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ABSTRACT 

The intentional use of heat to improve the flaking 

qualities of stone was a significant prehistoric 

technological innovation, although its archaeological 

recognition is sometimes difficult. This study focuses on 

analyzing the physical effects of heating on several 

different prehistorically-utilized lithic materials from the 

Northern Plains and Eastern Plateau, comparing the heating 

effectiveness of two different pit types, and assessing the 

potential diagnostic utility of liquid penetrant testing (a 

widely used commercial flaw detection technique) as a method 

of identifying the use of heat treatment. 

It was determined that finer-grained silicates (i.e. 

cherts and chalcedonies) pass through a macroscopically 

recognizable sequence of thermal changes, and possess a 

relatively narrow optimal heating range for flaking 

improvements. These improvements appear to be due to 

internal vitrification of the materials, possibly due to 

microscopic impurity fusion. In contrast, coarser-grained 

tourmalinaceous rocks exhibit relatively little macroscopic 

change when heated, while the slight flakability improvements 

noted may be associated with heat-induced microcrack 

formation. 
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Although the liquid penetrant technique proved useful 

for quantifying rates of heat-induced microcracking, the 

close observed relationship between microcrack formation and 

overheating precludes its use for identifying intentional 

heat treatment. 

Analysis of flake destruction rates indicates that the 

deep, cylindrical pit design commonly used for experimental 

heat treatment has no significant functional advantages over 

a simpler, shallower pit design. This suggests that 

archaeologically identifying heat-treatment facilities might 

be difficult, since the remains could resemble those of an 

ordinary pit hearth. 
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CHAPTER 1 

INTRODUCTION 

The use of fire underpins almost all technological 

developments beyond that of the simplest stone, bone, and 

wood tools. The controlled use of heat was the crucial 

prerequisite for the development of pottery and metallurgy 

(Epstein 1979:36; Purdy 1978:35; Toth and Schick 1988:208), 

and continues to play an integral role in modern industrial 

society; in this sense, the use of heat remains a 

technological legacy of the distant past. The current study 

is concerned with one prehistoric application of fire which 

may have been an important precursor to later technological 

developments: the intentional thermal alteration, or heat 

treatment, of stone. 

The principle behind heat treating stone is simple: 

heating elicits structural changes that cause some types of 

lithic material (especially siliceous varieties) to behave 

more like glass. The process essentially creates new 

materials with different manufacturing and functional 

characteristics that can be more easily worked and are better 

suited for certain tasks (Rick and Chappell 1983:79). 

From the point of view of the toolmaker, these heat

induced changes are manifested both in the enhanced 

flakability and reduced durability of the material. As a 



2 


result, the adoption of lithic heat treatment is predicated 

by the advantages associated with its use for certain types 

of tools, not the least of which are the resultant expansion 

of the lithic resource base and the energy that can be 

devoted to other pursuits. Thus, because of its economic and 

cultural implications, the use of heat treatment cannot be 

viewed in isolation; it is, as Rick and Chappell (1983:79) 

note, a development that reflects "the contigency of many 

systematically related variables .•• (and) which should be an 

important clue as to the functioning of the cultural systems 

and subsystems in which stone tools were important". In the 

same vein, Bleed and Meier (1980:506) argue that the 

rationale for studying the technique rests on the fact that 

"human responses to heat treatment are more significant than 

the physical changes which take place in heated stones 

and .•. should be the major focus of study". In other words, a 

culture's use of heat treatment provide us with insights into 

how that culture worked: its technological expertise and 

development, its resource utilization, its sUbsistence 

strategies, its trading practices, and its relationships to 

other societies. 

since the heat treatment of lithic materials represents 

one of the earliest deliberate attempts by human beings to 

modify inorganic materials by heat, it is, as noted above, an 

important precursor to the development of later technologies. 

Considering the possible implications of this has lead 
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Epstein (1979:36) to ponder whether " ••• the skills involved 

in controlling fire for the tempering of siliceous stones 

ultimately (took) root somewhere and lead to the development 

of pottery II and, ultimately, to metallurgy. If technology is 

viewed within an evolutionary paradigm, with each change 

dependent upon its predecessors, then the use of heat to 

evoke a desired reaction in selected materials can be seen as 

a direct link between prehistoric and modern technology. The 

implications of this relationship cannot be ignored, and 

underscore the necessity of accurately identifying lithic 

heat treatment in areas where it may have contributed to 

later technological developments. 

Basically, then, there appear to be two major reasons 

for studying heat treatment: 

1) for its implications regarding ancient human 

behavior, and 

2) for its links to subsequent technological 

developments. 

However, to make valid inferences regarding these two 

factors, it is necessary to both recognize its prehistoric 

manifestation and to understand its dynamics. 

The use of heat treatment spans six continents, 

stretching back at least 22,000 years in the Old World 

(Robins et ale 1978) and 14,000 years in the Americas 

(Crabtree 1969), and extends well into the historic period. 

Its point of origin has not been identified, although its 
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widespread manifestation suggests that the technique was 

independently developed at several different times and 

places. Despite this, the use of heat in stone tool 

manufacture was considered with disdain by professional 

archaeologists until the mid-1960s (Mandeville 1973:180), 

when its published rediscovery by Don Crabtree lent the 

technique an air of legitimacy (Crabtree and Butler 1964). 

Crabtree's work resulted in widespread recognition of heat 

treatment's prehistoric use, and generated dozens of studies 

dedicated to understanding both the physical nature and 

cultural implications of the procedure. The current study 

provides additional insights into the dynamics of the heating 

process as well as the physical changes associated with it. 

This study has four main objectives: 

1) 	 to review relevant literature on heat treatment, 

including reports on its ethnographic and 

archaeological extent, experimental research, and 

methods of analysis: 

2) 	 to study the effects of heating on several different 

materials and provide insights into the physical 

changes that are associated with heat treatment; 

3) 	 to experimentally gather data on the efficacy of two 

different heating pit designs; and 

4) 	 to determine the potential of liquid-penetrant 

testing for detecting heat treatment in prehistoric 

materials. 
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To accomplish the latter three goals, rock samples from 

several known prehistoric quarries were heated in a series of 

experimental trials, and analyzed for changes in appearance 

and flakability. The samples were also tested for changes in 

microcrack formation with liquid penetrant testing (LPT), a 

highly sensitive visual method of flaw detection. 

Prior to discussing the dynamics of heat treatment, it 

is necessary to differentiate between terms commonly used to 

describe material that has been changed by heating. 

Throughout this discussion, the term thermal alteration is 

used inclusively to describe any material changes resulting 

from heating, accidental or otherwise, while the terms heat 

treatment or thermal conditioning refer only to intentional 

heating for the purpose of producing desired characteristics. 

There are three basic types of thermal alteration: 

1) natural, 

2) incidental, and 

3) intentional. 

Natural thermal alteration results from natural causes, 

such as forest or grass fires, or even direct hits by 

lightning (Len Hills, personal communication 1991). 

Characteristics often associated with this type of heating 

include reddish oxidation, potlidding, decrepitation 

(cracking, spalling, and disintegration), calcination (severe 

dehydration), and related indications of sudden or excessive 

heat exposure which usually render the material unsuitable 
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for knapping. In most cases, the evidence of natural thermal 

alteration is obvious, simply because of the lack of 

associated cultural material. 

Incidental thermal alteration results from human 

activity, but the heat-associated characteristics are 

peripheral or secondary. The physical changes associated 

with incidental alteration closely resemble those resulting 

from natural causes, albeit existing in a recognizable 

cultural context. Activities producing these types of 

remains often reflect the expedient use of the material (such 

as stone-boiling), after which the material is discarded and 

replaced. 

Intentional thermal alteration reflects the deliberate 

heating of rock to produce traits salient to its subsequent 

use, such as enhanced flakability or desired color changes. 

Ordinarily, such changes are associated with the controlled 

application of heat, rather than natural or incidental heat 

exposure. This study is primarily concerned with the changes 

related to this catagory. 

The current discussion is divided into six chapters, of 

which this is the first, and three appendices. Chapter 2 

focuses on the physical changes attributed to thermal 

alteration, describing the most readily observed macroscopic 

changes and their probable microscopic causes. Chapter 3 

includes a survey of the ethnographic and archaeological 

evidence for heat treatment, as well as a section on 
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unconventional lithic conditioning methods. Chapter 4 

recounts the methods used during the current study, including 

site and material descriptions, sample gathering techniques, 

and experimental and analytical procedures. Results of these 

experiments are presented in Chapter 5, and their 

implications discussed in Chapter 6. A glossary of pertinent 

terms, descriptions of various methods that have been used to 

detect heat treatment, and a brief discussion of the 

principles behind liquid penetrant testing are included in 

the following appendices. 
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CHAPTER 2 

MATERIAL CHANGES DUE TO BEAT TREATMENT 

The first step in understanding the potential 

implications of heat treatment is being able to recognize 

when it was used. There are several characteristics that are 

commonly associated with heat treatment, such as changes in 

material appearance, but there are also other traits which, 

although not as widely recognized, are just as important for 

a thorough understanding of the technique. What follows is a 

brief review of the macroscopic, mechanical, and microscopic 

structural changes associated with heat treatment. 

The more granular a stone, the less suitable it is for 

flake tool manufacture. Obsidian is well-suited for making 

stone tools because it is a glasslike, homogeneous material 

that flakes with a well developed conchoidal fracture and 

produces a very sharp cutting edge (Crabtree 1972:5,79; 

Hellweg 1984:19-21). Unfortunately (from the perspective of 

the flintknapper), most materials are of lesser quality: 

somewhat grainy, they often possesses internal flaws and 

cleavage planes that deflect and distort the direction of 

fracture force, causing them to crumble rather than fracture 

smoothly on impact (Crabtree 1972:5). Faced with the options 

of expending valuable energy in procuring higher grade 

materials or making inferior tools, many prehistoric 
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stoneworkers opted for heat treatment as a technological 

innovation that allowed more efficient use of available 

lithic resources by transforming them into something closer 

to the ideal. 

To the knapper, the qualitative flaking changes 

associated with heat treatment are especially important. 

These changes result from an increase in the material's 

fracture force conductivity, which allows greater control 

over flake removal, reflected by the lower incidence of step 

and hinge fractures associated with heat treated material. 

Unfortunately, archaeological recognition of these factors is 

not always easy; a low incidence of step fractures in an 

assemblage, for example, does not necessarily indicate the 

use of heat treatment. However, since the recognition of 

heat treatment as an important prehistoric technological 

innovation, a large body of research has been devoted to 

identifying the salient characteristics of heat treatment. 

Prior to the 1960s, experimental studies of heat 

treatment were sparse, isolated, and not generally accepted 

as part of the body of archaeological knowledge. However, 

Crabtree's seminal work (Crabtree and Butler 1964) prompted 

further investigation of the technique. As a result, 

prehistoric use of heat treatment stretching as far back as 

the Late Pleistocene has been identified on six continents. 

Arguably the most significant experimental investigations 

of heat treatment after Crabtree's were those by Purdy (1974; 
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Purdy and Brooks 1971) and Mandeville (1973), which were both 

concerned with finding an objective method of identifying the 

technique in prehistoric materials. Unfortunately, this was 

easier said than done, but both studies contributed 

enormously to our understanding of the dynamics of heat 

treatment, and laid a valuable foundation for later 

investigations. However, despite additional efforts over the 

past two decades, no simple diagnostic test for heat 

treatment has been devised, although several laboratory-based 

analytical methods have proven useful (these are discussed in 

Appendix B). In addition, experimental studies of specific 

sources collectively form a valuable archaeological database 

for heat-related reactions in a wide variety of materials. 

Examples include studies of Colorado chert (Irwin-Williams 

and Irwin 1966), Oklahoma and Kansas Kay County flint, 

(Perino 1971; Sudbury 1971), Wisconsin Hixton quartzite (Behm 

and Faulkner 1974), Texas cherts (Hester and Collins 1974; 

Patterson 1975, 1979), Pennsylvania jasper (Schindler et ale 

1982), Virginia Flint Run jasper (Verry 1981), Missouri 

Truman Reservoir chert (Ray 1982b), Illinois Burlington chert 

(Rick 1978), Oregon Biggs Junction chert (Towner 1984), North 

Dakota Knife River flint (Ahler 1983); Ohio Flint Ridge flint 

(Pickenpaugh 1978), Solutrean-utilized French cherts (Collins 

1973; Inizan et ale 1976), English (Griffiths et ale 1987), 

Scandinavian (Olausson and Larsson 1982; Olausson 1983), and 

Dutch flints (Price et ale 1982), as well as various 
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Australian cherts (Akerman 1979; Flenniken and White 1983); 

the literature is rife with dozens more. As a result, a 

great deal of data about the effects of heating on lithic 

materials has been generated; the following are brief 

descriptions of the physical changes (and their possible 

causes) commonly associated with heat treatment. 

MACROSCOPIC CHANGES 

There are four macroscopic characteristics commonly used 

for the archaeological recognition of lithic heat treatment: 

1) color: heat treated materials are often reddened, 

although other color changes are sometimes observed; 

2) 	 lustre: many heated materials acquire a more 

glasslike appearance (noticable as increased 

reflectivity on newly created surfaces) and 

fracturing qualities; this change is closely related 

to 

3) 	 texture: heat treated materials tend to be smoother 

and less granular, and are often described as feeling 

"waxy" or "greasy"; 

4) 	 flake scar rippling: some heat treated materials 

exhibit a noticable increase of rippling on newly 

created flake scar surfaces. 

Each of these characteristics is discussed in more 

detail below. 
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Color Change 

Color change is the most obvious transformation 

associated with heat treatment, and varies widely depending 

on the material being heated. 

By far the most common color change observed in heat 

treated rocks is a distinct reddening, usually attributed to 

the oxidation of iron impurities (Behm and Faulkner 1974:275; 

Collins and Fenwick 1974:135; Inizan et al. 1976:9,18; Joyce 

1985:37; Jones et al. 1979; Klippel 1970:4; Mandeville 

1973:191; Nelson 1968:32; Purdy 1974:46). The amount of iron 

necessary to elicit this color change is minute. Purdy and 

Brooks (1971:323) determined that an iron content of 0.25% 

(2500 parts per million) was sufficient to elicit appreciable 

reddening in Florida chert; higher concentrations of iron 

were associated with darker, more obvious reddening. The 

iron-mediated color change can be quite rapid, sometimes 

requiring only a few minutes (Patterson 1975:10; 1979:11), 

although heating in a reducing atmosphere can inhibit the 

reaction, regardless of the material's iron content (Rowlett 

et al. 1974:42). 

The variety of material-specific color shifts that have 

been observed indicate that other impurities may sometimes be 

responsible. Examples of other heat-induced color changes 

include a white to gray shift seen in samples of Alibates 

chalcedony (Joyce 1985:37), tan to gray, purple, or pink 

shifts seen in Kay County, Oklahoma chert (Sudbury 1971:5), 
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and "pink or yellowish" hues that are sometimes acquired by 

white Western Australian cherts (Akerman 1979:147). 

Changes in the color intensity of heat treated materials 

are also common. Heat-induced darkening has been observed in 

a variety of materials (Ahler 1983:3; Joyce 1985:37; Stoltman 

et al. 1984:201-202), while others acquire a paler, bleached 

out appearance (Ray 1982b:70; Rick 1978:23). 

The patterning of the color change can vary as well. 

Several researchers have observed that optimal heat treatment 

is often accompanied by surficial or slightly penetrating 

color change, while thorough color penetration is associated 

with overheated, unworkable material (Crabtree 1975:109: 

Flenniken and White 1983:43: Irwin-Williams and Irwin 

1966:60: Patterson 1979:11, 1984:171: Verry 1981:16). Often, 

however, color change occurs at temperatures lower than those 

necessary to improve flakability (Collins and Fenwick 

1974:36: Mandeville 1973:198: Price et al. 1982:467; Purdy 

1974:47; Purdy and Brooks 1971:323: Rick 1978:32; Rick and 

Chappel 1983:71), making it a poor indicator of intentional 

heat treatment. 

Many siliceous materials become calcined when heated to 

temperatures above 600oC, acquiring a light gray or white 

coloration which is accompanied by severe crazing (microcrack 

formation) (Ahler 1983:3; Price et al. 1982:473). Such 

materials are easily crushed, and unsuitable for flake tool 

manufacture. 



14 


In summary, despite the fact that color change is one of 

most obvious characteristics associated with thermal 

alteration, its natural variability and the possibility of 

accidental heat exposure makes it one of the least reliable 

criteria for identifying intentional heat treatment. 

However, the usefulness of color as a diagnostic trait is 

enhanced when associated with other heat-induced 

characteristics (Hester and Collins 1974:221-222; Purdy 

1974:52; Ray 1982b:75; Rick 1978:30). 

Lustre and Texture Changes 

Lustre refers to the light reflecting capability of a 

material (Berry et ale 1983:140); the more reflective a 

material surface, the more lustrous it is. Rougher surfaces 

tend to be less lustrous because of their greater light 

scattering capacity, while smoother surfaces reflect more 

light in one direction, thus appearing more lustrous. 

The degree of vitreous lustre is a useful measure of a 

stone's potential workability (Healy 1966:6); lustrous 

materials flake more like glass. Their high reflectivity 

usually indicates the lack of a definite crystalline 

structure, which facilitates flake force travel and produces 

a well-defined conchoidal fracture. Materials exhibiting 

less lustre are usually of poorer flaking quality; the lack 

of lustre reflects the graininess (crystal size), and/or lack 

of homogeneity of the material. Heat treatment alters the 

internal structure of some materials (notably finer-grained 
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siliceous rocks), making them look and flake more like glass. 

Concomitant lustre changes are not superfically apparent, but 

can be seen on the flake scars and ventral surfaces of flakes 

removed after heating. As a result, lustre manifestation is 

probably the single most reliable characteristic for the 

recognition of intentional heat treatment (Collins and 

Fenwick 1974:137; Rick and Chappell 1983:71). 

Materials showing little or no lustre change after heat 

treatment (eg. coarsely granular rocks like quartzite), 

usually exhibit minimal changes in flakability (Rick and 

Chappel 1983:71), although flaking improvements unaccompanied 

by lustre increase have been noted in some lower grade 

materials (Verry 1981:15). 

The analysis of lustrous flake patterning in the lithic 

reduction sequence is useful in differentiating between 

accidental or intentional heat exposure (Collins and Fenwick 

1974:137; Rick and Chappel 1983:71), and has been used to 

identify the use of heat treatment on Solutrean artifacts 

from southern France (Collins 1973:462) and to reconstruct 

Archaic lithic reduction sequences in Pennsylvania (Schindler 

et al. 1982). 

Lustre changes can also be attributed to factors other 

than heat. Weathering and patination often alter the 

physical appearance of cherts and chalcedonies (Brink and 

Dawe 1989:189). Wind abrasion (often called "wind-polish" or 

"desert varnish") can result in the formation of a waxy or 
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glossy surface patina (Collins and Fenwick 1974:140; Rick 

1978:57; Shepherd 1972:121; Sollberger and Hester 1971:182), 

and subsurface silica may accumulate on buried artifacts, 

resulting in a higher lustre (Rick 1978:57). "Friction 

gloss" can result from rubbing two pieces of flint together 

(Shepherd 1972:120), and has also been attributed to tool 

polish from hide softening (Todd et ale 1987:49). 

"Evaporation gloss", caused by the migration of water-borne 

silica from the interior of the material to its surface, may 

occur under both hot and cold conditions (Shepherd 1972:121). 

In addition, lustre contrasts on heated artifacts can be 

reduced or eliminated by soil activity, bioturbation, or 

weathering (Price et ale 1982:468; Purdy and Clark 1979:20). 

Closely related to lustre changes are the textural 

changes that often occur during heat treatment. The surfaces 

of newly lustrous flake scars are often noticably smoother 

and feel waxy after heating. 

Textual change, like lustre change, is most evident in 

fine-grained material. It is less obvious and occurs at 

higher temperatures in courser-grained materials (Ahler 

1983:2; Mandeville 1973:191; Sollberger and Hester 1971:182; 

Verry 1981:15). As a specific indicator for heat treatment, 

texture change remains a relatively subjective criterion, and 

its archaeological assessment must be based on a direct 

comparison with experimentally heated material. 
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Flake Scar Rippling. 

Another characteristic frequently associated with heat 

treatment is an obvious enhancement of flake scar rippling 

(Ray 1982b:71). Flake scar rippling is simply an obvious 

expression of the compression rings. The increase in rippling 

attributed to heat treatment is probably due to the increased 

tendency of the material to cleave along its lines of force, 

which produces a more well defined conchoidal fracture. The 

resultant flake scar patterning is more likely to follow the 

concentric pattern of the applied force, seen as increased 

rippling on newly created flake scars. 

Experiments have shown that the appearance of flake scar 

rippling is highly variable (Patterson 1983:300), making 

ripple mark manifestation an unreliable indicator of heat 

treatment. Recognition of the trait remains, at best, a 

subjective judgement based on the archaeologist's familiarity 

with the material under investigation. 

Translucency. 

Changes in material translucency have also been 

associated with heat treatment (Nelson 1968:32), and are 

usually determined by measuring the maximum translucent 

thickness of flake samples held in front of a light (Ahler 

1983; Joyce 1985). However, the results are sometimes 

ambiguous (Joyce 1985:37), making measurements of material 

translucency a generally unreliable criterion for identifying 

heat treatment in archaeological materials. 
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Summary of Reliable Visual criteria 

Individually, none of the above traits is a consistently 

reliable indicator of heat treatment; however, their 

collective appearance allows the archaeologist to make a 

reasonably confident determination whether the procedure was 

used on artifactual material (Ray 1982b:76; Rick 1978:57;). 

Rick (1978:57-59) has devised a list of visual criteria to 

identify heat treatment in Illinois Burlington chert, several 

of which are useful for its general recognition. These are 

ranked below in order of reliability: 

1) 	 flake scar lustre contrast between artifact flake 

surfaces produced before and after heat treatment; 

2) 	 the degree of lustre exhibited by the artifact in 

comparison with the known range of lustre for the raw 

material; 

3) 	 the presence of flake scars overlaying heat fracture 

scars; 

4) the removal of the original flake surface; 

5) pink/red coloration conclusively absent from unheated 

source material; 

Lacking access to more elaborate means of analysis (such as 

those described in Appendix B), the combined use of these 

criteria provides the most reasonable baseline for the 

recognition of heat treatment in prehistoric assemblages. 
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PHYSICAL/MECHANICAL CHANGES 

Speaking on stone tool manufacture at an 1883 meeting of 

the Peabody Museum, Frederick Putnam (1973:137) offhandedly 

remarked that "some stones flake better after being heated". 

However, Putnam's statement was not empirically confirmed 

until the 1960s. Since then, the study of heat treatment has 

broadened to include not only recognition of its use on 

specific artifacts, but also its association with particular 

tool types and its application within the context of the 

lithic reduction process. 

The use of heat treatment enhances the ease of both 

pressure and percussion flaking (Collins 1973:466; Crabtree 

and Butler 1964:1; Crabtree and Gould 1970:196; Patterson 

1975:12). The flaking characteristics commonly associated 

with heat treatment include: 

1) 	 a reduction in material fracture strength (Olausson 

and Larsen 1982:278; Patterson 1981:7; Purdy 1974:48; 

Purdy and Brooks 1971: 324; Rick 1978:42; So11berger 

and Hester 1971:181); 

2) an increase in the overall size of removed flakes 

(Flenniken and Garrison 1975:129; Bleed and Meier 

1980:505-506) ; 

3) 	 a reduction in the weight and thickness of removed 

flakes (Mandeville and Flenniken 1974:147); 
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4) 	 a reduced incidence of hinge and step fractures 

during manufacture (Collins and Fenwick 1974:138; 

Flenniken and Garrison 1975:129; Mandeville and 

Flenniken 1974:147), and associated increase in 

feathered flake terminations (Joyce 1985:37; Purdy 

1982: 39) ; 

5) a high incidence of lateral-snap during manufacture 

(Purdy 1974:45, 1975:135; see also Crabtree 

1967a:15); 

6) an increase in hinge and step fractures along the 


working edge during use (Olausson 1983:10); and 


7) an increase in edge sharpness (Crabtree 1975:109; 


Crabtree and Gould 1970:194). 

Many of these traits are observed in finer-grained materials 

that are amenable to heat treatment, although they can vary 

widely. The heat-induced changes that contribute to enhanced 

flakability are discussed in more detail below. 

Flaking Changes 

There are two major factors affecting the flaking 

qualities of stone: tensile strength and elasticity. 

Tensile strength is the ability of a material to resist 

deformation by external forces (Isaacs et ale 1984: 669, 690; 

Merriman 1965:1002), and, in lithic materials, determines the 

amount of force necessary to remove a flake (Purdy 1974:49). 

Elasticity refers to the ability of the material to return to 

its original form after the application of force (Crabtree 
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1967a:24, 1972:60; Hellweg 1984:107). 

Heat treatment decreases the tensile strength of some 

rocks, making them easier to flake (changes in tensile 

strength can be determined by measuring the point load 

strength of heated materials, which provides a direct measure 

of the force needed to induce fracture [Purdy 1974:48; Rick 

1978:39-42]). These tensile strength reductions can vary 

widely. Decreases of 30% or more are common in materials 

heated to their optimum flaking temperatures (Olausson and 

Larsson 1982:278; Patterson 1981:7), and reductions as much 

as as 55% have been observed (Purdy 1974:49). This has 

important implications for the functional applications of 

heat treatment. Heat treated edges can be made sharper, but 

are less durable than their unheated counterparts, making 

them less effective for heavy-stress tasks (Crabtree and 

Gould 1970:194; Olausson 1983:7; Sollberger and Hester 

1971:181; Rick 1978: 54; Towner 1984:203). Thus, in tool-use 

situations requiring a durable edge, a reduction in tensile 

strength would be a severe disadvantage (Olausson 1983:11; 

Rick and Chappell 1983:75; Towner 1984:203), limiting the 

probable use of heat treatment to tool types where edge wear 

would not be a primary concern. This is borne out 

archaeologically, since heat treatment is commonly associated 

with pressure flaking and the manufacture of finely made 

biface tools (Crabtree and Gould 1970:196; Griffiths et al. 

1987:43). 
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Because this increased fractability is associated with 

the reduction in tensile strength, it is sometimes equated 

with an increase in material brittleness (eg. Flenniken and 

White 1983:43; Olausson and Larsson 1982:283). However, the 

evidence shows that heat treatment causes an increase in 

material elasticity (Crabtree and Butler 1964:2; Ray 

1982b:80) and a decrease in tensile strength (as noted 

above), and suggests that enhanced brittleness is not 

responsible for the changes observed in heat treated 

materials. On the contrary, significant increases in 

brittleness are detrimental and make the material more prone 

to crushing on impact (Griffiths et al. 1987:44), whereas 

increased material elasticity allows the flake to "bend", 

allowing better knapping control during fluting and pressure 

flaking, for example (Ray 1982b:80). 

weight Loss 

Most fine-grained siliceous materials experience a 

significant weight loss during heat treatment. Although 

usually less than 1% (Inizan et al. 1976:6,18; Mandeville and 

Flenniken 1974:147; Rick 1978:33), weight losses approaching 

3% have been observed (Schindler et al. 1982:529). Finer

grained materials appear to experience higher weight losses 

during heating; often little or no weight change is seen in 

coarser materials (Behm and Faulkner 1974:275). Weight 

change is also contingent on heating temperatures, with 

higher temperatures resulting in greater weight loss. 
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Weight loss at temperatures sufficient to elicit flaking 

changes is usually attributed to the loss of structural 

water. In flint, water is present in three forms (Griffiths 

et ale 1987:48; see also Karaykin et ale 1975): 

1) as hydroxyl groups on grain and subgrain boundaries 

and along lattice defects (a hydroxyl group is 

comprised of a metal atom bound to the -OH group 

[Isaacs et ale 1984:336]), 

2) as molecular water in microscopic and submicroscopic 

fluid inclusions, and 

3) adsorbed on surfaces. 

Heating removes the loosely bound molecular and adsorbed 

water at around 1000 C, but the more tightly bound structural 

water is not lost until 2500 
- 3500 C (Francombe and Rooksby 

1959:4-5; Griffiths et ale 1987:51; Mandeville 1973:197; 

Shepherd 1972:205). At these temperatures, the loss of 

chemically-bound water (dehydroxylation) accompanies 

structural changes in the material (Griffiths et a1. 

1987:51); significantly, most of the flaking quality 

improvements associated with heat treatment occur in this 

range. At higher temperatures (i.e. 4500 C+), flint becomes 

completely dehydrated (Nelson 1968:24; Shepherd 1972:205; 

Weymouth and Williamson 1951:583). Further weight loss at 

6000 C - 7000 C is associated with the loss of CO2 due to 

carbonate decomposition (Griffiths et ale 1987:51; Mandeville 

1973:197; Weymouth and Williamson 1951:580). 
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weatbering/patination 

Heat treatment appears to affect the weathering and 

patination rates of some siliceous materials, accelerating 

weathering in some cherts, (Purdy 1978:35; Purdy and Clark 

1979:20), while retarding it in others (Collins and Fenwick 

1974:136). Environmental factors such as temperature, soil 

pH, crystalline structure, and water can interact to effect 

patination, hindering the archaeological interpretation of 

patinated artifacts (VanNest 1985:335-336). 

Density/porosity 

The density of flint or chert depends on the porosity, 

impurities, and water content of the material (Mandeville 

1973:197). The density of flint and chert decreases when 

heated, and appears to be associated with water loss 

(Mandeville 1973:197; Nelson 1968:24; Shepherd 1972:205; 

Weymouth and Williamson 1951:583). 

Closely related to this is the reduction of material 

porosity associated with heating (Patterson and Sollberger 

1979:50; Purdy 1974:51, 1982:40; Purdy and Brooks 1971:324). 

Porosity has an important effect on flakability, since the 

reduction or elimination of micropores and other flaws 

enhances uninterrupted flake force transmission (Rice 

1987:363). In porous rocks, fracture travel can be 

interrupted or deflected by micropores, resulting in 

premature flake termination (Figure 1a). Heating appears to 

eliminate these pores and fuse microscopic irregularities, 
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permitting enhanced flake transmission and resulting in 

larger, longer flakes with a lower incidence of premature 

termination (evidenced by a lower frequency of hinge and step 

fractures). Thus, material flakability appears to be 

improved by microvoid reduction or elimination during 

heating: the fewer voids, the less the chance of fracture 

deflection, and the further a fracture will travel. 

Reduced porosity may also explain the lustre observed in 

heat treated materials, since chalcedony and microcrystalline 

quartz samples which lack water-filled micropores possess a 

higher refractive index than their porous counterparts (Folk 

and Weaver 1952:509). This suggests that an artifical 

reduction in microporosity might also produce an increase in 

refractivity which could be manifested as enhanced flake scar 

gloss. 

MICROSCOPIC STRUCTURAL CHANGES 

The macroscopic characteristics discussed above merely 

reflect the structural changes occurring at the microscopic 

level, and prompt the question: What changes occur at the 

microscopic level during heating that make some siliceous 

rocks more flakable? Two and a half decades of research have 

yet to produce a conclusive answer to this question, although 

four possible explanations have been considered: 

1) intergranular fusion, 
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2) microcrack formation, 

3) water-mediated silica deposition, and 

4) silica recrystallization. 

One of the obstacles standing in the way of a 

straightforward explanation is the fact that silica (Si0 ),2 

the primary constituent of siliceous rocks, melts at 17100 C 

(Merriman 1965:937), while the changes associated with heat 

treatment usually occur in the 2500 
- 4000 C range. 

Recognizing this while experimenting with Florida chert, 

Purdy and Brooks (1971:323) speculated that the non-siliceous 

impurities in the material possessed a eutectic melting point 

of around 3500 C, and solidly fused the surfaces of 

surrounding microcrystals when heated to this temperature. 

This produced a material that required less force to flake 

and produced a more reflective flake scar surface, since it 

fractured through its tightly-bound crystals rather than 

around them (Purdy and Brooks 1971:324; Purdy 1974:44). 

Similar transgranular fracturing had been observed in heated 

material by both Nelson (1968:29) and Mandeville (1973:198), 

lending support to the idea that some type of 

intercrystalline impurity fusion was responsible, although 

Mandeville (1973:199) suggested that the bonding reaction 

occurred within the fibrous matrix of the heated rock, rather 

than fusing "a thin film of the microcrystals" as Purdy and 

Brooks had postulated. 

The idea that euctectic fusion is responsible appears 
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to have an analogue in the ceramic reaction known as "liquid 

phase sintering", which occurs 

••• when some constituents of the body ••• begin to 
melt, forming a liquid. As sintering proceeds, 
more of the solid melts, so that the particles draw 
closer together and the pores between them get 
smaller, giving rise to shrinkage (and) loss of 
porosity ••. (this can be followed by) vitrification 
(in which) a glassy phase forms as a result of 
heating and extension of liquid phase sintering 
(Rice 1987:94). 

Rice also notes that "many naturally occurring materials or 

impurities in clays can act as fluxes (during heating) ••. if 

they have extremely small particles" (Rice 1987:94). Similar 

dynamics probably apply to heated lithic materials, and the 

"impurity fusion" described by Purdy and Mandeville may 

actually be some form of liquid phase sintering. As well, 

sintering and vitrification occur at lower temperatures in 

finer-textured ceramics (Rice 1987:94); this is consistent 

with similar observations in heated lithic materials (Ahler 

1983:2; Mandeville 1973:191; Sollberger and Hester 1971:182; 

Verry 1981:15). 

Schindler et ale (1982) present an alternate hypothesis, 

attributing flakability improvements in Pennsylvania jasper 

to iron oxide crystal shrinkage during heating. Schindler et 

ale (1982:535, 536) hypothesized that tiny microchannels 

formed in the rock when goethite cracked away from the 

surrounding quartz as it oxidized into hematite during 

heating. They suggested this reaction: 1) was responsible 

for the reddening associated with heat treatment, 2) in
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creased lustre because of the greater reflectivity of the 

hematite crystals, 3) created a network of microscopic cracks 

which decreased fracture strength, and 4) might be the 

mechanism responsible for the flaking changes seen in other 

heated materials (Schindler et al 1982:535-536; 1984:175). 

However, Schindler et al.'s microcrack hypothesis is not 

supported by the bulk of experimental literature. Color 

change in heated material is often observed at lower 

temperatures than those necessary to elicit lustre and 

flaking changes (Collins and Fenwick 1974:36; Mandeville 

1973:198; Patterson 1984:171; Purdy 1974:47; Purdy and Brooks 

1971:323; Rick 1978:32; Rick and Chappel 1983:71), 

suggesting that the two reactions are not related. The data 

also suggest that surficial color change, which is equated 

with inadequate heat treatment by Schindler et ale 

(1982:537, 1984:175), is more commonly associated with 

optimal heating (Crabtree 1975:109; Patterson 1979:11, 

1984:171; Verry 1981:16), while thorough color penetration 

appears to be associated with overheating, material 

degradation (Verry 1981:16), and pervasive microfracturing, 

which invariably leads to reduced flakability (Griffiths et 

ale 1987:51; Joyce 1985:37). The effect may be minimal in 

its early stages, but it quickly renders the material 

unworkable. As well, many materials that are amenable to 

heat treatment do not contain iron or other elements that 

would cause the microcrack reaction postulated by Schindler 
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and her colleagues (Patterson 1984:168). This being said, it 

is worth noting that heat-induced microfracturing does appear 

to enhance the flakability of some dense or coarse-grained 

materials (Flenniken and Garrison 1975:128). 

Alternately, it has been hypothesized that changes in 

the crystalline structure of the rock are responsible for the 

changes associated with heat treatment. Crabtree and Butler 

(1964:2) observed an apparent decrease in crystal size in 

heat treated specimens under the electron microscope and 

postulated that "recrystallization of the more coarsely 

fibered and coarser micro-granular silica materials" was 

responsible for the lustre and elasticity changes seen in 

heat-altered material. The major argument against 

recrystallization is the fact that the changes occur at 

temperatures far below those thought necessary to alter the 

crystalline form of silica (Purdy 1974:45). Although most 

subsequent research indicates that no appreciable crystalline 

change occurs during heating (Purdy and Brooks 1971:323; 

Purdy and Clarke 1979:20; Rick 1978:39, 61; Schindler et al. 

1982:530), a few studies suggest that some type of low

temperature crystalline transformation may play a part 

(Flenniken and Garrison 1978; Weymouth and Mandeville 1975). 

As a result of their analysis of various English flints, 

Griffiths et a1. (1987:51) recently concluded that low

temperature, water-mediated recrystallization does play an 

important role in the process. 
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In summary, there appear to be two primary mechanisms 

responsible for the changes associated with heat treated 

material: 

1) intergranular material fusion resulting from the 

euctectic binding of non-siliceous impurities, and 

2) crystalline matrix changes due to water loss during 

heating. 

The increased workability and other changes associated with 

heat treatment may result from either of the above reactions, 

or, more likely, a combination of the two. The data suggest 

that heat-induced microcracking is more commonly an 

undesirable result of overheating rather than a contributor 

to enhanced flakability, although it cannot be ignored as the 

operative factor in certain types of material. 

UNDESIRABLE CHANGES 

Thermal stress, which results from differential material 

expansion and contraction during heating (Rice 1987:483), is 

the primary cause of detrimental heat-related changes in 

lithic material. There are basically two types of thermal 

stress: one resulting from the expansion and contraction 

associated with normal temperature changes, and the other 

from sudden shifts in temperature which induce internal 

stresses beyond the capacity of the material to cope. The 

latter often results in thermal shock, or destructive thermal 
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stress (Rice 1987:105). 

From the knapper's perspective, the effects of thermal 

stress are almost invariably detrimental, and include crazing 

(the formation of minute cracks), decrepitation (severe 

cracking and disintegration [Purdy 1974:40), potlidding (the 

detachment of lenticular-shaped flakes (Crabtree and Gould 

1970:191; Gould 1976:142; Purdy 1974:52), explosive 

defoliation (Purdy 1975:130), and calcination (the reduction 

of the material to a white or light grayish, extremely 

friable condition). Several researchers have observed that 

dense, fine-grained rock is more susceptible to thermal shock 

than coarser grained materials (Abler 1983:2; Mandeville 

1973:189; Rick 1978:26-27). 

The thermal destruction associated with heating appears 

to be strongly related to material dehydation. For example, 

Griffiths et ale (1987:51) postulate that the increased 

tendency of overheated materials to crush rather than 

fracture may be due to increased microfracturing of the flint 

grains due to hydraulic pressure. Similarly, Rick (1978:26

27) speculates that the increased decrepitation seen in fine

grained varieties of Burlington chert is caused by a build-up 

in internal water pressure, since vaporization would be 

inhibited by the more densely-packed crystalline structure. 

Since this effect would be more acute with finer-grained 

rocks, it may explain why such materials are more susceptible 

to heat-induced damage than their coarser-grained 
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counterparts. 

In conjunction with this is the possibility that a lack 

of microscopic voids in denser materials allows no outlet for 

the heat-generated stresses of differential expansion, 

resulting in thermal shock and material destruction. Greater 

material porosity leads to higher thermal stress resistance, 

since the pores allow for the expansion of material crystals 

that would otherwise exert destructive pressure on each other 

(Rice 1987:367). Thus, the presence of micropores would help 

both to compensate for rapid heat-induced expansion and to 

dissipate the energy of increased water pressure. This 

suggests that the materials most amenable to heat treatment 

would be relatively porous, and thus possess high water 

absorption capabilities. Such factors could be relatively 

easily determined prehistorically (eg. some porous rocks 

readily change color because of their ability to absorb water 

[Patterson and Sollberger 1979:50]), providing a possible 

criterion for material amenability to heat treatment. 

This is supported by observations that the flakability 

of porous chert is enhanced by water-soaking (Crabtree 

1967a:14i Olausson and Larsson 1982:277i Patterson and 

Sollberger 1979:50). water-saturation does not enhance the 

flakability of non-porous or previously heated cherts 

(Patterson and Sollberger 1979:50), indicating that material 

porosity is reduced by heating. This lends support to the 

idea that heat-induced improvements are due to reductions in 
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microporosity and microcrystalline impurity fusion, and would 

also explain why heat treatment is less effective and 

requires lower temperatures in finely-grained materials. 

Such materials possess little leeway for thermal expansion 

because of their closely packed structure and low micropore 

density, and would be susceptible to crazing or thermal shock 

at relatively low temperatures. Any improvements in 

flakability would similarly occur at low temperatures, 

because the intercrystalline spaces that do exist would be 

quickly fused by the heating process. In contrast, more 

porous, less finely grained materials would be more resistant 

to damage from thermal expansion and experience relatively 

greater flaking improvement as the voids were filled and 

their structure became more solidly bonded. Conversely, the 

effects of heating would be reduced on coarser-grained 

materials, which possess much larger intercrystalline gaps. 

Similar eutectic reactions might occur in such materials, but 

the volume of resultant "cement" would be insufficient to 

fill the larger voids present. As a result, no flaking 

improvements would occur, (although materials containing 

sufficient impurities would change color). 

Several researchers have also noted that thick, large 

chunks are more susceptible to heat-induced fracturing than 

smaller pieces (Ahler 1983:5; Crabtree and Butler 1964:3; 

Mandeville 1973:191; McDowell-Loudan 1983:25; Nelson 1968:36; 

Patterson 1984:172; Rick 1978:27). This is probably due to 
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the greater stress resulting from higher interior/exterior 

temperature differentials during heating (Yoon 1986:15). As 

well, water migration in the larger pieces might be impeded 

during heating, resulting in an internal pressure build-up 

and eventual explosive destruction, such as the 

"catastrophic" fracture observed by Nelson (1968:34) in large 

specimens of heated Texas flint. Irregularly-shaped pieces, 

because they heat and cool more quickly than their more 

uniformly-shaped counterparts, would also be more prone to 

thermal stress (Yoon 1986:15). 

The rate of heating also appears to be one of the 

primary factors affecting material deterioration (Price et 

ale 1982:472; Rick and Chappel 1982:73). Finely-grained 

materials are particularly susceptible to fracturing if they 

are not gradually heated for the reasons discussed above. 

Because of the high likelihood of thermal stress, direct heat 

exposure is almost invariably detrimental, and often results 

in severe crazing which, at the very least, renders the 

surface of the material unworkable (Purdy 1982:38). 
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CHAPTER 3 


THE EVIDENCE FOR HEAT TREATMENT 

This chapter provides brief, global overviews of the 

ethnographic and archaeological evidence for intentional 

thermal alteration. A special section devoted to 

unconventional methods of lithic conditioning follows the 

ethnographic discussion, below. 

ETHNOGRAPHIC ACCOUNTS OF HEAT TREATMENT 

A literature survey quickly reveals that heat has been 

historically used for stone tool manufacture throughout the 

world. Most ethnographic accounts of the procedure fall into 

one of three general categories: 1) probable techniques, or 

those reports that make sense in light of current knowledge 

about heat treatment; 2) questionable techniques, or 

procedures that do not fit current understanding; an example 

would be heating materials that are not improved by the 

process (such as quartzite or obsidian); and 3) technolog

ically senseless techniques which seem to belong to the realm 

of ethnographic fantasy. Flaking hot rocks with water

droplets is a good example. Following is a brief worldwide 

review of the ethnographic data for heat treatment. 
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North America 

Most ethnographic accounts of heat treatment can be 

traced to North America, with reports of its use dating back 

to the 1870s. Unfortunately, many of the earlier reports are 

very general, with little description of the technique used 

or the aboriginal group using it. The following exerpt, from 

a 1907 issue of the magazine Forest and stream is typical: 

It was a common practice for the arrow maker, 
before beginning work on a block of hard rock from 
which he intended to knock off the flakes which 
were to become arrow points or knives, to sweat the 
block by burying it in wet earth and then building 
a fire over it. The object of this was to make 
evident all cracks and checks in the stone, so that 
allowance might be made for them when the time came 
for working it (Anonymous 1907:849). 

(Note: the writer of this article was probably Plains 

ethnographer George Bird Grinnell, who owned and edited the 

magazine at the time [Grinnell 1962:xi]). Although it is 

not clear why this technique would be used to reveal flaws 

that could otherwise be easily detected by simply flaking the 

material, the above description closely reflects the present 

understanding of heating practices. 

There are numerous ethnographic reports of heat 

treatment from the western united states, especially 

California. Nineteenth century reports by Schumacher 

describe how both the Yurok and Klamath heated "chert, 

chalcedony, jasper, agate, (or) obsidian ••• (in) a fire", and 

rapidly cooled it prior to flaking (Schumacher 1968:355-356; 

1971:360). The Wiyot (Viard) also heated pieces of "jasper, 
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chert, obsidian, (and) common flint", but allowed it to cool 

slowly before working (Powers 1877:104). A similar technique 

was reported more recently among the central California 

Nomlaki (Goldschmidt 1951:419). Other California reports 

include the Tubatulabal technique of "cooking" stone prior to 

arrowhead manufacture, the use of heat to make stone pipes, 

arrowheads and flint implements by the Northern Paiute (Kelly 

1986:140-141; stewart 1941:383), and the Shasta, Nisenan, and 

Maidu practice of heating obsidian before flaking (Voegelin 

1938: 28; 1942: 77) • 

Elsewhere in the region, the Shivwits (a Paiute group in 

southern Arizona) roasted flint in the ground or in a barrel 

cactus prior to flaking (Stewart 1942:264). The central 

Nevada Shoshoni prepared flint for toolmaking by heating it 

under the ashes of a fire for five nights (Steward 1941:337). 

Along the Northwest Coast, the Galice Creek, Squamish and 

Sechelt Indians reportedly heated stone prior to tool-making 

(Barnett 1937:169; 1939:246). In Oregon, the Harney Valley 

Paiute heated flint to make saws (Whiting 1950:99). 

On the Northern Plains, the Blackfoot fired their 

pipestone and rubbed it with red willow ash as a conditioner 

(Brian o. K. Reeves, personal communication, 1991). In 

Eastern Canada, the Micmacs reportedly made knives by heating 

scoured flakes in a campfire to faciltate breakage (Wallis 

and Wallis 1955:75). 

The above descriptions suggest that rock was heated for 
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a variety of purposes, to make a number of different tools. 

Several accounts indicate that stone was heated and cooled 

slowly, in line with current understanding of the technique, 

which contrast with reports of direct heating, which usually 

renders the material unsuitable for tool-use. One possible 

source for the confusion may be the misinterpretation of 

heat-mediated quarrying by groups such as the California 

wintu (Heizer and Treganza 1971:358-359). Heating obsidian 

is another disputable procedure, since experiments indicate 

the practice is technologically futile (Collins and Fenwick 

1974:136). This suggests possible misidentification of the 

stone being heated, or a misunderstanding of possible 

cultural reasons for heating the material (Collins and 

Fenwick 1974:136). 

India 

Among of the earliest ethographic descriptions 

of heat treatment is Man's (1883:380) account of tool-making 

by the Bengalese Andaman Islanders, who reportedly used 

direct heat to shatter large blocks of sandstone to obtain 

workable flakes, and also heated quartz prior to flaking. A 

1922 description by Radcliffe-Brown (1964:445) corroborates 

Man's account, although he notes that "a flinty kind of 

stone" rather than quartz was the material heated. 

East Indian gemworkers still use heat to alter the color 

of their materials (Zaveri 1962:702). 
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Australia 

Recent reports from Western and Central Australia 

indicate that modern Aboriginal toolmakers are aware of the 

advantages conferred by heat treatment (Akerman 1979; Tindale 

1985). For example, Akerman (1979:146-147) reports that the 

technique of "softening" stones by heat is common in the 

Kimberley region, and provides the following description from 

an aboriginal informant: 

The white chert was obtained from known quarry 
sites and was percussion dressed into large biface 
blanks ..• A pit about one metre long, 60 cms broad 
and 50-60 cms deep was excavated in sandy soil. A 
large fire was then built in the pit and on three 
sides of the ground about it. When this had burnt 
down the coals were removed from the pit and a 
layer of unheated sand was placed on the bottom. 
The cores and blanks were placed on this and 
covered with more sand. 

The coals and hot sand were then shovelled back 
into the pit until it was full; excess coals were 
banked around the edges and the whole was covered 
with dry earth. Emphasis was placed on the fact 
that no air should get into the oven. 

When cool, the blanks were removed to be worked, and were 

described as being "just like bottle glass" (Akerman 1979:147). 

Africa 

There appear to be rather few ethnographic accounts of 

heat treatment from Africa. Robinson provides the following 

description by a Nyasa informant from Southern Rhodesia (now 

zimbabwe) : 

A boulder of suitable material was obtained from a 
river bed. A fire was then made, and the boulder 
placed in the midst of it, burning wood being 
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heaped allover the stone. When the boulder was 
very hot, it was removed from the fire and placed 
upon an anvil-stone, and held in place by one of 
the men. The second worker grasped a hammerstone 
in his two hands, and struck the heated boulder a 
hard blow. As he struck, he drew the hammer 
towards him slightly. In this manner a flake was 
detached. The flake was then laid flat upon the 
surface of the stone as an anvil, and the edge was 
serrated by percussion (Robinson 1938:208). 

It is difficult to understand the rationale behind this 

technique, since there are no apparent advantages to working 

hot stone. 

A type of open-air heat treatment is used in Chad, 

involving heating and covering flint blocks with plant 

material for several hours prior to working (M. Quechon, 

cited by Inizan et ale 1976: 16). 

UNCONVENTIONAL FLAKING AND CONDITIONING TECHNIQUES 

Conventional heat treatment (i.e. slowly heating and 

cooling lithic material to improve its flaking quality) is 

not the only way to alter the flaking qualities of stone; 

several descriptions of rather unorthodox methods of 

stoneworking can be found in the literature. Worth noting 

are possible accounts of selective heat treatment, and the 

use of a liquid medium either with or without heat 

application. variations on the latter include the popular 

idea that hot rocks were flaked by the jUdicious application 

of water droplets, and accounts suggesting that some 

materials were moisturized to improve material workability. 
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Examples of these techniques are discussed below. 

Selective Heat Treatment 

Selective heat treatment refers to the application of 

direct heat to condition artifact tips or edges during 

manufacture. Unfortunately, the technique has not been 

extensively studied, although ethnographic and archaeological 

evidence suggest it was used. 

A 19th century report describing how "Indians in Round 

valley, 1878, flake (d) points held near the fire for a few 

seconds with tough cedar splinters covered with moist 

buckskin" (Don McQuire, cited in Steward 1986:262; emphasis 

mine), suggests that portions of implements were being 

selectively heated prior to retouching. Along a similar 

vein, Goldschmidt provides the following account of stone 

tool manufacture among the central California Nomlaki: 

Flint nodules were broken into smaller pieces by 
means of slow, even heating, and chips were 
separated with a chisel or horn hammered on the 
butt end. The resulting flakes were then heated bv 
contact with hot stones and chipped with hard blue 
pebbles of various sizes. The purpose of this 
heating was not made clear. They were pressure 
flaked with pieces of bone (Goldschmidt 1951:419; 
emphasis mine). 

Whiting provides another possible example of selective 

heat treatment among Oregon's Harney Valley Paiute: 

A six-inch flint (hard rock) saw was used in 
cutting down trees. The bottom of the rock was 
chipped by heating it and striking with another 
stone. The tree to be felled was bent and rubbed 
with the sharpened edge of the rock (Whiting 
1950:99; emphasis mine). 



42 


In addition, several ambiguous references to the 

"warming" or "heating" of stone prior to flake retouching may 

represent descriptions of selective heat treatment (Barnett 

1937:160; 1939:246; Voegelin 1942:77; stewart 1941:383, 

1942:264; Webster 1889:601-02, cited in Ellis 1965:46). 

water-chipping 

The belief that water-chipping was a viable method of 

working stone was widely accepted by both the public and 

those who professed to know something of "primitive" 

technology, especially during the last part of the 19th 

century and the early years of the 20th • This attitude 

was fostered by articles in popular magazines (eg. 

Miller 1897; Fraser 1908), by novelists (eg. Burroughs 

1969) and in accounts of life among the Indians (eg. 

Lehmann 1927:93-94). 

The widespread perception of water-chipping as a viable 

stoneworking technique is exemplified by (and perhaps 

partially the result of) Edgar Rice Burroughs' fictional 

account of its use in his 1914 novel The Beasts of Tarzan, 

which probably did more to popularize the method than any 

dozen contemporary ethnographic accounts. In the book, 

Burroughs describes the laborious technique used by Tarzan to 

make a stone knife: 

Upon the shore he found an outcropping of brittle, 
igneous rock. By dint of much labour he managed to 
chip off a narrow sliver some twelve inches long by 
a quarter of an inch thick. One edge was quite 
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thin for a few inches near the tip. It was the 
rudiment of a knife. 

with it he went into the jungle, searching until he 
found a fallen tree of a certain species of 
hardwood with which he was familiar. From this he 
cut a small, straight branch, which he pointed at 
one end. 

Then he scooped a small, round hole in the surface 
of the prostrate trunk. Into this he crumbled a 
few bits of dry bark, minutely shredded, after 
which he inserted the tip of his pointed stick, 
and, sitting astride the bole of the tree, spun the 
slender rod rapidly between his palms. 

After a time a thin smoke rose from the little mass 
of tinder, and a moment later the whole broke into 
flame. Heaping some larger twigs and sticks upon 
the tiny fire, Tarzan soon had a respectable blaze 
roaring in the enlarging cavity of the dead tree. 

Into this he thrust the blade of his stone knife, 
and as it became superheated he would withdraw it, 
touching a spot near the thin edge with a drop of 
moisture. Beneath the wetted area a little flake 
of the glassy material would crack and scale away. 

Thus, very slowly, the ape-man commenced the 
tedious operation of putting a thin edge upon his 
primitive hunting knife (Burroughs 1969:26-27). 

The fact that Burroughs was a popular novelist who was 

infamous for his fabricated knowledge of Africa explains the 

error; however, others who propagated the fallacy have no 

such excuse. 

The following method of arrowhead manufacture was 

allegedly observed by trapper Ed Nagle among the Athapascan 

Indians of Great Bear Lake: 

Flint is not chipped with stone or with metal, but 
with water. When an Indian wished to make an 
arrow head he held a piece of flint in the fire 
until it was very hot, then allowed a drop of 
water to drip from the end of the stick upon the 



44 


spot to be chipped off. The sudden cooling made 
the flint chip off immediately; some cunning is of 
course necessary in the shaping of the arrow head, 
but the old Indian method is the best that has 
been found (Nagle 1914:140). 

Nagle's final assessment appears to based on a rather flimsy 

acquaintence with native stoneworking techniques. 

The recipient of Nagle's letter, Frederick Godsal, 

passed on similar observations from another informant, Archie 

GOw, who had also lived in northern Canada for a time (Eames 

1915:65). Frank Eames, recounting this correspondence in a 

report for the ontario Provincial Museum, was convinced of 

the utility of the method and professed to personally using 

the technique to manufacture "a very fair specimen of arrow-

tip" (Eames 1915:70). Since all subsequent attempts to 

duplicate the technique have failed (eg. Mandeville 1973:179; 

Purdy and Brooks 1971:324; Purdy 1974:51), Eames' 

accomplishment is unique in the annals of experimental 

flintknapping. 

Along similar lines, the Nova scotia Micmacs reportedly 

used water-chipping to make arrowheads (Fraser 1908:68). In 

Australia, Aboriginal knappers allegedly used spinifex-grass 

gum (a black, tarry resin often used as an adhesive [Flood 

1983:225]), instead of water, as the flaking medium (Turner 

1934:228). A variant of the technique was reported among the 

Digger (Maidu) Indians of Central California, who purportedly 

used a water-dipped stone percussor to flake flint fresh from 

the fire (Miller 1897:207). The rationale behind this is 
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unclear, and the coordination involved in handling a hot 

flake while shaping it with a wet rock would, as Miller 

admits, require "a skillful workman" (Miller 1897:207). 

Another variation was reported among the islanders of New 

Britain, near Papua New Guinea, who made stone clubs by 

dripping water on hot chunks of granite, drilling holes into 

which handles could be inserted (Powell 1883:160-162). 

One of the more detailed accounts of water-chipping is 

Thomas Fraser's description of its use by Mexico's Seri 

Indians: 

I watched this particular artist for several hours 
until he had completed an arrowhead ... Putting three 
small pieces of flint among the coals of a hot fire 
on the ground, he places a small stone basin 
containing a little water within his reach; beside 
this are placed several straws or reeds of 
different sizes, together with a few small stems of 
native grass. Presently the first piece of flint 
placed in the fire is dragged out upon a flat stone 
by means of a hooked stick, and as the end of the 
larger straw or reed is dipped in the basin, it 
will be observed that a drop of water clings 
thereto; this is lightly touched to the thoroughly 
heated stone and a small chip flies from the 
surface. This performance is repeated with 
astonishing rapidity, until the stone refuses to 
respond to the touch, when it is returned to the 
fire and the second stone is treated in the same 
way, the chips always flying fast and furious. As 
the work progresses and the stones are reduced in 
size and begin to assume the required shape, 
smaller straws are used, until the final pointing, 
sharpening and smoothing is done with the small 
grasses that pick up a very tiny drop of water and 
safely remove a very diminutive chip (Fraser 
1908:68) . 

Despite the widespread acceptance of the these and 

similar accounts, some professionals were aware of the 
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shortcomings of the technique. smithsonian ethnologist W. H. 

Holmes recognized the flaws in the technique over sixty years 

ago, and observed that "a much shorter time would ordinarily 

be required in producing a like result with hammerstone and 

bone flaker" (Holmes 1919:365). H. Holmes Ellis' remarks 

following his own failure in the 1940s to experimentally 

replicate Fraser's technique are less flattering: 

If Mr. Fraser's artist took several hours to 
fashion a projectile point using the methods 
detailed, one might better blame the assininity on 
the Indian rather than Fraser's reporting. Anyone 
who would spend so much time making a single arrow
point when there are any number of methods which 
might have been used to better, or at least as _ 
good, advantage would be the exception to any rule. 
Thus it might be said that perhaps there were a few 
isolated peoples who did make their implements by 
heating stones and dropping water on them, but 
whoever or wherever they were, the use of such a 
technique certainly stamps them as lacking in 
ingenuity and ordinary 'horse sense' (Ellis 
1965:43). 

Ellis' comments aside, the number of ethnographic 

accounts offering descriptions of water-chipping strongly 

suggest that water as sometimes used to make stone tools. As 

previously noted, however, more recent attempts to 

experimentally replicate the chipping technique have 

invariably been unsuccessful (Mandeville 1973:179; Pond 

1930:25; Purdy and Brooks 1971:324). Despite this, reports 

of water-flaking techniques still persist [ego Willard's 

[1979:139] description of arrowhead manufacture among the 

British Columbia Shuswap, cited by Magne 1985:65). 



47 


Liquid-conditioninq 

Despite the derision that has been heaped on water

chipping, both ethnographic and experimental data suggest 

that other forms of liquid conditioning were sometimes used 

to improve the working qualities of stone. Such methods 

often involved moisturizing stone, with or without heat, 

sometimes for several weeks prior to actual use. Such 

conditioning may represent attempts to create a more flakable 

material by emulating the moistening that naturally occurs in 

wet soil, since the presence of water in rock can facilitate 

flaking by allowing more efficient transmission of fracture 

force (Crabtree 1967a:14; Olausson and Larsson 1982:277; 

Patterson and Sollberger 1979:50). 

Holmes (1919:366) cites the following 19th century 

description by F. H. Cushing of an apparent water-

conditioning technique: 

The blanks ...were ... carefully buried in damp soil, 
not to hide them, as has been usually supposed, but 
to keep them even-tempered or uniformly saturated 
("full of the sap of life" these ancients thought); 
whence the so-called caches of numerous leaf 
shaped-blades which are now and then found, for 
example, throughout old Indian ranges (Cushing 
1896) • 

Similarly, the modern day Lacandones of southern Mexico 

consider moisture content crucial when manufacturing chert 

arrowheads for the tourist trade (Clark 1982:3). 

A variant of the moisturizing technique involves 

"steaming" the material before flaking. The Plateau Shoshoni 
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heated preforms in damp earth beneath a campfire prior to 

working (Powell 1875:27-28, cited by Hester 1972:63) and the 

Louisiana Catahoula Lake Indians similarly steamed siltstone 

before knapping (Pete Gregory, personal communication to 

Patterson and Sollberger 1979:51). Experiments indicate that 

higher temperatures dramatically increase water absorption, 

and thus the conditioning properties, of the technique 

(Patterson and Sollberger 1979:50). 

Another type of liquid treatment involves dowsing the 

heated material with a weak acid during heating to facilitate 

breakage. Purdy cites a Roman description of "softening" 

stone with vinegar before heating (1982:37), as well as the 

Australian Aborigine practice of urinating on ash-buried 

flints (Norman Tindale, personal communication to Purdy 

1982:37). Whether such liquids have any advantage over water 

as a conditioning agent has yet to be determined. 

Fowke provides an interesting variant of liquid 

conditioning from Flint Ridge, Ohio: 

••• well-diggers and others who have penetrated the 
flint agree ••. that when covered by a considerable 
thickness of earth, the stone has a smooth, oily 
appearance not observed in pieces on the surface. 
Old residents .•. say that it was customary at an 
early day to gather pieces of stone of suitable 
size and shape for use with flint lock guns and 
soak them in oil for several weeks before they were 
needed. In this way a "flint" which, used in its 
natural state, would shatter in a day, could be 
made to last for weeks (Fowke 1902:624). 

Although the writer is not aware that oil conditioning was 

prehistorically used, it has potential implications as an 
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alternate form of lithic treatment. 

ARCHAEOLOGICAL EVIDENCE FOR BEAT TREATMENT 

Archaeological recognition of thermal conditioning is 

almost invariably associated with pressure-flaked bifacial 

tools (Crabtree and Gould 1970:196; Griffiths et ale 

1987:43); Bryan (1978:308) goes so far to suggest that heat 

treatment is responsible for the widespread development of 

pressure flaking. In turn, Bonnichsen (1977:185-186) 

speculates it may be the reason behind the spread of Clovis 

technology in North America. To date, no conclusive evidence 

has been found to support these ideas, although the 

circumstantial association of the two technologies cannot 

be denied. 

The earliest probable evidence for heat treatment dates 

to around 22,000 B.P. in Europe (Robins et ale 1978) and 

14,500 B.P. in North America (Crabtree 1969), while use of 

the technique may date back to the Pleistocene in Australia. 

In northwest Africa, evidence of heat treatment dates to the 

Neolithic, although it was probably used much earlier. Each 

of these areas is briefly discussed below (descriptions of 

the analytical techniques applied to the identification of 

prehistoric heat treatment are provided in Appendix B). 
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North and Central America 

A chalcedony blade from Wilson Butte Cave in Southern 

Idaho, reportedly associated with a radiocarbon date of 

12,550 ± 500 B.C., represents the earliest possible use of 

heat treatment in North America (Crabtree 1969:366). The 

probable Paleoindian use of heat treatment has also been 

identified in Pennsylvania (Fitting and DeVissher 1966:117), 

Florida (Purdy 1982:40), Texas (Joyce 1985:39; Sollberger and 

Hester 1971:182), New Mexico (Joyce 1985:39; Patterson 

1975:10), and Nova scotia (MacDonald 1968:61). The degree of 

lustre photographically evident on some artifacts from 

several sites throughout the Northern Plains (eg. Frison 

1983:116-119) suggest its unrecognized use may extend well 

into the Paleoindian period in this region as well. 

There are numerous reports of use of the technique 

during the Archaic (Collins and Fenwick 1974:143; Purdy 

1982:40; Schindler et al 1982:542), through the Woodland 

(Klippel 1970; Mandeville 1973:185), and Adena periods 

(Klippel 1970; Collins and Fenwick 1974:143) to historic 

times (Ahler 1983:6). 

There appears to be a dearth of heat treatment reports 

from Mexico and Central America, at least in the English 

language literature. Epstein (1979:38) reports that Crabtree 

has identified heat treated material from Tikal, Guatemala. 

Unfortunately, Epstein does not elaborate on this find. 
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South America 

The extensive use of heat treatment has been identified 

at the Pachamachay and Ondores sites in Peru, stretching from 

the Pa1eoindian to Formative periods (Rick 1980:310-311; Rick 

and Chappell 1983:74, 79). Epstein (1979:38) reports that 

Crabtree has identified of heat treated artifacts from Fell's 

Cave, Chile, but again fails to provide any further 

information. 

Europe 

Several probable examples of Upper Paleolithic heat 

treatment can be traced to southern France, including a 

laurel point fragment (Bordes 1969:197; Inizan et al 1976:14) 

and several other specimens from Laugerie Haute indicating 

the technique was used there as early as the Middle 

Solutrean, around 20,000 B.P. (Collins 1973:465). A Late 

Solutrean laurel leaf fragment from Ie Roc shows 

thermoluminescent evidence of heat treatment (Rowlett et al. 

1974:42), while Robins et al. (1978:703) have used electron 

spin resonance to identify its probable use in a number of 

(unidentified) Upper Paleolithic flints dating to around 

22,000 B.P. 

Schmandt-Besserat (personal communication to Epstein 

1979:38) reports that thermally altered ochre is associated 

with both the French Chatelperonnian (35,000 - 32,000 B.P.) 

and the lower (Middle Paleolithic [Scarre 1988:64-65]) levels 

of the Moldova site in the Ukraine. Similar evidence from 
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Lake Mungo, Australia, dates to 32,000 B.P. (Flood 1983:46). 

Such data suggest that heat treatment may have been 

discovered (at least in some places) during the preparation 

of pigments (Epstein 1979:38). 

To date, there is no conclusive evidence for the use of 

heat treatment in Europe during the Mesolithic. 

Asia 

possible evidence for heat treatment during the Upper 

Paleolithic is seen in a thermally altered chert core and end 

scraper found at Ksar Akil, Lebabanon (Griffiths et al. 

1987:42). Inizan et al. (1976:16) also report evidence for 

heat treatment from Syria and Lebanon. Crabtree has 

apparently identified heat treatment in Japanese artifacts 

from Sendai, Hokkaido (personal communication to Epstein 

1979:38) . 

Africa 

Inizan et al. (1976:16) report several examples of 

Neolithic heat treatment from Africa, including two flint 

points from the Grotte du Ojebel Zabaouine cave site in 

Algeria and numerous artifacts from the Lower Tilemsi Valley, 

Mali, including some resembling Solutrean points. 

Australia 

Prehistoric evidence for the use of heat treatment in 

Australia is sporadic, ambiguous, and open to conflicting 

interpretation. For example, Akerman (1979:149-150) suggests 

that the technique is a recent development limited to the 
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Kimberley region in Northern Australia. In contrast, 

Flenniken and White (1983:45-46) argue that the 

archaeological evidence suggests that heat treatment was used 

throughout Australia and Tasmania since the late-Pleistocene. 

Descriptions of "lumps of ochre and stone artefacts found 

deep below the ashes of a fire lit 32,000 years ago" at Lake 

Mungo (Flood 1983:46) suggests it may have been used much 

earlier. 

summary 

The earliest known use of heat treatment dates to the 

Solutrean in southern France, around 20,000 - 22,000 B.P., 

preceding the use of the technique in North America by 

roughly 6,000 years. Use of the technique may date back even 

further in Australia. Evidence for heat treatment is found 

on every inhabited continent by the Neolithic, and its use 

continued well into historic times in North America, 

Australia, and India. 
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CHAPTER 4 


EXPERIMENTAL METHODOLOGY 

This section details the sample gathering procedure, 

experimental trials, and analytical techniques used in the 

current study. 

SAMPLE COLLECTION 

Lithic samples were collected during the early summer of 

1989. An effort was made to obtain samples directly from 

known prehistoric sources in order to ensure that the exact 

source of the tested material was known, to minimize the 

possibility that the material had been previously heated, and 

to analyze the effects of heat treatment on several different 

prehistorically utilized materials. with the exception of 

the obsidian, Swan River chert, and Knife River Flint, all 

samples were collected on site by the author. An effort was 

made to select specimens suitably fine-grained for tool 

manufacture, but large enough to provide samples for a number 

of experimental trials. 

Lithic samples were gathered from prehistoric quarry 

sites in Alberta (Etherington chert), British Columbia 

(tourmaline, tourmalinite, quartzite), and Montana (chert, 

chalcedony, quartzite) (Figure 2); samples of Knife River 
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Flint from North Dakota were provided by Dr. Stanley Ahler. 

In addition, specimens of Manitoba Swan River chert were 

supplied by Eugene Gryba, and samples of obsidian (probably 

from Glass Buttes, Oregon) were obtained from the University 

of Lethbridge. Neither of the latter two materials were 

included in the formal analysis because of their unknown 

disposition (for example, some of the Swan River chert was 

described as "partially cooked" [Eugene Gryba, personal 

communication, 1989]); however, they were included for 

illustrative purposes. 

Selected cores were flaked with a prospector's pick 

(which provided more consistent flaking control), and the 

resultant flakes individually identified with a designating 

code indicating its source, the year of collection, the 

original core specimen, and an individual flake number (for 

example, the code CC89-2.5 refers to flake 5, from core 

sample 2, from the California Creek, Montana material 

collected in 1989). The flakes were weighed on a Mettler 

scale and color coded using the Munsell Soil Color Chart 

(1975). Following Joyce (1985:37), only the dominant colors 

of multicolored specimens were recorded. 

Descriptions of material sources and types follow. 

Southwestern Alberta: Etherington Chert 

Etherington chert is a highly variable siliceous 

material, ranging from dull to semi-vitreous, and from 

translucent to opaque (Kennedy et al. 1985:55; Loveseth 
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1980:157). Its color can vary from "dirty clear, muddy 

white, pink, various shades of red, amber, yellowish brown, 

brown green, light to dark gray and black" within the same 

quarry (Loveseth 1980:157). Etherington chert can be 

distinguished from similar materials by its sugary texture; 

"fossil remnants and drusy quartz replacement infillings are 

common" (Loveseth 1980:157). 

The Etherington Formation consists of "grey limestones, 

shales, chert beds and dolomites" (Halbertsma and Staplin 

1960:365), and dates to the Late Mississippian Rocky Mountain 

Formation (Loveseth 1976:51; Kennedy et ale 1985:55). 

Etherington chert occurs as "nodular (up to 1m in diameter) 

and ledge chert (up to 60 cm thickness)" outcrops (Reeves 

1974:48) or in "thin beds (20 to 30 cm) in a limestone or 

dolomite matrix" (Kennedy et ale 1985:55). 

Etherington chert was prehistorically mined in the 

Livingstone range in southwestern Alberta; three sites in the 

Crowsnest Pass collectively comprise the largest known 

prehistoric quarry in the Alberta Rockies: DjPo-137, 138, and 

139 (Loveseth 1976:53). The material is associated with 

several Middle and Late Prehistoric sites in southeastern 

British Columbia and southwestern Alberta, and there is 

evidence that the material was prehistorically heat treated 

(Kennedy et ale 1985:68-69, 71; Reeves 1972). 

Samples of Etherington chert were obtained from the 

quarry at DjPo-137, approximately 4 kID north of the town of 
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Bellvue, Alberta. This quarry covers roughly half a hectare 

on the north and west sides of "Quarry Mountain" (Loveseth 

1976:53), beneath a recently installed TransAlta utility 

power transmission line. The slope is pockmarked by 58 

mining pits and depressions (Loveseth 1976:53), ranging in 

size from 1 metre across and 1 metre deep, to 4 - 6 metres 

across. Mine tailings are scattered over the hillside; this 

material is predominantly gray or bluish-gray, although small 

amounts of purple-red rock are also present. Several exposed 

bedrock outcrops also show evidence of mining activity; one 

is quarried to a depth of 18 metres (Kennedy et ale 1985:56). 

Despite the abundance of material at the site, good 

quality flaking material is difficult to find (Kennedy et ale 

1985:55). Most Etherington material fractures in a blocky, 

irregular fashion, although some nodules possess flakable 

cores of higher grade, more homogeneous material (Loveseth 

1980:157). Samples were gathered from the tailings dispersed 

around the site. 

Southeastern British Columbia: Tourmaline chert/tourmalinite 

Tourmaline chert/tourmalinite was an important 

prehistoric resource in southeastern British Columbia's 

Kootenay region as far back as the Paleoindian period 

(Choquette 1981:24). Formed as part of the late Precambrian 

Aldridge Formation, the dark gray material is visibly grainy 

and possesses no natural lustre. The term "tourmaline chert" 

is sometimes applied to the finest-textured material. Often 
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mistaken for basalt, tourmalinaceous rock is extremely dense, 

and may be one of the hardest materials ever used for tool 

manufacture in North America (Wayne Choquette, personal 

communication, 1989). The dark chert is commonly used as an 

index material for the Sullivan lead-zinc orebody (Choquette 

1981:28; 1984). Several of the quarries discussed below were 

originally identified by geologists, and have borne the brunt 

of subsequent development. 

There are three major prehistoric sources of 

tourmalinaceous rock in the Kootenay region: the Goatfell 

(DgQb-3) and Harvey Mountain quarries (10BY12), respectively 

a few kilometres north and south of the British Columbia

Idaho border (Choquette 1981:31), and the North Star Mountain 

Quarry (DkQa-1), near Kimberley. other sources include the 

Negro Lake Quarry (DiPx-5), 15 km southwest of Cranbrook, and 

st. Joe Prospect (DiPx-?) a recently discovered site a few 

kilometres northeast of Negro Lake. 

Study samples were obtained from each of the British 

Columbia quarry sites, described in more detail below. 

Goatfell (DgOb-3l. The Goatfell quarry is located on a 

bedrock knoll, upslope from the adjacent CP rail line, on the 

western margin of the Kitchener Valley scarp, approximately 

10km west of Creston. 

Material from Goatfell is typically dark gray or black 

(N 3/0, 2/0) and ranges in texture "from a medium grade 

siliceous sandstone, through siliceous siltstone, to 
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siliceous argillite" (Choquette 1981:32). Finer-grained 

tourmaline occurs as blebs (inclusions) in seams of coarser 

tourmalinite on the side of the hill. The extent of the 

prehistoric quarrying activity is reflected by a series of 

adits, or shallow mining shafts, tunneled into the rock and 

by the large amount of mine tailings comprising the talus 

above the railway track, from which samples were obtained for 

this study. Large numbers of worked flakes are scattered 

around the mined areas near the top of the knoll, and parts 

of the quarried face show signs of fire exposure, which are 

thought to be suggestive of possible heat treatment 

(Choquette 1974). 

North star Mountain (OkOa-1). The North star Mountain 

Quarry is located on the east slope of North star Mountain, 

just west of the city of Kimberley. Since its registration 

in 1975, the development of a ski resort in the immediate 

area has severely degraded the site. A gravel road leading 

to the top of the ski hill slashes through the site's quarry 

and workshop areas. 

North Star material is described as extremely hard 

"black siliceous siltstone, some metamorphosed into 

tourmaline chert" (Choquette 1976, 1981:31). Several high 

grade samples of tourmalinite were selected from the 

bulldozed debris along the road bank mentioned above. As 

well, several nodules of coarse-grained gray quartzite were 

gathered from an area near the ski centrejrestauraunt at the 
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site. 

Negro Lake (DiPx-5). The Negro Lake workshop/quarry 

site is located at the end of a logging road 15 kilometres 

southwest of Cranbrook, B.C. The site consists of a kidney

shaped workshop area, dominated on one side by a number of 

quarried ledges with several adits. Material from this 

source has been characterized as "grey quartzite and 

siltstone ... (and) dark argillite" (Choquette 1984). Only 

10 - 20% of the original site remains intact; much of the 

quarry has been bulldozed to construct a drill-pad for modern 

mining activity (Wayne Choquette, personal communication, 

1989). Cores, debitage, and mine tailings litter the site, 

and suppied the test samples for this study. 

st. Joe Prospect (DjPx-?). Also isolated at the end of 

a logging road, the st. Joe Prospect site near Cranbrook 

remains virtually undisturbed. The site consists of a soil 

and moss-covered rock ledge showing a number of probable 

adits, most partially filled with dirt and plant debris. 

Because of its pristine condition, no rock samples were taken 

from the site, although a representative specimen of fine

grained tourmalinaceous chert was obtained nearby. 

west Central Montana: Chert and chalcedony 

Samples of Montana cherts were obtained from four sites 

in western Montana: the California Creek quarry site (24DL6), 

the Schmitt Chert Mine site (24BW559), South Bompart, (an 

unregistered quarry 10 kID south of Helena), and north of the 
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town of Avon along Highway 141, (a location herein referred 

to as Montana Roadside). with the exception of the roadside 

location, a particular type of material generally 

characterized each site. 

California Creek (24DL6). The California Creek quarry 

is an extensive mine/workshop site located on a hillside 

approximately 25 km south of Anaconda. Covering 

approximately 16 - 20 hectares (Leslie B. Davis, personal 

communication, 1989), the site is cluttered with chert and 

limestone tailings. Numerous mining depressions are scoured 

into the hillside, ranging from 2 m - 5 m wide and 1 - 2 m 

deep. Large gray Madison limestone outcroppings, many with 

long-collapsed tunnels clogged with detritus, bear evidence 

of ancient excavation. The effects of a 1930s burn-off can 

be seen in the blackened tree stumps scattered among the 

rocks. 

Two colors dominate the chert residue littering the 

site: golden, yellow/brown and brownish red. The predominant 

material is a fine-grained, opaque chert, generally ranging 

in color from dark yellow brown to olive brown, often 

speckled with black or red inclusions. A variety of "exotic" 

materials is also evident, including chalcedonies and creamy 

brown materials resembling Avon chert. on-site reduction is 

evidenced by the presence of hammerstones and worked flakes. 

Samples were gathered from the tailings scattered over the 

hillside. 



62 

Schmitt Mine (24BW559). The Schmitt Chert Mine is 

located approximately 35 km east of Butte, on top of a grassy 

rise in the Horseshoe Hills. The site is associated with the 

Late Middle Period Pelican Lake phase (1350 - 200 B.C.) and 

consists of three separate subsurface quarries dug into the 

Mississippian Madison limestone formation (Davis 1979:137, 

1980:51, 1981:97, 1983:175). The quarried chert occurred as 

nodular deposits imbedded in the downward sloping limestone 

formation (Davis 1977:58). Pelican Lake miners tunneled 

directly into the bedrock searching for workable nodules 

using the stone, bone, and antler tools still found in large 

numbers at the site (Leslie B. Davis, personal communication, 

1989). The site was so thoroughly mined that virtually no 

good quality knappable chert remains (Leslie B. Davis, 

personal communication, 1989), resulting in an extensive 

complex of pits, overhangs, tunnels, and pseudo-caverns 

carved directly into the bedrock (Davis 1979:137, 1982:138). 

The chert from Schmitt Mine has been described as 

" •.. white, light grey, dark grey and red-brown •.• most 

(pieces) are mottled or patterned with pyrolusite dendrites" 

(Smith 1978:85, cited in Loveseth 1980:159-160); variegated 

combinations of red and yellow browns are common. Mixtures 

of blacks, grays, olives and reds, often manifested as 

striations or mottling, are also seen. 

Samples for this study were obtained by culling through 

the mine tailings. Unfortunately, many of the samples 
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gathered were inferior material discarded by the original 

miners, since no respectably-sized fragments of good quality 

chert remained. However, a few small pieces of higher grade 

chert were found which appear to reflect the quality of 

material once mined at the site. 

South Bompart (unregistered). South Bompart is an 

unregistered quarry site located on private land 10 km south 

of Helena, approximately 1 km south of the MacHaffie site 

(24JF4). Much of the surrounding locale was the locus of 

prehistoric mining activity. South Bompart is only one of 

several prehistoric quarries in the area, many of which have 

been destroyed by modern mining operations and commercial 

development (Leslie B. Davis, personal communication, 1989). 

Evidence of prehistoric quarrying is less apparent at 

South Bompart than at California Creek or Schmitt Mine. 

Several large, shallow depressions are scoured into a 

hillside and surrounded by numerous rock fragments. Much of 

the lithic scatter is comprised of dark gray quartzite, with 

lesser amounts of grayish yellow/brown chalcedony and chert. 

Chalcedony made up the bulk of the samples collected for this 

study, although some cherts and fine-grained quartzites were 

also included. Several of the collected chalcedony samples 

superficially resembled Knife River Flint, although these 

were later found to be of inferior quality. 

Montana Roadside. A variety of lithic samples was also 

collected from a disturbed stretch of soil along the side of 
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Highway 141, 10 km north of Avon, including samples of 

chert, chalcedony, porcellanite, and quartzite, as well as 

specimens resembling Avon chert and Knife River Flint. 

Central North Dakota: Knife River Flint 

Unfortunately, it was not possible for the author to 

personally obtain samples of Knife River Flint (KRF) from its 

sources in North Dakota. The KRF specimens used were 

selected from recent gravel mine spoils at a Dunn County site 

(32DU328) close to the centre of the KRF source area by Dr. 

stanley Abler, and were considered to be representative of 

the variation seen in the material (Stanley A. Abler 1989, 

personal communication). 

Knife River Flint is a relatively uniform, fine-grained, 

non-porous, dark brown, translucent material with excellent 

flaking qualities (Clayton et ale 1970:287). Because of its 

translucency, KRF is usually identified as chalcedony, (Clark 

1984:174-175), although it possesses the crystalline 

structure of flint (Clayton et ale 1970:282). 

Knife River Flint commonly occurs as "pebbles, cobbles, 

and boulders .•. usually flattened or blocky and subangular in 

form" (Abler 1986:3), and probably formed as part of the 

Eocene Age "HS" silicified lignite bed in North Dakota's 

Golden Valley formation (Clayton et ale 1970:285). The 

material is typically very dark brown in color (Clayton 

1970:287), although most specimens possess a cortex of less 

silicified material or a rough, weathered patina that ranges 
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from light gray or white to yellowish brown in color (Ahler 

1986:3-4; Clayton et ale 1970:287). Prehistoric quarriers 

are believed to have concentrated on cobbles in the 10 

20 cm range (Ahler 1986:3). 

Knife River Flint was traded extensively throughout the 

central and western portion of North America from its primary 

sources along the Knife River Valley in central North Dakota 

(Ahler 1986:4; Clayton et ale 1970:282; Harris 1987: Plate 

14). These quarries were intensively utilized by almost all 

known Northern Plains cultural complexes from Paleoindian to 

the Historic period (Ahler 1983:6; 1986:13). Similar 

material has also been found at several locations in South 

Dakota, Montana, Saskatchewan, and other parts of the 

northern plains extending into Canada (Clayton et ale 

1970:285-287; Gregg 1987:369-370; Wilson 1990:67). 

By the mid-1980s, twenty-nine KRF quarries had been 

found in North Dakota's Dunn and Mercer counties (Clark 

1984:175), from which an estimated six million cubic metres 

of material had been prehistorically extracted (Ahler 

1986:107). As many as 2,000,000 tools and cores may have 

been produced in one Dunn County quarry alone (Ahler 

1986:82). 

Other Tested Materials 

Swan River chert. Swan River chert is a highly variable 

siliceous material commonly associated with archaeological 

deposits in west-central Manitoba, Saskatchewan and east
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central Alberta (Campling 1980:291). Despite ranging widely 

in color, composition, texture, and flaking quality, Swan 

River chert possesses a distinct, identifiable crystalline 

structure (Campling 1980:294-299). 

The samples of Swan River chert were provided by Eugene 

Gyrba, and resembled a fine- to medium-coarse grained white 

quartzite. Material color ranged from light gray to white, 

with some samples exhibiting a slight pinkish tinge. A few 

pieces were obviously lustrous. 

Obsidian. obsidian samples were obtained from the 

University of Lethbridge, Alberta and probably originated 

from sources in Oregon. The material was a glassy mixture of 

dusky red and a semi-translucent black. Not surprisingly, it 

possessed an extremely vitreous lustre. 

EXPERIMENTAL PROCEDURE 

Previous experimental studies of heat treatment have 

involved a wide range of heating techniques, from fire pits 

to domestic ovens, stoves, kilns, muffle ovens and crock-pots 

(see coutier 1929, Bailey 1980, Harkness 1986, or Patterson 

1978 for interesting variations). Regardless of the heating 

technique used, however, there is one important caveat that 

is ignored at the researcher's peril: heating and cooling 

must be gradual to minimize the possibility of crazing and 

decrepitation. This almost invariably necessitates the use 
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of an insulating medium to protect the material from the 

detrimental effects of direct heat exposure (although 

Patterson [1975] reports successfully heat treating portions 

of flint flakes directly using a butane lighter). 

Since many lithic materials can be effectively altered 

at relatively low temperatures (i.e. 2500 
- 3500 C), an 

ordinary kitchen stove is often sufficient for the 

avocational flintknapper. However, for controlled studies of 

heat treatment, an electric kiln or its equivalent is usually 

necessary. Such research, along with simulation studies of 

ancient heating techniques, provides archaeologists 

information on both the physical changes associated with heat 

treatment, and how these changes might have been elicited 

prehistorically. The current study hopefully contributes to 

both areas. 

There appears to be an implicit agreement among 

archaeologists that prehistoric heat treatment would have 

been done in something resembling a feature found near Kansas 

city in the early 1960s: a cylindrical pit containing a cache 

of flint flakes and cores laid on a bed of ashes (Shippee 

1963:272). Similar Hopewell-affiliated caches are found 

throughout the eastern united states (Ellis 1940), and are 

also reportedly common in the northwest u.S. (David Cole, 

personal communication to Mandeville 1973:182). variations 

of this pit design are often used for experimental heat 

treatment (Mandeville and Flenniken 1974; Ray 1982b; Verrey 
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1981), and usually consist of a matrix layer, containing the 

material to be heated, sandwiched between two layers of 

embers. However, in spite of the apparent widespread use of 

thermal conditioning, archaeological evidence for this type 

of heat treating facility is relatively rare. There may be a 

simple explanation for this. Recently, for example, 

Griffiths et ale (1987) successfully used a simple hearth to 

heat treat a variety of flints. This suggests that more 

elaborate facilities may have been unnecessary. 

In order to study the differences between these two 

approaches to heat treatment, seven field trials were run 

using two different pit designs: a cylindrical pit based on 

the description above, and a shallow, hearth-type pit. 

The cylindrical pit was approximately 50 cm across by 65 

cm deep (Figure 3). A fire was maintained in the bottom of 

the pit for about two hours to create a bed of coals 

approximately 20 - 25 cm deep. The lithic samples were then 

positioned above the coals within a 6 cm thick sand matrix, 

on which a second fire was built and maintained until another 

25 - 30 cm of coals had accumulated. Finally, the pit was 

capped with a layer of soil 10 - 12 cm thick, and allowed to 

cool. Two trials were conducted using this arrangement. 

The shallower pit was a pie-plate-shaped depression 75 cm 

in diameter and 10 cm deep (Figure 4). The samples were 

placed within a matrix 8 - 10 cm thick, on which a fire was 

maintained for roughly 3 to 4 hours, prior to being capped 
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with 10 - 12 cm of soil and allowed to cool overnight. After 

each trial the pits were cleaned, and the matrix material 

replaced in preparation for the next test. Sand was used as 

a matrix for three of the field trials using this pit; soil 

was used in two. One trial also involved directly heating 

several samples within the fire itself, without benefit of a 

matrix. 

The lithic samples were arranged in a rough circle 

within the matrix, approximately 12 - 15 cm from the centre 

of the fire. This arrangement helped to minimize temperature 

differentials between the samples, as well as the temperature 

variations between the centre and edges of the fire, which 

can vary by 1000 
- 2000 C (Griffiths et ale 1986:47). A 

thermocouple placed directly among the samples provided 

continuous temperature readings. 

A Fluke Model 52 digital thermometer, equipped with 

ceramic-tipped chromium-nickel alloy thermocouples, allowed 

simultaneous monitoring of two ongoing test conditions. 

Temperatures were recorded at 10 minute intervals throughout 

the heating process, and at various times during cooling. 

Paired thermocouples were used to monitor surface/matrix 

temperature differences in two of the shallow pit tests, one 

positioned in the matrix with the samples, the other a few 

centimetres above, directly exposed to the fire (Figure 5). 

The field experiments were conducted over nine days at 

the University of Lethbridge during August and september, 
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1989. Weather conditions varied considerably throughout the 

tests, ranging from sunny and calm to vigorously windy, or 

overcast with slight precipitation. Ambient air temperatures 

were usually between 100 
- 200 C. The ground at the test site 

was hard, gravelly, and compacted, not easily dug even with a 

shovel; however, the proximity to handy supplies of fuel (in 

the form of carpenters' scrap) and river-washed sand for 

matrix use compensated for this. In an effort to use the 

available fuel supply as efficiently as possible, the fire 

was intentionally kept small (roughly 40 - 50 cm in diameter) 

and fuel used sparingly. 

After completion of the field tests, eight heating tests 

were conducted at the University of Calgary using an Olympic 

129FL electric lab kiln. The rock samples and thermocouple 

were placed within a 6 cm sand matrix in a shallow tin tray 

for heating (a supply of sand from the field test site had 

been obtained for this purpose). The samples were heated 

over four hours to peak temperatures ranging from 1000 


8000 C, and the maximum temperature maintained for another 

four, before the kiln was turned off and left to cool 

overnight. Eight groups of samples were eventually heated to 

000 0 0 0peak temperatures of 110 , 205 , 300 , 400 , 514 , 604 , 

707 0 
, and 8060 C. There were three reasons why this range was 

chosen: to ensure that optimal heat treatment temperatures 

were covered, to ascertain the lower limit at which such 

changes would occur, and to exceed the upper limit that was 
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likely using a wood-fueled fire. Temperature readings were 

again taken every 10 minutes, and the kiln periodically 

adjusted to maintain the desired temperature. 

Following heating, samples were weighed, tested for 

color changes using the Munsell Soil Color Chart (1975), and 

analyzed for changes in lustre, texture, flake scar rippling 

and flakability. Twenty-five samples were selected for 

spectrographic and scanning electron microscope examination. 

Finally, crack manifestation in the heated samples (and their 

control analogs) was analysed using liquid-penetrant testing. 

A total of 292 lithic samples were experimentally heated 

in the two series of tests. Heating trials 1, 3, 4, 6, and 7 

were run in the hearth-pit; trials 2 and 5 in the deeper pit. 

Material Analysis 

Color change. Pre- and post-heat color of lithic 

samples was determined with the Munsell Soil Color Chart 

(1975). Color measurements were done under flourescent 

lights at the University of Calgary. 

Lustre was determined by visual examination of newly 

created flake scar surfaces, and rated according to the 

following 3-point scale: 

1) none: materials exhibiting a dull flake scar surface; 

2) slight: materials exhibiting a minimal light 

reflective capacity, compared with non-reflective 

control samples; 
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3) 	 vitreous: materials exhibiting a shiny, glass-like 

sheen approaching that normally associated with 

obsidian. 

Texture changes. Texture determinations were made by 

examination of newly formed flake or flake scar surfaces, and 

rated on a 5-point scale, adapted from Rick (1978:15): 

1) 	 fine: No evident crystal structure under lOX hand 

held magnification. Smooth texture; no apparent 

grain. 

2) 	 medium-fine: Crystalline structure visible under 

magnification; however, surface still smooth to 

touch. 

3) 	 medium: Small crystals observable without 

magnification; fingernail grates slightly on surface. 

4) 	 medium-coarse: Larger crystals evident both 

macroscopically and under magnification; roughened 

texture. 

5) 	 coarse: Large individual grains visible without 

magnification; very rough, almost abrasive texture. 

Flake scar rippling. Only the presence or absence of 

ripple marks was noted on newly created flake scars in this 

study, since flake scar rippling is considered an unreliable 

indicator of heat treatment because of its variability and 

the lack of an objective recording method (Price et al. 

1982:468). 

Weight changes. All tested samples were weighed before 
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and after heating. The weights of heat-fragmented specimens 

were excluded unless all constituent pieces could be found. 

Paired t-tests were used to determine if observed weight 

losses were significant (after Mandeville and Flenniken 

1974). 

SEM analysis. A Cambridge stereoscan 250 and Kevex 

Analytical Spectrometer were used for the microscopic 

analysis. 

Prior to viewing, small flake fragments (5 - 10 mm 

across) from each selected specimen were individually mounted 

on platformed pedestals and vacuum coated with gold using an 

Edwards Sputter Coater. Using Ilford XP1 400 high resolution 

black and white film electron photomicrographs of 

representative areas of each sample were taken at 

magnifications of 100x, 500x, and 1500x. Additional 

photomicrographs were taken at the author's discretion. 

Flakability changes. The knapping studies focused 

primarily on the changes in pressure flakability caused by 

heating, although some of larger pieces were also percussion 

flaked. In an effort to objectify the knapping procedure, 

all flaking tests were done by the author, using consistent 

flaking techniques and aged antler tools. Sample 

knappability was gauged by pressure flaking 2 - 3 cm along 

one margin of each flake: some specimens were shaped into 

implements. Larger pieces were preshaped using an antler 

billet. 
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Material flakability was assessed according to the 

following criteria (adapted from Ray 1982a): 

1) 	 very poor: Minimal or no conchoidal fracture; 

extensive inclusions and/or incipient fractures; no 

flaking control. 

2) 	 poor: Minimal conchoidal fracture; inclusions and/or 

incipient fractures; minimal flaking control. 

3) 	 fair: Mediocre material with average conchoidal 

fracture; some inclusions and/or fracture planes; 

limited flaking control. 

4) 	 good: High grade material exhibiting good conchoidal 

fracture; few inclusions and/or incipient fractures; 

good flaking control. 

5) 	 excellent: Premium material with well-developed 

conchoidal fracture and lacking inclusions or 

fracture planes; excellent flaking control. 

Liquid penetrant testing. Liquid penetrant testing 

(LPT) was used to to determine whether microcrack formation 

played a significant role in the changes associated with heat 

treatment (see Appendix C for an explanation of the 

principles involved). Part of the current study was also 

aimed at determinating whether LPT is applicable for 

identifying heat treatment in archeological contexts. 

LPT, also known as dye-penetrant testing, is one of the 

best methods of detecting superficial cracks or porosity in 

solid, non-permeable materials (Booth, sherwin, and Borucki 
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et ale 1982:20). Not surprisingly, a literature search 

revealed no other archaeological applications LPT; however, 

the data suggest that the method is potentially useful for 

both lithic and metallurgical analysis (for a thorough 

discussion of liquid penetrant techniques, the reader is 

referred to McMaster [1982] or Bray and Stanley [1989:463

521] ) • 

For this study, Crack Check, a commercially available 

penetrant dye system conforming to MIL-I-25135 standards was 

used (see Appendix C). The testing kit consisted of three 

aerosol spray cans: one each of cleaning solvent, penetrant, 

and developer (Plate 1a). Total cost of the 3-can kit, 

sufficient to test several hundred samples, was under $20 

Cdn. 

since each rock sample was individually stored in a 

plastic sample bag after flaking, extensive pre-test cleaning 

was not necessary, although each specimen was thoroughly 

water-rinsed prior to testing. 

Following cleaning, the samples were tested in groups of 

ten or twelve. A number of preliminary tests determined that 

10 to 15 minutes was an appropriate penetrant absorption time 

(its dwell time). The samples were then water-rinsed, and, 

when necessary, wiped with a solvent-moistened cloth to 

remove excess penetrant. They were then allowed to dry 

thoroughly before the developer was applied to the newly 

created flake scar surfaces. 



76 


To minimize experimental bias, tested samples were not 

labelled, although specimens were arranged so they could be 

returned to their correct sample bags. Because of the 

difficulty of assessing variable crack reactions, a simple 

two-category checklist was used to record the dye-penetrant 

reaction of each sample: 

1) minimal: crack reaction ranging from none to the 

appearance of a few faint, pink blotches or lines on 

the material surface; 

2) obvious: unambiguous, distinct crack reddening or 

blotching. 

Crack observations were taken from the centre of flake scar 

surfaces to avoid spurious, knapping-related edge reactions. 

Examples of typical reactions are illustrated in Plate Ib; 

the two Knife River Flint specimens on the left reacted 

minimally or not at all, while the severely crazed KRF sample 

on the right shows a very obvious penetrant reaction. 

Although some specimens reacted immediately, exhibiting 

a well-defined pattern of cracks (which showed up as red 

discontinuities on a frosty white background) a minimum of 10 

minutes was allowed to ensure thorough development. 

Afterwards, each sample was inspected, and its penetrant dye 

reaction recorded. Several samples were photographed. A 

water rinse was sufficient to remove the dye/developer from 

most samples, although some required additional solvent 

cleaning (despite this, many of the coarser-grained materials 



77 


were permanently stained). The samples were then dried and 

replaced in their sample bags. Approximately one hour was 

required to test a given group of samples. 

The samples were grouped into the following material 

categories for statistical analysis: 

chalcedony or chalcedony-like: Translucent, fine-grained 

siliceous material, exhibiting good conchoidal fracture. 

Following convention, Knife River Flint was classed as 

chalcedony because of its dark brown translucent 

appearance (Clark 1984:175). Other chalcedonic-like 

materials included macroscopically similar specimens 

from South Bompart and the Montana Roadside site. 

chert or chert-like: Opaque, fine-grained, siliceous 

stone, with good conchoidal fracture. Most of the 

Schmitt Mine and California Creek material fell into 

this category, along with some of the Montana Roadside 

and South Bompart specimens. 

tourmaline/tourmalinite: Comprised a range of fine

grained to relatively coarse, extremely hard and dense 

siliceous rock, dark gray to almost black in color. 

Almost all of the British Columbia material fell into 

this category. 

quartzite: Granular material comprised of 

metamorphically fused quartzite grains, commonly ranging 

from poor to mediocre in flaking quality. The Swan 

River samples were included this category, as were 
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coarse-grained specimens from South Bompart and North 

Star Mountain. 

Because of its variability, the Etherington material was 

analyzed separately. The Knife River Flint also was examined 

separately because of its prehistoric significance, in 

addition to being included in the chalcedony category. 
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CHAPTER 5 

RESULTS 

This chapter describes the heat-induced changes seen in 

the various materials tested, and confirms the observations 

of other researchers: reactions are material-specific and 

vary widely. Included are observed changes in color, lustre, 

texture, flake scar rippling, weight changes, flakability, 

and as well as results of the SEM analysis. The results of 

the liquid penetrant tests are described in a separate 

section. Following this is a description of the pit type 

results. 

MATERIAL ANALYSIS 

Etberington Cbert 

Macroscopic Changes. The raw Etherington chert ranged 

from dark gray to very dark gray (Munsell colors N 4/0 

N 3/0). Temperatures under 4000 C elicited virtually no color 

change, while higher temperatures resulted in a color shift 

to slightly lighter grays (N 5/0, N 6/0), as did direct 

exposure to the fire (the surface heated sample paled from 

N 3/0 to 4/0). Significantly, the only flakes showing any 

heat-induced reddening were from the same core (E89-2), and 

even this change was inconsistent: only four of ten heated 

samples from this core were discernibly reddened. In these 
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flakes, reddening varied from a slight tinge on a sample 

heated to 2050 C, to a dark, reddish gray on the 3000 C sample. 

None of the raw Etherington samples showed any 

discernible lustre. A slight lustre increase was noted on 

64% (7/11) of the samples heated from 3000 
- 604 0 C. Five of 

these were from the core mentioned above, two of these were 

also reddened. 

In its raw state, the Etherington chert was slightly 

granular and showed no appreciable textural change when 

heated below 6500 C. Above this temperature, the material 

became noticeably coarser. 

None of the Etherington specimens exhibited any 

appreciable flake scar rippling, heated or otherwise. 

Weight Change. Heated Etherington material experienced 

a significant mean weight loss of 0.19% (2 = .01). Samples 

heated to less than 3500 C lost an average 0.17% of their 

weight (from 0.00% - 0.50%); those exposed to higher 

temperatures lost an average of 0.20% (ranging from 0.16% 

0.52%). 

Flaking Changes. Most of the raw Etherington chert 

fractured in a very blocky, irregular fashion; attempts to 

pressure flake the material usually resulted in the removal 

of uneven chunks. However, three of the nine samples heated 

to 3000 
- 4900 C contained cores of noticeably better flaking 

quality. 

Samples heated to 654 0 
- 707 0 C were extremely brittle and 
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fractilei the specimen heated to 8060 C was severely 

dehydrated. Extremely friable, this sample could be easily 

broken with a slight amount of pressure. Overall, heating 

Etherington chert to 3000 
- SOooc appeared to improve 

flakability in higher grade samples, but the material was 

degraded by higher temperatures. 

SEM analysis. Four samples from the above-mentioned 

core (E89-2, which showed both color and lustre changes) were 

selected for analysis under the scanning electron microscope: 

a control specimen, and samples heated to 20So C, 4000 C, and 

60SoC. 

The surface of the control sample was noticeably rough 

and granular (Plate 3a), explaining the poor flaking quality 

of the material. The graininess was especially evident at 

higher magnifications (Plate 3b). Little change was observed 

in the sample heated to 20So C. 

A channel-like crystalline formation transected the 

surface of the sample heated to 4000 C (Plates 3c and 3d). 

Spectrographic analysis indicated the crystals were primarily 

silica, although a small amount of iron was also detected, 

which may have been responsible for the slight reddish tinge 

observed on this sample. Sponge-like areas with large 

numbers of irregularly shaped voids, not observed on the 

other samples, were also present (Plate 3e). The presence of 

minute amounts of calcium suggest these microvoids may have 

resulted from the destruction of organic material during 
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heating. 

The surface of the 6050 C sample was devoid of 

distinctive features. The edges of surface features were 

smoother and less distinct, and the graininess associated 

with lower temperatures had disappeared (Plate 3f). 

Tourmaline/tourmalinite 

Macroscopic change. The tourmalinaceous samples were 

generally very dark gray (N 3/0) in color and showed minimal 

change when heated to temperatures under 6050 C. Temperatures 

above 7000 C elicited dramatic color changes. Goatfell 

tourmalinite kiln-heated to 707 0 C turned olive to olive gray 

in color (5Y 4/3, 3/2), and changed to a yellowish brown 

(lOYR 5/4) at 8060 C. The Negro Lake material darkened 

slightly to black (N 2/0) at 6050 
- 654 0 C, but portions of 

the 707 0 C sample acquired a thin yellow rind (5Y 4/3), while 

the 8060 C sample turned completely olive/olive brown (5Y 5/3, 

2.5Y 4/4), aside from a small black core. North star 

Mountain tourmalinite exhibited similar surficial color 

change, turning olive (5Y 4/3) at 6050 C, acquiring a well 

developed olive-colored rind (5Y 5/3) by 707 0 C, and turning 

ocompletely yellow-brown (lOYR 6/4) at 806 C. The fine-

grained st. Joe Prospect sample changed from very dark gray 

(N 3/0) to dark olive gray (5Y 3/2) at 707 0 C, and to dark 

grayish brown (2.5 Y 4/2) at 8060 C. Interestingly, these 

color changes were seen only on kiln-heated samples, and did 

not occur on field tested material heated to comparable 
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temperatures, even among those exposed directly to the fire. 

It is possible that the field test conditions created a high 

temperature reducing atmosphere which precluded the color 

change. 

None of the raw tourmalinaceous samples showed any flake 

scar lustre. A negligible increase in lustre, impossible to 

recognize without control comparisons, was exhibited by 9% 

(6/67) of all tourmalinaceous specimens heated from 2900 


654 0 C. No appreciable change in the medium to coarse texture 

of the materials occurred during heating. 

Unheated tourmalinaceous specimens showed no flake scar 

rippling. Percussion associated rippling was noted in 9% 

(6/67) of the samples heated to 2910 C or more; no rippling 

was observed in pressure-flaked samples. 

Weight Change. A 0.17% mean weight loss observed in the 

heated tourmalinaceous samples was not significant. 

Flaking Changes. Unheated tourmalinaceous materials 

were very difficult to pressure flake, requiring a great deal 

of effort that quickly wore down the antler tools. 

Percussion flaking was also difficult; some samples were 

impossible to flake with the antler billet. Overall, the 

tourmalinaceous materials were very similar in flakability: 

dense, hard, and difficult to work. However there appeared 

to be some source-specific flaking variation; for example, 

flakes removed from the st. Joe sample were thin and brittle, 

and easily broken between the fingers, while pressure flaking 
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the coarser Goatfell material produced short, stubby, thicker 

flakes. 

Virtually no flaking change was observed in samples 

heated to less than 3300 C. Materials heated to 3300 
- 3420 C 

required noticeably less percussion flaking force, and 

several samples exhibited some improvement in pressure 

flakabilty (which manifested itself both in reduced flaking 

effort and reduced wear on the antler tools). 

Almost all of the tourmalinaceous samples heated to 4000 

- 6050 C were easier to flake than their raw counterparts. 

Goatfell material heated to 477 0 C was perceptibly easier to 

pressure flake; it was possible to remove centimetre-long 

flakes from one sample. The flakability of the 

tourmalinaceous material gradually improved until the onset 

of the color change (around 6050 C). Samples exhibiting 

relatively minor, surficial color changes remained workable, 

but material heated to 8060 C was brittle, crumbly, and easily 

crushed. Surface-heated samples, apparently degraded by 

direct heat exposure, also fractured in an irregular and 

unpredictable fashion. 

SEM analysis. Ten tourmalinaceous samples were analyzed 

under electron microscope: five fine-grained tourmaline 

specimens from Negro Lake (a control, and flakes heated to 

2050 C, 4000 C, 6050 C 8060 C) and five coarser-grained 

tourmalinite samples from Goatfell heated to the same 

temperatures. 
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Texture differences between the two materials were 

readily apparent at 100x (Plates 4a and 5a, respectively); 

the tourmaline surface was much smoother. Spectrographic 

analysis of the tourmaline revealed trace amounts of 

magnesium and sodium. In Plate 4a, a macroscopically 

discernible band of different material can be seen as a 

scattering of gray blotches across the middle of the 

photomicrograph; iron and trace amounts of other non

siliceous minerals were detected in this area. No 

discernible changes were noted in the sample heated to 2050 C. 

The enhanced flakabilty of the 400oC-heated tourmaline 

may have been due to increased microcracking, evident at 

1500x (as indicated by the arrow: Plate 4b). Spectrographic 

analysis revealed the presence of silica, iron, potassium, 

and aluminum in a crystalline vein that appeared to be the 

analogue of the band of non-siliceous material observed in 

the control sample (Plate 4c), suggesting the occurrence of 

some type of heat-induced crystallization. 

The tourmaline sample heated to 6050 C exhibited fewer 

and smaller microcracks (Plate 4d) than the 4000 C specimen. 

The surface appeared smoother and visible edges seemed 

slightly more rounded; overall, however, it was difficult to 

discern any obvious differences between any of the Negro Lake 

samples heated under 6050 C. In contrast, the sample heated 

to 8060 C exhibited deep microfissures (Plate 4e) and small 

globular clusters not seen on other samples (Plate 4f). Some 
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of these globules were spectrographically identified as iron, 

with traces of manganese; others were found to be primarily 

silica, with traces of calcium, potassium, iron, and 

aluminum. since these elements were observed in distinct 

crystalline formations in samples heated to lower 

temperatures, the globules may be the result of some type of 

eutectic reaction. This may also explain the dramatic color 

change seen in the highly heated samples. 

The comparative coarseness of the raw tourmalinite is 

obvious at 100x (Plate Sa). Its rough, platy, and irregular 

surface resolves itself into the jumbled mass of thick, lath

like crystals (possibly mica [Doris Johnston, personal 

communication, 1989]) seen at SOOx in Plate Sb. Numerous 

tiny, light-colored flecks were scattered over the material 

surface. There was little discernible difference between 

tourmalinite specimens heated to 20SoC and 400oC, although 

increased microcracking in the latter was visible at SOox 

(indicated by the arrow in Plate Sc). 

The surface of the tourmalinite heated to 60SoC remained 

rough and irregular, although the crystalline fibres were not 

as readily apparent (Plate Sd); microcracking was extensive. 

Temperatures of 8060 C appear to have completely fused the 

crystal fibres, shown by the way microcracks pass through 

them without interruption (Plate Se). Magnifications above 

SOOx revealed pervasive microcracking, coinciding with the 

flaking deterioration seen in this sample (Plate Sf). 
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North star Mountain quartzite 

The coarse-grained quartzite from North star Mountain 

was light gray (N 5/0 - 3/0) mottled with tiny, reddish 

inclusions, and darkened slightly when heated to temperatures 

of 2000 
- 5000 C. Samples heated to 6050 C turned brown or 

brown-gray (2.5YR 4/2, 7.5YR 3/2); those heated to 707 0 C 

showed a distinct reddish-gray color change (5YR 4/3) which 

turned brown (7.5YR 4/4) at 8060 C. No lustre or texture 

changes were observed as a result of heating. 

The flakability of the quartzite ranged from poor to 

fair whether it was heated or not. Samples heated to 7070 


8060 C became dry and brittle, but remained flakable, albeit 

of poor quality. 

The quartzite showed an average weight loss of 0.79% 

(significant at the .01 level), reflected in a mean weight 

loss of 0.40% in specimens heated to less than 3500 C (ranging 

from 0.08% to 0.79%) to 1.12% in samples heated above 4000 C 

(from 0.23 to 3.208%). 

California Creek Chert 

Macroscopic Changes. Most of the unheated California 

Creek samples were yellow to olive brown in color (2.5Y 4/4 

6/4, 7.5YR 4/4, 10YR 4/4), many with reddened edges. Several 

were reddish yellow (7.5YR 5/6) or dark red (10YR 3/4, _3/6). 

The predominant post-heat colors ranged from dark to dusky 

red (lOR 3/4 to lOR 3/6). Reddening in California Creek 

chert was consistently associated with temperatures above 
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2050 C. Eighty-four percent (21/25) of the samples heated to 

temperatures of at least 2050 C acquired a reddened color not 

present in their raw counterparts. Surface color changed 

from brown/yellow-brown to dark red/red-brown (lOR 3/2, 2.5YR 

3/4) on samples heated to 2900 
- 3300 C; the color of the 

interior remained unchanged. 

Materials heated to 5150 C were thoroughly reddened and 

crazed, while those exposed to 6050 
- 8060 C became dry, 

brittle, and crumbly. The color of samples that were red 

prior to heating, became, if anything, darker and more 

saturated. Similar reddening was observed in the sample 

exposed to direct heat, which turned from olive-brown (2.5YR 

4/4) to dark red (lOR 3/6). The heat-induced consistency of 

this color change indicates that the reddened debris 

scattered around the quarry site is due to heat exposure, 

probably due to rapidly burning grass fires. 

with the exception of a few samples showing evidence of 

prior heating (i.e. reddened edges or surfaces), most of the 

unheated chert did not exhibit any flake scar lustre. 

A dramatic increase in gloss and a noticeably smoother 

texture were associated with the surficial reddening seen 

in samples heated to 2000 
- 3400 C. Samples heated above 

this range lacked flake scar lustre, and most heated above 

5000 C acquired a discernibly coarser texture. 

Weight Change. Heated California Creek chert 

experienced an average weight loss of 0.61% (significant at 
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the .01 level). Weight loss in specimens heated to less than 

3500 averaged 0.16% (ranging from 0.00% - 0.28%), while 

samples heated above 4000 C lost an average of 0.88% (0.27% to 

2.18%). Eight out of ten samples heated to temperatures of 

6050 C+ exhibited a weight loss greater than one percent. 

Flaking Changes. Most of the unheated yellow-brown 

chert was fair to good in flaking quality, while reddish 

samples were generally poorer, with rough, irregular flake 

scars. 

There was a noticeable improvement in flaking quality 

associated with the surficial color changes mentioned above, 

notably in samples heated to 2900 
- 3400 C. Sixty-seven 

percent (6/9) of the samples heated to these temperatures 

were rated as good in flaking quality, compared to 42% (5/12) 

of control samples which were similarly rated (three of which 

also exhibited a slight gloss). Flake scar rippling was 

variable, with both control and heated specimens exhibiting 

the trait. 

A gradual deterioration in flaking quality was observed 

in samples heated from 4000 C to 5150 C. Materials heated 

above these temperatures were easily crushed and completely 

unworkable. 

SEM analysis. Two samples of California Creek chert 

were microscopically examined, a control sample and one 

heated to 3000 C. The high flakability of the control is 

evidenced by the smooth homogeneity of its surface (Plate 
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6a) • 

Rippling associated with the reddened 3000 C sample is 

evidenced by pronounced curved ridges on the flake surface 

(Plate 6b). Iron was detected in many of the tiny 

crystalline features scattered across the surface of this 

sample, suggesting it was responsible for the observed color 

change. 

Schmitt Mine Chert 

Macroscopic Changes. The dominant color of unheated 

Schmitt Mine material was yellowish-brown (10YR 4/6, 5/6). 

Color changes ranged from dark reddish brown (5YR 3/4) to 

dark red (lOR 3/3, 3/4) in samples heated above 2050 C. 

Eighty-four percent (16/19) of non-reddened samples turned 

red when heated above 2000 C; 89% (8/9) heated to 2900 
- 4000 C 

experienced at least a surficial reddening. A sample exposed 

directly to the fire changed from dark brown (7.5YR 4/4) to 

black (10YR 2/1). 

Unlike the California Creek material, few of the 

untreated Schmitt Mine samples bore evidence of prior thermal 

alteration; only two control samples were reddish brown (5YR 

3/4; 2.5YR 3/5) prior to heating. 

Flake scar lustre was not present on the controls, or on 

any samples heated below 2900 C or above 4000 C. However, all 

nine samples heated within this range acquired a slight, but 

noticeable, gloss. Little discernible texture change was 

observed; most specimens possessed a medium-fine texture 
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whether heated or not. 

Most specimens exhibited no obvious flake scar rippling, 

although ripple marks were observed on one of seven flake 

tested controls, and 27% (3/11) of samples heated to 3000 


4900 C. 

Weight Change. The tested Schmitt Mine samples lost an 

average 0.96% in weight during heating (significant at the 

.05 level). Samples heated to under 3500 C experienced a mean 

weight loss of 0.32%, (ranging 0.13% to 0.54%), while those 

samples heated over 4000 C lost an average of 1.59% (from 

1.17% - 2.12%). 

Flaking Changes. The Schmitt Mine chert was highly 

variable in flakability, ranging from very poor to good. 

Many specimens contained both chert and chalcedonic 

components. Vugs were common, making flake removal 

difficult. Some of the smaller pieces (i.e. pebble size, 2 

5 cm across) seemed to be of reasonably good flaking quality, 

while larger samples (ranging in size to fist-sized nodules) 

ranged from fair to poor. The reddened samples were inferior 

to the brown material in flaking quality; it seems likely 

that the former suffered previous heat exposure, based on the 

heat-induced color changes observed during this study. 

The material appeared to be have a relatively narrow 

optimal temperature range. Most samples heated to 290o 

3000 C were amenable to pressure flaking; those exposed to 

slightly higher temperatures (i.e. 3300 
- 342 0 C) exhibited 
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irregular fracture and a proclivity to edge crushing during 

flaking. Samples heated above these temperatures quickly 

became dehydrated, decrepitated, and brittle. Although the 

generally mediocre quality of the samples makes it difficult 

to make any sweeping statements regarding flakability 

improvements in the Schmitt Mine chert, 3000 C appears to be 

close to the optimal heating temperature for the material. 

Tested samples were extremely sensitive to relatively small 

temperature increases beyond this range. 

South Bompart chalcedony 

Macroscopic Changes. Samples of a brown/grayish brown 

(10YR 2/2, 3/2) chalcedony changed to various shades of 

reddish brown and dusky red (5YR 3.5/2.5, 4/4; lOR 2.5/2, 

3/6; 2.5YR 3/2) at temperatures of 2000 
- 3000 C. The surface 

heated sample changed from dark brown (10YR 2/2) to a light, 

reddish brown (5YR 6/4). One control specimen, which 

resembled a fine-grained, dull gray-brown quartzite, acquired 

a brownish, lustrous, chalcedonic appearance when heated to 

3000 C, and turned a glossy pink at temperatures around 4000 C. 

Fifteen of 16 samples (94%) heated above 2050 C exhibited 

a reddish/orange color not present before heating, 

intriguingly similar to those noted in a description from the 

nearby MacHaffie site where " .•. there is a wide variety of 

chalcedonies ••. (and) the red, semi-transparent type often 

found in bottom level chips, and red-to-caramel-colored, 

opaque flints of most Folsom artifacts, are abundant" (Forbis 
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and Sperry 1952:127-128). However, the fact that naturally 

reddened outcrops of material occur throughout the area 

cannot be ignored (Leslie B. Davis, personal communication, 

1991), nor can evidence that thermal alteration at the site 

was due to incidental heating (Knudson 1983:66). 

Most South Bompart samples exhibited a medium-fine 

texture whether heated or not. None of the samples showed 

any evidence of lustre or flake scar rippling prior to 

heating. However, three of eight flakes heated to 2900 C 

342 0 C acquired a vitreous lustre; the remaining five showed a 

slight increase. Five flakes also exhibited noticeable flake 

scar rippling not present on any samples heated above this 

range. All samples heated to 3300 
- 3420 C exhibited 

irregular, multi-faceted flake scar surfaces and reduced 

gloss when compared to those heated to lower temperatures. 

Weight change. South Bompart chalcedony experienced a 

mean weight loss of 0.43% (significant at the .05 level). 

Losses in specimens heated to temperatures under 3500 C 

averaged 0.23%, ranging from 0% to 0.58%; weight loss 

averaged 0.65% in samples heated above 4000 C and ranged from 

0.16% to 1.05%. 

Flaking Changes. Most of the raw South Bompart material 

was mediocre in flaking quality. An obvious improvement was 

noted in flakes heated to 2900 C - 3400 C (coincident with the 

increase in vitreous lustre mentioned above). Almost all 

specimens heated above 3300 C exhibited noticeable flaking 
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deterioration. Samples heated to 3300 
- 3420 C were prone to 

edge crushing during pressure flaking. However, some samples 

heated to this temperature contained cores of more flakable 

material. 

All South Bompart samples heated to temperatures 

exceeding 4000 C were noticeably degraded. Several were 

destroyed by explosive decrepitation during heating. Most 

heated above 4700 C were severely crazed, crumbly, and 

dehydrated. Direct heat exposure resulted in complete 

calcination of the material. 

SEM analysis. Four samples of South Bompart chalcedony 

were analyzed under the SEM (a control sample, along with 

flakes heated to 2050 C, 4000 C, and 6050 C). 

The surface of the control sample was relatively 

featureless, with the exception of a few small crystalline 

inclusions, visible as the darker areas near the centre and 

in the lower right of the photomicrograph (Plate 7a). A few 

small ditch-like voids can be seen seen as gouges in the 

upper right portion of the photomicrograph. Little change 

was observed in the 2050 C sample. 

The 4000 C sample had experienced extensive color change, 

acquiring a salmon-pinkish hue (lOR 5/2; weak red) speckled 

with tiny orange inclusions and a highly vitreous gloss. At 

lOOx, its surface was visibly smoother and more homogeneous 

than that of the control sample (Plate 7b). Small pockets of 

quartz crystals (Plate 7c) and minute crystalline inclusions 
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(Plate 7d) could be seen. The latter possessed a high iron 

content, and may have been responsible for the visible orange 

blotches. 

The deep fissures in Plate 7e reflect the severe 

crazing seen in the 6050 C sample, which was crumbly and 

unflakable. 

Kontana Roadside Katerials 

Because of their varied nature, samples from the 

roadside site were included only in the overall LPT analysis 

according to their material type. 

Knife River Flint 

Macroscopic Changes. The color changes seen in heated 

Knife River Flint make identifying prehistoric heat treatment 

on the basis of this trait difficult. The unheated Knife 

River Flint was predominantly very dark brown (10YR 2/1), 

almost black in color. This is slightly darker than the 

color reported by Clayton et ale (1970:287) and Abler 

(1983:3), possibly because of the fluorescent lighting 

conditions under which the specimens were examined. 

Minimal color change accompanied a slight increase in 

gloss in samples heated to 2050 C. Several flakes heated to 

2900 
- 342 0 C darkened distinctly to a very deep brown, almost 

black color (N 2/0; 5YR 2.5/1). Higher temperatures (i.e. 

> 5000 C) resulted in the formation of a thin (-0.5mm), dark 

brown/black (7.5YR 3/2 to 10YR 2/1) rind on the surface, and 

a dramatic interior color change to gray/dark gray (N 4/0 
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6/0) • 

Temperatures above 7000 C resulted in a dramatic color 

change, ranging from dark gray to white (10YR 4/1 - N 8/0) on 

an 8060 C heated sample to very light gray (N 6.5/0) in a 

flake directly exposed to the fire (Plate 2a). These changes 

rendered the samples unrecognizable as KRF, and are similar 

to those described by Abler (1983:3). 

No flake scar gloss was observed on any of the control 

samples: their texture ranged from medium-fine to fine. A 

slight lustre increase was noted in samples heated to 20SoC, 

although no color change was evident. An obvious increase in 

lustre was observed in all specimens heated to 2900 
- 3420 C 

(see Plate 2b): several samples exhibited an extremely fine, 

almost obsidian-like texture. Gloss was noticeably reduced 

on specimens heated to 4000 C and was completely lacking in 

samples heated above 4900 C. The flake scars on samples 

heated above optimum flaking temperatures (i.e. > 3000 C) 

became gradually coarser, eventually becoming dry and rough 

to the touch on material heated above SOooC. 

Flake scar rippling was observed on only one of six 

control samples. In contrast, seven of eight specimens 

heated to 2900 
- 3420 C exhibited obvious rippling in 

conjunction with the vitreous flake scar lustre and flaking 

improvements observed at these temperatures. This rippling 

rapidly disappeared as flake scar irregularity increased at 

higher temperatures. 
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Weight Change. Heated Knife River Flint experienced a 

mean weight loss of 0.59% (significant at the .05 level). 

Percentage of weight loss in samples heated to less than 

3500 C averaged 0.08% (from 0.00% to 0.33%). Weight loss in 

specimens heated above 4000 C averaged 1.03%, ranging from 

0.05% to a maximum of 3.70% in a severely crazed sample, 

with the greatest weight losses at temperatures associated 

with severe material deterioration (i.e. > 5000 C). 

Flaking Changes. The flakability of raw Knife River 

Flint was second only to the obsidian, and, when 

appropriately heated, closely approached it. 

Flaking improvements were confined to a relatively 

narrow temperature range; material flakability was most 

enhanced at temperatures of 2900 C - 3000 C. Most KRF 

specimens heated to 3300 
- 3420 C were prone to edge crushing 

when pressure flaked, although several possessed higher 

quality, more flakable, cores. One specimen reacted 

extremely well to a temperature of 333 0 C; flakes from this 

high grade sample collectively produced a distinctly glass

like sound when jostled in the sample bag. Temperatures of 

4000 C resulted in flaking deterioration, reflected by loss of 

fracture control and the formation of irregular and multi 

faceted flake scars, although one sample heated to this 

temperature still retained a reasonably workable core. 

A marked deterioration in flaking quality was obvious in 

specimens heated to 477 0 C - 4900 C, although little change was 
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evident visually. Samples became extremely brittle, and 

crushed during pressure flaking. 

Visible crazing was obvious in samples heated beyond 

6050C. Several pieces shattered during heating. Surficial 

potlid fractures on samples heated to 6540C could be pried 

off with a fingernail. Cracks thoroughly permeated these 

specimens, which were brittle enough to be broken by hand. 

All KRF samples heated to between 7000C and 8060 C were 

permeated by a visible network of fine cracks; all were 

extremely dry and crumbly. 

SEM analysis. Four samples of Knife River Flint were 

examined under the scanning electron microscope, a control 

sample and flakes heated to 2~50C, 400oC, and 6050 C. 

At low magnification, the surface of the unheated sample 

was a smooth, practically featureless expanse (Plate 8a). 

The only visible anomalies were a few minute crystalline 

inclusions. The 2050C sample exhibited tiny cracks along its 

compression rings (Plate 8c; the small, dark blotch on the 

lower right border is spurious electron glare) and small, 

dandruff-like silica flakes (seen as the light-colored specks 

in Plate 8b) which were not observed on the control sample. 

The 4000C sample was heated beyond its optimum flaking 

temperature. Although its surface appeared to be smooth and 

featureless at lOOx, higher magnifications revealed increased 

roughness and granularity, indicating reduced material 

homogeneity and consistent with the reduction in flaking 
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quality observed at these temperatures (Plate 8d). 

Examination of the sample heated to 60So C revealed the 

probable reason for the severe deterioration associated with 

overheated KRF: an extensive roadmap-like pattern of 

microfissures covered the entire surface of the sample (Plate 

8e) • 

Swan River Chert 

The Swan River material resembled a medium to coarse

grained white quartzite, ranging from light gray to white (N 

7/0, 8/0) in color. Some samples exhibited a slight pinkish 

tinge prior to heating. Flakability ranged from fair to good 

(in both control and heated samples), and several specimens 

exhibited both a well-developed conchoidal fracture and 

evident lustre. 

Most samples heated to less than SOooc showed little 

visible change. One flake heated to 477 0 C acquired a slight 

lustre not present on its control; another heated to 6S4 oC 

showed an obvious lustre increase, and experienced a color 

shift from light gray (N 7/0, 7.S/0) to pinkish gray/white 

(7.SYR 7/2, 8/2); a crystalline pocket turned a distinct 

yellowish red (SYR S/8). 

The Swan River sample directly exposed to the heat 

became dry and chalky, losing its gloss, and bleached to a 

pure white beyond the range of the Munsell Chart (estimated 

to be N 9/0 or 10/0). 

On the basis of this limited analysis, it appears that 
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relatively high temperatures (i.e. > 4000 C) are necessary to 

induce flaking changes in Swan River chert. The material is 

quite resistant to thermal shock, although when directly 

exposed to direct heat it quickly loses its flakability. 

Obsidian 

since there was no information regarding its original 

disposition or possible past exposure to heat, the obsidian, 

like the Swan River material, was only informally included in 

the field test portion of the study. 

The obsidian was a dusky red (lOR 3/3) and black (darker 

than any chip on the chart, but estimated to be N 1-1.5/0) 

and possessed an extremely vitreous lustre and excellent 

flakability. It exhibited both a well-developed conchoidal 

fracture and obvious flake scar rippling. Samples were 

heated to 2910 C - 4900 C, and the results can be summed up 

succinctly: no apparent color, lustre, or flakability changes 

were associated with heating. 

Summary 

The finer-grained cherts and chalcedonies were found to 

be relatively temperature-sensitive, as reflected by the 

heat-induced color, lustre, and flaking changes observed in 

these materials. Often, such changes were elicited at 

relatively low temperatures; some specimens of Knife River 

Flint exhibited lustre increases at temperatures as low as 

2050 C. Optimal flaking temperatures for all of these 

materials were in the 2900 
- 3400 C range. 
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Not unexpectedly, the raw Knife River Flint was one of 

the highest grade materials tested. Nevertheless, heating 

KRF to its optimum temperature elicited surprising flaking 

improvements, creating a material that was extremely 

glass-like in both its feel and workability. All the other 

materials exhibited varying degrees of flaking improvement, 

with the exception of the obsidian and the quartzites. 

The manifestation of other heat-related characteristics 

often varied within the same material type. Brownish, 

translucent chalcedonies generally darkened when heated, but 

did not exhibit the dramatic color changes associated with 

the cherts. The latter were more susceptible to heat-induced 

reddening (especially the California Creek material). Most 

fine-grained siliceous samples exhibited an obvious increase 

in lustre which coincided with flaking quality improvements. 

At temperatures beyond the optimum, both of these 

characteristics declined, and above 500oC, almost all showed 

obvious signs of calcination. 

weight loss in the cherts and chalcedonies corresponded 

to these changes, ranging from mean losses of 0.08% to 0.32% 

in materials heated below optimum temperatures « 342 0 C), to 

0.65% - 1.59% in those heated above this range. 

Aside from becoming slightly lighter in color (and the 

acquisition of a reddish tinge by some samples), the visible 

effects of heating on the Etherington samples was negligible. 

Heat-induced flaking changes were also difficult to assess 
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because of the variability of the material, although heating 

appeared to improve the higher grade cores found in some 

specimens. These cores usually acquired a slight but 

noticeable gloss after heating; unfortunately, most of these 

samples were too small to effectively flake. However, on the 

basis of the effects observed, it seems likely that the 

workability of Etherington chert would be improved by 

heating. Weight loss in the Etherington material varied 

little as a result of heating, averaging 0.17% and 0.20% in 

specimens heated below and above 3500 C, respectively. 

visible changes in the hard, dense tourmalinaeous 

material were negligible. However, temperatures as low 3300 C 

improved the flakability of some samples, and practically all 

pieces heated above 4000 C were more easily flaked. Like the 

siliceous samples, the tourmalinaceous specimens were damaged 

by overheating (evidenced by thorough olive-color change and 

internal crazing), albeit at much higher temperatures (i.e. 

> 7000 C). The tourmalinaceous samples experienced no 

significant weight loss during heating (the major material 

changes are briefly encapsulated in Table 1 following). 

Similarly high temperatures (i.e. > 4000 C) were 

necessary to elicit flaking changes in Swan River chert, 

which became dry and chalky when overheated. The obsidian 

appeared to be completely unaffected by heating. 
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Table 1. Summary of heat-mediated material changes. 

MATERIALI 
TEMPERATURE (C) 

COLOR LUSTRE TEXTURE FLAKABILITY REMARKS 

ETHERINGTON N 3/0, 4/0 NONE MEDIUM-COARSE POOR REDDENING ON 
CHERT HEATED SAMPLES 

110- 20:5 NO CHANGE NONE NO CHANGE POOR INCONSISTENT, 
20:5-342 NO CHANGE SLIGHT NO CHANGE FAIR OVERALL POOR 
400-:51 :5 N :5/0, 6/0 SLIGHT NO CHANGE FAIR FLAKING QUALITV 

SLIGHT REDDENING AT ALL TEMPERA
60:5-806 BLEACHED NONE COARSE VERY POOR TURES . 

TOURMALINEI N 3/0 NONE rtEDIUM-FI NE POOR TO FAIR HIGH TErtPERATURE 
TOURMALINITE TO COARSE POOR TO FA IR COLOR CHANGE 

110-20:5 NO CHANGE NONE NO CHANGE GENERALLY FAIR SEEN ONLY IN KILN 
20:5-342 NO CHANGE VERY SLIGHT NO CHANGE FAIR SAMPLES. NO SIGNI
400-:51!5 NO CHAN GE VERY SLIGHT NO CHANGE FAIR FICANT WEIGHT LOS. 
60:5-806 :5V 3/2, 4/3, :5/3 NONE COARSE VERY POOR TO DUE TO HEATING . 

10VR 6/4, 2.:5V 4/2 	 FAIR 

CALIFORNIA 2.:5Y 4/4, 6/4 SLIGHT ON SDME MEDIUM- FINE FAIR TO GOOD i NITlAL FLAKING 
CREEK CHERT 10VR 3/4, 3 /6, 4/4 REDDENED SArtPLES, (REDDENED SArt  IMPROIIEMENTS 

TYR 4/4, T .:5YR :5/6 OTHERNISE NONE PLES POORER) ASSOCIATED WITH 
110-20:5 NO CHANGE NO CHANGE NO CHANGE NO CHANGE SURFICAL COLOR 
205-342 lOR 3/ 2 , 2.:5VR 3/4 SLIGHT TO MEDIUrt-FINE GOOD CHANGE, THOROUGHLV 

VITREOUS TO FINE PENETRATING COLOR 
400-:51:5 THOROUGH REDDENING NONE TO SLIGHT rtEDIUrt-COARS E POOR TO FAIR CHANGE ASSOCIATED 
60:5-806 lOR 3/6, 4/6, :5/6 NONE COARSE VERY POOR WITH MATERIAL 

DEGRADATION. 

SCHMIT T MINE PREDOrtINANTLY NONE MEDIUM-FINE VERY POOR TO RAN MATERIAL 
CHERT 10VR 4/6, :5/6 GOOD HIGHLY VARIABLE, 

110- 20:5 NO CHANGE NONE NO CHANGE NO CHANGE BUT GENERALLV OF 
20:5-342 :5VR 3/4, l OR 3/3, SLIGHT NO CHANGE NO CHANGE MEDIOCRE FLAKING 

3/4 QUALITY. 
400- :51:5 NO FURTHER CHANGE NONE NO CHANGE VERY POOR I POOR 
60:5-806 NO FURTHER CHANGE NONE NO CHANGE VERY POOR 

SOUTH 80rtPART 10VR 2/2, 3/2 NONE MEDIUM- FINE FAIR FLAKING IMPROVE 
CHALCEDONV MENTS COINCIDENT 

110-20:5 NO CHANGE NONE NO CHANGE NO CHANGE NITH LUSTRE IN
20:5-342 2.:5VR 3/2 SLIGHT TO NO CHANGE FAIR TO CREASE AND FLAKE 

:5VR 3.:5/2.:5, 4 / 4 VITREOUS GOOD SCAR RIPPLING . 

lOR 2.!5/2, 3/ 6 


400-:51:5 NO FURTHER CHANGE NONE TO MEOIUM-FINE TO POOR TO 

VITREOUS COARSE VERY POOR 


60:5- 806 lOR 3/2 , 3/4 , 4/2, NONE MEDIUM-FINE TO VERY POOR 

4/6 COARSE 


KNIFE RIVER 10VR 2/1 NONE FINE TO GOOD OPTIMAL HEATING 
FLINT MEDIUM- FINE RANGE 290 - 300C, 

110-20:5 NO CHANGE SLIGHT NO CHANGE GOOD DEGRADED FLAKABIL
205-342 10YR 2/1, 5YR 2.:5/1 SLIGHT TO VERY FINE GOOD TO lTV TO 400C. 

N 2 /0 	 EXTREMELV EXCELLENT DARK RIND FORMA

VITREOUS TION, INTERIOR 

400-:51:5 	 SURFACE. 10YR 2/1 SLIGHT TO FINE TO MEDIUM- POOR TO COLOR CHANGE, AND 

INTERIOR. N 4/0 VITREOUS COARSE FAIR SEVERE CRAZING ARE 
(AT HIGHER TErtPS) CHARACTERISTIC OF 

60:5-806 	 SURFACE. T.5YR 3/2, NONE MEDIUrt-FINE TO VERY POOR OVERHEATING. 

10YR 2/1, COARSE 

INTERIOR. 10YR 4/1, 


N 4/0, 6/0, SIO 
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RESULTS OF LIQUID PENETRANT TESTS 


There is no doubt that some form of microcracking is 

associated with the heating process. The fact that LPT is 

useful for detecting microcracks in glass and ceramics 

suggests that the method might be similarly applied to some 

stone materials. Since liquid penetrant testing is an 

extremely sensitive, non-destructive flaw detection 

technique, it seemed reasonable that the method could be used 

to deterimine 1) at what point in the heating process 

microcracking occurred, 2) whether microcracking was 

associated with flaking quality improvement or degradation, 

and 3) whether the technique had any potential for 

identifying prehistorically heated materials. Anwering these 

questions meant structuring the study as a series of problems 

focused on the relationships between crack occurrence and 

heating temperature in the various materials. The LPT crack 

reactions were quantified to determine if any significant 

temperature-mediated differences existed. The results are 

presented below, and their implications discussed in the 

following chapter. 

Since this analysis involved a study of the relationship 

between crack reaction (a descriptive variable) and heating 

temperatures, the chi-square statistic was used to determine 

whether a significant relationship existed between the two 

(Comrey 1975:241; Rowntree 1981:150). As many discrete 
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temperature categories as possible were utilized for each 

analysis; however, when low expected frequencies were 

calculated (i.e. < 1 observation in any cell, or 20% of cells 

with < 5 observations), temperature categories were combined 

so the chi-square statistic could be used (Comrey 1975:248; 

Williams 1984:213). When 2 x 2 contingency tables (resulting 

in four cells) were used, Yates' correction was applied to 

reduce the possibility of Type I error. In these instances, 

the value of chi-square was calculated as follows: 

x2 
= the sum of (If[observed] - f[eX~ected]) 1- 0.5)2 

I[expecte ] 

where 0.5 is subtracted from the absolute value of the 

difference between each observed and expected frequency. 

Although Yates' correction is sometimes questioned because of 

its tendency to overcompensate (Williams 1984:215), use of 

the correction factor posed no problems regarding the 

interpretation of the crack frequency data. Critical values 

for the chi-square distribution were obtained from Williams 

(1984:333). 

The general research hypothesis for the material 

analysis was quite straightforward: temperature has a 

significant effect on the frequency of liquid-penetrant crack 

reaction in lithic materials. Conversely, the null 

hypothesis states that there are no significant temperature-

related differences in the liquid-penetrant crack reaction of 

the heated lithic materials. Unless otherwise indicated, all 
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of the following results were found to be significant (note: 

the Swan River material and obsidian were not included in the 

following analysis). 

Chalcedony/chalcedony-like materials 

H1 : Temperature exposure has a significant effect on the 

penetrant-crack reaction of chalcedony and chalcedony-like 

materials. 

Table 2. Chi-square Contingency Table: Crack Reaction by 
Temperature in Chalcedonic Materials. 

*Expected frequencies in brackets. Percentages. 

Temperature Reaction 
row 

minimal obvious totals 
0-1100 C 25(14.2) 

*67.6 
12(22.8) 

*32.4 
11(8.4) 

*50.0 
11(13.6) 

*50.0 
2(6.9) 

*11.1 
16(11.1) 

*88.9 
0(8.4) 

*0.0 
22(13.5) 

*100.0 

37 

205-342 0 C 22 

400-5150 C 18 

6050 C+ 22 

column totals 38 61 TOTAL 

99 


X2 = 33.86, df = 3, R < O.OOli H is rejected. 
Temperature appears to have a si~nificant effect on 
penetrant crack reaction in chalcedonic materials. 

An obvious crack-penetrant reaction was observed in 29% 

(9/31) of the unheated samplesi this increased slightly to 

32% (12/37) when samples heated to 1100 C were included with 

the controls (Figure 6). The reaction percentage increased 

to 50% (11/22) among materials heated from 2050 
- 3420 C, and 

89% (16/18) at 4000 
- 5150 C. One hundred percent (22/22) of 

the chalcedonic specimens heated to 6050 C and above exhibited 
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an obvious crack reaction. These results suggest the 

occurrence of a major structural change in the 350° - 400°C 

range. 

Chert/chert-like materials 

H2 : Temperature exposure has a significant effect on the 

penetrant-crack reaction of chert and chert-like materials. 

Table 3. Chi-square Contingency Table: Crack Reaction by 
Temperature in Chert and Chert-like Materials. 

Expected frequencies in brackets. * Percentages. 

Temperature Reaction 
row 

minimal obvious totals 
0-1100 C 43(32.4) 

*76.8 
13(23.6) 

*23.2 
11(9.3) 

*68.75 
5(6.7) 

*31.25 
1(6.4) 

*9.1 
10(4.6) 

*90.9 
0(6.9) 

*0 
12(5.1) 

*100 

56 

205-342 0 C 16 

400-5150 C 11 

6050 C+ 12 

column totals 55 40 TOTAL 

95 


X2 = 36.1, df = 3, R < 0.001; H is rejected. 
Temperature appears to have a s~gnificant effect on 
penetrant crack reaction in chert and chert-like 
materials. 

Twenty-five percent (13/53) of the unheated chert 

samples showed an obvious crack reaction; this proportion 

remained essentially unchanged (13/56) when samples heated to 

1100 C were included (Figure 7). Obvious crack reaction 

increased to 31% (5/16) in specimens heated to 2050 
- 342 0 C. 

However, over 90% (10/11) of those heated to 4000 
- 5150 C 

showed an obvious reaction, again suggestive of a major 

structural change in the 3500 
- 4000 C range. One hundred 
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percent (12/12) of chert samples heated above 6050 C (12/12) 

showed an obvious reaction (because of its variability, 

Etherington chert was not included in this category, but was 

analyzed separately). 

Chert and chalcedony combined 

H3: Temperature exposure has a significant effect on the 

penetrant-crack reaction of chalcedonic and cherty materials. 

Table 4. Chi-square Contingency Table: Crack Reaction by 
Temperature in Chert and Chalcedony Materials Combined. 

Expected frequencies in brackets. * Percentages. 

Temperature Reaction 
row 

minimal obvious totals 
controls 

1100 C 

205-291o C 

300-342oC 

400-491oC 

500-5150 C 

605-654o C 

700o C+ 

62(40.3) 
*73.8 
6(4.3) 

*66.7 
8(7.2) 

*53.3 
14(11.0) 

*60.9 
3(10.1) 

*14.3 
0(3.8) 

*0 
0(7.7) 

*0 
0(8.6) 

*100 

22(43.7) 
*26.2 

3(4.7) 
*33.3 

7(7.8) 
*46.7 

9(12.0) 
*39.1 

18(10.9) 
*85.7 

8(4.2) 
*100 

16(8.3) 
*100 

18(9.4) 
*100 

84 

9 

15 

23 

21 

8 

16 

18 

column totals 93 101 	 TOTAL 

194 


X2 = 74.26, df = 7, R < 0.001; H is rejected. 
Temperature appears to have a si~nificant effect on 
penetrant crack reaction in cherty and chalcedonic 
materials combined. 

since chert and chalcedony are sometimes included in the 

same general category for the purposes of archaeological 

analysis (eg. Brink and Dawe 1989:189), these two materials 
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were combined to provide more detailed information on crack 

reaction frequency at particular temperatures. 

There was no significant difference in the crack 

reaction frequency (26% to 47%) between unheated samples and 

those heated to temperatures ~ 342 0 C (Figure 8). The 

reaction frequency jumped to 86% (28/21) in samples heated to 

o > 0491 C, and all samples (42/42) heated to temperatures =515 C 

showed a strong reaction. 

Tourmaline/tourmalinite 

H4 : Temperature exposure has a significant effect on the 

penetrant-crack reaction of tourmaline/tourmalinite. 

Reaction differences in the tourmalinaceous samples were 

less clear cut. Many of the coarser tourmalinite samples 

exhibited a diffuse penetrant reaction, much like that 

observed in quartzite, as the entire surface turned pink 

following application of the developer. Well-defined crack 

reactions were observed in several samples, while others 

showed only a minimal reaction. The reaction frequency was 

roughly split at each temperature, with approximately 50% of 

the samples showing an obvious crack reaction (Figure 9). 

These reactions were not significantly different, as shown in 

Table 5, below. 
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Table 5. Chi-square Contingency Table: Crack Reaction by 
Temperature in Tourmalinaceous Materials. 

Expected frequencies in brackets. * Percentages. 

Temperature Reaction 
row 

minimal obvious totals 
0-110o C 17{17.0) 

*53.1 
15{15.0) 

*46.9 
20{18.1) 

*58.8 
14(15.9) 

*41. 2 
10{11.2) 

*47.6 
11{9.8) 

*52 3 
11{11.7) 

*50.0 
11{10.3) 

*50.0 

32 

205-342o C 34 

400-5150 C 21 

6050 C+ 22 

column totals 58 51 TOTAL 
109 

X2 = 0.84, df = 3, critical value of 7.815 @ R = 0.05 
means that H is accepted. Temperature has no 
significant 2ffect on penetrant crack reaction in 
tourmaline/ tourmalinite. 

Similar results were obtained when the fine-grained 

tourmaline and the coarser-grained tourmalinite were 

separately analyzed. Roughly 50% of the samples in each 

category showed an obvious crack reaction and any observed 

differences were not significant. 

Quartzite 

H7: Temperature exposure has a significant effect on the 

penetrant-crack reaction of quartzite. 

The granular nature of quartzite almost invariably 

resulted in a highly diffuse penetrant reaction that turned 

the entire sample surface pink. As a result, crack reaction 

was impossible to determine with the criteria used in this 

analysis. 
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Etherington chert 

(As previously noted, the dye-penetrant reactions of 

Etherington chert and Knife River Flint were separately 

analyzed). 

H8: Temperature exposure has a significant effect on 

penetrant-crack reaction on Etherington chert. 

Because of the small number of samples, the Etherington 

material was divided into two categories: those heated to 

110
0 C or less (including control specimens), and those heated 

to 2050 C or more. There was no significant difference in 

crack reaction between these categories, with 80% of the 

samples in each showing an obvious reaction (the results are 

graphed in Figure 10). 

Table 6. Chi-square Contingency Table: Crack Reaction by 
Temperature in Etherington Chert. 

Expected frequencies in brackets. * Percentages. 

Temperature Reaction 

minimal 
1(1.2 ) 

*12.5 
3(2.8) 

*16.7 
column totals 4 

X2 

row 
obvious totals 
7(6.8) 8 

*87.5 
15(15.2) 18 
*83.3 

22 TOTAL 
26 

= 0.00, df = 1, critical value of 3.841 @ Q = 0.05 
means that H is accepted. Temperature has no 
significant 2ffect on crack reaction in Etherington 
chert (note: the use of Yates' correction resulted in a 
chi-square value of 0.00). 
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Knife River Flint 

H9: Temperature exposure has a significant effect on the 

penetrant-crack reaction of Knife River Flint. 

Only seven percent (1/13) of the combined control and 

1100C samples showed an obvious crack reaction (Figure 11), 

which increased to 20% (2/10) of the samples heated to 

optimum flaking temperatures (i.e. 20So - 3420C). Eighty-six 

percent of the samples (6/7) heated to 4000 - SlSoC exhibited 

an obvious reaction, as did 100% (9/9) of the samples heated 

above 60So C. 

Table 7. Chi-square Contingency Table: Crack Reaction by 
Temperature in Knife River Flint. 

Expected frequencies in brackets. * Percentages. 

Temperature Reaction 
row 

minimal obvious totals 
0-1100C 13 

20S-342 0C 10 

4000C+ 16 

12(7.0) 1(6.0) 
*92.3 *7.7 

8(S.4) 2(4.6) 
*80.0 *20.0 
1(8.6) IS (7.4) 

*6.2 *93.8 
column totals 21 18 TOTAL 


39 


~2 = 2S.00, df = 2, R < O.OOli H is rejected. 
Temperature appears to have a sianificant effect on 
penetrant crack reaction in Knif8 River Flint (the 
temperature categories above 400 C were combined to meet 
expected frequency requirments in the high temperature 
cells). 

Summary of Penetrant Crack Reaction Tests 

The finer-grained siliceous materials (ie. chert and 

chalcedony) showed consistent temperature-related differences 

in crack reaction. Reaction frequencies ranged roughly from 
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20 - 50% in samples (including controls) heated to their 

optimal flaking temperatures or less; this was invariably 

under 3500C for these materials. The reaction rate jumped to 

85 - % 1n sampI eat e tOO- 500 C, C01nC1 ent90 ' es h d 0 400 "d W1'th 

the degradation in flaking quality seen at these 

temperatures, and indicating that a major structural change 

had occurred. Higher temperatures produced virtually 100% 

reaction. No samples heated to 5150C or above remained 

workable, and most exhibited other obvious indications of 

overheating, such as crazing and thorough color change. 

Crack reaction in the tourmalinaceous materials was 

ambiguous. Regardless of heating temperature, roughly 50% of 

the samples exhibited an obvious crack reaction, whether 

fine- or coarse- grained. 

Because of the graininess of quartzite, application of 

the penetrant dye produced a diffuse reaction across the 

entire material surface, making it impossible to detect any 

increases in crack formation. 

OTHER RESULTS 

Heating pit Characteristics 

Both pit types proved to be capable of adequately heat 

treating most of the sample materials. However, there were 

some important differences between the two designs. 

Under relatively calm conditions, the maximum matrix 
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temperatures attained in both pits were comparable. Tests 1 

and 7, conducted in the shallow pit under windless 

conditions, produced maximum temperatures of 341.SoC and 

33S.6oC, respectively (Figures 14 and 18). Heating gradients 

during these trials were relatively smooth, with minor 

fluctuations around the maximum. Maximum temperatures of 

291.3 0 C and 333.7o C were observed during the deep pit trials 

(2 and 5) under slightly more variable wind conditions 

(Figures 12 and 13). 

However, temperatures in the shallow pit appeared to be 

more susceptible to wind effects; test 3, for example, was 

conducted on an extremely blustery day (wind gusts of 60 

SO kID), which produced both a steeper heating gradient and 

greater high temperature fluctuation than tests conducted 

under calmer conditions (Figure 16). The 654.2 oC maximum 

attained during this trial was the highest obtained during 

the field tests. 

The windy conditions also induced a significantly higher 

frequency of decrepitation in the shallow pit (Table 8, 

below). Forty-eight percent (11/24) of the flakes heated 

during test 3 were damaged or destroyed, versus 11% (3/27) of 

those heated under calm conditions during trials 1 and 6 

(Figure 27). 
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Table 8. Chi-square Contingency Table: Sample Damage Under 
Calm vs. High Wind Conditions Using the Shallow pit. 

H10 : wind conditions have a significant effect on the 
decrepitation rate in the shallow heating pit. 

Expected frequencies in brackets. * Percentages. 

undamaged damaged row 
samDles samDles totals 

no wind 24(19.4) 3(7.6) 
*88.9 *11.1 
12(16.6) 

*52.2 
11(6.4 ) 

*47.8 

27 
(tests 1 & 6) 

high wind 23 
(test 3) 
column totals 36 14 	 TOTAL 


50 


X2 = 6.71, df = 1, critical value of 6.635 @ R = 0.01 
means that the H is rejected. There is a significant 
difference in thg incidence of flake damage between 
materials heated under calm conditions and those heated 
under windy conditions in the shallow pit. 

Similar weather conditions during trials 2 and 5 precluded an 

analogous comparison of wind-mediated decrepitation in the 

deep pit. However, this pit appeared to be less susceptible 

to changes in wind conditions, evidenced by reduced 

temperature fluctuation and lower maximum temperatures 

(Figures 12 and 13). This was probably because the base of 

the fire was several centimeters below ground level, and thus 

sheltered from the direct fanning effects of the wind. 

comparisons of surface and matrix temperatures during 

trials 6 (sand matrix) and 7 (soil matrix) indicated that 

maximum surface temperatures of 7000 
- 7500 C were achieved 

soon after lighting the fire. Surface temperatures declined 

as the fire became established, probably because of a 

restriction in oxygen flow as more material ignited (Figures 

17 and 18). However, matrix temperatures gradually increased 



116 

to within 2000 C of the surface before the fire was capped, 

and reached a point of equilibrium one to two hours later. 

Although the failure of a thermocouple in test 7 resulted in 

a loss of matrix cooling data (Figure 18; represented by the 

flat cooling gradient), there appeared to be relatively 

little difference between the heating and cooling rates of 

the two matrices. As well, there was no significant 

difference in decrepitation rates between the two matrix 

types (Table 9 below; see also Figure 28). 

Table 9. Chi-square Contingency Table: Sample Damage by 
Matrix Type (includes all shallow pit trials; Yates' 
correction used). 

H11 : There is a significant difference in decrepitation rate 
beeween sand and soil matrices. 

Expected frequencies in brackets. * Percentages. 

undamaged damaged row 
samoles samoles totals 

soil matrix 34(32.2) 8{9.8) 
*81.0 *19.0 

55{56.8) 19{17.2) 
*74.3 *25.7 

42 
(trials 4 & 7) 

sand matrix 74 
(trials 1,3,6) 

column totals 89 27 	 TOTAL 

116 


X2 = 0.26, df = 1, critical value of 3.841 @ R = 0.05 
means that H is accepted. There is no significant 
difference iR flake damage between materials heated in a 
sand matrix and those heated in a soil matrix. 

Heating gradients in the deep pit were gentler than 

those associated with the shallow pit trials. The 

temperature gradients of both trials exhibited an extended 

plateau between 950 
- 97 0 C, lasting between 40 and 60 minutes 

before temperature increases resumed (Figures 12 and 13). 
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since wet sand was used as a matrix, the temperature increase 

may have been temporarily halted by evaporation. Heating 

rates in the shallow pit and several of the lab tests 

similarly exhibited a slight decline around 97o C, but the 

design of the deeper pit appears to have resulted in the 

prolonged temperature plateau, possibly by impeding rapid 

evaporation. However, despite the temperature changes 

associated with the shallower pit, there was no significant 

difference in decrepitation rates between the two pit types 

(Table 10): 14% (6/42) of samples in the deep pit were 

fragmented during heating, compared to 23% (21/90) of those 

in the shallow pit ~see Figure 29). 

Table 10. Chi-square Contingency Table: Sample Damage by Pit 
Type (Yates' correction used). 

H12 : There is a significant difference in decrepitation rates 
be~ween deep and shallow pits. 

Expected frequencies in brackets. * Percentages. 

undamaged 
samoles 

shallow 69(71.6) 
*67 

deep 36(33.4) 
*86 

column totals 105 

X2 

damaged row 
samoles totals 

21(18.4) 90 
*23 

6(8.6) 42 
*14 

27 TOTAL 
132 

= 0.94, df = I, critical value of 3.841 (R = 0.05) 
means that H is accepted: there was no significant 
difference iR flake damage between the shallow and deep 
pits. 

Heat-retention capability was another major difference 

observed between the two pit types. sixteen to twenty hours 

after being capped with a layer of soil, temperatures in the 
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shallow pit had dropped to 400 
- 500 C, regardless of the 

maximum temperature attained. In contrast, temperatures in 

the deep pit were still 1000 
- 1500 C after the same length of 

time, only cooling to the 400 
- 500 C range 40 hours after 

being capped. 

Overall, maximum attainable temperature, temperature 

stability, and heat retention capability were the major 

differences between the pit types. Maximum matrix 

temperatures in both pits were reached within three to four 

hours, with shallow pit maximums ranging to more than 3000 C 

higher than the deeper pit, depending on the wind conditions. 

The deep pit maintained a relatively stable temperature 

plateau within a fairly narrow range around the maximum, 

while the shallower pit was prone to wider temperature 

fluctuations, depending on wind conditions. Given that 

temperature differences of 300 C were sufficient to adversely 

affect the workability of some materials, the temperature 

stability of the deeper pit may have been an important 

consideration to the prehistoric flintknapper, especially 

since it occurred in the critical 2900 
- 3500 C range. 

The above data suggests that under normal conditions, a 

campfire could have been readily used for heat treatment. 

Use of the deeper pit appears to convey little functional 

advantage, although the potential benefits of superior heat 

retention and temperature stability cannot be discounted. 

However, a high degree of heating control is also possible 
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using a shallower hearth (by varying matrix thickness or 

sheltering the fire from the direct effects of the wind, for 

example), supporting similar conclusions previously reached 

by Griffiths et ale (1987:51). 

Laboratory Heating Trials 

Samples were kiln-heated to maximum temperatures of 1100 

to 8060 
, approximating the heating gradients observed during 

the field trials (Figures 19 - 26). 

Popping sounds emanated from the kiln at temperatures as 

low as 650 C and were common above 2000 C, indicating that 

decrepitation occurred at relatively low temperatures, and 

sometimes with great enough force to slightly damage the 

ceramic bricks lining the kiln, despite the fact that the 

samples were imbedded in a layer of sand. 

Temperatures above 6000 C destroyed virtually all 

specimens, with the exception of the tourmalinaceous samples. 

Only one of four tourmaline chert samples (NS89B-2.15) showed 

slight decrepitation when heated to 8060 C. All 11 Knife 

River Flint specimens heated above 5000 C were fragmented, as 

were the 10 California Creek samples heated above 6000 C. 

The 8000 C temperature test was the first conducted, and 

produced one of the first insights of the kiln tests: some 

modern materials are as prone as their prehistoric 

counterparts to high temperature deterioration. The metal 

pan used to hold the samples and matrix remained intact 

(albeit discolored) despite the high temperatures, although 

http:NS89B-2.15
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it was so severely oxidized that it disintegrated when 

touched. Many of the rock samples fared no better. 

Sand and Soil Color Changes 

Heat-induced color changes in the matrix were also noted 

following the kiln trials. The unheated sand was dark brown 

(10YR 3/3) when moistened, and did not change color when 

heated to 110°C and 205°C. Sand heated to 300°C acquired a 

distinct reddish hue (5YR 3/3). Higher temperatures resulted 

in increasing color values: reddish brown (5YR 3/4) from 

400°C - 707°C, to yellowish-red (5YR 4/6) at 800°C (all color 

tests were done on moist samples; dry samples exhibited 

slightly lighter red-brown hues). 

The soil matrix used in pit tests 4 and 7 was originally 

dark brown (10YR 3/3), but changed to black (N 2/0) after 

heating. 

The different matrices did not appear to have any effect 

on color changes observed in the heat treated material. 
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CHAPTER 6 

SUMMARY AND DISCUSSION 

In general, this study was concerned with the effects of 

heat on a variety of lithic materials used prehistorically on 

the Eastern Plateau and Northern Plains. This involved using 

several different analytical techniques to determine whether 

observed heat-induced changes might be useful for identifying 

thermal exposure in artifactual materials. 

More specifically, siliceous and tourmalinaceous rocks 

from prehistoric sources in British Columbia, Alberta, 

Montana, and North Dakota were analyzed to determine the 

effects of heating on material color, lustre, texture, flake 

scar rippling, weight and flakabilitYi scanning electron 

microscopy, spectrometry, and liquid penetrant testing were 

also employed . The last three techniques were important for 

analyzing the physical changes that occurred during heating, 

especially microcrack formation, which Schindler et ale 

(1982) have suggested is closely associated with both color 

and flaking changes in heated material. The SEM was useful 

for identifying material changes at the microscopic level. 

The spectrometer provided data on possible chemical reactions 

associated with heat treatment, while liquid penetrant 

testing was used to study the relationship between 
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microccracking and heat exposure. 

Properly studying the physical effects of heat treatment 

required framing the analysis as a series of specific 

questions, aimed at determining the occurrence of 

microcracking during the heating process, and whether it was 

associated with improvements in material flakabilty. Because 

of the potential association between heating and 

microcracking, a third problem involved studying the 

potential utility of liquid penetrant testing as a technique 

for identifying prehistoric heat treatment. 

The results of this study are discussed in relationship 

to each of these problems below. 

1) Is there a relationship between the frequency of crack 

formation and temperature in the lithic materials tested? 

There is a definite relationship between crack formation 

and temperature exposure in the finer-grained siliceous 

materials; the materials heated to temperatures under 3500 C 

(including controls) exhibited a significantly lower rate of 

crack formation (31%) than those heated to 4000 C and above 

(95%). Materials heated to temperatures within each category 

(i.e. those < 3500 C or those> 4000 C) did not show 

significant differences in crack frequency rates. These 

results suggest that a major structural change occuring 

between 3000 and 4000 C was responsible for the observed 

difference. This is not particularly surprising, considering 

that many of the samples heated above 4000 C exhibited visible 
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crazing which would have accounted for the observed increase 

in crack frequency. At temperatures beyond 5150 C, the 100% 

crack reaction reflected severe crazing in fine-grained 

siliceous materials; further reductions in flaking force were 

associated with completely uncontrollable fracturing. The 

increased weight loss, crazing, and dehydration observed at 

these temperatures were similar to those seen by other 

researchers, who have attributed the change to a loss of 

structural water (Griffiths et ale 1987:51; Rick 1978:26-27). 

Unfortunately, the non-linear nature of the 

relationship means that crack frequency reaction cannot be 

used as an accurate indicator of temperature exposure, since 

it only generally reflects the temperature range to which the 

material has been exposed (i.e. below or above 350oC). 

In contrast, there was no significant temperature

associated difference in LPT crack reaction in the 

tourmalinaceous materials; regardless of heat exposure, 

roughly 50% of the samples showed an obvious crack reaction. 

Although samples heated beyond 4000 C exhibited an apparent 

increase in microcracking (see below), this was not reflected 

in any significant changes in the visible rate of crack 

reaction. It is possible that the generally grainier nature 

of the tourmalinaceous samples diffused and obscured the LPT 

reaction much like the quartzite did, albeit to a lesser 

degree. 
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2) Is there a relationship between microcrackinq and material 

workability? 

This question is closely related to the first. Both SEM 

and LPT analysis indicated that increases in microcrack 

formation were associated only with temperatures higher than 

those necessary to enhance material flakability in the finer

grained siliceous materials. The fact that there were no 

significant differences in the crack reaction rates of 

samples heated to their optimal flaking temperatures or less 

indicates that microcrack formation was not the factor 

responsible for the observed flaking improvements. The SEM 

analysis supports this, since no obvious change in microcrack 

manifestation was seen in the south Bompart or California 

Creek samples heated to 3000 C, although each exhibited 

improved flakability. However, increases in microcracking 

~ observed in most samples heated beyond their optimum 

flaking temperatures. 

optimum heat treatment temperatures for the chert and 

chalcedony were consistently in the 2900 
- 3400 C range; 

between 4000 and 5150 C, these materials evidenced a gradual 

deterioration in flaking quality before becoming completely 

unworkable at higher temperatures. This change was reflected 

in the increasing irregularity of the flake scar surface 

(exemplified by the rough surface of the KRF sample heated to 

4000 C; Figure ad), which is probably due to incipient 

microcrack formation. This suggests that at temperatures 
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slightly above optimal, initial microcracking creates a 

myriad of minute and irregular fracture planes, which can be 

equated with a further reduction of fracture force, a 

noticable loss of fracture control, the formation of multi 

faceted ("sugary") flake scar surfaces, and reduced lustre. 

Higher temperatures produce more severe microcracking, which 

results in greater flake scar irregularity and eventually 

renders the material unworkable. 

These results also indicate that color change was not 

directly associated with microcrack formation in the 

siliceous rocks, since it occurred at lower temperatures (the 

presence of iron in all heat-reddened samples suggests that 

the goethite-hematite reaction was responsible for the 

change). As well, color shifts at these temperatures were 

usually limited to the surface. This change appeared to be 

terminated by interior vitrification, which may have produced 

a localized reducing atmosphere which precluded further 

oxidation. 

In contrast, pervasive color change was closely 

associated with overheating and extensive crazing in all 

materials tested. It is possible heat-induced crazing allows 

internal oxidation to occur, which may explain why complete 

color change is often associated with material degradation. 

Thus, a narrow temperature "window" appears to exist between 

temperatures at which many materials begin to manifest 

superficial color changes and those at which internal color 
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change happens. The structural changes responsible for 

flaking improvements occur within this window, but can be 

quickly negated by the formation of internal microcracks at 

higher temperatures. 

In contrast, flaking improvements in the tourmalinaceous 

materials appeared to be more closely associated with 

microcrack formation. Most of these materials were noticably 

easier to flake after being heated above 400oC, and SEM 

analysis of the Goatfell and Negro Lake samples revealed an 

apparent increase in microcracking which may have been 

responsible for the improvements. Whatever the reason, the 

fact that the heated tourmalinaceous materials were easier to 

flake means that the possibility of their prehistoric heat 

treatment cannot be ignored. However, in these samples, like 

their finer grained counterparts, extensive microcracking was 

associated with overheating and material degradation, 

especially in samples exhibiting thorough color change. 

3) Can liquid penetrant testing be used to identify heat 

treatment in prehistoric assemblages? 

One of the objectives of the current study was to 

determine whether liquid penetrant testing could be used to 

identify prehistoric heat treatment. As previously noted, 

LPT was useful for differentiating between crack reaction 

rates in fine-grained siliceous materials heated below and 

above their optimum flaking temperatures. Unfortunately, the 

nature of the relationship appears to limit its use with 
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lithic materials to that of a relatively gross indicator of 

crack manifestation. This still leaves the problem of trying 

to differentiate between intentional and non-intentional 

heating. 

Since evidence of overheating is usually easily 

recognized in any case (i.e. irregular fracture, pervasive 

color change, and visible crazing), using LPT to detect it 

appears to be redundant. If the relationship between crack 

manifestation and temperature exposure had turned out to be 

linear, liquid penetrant testing would have been potentially 

useful for identifying intentional heat application. As it 

stands, the technique does not appear to provide the 

archaeologist with any particular advantage for identifying 

the prehistoric use of heat treatment, and serves to 

underscore the importance of being familiar with more 

conventional recognition factors. 

synopsis of Heat-mediated Effects 

One of the problems in studying heat treatment involves 

the fact that the effects of heating are often material 

specific. This creates limits to the general applicability 

of any observed changes in a particular material, and hinders 

the development of a general diagnostic technique for 

prehistoric heat treatment. However, culling through the 

literature of the last three decades reveals a number of 

important factors that appear to be germane to the majority 

of heat treatment situations, and which are worth 
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consideration in any archaeological diagnosis of the 

technique. These factors, combined with insights gathered 

during this study, are listed below: 

1) the temperatures necessary for adequate heat 

treatment vary from material to material; 

2) a critical temperature range exists for each type of 

silica material, below which no change occurs, 

regardless of the length of exposure, and above which 

the material is irrevocably damaged; 

3) the length of time of critical temperature exposure 

necessary to elicit the desired changes varies from 

material to material; 

4) sudden temperature changes are usually destructive; 

5) thinner flakes are more readily heat treated than 

thicker pieces, which tend to craze or crack more 

easily due to uneven heating and cooling; 

6) there is often no obvious external indication of heat 

treatment until the removal of a flake reveals color 

and lustre changes; 

7) optimally-heated fine-grained materials commonly 

exhibit a vitreous, "greasy" lustre; 

8) color changes on optimally heated specimens are often 

superficial; the interior often does not change 

color, despite exhibiting the characteristic heat

induced lustre; 

9) color changes often occur at lower temperatures than 



129 

those necessary for flaking improvements; 

10) 	 direct, sustained heat exposure is almost invariably 

detrimental, usually resulting in severe crazing 

and/or decrepitation, rendering the material 

unworkable; 

11) 	 finer-grained materials respond to lower temperatures 

than coarser-grained materials; 

12) 	 finer-grained materials are more susceptible to 

thermal shock than coarser-grained materials, 

resulting in decrepitation and crazing at lower 

temperatures; 

13) extremely coarse-grained materials respond minimally 

or not at all, regardless of the applied temperature; 

14) similarly, glasslike materials such as obsidian do 

not appear to be significantly affected by heating; 

15) the edges of some materials can be selectively 

treated by short, direct applications of heat; and 

16) 	 changes in heated material, once elicited, are 

irreversible; many materials can be reheated an 

indefinite number of times without degradation as 

long as their optimal temperature is not exceeded. 

(These points were distilled from several sources, as well as 

the 	current study, including: Abler 1983; Behm and Faulkner 

1974; Collins and Fenwick 1974; Crabtree 1967a; Crabtree and 

Butler 1964; Flenniken and White 1983; Griffiths et al. 

1987; Mandeville 1973; Patterson 1975, 1979, 1984; Purdy 
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1974, 1975, 1982; Purdy and Brooks 1971; Price et ale 1982; 

Ray 1982b; Rick 1978; Rick and Chappel 1983; Sollberger and 

Hester 1971; Verrey 1981). 

Used in conjunction with an awareness of the above 

dynamics, comparative analysis of experimentally heated stone 

remains the most effective method of identifying prehistoric 

use heat treatment. 

Heatinq pit Effectiveness 

A fourth objective of this study focused on a comparison 

of heating efficiency of the cylindrical pit design commonly 

used for experimental study and a shallower, less elaborate 

hearth-pit. Basically, the working hypothesis focused on the 

question of whether any advantage was associated with the 

use of the deeper pit that would justify the extra effort 

necessary for its use. 

Both pits were effective for heat treating the finer

grained siliceous materials, although there were notable 

differences between them. The cylindrical pit possessed the 

apparent advantages of gentler heating and cooling gradients, 

reduced temperature fluctuation, less susceptibility to wind 

conditions, and maximum temperature stability in the critical 

2900 
- 3500 C range. This stability would be important if 

fine-grained, temperature-sensitive materials were being heat 

treated; the gradual change would minimize the chance of 

thermal shock. Somewhat surprisingly, however, these factors 

did not translate into any significant reduction in heat
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induced flake damage compared to the shallower pit. 

In contrast, the shallower hearth-based pit required 

less effort to set up and maintain, although it was more 

susceptible to changes in wind conditions. This was reflected 

by the higher maximum temperatures (ranging from 342 0 C to 

>654 oC) and wider temperature fluctuations associated with 

this pit. These factors could be detrimental when heating 

materials with a narrow optimum heating range, but appear to 

be easily controlled by varying matrix thickness or 

sheltering the fire from the wind. Awareness of these 

effects would also provide the knapper with control over a 

wide temperature range, allowing thermal alteration of a 

variety of different materials. Given this, the deep pit 

design does not appear to confer any significant heating 

advantage over the shallower type. 

In summary, the results indicated that a high degree 

thermal control could be exercised using relatively simple 

heating techniques. This indicates that an ordinary cooking 

fire, for example, could easily serve double-duty as a heat

treatment pit and further suggests that searching for 

recognizable remains of dedicated heat treatment facilities 

might be an exercise in archaeological futility. 
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CONCLUSIONS 

In conclusion, the results of the current study indicate 

the following: 

1) microfracture formation is likely not the primary 

factor responsible for the flaking changes associated 

with heat treatment; 

2) liquid penetrant testing is not particularly useful 

for identifying intentional thermal alteration; and 

3) an ordinary campfire can be used to heat treat a wide 

range of lithic material. 

Liquid penetrant testing was used to determine whether 

microcrack formation was the operative mechanism behind the 

flaking changes observed in heated materials, based on the 

hypothesis presented by Schindler et ale (1982, 1984). The 

fact that no significant differences were observed between 

the penetrant dye crack reaction frequencies of raw and 

optimally heated materials indicates that increased 

microcracking was not responsible for the flakability changes 

associated with heat treatment, at least in fine-grained 

siliceous rock. Lending support to this is the fact that no 

microcrack formation was observed in optimally-heated 

materials under the scanning electron microscope. However, a 

significant increase in crack reaction was noted when these 



133 


materials were heated beyond their optimum flaking 

temperatures, and experienced a noticable deterioration in 

flaking quality. This was confirmed by the observation of 

obvious microfissures under the SEM. These findings, in 

turn, lend further support to Purdy's (1974; Purdy and Brooks 

1971) hypothesis that some form of microstructural fusion is 

responsible for the flaking improvements associated with heat 

treatment. 

Unfortunately, this non-linear relationship between 

temperature exposure and crack formation precludes the use of 

liquid penetrant testing for identifying intentional heat 

treatment. Although LPT may possess some utility as a gross 

indicator of overheating, it appears that more conventional 

methods of identification, using multiple visual criteria and 

experimental comparison, remain the most effective methods of 

recognizing the prehistoric use of heat treatment. 

Overall, these findings also confirm much of what has 

been observed in previous experimental investigations: fine

grained materials require lower temperatures and are more 

sensitive to thermal shock than coarser-grained samples, 

color change is often, but not always, associated with 

thermal alteration, overheating permanently damages 

materials, and flaking quality changes are not always 

accompanied by overt changes in material appearance. 

More specifically, the flaking qualities of virtually 

all the homogeneous, fine-grained siliceous materials tested 
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were improved by temperatures of less than 3500 C, and were 

accompanied by readily identifiable changes in color, lustre, 

or both. Higher temperatures invariably resulted in material 

degradation. Heat-related flaking improvements also occurred 

in coarser-grained tourmalinaceous specimens, although these 

were not associated with any obvious macroscopic change in 

the material. Coupled with the data from previous 

investigations, these findings indicate that lithic materials 

(at least those amenable to heat treatment) experience a 

sequence of changes as they are heated, along a type of 

thermal continuum, as described below (the temperatures are 

provided as general indicators for finer-grained siliceous 

materials; coarser-grained rocks appear to respond to higher 

temperatures. The characteristics described, especially 

color and lustre manifestation, are subject to a wide range 

of material-specific variation): 

1) - 200 C: No macroscop1C c ange 1S eV1 en 1n mos0 0 0 'h' 'd t ' t 

materials, although a few exhibit slight lustre 

increases as low as 2000 C. Initial weight loss 

occurs as adsorbed and molecular water is lost; the 

incipient lustre increase may be the result of water-

mediated silica deposition. 

2 ) 200 - 300 C: Iron-ox1 e co or-c ange occurs. This0 0 'd 1 h 

often does not penetrate beyond the material cortex 

and, in many materials, occurs at lower temperatures 

than those required to elicit flaking quality 
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changes. Rate of weight loss declines as the loosely 

bound molecular water is lost. 

3) 	 2500 
- 3500 C: This is the optimal heat treatment 

temperature range for many fine-grained siliceous 

rocks. Increased lustre accompanies flakability 

improvements materials as microscopic flaws are 

fused. The rate of weight loss increases as 

chemically-bound water is lost, apparently due to the 

changes related to intercrystalline fusion of non-

siliceous impurities. 

4) 350o - 4500 C: A gradual deterioration in flaking 

quality occurs above optimal heating temperatures; 

there is a further reduction in flaking force and 

gradual loss of lustre. Newly created flake scars 

often exhibit an irregular, "sugary" texture, 

probably due to incipient microfracturing. 

5) 4500 
- 6000 C: Many finer-grained materials experience 

severe dehydation and crazing, complete lustre loss, 

and fracture in a crumbly, blocky fashion. 

6) 6000 C+: Many materials exhibit thorough dehydration, 

crazing, and a gray to white color-transition 

associated with calcination; some may bleach to a 

paler version of their original hue. Fine-grained 

siliceous materials heated are crumbly and easily 

crushed. Destruction due to thermal shock is common. 
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Rate of weight loss increases due to calcite 

decomposition. 

Many of the above characteristics can be readily 

identified with a modicum of experience, especially if the 

researcher is familiar with the material being analysed. 

The current study also confirmed that elaborate heating 

facilities are not necessary to improve the working qualities 

of rock; an ordinary fire is sufficient. Providing that an 

adequate insulator is used (such as sand, soil, or ash), it 

appears likely that heat treatment could be readily 

accomplished on any type of fire. Archaeological recognition 

of such use would be difficult. As a result, the existence 

of dedicated facilities does not have to be presupposed where 

the use of heat treatment is identified, supporting similar 

conclusions by Griffiths et ale (1987:51). This has 

important implications for experimental studies of heat 

treatment as well, since the assumptions behind the use of 

elaborate heating techniques can be countered by the argument 

that simpler is better. Such factors cannot be ignored in 

any archaeological inferences based on use of the technique. 
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APPENDIX A 

GLOSSARY 

Following are definitions of important terms relating to 
the heat treatment of lithic materials, including definitions 
germane to the current discussion. For more extensive 
general glossaries on lithic materials and technology, the 
reader is referred to Crabtree 1967a, 1967b, 1972; Tixier 
1974; or Hellweg 1984, as well many archaeology texts. 

adit: 	a horizontal opening at the entrance of a mine (Oxford 
English Dictionary [OED] 1971:28); a shallow mining 
tunnel. 

annealing: a tempering process involving slow cooling after 
the maintenance of a sustained temperature in order to 
relieve internal stress from the heated material 
(Merriman 1965:25; stein and su 1978:32); a process 
involving softening the material by the gentle 
application of heat prior to working (Wertime 
1964:1260). See also flash annealing. 

brittleness: a measure of the elastic behavior of the 
material; a function of its ability to fracture without 
deformation. Materials which quickly reach their 
elastic limits and immediately fracture are classified 
as brittle (Merriman 1965:72; Flenniken and Garrison 
1975:129). 

calcination: the reduction to an ashlike powder by the 
application of heat or oxidation resulting from heat 
application (Stein and Su 1978:127). In siliceous 
rocks, calcination is often characterized by pervasive 
microfissure formation and thorough dehydration which 
render the material unflakable (Price et ale 1982:469). 
See also dehydration. 

chalcedony: an often translucent or transparent 
microcrystalline variety of quartz, comprised of 
crystals aligned in slender, parallel bands of fibres 
(Chesterman 1978:505; Pough 1976:220) which exhibits a 
good conchoidal fracture. Chalcedony occurs in a wide 
variety of colors, including white, gray, blue, brown, 
and black; different types of chalcedony include 
carnelian, agate, and jasper (Chesterman 1978:505). 
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chert: a fine-grained, siliceous, dense microcrystalline or 
crytpocrystalline sedimentary rock similar to flint, but 
found in rock formations other than chalk (Oakley 
1961:31; Crabtree 1972:51). Composed predominantly of 
either or both fine-grained chalcedony or microgranular 
quartz, chert consists of 97-99% silicon dioxide (Si0

2 
), 

1-3% water (H2 0), and usually contains small amounts of 
various mineral impurities, such as aluminum oxide 
(AI ° ) and ferric oxide (Fe20 ), and may also contain 
org~nlc material (Mandeville 1~73:189; Ray 1982b:68). 
It exhibits a tough, splintery to conchoidal fracture, 
and usually occurs as nodules or concretions in 
limestones and dolomites, and less commonly in 
extensively bedded deposits (Bates and Jackson 
1987:114). 

Chert ranges in color from white to black, 
including colors such as light gray, yellow, blue, 
brown, green, pink, and red (Chesterman 1978:723; 
Mitchell 1985:43). Its name may be derived from the 
Irish word ceart, meaning "pebble" (Shepherd 1972:36). 

color change: a change in the hue of heated lithic material 
due to the presence of non-siliceous impurities; often 
manifested as reddening in iron bearing materials, but 
can vary widely. 

crazing: thermal shock characterized by the formation of a 
network of minute cracks, which severely weaken the 
heated material and render it unworkable (Crabtree 
1972:56; Purdy 1975:140; Price et ale 1982:469). See 
also calcination, dehydration, thermal shock. 

cryptocrystalline: refers to materials composed of crystals 
too small to be observed under an optical microscope 
(eg. chert or flint) (Mandeville 1973:178). See also 
microcrystalline. 

decrepitation: cracking and distintegration caused by 
excessive heat exposure; extreme thermal shock. 
Explosive destruction of the heated material often 
results when the internal pressure exceeds the elastic 
limits of the material (OED 1971:665; Purdy 1974:40). 

Lithic decrepitation is influenced by a number of 
factors, including the size, shape and water content of 
the material. See also crazing, dehydration, thermal 
shock. 

dehydration: loss of intercrytalline water due to 
overheating. At high temperatures (i.e. 6000 C +) many 
materials take on a porcelain-like appearance (Price et 
ale 1982: 469), becoming unworkable and noticably dry to 
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the touch. Some chalcedonic materials turn completely 
gray or white in color, unrecognizable from their raw 
form. A network of small, interwoven fractures are 
often observed on severely dehydrated materials (Price 
et al. 1982: 469). See also calcination, 
dehydroxylation. 

dehydroxylation: removal of chemically combined water from 
the crystalline structure of minerals, such as by the 
application of heat (Rice 1987:475). 

discontinuity: a material flaw; regarding liquid penetrant 
testing: detectable surface flaws such as cracks or 
pores (Booth, Sherwin and Borucki et al. 1982:56). 

differential interference microscopy: a method of optical 
microscopy using two light beams to improve the contrast 
of the specimen image, providing greater relief and 
allowing accurate measurement of object mass, features 
and refractive index (Bradbury et al. 1989:28; Spencer 
1982:54-61; White 1966:231). 

differential thermal analysis (DTA): a method of studying 
high temperature changes in lithic materials. A small 
portion of the desired sample is ground up and heated 
with a sample of thermally inert material that quickly 
reaches the temperature of the applied heat. Changes 
within the analyzed and inert samples are reflected in 
their temperature differentials, caused by exothermic 
(heat-producing) reactions and endothermic (heat
absorbing) reactions in the material under analysis 
(Knudson 1978: 272; Rice 1987:92, 386). 

dwell time: the time required for penetrant dye to seep into 
surface discontinuties; usually includes the period from 
the initial penetrant application to its removal (Booth, 
Sherwin and Borucki et al. 1982:56; Bray and Stanley 
1989:471) . 

elasticity: the ability of lithic material to return to its 
original form without fracturing after deformation 
(Crabtree 1967a:24, 1972:60; Sparling et al. 1982:327). 
This rebound ability is sometimes referred called 
material resiliency (Ray 1982b:78). 

electron spin resonance (ESR) spectroscopy: a method of 
detecting unpaired electrons by their microwave 
absorption. such unpaired electrons possess a spin (an 
angular momentum in addition to its regular orbital 
angular momentum) which allows them either to align with 
or oppose an applied external magnetic field. Different 
energy levels are associated with each of these two 
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alignments, and atoms in the lower energy state can be 
converted to the higher state through the absorption of 
microwave radiation. This produces magnetic field 
variations that result in a characteristic absorption 
spectrum. Prehistoric heat treatment can be detected 
and quantified in lithic materials by the differential 
energy levels of the unpaired electrons produced by the 
procedure (Griffiths et ale 1986:259; Isaacs et ale 
1984:232-33; Pitt 1977:129; Rice 1987:430). 

eutectic point/temperature: the melting point of a 
combination of two or more substances (Isaacs et ale 
1984:254; Merriman 1965:253). Considered by several 
researchers to be the operative mechanism responsible 
for the flaking and lustre changes observed in thermally 
conditioned lithics (eg. Purdy and Brooks 1971:323; 
Mandeville 1973:198). 

ferric iron: refers to iron compounds in an oxidized form (a 
+3 oxidation state: Fe 0 3 ) (Press and Siever 1974:192;2Isaacs et ale 1984:265). See hematite. 

ferrous iron: refers to iron compounds in a +2 oxidation 
state: HFe02 (Isaacs et ale 1984:265). The oxidation of 
ferrous iron results in ferric iron: Fe20 3 (Press and 
Siever 1974:206-207). See goethite. 

flash annealing: a method of selective heat treatment; a 
short-duration application of direct heat to the area to 
be flaked. Effective primarily on the edges of thin 
flakes best able to withstand destructive thermal shock 
(Nelson 1968:36). 

flexibility: the pliancy, or bendability of a lithic 
material; the opposite of brittleness. Heat treatment 
tends to increase flexibility in cryptocrystalline 
silicates, allowing greater flaking control along curved 
surfaces (Crabtree 1967a:24; 1972:60). 

flint: a term used widely used as a synonym for chert by 
North American archaeologists. A cryptocrystalline 
siliceous rock that breaks with a well-defined 
conchoidal fracture, which can vary in color from 
grayish black to brown, and sometimes exhibits a 
vitreous lustre (Merriman 1965:233). Flint contains 
about 1% water in molecular form (Shepherd 1972:33; Rice 
1987: 95) . 

Rocks described as chert and flint are identical in 
texture and composition (Bates and Jackson 1987:247). 
Although true European flint, like that originating in 
English chalk beds, is not found in the Americas, the 
term was likely applied to similar materials 
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(technically known as chert) that resembled the 
"gunflints" used on firearms prior to the invention of 
the percussion cap (Turner 1954:6). See also chert. 

flintknapping: The manufacture of stone implements through 
controlled fracture. 

flintknapper: An individual who manufactures stone implements 
by using controlled fracture. 

fission tracks: Damage pathways caused bY2~He spontaneous 
fission of the radioactive isotope U • Since the 
numbZ380f fission tracks is cont~~~ent on the quantity 
of U , substances containing U can be dated by 
comparing the number of fission tracks with the amount 
of uranium present (Faul and Wagner 1971:152-153). 

Fission tracks can be erased by annealing, or the 
application of heat which allows the crystalline 
structure to revert to its previous form, obliterating 
the damaged pathways. Since different materials are 
annealed at different temperatures, it is possible to 
calculate whether materials were prehistorically heated, 
the temperatures attained, and the time elapsed since 
heat exposure, based on the f23Wation of new fission 
tracks, provided sufficient U is present (Faul and 
Wagner 1971:154-55). 

friable: crumbly; capable of being easily pulverized or 
reduced to a powder (OED 1971:542); often characteristic 
of lithic material exposed to direct or excessive heat. 

goethite: (HFeO or Fe 0 .H 0); ferrous iron oxide: a 
crystallin~ hydrafea ifon oxide often associated with 
hematite (Merriman 1965:332), also called hydrous or 
hydrogen iron oxide (Chesterman 1978:412: Mandeville 
1973:197). Goethite can vary from yellow to dark brown, 
but is often blood red in color: named for German poet 
and philosopher Johanne Wolfgang von Goethe (1749-1832) 
(Chesterman 1978:412). 

heat 	treatment: one of several terms referring to the use of 
intentional heating to elicit desired functional 
characteristics in certain materials. Archaeologically, 
the procedure has also been referred to as annealing, 
thermal treatment, thermal pretreatment, or thermal 
processing (Crabtree 1972:94: Mandeville 1973: 
Schindler et ale 1982: Shippee 1963: Price et al 1982). 

hematite: (Fe
2 

0 
3 
): ferric iron oxide, the principle ore of 

iron, wh1cn ranges in color from steel-gray to red and 
reddish brown to black. The term hematite is derived 
from Greek haimatites (bloodlike) due to the redness of 
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its powdered form (Chesterman 1978:398; Mandeville 
1973:197; Merriman 1965: 363). 

knappability: the relative working quality of a lithic 
material; ease of controlled flaking. Knappability is 
contingent on factors such as conchoidal fracture 
formation, the presence of fracture planes and 
inclusions, material homogeneity, isotropy, elasticity, 
texture, and crystalline structure (Crabtree 1972:5; Ray 
1982a:8). 

knapper: See flintknapper. 

liquid-penetrant testing: flaw-detection technique based on 
the principles of fluid capillarity, which allows 
penetrating dye to detect superficial discontinuties in 
non-porous materials (Allen 1969:62-65; Brown 1981:80
81, 226). Sometimes called dye penetrant testing. 

lustre: level of refractive capacity dependent on the amount 
of light reflection or refraction by the material 
surface. A high refractive capacity is equated with a 
high lustre (Bauer 1974:24). Several terms are used to 
describe lustre, including metallic, pearly, resinous, 
silky, vitreous, adamantine, greasy, and dull (Bauer 
1974:24; Cox et ale 1973:84). vitreous (also called 
glassy) lustre is the most important type of non
metallic lustre, and imparts a glazed, highly reflective 
appearance to the substance (Healy 1966:6; Plummer and 
McGeary 1982:33). Since newly fractured surfaces of 
heat-treated flint exhibit a greater reflectivity in 
comparison with the flake scars of non-heated material, 
lustre is often cited as an important indicator of 
prehistoric heat treatment. Sometimes called 
vitreousness, or sheen (Price et ale 1982:469). 

macrocrystalline: materials possessing a crystalline 
structure visible to the naked eye. Macrocrystalline 
forms of silica include quartz and sand (Rice 1987:95) 

microcrystalline: refers to material composed of microscopic 
crystals invisible to the naked eye (often used 
interchangably with cryptocrystalline) (Mandeville 1973: 
178) . 

Mossbauer spectroscopy (nuclear gamma resonance 
spectroscopy): an absorption analysis technique based on 
the emission of a gamma-ray photon from a nucleus 
embedded in a solid. Instead of being imparted to the 
emitting nucleus, recoil energy resulting from the 
emission is absorbed by all nuclei within the material 
lattice. The emitted gamma ray thus possesses the full 
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energy of the nuclear transition, and the correct energy 
to be absorbed by another nucleus in a similar process. 
This is referred to as recoil-free emission or 
absorption, and produces a distinctive energy level. In 
Mossbauer spectroscopy, the source and absorber of gamma 
rays is an isotopic sample of the element to be 
identified, and the technique is used to calculate the 
amount of the element present in a sample by measuring 
its absorption of gamma rays (Isaacs et ale 1984:455; 
pitt 1977:251; Rice 1987:399). 

Mossbauer spectroscopy can5~e applied to both 
lithics and ceramics using the Fe(iron)-Mol~baui+ 
spectrum, which is useful in studying the Fe /Fe 
(ferric/ferrous) ratio (Rice 1987:35~)' A sample 
containing the radioactive isotope 57CO is used as a 
recoiless gamma part~9le emitter. Co decays to the 
stable iron isotope Fe, which further decays to its 
ground state by recoilless gamma ray emission. If a 
~~mple containing iron (approximately 2% of which is 

Fe) is placed close to this emitting source, the gamma 
rays will be absorbed. When litgic material is heated 
to temperatures in excess of 275 C, the iron compounds 
press9t undergo two changes that are detectable using 
the Fe-Mossbauer spectrum: the first occurring when 
HFe02 is oxidized to produce Fe20~; the second occurring 
in tne recoiless fraction of th~ Fe 0 (Jones et al 
1979). Ancient heat treatment can th~n be detected by 
comparing the Mossbauer spectrum of unheated material 
with that of its heat altered-counterpart (Goksu Ogelman 
1986:264). 

muffle furnace/oven: a type of furnace in which the chamber 
containing the materials to be heated is enclosed by the 
heating chamber, without direct connection between the 
two. The inner chamber is indirectly heated by radiated 
heat, allowing materials inside to avoid exposure to the 
fuel and byproducts of combustion (Merriman 1965:580; 
Rosenthal 1949:103). 

Munsell Color Chart: a series of coded color charts published 
by the Munsell Color Company to aid in the accurate 
identification and description of colors. The charts 
consist of a series of standardized color "chips" that 
are directly compared to a sample to provide a 
measurement of its hue (relation to the dominant colors 
of the spectrum), value (intensity or brilliance), and 
chroma (saturation, strength or purity). 

neutron activation analysis: a method of determining the 
presence of trace elements in an archaeological sample 
by neutron bombardment. This converts the elements in 
the sample into unstable radioactive isotopes, which 
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immediately begin to decay. Since each element is 
associated with a different rate of decay, the energy 
(wavelength) and intensity of resultant gamma ray 
emissions can be used to identify the type and amount of 
each element in the sample (Rice 1987:396-97). Although 
an extremely sensitive technique, its high cost and 
required access to a nuclear reactor severely limit its 
application. 

novaculite: a hard, dense variety of chert, white or light 
gray in color, composed primarily of closely grained 
microcrystalline quartz, and is somewhat less vitreous 
and coarser grained than chalcedony or chert. The rock 
is often used as a whetstone (Mitchell 1985:129; Bates 
and Jackson 1987:453). 

nuclear magnetic resonance (NMR) spectroscopy: nuclear 
magnetic resonance is the effect caused by the 
absorption of electromagnetomagnetic radiation by spin 
possessing nuclei. Two possible alignment conditions 
exist for such nuclei in the presence of a magnetic 
field, each with a characteristic energy state. Changes 
from one energy state to the other by the nucleus 
results in the detectable absorption of radio-frequency 
radiation (Isaacs et ale 1984:479; pitt 1977:261). 

Nuclear magnetic resonance spectroscopy can be used 
to determine the chemical and structural composition of 
materials by varying the magnetic field and monitoring 
frequency changes associated with particular energy 
transitions (Isaacs et ale 1984:479; pitt 1977:261). 
See also electron spin resonance spectroscopy. 

obsidian: also known as volcanic glass; a vitreous, igneous 
rock formed by rapid cooling, which precludes the 
formation of individual crystals. Extremely lustrous, 
obsidian varies from translucent to opaque, and can 
occur in several colors: commonly black, but also gray, 
reddish-brown, green, and a variety of others 
(Chesterman 1978:690; Pough 1976:14-15). The isotropic 
nature of obsidian gives it excellent flaking 
capabilities, and it was widely used for prehistoric 
tool-manufacture. 

oxidation: the combining of an atom or ion with oxygen. 

oxidizing atmosphere: a heating atmosphere characterized by 
free circulation and ample oxygen, which binds with 
heated elements such as iron (Rice 1987:81, 479). 

petrography: The branch of geology dealing with the 
description and classification of rocks, usually by the 
microscopic examination of thin sections (Bates and 
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Jackson 1987:496). 

potlidding: a form of crazing resulting in the detachment in 
a lenticular flake, often characteristic of overheating. 
Flakes produced in this manner sometimes exhibit a 
conchoidal fracture but do not exhibit a bulb of 
percussion or point of impact (Purdy 1974:52). 
Potlidding can also be frost-induced, resulting from the 
freezing and expansion of absorbed water in a flint 
nodule (Oakley 1961:17; Shepherd 1972:39). Such flakes 
occur frequently in nature, and are often mistaken for 
human artifacts (Crabtree and Gould 1970:191; Oakley 
1961:17; Price et ale 1982:469). See also 
decrepitation. 

quarry: a site at which rock has been removed from its 
geological matrix for subsequent utilization. 

quartzite: a sedimentary material composed of metamorphically 
fused quartz grains. It ranges from fine to very 
coarse-grained and can vary from white, when formed from 
pure quartz, to a variety of other colors, depending on 
the impurities present (Matthews 1982:60; Pough 
1976:22) . 

reducing atmosphere: a heating atmosphere lacking free oxygen; 
such an atmosphere results in the removal of oxygen 
(reduction) from heated compounds (Merriman 1965:818; 
Rice 1987:481). 

ripple marks/rippling: wave-like undulations radiating 
concentrically outward from the point of impact on a 
flake or a flake scar; compression rings. An increase 
in flake scar rippling is often indicative of heat 
treatment. 

selective heat treatment: during manufacture, the thermal 
conditioning of selected tool portions by the 
application of direct heat, probably to allow for finer 
pressure flaking and the manufacture of sharper edges 
(Patterson 1975:10). 

siliceous: refers to materials comprised of silica. See 

silicates. 


silicates: rocks comprised primarily of silicon dioxide 
(SiO ), consisting of one or more elements combined with 
sili60n and oxygen. Silicates comprise the largest and 
most common class of minerals, and constitute a major 
part of the earth's crust. Silicates were extensively 
used prehistorically for stone tool manufacture, and 
include such materials as quartzite, chalcedony, chert 
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(flint), and jaspar (Matthews 1982:29; Plummer and 
McGeary 1982:25; Pough 1976:219-220). 

spall: a small flake or chip of lithic material (Crabtree 
1972; Hellweg 1984:108). unintentional spalling is 
commonly associated with decrepitation. 

thermal alteration: the production of heat-induced changes in 
lithic materials, including both intentional changes 
designed to elicit particular characteristics and 
unintentional or accidental changes, such as those 
associated with the formation of ordinary fire-cracked 
rock. 

thermal conditioning: See heat treatment. 

thermal stress: stress resulting from the differential 
expansion and contraction of the components of a heated 
material (Rice 1987:483). See thermal shock. 

thermal shock: destructive thermal stress usually caused by 
sudden or extreme temperature change. Often 
characterized by irregular breakage, spalling, severe 
crazing and sometimes the explosive destruction of 
lithic materials. See also crazing, decrepitation. 

thermoluminescence (TL): the light emitted by a solid object 
when it is exposed to heat; a phenomenon often 
associated with non-conducting, crystalline solids, 
including pottery, glass, and stone. Over time, 
ionizing radiation releases bound electrons, which 
become trapped in crystalline imperfections within the 
material and are released in the form of visible light 
when the material is heated. Since the accumulation of 
trapped electrons is directly related to the time 
elapsed since the preceding heating episode, the time of 
the previous heat exposure can be theoretically 
estimated by measuring the light energy emitted. 
(Isaacs et al. 1984:696; Knudson 1978:201; pitt 
1977:226; Melcher and Zimmerman 1977:1361). 

thermogravimetric analysis (TGA): a method of analyzing 
weight changes during heating (Berry et al. 1983:220; 
Rice 1987:388). 

thin 	section: a slice of rock or mineral ground to a 
thickness of approximately 0.03 mm, creating a 
translucent or transparent sample suitable for 
microscopic examination (Bates and Jackson 1987:684). 

trace element analysis: analysis of trace element composition 
of a sample by any of several means. 
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tourmaline: a complex silicate comprised of aluminum, boron, 
iron, magnesium, sodium, and sometimes small amounts of 
flourine. It is usually black, but sometimes green, 
blue, or red in color (Cox et al. 1973:150; Bates and 
Jackson 1987:693). Black, iron-bearing tourmaline (also 
known as shorl) is the most common (Klein and Hurlbut 
1985:396). 

tourmalinite: a mottled, fine to coarse-grained rock, 
consisting of white to gray quartz and 20% or more black 
or brown tourmaline (Bates and Jackson 1987:693; 
Mitchell 1985:43). 

unintentional thermal alteration: heat alteration by 
accidental or natural exposure to heat. Often 
characterized by crazing, potlidding, dehydration, 
decrepitation, calcination and color changes associated 
with overheated material, although some materials may 
serendipitously exhibit some of the desired 
characteristics of intentional heat treatment. 

vitreous: possessing a lustre and texture similar to glass. 

vitrification: operative term for desired material change due 
to heat treatment. Refers to the acquisition of a more 
glasslike appearance and flaking qualities as a result 
of heat treatment. 

vug: 	 an open cavity in rocks, often containing crystals; a 
crystal pocket in lithic material (Pough 1976:302). 

water-chipping/water-flaking: one of several methods of 
flaking heated stone by the controlled application of 
water droplets, often with a stick, feather or reed. A 
series of repeated heatings and intentional thermal 
shocks is used to spall off small pieces of the stone 
until the desired shape is obtained. Although there 
are several ethnographic descriptions of the technique, 
modern attempts at experimental replication have 
consistently failed. 

X-ray diffraction: a method of identifying minerals by the 
diffraction properties of their crystalline structure. 
X-rays are bent by the crystals in a way that is 
mediated by both the wavelength of the x-ray and the 
crystal lattice through which they are passed. The 
repeated pattern of the crystalline structure acts as a 
diffraction grating for the x-rays, and produces a 
characteristic pattern. Since each mineral possesses a 
unique chemical and structural composition, x-ray 
diffraction can be used to analyze and identify the 
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constituents of a particular sample. This can be 
graphed as a series of fluctuating peaks (Isaacs 
1984:749-750; pitt 1977:415; Rice 1987:382-386). 
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APPENDIX B 


SURVEY OF ANALYTICAL TECHNIQUES 

To date, no simple, generally applicable diagnostic 

method of recognizing intentional heat treatment has been 

discovered. In practical terms, archaeologists attempting to 

identify the use of prehistoric heat treatment are often 

forced to rely on the evaluation of a group of macrocharacter

istics that represent, at best, a subjective assessment. 

However, over the past 25 years, several elaborate analytical 

techniques have been successfully used to study heat 

treatment in rocks; unfortunately their general application 

is often hampered by high expense and restricted access (Rick 

and Chappel 1983:71). In spite of this, high-tech analysis 

has contributed much to the recognition and understanding of 

ancient heat treatment. 

Following are brief descriptions of the various methods 

that have been used to study heat treatment since the mid

1960s. 

scanning Electron Microscopy (SEM) 

Since its development in the 1930s, electron microscopy 

has become an indispensible scientific analytical tool. The 

imaging capabilities of the electron microscope are based on 

the use of short-wave electron beams to create magnified 

likenesses of objects far beyond those of its optical 
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counterparts (Isaacs 1984:232; pitt 1977:127). The early 

transmission electron microscope passed a sharply focused 

electron beam through a thinly-sliced specimen to form a two 

dimensional image. More recently developed scanning electron 

microscopes are used with larger specimens to form an 

apparent three dimensional picture, with greater depth of 

field, albeit with some loss of magnification and resolution. 

Technically, SEM examination is a relatively 

straightforward procedure: the specimen is scanned by a 

primary electron beam, and the reflected electrons are 

collected to modulate the image on a television monitor or 

photographic film plane (Isaacs 1984:232; Rice 1987:401). 

Because the SEM works by the electron reflection, the surface 

of the specimen must be made conductive to be properly 

scanned, usually by coating it with a thin layer of gold or 

carbon (Rice 1987:402). 

The use of electron microscopy to analyze heat treated 

lithics was pioneered by Don Crabtree. Examining 

experimentally heated chert, Crabtree observed apparent 

shrinkage among its constituent crystals, and postulated that 

silica recrystallization was responsible for the changes 

asssociated with heating (Crabtree and Butler 1964:2). 

However, most subsequent SEM research indicates that some 

type of interstitial bonding is responsible for the flaking 

changes associated with heat treatment. Mandeville 

(1973:199), for example, observed that raw chert surfaces 
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were quite rough under the SEM, and were primarily composed 

of a fibrous matrix containing scattered areas of 

crystallization. When heated, this matrix apparently fused 

and acted as an intergranular cement to bind the crystals 

into "a more nearly homogeneous material which fractures 

somewhat like glass", resulting in smoother flake scars and a 

more workable material. other SEM observations of 

transgranular fracture increases support the idea that 

structural fusion is responsible for many of the changes 

associated with heat treatment (Nelson 1968:14; Purdy 

1974:51; Rick 1978:39). 

optical Microscopy 

Optical microscopy appears to be a viable means of 

detecting the changes associated with heat treatment, 

although it has not been widely used (Rick and Chappel 

1983:71). One unexplored avenue of analysis may be the use 

of acetate peels, which involves making high quality plastic 

replicas of material surfaces for optical or electron 

microscopic examination. The technique has been successfully 

used to study use-wear on both bone (Genny LeMoine, personal 

communication 1989) and stone implements (Knutsson and Hope 

1984; Plisson 1983). preliminary studies by the author 

suggest that acetate peels are capable of picking up many of 

the heat-related characteristics observable under the SEM, 

and may provide an inexpensive method of microscopic 

analysis. 
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petrographic Analysis 

Closely related to the previous technique, petrographic 

analysis involves the microscopic examination of transparent 

or translucent thin-sections of lithic material. Results of 

thin-section analysis for studying the effects of heat 

treatment have varied. Crabtree (Crabtree and Butler 1964:2) 

reported that thin-sections of heated silica revealed the 

presence of "microscopic islands of the original crystalline 

structure of the mineral", while Nelson (1968:12) noted the 

presence of tiny "spherical zones" in unheated samples of 

Texas flint, which were better defined in a specimen heated 

to 250
o

C, but absent in a 4000 C heated sample. In contrast, 

neither Purdy (1974) nor Schindler et ale (1982) reported any 

significant differences between thin sections of raw and 

heated material. 

Differential Interference Microscopy 

Differential interference microscopy is a method of 

optical microscopy in which two light beams are used to 

create an enhanced image of the examined object (Bradbury et 

ale 1989:28; White 1966:231). 

Flenniken and Garrison (1975) successfully used 

differential interference microscopy to identify heat 

treatment in Arkansas novaCUlite, and postulated that 

observed increases in microfracture density were considered 

to be the salient factor responsible for flaking improvements 

seen in material heated above 450o C. 
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Thermoluminescence (TL) 

Thermoluminescence is a phenomenon related to the to 

the ability of many crystalline materials to store the energy 

resulting from natural radiation exposure. Heating reduces 

these energy levels to zero. Thus, when such materials are 

heated, their stored energy is released as visible light 

(thermoluminescence) which can be used to calculate the time 

span since the previous heat exposure (Isaacs et ale 

1984:696; Knudson 1978:201; pitt 1977:226). 

Although the phenomenon has been known for almost three 

centuries, its scientific applications are a relatively 

recent development (Goksu Ogelman 1986:263). TL analysis was 

originally developed as a method of detecting the amount of 

radiation exposure experienced by cancer patients undergoing 

therapy (Purdy 1978:35), but it has been applied to 

archaeological dating only in the last three decades. 

Because of the nature of the thermoluminescent reaction, 

TL is probably one of the most reliable techniques for 

detecting ancient heat treatment (Olausson and Larsson 

1982:279). In 1974, Goksu et ale demonstrated the utility 

of using TL to date burned flint and concluded the technique 

had a potential dating range exceeding 100,000 years (Goksu 

et ale 1974:653). Around the same time, Rowlett et ale 

(1974) showed that TL could also be used to detect ancient 

heat treatment, and soon afterwards, Melcher and Zimmerman 

(1977:1360, 1362) demonstrated TL's potential for identifying 
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cherts that were prehistorically heated to at least 2500 C 

without the need for raw control samples. 

X-ray Diffraction 

Because minerals are structurally unique, they can be 

individually identified by the diffraction pattern they 

produce when bombarded by X-rays. This pattern can be 

graphed as a series of fluctuating peaks (Berry et ale 

1983:202-214). If the crystalline structure of a material is 

altered by heat treatment, the change should be evidenced by 

differences in the pre- and post-heat diffraction patterns. 

Unfortunately, X-ray diffraction studies of heat treated 

materials have produced ambiguous results. Nelson 

(1968:18,31) observed narrower and sharper quartz peaks in 

Texas flint following heating, while Weymouth and Mandeville 

(1975:66) noted an apparent crystal size decrease in several 

heated Midwestern cherts. In contrast, Purdy observed no 

appreciable differences in the X-ray diffraction patterns of 

raw and heated Florida cherts (Purdy 1974:50, 52; Purdy and 

Brooks 1971:323; Purdy and Clarke 1979:20), and Schindler et 

ale (1982:530) reported no differences between the quartz 

lines of raw and heated Pennsylvania jasper, although their 

analysis indicated that the transition of goethite (HFe0 ) to2 

hematite (Fe 0 ) was responsible for the yellow to red color2 3

shift commonly associated with annealing (Schindler et al 

1982:529). Rick (1978:35) has also observed the 

disappearance of the calcite peak in heat treated Burlington 
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chert. This appears to be a relatively minor change, 

although calcium can degrade the heating process if present 

in sufficient quantities (Purdy 1974:46). 

Hossbauer spectroscopy 

Mossbauer spectroscopy (also known as nuclear gamma 

resonance spectroscopy), is an absorption analysis technique 

based on the effect discovered by R. L. Mossbauer in 1957 

(Isaacs et ale 1984: 455; Rice 1987:399). (Absorption refers 

to the transformation of one form of radiation into another 

form [Pitt 1977:10].) Mossbauer discovered if a solidly

bound nucleus emits a gamma-ray photon, the recoil energy 

will be absorbed by all the atoms in the surrounding atomic 

lattice (Isaacs et ale 1984:455), and the gamma ray will 

possess the full energy of the nuclear transmission during 

emission and absorption. The radiation thus emitted or 

absorbed has a distinctive energy level (Rice 1987:399). 

In Mossbauer spectroscopy, an isotopic sample of the 

element to be identified is used as a gamma ray emitter and 

absorber. The amount of an element present in a sample is 

calculated by measuring its absorption of gamma rays (Isaacs 

et al 1984:455; pitt 1977:251; Rice 1987:399). 

The use of Mossbauer spectrometry for archaeological 

applications is a relatively recent development (Rice 

1987:430). Specifically, the 57Fe(iron)-Mossbauer spectrum 

has proven useful for detecting the application of ancient 

heating by providing a means to study the ratio of different 
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iron impurities in both ceramics (Rice 1987:399, 430) and 

lithic materials (Berry et ale 1983:220; Jones et ale 1979). 

Applying 57Fe Mossbauer spectroscopy to Texas Alibates 

flint, Jones et ale observed that two changes occured in the 

material's iron impurities: 

1) at temperatures around 240oC, there was a change in 

the recoiless fraction of the Fe20 3 ; 

2) at higher temperatures (-2750 C ), the HFeo
2 

(goethite) was oxidized to produce Fe20 3 (hematite). 

Thus, the presence of HFeo2 indicates that the material was 

not previously heated above 2750 C, and any change in the 

recoil-free fraction of Fe20 3 during test heating indicates 

that no previous heating occurred (Jones et ale 1979:482). 

These findings suggest that prehistoric heat treatment can be 

1'dent'f' db'y compar1ng the 57Fe-Mossbauer spectra of1 1e 

artifacts to those of their unheated sources. Such a 

technique appears to be useful for studying ceramic firing 

temperatures (Rice 1987:430), and would be similarly 

applicable to heat-treated rocks. 

Neutron Activation Analysis 

Neutron activation analysis is a method of identifying 

trace elements in a material by converting them into unstable 

radioactive isotopes with neutron bombardment. The type and 

amount of each element can then be identified by its 

characteristic rate of radioactive decay. The extreme 

sensitivity of neutron activation analysis makes it a popular 
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technique for use with cherts, which commonly exhibit 

"notoriously low trace element levels" (Ives 1984:193). 

Neutron activation analysis has proven extremely useful in 

determining the ancient sources of lithic artifacts (Knudson 

1978:259), and the technique could probably be used to 

identify thermal alteration in siliceous material (Gregg and 

Grybush 1976:190). However, its high cost and required 

access to a nuclear reactor severely limit its application 

(Knudson 1978:258-59; Rice 1987:396-97). 

Electron spin Resonance Spectroscopy (ESR) 

Electron spin resonance spectroscopy is based on the 

fact that atoms normally accommodate two orbiting electrons 

(paired electrons), which spin in opposite directions, while 

substances which contain only one (unpaired) electron possess 

a weak magnetic attraction (Russell 1980:132). Unpaired 

electrons thus possess a spin which can cause variations in 

an externally applied magnetic field. When bombarded with 

microwaves, these unpaired electrons create a characteristic 

magnetic absorption spectrum which is dependent on their 

crystalline surroundings. In lithic materials, the 

prehistoric application of heat can be detected and 

quantified by the differential energy levels produced by the 

unpaired electrons created by heating (Griffiths et al. 

1986:259; Isaacs et al. 1984:232-33; pitt 1976:129; Rice 

1987: 430) . 

Robins et al. (1978:703) pioneered the use of ESR for 
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heat treatment detection, identifying a carbon-based signal 

in experimentally heated flint which was not observed in 

unheated control samples. The appearance of the carbon

signal was attributed to pyrolytic changes (i.e. high 

temperature chemical decomposition) in the organic component 

of the flint, and subsequent research demonstrated that the 

manganese, methyl, and perinaphthenyl (phenalenyl) ESR 

signals also produced variations specific to heat treated 

chert (Griffiths et ale 1986:260, 262; Robins et al 1981:104; 

Symons 1986:254). ESR spectroscopy has also been used to 

determine firing temperatures associated with ancient ceramic 

manufacture (Rice 1987:430) and would appear to be similarly 

applicable to prehistorically heated rock. 

Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis is a method of analyzing 

weight changes in materials during heating. Heat-induced 

reactions causing lithic weight loss include initial 

dehydration at low temperatures (i.e. < 2000 C), and the loss 

of chemically-bound water at temperatures above 3000 C. 

(Griffiths et ale 1987:48-51). 

Using TGA, Schindler et ale (1982:529) observed a rapid 

weight loss between 2000 C and 3000 C in heated Bald Eagle 

Pennsylvania jasper, while Griffiths et ale (1987:48-51) 

identified a fluctuating weight loss gradient which peaked at 

1000 C, troughed at 3000 C, then again increased. These 

changes correspond with the color and structural changes that 
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occur in heated materials at these temperatures, indicating 

that water migration and loss is an integral part of the 

reaction. 

Differential Thermal Analysis (DTA) 

Differential thermal analysis is a method of measuring 

endothermic (heat-absorbing) and exothermic (heat producing) 

reactions in materials during heating (Berry et ale 

1983:218). The analyzed material is heated at a constant 

rate with a thermally-inert reference material while 

temperature changes in both are plotted. Any endothermic 

reactions in the analyzed material result in a drop below the 

reference temperature, while exothermic reactions result in a 

rise; together, these produce a record of the heat-induced 

structural changes related to the chemical composition of the 

material (Knudson 1978:272; Rice 1987:92, 386). DTA can be 

run simultaneously with thermogravimetric analysis (Berry et 

ale 1983:218) and appears to be reliable method of 

identifying heat-induced changes in lithic material (Olausson 

and Larsson 1982:278; Purdy 1974:50; Schindler et ale 

1982:529), as well as providing a rough estimate of the 

temperature at which it occurred (Leach 1970, cited by 

Mandeville 1973:190). 

Fission Track Obliteration 

Fission tracks are minute damage pathways in a material 

caused by the spontaneous decay of the radioactive isotope 

U238 (Faul and Wagner 1971:152). since the number of fission 
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238tracks is contingent on the quantity of u present, the 

relationship between the two can be used to calculate the age 

of the specimen. 

Fission tracks remain stable indefinitely unless 

obliterated by heating (Faul and Wagner 1971:154; Fleming 

1976:140). If the heating episode represents an 

archaeological event, then fission track manifestation can 

provide a measure of both its temperature (Faul and Wagner 

1971:154-155; Knudson 1978:194) and the time elapsed (Fleming 

1976:144). 

Unfortunately, the analysis of fission track 

obliteration is limited to homogeneous substances like 

obsidian (Collins and Fenwick 1974:136; Fleming 1976:144). 

Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance refers to the absorption of 

radio-waves by atomic nuclei within a strong magnetic field. 

The spin possessed by these nuclei makes them act like tiny 

magnets, which change their rotational direction into one of 

two possible alignments (with different energy levels) when 

an external magnetic field is applied. Any change from one 

energy level to another results in the absorption of radio

frequency radiation, producing an NMR-detectable signal (Pitt 

1976:261; Isaacs et al. 1984:479). 

NMR spectroscopy is especially useful for chemical and 

structural analysis, since different atoms absorb energy at 

different frequencies within the magnetic field (Isaacs et 
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ale 1987:479). Changes in the field's frequency result in 

absorption which is detectable as field oscillations 

reflecting the chemical composition of the sample (Isaacs et 

a1. 1986:479). Using NMR spectroscopy, Symons (1986:253-54) 

was able to trace the migration of water into microscopic 

inclusions in samples of Brandon flint heated to 400o C, and 

suggested that the method could be used to detect different 

types of water molecules in similar heated materials (see 

also Berry et ale 1983:220; Griffiths et ale 1987:51). 

Rock Mechanics Testing 

Several researchers have observed definite changes in 

material compressive and tensile strength after heat 

treatment (Purdy 1974:47-49, 1975:39; Rick 1978:42; Patterson 

1981:7). Although theoretically useful for detecting 

prehistoric heat application, the use of rock mechanics tests 

remains limited because of the difficulty in recovering 

"large enough specimens from sites to prepare samples whose 

dimensions must be precisely accurate in order to assure the 

validity of the results" (Purdy 1974:52). 
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APPENDIX C 


LIQUID PENETRANT TESTING 

Liquid penetrant testing is extensively used in industry 

as a quick, inexpensive, and accurate method of detecting 

potentially detrimental flaws in a wide range of ferrous and 

non-ferrous materials, including ceramics, glass, and 

plastics (Allen 1969:62-63; Bray and Stanley 1989:479). It 

is currently considered to be "one of the best methods of 

inspection for all types of surface cracks and porosity in 

solid nonpermeable materials" (Booth, Sherwin, and Borucki et 

ale 1982:20). 

Modern liquid penetrants are capable of detecting 

discontinuties less than a nanometer (10-9m) in width 

(Sparling 1982:5), although sensitivities in the range of a 

few micrometers are more common (Alburger et ale 1982:286; 

Bray and Stanley 1989:486). Using LPT, the unaided human eye 

is capable of regularly detecting flaws as small as 25 ym 

(0.001 in.) (Booth, Sherwin and Borucki et ale 1982:23), 

allowing unassisted visual detection of even microscopic 

faults on material surfaces. 

Essentially, the technique involves applying a liquid 

penetrating dye to the surface of the tested material. The 

dye is allowed to seep into cracks and other discontinuities 

for an appropriate absorption time (known as its dwell time), 
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which can vary according to the nature of penetrant, 

material, discontinuity, and application temperature 

(Alburger et ale 1982:290-291; Bray and Stanley 1989:505). 

Afterwards, the excess penetrant is removed and a developer 

applied, which draws the penetrant from the discontuities to 

provide both a visual indication of the flaws and create a 

high contrast background to make any dye reactions easier to 

spot (Allen 1969:64; Brown 1981:81). Essentially, the 

developer acts like a blotter to disperse the penetrant over 

the surface at the site of the discontinuty. This dye

dispersion (known as bleedout) thus makes otherwise 

imperceptible flaws visible (Figure 10). In reality, a 

slightly more complicated technique is required to ensure 

that the procedure produces reliable and reproducable 

results. The following steps are employed regardless of the 

penetrant type used (adapted from Lomerson 1977:25): 

1) 	 The surface of the material must be thoroughly 

cleaned and dried before penetrant application to 

minimize the possibility of false indications due to 

contamination. Adequate drying is critical, since 

the presence of moisture within surface 

discontinuities can prevent the penetrant from 

entering (Booth and Borucki et ale 1982:66; Sparling 

et ale 1982:338). 

2) 	 The penetrant is applied, and allowed sufficient time 

to seep into discontinuities. Application can be by 
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aerosol spray, submersion, or brushing. 


3) The penetrant is removed, using water rinse, solvent, 

or hand wipe, depending on the penetrant type. Some 

penetrants are self-emulsifiable (water-soluable), 

which streamlines the cleaning process, since excess 

penetrant can be removed with a water rinse. 

Although water does not possess the penetrating 

capabilities of the dye penetrant, care must be taken 

to avoid removing the penetrant from the 

discontinuites through overwashing (Booth, Sherwin 

and Haller et al 1982:145). Post-emulsifiable 

penetrants are oil-based and are not water-soluable, 

and require the application of an emulsifying liquid 

prior to water wash to remove excess penetrant. 

Solvent removable pentrants are also oil-based, and 

are cleaned by hand wiping the surface with a 

solvent-wetted cloth (Lomerson 1977:26). 

4) The material must be thoroughly dried; this can 

involve air or oven drying, providing excessive 

temperatures are avoided (Lomerson 1977:25). This 

provides an uncontaminated surface free from any 

extraneous traces of penetrant which could provide 

false indications. 

5) The developer is applied and draws the trapped 

penetrant from the discontinuities and enhances their 

visibility by spreading the dye laterally over the 
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adjacent surface. 

6) The material is then inspected for flaw indications 

and the results interpreted. 

Following inspection, the developer and dye can be removed 

with a water rinse and, if necessary, further applications of 

cleaner. 

The action of liquid penetrant testing is based on the 

principle of fluid capillarity, which both draws the 

penetrant into surface flaws and later draws it out, making 

them visible (Bray and Stanley 1989:467). This type of 

capillary action is defined as 

the positive force that causes movement of certain 
liquids along narrow or tight passages. This force 
results from the imbalance of surface tension and 
air pressure on the liquid. This imbalance ..• 
causes the liquid to migrate through (or penetrate 
into) tubelike passageways or porous structures 
(such as porosity or cracks open to a metal 
surface)" (Sparling et al. 1982:325; see Alburger 
et al. 1982 or Bray and Stanley 1989:467-473 for 
detailed technical descriptions of the process). 

Unfortunately, this also limits use of the technique to 

surface-exposed flaws. 

Discontinuities that are commonly detected using 

penetrant testing are: 

cracks: which usually show up as linear indications. 

The size and location of the crack is reflected by the 

width and brightness of the penetrant indication. 

pores: which are manifested as an aggregation of tiny 

dots on the material surface. As with cracks, the size 
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and brightness of a dot directly reflects the volume of 

its associated pore. 

diffused reactions: which are manifested as a penetrant 

reaction over large portions of the material surface. 

with visible-light penetrants, this reaction may range 

from a slight pinkish cast to a widespread reddening. 

This often results from pervasive porosity, but may also 

be caused by the inadequate removal of excess penetrant 

or the application of too much developer (Alburger et 

ale 1982:333-335). 

The sharpness of any indication is influenced by the volume 

of the trapped penetrant, developing time, temperature, and 

the type of penetrant used. Small, narrow discontuities 

generally produce sharp indications and can take from several 

seconds to several minutes to appear (Booth, Sherwin and 

Haller et ale 1982:151; Sparling et ale 1982:335). Larger 

flaws manifest themselves almost immediately (Alburger et ale 

1982:151), and are associated with proportionately greater 

penetrant bleedout, producing large, bright indications, 

often with less distinct borders. Discontinuity indications 

can remain visible for several hours after the application of 

the developer (Booth Sherwin, and Haller et ale 1982:145). 

A typical penetrant testing kit (such as the one used in 

this study) consists of three aerosol spray cans, one each 

containing a cleaner, a penetrant dye, and a developer, as 

well as a few swatches of clean, lint free cloth. This 
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system is inexpensive (usually around $25 - 50) and, with a 

few simple caveats, can be readily used in either the lab or 

in the field. Because of the health risks of ingesting some 

of the spray substances, indoor testing should be conducted 

in a well-ventilated room, while cleanliness is the major 

concern during outdoor testing. As well, some test materials 

are highly flammable and should be handled with caution. 

Since pressurized spray cans do not function well when cold, 

can temperature should be no lower than 16Co (60o F) (Booth, 

Sherwin, and Haller et ale 1982:146). 

Visible solvent-removable penetrants are widely used in 

field situations, since water is not required to remove the 

excess penetrant and no special viewing equipment is 

necessary (Booth, Sherwin, and Haller et ale 1982:148). 

However, care must be taken to avoid excessive penetrant 

removal through overzealous use of the cleaning solvent prior 

to applying the developer. Booth, Sherwin, and Haller et ale 

(1982:146-151) provide a brief discussion of industrial field 

inspection techniques that would also be applicable to 

archaeological use. 

Unfortunately, there are no industry-wide standards for 

LPT, meaning that users must often create their own (Booth, 

Sherwin, and Borucki et ale 1982:50: Sparling et ale 

1982:340, 360). The procedure usually involves testing a 

specially made metallic panel with a variety of crack widths 

(for examples see Alburger et ale 1982:294: Betz 1969:62; 
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Bray and Stanley 1989:486; McMaster 1959:7.25; or Packman et 

ale 1977:209). In the united States, industrial 

specifications for liquid penetrant testing are set according 

to the Military Standard on the Penetrant Method of 

Inspection (MIL I 6866) and the Military Standard on 

Aircraft Structural Integrity Program Requirments (MIL I 

25135) (Packman et ale 1977:195); recent test standards 

necessary to meet these quality requirements are described by 

Mlot-Fijalkowski et ale (1987). One widely used industrial 

reference containing comparative data and photographs is the 

ASTM E43375, Standard Reference Photographs for Liquid 

Penetrant Inspections, produced by the American Society for 

Testing and Materials (ASTM) (Booth, Sherwin, and Borucki et 

ale 1982:49). 
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Figure 2. Map of general location of lithic sources used in the current study. 
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FIGURE 6. Histogram of penetrant crack 
reaction frequency in chalcedonic materials. 
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FIGURE 7. Histogram of penetrant crack 
reaction frequency in chert materials. 
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FIGURE 8. Histogram of penetrant crack I FIGURE 9. Histogram of penetrant crack 
reaction frequency in all chert and chalcedonic reaction frequency in tourmalinaceous 
materials. materials. 
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FIGURE 10. Histogram of penetrant crack 
reaction frequency in Etherington chert. 
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FIGURE 11. Histogram of penetrant crack 
reaction frequency in Knife River flint. 
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FIGURE 12. Deep pit heating gradient: Trial 2. 

Sand matrix; maximum attained temperature 

291.3 C. 
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FIGURE 14. Shallow pit heating gradient: Trial 1. 
Sand matrix; maximum attained temperature 
341.8 C. 
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FIGURE 13. Deep pit heating gradient: TrialS. 
Sand matrix; maximum attained temperature 
333.7 C. 
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FIGURE 15. Shallow pit heating gradient: Trial 4. 
Soil matrix; maximum attained temperature 
477.4 C. 
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FIGURE 16. Shallow pit heating gradient: Trial 3. 
Sand matrix. Test conducted under very 
windy conditions; maximum attained 
temperature 654.2 C. 
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FIGURE 17. Comparison of sand matrix/surface 
heating gradients in the shallow pit: Trial 6. 
Maximum temperatures observed: surface 
757.6 C; matrix 490.9 C. 
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Figure 18. Comparison of soil matrix/surface 
heating gradients in the shallow pit: Trial 7. 
Maximum temperatures observed: surface 
733.2 C; matrix 338.6 C. Note: matrix-placed 
thermocouple failed during cooling. 
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FIGURE 19. Lab kiln heating gradient: Trial 14: 
100 C test. Sand matrixj maximum attained 
temperature 110.7 C. 
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FIGURE 21. Lab kiln heating gradient: Trial 12: 
300 C test. Sand matrixj maximum attained 
temperature 300.5 C. 
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FIGURE 20. Lab kiln heating gradient: Trial 13: 
200 C test. Sand matrix: maximum attained 
temperature 205.7 C . 
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FIGURE 22. Lab kiln heating gradient: Trial 11: 
400 C test. Sand matrix; maximum attained 
temperature 400.8 C. 
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FIGURE 23. Lab kiln heating gradient: Trial 10: 
500 C test. Sand matrix; maximum attained 
temperature 514.5 C. 
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FIGURE 24. Lab kiln heating gradient: Trial 9: 
600 C test. Sand matrix; maximum attained 
temperature 604.8 C. 
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FIGURE 26. Lab kiln heating gradient: Trial 8: 
800 C test. Sand matrix; maximum attained 
temperature 806.1 C. 
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FIGURE 25. Lab kiln heating gradient: Trial 15: 
700 C test. Sand matrix; maximum attained 
temperature 707.6 C. 
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FIGURE 27. Histogram comparing wind effects 
on frequency of decrepitation during heating. 
Flake destruction rates observed during 
shallow pit trials 1 and 6 (calm conditions) and 
trial 3 (high wind conditions) were used for the 
comparison. 
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FIGURE 29. Histogram of decrepitation rates in 
the shallow and deep pits. 
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FIGURE 28. Histogram of decrepitation rates in 
sand and soil matrices. Flake destruction rates 
observed during shallow pit trials 4 and 7 (soil 
matrix) and trials 1, 3, and 6 (sand matrix) were 
used for the comparison. 



203 


....•.,. 

MATEfIIAL SURFACE 

I 

CIIACI(

PENETRANT 

I 

(a) Cleaned surface (b) Penetrant applied 

(c) Excess penetrant removed 

DEVELOPER 

Figure 30. Penetrant flaw detection mechanism (adapted from 
Sparling 1982). 
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a) 

b) 

PLATE 1. a) Penetrant crack reaction kit used in this study. 

b) 	 Comparison of crack reaction in unheated Knife 
River flint (left), a sample of KRF heated to 
291 G C (centre), and KRF heated to 654 G C (right). 
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a) 

b) 

PLATE 2. a) 	 Sample of Knife River flint directly exposed to 
the fire. Note severe crazing and calcined 
appearance. 

b) 	 Manifestation of flake scar lustre in unheated 
Knife River flint (left) and a sample of the 
same material heated to its optimum flaking 
temperature (right). 



206 


a) 	 Control sample; lOOx. 

c) 	 400aC sample; lOOx. Note 
crystalline channel. 

e) 	 400aC sample; 7S0x. 
Note microvoids; these 
were not observed on 
other Etherington samples. 

PLATE 3. SEM photomicrographs 

b) 	 Control sample; SOOx. 

d) 	 400a C sample; lSOOx. Close
up of channel feature seen 
in Plate 3c. 

f) 	60Sa C sample; SOOx. 

of 	Etherington chert samples. 
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a) Control sample; lOOx. b) 	 400°C sample; lSOOx. 
Apparent microcracking 
visible in centre of 

c) 400°C sample; 110x. d) GOSOC sample; SOOx. 
Crystalline vein. 

e) 80GGC sample; SOOx. f) 806G C sample; 2S00x. 
Note microfissures Note globules. 
transecting surface. 

PLATE 4. SEM photomicrographs of Negro Lake tourmaline. 
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a) 	 Control sample; lOOK. b) Control sample; SOOK. 

c) 	 400G C sample; SOOK. d) 60SGC sample; SOOK. 
Possible microcracking in 
centre of photomicrograph. 

e) B06GC sample; ISOOK. f) B06G C sample; SOOK . 
Enlarged microcrack. 

PLATE S. SEM photomicrographs of Goatfell tourmalinite. 
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a) Control sample; lOOx. 

b) 	 300°C sample; lOOx. 
Note obvious compression 
ring expression. 

PLATE 6. SEM photomicrographs of California Creek chert. 



210 


a) 	 Control sample; lOOx. b) 400°C sample; lOOx. 

c) 400°C sample; lOOx. d) 400°C sample; lOOOx. Iron
Quartz crystals. containing crystalline 

inclusion (enlarged from 
centre of Plate 7b) . 

e) 	 605°C sample; SOOx. 
Extensive microcracking 
rendered the material 
unflakable. 

PLATE 7. SEM photomicrographs of South Bompart chalcedony. 
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a) 	 Control sample; lOOx. b) 20Sa C sample; lOOx. 

c) 20Sa C sample; lOOx. d) 400a C sample; SOOx. Flake 
Compression ring features. scar surface is roughened 

and irregular. 

e) 	 60Sa C sample; SOOx. 
Visible microcracking 
reflects severe crazing. 

PLATE 8. SEM photomicrographs of Dunn County Knife River flint. 
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