seconds, but high temperatures were sustained briefly for only 4-10 seconds.  Maximum lower surface temperatures varied widely between 287.2-52.2°C, although most temperatures peaked within the 50-100°C range.  Peak heat flux measurements were also low to moderate (24.5 kw/m2 soil total flux, 12.5 kw/m2 soil radiant flux, 27.9 kw/m2 air total flux, 14.1 kw/m2 air radiant flux ) indicating minimal fire severity.  Time and temperature curves for upper surface thermocouples ascended and descended sharply while those generated for the lower surface thermocouples were more protracted.  Time/temperature curves and graphical heat flux data for trial #26 are provided in Figure (??).  

Thermal alteration of experimental artifacts during this trial was minimal.  The only macroscopically discernable affect of the simulation on the artifacts was the deposition of a light combustive residue.  Organic specimens exhibited very light charring on upper surface edges as well as reductions in pre-burn mass of far less than 1%. No significant forms of thermal alteration such as fracturing or cracking were observed for any of the experimental artifacts.  The minimal extent of thermal alteration to experimental artifacts is a function of low to moderate peak upper surface temperatures, brief residence times, and minimal release of heat energy generated by the combustion of light fuels.  The fuel load was not sufficient enough to produce sustained high temperatures and heat flux at the surface of the sediment bed.  These results are consistent with those recorded under field conditions during prescribed burns in grassland fuels at Badlands National Park (Buenger 2002).  Replicates of this trial were deemed unnecessary due to the low heat yields and limited potential for observable thermal alteration of experimental artifacts under the low fuel load treatment.

Heavy Fuel Load / Low Wind Velocity Condition (Trials #13-15)


Following the wildland fire simulations in which each representative fuel load was paired with a high wind velocity experimental condition, wildland fire simulations were performed using a low wind velocity treatment of 2-3 mph for each of the previously defined fuel loadings.  These simulations were performed to approximate field conditions where wind velocity and fire severity are of reduced intensity over that simulated with the high wind velocity treatments.  The first rounds of fire simulations conducted using the low wind velocity condition were those paired with the previously defined heavy fuel load treatment (8.67 ton/acre).  Three simulations under the heavy fuel load / low wind velocity treatment were performed (trials #13-15).  In addition, three added fire simulations were conducted where fuels were placed on the sediment bed and experimental artifacts (trials #19-21).  These simulations were performed to simulate field conditions where a heavy duff accumulation is present above the mineral soil surface.  These simulations are defined under the fuel on artifacts, heavy fuel load / low wind velocity experimental condition.    

Trial #13

  
The first trial produced flaming combustion of heavily loaded excelsior fuels where flames reached a maximum length of 1.2m, height of 0.85m, and angle of 43.5°.  Compared to the previous heavy fuel load / high wind velocity simulations, flame lengths and heights were enhanced when wind velocity was reduced.  However, the flame angle under the low wind velocity was reduced by as much as 12° compared to the heavy fuel load / high wind velocity wildland fire simulations.  Peak heat flux measurements ranged from 48.2 kw/m2 for total soil flux, 32.0 kw/m2 for soil radiant flux, 81.5 kw/m2 for total air flux, and 36.9 kw/m2 for radiant air flux.  The 81.5 kw/m2 maximum value for total air flux is considerably higher than that previously recorded during other simulations; and is likely a function of more heat energy being radiated upwards into the air under reduced flame angle.  Maxiumum temperatures measured by thermocouples placed on the upper surfaces of artifacts varied between 608.8-398.0°C, with most falling within the 400-500°C range.  Peak upper surface temperatures were attained within 50-60 seconds with high temperatures being sustained for 20-40 seconds.  These maximum temperatures and residence times are of diminished capacity compared to that recorded during the high fuel load / high wind velocity trials.  Again, reduced flame angle is probably the key variable associated with this observation.  Maximum temperatures measured by thermocouples placed at the interface between the sediment bed and lower artifact surfaces during trial #13 ranged widely between 310.1-47.33°C, with most falling with the 100-200°C range.  These temperatures are also lower than those recorded during simulations using the same fuel load, but under high wind velocity.  Graphical time/temperature and heat flux data are provide in Figure (??). 


Thermal alteration of experimental artifacts burned during trial #13 was characterized by the deposition moderate to heavy combustive residue, primarily on the upper surfaces of artifacts.  Significant thermal alteration of artifacts was limited to the quartzite flake, chert core, and to a lesser degree obsidian and organic materials.  The quartzite flake did not exhibit evidence of thermal fracturing; however, a color alteration from brown to reddish brown induced by mineral oxidation was observed at the distal end of the flake where the material is thinnest.  The maximum upper surface temperature recorded for this specimen was 464.2°C.  The chert core did sustain one large thermal fracture in which the entire specimen was essentially bisected.  In addition, one small potlid fracture was also observed on the upper surface of the specimen.  Peak upper and lower surface temperatures recorded for this specimen were 563.2°C and 153.4°C respectively.  Enhancement of existing radial fracture lines on the upper surface of the obsidian specimen was observed where the peak temperature reached 608.8°C and the maximum lower surface temperature was 310.0°C.  The shell specimen (small, unspecified species) sustained three linear cracks originating from the beak area.  Peak upper and lower surface temperatures for this specimen ranged between 440.4-71.8°C respectively.  Enhancement of existing surface cracks on the bone specimen were observed as well in association with a peak upper surface temperature of 450.2°C.  Partial combustion of organic material resulted in weight reductions of 3.3-4.6% for antler, bone, and shell.  The range of significant thermal alteration observed for experimental artifacts during this trial is less severe than that observed for artifacts burned under previous simulations using the same fuel load and high wind velocity.  This is a function of reduced flame angle and subsequent lower surface temperatures and levels of radiant heat energy being released downwards to the sediment bed.  

Trial #14


Trial #14 was a replicate simulation using the treatment defined above.  Flaming combustion of heavily loaded excelsior fuels during this simulation generated flame dimensions similar to that recorded for the previous trial.  Video analysis of the simulation show that a reduced wind velocity is attributed to sizeable flame lengths of 1.2m, heights of 0.84m and reduced angle of 44.5°.  Maximum heat flux measurements ranged from 50.0 kw/m2 for total soil flux, 31.7 kw/m2 for radiant soil flux, 76.5 kw/m2 for total air flux, and 37.1 kw/m2 for radiant air flux.  As recorded for the previous trial, the high total air flux value may be attributed to a reduced flame angle, which promoted an increase in heat energy release towards the atmosphere.  Maximum temperatures recorded by thermocouples positioned on the upper surfaces of experimental artifacts ranged between 582.5-328.2°C, with most falling within 400-500°C.  These maximum temperatures were reached within 25-50 seconds and remained elevated at high levels briefly for 10-29 seconds.  Peak temperatures recorded at the lower surfaces of artifacts varied widely between 230.7-41.3°C, with most falling within the 100-200°C range.  Time/temperature and heat flux data are summarized graphically in Figure (??).  Overall, the flame, temperature, and heat flux data recorded during trial #14 are similar to those presented for Trial #13.


Thermal alteration of experimental artifacts was also consistent for this trial and the previous one, although the prevalence of significant forms of thermal alteration was somewhat reduced.  The most pervasive form of thermal alteration observed was moderate to heavy combustive residue deposits adhering to the upper surfaces of artifacts producing a blackened appearance.  Significant forms of thermal alteration were observed for the glass specimen, and to a lesser extent, obsidian and organic materials.  Thermal fracturing of chert and quartzite lithic specimens was not observed.  The glass specimen (modern beverage container fragment) sustained one thermal fracture resulting in a single fragment.  Peak upper and lower surface temperatures associated with this specimen were 450.6°C and 41.25°C respectively.  The obsidian specimen (black and gray banded blade) exhibited the propagation of existing radial fracture lines on the upper surface where peak temperatures reached 582.5°C.  Organic specimens sustained weight reductions of 1.5-3.0% as well as thermal fracturing of shell and the enhancement of surface cracks on the upper surface of the bone specimen.  Peak upper surface temperatures recorded for organic specimens ranged between 376.8-422.2°C.  Overall, the limited thermal alteration of experimental artifacts may be attributed to reduced peak surface temperatures and radiant heat flux at the soil surface resulting from reduced flame angle.  The results presented for trial #14 are consistent with those summarized for the previous trial.

Trial #15

Trial #15 was the final replicate performed under the heavy fuel load / low wind velocity treatment.  Flaming combustion of excelsior fuels produced flames measuring 0.76m in height, 1.1m in length, and a flame angle of 46.6°.  Peak heat flux measurements varied between 52.2 kw/m2 for total soil flux, 24.2 kw/m2 for soil radiant flux, 82.8 kw/m2 for total air flux, and 29.1 kw/m2 for radiant air flux.  As observed during the previous two simulations, the high total air flux value is a function of reduced flame angle and the release of more heat energy upwards toward the atmosphere and away from the sediment surface.  Peak temperatures recorded on the upper surfaces of artifacts ranged between 509.2-394.2°C, whereas peak lower surface temperatures varied widely between 229.5-43.5°C with most falling within the 100-200°C range.  Maximum upper surface temperatures peaked sharply within 40-50 seconds and were sustained for approximately 14-28 seconds.  Conversely, lower surface temperature ascents, apexes, and declines were more protracted.  Graphical time/temperature and heat flux data are provided in Figure (??).  Flame, temperature, and heat flux data generated during this simulation are consistent with those recorded for the previous two simulations using the same fuel load and wind velocity experimental condition.  

The range of thermal alteration of experimental artifacts observed during trial #15 was also similar, albeit somewhat reduced over that recorded for the prior two trials.  The most pervasive form of thermal alteration observed was the deposition of moderate to heavy combustive residues on the upper surfaces of artifacts.  More significant forms of thermal alteration were observed for obsidian and organic specimens only.  The obsidian blade exhibited the propagation of radial fracture lines on the specimen’s upper surface where the maximum temperature reached 509.2°C.  The shell specimen sustained two linear fractures radiating from the beak and the enhancement of existing linear surface cracks was observed for the bone specimen.  Partial combustion of organic specimens resulted in weight reductions ranging between 2-4%.  Peak upper surface temperatures associated with organic specimens fell within the 506.2-394.2°C range.

Summary


Flaming combustion under the heavy fuel load (8.67 ton/acre) / low wind velocity (2-3 mph) treatment generated flames of greater magnitude compared to those generated during fire simulations using the same fuel load but a greater wind velocity.  However, the key difference between the high and low wind velocity trials is flame angle.  Under high wind velocity, flame angles are up to 10° steeper compared to those recorded under low wind velocity.   Although, larger flames did produce high levels of radiant and total heat energy at the sediment surface, lower flame angles also generated high total air flux values indicating a greater degree of heat being released upwards and away from the sediment bed.  As a result, the peak upper and lower surface temperatures recorded for experimental artifacts during the low wind velocity trial were reduced compared to that recorded for the trials using the same fuel load but a high wind velocity.  Accordingly, the extent of significant thermal alteration of experimental artifacts under the low wind velocity treatment was also diminished.  

Thermal fracturing of lithic material was limited to one chert core specimen where upper and lower surface temperatures were 608.8 and 310.1 respectively.  In general however, peak upper surface temperatures recorded during the low wind velocity treatment fell within the 400-500°C range with residence times generally ranging between 10-30 seconds.  These values are diminished compared to those observed under the high wind velocity treatment where peak upper surface temperatures, which were recorded in the 500-700°C range with more sustained residence times.  In general, thermal alteration of artifacts under the heavy fuel load / low wind velocity treatment was limited to combustive residue deposits, partial combustion and surface cracking of organics, propagation of existing radial fracture lines on obsidian, as well as one instance each of mineral oxidation of quartzite and thermal fracture of glass. Large chert specimens and organic materials continue to be most susceptible to thermal alteration where peak upper surface temperatures exceed 500°C.

Heavy Fuel Load / Low Wind Velocity Condition (Fuel on Artifacts) (Trials #19-21)


Three additional wildland fire simulations were performed using the heavy fuel load / low wind velocity treatment, but also including the additional variable of added fuel placed on the sediment bed and experimental artifacts.  These trials, #19-21, were conducted to simulate heavy fuel load environments in which significant duff accumulation is present above the mineral soil surface where archaeological materials may be present.

Trial #19

Flaming combustion of heavily loaded excelsior fuels generated large flames measuring 0.90m in height and 1.3m in length.  Low wind velocity reduced flame tilt to 46.5°, compared to the 50° + flame angles measured under trial conducted using the same fuel load and a high wind velocity.  The low wind velocity and resultant reduced flame angle also promoted enhanced total air flux and radiant air flux values of 89.9 kw/m2, and 36.6 kw/m2 respectively, which inidcates that much of the potential heat energy generated during combustion was released upwards into the atmosphere of the wind tunnel.  The peak total soil flux value was measured at 23.6 kw/m2; however, the radiant soil flux value of 2.7 kw/m2 is significantly diminished over the 24-32 kw/m2 peak value recorded for simulations using the same experimental treatment minus fuel placement on the sediment bed (trial #13-15).  This suggests that combusting fuels located directly above the sediment surface reduce the potential for significant radiation of heat energy below the fuels.  This contrasts with previous trials where the full potential of heat energy was radiated towards the sediment surface due to direct contact from flames being pushed over the sediment bed from upwind fuels.  However, although radiant heat energy output at the sediment surface was significantly diminished during the trial, peak temperatures measured by thermocouples positioned on the upper surfaces of artifacts were consistent with those recorded during trials #13-15, generally falling within the 400-500°C range.  Peak upper surface temperature recorded during trial #19 ranged between 630.5-460.4°C, with most maximums falling within the 400-500°C range.  The major difference in upper surface artifact heating between the fuel on artifact and no fuel on artifact trials is the rate at which temperatures reached apex levels.  During trial #19, peak upper surface temperatures were achieved over a protracted period of 70-135 seconds due to fuel placement on artifacts, which contrasts sharply with the 30-60 second intervals recorded during trials where fuels were absent on artifact surfaces.  Peak lower artifact surface temperatures for trial #19 ranged widely between 446.2-68.1°C; however, most maximums fell within the 100-200°C range.  These temperature are also consistent with those recorded during trials #13-15, but the point of contrast again is heating rate, which was considerably more protracted during trial #19.  Time / temperature data, and heat flux data for trial #19 are provided in graphical form in Figure (??).

The major difference between the fuel present on artifacts and fuel absent on artifacts simulations is the rate of heating.  When artifacts come into direct contact with tilted flames pushed over their upper surfaces, the rate of heating is more severe as compared to artifacts positioned directly under fuels that experience more prolonged and even rates of heating.  Thus the potential for significant thermal alteration of artifacts is likely to be greater under severe rates of heating due to a greater potential for differential thermal stress.  


Thermal alteration of experimental artifacts during trial #19 was characterized by extensive, deep black combustive residue deposition.  This deposit was considerably darker and more pervasive than combustive residue deposits observed during trials #13-15.  In effect, the fuel above the artifacts created a reducing atmosphere in which specimens became deeply blackened during fuel combustion.  However, the extent of thermal significant thermal alteration observed for trial #19 was not as extensive as that observed for the fuel absent trials.  This supports the data discussed above regarding rate of artifact heating during fuel present and fuel absent simulations.  Significant thermal alteration was limited to shell and bone specimens only.  These specimens exhibited surface cracking as well as partial combustion resulting in weight reduction of 2-3%.  Thermal fracturing of lithics, glass, or the enhancement of radial fracture lines on obsidian artifacts was not observed.  This contrasts with the extent of significant thermal alteration observed during trials #13-15 (see above sections).  In effect, fuel placement on artifact prolonged the rate of heating and reduced the potential for significant thermal alteration generated by thermal shock.

Trial #20


Trial #20 was performed as a replicate simulation under the fuel on artifact, heavy fuel load / low wind velocity experimental treatment.  The results of this trial were largely consistent with those recorded for trial #19.  Combustion of excelsior fuels generated large flames measuring 0.9m in height and 1.4m in length.  Low wind velocity limited flame angle to 45.0°, and also produced elevated peak total air flux and radiant air flux values of 76.1 kw/m2 and 26.2 kw/m2.  As observed during previous low wind velocity trials, much of the potential heat energy generated during combustion was released upwards, away from the sediment surface.  This, combined with the reducing effect of fuel placement on the sediment bed, generated a low peak radiant soil flux value of 10.6 kw/m2.  This value is greater than the reading recorded for the previous trial, but remains significantly lower that the levels recorded during the fuel absent simulations.  Peak temperatures measured on the upper surfaces of artifacts were consistent with those reported for the previous trial, generally falling within the 400-500°C range with outlier values of 603.8°C and 463.9°C.  These temperatures peaked over a prolonged period of 75-140 seconds and were sustained at high levels for 11-48 seconds.  Lower surface temperatures ranged widely between 446.2-64.6°C due to variable artifact size and potential gaps present between the artifact and sediment surface, although most maximum values fell within the 100-200°C range.  Peak lower surface temperature rose more gradually over a longer period compared to upper surface maximum temperatures.  Graphical representation of time / temperature and heat flux data for trial #20 are presented in Figure (??).  


Thermal alteration of trial #20 experimental artifacts was generally consistent with that described for the previous trial where most artifacts were deeply blackened by combustive residue produced in a reducing environment.  The only exception to this trend is that the chert core sustained one small thermal spall on its upper surface and mineral color alteration of the fracture scar under a peak upper surface temperature of 575.4°C.  Thermal alteration of bone and shell was consistent with that observed during the previous trial, and partial combustion of organic specimens resulted in weight reductions of 4-6%.  Overall, the results of the replicate trial were consistent with the first simulation performed under the fuel on artifact, heavy fuel load / low wind velocity experimental condition.  

Trial #21


Trial #21 was the final replicate simulation performed under the present experimental treatment.  The results of this simulation were quite consistent with those reported for the previous two trials.  During the simulation, combusting fuel generated flame lengths of 1.2m and heights of 0.9m.  Low wind velocity limited flame angle to 43.4°, which also contributed to an elevated total air flux value of 85.2 kw/m2.  Dispersed energy into the wind tunnel atmosphere combined with the reducing effect produced by fuel placement on the sediment bed significantly limited soil radiant flux to only 3.1 kw/m2.  Peak upper and lower surface temperatures generally fell within the 400-500°C and 100-200 °C ranges respectively.  Artifact heating rates were protracted under the reducing environment, ranging between 80-200 seconds for upper surface peaks.  Time / temperature and heat flux data are summarized graphically in Figure (??).  


Thermal alteration was also consistent with that observed during the previous two trials.  All artifacts were heavily blackened on exposed surfaces due to heavy combustive residue deposits produced in a reducing environment.  The chert core exhibited one small thermal spall on its upper surface as well as mineral oxidation within the fracture scar.  The peak upper surface temperature recorded for this specimen was 402.0°C.  Shell and bone specimens exhibited thermal cracking, and all organic specimens sustained weigh reductions of 1-6% resulting from partial combustion.

Summary     


The fuel on artifact simulations produced peak upper surface temperatures on artifacts that were consistent with those recorded during the fuel absent trials (400-500°C).  The point of divergence between the fuel present and fuel absent conditions is the rate at which peak upper surface temperatures were attained.  The presence of fuels on the sediment bed and artifacts significantly prolonged the rate at which artifacts were heated during the simulations.  As a result, the potential for thermal fracturing for most artifact types was diminished.  The other difference in observable thermal alteration of artifacts burned under the two conditions is that those burned during the fuel present trials became deeply blackened.  In effect, the presence of fuel on the sediment bed created a reducing environment during combustion, which in turn, created greater amounts of combustive tar and a reduced potential for the combustion of those compounds.  

Moderate Fuel Load / Low Wind Velocity Condition (Trials #16-18)

Continuing with the low wind velocity treatment, the fuel load was reduced to 6.33 ton/acre for trials #16-18 to create the moderate fuel load / low wind velocity experimental condition.  Fuel loading was accomplished as previously defined for the 6.33 ton/acre treatment using cribbed fuels.  

Trial #16


Flaming combustion of cribbed fuels during trial #16 produced a maximum flame length of 1.1m, height of 0.82m, and angle of 38.8°.  Peak heat flux measurements recorded during the simulation were 45.7 kw/m2 for total soil flux, 26.6 kw/m2 for radiant soil flux, 80.2 kw/m2 for total air flux, and 21.0 kw/m2 for radiant air flux.  As previously noted during the heavy fuel load / low wind velocity trials, a wind velocity of 2-3 mph results in a lower flame angles, less than 40° in this instance.  The high peak air flux value is a product of low flame angle and the subsequent increase in the amount of heat energy released upwards during flaming combustion.  Peak temperatures measured by thermocouples placed on the upper surfaces of artifacts also reflect this trend.  Most maximum upper surface temperatures fell within the 300-400°C range with outlier values of 524.6°C and 394.5°C.  Trials conducted using the same fuel load, but high wind velocity generated peak upper surface temperatures in the 500-600°C range.  Maximum lower surface temperatures during trial #16 ranged between 220.8-83.8° with most peak values falling within 100-200°C.  These temperatures are consistent with lower surface temperatures record during previous trials.  In general, the rate of heating on the upper surfaces of artifacts was precipitous as compared to the rated of heating experienced at the interface between the sediment bed and the lower surfaces of artifacts.  Graphical time/temperature and heat flux data are provided in Figure (??). 


Thermal alteration of all experimental artifacts burned during the simulation consisted of light to moderate combustive residue deposits on exposed artifact surfaces.  Significant thermal alteration of artifacts was limited to the Hartville Uplift chert nodule and organic materials.  The chert core exhibited one thermal spall on the upper surface as well as a linear surface crack running approximately one-half the circumference of the specimen.  Peak upper and lower surface temperatures associated with this specimen were 349.3°C and 92.0°C resulting in a temperature differential of approximately 74%.  The shell specimen (small species) sustained two linear cracks under thermal stress incurred by peak upper and lower surface temperatures of 437.7-220.8°C (47.9% differential).  Bone and antler specimens sustained minor charring of upper surfaces under similar conditions.  Partial combustion of organic materials resulted in weight losses of 1.6-2.5%.  Overall, the extent of thermal alteration observed during the first moderate fuel load / low wind velocity simulation was diminished in comparison to that observed during trial under the same fuel load and high wind velocity.  In sum, this is largely attributed to the lower peak upper surface temperatures recorded from artifacts and the increase in potential heat energy release into the atmosphere created under the low wind velocity treatment.

Trial #17  


Trial #17 was a replicate simulation under the moderate fuel load / low wind velocity treatment.  The results of this simulation are consistent with those reported for the previous trial.  Flaming combustion of cribbed fuels during the simulation produced a maximum flame length of 1.1m, height of 0.82m, and angle of 41.6°.  Peak heat flux measurements recorded during fuel combustion were 36.7 kw/m2 for total soil flux, 21.3 kw/m2 for radiant soil flux, 73.3 kw/m2 for total air flux, and 16.4 kw/m2 for radiant air flux.  Again, the high total air flux value is a function of reduced flame angle.  The other flux values are consistent with previous trials, but the important point is that potential heat energy generated by larger flames was lost to the atmosphere and not emitted towards the sediment bed and artifact surfaces.  Artifact peak upper surface temperatures reflect this trend showing consistency with the previous trial and a reduction compared to the high wind velocity trials performed under the same fuel load.  Most peak upper surface temperatures fell within the 300-400°C range with outlier values of 568.8°C and 296.7°C.  These temperatures reached apex levels within approximately 30-40 seconds and were sustained at high levels for between 9-30 seconds.  Maximum lower surface temperatures varied widely from 309.6-78.0°C, although most values fell within the 100-200°C range.  As seen during most simulations, upper surface temperatures tend to rise and descend sharply, whereas heating on the lower side of artifact is more gradual and protracted.  Time/temperature and heat flux data for trial #17 are provided in graphical form in Figure (??).


Thermal alteration of experimental artifacts during the trial was consistent with that observed for the previous trial where light to moderate combustive residue deposits on exposed artifact surfaces was pervasive across the entire sample.  These deposits ranged from light soot to deeply charred condensate tar, which gave affected artifacts a blackened appearance.  Significant thermal alteration of artifacts was also consistent with the previous trial where it was limited to the chert core and organic materials.  Notable thermal alteration of the chert core during trial #17 consisted of liner surface cracking along the upper surface.  Peak upper and lower surface temperatures associated with this specimen were 353.1-78.0°C (78% differential).  The shell specimen (small) also exhibited linear cracking under thermal stress induced by peak upper and lower surface temperatures of 411.6-109.6°C (25% differential).  Bone and antler specimens exhibited partial charring along edges and upper surface areas, but not thermal fracturing or crack enhancement was observed.  Partial charring and combustion attributed to post-burn mass reductions of 2.5-6.5% for organic specimens.  Overall, these results are similar to those recorded for the previous trial, and further suggest that wind velocity and flame angle are important variables that condition potential heat energy output and significant thermal alteration of common artifact material types.  

Trial #18


Trial #18 was the third and final wildland fire simulation conducted using the moderate fuel load / low wind velocity experimental condition.  Flame data derived from videotape analysis of the simulation show that combusting fuels generated flames lengths of 1.2m, heights of 0.87m, and angles of 41.0°.  Peak heat flux data show measurements of 51.9 kw/m2 for total soil flux, 26.2 kw/m2 for radiant soil flux, 73.0 kw/m2 for total air flux, and 14.2 kw/m2 for radiant air flux.  These data are consistent with those recorded for the previous two trials performed under the same fuel and wind treatment.  Again, the high total air flux value is a function of large flames and reduced flame angle.  Peak upper surface temperatures measured by thermocouples placed on the upper surfaces of artifacts were, however, slightly elevated during trial #18.  Maximum temperatures range between 708.0-354.6°C with the majority of values falling within the 400-500°C range.  These temperatures peaked within approximately 25-40 seconds and remained at high levels for 4-25 seconds.  These elevated maximums may be due to any number of variables, but are most likely attributed to larger flame size and increased potential heat energy output.    The 708.0°C value is clearly an outlier, and may be the result of direct flame contact with the thermocouple, or simply a pocket of intense heat energy release near this particular specimen.  Maximum lower surface temperatures varied widely as well (309.6-78.0°C), but were consistent with those recorded during previous trials in which most values fell within the 100-200°C range.  Graphical representations of time/temperature and heat flux data are provided in Figure (??).  


Thermal alteration of experimental artifacts during trial #18 was essentially parallel to that observed for the previous two trials.  Light to moderate combustive residue coated the exposed surfaces of all artifacts, and significant thermal alteration was limited to the chert core and organic materials.  The chert core sustained one thermal fracture down the midline that resulted in the specimen being split into halves.  This may be due to impurities within the material (impurity observed on the fracture face of both halves), or simply, due to the fact that the maximum upper and lower surface temperatures associated with this specimen ranged between 708.0-354.6°C (56% differential).  Nonetheless, this specimen was subjected to significant levels of thermal stress, which induced substantive thermal fracturing.  The shell specimen (small) sustained two linear cracks under peak temperatures of 548.0-398.6°C.  Bone and antler specimens exhibited partial charring along upper edge surfaces, but not evidence of crack propagation or fracturing.  Partial combustion of organics resulted in post-heating mass reductions of 3-8% for shell, bone, and antler.  Overall, these results are consistent with the thermal alteration observed during the previous two trials, and further support the assertions made regarding the important relationships between fuels, wind velocity, potential heat energy production, and thermal alteration of experimental artifacts.  

Summary


In brief, reduction in fuel load and wind velocity during wildland fire simulations conducted under the moderate fuel load / low wind velocity treatment generated limited significant thermal alteration of experimental artifacts.  The Hartville Uplift chert core sustained linear thermal cracking during two trials and thermal fracturing during another where peak temperatures were elevated to above 700°C.  The freshwater shell specimen (small species) sustained surface cracking during each of the three trials.  Partial combustion and charring of upper bone and antler surfaces were also noted.  The interrelationship between fuel load, wind velocity, and flame angle as important variables conditioning the thermal alteration of artifacts was further documented during trials #16-18.  These simulations generated large flames, however, a reduced wind velocity limited the flame angles to 38-41°, thus diminishing the amount of potential heat energy recorded at the upper surfaces of artifacts.  This in turn, limited the extent of significant thermal alteration observed among the experimental artifacts burned during the moderate fuel load / low wind velocity simulations.

 Moderate-Light Fuel Load / Low Wind Velocity Condition (Trials #10-12)


The low wind velocity treatment was paired with the moderate-light fuel loading to continue the alternating series of wildland fire simulations in which fuel load and wind velocity are manipulated.  In total, three trials were conducted under the moderate-light fuel load (4.33 ton/acre) and low wind velocity (2-3 mph) experimental treatment.  In addition, three simulations (trials #22-24) were run using the same fuel load / wind velocity treatment, but with fuel placed on top of the experimental artifacts to simulate field conditions where a light duff layer is present.  

Trial #10


Trial #10 was the first of six trials conducted under the 4.34 ton/acre / low wind velocity treatment.  Flaming combustion of shredded excelsior fuels produced a maximum flame length of 1.2m, height of 0.85m, and angle of 43.5°.  These relatively large flames generated heat flux measurements of 44.2 kw/m2 for total soil flux, 28.9 kw/m2 for soil radiant flux, 86.4 kw/m2 for total air flux, and 35.4 kw/m2 for radiant air flux.  As observed for the previous trial conducted under low wind velocity condition, the total air flux value for this trial was elevated indicating that a significant amount of heat energy was directed upwards due to reduced flame angle.  Peak temperatures measured on the upper surfaces of artifacts varied considerably from 598.5-232.0°C, although the majority of peak temperatures fell within 400-500°C.  These temperatures reached apex levels within approximately 30 seconds and were sustained at high temperature for a relatively brief period of 2-20 seconds.  Maximum temperatures measured at the lower surface of artifacts also varied broadly with outliers of 340.8°C and 37.7°C, with most maximums falling within the 50-100°C range.  Time/temperature and heat flux data from trial #10 are represented graphically in Figure (??).  


Thermal alteration of experimental artifacts burned during the simulation was characterized by combustive residue deposition and limited significant thermal damage.  The combustive tar deposits ranged from glossy black to a tacky yellow-brown adhesive.  The glossy black deposit represents tar that is at an advanced stage of combustion, whereas the yellow-brown adhesive is simply the tar deposit that has condensed on artifact surfaces, but has not been completely combusted.  These deposits are highly nitrogenous condensate tars that form as organic fuels combust over a cooler surface, in this instance exposed artifact surfaces (Yokelson et al. 1997).  The deposit can be removed with vigorous scrubbing using a pumice-based soap and water, and therefore, are not considered a significant form of thermal alteration.  Significant thermal alteration was limited to the glass specimen, and to a lesser extent, obsidian and organics.  The glass specimen sustained minor thermal fracturing under peak upper and low surfaces of 404.5°C and 44.26°C.  Thermal alteration of the obsidian blade consisted of radial fracture line propagation.  The shell specimen sustained two linear fractures, and the bone specimen exhibited the enhancement of existing surface cracks.  All organic specimens, bone, antler, and shell were partially consumed by flaming combustion resulting in mass reductions of less than 1% to nearly 6%.  Peak upper surface temperatures associated with organic specimens fell within the mid to upper 400°C range.  Reduced fuel load compounded by a lower wind velocity during this trial produced moderate peak temperatures with limited residence times, which subsequently produced insufficient thermal stress to induce pervasive thermal damage across the sample of experimental artifacts.   

Trial #11


Trial #11 was a replicate simulation run using the protocols defined above.  Flaming combustion produced during trial #11 generated heat flux levels of 57.4 kw/m2 for total soil flux, 30.7 kw/m2 for radiant soil flux, 81.2 kw/m2 for total air flux, and 40.0 kw/m2 for radiant air flux.  Flames generated during the simulation reached maximum lengths of 1.2m, heights of 0.85m, and burned at an angle of 44.5°. The total air flux value is elevated due to reduced flame angle and subsequent increased heat energy release upwards into the atmosphere.  Large flames also produced elevated radiant heat flux levels at the sediment surface; however, they did not produce elevated maximum temperatures at the upper surface of artifacts.  Peak upper surface temperatures fell within the 400-500°C range with outlier values of 571.5°C and 284.8°C.  These temperatures are consistent with those recorded for trial #10.  Peak lower surface temperatures were also consistent with the previous trial, falling primarily within the 50-100°C range with outlier values of 243.9-43.0°C.  Time and temperature curves associated with upper and lower artifact surfaces as well as heat flux data are provided in graphical form in Figure (??).


Thermal alteration of experimental artifacts burned during trial #11 was consistent with that observed during the previous trial.  Glossy black and yellow-brown tar deposits adhered to exposed surfaces on the entire artifact sample, although the extent of coverage and density varied.  As with the previous trial, significant thermal alteration was limited to glass, obsidian, and organic materials.  The glass specimen exhibited minor thermal fracturing under highly differential peak upper and lower surface temperatures of 419.2°C and 43.0°C.  Thermal alteration of the obsidian blade was limited to the enhancement of existing radial fracture lines on the upper surface where temperatures reached 482.0°C.  The shell specimen exhibited two linear fractures, and the bone specimen exhibited surface crack propagation, both under peak upper surface temperatures of 430.0°C and 507.4°C respectively.  All organic specimens sustained partial charring/combustion resulting in mass reductions of 1-2.3%.  These results are very consistent with those recorded for the previous trial, and further support the assertions made thus far.

Trial #12


Trial #12 consisted of a replicate simulation under the moderate-light / low wind velocity experimental condition. Combustion of shredded excelsior fuels during this simulation produce results fairly consistent with the previous two trials.  Maximum flame dimensions generated during fuel combustion measured 1.1m in length, 0.76m in height, and burned at angles of 46.6°.  Peak heat flux measurements were 57.7 kw/m2 for total soil flux, 34.5 kw/m2 for radiant soil flux, 77.5 kw/m2 for total air flux, and 44.5 kw/m2 for total air flux.  The total air flux value is slightly lower than that recorded for the previous two trials due to a slightly steeper flame angle.  Subsequently, the other heat flux reading are also slightly elevated over previous values due to a increased concentration of heat energy release at the sediment surface.  Some peak upper artifact surface temperatures were also elevated as a result, the highest reaching 676.8°C.  However, the majority of peak upper surface temperatures fell within the 400-500°C range as recorded for trials #10-11.  Due to the moderate-light fuel load residence times were rather brief ranging between 2-19 seconds.  Peak lower surface temperatures remained consistent, generally falling within the 50-100°C range with outlier values of 314.6°C and 32.4°C.  Graphical representations of time/temperature and heat flux data are provided in Figure (??).


However, slightly elevated soil flux measurements and limited peak upper surface temperatures on the high end of the spectrum did not affect the range of thermal alteration of artifacts observed during trial #12.  Thermal alteration was consistent with that observed during the previous two trials.  Tacky yellow-brown and smooth glossy black combustive tar deposits coated exposed surfaces of artifacts, and significant thermal alteration was limited to obsidian and organics.  The obsidian blade sustained radial fracture line propagation under thermal stress induced by peak upper and lower surface temperatures of 576.9-144.6°C.  One linear thermal fracture was observed on the shell specimen, which experienced limited peak upper and lower surface temperatures of 269.2-100.5°C.  Minor enhancement of existing surface cracks on the upper surface of the bone specimen were also observed under peak upper and lower surface temperatures of 461.0-314.4°C.  All organic specimens were partially combusted and lightly charred on upper edge surfaces resulting in weight losses of 1-2%.  In sum, these results are consistent with that observed during the previous simulations conducted using the moderate-light / low wind velocity experimental treatment.   

Moderate-Light Fuel Load / Low Wind Velocity Condition (Fuel on Artifacts) (Trials #22-24)

Trial #22

Trial #22 was the first of three trials performed with fuels placed on top of artifacts and the sediment bed in continuation with the moderate-light fuel load / low wind velocity experimental treatment.  Flaming combustion of shredded excelsior fuel during the simulation generated a maximum flame length of 1.3m, height of 0.86m, and angle of 46.5°.  These flames were of enhanced size compared to those recorded during trials #10-12 where fuels were not placed on the sediment bed and artifacts.  Peak heat flux measurements recorded during trial #22 were 71.3 kw/m2 for total soil flux, 8.3 kw/m2 for soil radiant flux, 92.0 kw/m2 for total air flux, and 41.8 kw/m2 for radiant air flux.  Compared to the simulations in which fuel was not placed on the sediment bed, the total peak flux measurements recorded at the soil surface and above the soil surface were considerably greater; however, radiant flux levels measured at the sediment surface significantly lower.  This suggests that a greater proportion of the potential heat energy released during combustion was released away from the sediment surface.  In effect, the fuels placed on the artifact bed provided an mitigating quality against direct flame contact and exposure to intense levels of radiant heat energy.  Peak temperatures measured on the upper surfaces of artifacts ranged between 581-260.5°C with the majority of maximums falling with the 300-500°C range.  The majority of peak lower surface temperatures ranged between 100-200°C with outlier values of 322.l°C and 38.2°C.  These maximums are roughly analogous to those recorded during trials #10-12 with the exception that peak temperatures were attained over a period of 40-65 seconds compared to 20-30 seconds for the previous fuel absent trials.  This is due to the added fuel placed on the sediment bed and above the experimental artifacts, which required additional time to combust fully.  In essence, rate of heating and radiant heat exposure on the artifact bed were reduced by presence of fuel directly above.  Temperature and heat flux data are presented in graphical form in Figure (??).


Consequently, the degree of significant thermal alteration observed during the simulation was limited compared to trials #10-12.  The glass specimen exhibited one minor thermal fracture under thermal stress generated by peak upper and lower surface temperatures of 422.9°C and 43.5°C.  The shell specimen sustained minor delamination its interior portion, and the bone specimen exhibited enhanced surface cracking where weather-induced cracking had existed previously.  Overall, thermal alteration of trial #22 experimental artifacts was limited to a heavy deposit of combustive residue on the exposed surfaces of all artifacts.  This deposit was generally light brown in color and somewhat tacky in composition suggesting that the condensate tar deposit had not been completely combusted.  Again, this is a result of placing fuel on artifacts during the simulation.  Moreover, these fuels reduced the level of radiant heat energy that artifacts experienced and the rate at which artifacts were heated resulting in diminished thermal alteration.

Trial #23


Trial #23 was conducted as a replicate simulation under the moderate-light / low wind velocity (fuel on artifacts) experimental treatment.  The results of this simulation were consistent with those reported for trial #22.  Flaming combustion of excelsior fuels across the entire length of the burn table produced flames measuring 0.80m in height, 1.2m in length, and a flame angle of 47.3°.  Combusting fuels placed on the artifact bed produced high total flux values of 45.5 kw/m2 for total soil flux and 85.5 kw/m2 for total air flux.  Radiant flux at the sediment surface was relatively low at 17.0 kw/m2, while radiant air flux remained consistent at 42.9 kw/m2.  These flux measurement suggest that a significant proportion of heat energy was released upwards and away form the sediment bed and artifacts.  Peak temperatures measured on the upper surfaces of artifacts ranged between 400-500°C with outlying values of 556.6°C and 306.8°C.  Maximum lower surface temperatures ranged between 225.0-47.12°C with most peak temperatures falling within the 100-200°C range.  As observed for the previous trial, the presence of fuels on artifacts resulted in protracted peak heating intervals of 40-60 seconds and short residence times of 9-21 seconds.  As a result, the rate of artifact heating was less severe than that observed during trials in which fuel on artifacts was absent.  Graphical output of time / temperature and heat flux data from the simulation are provided in Figure (??).


Thermal alteration of experimental artifacts during trial #23 was consistent with that observed during the previous trial.  All artifacts exhibited combustive residue deposits on exposed surfaces ranging from an adhesive yellow/brown to a more highly combusted glossy black.  Significant thermal alteration of artifacts was limited to shell and bone specimens, which exhibited limited surface cracking.  Peak upper surface temperatures recorded for these specimens were 424.4°C and 447.0°C.  Partial combustion of the organic phase among shell, bone, and antler specimens was limited; resulting in minor weight reductions of 0.6-1.4%.  Overall, thermal alteration of the experimental artifacts was characterized by combustive residue deposition.  The presence of fuels on artifacts led to protracted heat-up rates and limited radiant heat energy output, which in turn, reduced the potential for significant thermal alteration of artifacts. 

Trial #24


Trial #24 was the final replicate simulation conducted under the moderate-light fuel load / low wind velocity (fuel on artifacts) experimental treatment.  The results of this replicate were generally consistent with that observed for the previous two trials with the exception of slightly greater flame dimensions and enhanced total air flux and peak upper surface temperatures.  Maximum flames lengths and heights were measured at 1.5m and 1.0m respectively, at an angle of 42.0°.  Based on the high total air flux measurement of 93.1 kw/m2, the greatest proportion of heat energy generated during the simulation was released upwards and away from the sediment surface.  This is supported further by the low peak radiant soil flux measurement of 9.3 kw/m2 that was recorded during the trial.  Peak temperatures measured by thermocouples placed on the upper surfaces of artifacts generally fell within the 400-500°C range, with some outlier values reaching the 600°C range.  These temperatures reached apex levels within 40-65 seconds and were sustained for 8-20 seconds.  Peak lower surface temperatures varied widely between 313.9-78.8°C; however, most maximum temperatures fell within the 100-200°C range.  Time / temperature and heat flux data are provided in graphical form in Figure (??).  


Thermal alteration of experimental artifacts during trial #24 was consistent with that observed during the previous two trials.  Combustive residue deposits were pervasive across all exposed artifact surfaces, and ranged between an adhesive yellow/brown to deep glossy black depending on the extent of combustion of the condensate tar.  Significant thermal alteration was limited to the shell and bone specimens, which sustained limited surface cracking under peak upper surface temperatures of 435.2-415.8°C.  Partial combustion of shell, antler, and bone resulted in slight weight reductions of 1-2%.  As reported for the previous two trials that were conducted under the same experimental treatment, the addition of fuel on artifacts protracted the heat-up rate experienced by artifacts and provided insulation against significant levels of radiant heat energy.  Subsequently, the incidence of significant thermal damage to artifacts was limited more limited compared to the simulations where fuel was not placed on artifacts.  

Summary


In sum, the simulations performed under the moderate-light fuel load / low wind velocity experimental treatment produced a limited degree of thermal alteration of artifacts.  Significant thermal alteration was generally limited to organic specimens, glass, and obsidian.  Peak temperatures measured at the upper surfaces of artifacts generally fell within the 400-500°C range, with maximum lower surface temperatures generally in the 100-200°C range.  The limited degree of observable thermal alteration is due to a combination of light fuel load and reduced wind velocity.  The reduction in wind velocity produced flame angles in the 43-47° range, which combined with low fuel load, produced elevated peak total air flux values indicative of heat energy escape through the atmosphere as opposed to radiation to the sediment surface.  When the experimental treatment was altered to include fuel placement on the sediment bed and artifacts, significant thermal alteration of artifacts was further diminished.  In effect, the added fuel acted to mitigate the amount of heat energy radiated towards the artifacts.  Combustive residue deposits were, however, more pervasive when fuels were combusted directly above the artifacts. 

Light Fuel Load (1.00 ton/acre)/Low Wind Velocity (2-3 mph) Condition (Trial #25)


One fire simulation, trial #25, was conducted under the light fuel load / low wind velocity experimental condition.  Based on the previous fire simulation performed using the same fuel load and a high wind velocity, limited heat output and artifact thermal alteration was predicted.  Therefore, fire simulation under this experimental treatment was limited to one trial only.


Flaming combustion of lightly loaded fuels generated small flames measuring 0.64m in length and 0.46m in length, and the low wind velocity limited flame angle to 43.2°.  Consequently, the heat energy generated during combustion was limited as well with peak measurements of 12.7 kw/m2 for total soil flux, 6.0 kw/m2 for radiant soil flux, 30.8 kw/m2 for total air flux, and 13.2 kw/m2 for radiant air flux.  The elevated value of 30.8 3 kw/m2 for total air flux suggests that a significant proportion of the heat energy generated during the simulation was released upwards into the atmosphere of the wind tunnel.  This, combined with the fact the other flux measurements were low compared to other fire simulations using heavy fuel loadings is indicative of low fire severity.  Peak temperatures measured on the upper surfaces of artifacts further support these empirical data.  Maximum upper surface temperatures ranged between 319.6-113.4°C with most peaks falling within the 150-200°C range.  Ascension to apexes for upper surface temperatures occurred quickly within 10-20 seconds and high temperatures were sustained only briefly for 4-8 seconds.  Peak lower surface temperatures were also minimal with the majority of maximums falling within the 50-100°C range and outlier values of 163°C and 44.1°C.  Time / temperature and heat flux data for trial #25 are summarized graphically in Figure (??).  


The rapid but brief heating of artifacts combined with low heat energy output resulted in a very limited amount of thermal alteration of experimental artifacts.  The only form of thermal alteration observed was a very light, almost transparent, combustive residue deposit on 10-20% of the exposed surface are of the artifacts.  No significant thermal damage such as fracturing or surface cracking was observed.  The light fuel load compounded by low wind velocity produced insufficient thermal energy to induce significant thermal alteration or heavy combustive residue deposits across the sample of artifacts.  

Thermal Fracture Incidence among Experimental Artifacts


Following the completion of the wildland fire simulations, the data from each simulation was analyzed to identify the trials in which thermal fracturing and other significant forms of thermal damage to experimental artifacts had occurred.  Data was compiled for each specific artifact type to identify the temperature ranges at which thermal fracturing/damage had occurred. This information will aid in establishing the critical temperature ranges associated with the catastrophic thermal alteration of specific artifact types, and the wildland fire conditions under which significant thermal damage of specific archaeological resourced might occur. 

Hartville Uplift Chert “Core” 

Hartville Uplift chert nodules, roughly the size of expended cores, sustained the greatest degree of thermal fracturing of any of the materials burned during the wildland fire simulations.  Ahler (1983) has demonstrated that cobble-sized pieces of Knife River flint are especially prone to thermal shock as compared to small performs or flakes.  Thermal shock in brittle materials such as chert is caused by differential thermal stress induced during uneven heating of the material body (Luedtke 1992).  Since the Hartville Uplift nodules were of notable size and thickness (~50x50x25mm) compared to a perform, biface or flaking debris, the potential for differential thermal stress induced during the fire simulations was greater for the core-sized specimens as compared to the other small-sized fine-grained lithic materials tested.


In total, nine Hartville Uplift chert specimens exhibited thermal fracturing, four exhibited linear surface cracking, three exhibited thermal spalling, and seven exhibited iron oxidation to hematite resulting in a color change from the original yellow-brown to dusky red.  The mineral oxidation was generally observed on fragments displaced from the core body and/or within fracture scars on the main body.  The color change is likely the result of limonite being oxidized to hematite where the mineralogy of the chert was affected during heating.  Maximum temperatures measured by thermocouples placed on the upper surfaces of thermally fractured specimens ranged between 708.0-446.6°C.  In general, peak upper surface temperatures ascended to apex levels within 40-60 seconds and were sustained at temperatures within 100°C of the peak value for an average of 20 seconds.  Peak lower surface temperatures associated with fractured specimens ranged between 404.4-76.4°C, rising and falling more slowly and uniformly compared to upper surface temperature curves.  The time/temperature data compiled for all thermally fractured specimens are quite similar for each specimen showing comparable curves for both upper and lower surface temperatures (Figure ??). The average peak upper surface temperature associated with thermal fracturing of the chert core was 546.8°C, and average peak lower surface temperature was 189.3°C.  The average temperature differential between peak upper and lower surface temperatures was 66.5%.  In sum, Hartville Uplift chert nodules are susceptible to thermal fracturing when their upper surfaces are precipitously heated to approximately 550°C for 20 seconds, and when the temperature differential between upper and lower surfaces approaches or exceeds 60%.


Thermal fracturing of the chert nodules was observed during wildland fire simulations using the 8.67, 6.33, and 4.34 fuel loadings paired with high wind velocity where flame angles were steep and upper artifact surface temperature elevated.  This suggests that given sufficient fuel availability and burn intensity, larger sized chert artifacts deposited at soil surface are susceptible to thermal fracture during wildland fires under most fuel models except grassland.  


In addition to thermal fracturing, chert core specimens also linear surface cracking, thermal spalling, and mineral oxidation resulting in pronounced color change during several of the fire simulations.  Linear surface cracking was observed where the average peak upper surface temperature reacyed 414.9°C (near peak residence time of 20 seconds), and the average maximum lower surface temperature was 93.5°C; resulting in an average temperature differential of 77%.  This suggests that linear surface cracking may precede complete thermal fracturing were fragments are physically detached from the main body since the linear cracking was observed under a lower peak upper and lower surface temperatures.  Thermal cracking may ultimately lead to thermal fracturing given sufficient thermal stress to propagate the crack and form a complete fracture.  Thermal spalling occurred on the upper surfaces of the chert cores where the average peak upper surface temperature was 517.4°C with a residence time within 100°C of maximum for an average of 20 seconds.  Mineral oxidation of individual fragments and within fracture scars on the main body of chert core specimens was also observed under an average maximum temperature of 517.4°C under sustained high temperature for an average of 19 seconds.  These significant forms of thermal alteration were also generally observed during simulations using the 8.67, 6.33, and 4.34 fuel loading paired with high wind velocity.  The only exception is the occurrence of linear surface cracking during two of the 6.33 fuel load / low wind velocity simulations, and the mineral oxidation and thermal spalling during two of the 8.67 fuel load / low wind velocity / fuel on artifacts simulations.  Again, this suggests that these forms of thermal alteration occur during a variety of wildland fire scenarios given suitable conditions.  

Pecos Chert Biface


Thermal fracturing of Pecos chert biface specimens was only observed during two of the fire simulations (Trial #2 and #8).  In each of the simulations the specimens sustained complete linear (slightly undulating) fracturing at approximately the midpoint resulting in a clean fracture that somewhat resembled a snap fracture.  These fractures occurred under extreme conditions where the average peak upper surface temperature for both specimens averaged 816.0°C, and the peak lower surface temperature averaged 293.8°C resulting in a temperature differential of 64%.  Peak upper surface temperatures reached their apexes within 40-70 seconds, and temperatures above 800°C for sustained for five seconds with temperatures remaining in the 700-800°C range for 12-24 seconds.  Time/temperature data for the two fractured specimens are very consistent, and are summarized graphically in Figure (??).  

Compared to the larger Hartville Uplift chert “core” specimens, the Pecos chert bifaces appear to be more resistant to thermal fracturing.  Thermal fracturing of the chert biface specimens was only observed under extreme thermal stress where peak upper surface temperatures were sustained above 800°C and the temperature differential between peak upper and lower surface temperatures was 64%.  The small and uniform size of the biface specimens likely reduced the potential for catastrophic thermal stress within the material.  Mandeville’s (1973) heat treatment experiment has shown that thin chert materials such as flakes are less susceptible to thermal shock compared to larger chert artifact types.  The rate of differential expansion within thin materials is potentially more equal where thin materials are concerned.  The results of the fire simulations seem to support this assertion since the prevalence of thermal fracturing of chert biface specimens was relatively low, and only occurred under extreme thermal conditions generated by precipitous heating and elevated peak temperature.  Interestingly, thermal fracturing of the chert biface specimens occurred during one of the high fuel load / high wind velocity simulations and during one of the moderate-light fuel load / high wind velocity simulations.  Fracturing occurred independent of fuel loading, but only under extreme temperature gradient generated by large flame size and low flame angle.  This suggests that although catastrophic thermal alteration of chert bifaces is probable only under extreme temperature, it may be observed under environmental conditions of variable fuel load and high fire severity.  

Black Hills Quartzite Flakes


Thermal fracturing of quartzite primary flakes was observed during six fire simulation trials, all of which occurred under the high wind velocity treatment, but at variable fuel loadings ranging from heavy to moderate-light.  Peak upper surface temperatures associated with quartzite thermal fractures ranged between 650-433.5°C and averaged 565.3°C for the six specimens.  These maximum temperatures reached apex levels within approximately 40-50 seconds and were sustained at elevated levels for 17-74 seconds.  Maximum lower surface temperatures recorded for fractured specimens ranged between 593.1-143.0°C and averaged 277.4°C resulting in a 52% temperature differential average between upper and lower surface maximum temperatures.  Four of the six thermal fractures occurred at the distal portion of the flakes where the material was thinnest.  Mineral oxidation, resulting in a color alteration from brown to reddish-brown, was observed on fractured portions from four specimens and on the distal end of one non-fractured specimen.  Again, this color alteration is likely due to the oxidation of iron minerals comprising the mineralogical composition of the quartzite.  Maximum upper surface temperatures associated with mineral oxidation of Black Hills quartzite ranged between 613-433.5°C for an average of 528.8°C.


Archaeological literature surrounding the thermal alteration of lithic materials is generally focused on the heat treatment of chert as it applies to enhancement its flaking characteristics.  Most of the literature addressing the thermal alteration of quartzite was located from geological sources.  Thermal fracturing of quartzite follows the fundamental assumption applicable to most brittle materials, which is that when thermal stress exceeds the shear or tensile strength of a rock, elastic energy stored within the material is released and fracturing is propagated (Freeman et al. 1972; Marovelli et al. 1966).  Important physical properties relevant to thermal fracturing of rock include; tensile strength, thermal diffusivity, thermal conductivity, and thermal expansivity (Freeman et al. 1972; Marovelli et al. 1966).  Thermal expansivity of quartz reaches its maximum at 573°C when the alpha-beta transition occurs resulting in a change in crystal structure (Frondel 1962; Skinner 1966).  Thus, at relatively low temperatures quartz undergoes a considerable thermal expansion, which may subsequently lead to thermal shock and fragmentation.  Experiments conducted by Thirumalai (1970) have shown that quartzite is highly subject to spalling under thermal stress, and may occur at temperatures below the 573°C threshold.  The results of the fire simulation experiments show consistent thermal fracturing of quartzite primary flakes at an average temperature of 565.3°C.  When presented graphically in Figure (??), the time/temperature curves associated with thermally fractured specimens are very consistent.  This suggests the thermal fracturing of quartzite artifacts is likely when subjected to precipitous heating beyond 550°C.  Given that thermal fracturing of quartzite during the fire simulations occurred under three different fuel loadings, but only under high wind velocity, it is probable that thermal damage could occur under a variety of natural wildland fire scenarios where extreme fire conditions exist.

Obsidian Biface/Blades


Thermal fracturing of obsidian specimens was not observed during any of the wildland fire simulations, and the only significant form of thermal alteration observed consisted of the enhancement of radial fracture lines.  These preexisting radial fracture lines were produced during knapping activities and generally consist of linear surface fractures originating from the point of initial percussion.  Under thermal stress, these lines appear to increase in length, width, and presumably depth.  No method of quantification was implemented to accurately measure the exact degree of fracture line augmentation, only subjective macroscopic analysis was used when assessing the presence of this form of thermal alteration.  In total, enhanced radial fracture lines were observed on eleven specimens.  The results from the fire simulation show that enhanced radial fracture lines formed during trials where the peak temperature measured on the upper surface of specimens fell within the 500-600°C range or above (613.5°C average), and maximum lower surface temperatures fell within the 150-300°C range (248.5°C average). In general, upper surface temperatures peaked within 40-50 seconds and were sustained within 100°C of maximum for 5-32 seconds.  Lower surface temperatures peaked and fell in a more protracted and uniform manner.  The temperature differential between peak upper and lower surface temperatures recorded for affected specimens was 60%.  In addition to radial fracture line propagation, fine linear crazing (defined by Steffen 2002) was observed on the obsidian specimen from trial #1.  Here the maximum upper surface temperature reached 814.0°C; however, this was the only incidence of crazing observed throughout the entire experiment.  Figure (??) graphically summarizes the time/temperature data associated with specimens affected by radial fracture line enhancement, and with the exception of some outlier curves, the data are consistent.  
     These data suggest that where obsidian is subjected to precipitous and brief heating above 500°C, enhancement of radial fracture lines may develop.  Again, this may potentially occur under a variety of wildland fire scenarios given sufficient fire intensity since it was observed in the laboratory under heavy to moderate light fuel loadings and at both high and low wind velocity.  However, Nakazawa (2002) and Steffen (2002) have recorded a much wider range of thermal alteration of obsidian under laboratory experimentation and from archaeological contexts to include matte finish, surface sheen, fine crazing, deep surface cracking, vesiculation, incipient bubbles, and fire fracture (see Steffen 2002:163-165 for definitions).  The major point of divergence between the wildland fire simulations and the laboratory experiments conducted by Nakazawa and Steffen is the length of time specimens were heated.  During the wildland fire simulations burning was conducted on a burn table within the wind tunnel where fuel availability was limited to the predetermined loading.  Flaming combustion during these simulations was rather brief, but analogous to many natural fire scenarios, and maximum temperatures were sustained for a maximum of 30-70 seconds.  Steffen and Nakazawa heated obsidian in electric laboratory furnaces for minimum period of 1 hour up to 12 hours.  Clearly, the longer duration of heating during these experiments created an increased probability to a wider range of thermal alteration to occur.  Steffen has also observed significant thermal alteration of obsidian at a large quarry site burned by a wildland fire in New Mexico (1996 Dome Fire).   The degree of thermal alteration observed was dependent on fire severity.  The most extreme examples of thermal alteration were probably observed from contexts where heavy fuels burned intensely for long durations during the fire; for example, where logs or heavy litter were combusted in close proximity of obsidian artifacts deposited at the soil surface.  The limitations of wildland fire simulations in a laboratory setting prevented the experiment from replicating scenarios where logs, stumps, and heavy litter burn over a long duration.  Nonetheless, the results of the fire simulations show that brief heating in excess of 500°C will induce radial fracture line propagation, and given, longer burn durations, a wider range of thermal alteration would have likely been observed.  In addition the effects of wildland and prescribed fire on obsidian artifacts is not limited to thermal damage alone.  There are significant implications surrounding the effect of heating on hydration bands and the geochemical structure of thermally altered obsidian that could potentially lead to inaccurate obsidian dating and sourcing.  Although this issue is beyond the scope of the present study, several researchers have conducted relevant research concerning this issue (Benson 2002; Deal 2002; Origer 1996; Shackley and Dillian 2002; Skinner 2002; Steffen 2002; Trembour 1990). 

Cliff House Formation Sandstone Block Sections


Thermal alteration of Cliff House Formation sandstone block sections from Mesa Verde National Park was very limited.  Aside from light to moderate combustive residue deposition, the only significant form of thermal alteration observed was a minimal degree of oxidation along the leading edges on the upper surfaces of eight specimens.  The oxidation was observed as a dusky red linear streak extending along the upper edge of affected specimens where heat exposure was sufficient to induce mineral oxidation.  The unheated color of the sandstone is yellowish-brown, which when heated to sufficient temperature will oxidize to a dusky red color.  This color alteration occurs when limonite [FeO(OH)] oxidizes to a more stable hematite [Fe2O3] (Philip Cloues personal communication 2003).  The results of the fire simulations show that the oxidation process is initiated at approximately 300°C.  The average peak upper surface temperature recorded for the eight affected specimens was 410.9°C, and aside from two high outlier values, the majority of generated time/temperature curves consistently peak in the 300°C range (Figure ??).  Oxidation was observed during simulations using the heavy, moderate, and moderate light fuel loadings, but only under the high wind velocity treatment.  


The extent of oxidation observed during the laboratory fire simulations was negligible compared to that observed in the field at Ancestral Pueblo sites within Mesa Verde National Park that had been subjected to severe wildland fire conditions (see Chaper ? for a discussion).  Again, the major distinction between that observed in the field and that observed in the laboratory is duration of heating.  During the laboratory fire simulations peak temperatures were sustained for a brief period, generally 10-70 seconds.  It is apparent that these brief residence times, compounded by the position of the sandstone specimens at the far end of the sediment bed (38cm from fuels), are responsible to the limited degree of oxidation observed during the simulations.  Clearly, a longer duration of heating is required to produce pervasive oxidation of Cliff House Formation sandstone.  During the fire effects project conducted at Mesa Verde, heavy fuels were often recorded in association with pronounced oxidation of architectural elements.  In order address this issue, a new experimental design was developed (see Chapter ? Section ? for a discussion).  In brief, an experiment using a high volume propane torch and thermocouples was conducted whereby sandstone specimens were heated more uniformly and for a longer duration.  The result of the experiment are were consistent with those reported for the wildland fire simulations in which oxidation was initiated at approximately 300°C, and furthermore, the torch experiment was successful in replicating the range of oxidation, thermal spalling, and fracturing observed in the field during the Mesa Verde fire effects project.  The wildland fire simulation performed at the fire laboratory where, however, insufficient to replicate the extreme fire conditions affecting archaeological sites at Mesa Verde.  

Bottle Glass


Like other brittle materials, glass will fracture when thermal energy generates internal stresses that exceed the tensile strength threshold of the material (DeHaan 1997).  Glass, depending on its composition, also has an established melting point of approximately 700-800°C (DeHann 1997:446).  Thermal fracturing of bottle glass specimens was observed during ten fire simulations.  The most significant fracturing occurred during two of the heavy fuel load / high wind velocity trials where specimens were severely fractured into 15-22 individual fragments.  The peak upper surface temperatures associated with these two specimens were 888.0°C and 586.8°C, which were sustained for prolonged periods of 54-59 seconds, and the temperature differential between maximum upper and lower surface temperatures of greater than 90%.  The majority of glass fractures occurred where peak upper surface temperatures fell within the 400-500°C range for an average of temperature of 534.2°C.  Maximum lower surface temperatures averaged only 99.4°C for an average temperature differential between maximum upper and lower surface temperatures of 78.8%.  Time/temperature data associated with fractured glass are summarized graphically in Figure (??).  These results suggest that thermal fracturing of bottle glass is initiated by precipitous heating to at least 400°C.  Thermal fracturing was observed under most fuel loadings except low, and under both high and low wind velocity conditions.  Thus, it is likely that thermal fracturing of glass will occur under a wide variety of prescribed and wildland fire scenarios, with the possible exception of grassland fires.  

Bone, Antler, Shell                 


Several researchers have documented processes involved in the thermal alteration of bone, although generally not with the intent of addressing the impact of natural fire on archaeological bone (Bennett 1999; Bonucci and Graziani 1975; Bradtmiller and Buikstra 1984; Brain 1993; Buikstra ad Swegle 1989; Herrmann 1977; Kizzely 1973; McCutcheon 1992; Nicholson 1993; Shipman et al. 1984; Sillen and Hoering 1993; Stiner et al. 1995; Von Endt and Ortner 1984).  Nonetheless, the information provided by these researchers is quite useful in developing an understanding of how heat affects organic materials such as bone, antler, and shell.  Significant thermal alteration of organic specimens (bone, antler, and shell) was observed during each to the fire simulations with exception of the light fuel load trials.  Thermal alteration of bone specimens was generally characterized by charring and partial combustion of upper exposed surfaces, the propagation of existing surface cracks, and combustion of the organic phase resulting in mass reductions of 2.4-4.3%.  In addition, bone specimens were noticeably more brittle upon handling after the fire simulations; however, no quantitative method was used to accurately measure the degree of increased friability caused by heating.  Thermal alteration was most pronounced during the high wind velocity simulations where heavy and moderate fuel loadings were used (peak upper surface temperatures 300-600°C).  The degree of friability, crack propagation, and combustion of the organic phase for bone specimens diminished in severity as burn intensity diminished under lighter fuel loads and lower wind velocities.  Thermal alteration of elk antler specimens was generally limited to charring of upper surfaces and partial combustion resulting in weight loss.  Weight reductions ranged between 1.6-5.0%.  Again, the degree of charring and mass reduction was linked to the severity of each respective fire simulation.  No thermal fractures or appreciable increase in preexisting surface cracks was observed for antler specimens.  Thermal alteration of shell specimens included delamination of interior surfaces, linear cracking, increased friability, and mass loss.  These forms of thermal alteration were also most pronounced during high intensity fire simulations.  
Figure (??) summarized the mass reductions experienced by organic specimens.  The chart shows a that mass reduction is consistently diminished as fuel load / fire severity is decreased.  In sum, significant thermal alteration of organic specimens is likely to occur under most prescribed and wildland fire scenarios with the possible exception of grassland fires.

Conclusion 


In conclusion, the results of the fire simulations have shown that the most severe temperature gradients and greatest degree of artifact thermal alteration occurred during trials conducted under the high wind velocity treatment.  The most severe heating and thermal damage occurred during trials #1-3 where high wind velocity (5-6 mph) was paired with a heavy fuel load of 8.67 ton/acre.  Precipitous heating to the 500-800°C range induced thermal fracturing in chert, quartzite, and glass specimens as well as producing deep charring, surface cracking , and mass loss among organic specimens.  During trials conducted under the moderate 6.33 ton/acre fuel load and high wind velocity treatment, peak temperatures measured on the upper surfaces of artifacts generally fell within the 400-700°C range.  Thermal fracturing was observed for various quartzite, chert, and glass specimens, albeit to a lesser degree than that observed during the heavy fuel load / high wind velocity fire simulations.  Thermal alteration of organic specimens remained consistent with the exception of a slight reduction in the degree of mass loss associated with partial combustion.  This trend continued during the moderate-light 4.34 ton/acre fuel load / high wind velocity fire simulations.  Here peak temperatures measured on the upper surfaces of artifacts generally fell within the 400-600°C with the exception of some anomalous 700-800°C values recorded during trial #8.  Thermal fracturing was most consistent for the chert cores specimens with limited fracturing observed for quartzite and glass specimens.  However, during trial #8 where the peak temperature associated with the Pecos chert biface, thermal fracturing was also observed for that specimen.  Organic specimens exhibited charring, surface damage, and a reduction in mass loss associated with partial combustion.  

These data and those presented in the previous sections suggest that the two most important variables affecting thermally damaged archaeological materials are fuel load and wind velocity.  The degree of artifact thermal alteration observed during each set of fire simulations (heavy, moderate, moderate-light fuel loadings) was diminished only slightly as fuel load was lessened.  This suggests that: 1) Fuel load is an important variable that affects the amount of potential energy that can be released during a wildland or prescribed fire; and 2) Wind velocity is also an important factor in determining fire severity as it pertains to the amount of thermal energy that is released at the sediment surface.  During the high wind velocity simulations, flame angles were generally steep, routinely measuring in excess of 50°.  This in effect, produced an enhanced potential for high levels of heat energy to be released at the sediment surface even when the fuel loading was reduced.  These observations suggest that under severe fire conditions, a significant degree of thermal damage to surface archaeological materials can be expected in various natural environments ranging from mixed conifer to piñon-juniper to sagebrush.  The only possible exception to this assumption is natural fire in grassland environments.  The fire simulations using a 1.00 ton/acre fuel load paired with a high wind velocity produced only a limited degree of artifact thermal alteration, namely a light deposit of combustive residue.  Peak temperatures here were generally limited to the 300-400°C range and were sustained for only a brief period of 4-10 seconds.  These data suggest the prospective for significant thermal damage to surface artifacts during grassland fires is limited by light fuel load and low potential heat energy output.  


When the fire simulations where performed using the same four fuel loadings, but paired low wind velocity of 2-3 mph, the relationship between these two variables as they affect the degree of observable thermal alteration of experimental artifacts was reiterated.  Again, the greatest proportion of thermally damaged artifacts was associated with the heavy fuel load treatment; however, the extent of thermal alteration was diminished compared to trials conduced under the high wind velocity treatment.  Here, peak temperature measured on the upper surfaces of artifacts generally fell within the 400-500°C range.  Moreover, significant thermal damage was limited to one chert core specimen, one glass specimen, and limited charring and partial combustion of organics.  This trend of reduced fire intensity under the low wind velocity treatment continued during the moderate 6.33ton/acre fuel load simulations.  During these trials, maximum temperatures measured on the upper surfaces of artifacts generally fell within the 300-500°C range and significant thermal damage to experimental artifacts was limited to the chert core specimens and to a lesser extent the organic specimens.  This trend continued during simulations where the fuel load was reduced to 4.34 ton/acre.  Here peak temperatures measured on the upper surfaces of artifacts fell consistently in the 400-500°C range, and thermal damage was limited to two glass specimens and organic specimens.  The 1.00 fuel load / low wind velocity simulation produced low peak temperatures of short duration, and essentially no significant thermal alteration of the experimental artifacts.  The results of low wind velocity simulations reiterate the importance of fuel load as it pertains to potential heat energy output and resultant thermal alteration of archaeological materials; however they also suggest that reduced flame angle (<45°) under lower wind velocity limits the amount of potential heat energy emitted to artifact surfaces, which in turn, reduced the potential for significant thermal damage of those artifacts.  This observation is supported further when the heat flux data for these fire simulations are considered.  Peak total air flux reading for these simulations where consistently high, often measuring in excess of 80 kw/m2, which suggests that due to reduced flame angle a large proportion of heat energy was emitted upwards, away from artifact surfaces.  Therefore, under less severe wildland fire conditions, the potential for significant thermal damage of surface archaeological materials is not as likely compared to high severity fire conditions under various fuel loads.  Where fire intensity is low to moderate, fuel load is the most important variable affecting the potential for significant thermal alteration of archaeological resources. 


Two simulations were conducted in which fuel was placed on the experimental artifacts to simulate natural conditions where duff and light litter may be present above the mineral soil surface and archaeological materials deposited there.  During the heavy fuel load (8.67 ton/acre) / low wind velocity / fuel on artifacts trials, maximum temperature measured on the upper surface of artifact generally fell within the 400-600°C range.  However, peak temperatures were attained over a protracted period of 75-200 seconds, producing more gradual and uniform temperature gradients.  As a result, the degree of thermal alteration observed on experimental artifacts was considerably less severe compared to the other heavy fuel load fire simulations.  Thermal alteration was generally limited to heavy combustive residue deposition, and limited thermal spalling of two chert core specimens.  This trend was continued during fire simulations conducted using a 4.34 ton/acre fuel load, low wind velocity, and fuel placement on artifact.  Here maximum temperatures measured on the upper surfaces of artifact consistently fell within the 300-500° range, but under  more uniform and gradual temperature gradients as compared to comparable simulations where fuel was not present on artifact surfaces.  Here, heavy combustive residue deposition on exposed artifact surfaces was also observed, and the significant thermal alteration was limited to only one glass specimen.  The results of these simulations suggest that where duff is present in the layers above archaeological materials in natural environments, the potential for significant thermal alteration may be somewhat mitigated by the presence of a duff layer.  Although, peak temperatures recorded during these simulations were likely sufficient to induce thermal shock, the rate at which the heating occurred reduced its potential.  Thus, in wildland fire scenarios where a duff layer mitigates direct flame contact with archaeological materials, the potential for significant thermal damage is reduced.  The only exception to this assertion would likely be scenarios where heavy litter or downed logs are present above the duff layer.  


Concerning the impact of wildland and prescribed fire on specific artifact classes, it is clear that among the material types tested during the wildland fire simulation project large-sized chert nodules, chert primary flakes, glass, organic specimens, and to a lesser degree chert bifaces, are most susceptible to thermal damage.  The Hartville Uplift chert nodules sustained significant thermal alteration in the form of thermal fracturing, thermal spalling, potlid fracturing, and mineral oxidation during several of the wildland fire simulations, particularly those conducted under the heavy, moderate, and moderate-light fuel loadings paired with a high wind velocity.  These forms of thermal damage were consistently observed where the upper surfaces of specimens were precipitously heated to approximately 550°C for 20 seconds, and where the differential between peak upper and lower surface temperatures approached 60%.  Similarly, significant thermal alteration of Black Hills quartzite primary flakes in the form of thermal fractures and mineral oxidation was observed at peak upper surface temperatures of approximately 560°C (sustained within 100°C of maximum for 40-50 seconds), and where the peak upper/lower surface temperature differential was approximately 52%.  These conditions occurred under heavy, moderate, and moderate-light fuel loads, but only where the wind velocity condition was maintained at the high level.  Glass specimens exhibited thermal fracturing where peak upper surface temperatures averaged approximately 530°C, and the temperature differential between maximum upper and lower surface temperatures averaged approximately 78%.  Thermal fracturing of glass also occurred under most fuel loadings except the light (1.00 ton/acre) as well as under both low and high wind velocities.  Significant thermal alteration of bone, antler, and shell in the form of charring, partial combustion, and surface cracking/exfoliation occurred during all experimental treatments with the exception of the light fuel load simulations.  However, the degree of thermal alteration of organics is largely dependent on fuel load and fire intensity whereby the most severe thermal damage increased incrementally as fuel load and fire intensity increases.  Moreover, heating of these material renders them considerably more friable, which may have significant implications for the preservation of archaeological organics post-fire.  


Other material types for which significant thermal alteration was more limited include obsidian, sandstone, pottery sherds, and chert biface specimens.  No significant thermal damage in the form of thermal fracturing or spalling was observed for Southwestern black-on-white and corrugated pottery sherd specimens.  Although these forms of thermal damage were observed in field contexts during the Mesa Verde fire effects project (see section ??), the laboratory fire simulations were insufficient to induce thermal fracturing or spalling.  The original manufacture and use of the artifacts by Ancestral Pueblo peoples involved exposure to heat; therefore, simply by nature of design these materials are unlikely to be significantly impacted by wildland or prescribed fire with the exception of combustive residue deposits that may obscure diagnostic features and possible implication for thermoluminescence dating. (INCLUDE REFERENCE TO TL DATE PORTION OF EXPERIMENT WHEN DATA ARE IN).  Obsidian biface and blade specimens exhibited the propagation of existing radial fracture lines under thermal stress induced by peak upper surface temperatures of approximately 610°C for a duration of less than 30 seconds, and where the differential between peak upper and lower surface temperatures was approximately 60%.  This generally occurred under during high severity fire simulations.  Thermal alteration of the Cliff House Formation during the fire simulations was very limited, generally consisting of only a thin linear red band where the oxidation of iron minerals was initiated.  This occurred under peak temperatures of 300°C and above; however, given the short duration of flaming combustion during the simulations the thermal alteration was not nearly as pronounced as that observed in the field during the Mesa Verde fire effects project (see section ??) (see also section ?? for additional experimentation where these conditions where successfully replicated).  Significant thermal alteration of Pecos chert biface specimens in the form of complete fractures through the midsection was only observed during two fire simulations where peak upper surface temperatures exceeded 800°C.  Nonetheless, the results suggest that catastrophic thermal alteration of small, more uniform chert artifacts is likely given sufficient fire severity and temperature gradient.


In sum, results of the laboratory wildland fire simulation have demonstrated that significant thermal alteration of a variety of archaeological material types can occur under various wildland fire scenarios.  In general, the greatest degree of thermal alteration is, quite simply, strongly linked with high fire severity.  However, severe fire conditions can occur under a variety of fuel loadings and ranging from heavy to moderate-light.  The most important variable affecting the degree of artifact thermal damage observed during the fire simulations was wind velocity, which affected the flame angle and the amount of potential heat energy emitted towards the experimental artifacts.  Of course, during an actual wildland or prescribed fire there are a myriad of variables that can affect fire severity and fire impact on archaeological resources.  However, the results of this research project should provide archaeologist with empirical data from which to adequate assess the potential impact of natural fire on archaeological resources given a particular set of variables.      

