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ABSTRACT . 

Obsidian from eight locations in the San Franciscan volcanic 

field in northern Arizona were analyzed for 20 minor and trace elements 

using x-ray fluorescence analysis. 

The intensity ratios relative to iron were statistically analyzed 

and the trace and minor element patterns established. The obsidian 

outcrops clustered into four well defined groups consisting of two 

localities apiece: Government Mountain/Obsidian Tank, Slate Mountain/ 

Kendrick Peak, Robinson Crater/O'Leary Peak, and RS Hill/Spring Valley. 

Each of the four distinct groups was treated individually to refine the 

separation between the similar sites. Classification function coeffi

cients were calculated for each locality, then these were used to identify 

the source of thirteen obsidian artifacts recovered from a Northern 

Arizona archaeological site. 
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Chapter 1 

INTRODUCTION 

The large role that chemistry can play in interdisciplinary 

studies is not always realized. The project described in this thesis is 

a multidimensional study in that it combines chemistry with archaeology, 

statistics, and geochemistry. By studying the patterns of minor and trace 

elements in obsidian samples, one can establish a chemical fingerprint for 

a rock outcrop and trace the origin of an obsidian artifact to its 

geological source. The pattern recognition techniques are statistical 

in nature. 

X-ray fluorescence spectroscopy was chosen in this investigation 

because the method is nondestructive, an essential criterion for the 

study of artifacts. Similar characterization studies of obsidian world

wide have been published in recent years in which a variety of techniques 

were used for the elemental analysis. Atomic absorption spectroscopy has 

been used by some investigators (Wheeler and Clark, 1977), as well as 

x-ray fluorescence (Leach and Anderson, 1978; Hester, 1975; Nelson et al, 

1975; Kowalski et al, 1972; Stross et al, 1971; Jack, 1970), Moessbauer 

spectroscopy (Longworth and Warren, 1979), proton-induced x-ray emission 

spectroscopy (Duerden et al, 1980, 1979; Scott et al, 1978), and neutron 

activation analysis (Ericson and Kimberlin, 1977; Osawa et al, 1977; 

Bowman et al, 1973; Stross et al, 1971). Most authors used a simple 

visual method utilizing only two or three elements to interpret the data. 

The following two XRF studies are of particular interest since they are 

related to the work in this thesis. 
1 
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A previous study of obsidian in the San Francisco volcanic field 

of Northern Arizona was conducted by Jack (1970), and this study has been 

further investigated here. This earlier study was semi-quantitative and 

the classification relied solely on the concentrations of Zr, Rb, and Sr. 

The validity of these results was questionable since only 18 standards 

from nine localities were used, in some cases employing only one sample 

as the standard for a site. Due to the variability which can exist in 

the obsidian in each sample site, it was felt that too much importance 

was placed on too little data. 

Another study was done in which archaeological obsidian artifacts 

were classified by applying pattern recognition techniques to trace 

element data (Kowalski et al, 1972). The obsidian used in this study 

were from four sources in Northern California and were analyzed using 

x-ray fluorescence spectroscopy. The data were computer-analyzed using 

four pattern recognition methods. Three of the methods utilize super

vised learning, which means that the classification parameters are 

adjusted by the computer to fit the data; the fourth is a visual display 

using non-linear mapping. 

Obsidian is a result of viscous lava flow which cools so rapidly 

that crystals do not have time to form. This natural glass is the fine

grained equivalent of granite and is made up chiefly of quartz, feldspar, 

and mica. These mineral are all silicates, composed of Si04 tetrahedra 

linked together with cations such as A1 3+ replacing the Si in some instances. 

Quartz has the composition Si02, in which Si04 tetrahedra are connected 

so that every oxygen atom is shared by two silicon atoms, given an infinite 

three-dimensional framework. In the feldspars, one fourth of the Si are 

replaced by Al (Wells, 1962) (see Figure 1); this requires a monovalent 
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Figure 1. Partial Structure of A1Si 3o8 
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cation in the interstices between the oxygen atoms to balance the charge 

on the A1Si 3o8 framework. Common feldspars include orthoclase (KA1Si 3o8), 

albite(NaC1Si 308), celsian (BaA1 2si 2o8) and anorthite (NaA1 2s; 2o8). In 

the latter two minerals, an additional Si has been replaced by Al, which 

requires the inclusion of divalent ions. Micas are silicates which have 

introduced layers of hydroxyl groups into the structure. Three common 

micas are muscovite (KA1 3s;3o10(0H) 2), biotite (K{Mg, Fe) 3, and 

A1Si 3o10(0H) 2). In obsidian the structure has short range order (as in 

a liquid) rather than long range order. 

Obsidian is black because of sparsely dispersed grains of magne

tite (Fe3o4), but may be red or brown from the additional oxidation of 

the iron by hot magmatic gases to give hematite, Fe2o3 (Gilluly et al, 

1959). Thin pieces of obsidian are almost transparent. Phenocrysts, 

large crystals, usually of feldspar or quartz which cooled more slowly, 

occur embedded in some obsidians. 

Since the volcanic glass has no cleavage planes, it breaks with 

a conchoidal (shell-like) fracture. This break produces a very sharp 

natural edge which made obsidian an ideal working material in prehistoric 

times. Primitive peoples had several uses for obsidian. It was commonly 

used for the manufacture of utilitarian items such as projectile points, 

knives, and scrapers. ·In Mesoamerica,. this glass with its inherent , 

beauty was also used as ornaments such as lip and nose plugs, ear spools, 

and pendants. It was used in religious ceremonies in the form of figurines, 

mirrors, and sacrificial knives, or buried in pits as offerings to the 

gods. It was also used as a prestige symbol in hunting and warfare 

(Michels, 1971}. The superior quality of many obsidians compared to other 

silicate rocks stimulated widespread trade, and it is often found far 

from the original source. 
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Obsidian is being used now for dating purposes, a technique known 

as hydration dating. The speed and low cost of this technique is making 

it increasingly popular. This method has been used primarily for the 

dating of archaeological artifacts, from 2000 to 50,000 years ago (Stokes, 

1973), but it is now also being used to date geologic events such as 

erosion and glaciation (Friedman and Trembour, 1978). 

Obsidian from the San Franciscan volcanic field has been used in 

obsidian hydration dating. This volcanic field is an important source 

to date since much of the obsidian in the southwestern United States is 

thought to have been traded from here (Findlow et al, 1975). 

Obsidian hydration dating, developed in 1958 by Friedman and 

Smith (Michels, 1967), relies on the fact that a freshly exposed obsidian 

surface will absorb water from the surrounding air and soil to form a 

hydrated layer. The thickness of this outer layer is a function of the 

length of time elapsed since the surface was created. An obsidian 

artifact may exhibit several surfaces (man-made or geologic) that may 

involve different dates. In order to convert the thickness of the layer 

into age, the rate of diffusion of water into the obsidian must be known. 

Ambient temperature is the most important factor in the hydration rate, 

but chemical composition also plays a part. Since these factors differ 

considerably between different obsidian localities, separate rates of 

hydration must be established for each microenvironment and obsidian type . 

Obsidian hydration dating has not been included in this study, 

but since each obsidian source has a unique hydration rate, it becomes 

increasingly important to be able to distinquish between the sources. Also, 

before an artifact is cut, one would like to know if in fact it is datable 

with current standards. 
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The study conducted in this project encompasses the analysis 

of twenty minor and trace elements of obsidian in the San Franciscan 

6 

volcanic field of northern Arizona. The volcanic centers included belong 

to the second period of eruption described by Robinson (1913). Although 

the major elements in obsidian (Si, Fe, Ca, Mg, 0, K, Na) {Jack, 1970) 

show little variability among samples, the minor and trace elements 

demonstrate unique patterns. These patterns are used to fingerprint the 

obsidian outcrops in the area to provide a tool to trace the origins of 

obsidian artifacts in order to provide information about the gathering 

habits or trade routes established by primitive peoples. 
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Chapter 2 

SAMPLE COLLECTION 

All obsidian samples used as standards were randomly selected 

at each site and personally collected during the period May-October 1980. 

Locations of the obsidian outcrops in the Flagstaff area have been pre

viously noted by Schrieber (1967) and were obtained from a paper submitted 

to the Anthropology department at Northern Arizona University (Schrieber, 

1967). The following is a description of each obsidian locality, with 

a brief summary of the obsidian found at each site. 

Government Mountain 

The Government Mountain obsidian is located at T23N, R~: Sec. 25, 

NW~ and RSE, Sec. 30, N~. Forest Service road lOOA encircles the mountain. 

The entire southern slope was combed in a diagonal fashion, and several 

small pieces of obsidian were collected up to a height of about 300 feet 

above the base of the mountain. A ravine located on the southwest slope 

of the mountain and measuring about 10 feet wide by 100 feet long is 

almost solid with chunks of obsidian up to a foot or more in diameter. 

Government Mountain obsidian generally has a light gray weathered 

surface, and appears to be of high quality in that it lacks phenocrysts. 

Although the obsidian from here is not of as high of quality as some 

obsidians from other volcanic fields, Government Mountain has long been 

suspected as the source for much of the prehistoric artifactal material 

from.northern and central Arizona because of its abundance and lack of 

phenocrysts. The presence of numerous man-made flakes on the slopes of 

Government Mountain attest to previous gathering and testing activities. 

7 



r 
r 
r 
r 
r 
r 
r 
r 
r 
r -r
r I 

r 
r 
r 
r 
r 
r 
r 

Obsidian Tank 

Obsidian Tank is located at the base of the west side of 

Government Mountain in T23N, R4E, Sec. 24, SW~. It is on the west side 

of Forest Service road lOOA. The entire area surrounding the tank is 

abundant in small nodules of obsidian which resemble the material at 

Government Mountain, and are presumably derived from the same flow. 

Surface distribution of obsidian is continuous from Obsidian Tank on 

up the slopes of Government Mountain. 

Slate Mountain 

8 

This site is not actually located on Slate Mountain, but rather 

is an outcrop about 3/4 mile southeast of the base of the peak. Obsidian 

is abundant near Wallace Tank as well as in an area about 1/4 mile 

southeast of it. This tank is located in T24N, RSE, Sec. 2, SE~. A 

primitive road that cuts off to the east from Forest Service road 191 

leads to this tank. 

Most of the obsidian found at this locality was primarily dark 

red-brown or had brown streaks, although some pure black specimens were 

also found. This material contained many small phenocrysts. 

Kendrick Peak 

The primary obsidian site on Kendrick Peak was found at T23N, RSE, 

Sec. 2, SE~. When looking at the mountain from the east side, a small 

hill can be seen on the southern side of the peak. North of this hill 

is another hill in front of the rest of the mountain; a ravine runs 

between these two peaks. The obsidian was very abundant on the southern 

slope of this ravine at an elevation of about 8400 feet. Many large 

{up to 15") chunks of obsidian were found here. The weathered surface 

was light gray, and the material contained numerous phenocrysts. 
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Robinson Crater 

Robinson Crater, located at T23N, RBE, Sec. 9, E~, is at the base 

of O'Leary Peak. Forest Service road 742 leads directly to this site. 

The obsidian is abundant on the west and northwest slopes of the crater, 

in sizes up to a foot in diameter. The material contains numerous small 

phenocrysts. 

O'Leary Peak 

The O'Leary Peak obsidian was collected from a site on the 
: 

southeast side of O'Leary Peak, located at T23N, RBE, Sec. 10, NE~ at an 

elevation of about 7500 feet. Forest Service road 545A was followed 

for about 2~ miles north of road 545 to reach this site, which is a 

different location than that described by Schrieber. Samples were 

collected from the summit and southern slope of the peak which is on 

the west side of the road. The obsidian was fairly abundant in small 

nodules. The obsidian had a dull gray weathered surface with several 

phenocrysts. The fractured surface had a bright and shiny appearance. 

RS Hill 

RS Hill is actually an extension of the northeast side of 

Sitgreaves Mountain, located at T23N, R4E, Sec. 21, E~; Sec. 22, W~. The 

obsidian was collected from the western slope up to an elevation of 

about 7800 feet. Some samples were also collected at the base of the 

hill on the northwest slope. The obsidian was abundant and resembled 

the material found at Government Mountain. The surface was light gray 

and the material contained few phenocrysts. 
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Spring Valley 

The Spring Valley Wash lies northeast of RS Hill and is located 

at T23N, R4E, Sec. 15, SE~; Sec. 22, NE~; Sec. 23, NW~. This wash was 

arrived at by walking north and slightly east from the intersection of 

Forest Service roads 713 and 194. The head of the wash is on the north

east slope of Stigreaves Mountain. The obsidian was collected by walking 

through the wash and randomly collecting samples. Due to its closeness 

to RS Hill and Sitgreaves Mountain, it is possible that this obsidian 

actually washed down from one or both of these peaks. The material 

contained a few phenocrysts. 

Locations Not Explored 

The San Francisco Mountain obsidian source was not investigated 

in this study. According to Schrieber, the obsidian is located on the 

Fremont-Agassiz saddle. Obsidian was not collected from this site 

because it was considered that the elevation of the source and the low 

quality of obsidian (Schrieber, 1967), that it was not frequently, if 

at all, utilized by prehistoric people. 

Also not explored was Sitgreaves Mountain proper. Schrieber 

stated that obsidian probably exists on this cone, although he did not 

find a locality. If some obsidian were found here, it would likely be 

very similar to the RS Hill and Spring Valley material. 

Archaeological Site NA 10101 

NA 10101, located in R21N, R9E, Sec. 25, SW~, is a Padre Phase 

Simagua site occupied about AD 1075-1125, composed of five masonry rooms, 

a pithouse, and trash mound. It was excavated by Northern Arizona 

University field classes in archaeology in 1968, 1969, and 1970. 
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Chapter 3 

METHODS AND MATERIALS 

Obsidian samples were collected from eight localities in the 

San Francisco volcanic field (see Figure 2). These samples were analyzed 

initially for 33 trace and minor elements (listed in Figure 3) using 

x-ray fluorescence spectroscopy. The list of elements for analysis were 

selected both from the results of XRF scans of obsidian samples and from 

literature by other authors engaged in similar obsidian projects (Jack, 

1970; Nelson et al, 1975; Wheeler et al, 1977). The eight elements marked 

by diagonal cross hatches in Figure 3 were eliminated from the original 

list because they did not have a significant number of counts above 

background. The four elements marked with horizontal cross hatches were 

dropped because the ratios were essentially the same in all groups. This 

left 21 elements in the analysis. 

The instrument used, a General Electric XRD-6 spectrometer equip

ped with a tungsten target and 6-SPG counter tube as a detector, was 

operated at 40KV and 35mamp. The dispersion crystal was LiF, optimized 

at the iron K line. Each element was measured at its wavelength peak a 

for a fixed time of 100 seconds, and the analysis repeated at least once. 

The variation in the counts (determined by standard deviation/mean) was 

generally less than 2%, unless the number of counts was unusually low. 

No elements lower than titanium (Z=22) were included in the 

analysis since use of the LiF crystal allows only elements with atomic 

numbers larger than 22 to be determined. Lower Z elements require the 

use of a pentaerythritol (PET} crystal, which adds K, Ca, and Sc to the 

12 
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analysis. No element lower than potassium (Z=l9) is detectable with the 

system employed. It is believed that the detector presently in operation 

in the spectrometer is the explanation for this phenomenon. In the course 

of this project, it was discovered that the detector used is actually one 

which is designed for use in X-ray diffraction rather than fluorescence. 

A scintillation counter should be used in this instrument instead of a 

proportional counter. Since Si (the most abundant element in obsidian) 

could not be detected and only three additional elements could be added 

to the study, it was considered that substitution of the PET crystal 

was not worthwhile. Consequently, the Lif crystal was used and only 

elements with Z larger than 22 were investigated. 

Little sample preparation was involved. The obsidian sample was 

first rinsed with distilled water to cleanse it of any residual dirt, 

then the flattest natural surface was selected for exposure to the 

x-ray beam. The diameter of the mask, and therefore of the exposed area, 

was 13 mm. The sample was attached to a piece of bakelite using collo

dion, then inserted into the sample holder. In instances where slightly 

larger pieces of obsidian were used, these were merely placed into the 

holder without being attached to the bakelite. Very thin samples in 

particular were attached directly to the back of the mask and the bakelite 

then pl~ced behind the sample. 

Background measurements for subtraction of the effects of the 

sample holder, tube, etc. were obtained by using the sample holder alone 

with the piece of bakelite inserted into it. This arrangement gave the 

same results as determining the background with triple distilled water 

in the sample holder. Five to nine background determinations for each 

element were obtained, counting for 100 seconds each. These were verified 
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periodically during the analyses. The average of the background measure-

ments was subtracted from the average of the number of counts per 100 

seconds to give a net intensity of each element in each obsidian sample. 

Three tests for homogeneity within the individual obsidian 

samples were made. The first is that the samples were reanalyzed in the 

same spot as the first analysis. A second test was to analyze the samples 

in two to three different spots. The final test was to analyze smaller 

fragments of a shattered or sawed large piece of obsidian. This was the 

only instance in which a sawed surface was analyzed. The consistency of 
I 

the data is discussed in Chapter 5, Results. 

The initial treatment of the data was to enter the intensity 

values for each element into a BASIC program (Program 1 in Appendix C) 

which computes the average intensity, subtracts the average background, 

then determines the percent of each element relative to iron. These 

percents were then used for further analysis of the data. 

When data had been obtained for six samples from each locality 

(a total of forty-eight samples), the statistical analysis was begun. 

One sample from each locale was analyzed and classified using these 

derived classification function coefficients for six cases per group, 

then added into the analysis. This tested the reliability of the derived 

functions. A new set of classification functions was derived for the now 

seven cases per group. As before, one more sample from each locality was 

analyzed and classified to test the classification functions. These 

samples were then added into the analysis which provided a total of eight 

samples in each group for the final analysis and computation of classifi

cation functions. Two additional samples, one each from Government Moun

tain and Slate Mountain, were analyzed and classified to determine the 
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reliability of this last set of functions, but they were not added 

into the analysis. 

Unknowns analyzed and classified include thirteen artifacts 

collected by Northern Arizona University archaeologists from a site 

{NA 10101) about 20 miles east of Flagstaff near Young's Canyon. 

16 
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Chapter 4 

ANALYSIS OF THE DATA 

A visual overview of the data* {Table 1) reveals definite trends 

and possibly significant differences among the individual obsidian 

sources. However, if one were to try to distinguish objectively among 

the groups~ it would prove to be very difficult, if not impossible, since 

no single element or pair of elements appears to separate them. Some 

precise form of pattern recognition is necessary. Here, statistics 

provides a valuable tool in the form of a discriminant analysis package 

in the Sigma VI computer system. 

The data were stored in a data file in the computer. Programs 

to call the statistical analyses employed are in Appendix C. 

A one-way analysis of variance {AOV) was first applied to the 

data. This method, useful on the exploratory level, is a method to 

determine if the samples can be separated by simultaneously comparing 

many means. The procedure utilizes the quotient of two estimates of 

common variance in the form of an F ratio where 

F= between-groups mean square 
within-groups mean square (1) 

The ratio demonstrates the similarities among the groups, determined by 

the amount of variability within the categories as compared with differ

ences between them. If all the samples are statistically the same, the 

*Data is in the form of intensity ratios relative to iron. 

17 



Table 1 

Mean Percentages RP.latlvc tn Iron 

Ele- Governm~nt Obsidian Slate Kendrick Robinson 01t.eary RS Spri rg 
mcnt Mountain Tank MOU'ltaln Peak Crater Peak H111 Va llr.x 
Ti 0.479 ! 1.0073 0.109 ! 0.0480 0.314 ! 0.3392 0.186 ! 0.0334 0.180! 0.1421 O.ll4 ± 0.0707 0.099 ! 0.0476 0.113 ! 0.01195 

Mn 6.574 .! 1.4323 7.159 ! 1. 1024 4.2119 1 0.7485 3.879 ± 1.0043 2.420 ! 1.1530 2.968 ! 0.4019 5.013 :t 1.2858 4.341! 1.6873 
I 

Co 0.934 t 0.1205 0.854 ! 0.1456 0.904 ! 0.0949 0.876 ! 0.1264 0.956 ! 0.0537 0.933 ! 0.0705 1.035 ! 0.0929 0.944 ! 0.1220 

Zn 0.736! 0.2866 0.524 ! 0.5187 0.230 .! 0.2495 0.251 .! 0.2413 0.581 ! 0.0986 0.520:!: 0.1725 3.355 ! 0.3086 3.269 ! 0.2841 

Rb 1.920 ! 0.2009 1. 745 ! 0.2818 1. 298 ! 0. 2139 1. 424 :! o. 2225 0.550 i 0.1235 0.425 :!: 0.0938 5.146! 0.1233 4.881 ! 0.1903 

Sr 1.434 ! 0.1117 1.294 .:t 0.2505 0. 779 ± O.lf.i96 0.775! 0.1867 0.883! 0.1320 0.679 ± 0.2494 0.513 .! 0.1736 0.484 ! 0.1932 

y 0.959! 0.1699 0.843 ± 0.3819 0.540 ! 0.1766 0.615 ! 0.2064 0.383! 0.1533 0.290 ! 0.0941 1.898 .! 0.2065 1.825 ! 0.1609 

Zr 1. 560 ! 0.1687 1.4611 .! 0.2054 1.419 .. 0.2191 1.510 ! 0.1570 1.205 ! 0.1535 1.120-! 0.0711 2.248 .! 0.2103 2.088 ± 0.1104 

Nb 1.370 ! 0.2015 1.231 ! 0.2600 0. 774 .! 0. 1691 0.846 ! 0.1484 0.496 ± 1).1746 0.440 :!: 0.0857 2.806 .! 0.1224 2.618 ± 0.1010 

Mo 1.435 ! 0.1206 1.274 .! 0.2591 0.911 ! 0.1784 0.994 ! 0.1866 0.546 ± 0.1460 0.480 .! 0.0953 1.305 ~ 0.1330 1.263 ! 0.1340 

Tc 1.124 .! 0.1853 0.999 ± 0.2703 0.733 :!: 0.1712 0.758! 0.1701 0.414 ± 0.1471 0.343.! 0.0770 1.070 ± 0.1389 0.975! 0.1562 

Ru 1.056! 0.1344 0.905 ! 0.2491 0.643 ± 0.1672 0.683! 0.1935 0.364 :!: 0.1553 0.300 ± 0.0773 0.959 ± 0.1190 0.866! 0.1379 

Rh 1.1 il ! 0.1221 1.003 :!: 0.2505 0.643 ! 0.1416 0.760 :t 0.1352 0.379! 0.1281 0.326 .t 0.0791 0.996 :!: 0.0993 0.944 ! 0.1207 

Pd 1.218! 0.1086 1.116 ! 0.1783 0.713! 0.2028 0.820 ! 0.1592 0.408 t 0.1155 0.378 .! 0.0684 1.053 .t 0.0933 0.988 ! 0.0761 

Ag 1.286 .t 0.0936 1.189 ± 0.11303 o. 759 ! 0.1473 0.876.! 0.1523 0.418 ! 0.1040 0.390 ± 0.0695 1.055 .t 0.1112 1.050! 0.1395 

Cd 0.391 ! 0.0348 0. 393 .! o. 0498 0.324 .! 0.0262 0.323 ! 0.0462 0.166 ± 0.0192 0.144!: 0.0169 0.363 ! 0.0465 0.340 ! 0.0177 

w 11. 515 .! 2.1466 9.329 :t 4.3667 6.808 ! 1. 6004 7.299 :!: 2.3212 4.435 ! 0.9225 3.454! 1.1103 10.775.! 1.6577 10.674! 2.0980 

Au 5.!125 :!; 1.4950 5.099 ! 2.2322 3.631 ! 1. 3156 3.285 :!: 2.01135 2.314 ! 0.6954 1.694 t o. 7969 5. 8116 ! 1. 3963 5.301 ! 1.3921 

Hg 4.548 ! 0.6116 4.034 ! 1.0652 3.040 ! 0.5653 3.063 ! o. 7567 1. 81)8 ! 0. 2556 1.~83 ! 0.3281 4.323 ! 0.4428 3.933 ~ 0.5931 

Th 0.460 t 0.1834 0.396 ± 0.3183 0.269! 0.1747 0.284 ! 0.2563 0.184 ! 0.1150 0.089 ± 0.0745 0.680 ± 0.1210 0.529! 0.1629 
..... 
(X) 
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F ratio will be about unity. If, however, the population means differ, 

the between-groups mean square should be larger than that for within the 

groups, giving an F ratio larger than 1. A ratio smaller than 1 indicates 

more variance within the categories than would be expected by chance. 

To determine if a variable can separate the samples into categories 

successfully, the computed F value must be compared with F ratios in 

tables for the chosen significance level. If the computed F is larger 

than the value reported in the table, differences do indeed exist among 

the groups. The level used in the obsidian problem is 0.05--~his means 

that the calculated value will exceed the tabled value by chance alone 

(ie. there is no significant difference in the means) less than five 

percent of the time. 

The F-probability indicated in the one-way AOV output, different 

from the F ratio, is the probability that the same F would be acquired 

by chance in randomly selected samples from a common population. There

fore, the smaller the F-probability, the more unique the cases are 

statistically, and F probabilities less than 0.05 are judged significant. 

The results of this and the other statistical analyses will be reviewed 

in Chapter 5. 

To determine the amount of redundant information which is supplied 

between a pair of variables, Pearson product-moment correlations were 

computed for the data. The r value acquired in this procedure measures 

how much variance in one variable is explained by the other according 

to the goodness of fit to a linear regression line. A high value for r 

represents a high correlation between two variables, indicating that they 

provide essentially the same information and perhaps one of them can be 

deleted without affecting the system•s ability to discriminate among the 

groups. 
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The one-way analysis of variance and Pearson correlation programs 

were both used in the Statistical Package for the Social Sciences (SPSS) 

program (Nie et al, 1975). 

The final statistical analysis utilized, and that which was used 

in the actual classification of the data, was a stepwise discriminant 

analysis. The package used for this study was the Biomedical Computer 

Programs (BMDP) (Dixon and Brown, 1979), Program P7M. This analysis 

also existed in the SPSS package, but the BMDP was chosen since it uses 

double precision in its calculations. 

With discriminant analysis, a collection of discriminating 

va ri ab 1 es are se 1 ected which may be used to des criminate among the groups. 

The analysis forms one or more orthogonal linear combinations of these 

variables that maximize the separation of the groups. These functions 

can then be used to classify new cases. The discriminant functions 

derived are of the fonm 

o. = d. 1z1 + d. 2z2 + ••• +d. z 
1 1 1 lp p 

(2) 

where Di is the score on discriminant function i, the d's are weighting 

coefficients, and the z.•s are the standardized values of the p discrimi

nating variables used in the analysis (Nie et al, 1975). Ideally, the 

discriminant scores (D's) for the cases within a particular group 

will be fairly similar. 

Often the full set of independent variables contains excess 

information about the group differences, or perhaps some of the variables 

may not be very useful in discriminating among the groups. A stepwise 

approach adds variables one at a time in the order of their explanatory 

power, until it has selected the best set of discriminating variables 
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which maximize group differences. A variable may lose some of its 

discriminating power because the information it contained regarding 

group differences became available in some combination of the other 

included variables. In this case, the redundant variable is eliminated 

from the analysis. At the beginning of each step, each of the variables 

already in the analysis is tested to seeifit still contributes signifi

cantly to the discrimination. 

Using the Wilk's method of stepwise discriminant analysis, a 

1 variable is considered for selection if its partial multivariate F ratio 

(which measures the discrimination introduced by the variable after 

taking into account the discrimination achieved by the other selected 

variables) is larger than a specified value. 

If the experimenter has reason to believe that the cases do not 

have equal probabilities of belonging to all groups, he can specify 

prior probabilities for each group. This process affects only the 

computation of the constant used in the classification functions. In the 

obsidian problem, all cases were assigned equal prior probabilities. 

After the discriminating functions have been derived, analysis 

and classification of the data can finally be pursued. The analysis 

provides several tools for the interpretation of the data, which include 

statistical tests for measuring the success with which the discriminating 

variables actually separate the groups when combined into the discrimi

nating functions. Also, since the discriminating functions represent 

orthogonal vectors in an abstract vector space, the spatial relationships 

and separability among the groups can be studied. In addition, the 

variables which contribute the most differentiation in each function can 

be detenmined. Then, once the set of variables which satisfactorily 
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discriminates among a set of known groups is identified, a set of 

classification functions can be derived which permits the classification 

of unknowns. Some of the tools presenting information in the analysis 

part of the program follow. 

Eigenvalues are a measure of the relative importance of the 

function. The sum of the eigenvalues is a measure of the total variance 

existing in the discriminating variables. An eigenvalue expressed as 

a percentage of the total indicates the amount of variance contained in 

the associated discriminating function, and thus is a measure of the 

importance of the function. 

A canonical correlation is another measure of the function's 

ability to discriminate among the groups. The canonical correlation 

tenm squared gives the proportion of variance in the discriminating 

function which is explained by the groups. This analysis computes 

linear combinatiors of the two sets of variables that are most highly 

correlated. The first set is the set of variables in the classification 

function; the second set can be viewed as dummy variables used to 

indicate group membership. In the plotting procedure, the value of 

the first canonical variable of the classification set is plotted on the 

x axis, and the value of the second on they axis {Dixon and Brown, 1979). 

Centroids are the means of all functions within a particular 

group. That is, a group centroid is the most typical location of a 

case from that group in the discriminating function space. 

Standardized discriminant function coefficients represent the 

relative contributions of each variable to the function. The discrimi-

nant score is computed from these coefficients. 

' 
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Unstandardized discriminant coefficients are used with the raw 

data values to give the discriminant score. Adding a constant gives 

the same results as using the standardized discriminant coefficients. 

However, these unstandardized coefficients do not indicate the relative 

importance of the variables since they have not been adjusted for the 

measurement scales and variability in the original variables. 

23 

Once the data analysis is completed, unknowns can be classified. 

This is the process of identifying the most likely group membership of 

an unknown. Classification can also be used as a check of the adequacy 
I 

of the discriminating functions by classifying the original set of 

cases which were used to derive the functions in the first place and 

comparing the predicted and actual group memberships. In this way, 

the success of the discrimination can be empirically measured by 

observing the percent of the cases which are correctly assigned to 

their original groups. 

Another method available in the BMDP system to check the success 

of the classification functions is the pseudo-jackknife classification. 

Here, a classification function is computed for each case with that 

case omitted from the calculations; the derived function is then used 

to classify the excluded case. This gives a classification which 

contains less bias, since a classification can provide very optimistic 

results when it is used to classify the same cases that were used to 

compute it. 

A further check on the quality of the discriminating functions 

was made. Two samples from each of the eight groups, plus two extras, 

were intentionally omitted from the analysis (leaving six cases per 

group), the discriminant coefficients computed, then the 18 "unknowns" 
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identified. One sample from each group was then added, making a total 

of seven cases in each group for.the analysis, and the 10 "unknowns" 

assigned to their respective groups. Finally, the set of variables 

for discrimination consisted of the eight cases per group used to 

compute the coefficients for classification of the unknowns in further 

work. The extra two samples remained to be classified as 11 unknowns 11
• 
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The classification function derived can be used directly on the 

unknown data to compute the classification score. The classification 

function coefficients are multiplied-by the raw data v~lues, summed 

together, and a constant added. The equation for one group appears as 

C. = c. 1V1 + c. 2V2 + ..• +c. V + c. 0 1 1 1 1p p 1 
( 3) 

where C; is the classification score for group i, the C;j's are the 

classification coefficients, c;o is the constant, and the V's are the 

raw data values for the variables (Nie et al, 1975). The case is 

assigned to the group for which the classification score is the highest, 

for this is the group for which it has the highest probability of 

membership. 

The classification scores can also be converted to posterior 

probabilities, which is the chance after all calculations have been 

done that the case belongs to the assigned group. The probability that 

case i belongs to group j is 

P •• = exp(C;j) 
lJ q 

r exp( C •• ) 
j=l lJ 

(4) 

where q is the number of groups and c .. is the classification score for 
lJ 



the ith case in the jth group (Dixon and Brown, 1979). Since large 

classification scores cause an exponent overflow in the computer, a 

constant must be subtracted from each classification score to give 

the expression 

exp( C .. -k) 
p .. = 1J 

1J q 
.r exp(Cij-k) 
J=l 

25 

( 5) 

Finally, the discriminant analysis program provides a geometrical 

interpretation of the data, where each case is plotted as a point in 

space where each classification function has its own axis. The points 

are then projected onto a plane or hyperplane selected so the groups 

are the furthest apart. This provides a good visual representation of 

how distinct the groups are and how much overl ap actually exists. The 

plot i s of the canonical variables and is such that the x axis is the 

direction in which the groups have the maximum spread. They axis 

shows the maximum spread of the groups orthogonal to the x axis. When 

only one discriminating functi on is invol ved (ie . inthe separation of 

two groups), the plot is a histogram. 
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Chapter 5 

RESULTS 

Three tests for homogeneity within the samples were described in 

Chapter 3. In the first test, where a sample was analyzed twice in the 

same spot, the ratios relative to iron did not change significantly 

(see sample numbers 211, 472, and 6368 in Appendix A). When the sample 

was analyzed in two or three different spots, similar results were 

obtained unless one of the surfaces was very weathered. Here, the 

differences were significant (samples 165, 536, and 644). In the final 

test, using a shattered (#636) or sawed (#191) piece of obsidian, the 

results were the same as when the piece of obsidian was analyzed in 

several places. Presence of a phenocryst did not affect the outcome. 

A small amount of weathering did not affect the results of the 

analysis. In cases of extremely weathered surfaces, the data was not 

used since it differed significantly from the rest of the samples 

within the group. This omission is justified since the unknown obsidian 

artifacts do not have heavily weathered surfaces. Heavy weathering 

effects are probably due to the introduction of a different proportion 

of elements in the minerals deposited on the surface. In addition, 

these surfaces tend to be much rougher, which significantly lowers the 

number of counts obtained in the analysis (Carter, 1971), contributing 

to larger errors. 

The data listed in Table 1 are visually represented in Figure 4. 

The 20 axes give the mean ratios relative to iron of each element 

26 
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4a. Government Mountain (--) 
Obsidian Tank {--) 

Figure 4. Visual Representation of the Data 
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4b. Slate Mountain (-) 

Kendrick Peak (--) 
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4c. Robinson Crater {--) 
o•Leary Peak {--) 
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4d. RS Hill (-) 
Spring Valley(--) 
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analyzed. The scales are the same on each graph so that the differences 

in the shapes of the polygons are visible at a glance (After Krebs, 1978). 

A typical set of data for Government Mountain obsidian sample 

#165 is listed in Table 2. The intensities listed are the average of 

the analyses for each element; the standard deviation and percent error 

are for the raw intensities. This set of data yields the intensity ratios 

listed in Table 3. All other intensity ratios are listed in Appendix A. 

A copy of the raw data is on file at the Chemistry Department at Northern 

Arizona University. 

The results of the one-way analysis of variance are listed in 

Table 4. In this analysis, subset 1 includes the groups with the lowest 

means, subset 2 the next lowest, etc. As can be seen from the table, 

specific locations (Robinson Crater (3) and O'Leary Peak (4), Slate 

Mountain (2) and Kendrick Peak (5), RS Hill (6) and Spring Valley (7), and 

Government Mountain (1) and Obsidian Tank (8)) consistently group together. 

This illustrates the inherent difficulty involved in separating these 

groups andthe possibility of a common source. 

Of particular interest is the F-prcbability listed for each 

element in this test, which is zero for all elements except two. The 

variability encountered in cobalt would be expected less that six percent 

of the time in a randomly selected group of samples, while that in 

titanium is 50% of the time. Although these values are low, it is possible 

that only one group is significantly different in that variable. The 

element is therefore not necessarily suitable for a complete separation. 

The significance of titanium decreased sharply by adding the last 

sample (#102) to the Government Mountain group; this sample has an 

unusually high value for titanium compared with the values found in the 





r 
r 
r 
1-

r 
r 
r 
r 
r 
r' 
L 

r 
r 
r 
l 

r 
l 

r 
r 
r 
r 
r 
r 

Table 3 

Intensity Ratios Relative to Iron for Data Listed 
in Table 2 for Sample #165 
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================================:======================================== 
Element Percent of Iron 

Ti 0.05 

Mn 4.75 

Fe 100.00 

Co 1.21 

Zn 0.83 

Rb 2.05 

Sr 1.60 

y 0.98 

Zr 1.68 

Nb 1.50 

Mo 1.53 

Tc 1.18 

Ru 1.17 

Rh 1.26 

Pd 1.20 

Ag 1.32 

Cd 0.40 

w 12.17 

Au 5.41 

Hg 4.46 

Th 0.56 
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r Table 4 

Results of ONEWAY AOV 

r Ele. F-Prob Subset 1 Subset 2 Subset 3 Subset 4 Subset 5 Not incl. 

r' Ti 0.5008 6-8-7-3 
l 5-4-2-1 

r Mn 0.0000 3-4 4-5 5-2-7-6 1-8 

Co 0.0559 8-5-2-1 

r 4-7-3 6 

Zn 0.0000 2-5-4 5-4-8 4-8-3-1 7-6 

r Rb 0.0000 4-3 2-5 8-1 7 6 

Sr 0.0000 7-6 6-4 4-5-2 5-2-3 8-1 

r y 0.0000 4-3 3-2 2-5 8-1 7-6 

r Zr 0.0000 4-3 2-8-5-1 7-6 

Nb 0.0000 4-3 2-5 8-1 7 6 

r Mo 0.0000 4-3 2-5 7-8-6 1 

Tc 0.0000 4-3 2-5 7-8-6-1 r Ru 0.0000 4-3 2-5 7-8-6 

r Rh 0.0000 4-3 2-5 7-6-8 1 

Pd 0.0000 4-3 2-5 7-6-8 1 

r Ag 0.0000 4-3 2-5 7-6 8-1 

Cd 0.0000 4-3 5-2-7 7-6 6-1-8 r w 0.0000 4-3 2-5 5-8 8-7-6-1 

r Au 0.0000 4-3 3-5-2 2-8 8-7-1-6 

Hg 0.0000 4-3 2-5 7-8-6-1 

r Th 0.0000 4-3-2 3-2-5 2-5-8 5-8-1 1-7 6 

1 = Government Mountain 5 = Kendrick Peak r 2 = Slate Mountain 6 = RS Hi 11 

r 3 = Robinson Crater 7 = Spring Valley 

4 = O'Leary Peak 8 = Obsidian Tank 

r 
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rest of the group, although the other elements are consistent. The 

analysis was repeated for titanium after the rest of the specimen in 

question was analyzed, and the same high values obtained. The data 

was therefore retained since this was indeed a specimen of Government 

Mountain obsidian although it differed significantly from the rest of 

the samples in this one element. 
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An overview of the Pearson correlations shows that the variables 

which contain the most unique information are Ti, Mn, Co, and Cd in that 

they are each correlated with few of the elements. One would therefore 

expect these to be included among the most important variables in the 

discriminant analysis. However, referring once again to the one-way AOV 

results in Table 4, one can see that neither Ti nor Co are successful 

at separating the groups, so that their unique information is also of 

little use. Although much redundant information is supplied between 

many of the pairs of variables, enough information still exists in most 

of them to be significant in the analysis with the levels used. 

The discriminant analysis provided not only classification 

functions for each locality, but also numerous statistics to aid in 

detenmining the quality of these functions. In addition, once classifi

cation functions were computed for the population as a whole, a second 

set of discriminant coefficients was then calculated separately for each 

of the four groups of two sites which grouped closely together. 

The discriminant analysis program in SPSS was abandoned and that 

from BMDP adopted because the SPSS package utilizes single precision in 

all calculations. The results for the overall classification of the 

groups were the same with the two packages, but coefficients could not 

be calculated in some cases in the individual discriminations, even when 
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the data ~Jeremultiplied or divided by a factor of ten. Single precision 

arithmetic can introduce large errors in computations involving the 

inversion of matrices (as in the calculation of classification function 

coefficients), in particular when using numbers which are very similar. 

These errors were eliminated when the BMDP package, which uses double 

precision, was adopted. 

Seven functions were computed in the discriminant analysis 

program, one less than the number of groups distinguished between. The 

eigenvalues listed in Table 5 show that more than 98% of the variance 
I 

in the system is explained by the first two computed functions, which are 

the most important in the visual representation of the data. 

A plot of the canonical variables is presented in Figure 5. Here, 

the 20-dimensional system has been reduced to two dimensions to depict 

the separation of the groups. Although eight unique groups do obviously 

exist, one can easily see that the Government Mountain and Obsidian Tank 

specimens are very closely related, as well as cases from Slate Mountain 

and Kendrick Peak, Robinson Crater and O'Leary Peak, and RS Hill and 

Spring Valley. This phenomenon is hardly surprising due to the closeness 

of the geographical locations involved, with the possible exception of 

the Slate Mountain/Kendrick Peak subgroup. 

The classification function coefficients for the overall popula

tion are given in Table 6. Utilizing Equation (3), the classification 

score for each group is computed by multiplying the data for each variable 

by the classification function coefficient, summing the products, and 

adding a constant. An example of the computation of the Government 

Mountain classification score for the data presented in Tables 2 and 3 is 

given in Table 7. The case is assigned to the group with the highest 

classification score. 
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Function 

1 

2 

3 

4 

5 

6 

7 

Table 5 

Eigenvalues 

Eigenvalue 

424.1512 

44.2619 

6.1754 

0.4870 

0.4245 

0.2871 

0.2029 

37 

Relative % 

89.11 

9.30 

1.30 
I 

0.10 

0.09 

0.06 

0.04 
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Ta~le 6 

Classlffcatfo~ Fu~ctfon Cocff~cfcnts for Overall Sample Ol~crlmfnatfon 

Elr.,.cnt !iovt>rnment t''·"'"tllfn Ob~idiA" T11nlc Roblns?n C.-ater O'l<1ary Pr.ak Spring \'alley ItS Hill S Ia ~e 1~::~·1~ ~, l n r.enC:rlcl: r'!l;. 

Tl JS.RJfiS 27.31'i!J 9.49S:l 10.9007 -8.9989 -10.9044 lt.4467 12.11570 

H'1 14.61:12 14.67?9 B. :lOP.!\ 0.7525 12.5528 13.2'4!>7 10. ]469 10.7717 

Co 2ll:l.!J94 2~·9. 6340 lRU. 2JI.!J 186.7226 7£>.21j7J na. 11.111 235.6U2 2J3. i?Ja 

Zn -112. 3J97 -102.3379 -!;?.. ~ lJS -4,,7325 1S0.2?1i4 153.4175 ·98.1310 ·103.0769 

Rb 8.0~11) 7,4)()0 -8.53!6 -17.3425 278.:!721 2ea.J374 12.2~69 16.5751 

Sr 1§6.336B 58.8925 47.4582 35.9i98 54.01190 55.5235 20.5et.9 14.2521 

'I -259.1375 -2:11.6270 -115.1793 -117.6852 ·62.6950 -71.04~)} ·158.1539 ·150.23??. 

lr -2.6595 10.0~50 75.5772 73.9620 75.096!1 03.9170 62.5340 70. ::!092 

:J!) 2i5.G536 240.6G95 1:13.07.~3 133.6535 371.4312 J95.(i17Z 118.9&57 115. zn.; 

Tc ·247,(i171 -222.,306 -137.8018 ·141.3371 .zot. JGn -203.9!:.01 ·128.S?!i0 -144.9788 

Rh 69.10ill 57.0757 9. i01!6 9.8695 -243.2314 -242.!.13~1 55.2188 77,1!5G~ 

Pd li0.7102 4fi.Ol J'J -0.9605 to.o::c;:, 10.1)328 14.2418 -18.13112 :Ill. 20·18 

A? 145.7125 134.00:~8 J5.701D 3!1.2522 ·31. !ll94 -~0.9-1'35 96.2!1&1 lO&.!iOrJJ 

Cd 576.1226 555.0491 269.9356 268.11441 450.8201 454.2756 428.3454 408.2263 

w 36.5832 31.9459 17.5863 i7.9804 19.9850 18.7220 24.8987 24.7483 

Au 12.31159 9. 71i.C8 • 4,2982 4.8429 7.!.1047 . 8.0158 5.0154 4.0!il7 

1!, -H1.6951 .1(.8474 •9.3174 ·10.4501 ·109.3723 ·lOS. 9J:J4 -1.1920 -0.9Cll7 

Th ·JZ5.9lHS ·208.2618 -150.9553 -155.9372 -360.3232 -375.(148 ·216.2087 -2!5.0611 

Constant -541,6379 -466.7952 -185.1625 -179.8427 ·l160.6l23 ·1276.7341 ·319,(063 ·331.0503 
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r Table 7 

Calculation of the Government Mountain Classification Score 

r for the Data in Tables 2 and 3 

========================================================================= 

r Element Ratio Coefficient Product 

Ti 0.05 35.8306 1.7915 

r Mn 4.75 14.6432 69.5550 

r Co 1.21 283.1394 342.5987 

Zn 0.83 -112.3397 -93.2420 

r Rb 2.05 8.0620 16.5271 

Sr 1.60 66.3368 106.1388 

r y 0.98 -259.1375 -253.9547 

r Zr 1.68 -2.6695 -4.4847 

Nb 1.50 275.6536 413.4803 

r Mo 1.53 0.0000 0.0000 

Tc 1.18 -247.0171 -291.4802 

r Ru 1.17 0.0000 0.0000 

r Rh 1.26 69.1081 87.0762 

Pd 1.20 60.7102 72.8522 

r Ag 1.32 145.7926 192.4462 

r Cd 0.40 576.1226 230.4490 

w 12.17 36.5832 445.2177 

r Au 5.41 12.3459 66.7915 

Hg 4.46 -18.6951 -83.3801 

r Th 0.56 -325.9815 -182.5496 

r Constant -541.6379 -541.6379 

Classification Score 594.1950 

r 
r 
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Although it was hoped that the number of variables would decrease 

using the stepwise procedure in the discriminant analysis, this did not 

occur. All variables were retained for the analysis with the exception 

of Ru, but even it became important when the functions were derived to 

discriminate between the closely linked sources. 

A discriminant analysis was also performed using each pair of 

closely associated groups as one locality, giving four groups to 

distinguish between. The results are not altogether different from 

the overall classification results in that Mo was the only variable in 

addition to Ru which was eliminated from the analysis. These derived 

functions were not used for classification purposes but rather as an 

illustration that all variables are indeed statistically significant 

at the discrimination levels used. 

Three types of classification procedures, described in Chapter 4, 

were used to determine the success of the classification functions. 

Table 8 lists the results of the classification matrix, in which 

the set of cases which was used to derive the functions is classified. 

Although only 89% of the samples were correctly classified, it is 

important to note the circumstances under which the errors occur. All 

Government Mountain and RS Hill cases were correctly identified. One 

case each from Obsidian Tank, Robinson Crater, O'Leary Peak, Slate 

Mountain, and Kendrick Peak was misclassified, but in each of these 

cases the specimen was classified as the other member of the closely 

linked pair. Two of the Spring Valley cases were incorrectly classified 

into the similar RS Hill locality. If one considers the members of 

a closely associated pair to belong to one geographic locality, the 

number of cases correctly classified becomes 100%. 



Table 8 

Classification Matrix 

Group Percent Number of Cases Classified into Grou~ 
Correct Govt Mtn Obs Tank Rob Crat Olry Pk Sprg Val RS Hi 11 Slte Mtn Kend Pk 

Government Mountain 100.0 8 0 0 0 0 0 0 0 

Obsidian Tank 87.5 1 7 0 0 0 0 0 0 

Robinson Crater 87.5 0 0 7 1 0 0 0 0 

O'leary Peak 87.5 0 0 1 7 0 0 0 0 

Spring Valley 75.0 0 0 0 0 6 2 0 0 

RS Hi 1l 100.0 0 0 0 0 0 8 0 0 

Slate Mountain 87.5 0 0 0 0 0 0 7 1 

Kendrick Peak 87.5 0 0 0 0 0 0 1 7 

TOTAL 89.1 9 7 8 8 6 10 8 8 
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A jackknifed classification, in which the case being identified 

is omitted from the calculations used to derive the classification 

function, is listed in Table 9. This method produces results which are 

less optimistic but perhaps more realistic, although one must remember 

that some important data is missing when these classification functions 

are calculated. The narrow margin which exists between the groups is 

more pronounced in this classification procedure. Although the percent 

correct has decreased to 54.7, all cases but one were either correctly' 

identified or classified into the other member of the closely associated 

group. The exception is a sample of Government Mountain obsidian, which 

was identified as Slate Mountain. This indicates that a slight statis

tical overlap occurs between the Government Mountain/Obsidian Tank and 

Slate Mountain/Kendrick Peak localities. 

Finally, separate classification functions were derived for each 

of the four distinct groups in order to detenmine new classification 

functions for the two cases in each group. This is used as a refine

ment technique to make the best attempt to identify the sample into its 

correct locale, despite the strong similarities in the two localities 

in each group. The classification function coefficients derived are 

listed in Table 10. 

In the four separate groups, the classification matrix and 

jackknifed classification were perfect with the exception of the 

Government Mountain/Obsidian Tank subset, in which three specimens 

were misidentified. In experimenting with tolerance levels and F to 

enter and remove, a classification matrix which was 100% correct was 

obtained for this group. However, it was considered that in providing 

different conditions, and particularly less stringent demands on the 



Table 9 

Jackknived Classification 

Group Percent Number of Cases Classified into GrouQ-8 
Correct Govt Mtn Obs Tank Rob Crat 01 ry Pk Sprg Val RS Hi 11 Slte Mtn Kend Pk 

Government Mountain 62.5 5 2 0 0 0 0 1 0 

Obsidian Tank 50.0 4 4 0 0 0 0 0 0 

Robinson Crater 62.5 0 0 5 3 0 0 0 0 

O'Leary Peak 50.0 0 0 4 4 0 0 0 0 

Spring Valley 62.5 0 0 0 0 5 3 0 0 

RS Hi 11 50.0 0 0 0 0 4 4 0 0 

Slate Mountain 37.5 0 0 0 0 0 0 3 5 

Kendrick Peak 62.5 0 0 0 0 0 0 3 5 

TOTAL 54.7 9 6 9 7 9 7 7 10 



Table 10 

Individual Classification Function Coefficients• 

[IP'!:~nt Governn~nt P~unta1n Cbs I dian Tank Roblnso11 Crater O'Lea,.y Peillt Sprl ng Va 11 cy RS Hill Slate Mountain Kel'dric~ Pellk 

Tl 917. 2S:>S 1?911.01&1 -9QSCIO.OOOO -107326.6875 28.1850 -1095.3125 
Mn 110.f.ZS3 153.0330 7133. 9'JZ2 8343.4063 (,44f.iZ -86.!1348 
Co -35820.3672 -38633.7305 
Zn 565.6755 712.9507 
Pb 190.2410 175.7865 43670.3984 41104.1641 103.8757 -1500.3(!)3 
Sr 270.9285 376:1!667 100761.6~50 10e690.50CO 13!!.0999 -3631.3340 
y 

z,. 33331.5938 35963.1797 
lib -682.2581 -8)4. 3706 159529.6250 172095. ~125 85.837( -5592.8164 
~ 809.9813 1122.636~ • 

Tc -105865.4 375 -114179.3750 
P•J 121.8140 103.1216 SSR76,9766 602f.i8.562S 52.8)8? ·31~1l.OC98 

Ph 150115.6875 170581.0625 -e3.9613 52:!5. 4453 
Pd 
A') ·139828.5000 ·150870.3750 ·147,4611 G953,61JJ6 
Cd 1084."1633 810.8377 
il -14.9310 253.3381 
i-.\1 ·15046,4336 -16232.5898 -3.2255 ·323.7673 
l!g ·398.2507 ·549. 5479 u.s:m 907.2129 
Th -247.8ZOS -222.6503 -21246.6172 -22920.3789 

Co11st11nt -190.6587 ·156.61(;8 -285.2JS.S -403.0034 ·296049.0625 -344&15.4375 -63.9550 ·632 .1245 

• 81An•s 1~pl~ 0.0000 
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discrimination, a bias was introduced into this classification. There

fore, all classification functions were derived using the same levels. 

As a further check of the validity of the method, classification 

function coefficients were calculated for six and seven cases in each 

group as described in Chapter 4, then the omitted samples ( 11 known 

unknowns .. } were classified. The classification coefficients for these 

analyses are listed in Tables B1 and B2, respectively, in Appendix B. 

The classification matrix correctly classified 93.8% of the cases in 

the analysis with six cases in each group, and 96.4% with seven cases 
I 

each. The jackknifed classification yielded 56.3 and 50 percent correct, 

respectively, for these groups. In each case the misidentified sample 

was classified into the closely associated locality in the subgroup. 

As with the overall sample, individual classification functions 

were derived for six and seven cases per group. These coefficients are 

listed in Tables B3 and B4 in Appendix B. The success of these classi

fications, again indicated by the classification matrix and jackknifed 

classification, shows that in all cases except the Government Mountain/ 

Obsidian Tank subgroup the classification matrix provides perfect results. 

In this group the success rate was 96.7%. The jackknifed classification 

results varied from 66.7 to 100% correct. 

The classification results of the "known unknowns" from six and 

seven cases per group are listed in Table 11. Although several misclassi

fications occur (only 39% were correct for six cases per group and 30% 

for seven cases per group), here again the correct subgroup was chosen 

every time. When the sample was analyzed further in the specific sub

group, the correct classifications increased to 61% for.the group with 

six cases and 50% for seven cases. In no instance did the individual 



Tabl• 11 

Results of Clas,tflcetlon of ~~~own Unk~owns-

r:.,. l'lo:tual l'lUtlon Ow~rall 
Six Ca~e5 ~rr Graul 

Clllssl'T"'£ifloi11>rrn;·- nr!fvlrll!~l Clns Prob 
s~v~n Ca5~er Grou2 

Overall Classtficatr.On--- rob~~ivtdu~l r.t~n Pro!! 

8:J! Ot.s~<=lan Tank Ob§ldlan Tanlt 0. 91JO Obsidian Tank 0.670 

101 Govern~~nt Mountain Go·,crnl'lent l"ountafn 0.9<!6 Govcrn~ent r.ountalr. o.szo 
501 Kendrick Peak Slate Mountain• 0.!10] Slate l~ountafn* 1.000 

302 Robinson Crater O'lellry Pe!!lr:• 0.916 O'Le11ry Peek• 1.000· O'Leary Peak* 0.992 O'leary Peak• l.O!lO 

201 S I a~e Moun ta fn Krndrlck Peak• 1.000 Slate Hountafn 1.000 Kendr"fck Peak* 1.000 Slate Hounta in 1.000 

702 Sprf ng Ve 11 ey Spring Valley l.O'JO Spring Valley 1.1)')0 Spring Valley 1.000 Spring Valley 1.000 

lCJ Gov~rn~ent l"ounteln Obs1dfen Tank• 0.973 Ob51dlan Tank* 0.704 Obs ldta11 Tar.k* 1.000 1>overn~nt ~~untain 1.000 

301 ~:lblr.son Crater O'Leary Peak• 0.559 Robinson Crater 1.000 

21Jl Slate Mour~ta In Kf'ndrfcl: Peal(* 0.969 Slate HOUIItafn 1.000 Kendrick Pet'lk* 0.976 ~endrfck Peak• !.CO' 

802 Ob~ldlo!n hnlt Government !1ountatn• 0.970 Government Mountain• 00.360 Govern~ent Mountain• 0.518 Government Mountain• 1.000 

tm PS HI 11 RS H111 0.992 RS Hfll 1.000 

4:'lZ O'LP.~r.i' PP1k Robtn~on Cret<:!r* 0.565 O'Leary Peak 1.0~0 O'leary Pull 0.621 O'leary Peak 1.000 

W2 r.en~r!ck Peal( l(endrlclt Peate 0.956 Kendrick Peak 1.000 kendrick Peak 0.984 r.endrtck Peak 1.000 

602 RS It! 11 Spring Va I ley• 0.9R3 'Spring Valley• 1.0!>0 Spring Valley• o.gsg Spring Valley• 1.000 

102 Government ~Quntafn Obsidian Tank• 0.9?4 Obsidian Tank• 0.559 Obsidian Tank• 1.000 ObsIdian Tank* l.OC' 

701 Sprlr.'J Vall'!)' S;~rlng Val ley 1.000 Sprln'J Valley 1.000 

201 Slate l'ountaln Slate Mountain 0.769 Slate lofountaln 1.000 

401 O'leary Pet~k Robinson Crater• 0.623 Robinson Crater.• 1.000 

• Indicates a mlsclasslficatlon. 

·~ .. _ ... -· ·"' ......... . 
~ .... ·- . -· ... . 
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classification yield an incorrect locality when the overall classification 

correctly identified the source, although in several cases the converse 

was true. The point to be stressed here is that the specimen was classi

fied into its correct subgroup in every case. 

Finally, the unknown obsidian artifacts from NA 10101 near Young•s 

Canyon were identified. All were indicated to have originated in the 

Government Mountain/Obsidian Tank locality, with seven from Government 

Mountain and six from Obsidian Tank. The probabilities associated with 

these classifications are listed in Table 12, where both the overall and 

individual classifications are listed. The results from the individual 

classification were used as the identification of the unknown. 

,, 
:t 
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Table 12 



Chapter 6 

DISCUSSION AND CONCLUSIONS 

This study indicates that the obsidian outcrops in the San 

Franciscan volcanic field of Northern Arizona are indeed separable, at 

least into four major groups. These four groups can each be further 

subdivided into two localities which are similar both geographically 

and chemically. Two separate discriminant functions were derived; the 

first to give a general geographic area of the obsidian source, and 

the second as a more refined function to discriminate between closely

linked groups. Al t hough the groups are so similar that the classifica

tion is not perfect between these closely-linke d groups, use of the 

second set of discriminating functions does introduce better reliability 

into the analysis. 

By observing the close geographical locations of the obsidian 

outcrops, one can conclude that Obsidian Tan k obsidian is very l ikely 

a portion of the Government Mountain material which washed down from 

the hillside; therefore, it is difficult to segregate these two sources 

exactly . A similar argument follows with the material from RS Hill/ 

Spring Valley and Robinson Crater;o •Leary Peak. Geographically, one 

would expect similar if not identical results. 

The obsidian samples from Slate Mountain and Kendrick Peak are 

also strikingly similar. Although these two locations are about six miles 

apart, they do compose the northernmost localities of the volcanic field 

studied. Although Kendrick Peak and Slate Mountain are about the same 

50 
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age, earlier studies (Robinson, 1913) indicate that Slate Mountain lies 

outside the area which is covered by the lava from Kendrick Peak. It 

is believed (Ulrich and Wolfe, 1981) that perhaps there is some 

connection between the two localities, except not with the specific 

sites dealt with in this study. Instead, an obs1dian outcrop at a 

more northern 1 ocat ion on Kendrick Peak is thought to be somehow 

correlated with the Slate Mountain obsidian. Thin sections of rhyolite 

(slower cooling magma) from the two sites indicate that petrologically 

the two sources are not the same and the chemical similarities are 

probably coincidental (Ulrich and Wolfe, 1981). 

Only one case of misclassification of 11 known unknowns .. occurred 

in the discriminant analysis among the four major groups, where a 

Slate Mountain sample (#203) was incorrectly identified as Government 

Mountain. This error could possibly have been introduced by an abnormally 

high value of titanium in sample number 102, the last sample added into 

the Government Mountain group for classification. 

The study presented in this thesis has confirmed the patterns 

which were evident in the earlier study (Jack, 1970). That is, the 

similarities between Slate Mountain and Kendrick Peak and Robinson 

Crater and O'Leary Peak were noted. The Spring Valley and Obsidian Tank 

sites were not explored in the previous study. The sample size in the 

earlier investigation was hardly sufficient to fonm such conclusive 

results. This is illustrated by the high value forTi in sample number 

102, a Government Mountain specimen. One cannot judge the world by 

a single grain of sand (or an outcrop by a single piece of obsidian). 

All thirteen obsidian artifacts obtained from the archaeological 

site NA 10101 near Young's Canyon were identified as originating at the 
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Government Mountain/Obsidian Tank locality. Although this locality is 

not the obsidian source closest to the site, to the untrained eye this 

obsidian appears to be of the highest quality and abundance for the 

manufacture of tools. Perhaps this source provides the preferred obsi

dian or the other sources were unknown by prehistoric peoples. 

Some problems are encountered when a small group such as eight 

samples are used for the set of standards. Not only do the calculated 

coefficients change significantly by the addition of just one more 

52 

sample into each group in the analysis, but also the set of discriminating 

variables chosen for the analysis can change (compare the variables in 

Table 6, the total sample population, with Table Al, six cases per group). 

For a statistically sound analysis, it is generally accepted that one 

should run 20 times more samples (for each group) than the number of 

included variables (420 samples for each locality!). This tremendous 

number of samples would no doubt eliminate some variables from the 

analysis so the number of elements analyzed could be reduced. 

Due to the extremely good discrimination achieved by using only 

eight samples in each group, indicated by 98 percent of the variance 

described by two functions and the good separability, it is considered 

that the statistical results obtained are valid. 

In conclusion, the method chosen for the identification of 

unknown obsidian artifacts and separation of outcrops of this material 

appears to be a valid one and useful for further analyses of obsidian 

artifacts found at archaeological sites in northern Arizona. 
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Chapter 7 

SUGGESTIONS FOR FUTURE WORK 

It would be interesting to analyze obsidian artifacts from other 

archaeological sites in northern Arizona, particularly those close to 

sources other than Government Mountain, and identify the source of the 

material to determine which obsidian outcrops show archaeological 
I 

importance. This would reveal where the ancient peoples went to gather 

their raw materials as well as provide some information about trade 

routes in cases where the sites are further away. 

In order to complete the characterization of the obsidian in 

the San Francisco volcanic field, one might investigate the other obsidian 

outcrops indicated in Chapter 2. 

Acquiring more data by analyzing more samples from each site 

would provide even better statistical results. Ideally, enough samples 

should be analyzed from eac~ site so that the classification function 

coefficients do not change significantly. This added information 

may also decrease the number of included variables. 

Finally, this study could be extended to include obsidian out

crops in New Mexico as well as artifacts found at New Mexican archaeolo

gical sites. As with the investigation of the northern Arizona sites, 

this incorporation would provide information about trade routes in the 

southwestern United States and reveal some of the gathering habits of 

prehistoric peoples. 

53 



r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 

BIBLIOGRAPHY 

Bates, Robert L., Walter C. Sweet, and Russell 0. Utgard. Geology: An 
Introduction. 2d ed. D.C. Heath & Co.: levington, Mass., 1973. 

Beck, Curtis W. Archaeological Chemistry. American Chemical Society: 
Washington, D.C., 1974. 

Bertin, Eugene P. Introduction to X-Ray Spectrometric Analysis. Plenum 
Press: New York, 1978. 

Blalock, Hubert M., Jr. Socia) Statistics. 2d ed. McGraw-Hill Book 
Company: New York, 1972. 

Bowman, H.R., F. Asaro, and I. Perlman. "Composition Variations in 
Obsidian Sources and the Archaeological Implications." Archaeometry. 
15:123-127, 1973. 

Carter, Giles F. "Compositions of Some Copper-Based Coins of Augustus 
and Tiberius." Science and Archaeology, ed. Robert H. Brill 
The MIT Press: Cambridge, Mass., 1971. 

Compton, Arthur H. and Samuel K. Allison. X-Rays in Theory and Experiment. 
2d ed. D. Van Nostrand Company, Inc.: Princeton, 1935. 

Dixon, W.J. and M.B. Brown. Biomedical Computer Programs P-Series. 
University of California Press: Berkeley, 1979. 

Duerden, P. , E. Clayton, and D. Cohen. "The Use of PI XE in the Cha rac
terization of Thick Obsidian Samples." Proc.-Aust. Conf. Nucl. Tech. 
Anal. 2nd:153-155, 1978. 

Duerden, Peter, D. D. Cohen, Erick Clayton, J.R. Bird, W.R. Ambrose, and 
B. F. leach. "Elemental Analysis of Thick Obsidian Samples by Proton 
Induced X-Ray Emission Spectrometry." Analytical Chemistry. 51(14): 
2350-54' 1979. 

Duerden, P., J.R. Bird, M.D. Scott, E. Clayton, L.H. Russell, and D.O. Cohen. 
"PIXE-PIGME Studies of Artifacts." Nuclear Instrumental Methods. 
168(1-3):447-52, 1980. 

Emote, Yoshimichi, "Characteristics of Antiques and Art Objects by X-Ray 
Fluorescent Spectrometry." Archaeological Chemistry: A Symposium, ed 
Martin Levey. University of Pennsylvania Press: Philadelphia, 1967. 

Ericson, J.E. and J. Kimberlin. "Obsidian Sources, Chemical Characteriza
tion and Hydration Rates in West Mexico ... Archaeometry. 19:157-66, 
1977. 

54 



J 

Findlow, Frank J., Victoria C. Bennett, Jonathon E. Ericson, and 
Suzanne P. DeAtley. "A New Obsidian Hydration Rate for Certain 
Obsidians in the American Southwest." American Antiquity. 40(3): 
344-48, 1975. 

Friedman, Irving and Fred W. Trembour. "Obsidian: The Dating Stone." 
American Scientist. 66:44-51, 1978. 

Gilluly, James, A.C. Waters, and A.D. Woodford. Principles of Geology. 
2d ed. W.H. Freeman & Company: San Francisco, 1959 . 

Gaffer, Zvi. Archaeological Chemistry. John Wiley & Sons: New York, 
1980 . 

Hays, William L. Statistics. Holt, Rinehart & Winston: New York, 1963. 

55 

Hester, Thomas R., Robert F. Heizer, and John A. Graham. Field Methods 
in Archaeology. 6th ed. Mayfield Publishing Company: Palo Alto, CA, 
197 5. 

Jack, Robert N. "The Source of Obsidian Artifacts in Northern Arizona." 
Plateau. 43(3):103-14, 1970. 

Kowalski, B.R. and C.F. Bender. 11 Pattern Recognition. A Powerful 
Approach to Interpreti ng Chemical Data." Journa l of the American 
Chemical Society . 94:5632-39, 1972. 

Kowalski, B.R., T.F. Schatzki, and F.H. Stross. "Classification of 
Archaeological Artifacts by Applying Pattern Recognition to Trace 
Element Data. 11 Analytical Chemistry . 44(13) :2176-80, 1972. 

Krebs, Charles J. Ecology: The Experimental Analysis of Distribution and 
Abundance. 2d ed. Harper & Row, Publishers: New York, 1978 . 

Leach, B.F. and A.J. Anderson. 11 The Prehistoric Sources of Palliser Bay 
(New Zealand) Obsidian. 11 Journal of Archaeological Science. 5(3): 
301- 307, 1978. 

Longworth, G. and S. E. Warren. 11 The Application of Moessbauer S ~ectro
scopy to the Characterization of Western Mediterranean Obsidian . 11 

Journal of Archaeologica l Science. 6{2):179-93, 1979. 

Michels, Joseph W. "Archaeology and Dating by Hydration of Obsidian. " 
Science. 158(3798):211-13, 1967. 

Michels, Joseph W. 11 The Colonial Obsidian Industry of the Valley of 
Mexico. 11 Science and Archaeology, ed Robert H. Brill. The MIT 
Press: Cambridge, Mass ., 1971. 

Michels, Joseph W. Dating Methods in Archaeology . Seminar Press: 
New York, 197 3. 



r 
r 
r 
r 

•, 

r 
r~ 

r -

r ~ 

';;. 
~ .. 

r 
r 
r 
r 
r 
r 
r 
r 
r 
r 

Nelson, D.E., J.M. D'Auria, and R.B. Bennett. "Characterization of 
Pacific Northwest Coast Obsidian by X-Ray Fluorescence Analysis." 
Archaeometry. 17(1):85-97, 1975. 

56 

Nie, Norman H., C. Hadlai Hull, Jean G. Jenkins, Karen Steinbrenner, and 
Dale H. Benat. Statistical Package for the Social Sciences. 2d ed. 
McGraw-Hill, Inc.:New York, 1975. 

Osawa, M., H. Kasuya, and Y. Sakakibara. "Trace Element Abundances in 
Stone Artifacts from Japan by Neutron Acrivation Analysis. An 
Approach to Archaeological Provenience Studies." Journal of Radio
analytical Chemistry. 39(1):137-52, 1977. 

Overall, John E. and C. James Klett. Applied Multivariate Analysis. 
McGraw-Hill: New York, 1972. 

Press, Frank, and Raymond Siever. Earth. 2d ed. W.H. Freeman & Company: 
San Francisco, 1978. 

Putnam, William C. Geology. 2d ed. Oxford University Press: New York, 
1971. 

Robinson, Henry H. The San Franciscan Volcanic Field, Arizona. U.S. 
Geol. Survey, Prof. Paper 76, pp 1-213. Washington, 1913. 

Schrieber, John P. "A Preliminary Survey of Obsidian Localities in the 
San Francisco Mountain Volcanic Field, Coconino County, Arizona." 
A Study submitted to the Department of Anthropology, Northern Arizona 
University in fulfillment of the requirements of Science-Honors 485. 
pp 1-28' 1967. 

Schrieber, John P. and William J. Breed. "Obsidian Localities in the 
San Francisco Volcanic Field, Arizona." Plateau. 43(3):115-19, 1970. 

Scott, M.D., L.H. Russell, P. Duerden, D. Cohen, E. Clayton, and J.R. Bird. 
"Studies of Artifacts Using Ion Beam Techniques." Proc.-Aust. Conf. 
Nucl. Tech. Anal. 2d. pp 150-52, 1978. 

Stokes, William Lee. Essentials of Earth History. 3rd ed. Prentice-Hall, 
Inc.: Englewood Cliffs, N.J., 1973. 

Stress, F.H., D.P. Stevenson, J.R. Weaver, and G. Wyld. "Analysis of 
American Obsidians by X-Ray Fluorescence and Neutron Activation 
Analysis. 11 Science and Archaeology, ed Robert H. Brill. The MIT 
Press: Cambridge, Mass., 1971. 

Tite, M.S. Methods of Physical Examination in Archaeology.Seminar Press: 
New York, 1972. 

Ulrich, George and Ed Wolfe, U.S. Geologic Survey, Flagstaff, Arizona. 
Personal communication, (1981). 



r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r· 
r 

_, 

~: 
~ 

tt: 
~-. 
~;· 

c. 
r.; 

... 
,. 
·. 

i:: 

,v 
It .r.r: 

l 

t;:J. 
~·; 

'J-1 
" :\ 

~.i, 
\~· 
~·,1 .. , 
~": 
~;;:· 

h· 

~ 
f 
.:;: 
:~. 
~1~, 

57 

Wells, A.F. Structural Inorganic Chemistry. Oxford University Press: 
Oxford, 1962. 

Wheeler, M.E. and D.W. Clark. "Elemental Characterization of Obsidian 
From the Koyukuk River, Alaska, by Atomic Absorption Spectrophotometry." 
Archaeometry. 19(1):15-31, 1977. · 



r 
( 
, . ... 
,•. 

r .. 
r ~:. 
l ~~· 

.,.''· 

r ~,.: 
···' ·i.1 

r ~ 

r 
r 
r 
r 
r 
r. 
r 
r . 
r · .. 

APPENDIX A 

~ 

-... 



· .. ;.I· 

Tt>OLE AI 

lNTEN!HTY RATIOS RCLAUV£ TO IRON .-oR G::JIJE"RIU'lftlT H::JUNTAJh OBSIDIAN 

. r~a•••••·····A···A·~·······A················~····················~······~········~···~······k···~···················~···~··· 
!..h!"'!JI:..£ 
t.IJr:::ra TI :-::-. co ZN ns S:R y :!R tJC HO TC RU RH PD r.a CD ... AU HO TH 
•••w•••••••••o•••••••••••~••~A•~••s•••••~••sw••••••••••••~~w•••~•••••a••••••••••••••••••••••v•••••,•••••L•••••••••••••••••••• 

1b~ o.u:s 4.75 I, 21 o.u:l 2. li:# 1 .fiiJ ..... !:ll 1 • (;.1) 1. :;,) I. !13 t.ta '·" t.2B 1.20 1.32 0,40 12.17 :5.41 4.-'& 0 ··-.~ .. 
1&:.+ u • .!:l :l.:>::i u.uo c..:Ja I • :JG 1. 14 \). 74 l. ;:I) t.OS l.OO 0.91 0.73 0.04 a.r.2 0.!10 0.20 7.::5 4.E3 3.2G (,.::S7 
!!JlA l),(i•' :;.ol u.06 O. "I& : • G!i 1 .::J 0.&7 •• 37 t. .:a 1. ::JJ o. 71 0.79 t .to 1. 14 1.:!:! o.:n O.UG Z.4:l 4. 12 0.21 
1~18 4 1),1)!) :.i.li5 I. 13 1. OG 2. 13 1. t, 1 1 • I 1 1. (;I) 1. 3d 1.49 1.:25 1.14 1.20 t.:Jil 1. <O 0.45 l!. j1 ~.71 4.:;: o.7s 
I ]5 (i. 10 !;.21 G,lJ2 0.40 1. 7il I • :S7 c. t:7 1. <:S I • :C:li 1.~o 1.<"•0 I. OJ O.!lG 1.24 ! • J:J o.:;a 9. "J3 (:.,11 .o:.:r. o.::a 
lt2 I). 14 11.1;::.1 o. !•0 0.21J t.GO 1, ·17 0.111 1.:17 1.! 3 1. :;z 1 .07. 1.00 LOG 1.14 1.19 o.: .. a.:;, G.?:J J.:l:1 (1.29 
l'::J 0,44 G. 4~ 0.(;0 I • i :S 2. lO t. :;3 t.lS l.;j4 1. 54 t.Cl 1.2\i 1.10 1. 32 l. 21i 1 • :JQ o.<r. 14.:;9 7.0~ :S.2lt I). 71 
110 0.07 7.:!G o.~a O.G7 2.0S 1,.;G 1 • l 7 1 • -.~ • "il 1.:14 1.39 t. 19 1.27 1,46 1.49 O.JIJ 14.1~ C.CG !I.Cil 0.63 
101. 0.04 7.4~ 0.90 0.79 l. 97 1. 33 I. 04 1 • :. ;: :. t.~ J.<l 1.18 1. G!l 1.19 1.1:1 1.~4 C.39 12.11 B.4EI 4.~0 0.4"7 
102 1 2.S:S 7. 71 0.~19 O.!l9 2.11 1.43 O.!JO 1. U.l 1.3: 1.40 1.13 1.05 1.~z 1.1:S 1.20 o .. u 10.97 5.3:l 4.04 0.:4 
1\>:J! 0.03 7.24 0.87 0.91 t. 04 1 .zo 0. (IIi 1. 51 '· 23 1.48 1.09 1.14 1.10 1.11 1.12 0.39 11.32 5.09 4.32 u.:5 

••••~•••••~•••••••••aaaa•aaa•kA·•~aaa••••••••o•••••••••••M••••••••••••••••••••••••••••••••••••••••••••••••••••••••••P•••••••• 

• tr:OJCI'lTE:S REi'f.toTED t,t..ll. YSES OF A SA:'IFLE JN THE SA~E SPOT - friO I Cfo T£5 R~P£1, Tt:ll :OW4LYSIS OF A SAHf'L£ IN A DIFFI::RENT SPOT 
• INDICS.TI:S A Wfer,JHi<REU SU"FACE 

: rlli I CAT!:!> A PllLUCICr(Y!:iT 
1 ro~::.!cr. Tt:~ El'.l":i .. Ll::!O WIIICH WERE /.NALY2£0 AS ~uNKNOWNS" 

I IN!HC~T£~ SiU1PL(S NOT INCLUDED IN ANALYGJS OF 7 CASES/GnOUP ONLY 

• INDICI.TES 5At1i'LE6 NOT JNCLUi)ED ltl ANALYGJS OF" 6 OR 7 CASES/OROUP 

6J:o11PLES INDICATED BY THE SYHeOLS •••••• :.oR I wE wE NOT USff) JN THE ST~TISTICAL ANALYSIS 

c.n 
00 

·'.' 



TABLE AZ 

INTEN~fTY RA:lOS RELATIVE TO IRON FO~ SLATE ~OUNTA1N 0051DIAN 

••••••••3~••••~••••••••••=•D••••••••••a••••••••••a••••••••••••••••••••••••••••••••••••••••••D•••••••••••••••••••••••••••••••• 

fi~11PLE 
tllJI•r. t:R T I 11N co ZN nn SR y ZR NR HO TC RU PD AO CD AU HG TH 
•c•~•••••••••••••••••••••~•••••••••••••••••~••~••~•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••w• 

21"1 0.21 :1 •. ,, O.!lO 0.04 ~ • I I o.n:1 "· ~;:J t. 4-, 0.71 o.ot O.G!l ''· ·~ o.r.o o. 71) 0.71 o.:H !5.45 2. IIJ 2.44 o. :£ 
;..:.~.:. 0. I r. 4. J:t 0.1;4 U,O() I • 0.'1 o. r,:! 0.~:5 1.24 o.:se 0,"/o) 0.4G o.:;2 o •. 17 0.'14 1), ~:3 o. :u Fl. I!) 3.17. 2, !JZ ':). zr, 
_.I : o. :1:1 J,43 0,!)4 c. :so 1.35 0.97 0.71 I. 42 o.e4 I. 01 0.78 0.75 0.74 0.7::1 O.OG 0,27 B. 13 4.1'>7 3.::5 (i • .r;,. 
:Z!>O o.tr. 3.S2 0. !}() o.oo L :'7. CJ.~.G 0. :ll) 1. 1 a O.SI 0.73 O.G5 0.49 0,44 O,SI O.G!I 0.32 4.7e 2.&2 2.<: I). I 0 
:?t•t') o. 2fJ J,?J o.u:. o.:n 1.32 o.so 0.61 1.43 0.99 1. 11 0.8-' 0.71 0.79 0.7S 0,01) 0.:33 r;.-as 4.:11 J.(;4 0.32 
=<Z' 0. 13 :s. 22 I. (}:i 0.~6 1.:0:3 oJ.:i9 0.71 1.74 0.!12 l .OS 0.94 0.91 1).74 o. ::m o.oa 0.35 e.!>::~ :J.J4 3.?0 0,::!9 
C:C..l"S 1.14 -'1,97 0,73 0.00 1. 16 o.:n 0.3FJ I. 17 O.GI 0.76 0.:57 0~52 0.57 0.59 C.GS o.n 5.46 1.97 2.61 o.oz zoz· 1), Hl :1.011 o.so 0.47 l.CC o.nJ 0,73 t. 70 1.03 1.12 0,93 0.29 0.70 1.02 o.sa o.:.s a.ot 4.i12 :J.e7 0, C:) 
2C:J: 3.71 0.77 ·~.69 o.oo 1. 41 0.54 o.os 1. 99 t.ss J .52 1.24 1. lC 1.34 1.39 1.53 0.29 3.3'1 I • 4 7 2.49 0.40 

••••••••••••••••a•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

• HIOICATt::: I?CPEATEO AW\L':GC~ o.- A ~A~PLE IN THE $1\'1( SPOT 
A 11\:rl!CATI.::; ne:PtATFO (tNALYS r5 OF A s'AHPLE IN A 011-'FE:lENT SPOT .. lf;OU:#l ii.S A &.:rt\Tk~RED su:(rt.CE 
I ltJD!CATC::; t!. PHn:CC!l'VST 

111:11 CATr5 Sl\l1PLES WHICH Wci'<E ANALYZED AS "UNKNOWNS" 
' tu:>ICATF.S ~A•wu:s NO! lNCLIIOED IN t!.NI\L'IS!S OF 7 CASF.S/Q!lOUP ONLY 

' lNIHCATI::i SA~i'LES I~OT INCLUDED IN ANALYSIS OF G OR 7 CASES/GROUP 

SAMPLE:> Ir.:DlCATEI> BY THE S'lMC.CLS •• .. .+ •: .OR I IJERE NOT USED IN THE: STATISTICAL ANALYSIS 

<.11 
1.0 



!:;:.t1PLC 
r :·;:· ~ :r- Tl co ZN 

TAOLE A:J 

INT~NS ITY RATIO S pr~~TlVC TO !PO~ FOR RGCIN~ON C~ATER OCSID! AN 

y ZR MO TC RIJ PO AO co r.u JiG Til 
• • · ~ • • ••• ~ - •••~••••~ 6 •, •• • •••••~ • •••• r r ,-••~ : ,••••·•~•••••~•••••••a ~ •••••• ~ • n •wY 7~•~ ••••••••••••••••• • ••••••••••••••••••••••• 

~1 (. o. 1 :l 1.43 I • 02 (1 . j;') o.~n o,po 0.:15 1.1 ;: 0 .::'19 0 .44 0.::! 1 0 . 3 1 0.3!' 0.3;1 0.42 0.1:1 3.28 1. r,:; 1. :;~ 0.09 
J :;G (j, 14 L.U7 ! . IJ ·1 O. G7 0.43 o. /'j (1.:'3 I . 12 0. 4·1 0 .. 41) 0.3<: 0. ~ :J 0.:16 1').33 0.4 ::! O.IG '} .::n I .~0 l. '/ J 0. II 
:.!3 (). ! 2 2.4:; 0.!12 O. GS 0.::>2 O .:J:.:: n. :~ 1 . ::o 0 .. srJ o.::: !J 0 .4 2 o . ::1 O . ::!C 0 . ~ 2 0 . 41 0. :c 4. '; :) 7.. [. J l .c.~ o . !6 
::!5: 1'), 12 :1 .11 f ) • !) ~ ; o. r:: :J o . ! ; ~ 0 , :::;5 o. :l7 I . l 3 0.47 0. !' 2 0.41 0.3 4 O.:.J!l 0.3~ o . ·13 G . 1'1 4.l: ~ 2 . r. ::. I • 'J 'I 0 . ; J 
:1:7 o. 12 ::; . z ::J u.ua 0 . 1; 7 o.r. 1 I. I') :! 0 .'0 I. :'2 0.5"': O.GI) 0.5 1 O.t. 7. · 0. 4G 0.40 o.~J o. 1 n ~. ::::2 2.!:ll 2. 11 0.22 
311 () . !ii '1.77 0 .!1 1 o . :D o.::3 O . t;l; () • :1 ~· I. 'l.7 0.4U 0.:1~ 0.39 0.35 0.35 o . 40 o . .;:; o. 17 4. :;:l 2 . CC I. C7 0.19 
3 0 11 0 . 12 3. :n 0.93 0.4 2 O . JS O.G!l 0. :: I 0. !:'1 o.ze o. 3 ·1 0 . 22 0.14 0. I :'> 0.19 o. 18 0. I :S 3.7:5 I. 1 '\ 1 . :; u 0.09 
3 0 2' 0 .. :1 0.01) 0 . (l9 o. ~o 0 . 'J O I , 07 0.7 2 I . 49 0 . 08 O.EJJ 0,71 0.69 O.CI o.:JO 0.4<) 0 . 21 €:.20 2 . 76 I. 99 0.44 
w•&••• ~ = ~•••••••••••••••••••••ce•••••r••••••~••u•••c•a••••~••c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Jtf :"J J[r,T : S f'l! ~' i:IH rr> M :foLYSF: C. OF A '-t.HPLE !>l Til:': S At-:1': SPOT 
!f;:) !I; I\ T;:: :::; r• t.P ;:' .'.HD t.: :At. Y:; !S OF A s :.t1PLE !N ro OI FFEI<ENT :;FOT 
!ll:'.ILo. r r :; n l.:[f.T4( ~tCO SUH.-f\CE' 
INO!CAfES A P~[NOCRYST 

! NDI C~ ~ E S sr.~rL[5 ~HICii WE~E ANALY~~ O A~ " ~NKNOW~S · 1 

J .'.:>! ~ r.H. :i !,f, '1PLL~ t: Ur YfiCI.Uili: O I ' l r. :Jn t.Y G I !; G ~- 7 CI'I ::E:;/OROUP u~•LV ' 

' JN:>JC~TCS :: ~~PL ~S NOT INCLUD~D I N ANI\LYS!~ UF G OR 7 CASES / GROUP 

SAMPLE~ INDICATED &Y THE SYMCOL 6 e, " ,+,:,OR l WERE NOT U5EO JN THE 5TAT I5TICAL ~NALY9 19 



TI\BL'. A4 

W'r E"lS I ~v r, ;, T! O!:i RELAT l VE TO I RCrl I· GR 0 'Lcr.r.••t P C:AK CBS::::' I HN 

•r •• ~• •:~• •••• • ••••••••••~• : w•a•r••• = • u~~•c • cc~ • , •••••••••••••• ~• ••••••• ••~ •••••• c ••••••••••••••••••••••••••••••••••••••••••• 

S! 'O:i=l. E 
~~l, ·~i:zn T! 11" co ZIJ nr. SR v ZR NS MD TC RU RH PO AO CD u 1\U H3 TH 
• • •••• • •• ,,• ••Y•••w•r 4 r a•• • ••• ~• •••• , •••••• ~ ~c = •• ¥~ ••••••••••••• a •••••••••R• ~ ••••v•••••••••••••••••••••·•~•••• c •••••• • ••••• ~ • 

4 -l :J (). '! 7 7. '11 I J , 7 o. c ~ 0. , ~ fl.\1 •> • ., I I. 0 4 (). 4 ·l I.J 0 •t.,) o .:tG 0.31 O.:?:l 0. 3G 0.37 O.IZ .:?."71 Z. I 7 1. 2r. 0 .1:! 
417 fJ. I 4 ::..41 0.1)4 Q .. J:J (J. ~·J 0.77 0. I !J 1.09 0.44 o. ::rJ 0. 25 (J . zs O.Z9 fl.J:l o. :l7 o . 15 2.16 0 .~1 I . :0 o.o: 
..; r.s 0.?:1 :1 . I 4 1J . DO 0.::~ 0. ~ I 0.<!4 O.:J I I. 23 o. :;o o.:.:::; o. 40 O.:JI O.:J:J 0.3!1 0. 4•) 0.14 :1.72 z. ,,, I . 77 Ci.l:: 
.; l J 0 . ;' () :J. ·) J (1.<::1 •1.7.1 O.JJ O. Ct) 0. l!.i ! .l'3 0.30 0.~:; 0.2G 0.17 0 . I 0 O . :J I 0.29 0.:7 I. "JO 0 . 7 :~ t.:o 0 . 00 
~ ., ;: 0 . ,.., . , - 3 . •JI) o.ra I) . II -; 0. "13 :'1. r. 1 ().:"n I .Ofi O.:.J:C 0.:1 ':: o.zs 0.~4 0.75 o.::B O. JI 0. I~ Z . 70 1.30 1 . tn O , fJO 
~ 7 C ().21 3. ~·:; t~ • ! . ·1 O .f . r; 0. ~ .:; 1).1 ;;:; o. :l a I. I 7 o.::.z o.:;:; 0.44 0 .4 1 0. ~0 0.4(; 0.4!1 o. [:J 4.J!J z .~ r- [ . 92 0. I :l 
.( o) I'S 0.1:; 3.0:5 0.!1'1 0 . 70 'J. :;z O.R-l 0."">') I. 19 O.:St 0. 50 0.3:1 0.37 0.39 0 . 45 0 . 43 0.1 ~ 4. r.s .z . .;4 I. !! I Ci. :o 
~ fJ ::! , o. 19 z.eo 0. !~5 o . r.( 0 .47 0.70 0.31 I. IJ o . 49 1).55 0.39 0.34 0 . :?6 0 . 44 0. 4G o. IZ 4.~2 1.C::I I.C :i 0 .. ! £: 
••~•••• ,• ••••• ••• •••• M~ •••• sc •••• e •• • •••••••••••••••••••••••••••••••••••• • •••••••••••• • •••••••••••••••••••••••••••••••••••••• 

• !IO DIC II T;::~ f<EP!"f\TFO 1\'I:ILYS=:S Dr A 51\M PI.C HI T HE: SI\ME S POT 
ltiOICI•T f:. n <: rCIITtll f\flt'.L"fS I O:: OF A IOAMI-U.; IN A DIFF£R!<NT SPOT 

• !N O: CATES 1\ ~[ i\THE~CJ S UR P ACE 
t ::!J :c;,"T F.S A FIIH:LJC!'l".":O T 
;:;::~:c;.rr•; ~;:lr~ru: r. 1-JH:r.•t ~:cr.c Mli\LY~F.O AS " UNY. NOI.m5 -
J! :~. I ·: :,n: :; f..". l":f'I.E S n c;T tr! r.~urt:: D Ito ,:.~11\LVSIS OF 7 CASES/CRr:UP ON:..Y 

s l~:IC"':(~ S~~PL Ci NOT I~CLUDCU IN k~~LYS IS OF 6 On 7 CAS£5/GRCJP 

SAMPLES I~O!CATED BY THE SY~OO~S e,•,+,:,OR I WERE NOT USED IN THE STAT ISTICAL ANALYSIS 



' ... -.' ' .-_ ' -.;.- --~· 

TABLE "5 

INTE~SITY RATIOS kELATJVE TO IRON FOR KENDRICK PEAK OBSJDinU 

···················································~········································································· 
£AMPLE 
""''~~(R TI 11!11 co 2N RB !>~ y ZR Na· MO TC RU RH PO AG CD ~ AU hO TH 
••••••••••••••••••••••••••u•••••••••••~•a•••••••••4••••••••••o•••••~••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

~1.4 (1,24 :l. J 3 J. 'J 7 0.0~1 1.00 1).!14 0.4r. J.;,) ., 0.71 0,&7. o.G:; 0.55 0.50 O.GG 0.79 0.:12 4,CO o.co ~ • ~G O.C.5 
:S:lG 0.7.2 3.0£ 0.!)7 o. 47 1.1.>1 0.!1:! (1, 13 1 .1>9 I • .,.., I. 1:, O.l:U o.u-s 0,!)1) 0.97 1.01 O.JS 9.:S1 ~.BJ 3,!)5 o.n; 
:>JSI (1,20 :J.77 1. Oil o.:.;z 1. S:J l • I 0 0.1:)7 '. r.o 1. u7 I • I; 0.07 0.84 0.1;14 o.sa 1.04 o.:J:s !:1.74 ~.ll(; :J.GJ 0.-46 
~Jb+ 0.44 2.1B 0.83 o. tl 0.77 0.43 O.Z9 1 .oo 0.45 o.~cJ 0.48 0.41 0.4Z 0.4G 0,(5 0.19 :J.CB I • 1 I I.E:? 0.12 
513 (1. I 0 2.05 0.91 o. 14 1. ~!) 0.91 0.71 1.65 0.77 s.o8 o.st o.a7 O,t;S 0.93 (J,90 0.:19 e.4:S 4,::!5 3.~3 0.32 
!.1€ o.n S.£3 0.71 o.oo l. 21 0.40 o.za t .. :.a O.G5 0.71 0.42 o.:J7 o.s.; 0.54 o • .;o 0.'30 3.14 Ci.SO 1.:.~ o.c.o 
!>12 0.11 4.02 O.!l2 o.:sa 1. 64 0,9'1 O.f.tl t.ca 1.07 1.28 o.ss o.oo O.EiO O.F1G 1.09 o.:.4 t.:;, s.:::c ::.!1:; o. 44 
~J2 1). I~ 4.-o7 0.87 0. 19 t. ~)1 o.uo v. /J 1 • ~I) o.co 0.~7 0.£15 o.eo o.eo o.a9 o.!lz 0.30 9.03 :r.s1' :l , ~. 

-~~ 0.30 
:sou 0.13 :J. 15 o.£9 o.oo I • 21) o:n 0.39 t.4S 0.75 0.87 0.73 0.4il O.GS 0.74 o.G7 0.25 6,38 ~.:a 2.73 0.03 
5C2' 0.19 4.67 0.07 0.54 1 .5:1 0.77 o. 74 t .:;o O.!i2 1.09 0.76 O.TI u.oz 0.84 0.96 O,:JO 8.:S:J 4." 3.06 0.::17 
·······················································~···················-·-··············································· 

• fti:>I<:Ar::s kEP£:,TF.D AUf.~4 Y~FC o;:- A S~r:Pl.E IN THE SAI1C SPOT ,.. J N.j: (;f,T(t JU:r:.:;-.rco Arlt'll. Yt< I ._ OF A St\111-LE lN (, UIFFt.ki:NT SPOT 
• 1 :I:> I c::. T l.!O ;. ~.::::. Tn&:r;t.D S'-JltFA:::E 

w:H c.H :.!i r. f'HC::~lC(;ifYS T 
IN!HC;. ft~ t;r.t':PLES UHICH ~IERE At~AJ. 'I'ZEO AS •ur~KNOwr.:s• . INDICitTCS S/,r:i'LES r.:n INCJ.L;Of.:U IN ANf<J.'tStS OF 7 CAStS/G~OUP CNL'I' 

I W:.llCAT£5 S.OI1f'LES NOT INCLUDED IN t.Nf.LYBI& u,: '" OH 7 CASES/GaOUP 

Sf.MPLEB INDICATED &'I' ThE SYI"'BOLS ••".-•.-:.OR I WERE NOT USED IN THE STATlSTICAL AtlAL.VSIS 

0'1 
N 



,---J ~ ~ -=, ·-=a ~ ~ ~ ~ __.., "! .---, ,._______., 
~ 

. .._, ,_, 
'~ 

< ... ; .. 

TI\BLE AG 

HITCN~fTY RATIC!J RELATIVE TO IROII FO~ RS HILL 0991011\N 

••••••••••••••~•••••••••••••••2•D~••••w••••c••••••~•••••••••••••••••••••••••••••••••••••••••••••••••••••••-•••••••••••••••••• 

5."\!'!I':..E 
~.t:·1::r'? rr 11~1 co 2111 fl!?. ~I? y 2'1'f UD MCI TC lhJ RH PO r.G CD "' AU HG TH 
·~~~~••••~•••~c~•••~ ·••••••••••~••••~ur••••~~••••tc•••••"•••••••~••••o~•••••~•••uc•••n•••••••••••g••••~•••••••••••••••••~•••• 

(.(I; (1.14 :l.f.C s.n :J.4<J 5.0<) 0.:53 ;.~. 0 I :?.ZG z.a:: I. 31 0,!;(; (l,fj9 I. O::J 1.01 1 .nr; o.::c 10.24 ~.(!:" 4.Ji: 0.~2 
(;,4·)· o.: 7 7..51 I • I r1 :1. i)f 4.BG t). 'I·> l. 05 ? • 1, 2.GI:. I.IC o. rlrl 0.91 o.nr, o.cs 0. ~14 (1,20 o. 4' 4.Ci' J.CI Q. (", . .., 
G~'::A l),r,3 J.:JG 1 • I.: :J • :H; ~ • I :S 0.~:~ I. n I :?.21 ~.(.9 1,:JO I • I 4 1. 02 1.02 t. 10 1.03 0.37. I I. 25 s. r,o 4.;'9 0,77 
c.:~z· 0.32 2. ;~I (). !I::J 1 • r.o ::J.:JG r; .. ': ·• (1. ;..'l t. 117. I. C!l 0.60 o. 40 0.45 0.~3 O.S4 O.G9 0.15 I. r.o 1.:111 1.~~ 0.10 
s::uc• 0.10 4.53 I • l Z :J.:J:i 4.76 0.47 l .II:> 2. I 0 2.G4 1.2::1 O.!l5 0.01 o.r:a 1.04 0.90 0.:!~ 10,4!.1 ~.7{1 3.04 r,_. 70 
r; ;-! I), I I 5.20 I • 01 :],Ill 5. :ll o.:;u 1.03 2.on 2.GG 1 • <!C o.~s O.UG 1.01 0.9< 0.97 0.·11 ll. :JZ 5.7~ 4,4G 0.7: c:v j' .... 0.3') 4.00 o. !I•) 1 • "I":- 3. 1!) 0.72 I • 1 1 I. -G I. ?B o. 76 o.c3 O.S4 o.:m O.G5 o.cr; o.ts 3.37 2.2Z I , . .,. 

'"" o.::c 
• ~r 

o. ·~ 5. ''2 I .oo :J.r:G 5.:o 0.73 z.:n : .. :so 2.CU 1.57 1.:11 t. J ::J 1.19 1. 24 1.7.0 0.42 12. r,o 0.21 4.SZ t:·.a::; ·~ .... ..,. 
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Table Bl 
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Jl,n 1J.OIJ84 l2.51J"i 7. 9573 7,?949 -3.9942 -3.4774 9.2437 9.11P-6 

co 224.1??8 207. 1!·26') )44.!238 139.7933 29.1&99 ,'i, ?'i51 189.7431 1&9.5175 

Zn -45.621)~ -42.6047 -JC .tl'-41! -11.5412 151.8579 156. 7€49 -45.1,943 -41. u:os 
lib 25.!;¢41 20.0775 -18.SfJIJl -27.(,012 542.~·:nn 556.6:lOG 13.791!1 24.0¢23 

Sr 2J.IM? 17.6415 26.041!1 13.4778 -2a.e:::2; -2?.9441 2.9:!20 -3.57C<1 

y -2::7. S:lll1 -21e. 1~aa -142. 7)4') -1J1.913<1 180.6Mil 175.5949 -164.7146 -Hi-2.1!?5 

z,. -42.0564 -27,4781 S7. 226!1 5'.!. 7003 -27.0289 -20.4762 26.6420 23.9213? 

Nb 112.6712 107.0278 15.7471 ?.5.5291 298.2358 JJ0.7Sfi8 4!.J.II~ma 40.9?33 

A? 2r.'J.J42'j 24'J,t'IJ'j!j C8.2'il9 82.1932 -256.11102 -26!1.9197 159.76<:0 tr.J. usn 
Cd 7S4.P.t.06 757 .OtJ9 3Z6.l'J51 J20.P.I.Ol 32.3'160 42.44]3 5]1',,5667 6::13.76()7 

II 22. 9'.!22 19.7732 11.2006 ll.CS31 -41.0161\ -fo3.531i8 16.6519 16.3731! 

Tit -2~4.8520 -wun.n -10'?.1165 -106.51)1)7 -350.31'.iSO -)74.;?7133 -1&:1. 7i:J!J -171.1!344 

(?I'Stent -s:n. 9"39 -453.20~4 -1S'J.C7Z'J -14S.9f.IIO -1671.82~0 -1R2G.9431 -?.=!3.JlP.l -:HG. ~836 



Table B2 

Classification Function toeffftienls for To~al 

Eltll'ent Govern~er.t Houn!aln Obsidlen hrlc Rob• n~or: Crater O'lezry Peek 
--. 

fo'.n 16.9405 16.6459 lO.O:J06 9.9449 

Co 254.4ZZ1 233.0032 168. 2RJR 163.5162 

ln -75.3733 -67.3011 ·23.2296 -23.8467 

Rb JI.O?SI 26.?5?2 -1. '10/il -9.5111 

Sr 45.0490 40.637Z 36.3024 24.15411 

y -282.2424 -248.5237 -141.5448 -ll2.1J679 

Zr -14.5860 6.1238 83.5505 83.$?1 

Pib 243.2992 209.9956 58.7712 71.5248 

Tc -235.0329 -214.3702 -100.4394 -104.2917 

Ph 64.3119 52.7935 12.2518 16.2740 

Pd 36.7844 30.9168 ·22.8461 -12.5075 

Ag • 221.2618 197.3216 72.4979 66.9'.114 

Cd 556.1750 519.6079 234.7735 232.?.125 

" 33.0365 28.8003 13.1994 12.8518 

Au 12.3170 9.8182 . 3.30115 3.1884 

llg -11.5549 -6. 5'.iJ6 7.6704 6.0658 

Th -328.3411 ·286.8245 -14J.3759 ·139.9024 

Constant -544.3716 -467.2871 -183.1302 -171.9468 

Sample, SevP.n Cases Per Group 

S~ri ng VaHey AS Hill 

13.2278 13.9097 

59.01120 70.0141 

129.1&45 1~?.9417 

345.8408 357,C020 

31.7325 29.71!18 

-?4.9674 ·31.6165 

49:2249 62.~448 

485.7449 508.4755 

·348.2&U ·353.0791 

-211.2914 -202.0~82 

27.5912 25.81.53 

20.56(!0 8.3300 

454.6267 457.2835 

21.3710 19.0199 

11.5976 11.1159 

-135.8526 ·131.1566 

-355.9~60 -364.2500 

·1387.0098 ·1521. 5649 

S~ate ~o•mteln 

1 J. 8445 

213.5355 

-68.8599 

29.0559 

s.eZ2'.i 

-162.1715 

68.3750 

51.81J23 

·80.0870 

75.6231 

~60.0546 

133.6941 

367.0433 

17.1043 

2.1902 

19.9634 

·197.8998 

·308.8987 

':f'r.llrlcl: Ptok 

tl.GII!i9 

211.4363 

-77.17t) 

34.JC73 

-0.3109 

-155.8&42 

74.65:)-1 

60.3568 

-98.7493 

97.2225 

·50.QlC8 

139.3733 

3S1.81C7 

16.6790 

o.r.e:rg 

. zo.s:m 
-194.6172 

·329.911!7 

0'1 
00 
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Tabl~ID3 

Individual Classification Function Coefffclcr.ts• for Six Cases per Group 

Ele<~~ctat G?~~~~~~t ~ounta!n Obs lo1f.:J'I Tan It Rohi'ISI'In Cr.stPr' O'lea~y P'!ak Spring Valley liS 1-1111 Slate Hc.untaln Kendrick Peale 

Tt -1498)9.3750 -1122'i4.0000 ·1997 .2429 -92&4.9n7 
M'l 1597.9739 1720.5674 
C? 7C521.1250 5?:90.3125 1199.9146 4998.9648 
Zn 
Ab 
Sr -1758().5703 -1JU'6.1836 . 105.7336 752.6894 • y ~18444.2266 -19871.1641 
Zr SC477. 7344 44132.9102 8214.0234 8847.1836 -840.2059 -4:175.9141 
:4b 46721 .46C9 so:::J4.:l63J 
r.o -661.5588 -J01J.(C6/3 
Tc -89136.1)000 -66979.9375 ·51506.7656 -55431.3672 ·1540.8994 -6431.9375 
Pu 
Rh 20239.5547 30412.3633 1727.6384 7COJ.4SJI 
Pd 

~9 65.8226 57.91!07 -65872.6875 -49495.5?14 1733.9!;58 745~.0234 

Cd 
w eG47.1016 6064.3164 1106.4797 1191.2192 
Au 
Hg 
Til 44568.2148 32869.7422 10465.9922 11261.8281 

C0'1Stent -43.7521 -34.0573 -43724.5703 -25143.8711 -53581.7617 -62097.5859 ·138.1911 -839.2944 

• 8lanlcs fmply 0.0000 
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TAble 84 
ln<llvldual Classification Functto" Coefficient$• for Seven Case~ per Group 

[lo::tr.ent GG~ern~er.t Y.ounta1n Obsi'.l:an Tank i<ob f r.son Crate!' O'lear,. Pea~. Spri n9 Valley R~ HI II Sla:e Kot.nta1n KenC:r1ci: ;>e.;;, 

Tl -!.306. 3359 -J08U.S933 -929.461)5 -1829.1433 ,.., -46.40/3 27.4054 -1351. 94ll -668.1521 2335.7024 2473.3789 
Co 5138.S1oi2 4425.1€.80 -494.7207 -1105.0!;54 
Zn tJL ~c~o 390.1252 4~260. 7773 ~Gf!~9.0000 -1!;07. 3110 ·2lli1J.07C:f. 
Rb 2Sl0.022Z 144C..JS26 6398,6211 6773.9:123 
Sr ·ZIC5.6l~l -1028.4602 ·94056.6875 -99597.7500 ·3028.6003 ·51:160.3633 
't 

Zr ·2881.0715 ·1290.1497 111 !>4. z::oo 8683.2070 
lib 1u'>IJ5.74&1 11893.7344 39927.9844 • 422a:~.sovo 

l'.o CSJ5.9414 2260.0696 -7129.0!.08 -4572.1,94 
lc 
Ru ·12290.1836 -6118.4727 
llh 2984.2815 1G6~ .0339 -2.'17)!1. 11.02 -185C0.1094 70139.0000 74275.0000 970.6665 1795.1238 
Pd -13623.1133 -111!8. !.!.47 
/lr; 3171.1570 2349.4751 20614.6875 HC63.£6J6 4101.4922 P.O:Jl.8S55 
cc: ·<E27.ii~5J -(0~..4. 78JZ 
\1 -<69.0)72 ·31S.<2Jl .11!.9.2925 911. 7S6G 
Au 12i:l.!l978 SJ. 3276 1127.1721 656 • .11585 -8!;54.7148 -9058,1289 -s9o.rms -lJ 57.2056 
H~ 1GOC6.8J98 17016.4766 
ih -7914.7173 -8378.3164 1338.4016 2672.225~ 

Cor.~t•nt ·2359.S78l -1702.5449 -5300.6211 ·4086.C005 -162190.0625 -l&la71.12SO -772.1660 ·Z£8J.63!'.0 

* alanks 1mply O.OGOO 
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APPENDIX C 

The first three programs were written in the BASIC computer 

language for an IBM-5100 computer. Documentation follows each program. 

Note that all non-numeric (date, sample number) entries must be enclosed 

in single quotation marks. 

Program 1 calculates intensity ratios for the raw obsidian data. 

One inputs the date, sample number, and the number of counts per 100 

seconds for each element. The program calculates and outputs the 

average intensity and subtracts the average background (which is contained 

in the program), giving the corrected intensity. The standard deviation 

of the intensities is also computed and output, as well as the percent 

error (defined as the standard deviation/mean). Finally, intensity ratios 

relative to iron are calculated and output for each element. 

Program 2 computes the classification scores for a sample using 

the classification function coefficients obtained in the discriminant 

analysis. The coefficients for each locality are contained in the program 

and one enters the sample number and intensity ratios {from Program 1). 

For each locality, the ratio for each element is multiplied by its 

coefficient and the products summed to give the classification score for 

the locality. The classification scores are output to the printer. Next, 

the program allows for the more refined classification between the closely 

related groups. The experimenter indicates which of the four main groups 

to distinquish between, based on the largest classification scores. Here 

again, the coefficients are contained within the program and the scores 

(for only two groups this time) are printed. 

71 
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Program 3 calculates the posterior probability that the case 

belongs to the assigned group, using equation 4. One inputs the sample 

number and classification scores (from Program 2). A constant to subtract 

from each score must be indicated by the experimenter because an exponent 

overflow occurs for values larger than about 230. 

Programs 4-8 are used to call the statistical packages employed 

using the Sigma VI computer system. Where two columns are indicated, the 

second one begins in column 16. 

Program 4, Discriminant Analysis, calls the BMDP version of the 
I 

stepwise discriminant analysis. Program 5 allows Program 4 to be output 

to the line printer rather than printed at the terminal. 

Program 6 calls the SPSS version of the oneways analysis of 

variance program. To output the results to the line printer, Program 7 

is used. 

Program 8 computes the Pearson correlations using the SPSS 

package. This output is printed at the terminal. 


