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ABSTRACT 

Oriented archaeomagnetic samples were collected from 158 in 

situ features at 33 sites in the southwestern U.S. Seventy-three inde

pendently dated features were used for analysis of secular variation. 

A moving-window smoothing technique with outlier rejection was devel

oped to objectively compute a virtual geomagnetic pole (VGP) path. 

Weighted Fisher statistics, accounting for errors in both dating and 

archaeomagnetic direction, were used to compute a mean VGP and standard 

error (A95) within each window of time. The VGP moves from 86°N, 83°E 

at A.D. 750 to 74°N, 192°E at A.D. 1075, and then to 85°N, 236°E at 

A.D. 1425. Secular variation of the VGP ranges from .00423-.350 0 /yr 

with a median of .0359°/yr. The A95s for the VGP curve range from 

1.33-5.28°. Archaeomagnetic declinations and inclinations in Tucson 

range from 346-359°E and 47-60°. The close agreement with a similarly 

constructed VGP curve for Arkansas implies a small nondipo1e field in 

North America between A.D. 1150-1450. The VGP curve is significantly 

different from that of R. L. DuBois. Three case histories of archaeo

magnetic dating suggest the validity of the new curve. 

The Thellier-Thellier paleointensity experiment was performed 

on 187 specimens from 77 potsherds~ A significant magnetic fabric 

anisotropy, typically 30%, was found. Using an easy-plane model of 

magnetization, the anisotropy correction systematically increased the 

pa1eointensities by 5%. Paleo intensities were interpreted for 127 

samples from 54 sherds. All ceramics were independently dated and used 

xiii 



along with other results to construct a virtual axial dipole moment 

(VADM) curve. A moving-window smoother using weighted statistics 

within each interval of time and incorporating outlier analysis \.;ras 

used. The Southwestern VADM at 300 B.C. is 14 x 1022Am2 , decreases 

xiv 

22 2 22 2 to B.6 x 10 Am at A.D. BOO, and increases to 12.9 x 10 Am at A.D. 

1500. Pa1eointensities from Hohokam ceramics compare favorably with 

pa1eointensities from other Southwestern ceramics, regardless of 

whether the long Hohokam chronology beginning at 300 B.C. or the short 

chronology beginning at A.D. 500 are used. There is also reasonable 

agreement between the Southwest and Mesoamerican VADM records. 



CHAPTER 1 

INTRODUCTION 

The geomagnetic field is one of the major geophysical fields of 

the Earth. Spherical harmonic analysis reveals that essentially all of 

the field is internal in origin, due neither to induction from iono

spheric currents nor magnetization of crustal rocks. This major part 

of the field is called the main field. Its time derivative is the sec

ular variation (SV). Direct observations of the magnetic field from 

this century are spatially and temporally dense enough to give a de

tailed picture of the current structure and secular variation of the 

main field. Earlier measurements are sparse, but these data can be 

augmented by proxy records of the secular variation. These records can 

be derived from dated rocks or archaeological materials which carry a 

remanent magnetization. 

The purpose of this study is to elucidate the prehistoric pat

tern of secular variation in the American Southwest using archaeolog

ical materials. Both the direction and intensity of the vector magnetic 

field are examined. The availability of dendrochronology in the South

west makes this the most accurately and precisely dated archaeological 

region in the world. Furthermore, there is &© abundance of baked clays 

suitable for archaeodirection and archaeointensity analysis. Thus the 

Southwest is an ideal testing ground for the archaeomagnetic method. 

Archaeomagnetic direction and intensity records are developed for the 

1 



periods A.D. 700-1450 and 400 B.C.-A.D. 1800, respectively. A curve-

fitting technique that accounts for errors in both the independent 

variable (time) and the dependent variable (archaeomagnetic direction 

or intensity) is developed and applied. This yields objective secular 

variation curves; the mean secular variation curve as well as its sta-

tis tical uncertainty is quantified. This same technique has been 

applied to other tabulated North American archaeomagnetic data. The 

general similarity of the different records is evidence for their 

validity. The small but systematic offset between directions from the 

Southwest and Southeast imply only a small difference in the nondipole 

field between these areas. The archaeointensity curves for the South-

west and Hesoamerica, although somewhat noisy, also show reasonable 

agreement. 

Structure and Secular Variation 
of the Geomagnetic Field 

Some brief introductory remarks on the nature of the geomag-

netic field will be given here. The reader is assumed to have a gen-

era1 familiarity with geomagnetism and paleomagnetism that can be 

obtained from any of the following sources: Nagata (1961), Irving 

(1964), Strangway (1970), Tarling (1971), and HcElhinny (1973). 

Historic Field 

The vector magnetic field at any location can be described by 

2 

three magnetic elements. One such set consists of the declination (D), 

inclination (I), and flux density (B). The magnetic potential over the 

surface of the Earth can be conveniently described by spherical 



3 

harmonic analysis (5HA). This is merely a mathematical representation 

of the field. It mayor may not be meaningful in terms of the physical 

source of the field, but it provides a convenient framework for analy

sis. Most of the present spatial structure of the field is due to the 

5HA terms of order n = 1. These give a geocentric dipole fi~ld inclined 

at an angle of about 11.5° to the geographic axis. This can be resolved 

into axial and equational dipole components. All 5HA terms of order 

n > 1 comprise the nondipole field. The root-mean-square strength of 

the surface nondipole field is about 5% of the dipole field. Locally, 

the nondipole field can be quite significant; the nondipole anomaly 

in western Africa is about 50% of the dipole field strength at the same 

latitude. 

Present values of some magnetic parameters at the u.s. Geologi

cal Observatory in Tucson, Arizona, and from SHA Model DGRF75 of the 

global field (Peddie, 1982) are given in Table 1. 51 units (Payne, 

1981) are used for this study. Flux density B is used instead of field 

strength H. This is more convenient for geomagnetists accustomed to 

cgs units. The appropriate conversions between SI and cgs system mag

netic units are given in Table 2. 

Nagata (1965) and Yukutake (1979) reviewed secular variation of 

the historic ~eomagnetic field. Nagata (1965) conveniently broke down 

the 5V into four components: 

1. Fluctuations of the dipole moment (strength of the dipole 

field); 

2. Changes in orientation of the dipole axis; 

3. Fluctuation in the strength of the nondipole field; 
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Table 1. Contemporary geomagnetic field. -- Tucson D, I and B 
are 1972 annual means from the U.S. Geological Survey magnetic observa
tory in Tucson. Global pole latitude (PLAT), longitude (PLONG), dipole 
moment (DM) and axial dipole moment (ADM) are from field model DGRF 
(Peddie,1982). Other values are calculated using the formulae for a 
dipole field. DM and ADM for present field are equivalent to VDM and 
VADM for paleofield. 

Tucson 

Global 

D 
(deg. ) 

12.70 

9.88 

I 
(deg. ) 

59.25 

62.08 

B 
j.JT 

50.5 

46.7 

PLAT 
(deg.) 

77.14 

78.69 

Table 2. Conversion between SI and cgs 

Quantity Symbol cgs 

F1 ux densi ty B 1 Gauss 

Magnptization J 1 emu/em J 

Magnetic moment M 1 emu 

PLONG 
(deg. ) 

298.30 

289.53 

magnetic 

81 

= 10-4 

= 103 

= 103 

8.75 9.62 

7.78 7.94 

units 

Tesla (T) 

Ampere/meter (A/m) 

Ampere/meter 2 (Am2) 
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4. Changes in the orientation of the nondipole field. 

McDonald and Gunst (1967) reviewed SHA analyses from epochs 1829 to 

1965. They found a dramatic 6.25% linear decrease of the dipole moment 
. 

over this period. Over this same interval of time the angular separa-

tion between the geographic and dipole axes has remained essentially 

constant. The pole has exhibited a.n average clockwise (westward) drift 

of 0.04l8°/yr, corresponding to a rotation period of 8,610 years. 

The rate of motion was more rapid during the end of the nineteenth cen-

tury than in the beginning of the twentieth. Analysis of twentieth 

century observatory data shows similar trends for both the dipole 

moment (Leaton and Malin, 1967; Hodder, 1981) and for polar motion 

(Hodder, 1981). Yukutake (1979), on the other hand, found the dipole 

field had eastward as well as westward drifting components. 

Westward drift of prominent geomagnetic features was the earl i-

est recognized global SV pattern (Halley, 1692; Bauer, 1895, 1896). 

This phenomenon and the decreasing dipole moment are the outstanding 

features of the present SV. Bullard et al. (1950) found the nondipole 

field to be drifting westward at 0.18 ± 0.015°/yr from 1905-1944, cor-

responding to a rotation period of 2,000 years. The drift pattern is 

certainly more complicated than this model of rigid rotation about the 

pole (Yukutake, 1967; Malin and Saunders, 1973; Harwood and Malin, 

1976). Although the foci of some nondipole features move over time, 

others remain stationary. A positive anomaly has remained near Mon-

golia for the past 400 years while growing at an annual rate of 53 nTI 

yr (Yukutake and Tachinaka, 1968). The nondipole field can also be 

separated into standing and drifting parts of constant amplitude 
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(Yukutake and Tachinaka, 1969). These components may be stable for hun

dreds or even thousands of years (Yukutake, 1967, 1968). 

Archaeomagnetic Field 

The term "archaeomagnetic" is used here to denote the geomag

netic field during archaeological time as well as the use of archaeo

logical materials. A major goal of archaeomagnetic studies is to see 

whether the historic SV patterns persist into the past. Certain charac

teristics of SV also occur on time scales longer than the historic 

record. This archaeosecular variation data can augment the historical 

picture of SV by providing greater time depth. The power spectrum of 

the historic main field shows a steep increase up to periods of 30 

years (Currie, 1968), suggesting most of the power is present in still 

longer periods. Theoretically, periods of 103_104 years are associated 

with the mechanism of field generation by the dynamo (Elsasser, 1946: 

Yukutake, 1968; Braginsky, 1972b). For example, compilations of global 

archaeointensity results show that the dipole moment has fluctuated 

nearly sinusoidally for one cycle with a period of 8,000-10,000 years 

(Burlatskaya, 1962a, 1970, 1972, 1978; Kigoshi and Hasegewa, 1966; 

Bucha and Neustupny, 1967; Smith, 1967a; Cox, 1968; Bucha, 1969; Marton, 

1970; Barton, Merrill, and Barbetti, 1979; Champion, 1980; McE1hinp.y 

and Senanayake, 1982). This pattern is consistent with yet subsumes 

the linear decrease observed for the p.st century. However, the 

dipole may not have exhibited this quasi-sinusoidal behavior prior to 

10,000 years ago (Barbetti and Flude, 1979; Barbetti, 1980; McElhinny 

and Senanayake, 1982; McFadden and McElhinny, 1982). 



The other dominant pattern of SV, westward drift, also appears 

to be detectable in the archaeomagnetic record. This inference has 

been made by comparing SV curves for particular geomagnetic elements 

between different sites at the same latitude (Burlatskaya, Nechaeva, 

7 

and Petrova, 1965, 1968, 1969; Yukutake, 1967; Smith and Needham, 1967; 

Bucha et al., 1970; Creer, 1981). Drift rates can be computed if promi

nent SV features are correctly correlated between sites. Turner and 

Thompson (1981) and Barton and McElhinny (1981) have inferred westward 

drift from data at a single site using I vs. D (Bauer) plots (Runcorn, 

1959; Skiles, 1970). There is some ambiguity in determining the direc

tion of drift in this way from data at a single location (Dodson, 

1979). Westward drift has also been inferred at a single site by suc

cessfully modeling the secular variation observed in lake sediments 

(Verosub, 1979). Kobayashi (1969) combined a sinusoidally oscillating 

dipole moment with a westward drifting nondipole field to model archaeo

intensities in different regions, obtaining reasonable agreement with 

the data. On the other hand, eastward as well as westward drifting 

field components are suggested by spectral analysis of paleomagnetic 

time series (Denham, 1975) from recent lake sediments (Oberg and Evans, 

1977; Turner and Thompson, 1981; Barton and McElhinny, 1982). 

Kawai, Hirooka, and Sasajima (1965) and Kawai and Hirooka (1967) 

used the archaeomagnetic data base to suggest that SV is dominated by a 

counterclockwise (eastward) precession of the dipole with a period of 

about 1,500 years. A secondary clockwise rotation with smaller ampli

tude and a period of 500 years is superimposed to give a quasi

hypotrochoid motion. The predominant eastward precession is interrupted 
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by periods of westward drift such as that presently occurring. Although 

this model is generally discounted by paleomagnetists, some data from 

individual archaeomagnetic studies yield VGP paths which may not be 

inconsistent with it (Brynj6lffson, 1957; Kawai et al., 1965, 1972; 

Aitken and Weaver, 1965; Skinner, lIes, and Brock, 1975; Nodia and 

Chelidze, 1972; Rusakov and Zagniy, 1973; DuBois, 1975a; Kovacheva and 

Veljovich, 1977; Burlatskaya, 1977; Kovacheva, 1980). A stronger argu

ment is the support lent to this dipole model by VGP paths from global 

compilations of archaeomagnetic data (Burlatskaya, Nechaeva, and 

Petrova, 1968; M~rton, 1970; Barbetti, 1977; Champion, 1980). 

Several investigators have applied SHA to archaeomagnetic data 

(M~rton, 1970; Braginsky, 1972a, 1974; Kolomiytseva and Pushkov, 1975; 

Braginsky and Burlatskaya, 1979). Benkova, Burlatskaya, and Cherevko 

(1979) compared the models of Braginsky (1974) and Kolomiytseva and 

Pushkov (1975). Burlatskaya and Braginsky (1978) compared the Braginsky 

models to the archaeomagnetic data. In general, the discrepancies 

between the models and the archaeomagnetic data are comparable to the 

errors in the data. The general trend of the SV is recovered except 

in the southern hemisphere, where the data are sparse, and in Southeast 

Asia. The decrease in the dipole moment is shown by all models. There 

are, however, significant differences between the models. For instance, 

the Kolomiytseva-Pushkov model suggests the predominance of westward 

drift, while eastward drift is just as important in the Braginsky 

models. More complete data, especially from the southern hemisphere, 

are required to refine these models. This is especially so considering 

the present (McDonald and Gunst, 1967; Smith, 1967a; McElhinny and 



Senanayake, 1982) and possible past (Barbetti, 1977, 1980) north-south 

asymmetry of the magnetic field. 

Importance of Archaeomagnetic Data 

9 

The ultimate geophysical goal of SV studies is to understand 

the generation of the geomagnetic field. The existence and rapid 

changes of the magnetic field can best be explained by a dynamo action 

in the liquid outer core of the Earth. The theoretical problems in

volved in dynamo theory are still many and complex. Secular variation 

data and resulting models may provide some rough constraints on the 

general state of the core and the dynamo (Rikitake, 1966, 1967; Kahle, 

Ball, and Vestine, 1967; Kahle, Vestine, and Ball, 1967; Honkura and 

Rikitake, 1972; Petrova, 1977; Braginsky, 1972b, 1978). Archaeomag

netic data have also been used in constructing phenomenological models 

for geomagnetic reversals (Cox, 1968; Kono, 1972) and discussion of the 

energy budget of the dipole and nondipole fields (Verosub and Cox, 

1971). 

Temporal records of physical parameters are also useful in 

uncovering correlations and causal relations with other parameters. 

The long-termoquasi-sinusoidal fluctuation of atmospheric radiocarbon 

concentration over the last 8,000 years is due to the oscillation of the 

dipole moment strength (Kigoshi and Hasegawa, 1966; Bucha and Neustupny, 

1967; Ramaty, 1967; Bucha, 1969; Damon, 1970; Lal and Venkatavaradan, 

1970; Lingenfelter and Ramaty, 1970; Yang and Fairhall, 1972; Ralph, 

1972; Sternberg and Damon, 1979b). This is due to geomagnetic modula

tion of the atmospheric cosmic ray flux which is responsible for 



radiocarbon production (Elsasser, Ney, and Winckler, 1956). The fre

quency of aurorae at a particular latitude depends on SV of the 

strength and orientation of the magnetic field (Keimatsu, Fukushima, 

and Nagata, 1968; Siscoe and Christopher, 1975; Siscoe and Sibeck, 

1980). Yukutake (1972, 1973) presented theory as well as historic and 

prehistoric data to suggest that dipole moment fluctuations affect the 

Earth's rotation rate through electromagnetic core-mantle coupling. 

Wollin, Ericson,arid Ryan (1971) and Wollin et al. (1971, 1973) sug

gested correlations between secular variation and climate on different 

time scales. Kamiyama (1976) and Bucha (1976a, 1976b, 1980) outlined 

possible mechanisms for such a relationship. Further examination of 

the data, however (Arnerigian, 1974; Chiu, 1974; Chave and Denham, 
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1979; Sternberg and Damon, 1979a; Kent, 1982), does not support the 

secular variation-climate relationship. Prehistoric secular variation 

patterns can be used as a dating technique for archaeological material 

(see Chapter 2) and for sediments (Ellwood, 1971; Creer and Kopper, 

1974; Shuey, Ug1and, and Schmit, 1977; Thompson and Turner, 1979; Creer 

and Tucho1ka, 1982). Archaeomagnetism can also be applied to non

chronological archaeological problems such as the nature of prehistoric 

firing practices (Bucha, 1971b; Barbetti et a1., 1980). 

Lastly, the theological implications of archaeomagnetic data 

should be recognized. Barnes (1973) attempted to use geomagnetism to 

prove that the Earth is younger than 10,000 years oid. This would sup

port a fundamentalist interpretation of the Bible. The crux of Barnes' 

argument is that extrapolation of the historic dipole moment decrease 

would give too large a field 10,000 years ago to be energetically 



feasible. The archaeomagnetic data show that this recent decrease is 

not monotonic but part of a longer·-term oscillatory pattern. This 

effectively refutes Barnes' hypothesis. 

An Overview of Southwestern Archaeology 
and Chronometry 

11 

The archaeological Southwest is generally considered to include 

southern Vtah and Colorado, Arizona and New Mexico, and northwestern 

Mexico. Several factors have stimulated archaeological research in the 

region: majestic scenery, spectacular cliff dwellings, proximity to 

Mesoamerica, finely crafted pottery, and excellent preservation of mate-

rial culture in the arid environment. Martin and Plog (1973) and Jen-

nings (1974) presented thorough overviews of Southwestern archaeology. 

The earliest cultural tradition in the Southwest is the Archaic, 

with firm dates back to 11,000 years before present (B.P.). Three subse-

quent major cultural traditions are recognized in the Southwest--the 

Mogollon, Anasazi, and Hohokam. The differences between these cultures 

are partly due to the different environments that they exploited. The 

Mogollon inhabited the steep mountains and narrow valleys along the 

Arizona-New Mexico border; the Anasazi occupied the mesa and canyon 

country of the Colorado Plateau; the Hohokam lived in the Sonoran desert 

in southern Arizona. 

Cultural periods or stages are interpreted from the archaeologi-

cal record according to characteristic assemblages of artifacts, fea-

tures, and architectural styles. These stages each represent a given 

set of economic, technological, and social patterns. Sequences of such 

stages have been developed for the three major Southwestern cultures 
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(see Rohn, 1978). These stages have been assigned age ranges based upon 

dated components at various archaeological sites. The Mogollon sequence 

lasts from about 200 B.C. to A.D. 1400. The Anasazi culture also began 

about 200 B.C. and has continued through to the present day at the 

pueblos of the Hopi mesas, Zuni and the Rio Grande. Although these two 

cultural sequences are reasonably secure, there is still much debate 

over the Hohokam chronology (Haury, 1976, pp. 325-340; Schiffer, 1982). 

The Hohokam cultural phases and their relative order are agreed upon. 

There is also general agreement on the absolute dates of the later 

phases, with a terminal date of A.D. 1450. However, ages assigned to 

the beginning of the sequence range from as early as 300 B.C. (Haury, 

1976) to as late as A.D. 500 (Schiffer, 1982). Many of the Native 

Americans pr·esently living in the Southwest are descended from the 

three major prehistoric cultural groups, but the exact genealogy is not 

always known. 

General presentations of concepts and techniques in archaeolog

ical dating are given in Michael and Ralph (1971), Tite (1972), Michels 

(1973), and Fleming (1976). As in geology, one can distinguish between 

relative and absolute dating techniques. Relative dating is based upon 

concepts developed in stratigraphy and paleontology. Relative dating 

within an archaeological site is based on stratigraphic relationships. 

Relative dating between sites is possible through seriation of artifact 

assemblages. Seriation is the arrangement of items in a series based 

upon their similarity. Ceramics can be seriated according to the rela

tive frequency of different pottery types. For example, say there are 

three assemblages of ceramic types A, B, and C. The relative 
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frequencies of types for the different assemblages are: for one, 

A > B > C; for two, A < B, C < B; for three, A < B < C. A reasonable 

age sequence would be for assemblage one as the oldest, three as the young

est, and two as intermediate. Seriation presumes that the artifacts can 

be validly assigned to typological classes. Types are usually ordered in 

time according to a hypothesized evolution of stylistic elements. 

Cross-dating between sites is also done with "index fossil" pottery 

types. These are characteristics ceramics that are distinctive, short

lived, and widespread. 

Relative dates can be converted to absolute or chronometric 

dates if the artifact assemblage or index type can be cross-dated to an 

absolute age at another site. This method has been profitably employed 

in the Southwest using pottery types that can be associated with ranges 

of dendrochronological dates from tree-ring dated sites (Breternitz, 

1966). Tree-ring dating (Stokes and Smiley, 1968; Dean, 1978b) is the 

most powerful dating technique available in the Southwest. In fact, it 

is the most accurate and precise prehistoric dating technique anywhere 

in the world. Distinctive patterns of narrow and wide annual growth 

rings are found in species of trees that are sensitive to changing 

weather and climatic conditions. A Southwestern master record of this 

pattern for more than 2,000 years has been built up by overlapping liv

ing and dead tree-ring sequences. Timber used for architectural con

struction is the most commonly available archaeological material for 

tree-ring dating. The excellent preservation of tree-ring specimens 

in the arid environment enables tree-ring dating to be used at many 

Mongollon and Anasazi sites. This technique cannot generally be used 
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at Hohokam sites because desert trees are not sufficiently sensitive to 

changing climatic conditions. 

The other two chronometriL techniques commonly used in the South-

west are radiocarbon and archaeomagnetic dating. Radiocarbon dates have 

typical standard deviations of ± 75 years, so they are not nearly as pre-

cise as tree-ring dates. This method is advantageous since a variety of 

organic materials can be used. Archaeomagnetic dating is intimately 

related to this study because it requires the prior existence of a SV 

record. An outline of archaeomagnetic dating in the Southwest and impli-

cations of this work for its development are given in the following 

chapter. Although archaeomagnetic dates with errors as low as ± 10 

years have been issued by other investigators, this study indicates 

minimum archaeomagnetic age ranges of 50 years at the 95% confidence 

level, although 100-150 years is more typical. This is still better 

h bl 14C d . t an or compara e to at~ng. 

Dean (1978a) discussed a preliminary theoretical model for the 

archaeological dating process which provides a framework for evaluating 

the different problems in archaeological dating. This model distin-

guishes between dating errors, due to incorrect use of the various tech-

niques, and dating anomalies, which refer to a situation where the 

chronometric date is not directly applicable to the target date of 

interest. Dating anomalies are significant in considering the accuracy 

and precision of the target dates for this study, the firing dates of 

hearths or pottery. Different dating techniques apply to different 

reference events. Tree-ring dates generally come from roof beams and 

will most often date the construction of the room, although a repair 
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date is possible. Fires are probably kept in the same hearth as long 

as a room is occupied, so the archaeomagnetic direction would refer to 

the last firing, or date of room abandonment. The nature of the asso

ciation between a particular hearth or potsherd and the independently 

dated matieral must be considered when inferring the firing date. If, 

for example, only room construction dates were available from a given 

site, any pottery made at that site was certainly made after the ear

liest construction date. Determination of the latest possible manufac

ture date would require additional evidence which might be no better 

than an archaeological estimate of the duration of occupation. On the 

other hand, a tree-ring dated pottery type might be better dated than 

the site as a whole. 

This chapter has outlined the geophysical importance of archaeo

magnetic secular variation data. A rudimentary understanding of archae

ology is also necessary because of its intimate relationship with 

archaeomagnetism. The next two chapters will respectively present the 

archaeomagnetic direction and paleointensity data from the present 

study and discuss some of their geophysical and archaeological implica

tions. 



CHAPTER 2 

SECULAR VARIATION OF ARCHAEO~~GNETIC DIRECTION 

The ideal basis for inferring secular variation of archaeomag

netic directions would be a well-dated continuous record from a material 

carrying a thermoremanent magnetization (TR}l). This would combine the 

desirable characteristics of good temporal coverage and an accurate, 

precise paleomagnetic recording. Such a single source material is not 

available, so composite records must be compiled from imperfect data. 

Slowly deposited marine, estuarine, and lacustrine sediments can pro

vide a nearly continuous paleomagnetic record, but the fidelity of the 

depositional (D~~), postdepositional (PDR~l), or chemical remanent mag

netization (CRH) is generally worse than for TRH. Dating the time of 

deposition or magnetization of individual horizons is also a problem. 

Extrusive igneous rocks carry the desirable TF01, but eruptions in one 

locality are usually too sporadic to yield more than a few discrete 

points in time. Furthermore, dating of these extrusive events with 

precisions useful for SV analysis is difficult, although historical 

dating (e.g., Chevallier, 1925; Brynjolfsson, 1957: Yukutake, 1961; 

Doell and Cox, 1963; Tanguy, 1970; Tanaka, 1980; Hoye, 1981) or dating 

by other techniques (Skinner et al., 1975; Coe, Gramme, and Mankinen, 

1978; Champion, 1980) is possible. Studies of multiple eruptions from 

a single source are also subject to errors due to local magnetic 
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anomalies or anomalies caused by the flows themselves (Doell and Cox, 

1963; Tanguy, 1970; Champion, 1980). 
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Archaeomagnetic studies in the American Southwest present the 

opporturiity for obtaining a quasi-continuous record of secular varia

tion using precisely dated archaeological features bearing a TRM. This 

TRM has essentially the same fidelity as that carried by a lava. Most 

prehistoric habitation rooms in the Southwest have hearths that were 

used for heating or cooking, so there is an abundance of in situ baked 

material spanning the archaeological record. Dendrochronology in this 

region provides the most precise dating of prehistoric archaeological 

material anywhere in the world. Oriented samples are collected from 

features at many sites distributed in space and time. Anomalous local 

effects can thereby be isolated. 

In this chapter, I will discuss sample collection and labora

tory techniques, rock magnetic studies, archaeomagnetic results, tests 

of archaeomagnetic accuracy and precision, derivation of a Southwestern 

secular variation record, comparison with other results, and implica

tions for archaeomagnetic dating. 

Materials and Methods 

Archaeomagnetic samples were collected from 158 features at33 

archaeological sites. The geographic locations of the sites are shown 

in Figure 1. General information including the locations, proveniences, 

and dating of the features is given in Appendix B. The predominant 

type of feature sampled was hearths or firepits. Used in antiquity for 

heating and cooking, hearths are found in most habitation rooms at 
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Figure 1. Locations of archaeomagnetic features. -- More than 
one feature was collected at some of the locations. 
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archaeological sites. They are typically circular in plan view with 

diameters of about 30 cm and depths of about 10 cm (fig. 2; Haury, 1976, 

fig. 3.27). Hearths were constructed by digging a hole in the ground 

and were sometimes lined with a clay paste or slabs of rock. Character

istics of hearths may vary between cultures or over time within a cul

ture. Clay-lined hearths, for example, were typical in the Hohokam 

culture. Hearths are often baked hard and are fire-reddened relative 

to the surrounding material. Other kinds of features sampled less 

frequently than hearths include plastered or unplastered burned floors 

and walls, small roasting pits or larger communal hornos, and cremation 

pits. 

Sample Collection 

Collection during the early work for this study was done by 

J. L. Eighmy, then in the Department of Anthropology at The University 

of Arizona, Tucson. More recently, sampling has been supervised by 

R. H. McGuire, also from the Department of Anthropology. Many archaeo

logical sites are being excavated at anyone time in the Southwest and 

recovery of suitably fired material is unpredictable. When feasible, 

samples were collected by Eighmy, McGuire, or myself. Otherwise, 

archaeologists that were present on the site were trained in sampling 

procedures. This made it easier to collect a larger number of features, 

but at the expense of procedural uniformity and experience. 

The collected features represented a compromise between desir

able and available material. What was desired was a collection of fea

tures geographically distributed over the Southwest, well-fired, 



Figure 2. Hearth from Los Morteros near Tucson, Arizona. -- This is a typical 
example of a plastered Hohokam hearth. N 
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undisturbed, temporally distributed over the period covered by South

western archaeology, and well dated. What was available was whatever 

features were being excavated at a given time by archaeologists who 

were aware of our work. Material for tree-ring or radiocarbon dates 

was also recovered during archaeological excavation, so dating poten

tial for an archaeomagnetic feature was not completely known at the 

time of collection. Only for the sites at Hesa Verde, Winona Village, 

Medicine Fort, Chodistaas, and Canyon Creek were we able to collect 

previously excavated features which were already known to be well 

dated. Archaeologists were often induced to cooperate by the hope of 

obtaining archaeomagnetic dates. Unfortunately, these dates were 

sometimes most sought after when the independent age control needed to 

date the firing of the hearth was poor. 

Methods for collecting oriented samples for archaeomagnetic 

research are described by Watanabe (1959), Thellier (1967), Tarling 

(1975), Windes (1978), Rodgers (1978), and Eighmy (1980). A photograph 

in Weaver (1967, p. 700) illustrates the general technique. Briefly, 

our procedure was as follows. The hearth was sometimes wet several 

hours before sampling to soften the matieral. Unfired or poorly burned 

material was cleared from around the hearth with a shovel or trowel. 

Individual samples were cut with hacksaw blades. When a pillar of 

material was isolated, a nonmagnetic 1.05" (inside dimensions) cubic 

aluminum frame was placed around it. The frame was-supported by a 

strip of modeling clay to facilitate horizontal leveling with a line 

level or cross-test level. Plaster of Paris was prepared and poured 

into the frame, encasing the sample as it hardened. Samples were 
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azimuthally oriented with a magnetic compass. When the plaster hardened 

the sample was severed from below and the bottom was also filled with 

plaster. The sample number and axis of orientation were scribed on the 

cube. Eight to twelve samples per feature were usually collected. This 

took 2 to 4 hours, depending on the expp.rience of the collector, the 

nature of the material, and the weather. The occasional collection of 

burned floors, walls, or other features required specialized procedures 

(Windes, 1978; Eighmy, 1980). 

For computation of magnetization J from the magnetic moments 

3 measured in the laboratory, sample volumes of 10 cm were used through-

out this study. This reasonably assumes that the sample itself occu-

pies about two-thirds the volume of the plaster cube. 

An important part of the sampling procedure was proper comple-

tion of the field collection form. The completed form indicates the 

collector and date, the location and archaeological provenience of the 

site and feature, general characteristics of the feature, compass read-

ings and comments on particular samples, and a diagram of the feature 

showing sample locations. The sample comments and diagram were especi-

ally helpful when considering samples with aberrant archaeomagnetic 

directions, as discussed below under outlier analysis. 

Terminology 

There has been some confusion in the archaeomagnetic literature 

on appropriate terminology for an archaeomagnetic collection. I prefer 

an analog to the conventional paleomagnetic terminology while avoiding 

conflicts with similar archaeological lexicon. An individually 
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oriented plaster cube is herein designated as a sample. If such a sam-

pIe were subsampled in the laboratory, the subsamples would be speci-

mens. Site is the usual paleomagnetic term for the locale where a 
. 

collection of samples is taken. Site is an awkward term for a collec-

tion of archaeomagnetic samples because of the term archaeological site, 

Wilich implies a larger spatial scale. Thus the term archaeomagnetic 

feature will be used here as the equivalent of a paleomagnetic site, 

consistent with both the identification of a hearth as a discrete archae-

ological feature and the paleomagnetic site as a spot recorder of the 

paleomagnetic field. Most of the features are hearths so this term will 

be used interchangeably with feature. Site will refer to an archaeo-

logical site. A typical sample designation is AB003C, where AB is a 

two-letter acronym for the archaeological site, 003 is the feature num-

ber at the site, and C is the sample from that feature, lettered con-

secutively from A for the first sample. 

Laboratory Procedure 

Equipment routinely used in the paleomagnetism laboratory at 

The University of Arizona is described in Appendix A. Collinson, Creer, 

and Runcorn (1967) and Collinson (1975) reviewed instruments and tech-

niques used in paleomagnetism. When samples were brought into the lab-

oratory after collection, they were stored in a high permeability mu-

metal canister until processing was complete. The low ambient field 

in the storage chamber, from 100 nT near the center to several thousand 

nT near the edges, allowed unstable magnetization to decay, and pre-

vented further acquisition of viscous remanent magnetization (V~!). 
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Sample magnetization was measured on the cyrogenic magnetometer when 

possible, but the spinner magnetometer was used if the magnetization 

was too strong or if the cryogenic was not operational. The natural 

remanent magnetization (~R}1) of all samples in the feature was measured 

first. Alternating-field (AF) demagnetization was then used to remove 

secondary components of magnetization. This was appropriate since the 

rock magnetic work (see below) showed that the remanence was carried by 

low-coercivity (titano)magnetite. 

Thermal demagnetization of archaeomagnetic samples was not prac

tical because repeated heatings caused the Plaster of Paris to dehydrate 

and crack. The orientation of the sample was thereby lost. In the few 

cases where all samples from a feature were thermally demagnetized 

after AF demagnetization, the dispersion of directions did not decrease. 

For all but 10 features, at least one sample was subjected to 

progressive AF demagnetization. Typical peak fields used were 2.5, 5, 

10, 15, 20, 30, 40, 60, 80, and 100 mT. On successive steps, the sample 

was inserted into the demagnetization coil in an antiparallel manner to 

check for the possibility of anhysteretic remanence induced during 

demagnetization. If only one sample was progressively demagnetized, 

that sample was chosen because its magnetization and direction were 

typical for the NRM measurements from that feature. Additional pilot 

samples were also demagnetized if the results from the first sample 

were ambiguous, if the NRM directions were poorly clustered, if some 

samples had atypical NRMs, or for extra confidence in the results. 

The optimal demagnetization step at which the remaining samples were 

demagnetized was chosen by examining the changing direction of 



magnetization and selecting a step at which the direction had stabilized. 

The final mean direction and measures of dispersion were calculated using 

Fisher (1953) statistics. 

Occasionally all samples were demagnetized at two or more steps, 

especially if a stable magnetization could not be isolated in the pilot 

sample. The step yielding the least dispersion or smallest a95 (two 

standard errors of the mean cone of confidence about the mean direction) 

was then chosen as the optimal step. The ~~I results were never used, 

even if the a95 were lower than for the demagnetized results. If all 

samples had acquired a large V~I component parallel to the recent or 

present field, they would disperse as this common vector was removed 

during demagnetization. The ~~ls would thus show the best clustering, 

although the mean N~1 direction would not be parallel to the archaeo-

magnetic field. 

Outlier Analysis 

Careful consideration was given to the identification and treat-

ment of outliers. These are samples with directions discordant with 

other samples from the same feature. Grubbs (1969) gave a clear exposi-

tion of the general problem of outlier analysis. Two cases are of 

interest: the outlier as an extreme manifestation of the random varia-

bility inherent in the data, and the outlier as a violation of the pro-

cedures or premises of the experiment. In either case, the outlier 

will be recognized as belonging to a different population than the 

other sample values. An outlier is safely identified if an experimental 

reason can be isolated, and rejection of the sample in this case is a 
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fair procedure. However, if the physical reason for the outlier is 

unknown, caution is warranted. In this case, an objective statistical 

test is best employed. 

Paleomagnetists have not in general been overly concerned with 

a rigorous formulation of the outlier problem. More attention is devoted 

to this problem by Van Alstine and de Boer (1978) and Van Alstine 

(1980), who calculated a paleomagnetic vector median and probability con-

tours rather than the usual Fisher mean vector and precision parameter. 

The median is much less sensitive to outliers but is somewhat cumbersome 

to compute. For a comparison of mean poles from different studies, 

Harrison and Lindh (1982) devised a test that can be used in conjunction 

with Fisher statistics. From the precision parameter k they calculated 

898, the angle subtended by a cone about the mean direction which will 

encompass 98% of the sample population. Any direction falling outside 

this cone is discarded. 

Archaeomagnetists in the United States have developed outlier 

tests similar to that of Harrison and Lindh (1982). Nichols (1975) 

used an outlier test of Grubbs (1950, 1969) on archaeomagnetic samples 

from Chaco Canyon, New Mexico. From the angular difference 8. between 
1 

the mean direction and the ith direction, the standard deviation of 

the direction is calculated as SD = (~8~/N)l, where N is the number of 
1 

samples. This is then comapred to Grubbs' table of the studentized 

extreme deviation. For high precision parameter k, the Fisher distribu-

tion approaches a two-dimensional normal distribution for which case the 

test is valid. Wolfman (n.d.) does not use samples that have less than 

a 5% chance of belonging to the same population as the other sample 
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directions, but the exact test is not given. Krause (1980) calculated 

-J 
the angular standard deviation e = cos (R/N), where R is the resultant 

of the sample unit vectors. A possible outlier is deleted, then a new 

average is calculated. If the anomalous sample is more than three 

standard deviations from the new mean, it is identified as an outlier. 

The test is repeated for other possible outliers. The three standard 

deviation criterion is sufficiently conservative to make this a good 

outlier test. 

Before using an outlier test, the field notes were first con-

suIted to look for physical reasons for identifying and deleting sam-

pIes that had visualJy distinct directions of magnetization (Aitken and 

Hawley, 1966). Various comments in the field notes may give clues to 

anomalous directions: material that became loose from its pedestal 

during sampling; poorly burned material as judged by color or hardness; 

roots, twigs, or rodent burrows in the sample. The schematic map of 

the collection was also useful. If one or more samples were collected 

from a remote part of the feature, poorly fired material could have 

been included. The magnetic behavior of a sample can itself be the 

desired physical evidence for its classification as an outlier. A 

sample that is unstable upon demagnetization or that has magnetization 

an order of magnitude different from the others in the feature is 

suspicious, especially if the sample was also spatially isolated. 

When obvious physical evidence was lacking,' the presence of an 

outlier could still be justified on several grounds: variability of 

firing temperatures (Chelidze, 1966; Krause, 1980) and magnetization 

in the feature; mechanical disturbance during original use, subsequent 
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burial, or archaeological excavation; and collection errors. Without 

a priori physical evidence for identifying outliers, the statistical 

outlier tests were used. These tests were routinely applied for all 

results. For a single possible outlier, a new Fisher mean was calcu-

lated excluding the sample with magnetic direction furtherest from the 

original mean. The angle 8 between the magnetization direction of 
p 

the sample and the new mean was calculated. The probability level, p, 

at which this angle would be exceeded using the:new mean and preci-

sion parameter as population estimates was calculated according to 

McFadden (1980, eq. 20). The sample was denoted an outlier for a sig-

nificance level of .005 (0.5%) or less. This level was chosen by 

examining many cases and picking the level that best agreed with con-

servative intuition. This test is quasi-statistical; it is not really 

an outlier test in the sense of Grubbs (1950, 1969) because the sus-

pected outlier is treated as an independent sample rather than a member 

of the feature population. This is another reason why such a low sig-

nificance level should be chosen. 

For multiple samples a different test was used. This proce-

dure was suggested by Grubbs (1969) as opposed to the sequential analy-

sis of single samples using the same test. The Fisher precision para-

meter was calculated before and after deleting the suspicious samples. 

If the precision parameter improved at the .005 level using the F--test 

(Watson, 1956), the samples were considered joint outliers. Again, a 

low significance level was chosen because the comparison was not being 

made between independent statistical samples as a true outlier test re-

quires. For testing a pair of outliers, the further requirement was 



made that each of the pair was a single outlier when compared to the 

rest of the samples. 

Rock Magnetism 

Although rocks are not the material of study, the term "rock 

magnetism" will suffice to describe the magnetic properties of the 

archaeomagnetic features. Analysis of the data, largely in the form 

of coercivity spectra, provides insight into the nature of the rema

nence acquired by both the plaster and baked clays. 

Coercivity Analysis 

Much of the rock magnetic information on both hearth samples 

and pottery (next chapter) was derived from coercivity analysis. 

Coerceive forces depend upon ferromagnetic mineralogy, grain shape, 
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and domain state. Coercivity analyses can be used to investigate both 

the ferromagnetic grains carrying the remanence and the bulk ferromag

netic mineralogy of the material. The former can be examined through 

AF demagnetization. Coercivity of the remanence can then be characte

rized by the median destructive field (~IDF), the peak alternating 

field required to reduce the remanence to half its original N~\I. The 

bulk properties can be studied through isothermal remanent magnetiza

tion (IR}!) acquisition experiments. For these a sample's remanent 

magnetization is measured as a function of DC magnetic field strength 

applied in the laboratory at room temperature. The mineralogies 

responsible for the remanence and bulk properties may be the same or 

different, and can suggest the way in which the remanence was acquired. 
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The HDF depends on the ferromagnetic mineralogy, that is, the 

mineral, grain size, and grain shape. The maximum coercivity for mag-

netite grains with infinite aspect ratios is 0.302T. Hematite can 

have coercivities an order of magnitude higher. AF demagnetization 

actually measures the coercivity of remanence, which is a factor of 

about five higher than the coercivity (Stacey and Banerjee, 1974, pp. 

79-83, 136-136) For magnetic grains in igneous rocks ~IDFs > 50 mT are 

not common (Dunlop, 1973). 

The !-IDF is an economic characterization of an AF demagnetiza-

tion curve. It is convenient to develop similar characterizations of 

IRN acquisition. Dankers (1981) used the remanent acquisition coer-

cive force, which is the isothermal magnetic field required to magne-

tize a sample to half its saturation Im1. Similar parameters are used 

here to parameterize the I~l acquisition: the rat ios IR!-10 •1 T/IR;'-~lnax 

and I~10. 3T/IR;'-~max. These are the ratios of IR.\l acquired at applied 

fields of O.IT and 0.3T, respectively to that acquired at B ,the 
max 

maximum applied field. Since the maximum coercivity for magnetite 

is about O.3T, a sample with magnetite but no hematite will have 

IR\10 . 3T/IR!-l
B 

:::< 1. The ratio I~10.lT/I~lB is not so diagnostic. 
max max 

For red beds, it may indicate the relative amounts of magnetite and 

specular hematite (Dunlop, 1972). It may serve as a rough indicator 

of magnetite grain size distribution. In any case, these two quanti-

ties characterize the shape of the IR}l acquisition curves reasonably 

well. 
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Plaster of Paris 

Archaeomagnetic sampling differs from sampling of most other 

paleomagnetic materials in that the actual sample is cast in a matrix. 

Plaster of Paris (gypsum cement) is the most common casting material. 

It is inexpensive, easy to obtain, and convenient to use. However, 

it can contain magnetic impurities, and a DR}i or PDIDi parallel to the 

present-day field might be imparted to the plaster during setting. 

~hen possible, White Hydrocal Gypsum Cement manufactured by 

United States Gypsum was used. Archaeomagnetic folklore asserts that 

R. L. DuBois of the University of Oklahoma has tested a variety of 

plasters and found Hydrocal to be magnetically cleanest. Four blanks 

of Hydrocal were poured at the National Semiconductor site south of 

Tucson. These samples were measured, demagnetized under alternating 

field, and given IIDis. Table 3 summarizes the results, including 

similar results on Hydrocal from Eighmy (1980). Sample m.JOOlD is the 

only sample to have a magnetization as strong as that for the weakest 

hearth sample (fig. 3). The large NR}1/IR..\1 ratio for this sample indi

cates that a large fraction of the magnetic grains were activated. 

}mgnetization of the other plaster blanks is much smaller than for 

hearth samples. The }IDFs of all blanks were comparable to those 

observed for hearth samples (fig. 4). However, the directions of mag

netization for the HWOOI samples were all distinct from each other and 

from the present-day field direction. Only HWOOID showed a fairly 

stable magnetization. Thus it seems that the weak, unstable magnetiza

tion of the plaster will rarely obscure the magnetization of the sam

ple itself. However, magnetic properties may be variable within the 
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Table 3. Magnetic properties of plaster of paris. -- HW001 
samples are from this study. HW002 are from Eighmy (1980) . All 
samples are brand Hydrocal White Gypsum Cement. 

10-3A/m 
MDF Bmax IRM~Bmax) IRM(O.IT) IRM(0.3T) NRM 

Sample mT T 10- Aim IRM(B ) IRM(B 
ma) IRN max 

HW001A 1. 05 43 0.8 30.7 0.638 0.805 0.0455 

HW001B 0.633 15 

HW001C 1. 94 20 0.8 78.2 0.754 0.971 0.02 l l.8 

HWOOID 52.0 21 0.8 141. 0.759 0.950 0.369 

HW002A 1.1 4 

HW002B 0.52 2/: 

HW002C 0.47 12 
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Figure 3. Average NRMs for archaeomagnetic features. -- The 
NRMs are plotted on a logarithmic scale. 
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Figure 4. MDFs for archaeomagnetic samples. -- Eight samples 
with MDFs between 42 and 58 mT are not plotted. 
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same batch of plaster and are likely to be more variable between dif-

ferent batches and brands. Testing of magnetic characteristics of 

different plasters still seems advisable. 

Hearth Samples 

Although a systematic rock magnetic study was not carried out 

on the archaeomagnetic samples, some specific rock magnetic work was 

done. Other pertinent information accrued as a result of the usual 

demagnetization studies. Progressive AF demagnetization was performed 

on 258 samples from 158 features. Mean magnetization for these fea

-2 tures varied from about 10 to 10 Aim with an approximately log-

normal distribution (fig. 3). Progressive demagnetizations were not 

done for 10 features. 

The ferromagnetic mineralogy responsible for the remanence can 

be inferred from the coercivity (of remanence) spectra determined by 

these demagnetizations. The MDFs for the 258 progressively demagnetized 

samples (fig. 4) show that the coercivities of remanence are low; the 

median MDF is 15 mT and the interquartile range is 11-19 mT. This 

suggests that the ferromagnetic mineral carrying the NRM is magnetite 

or titanomagnetite. 

Four lR}! acquisition experiments were done with hearth samples 

that h~d been previously demagnetized by alternating field. Two of 

these samples were from feature NS003, which had typically low }IDFs, 

and two were from HN037 , which showed higher I-IDFs. Table 4 summarizes 

the rock magnetic data for these samples. Feature NS003 had lower 

NR}!s, lower MDFs, lower lR}1
Bmax

' higher values of lR}!O.l T/lID1Bmax A 
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Table 4. Magnetic properties of selected hearth samples 

NRM MDF B IRM(B ) IRM(O.lT) IRM(0.3T) NRM 

10- 3A/m 
max max IRM(B ) IRM(B ) Sample mT T 10-3A/m IRN max max 

NS003G 124 16 0.9 10200 0.757 0.940 0.0122 

NS003H 93.5 9 0.85 21800 0.752 0.950 0.0043 

WM037B 519 40 0.9 71700 0.600 0.968 0.0072 

WM037C 624 45 0.85 58900 0.630 0.959 0.0170 
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self-consi.stent interpretation of these data is that the same mineral-

ogy is responsible for the bulk (IRM) and remanent (NR}1) properties: 

higher NRMs correspond to higher IRMs, and higher MDFs correspond to 

slower approaches to IRH saturation. The low coercivities implicate 

(titano)magnetite as the most important bulk ferromagnetic mineral. 

Both WM037 and NS003 may contain some high coercivity ferromagnetic 

material, indicated by the IRMO•3T /IR}1B ratios being less than 1.0. 
max 

Three saturation magnetization vs. temperature experiments for 

bulk samples of hearth material were successfully run by R. F. Butler 

while at the U.S. Geological Survey paleomagnetism laboratory in Henlo 

Park, California. Magneti,te and hematite have characteristic Curie 

points of 587°C and 680°C, respectively. These temperatures decrease 

with increased titanium in solid solution. The sample from feature 

WL003 showed a single, well-defined Curie temperature near 580°C with 

a reversible magnetization curve. Samples from HT002 and BDOOI exhib-

ited predominantly 580°C Curie points, although saturation magnetiza-

tion at room temperature increased during the heating-cooling cycle by 

5% and 18%, respectively. These Curie points further suggest (titano)-

magnetite as the major bulk ferromagnetic mineral. 

The Smith (1967b) adaptation of Wilson's (1961) paleointensity 

experiment was used for some unoriented hearth specimens that were not 

encased in plaster. This technique compares the blocking temperature 

spectra of the NR}1 and a laboratory TRM. The total TRM was imparted i.n 

the presence of a 50 ~T laboratory field. All heatings were done in a 

weak vacuum of about 100 pascals (= 1 torr). Twelve specimens survived 
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the entire experiment without crumbling. All N~'ls but one maintained 

stable directions of magnetization during thermal demagnetization. The 

fraction of the NIDI remaining at 600°C was 18% for the unstable speci-

men, 23% for another specimen, but lower than 7% for 13 other specimens. 

This 600~ is a nominal reading from the furnace temperature controller; 

6 +100 the true sample temperature may be 00_30 C. This low amount of rema-

nence above the Curie point for magnetite again suggests (titano) 

magnetite as the primary carrier of the remanence. These results are 

simi.lar to those of Barbetti. and McElhinny (1976) for blocking tempera-

tures of baked sediments. 

A consistent picture emerges from these results. Magnetite, or 

perhaps titanomagneti.te, i.s the primary carri.er of the remanence as 

well as the domi.nant bulk ferromagnetic mineral. Thi.s is supported by 

remanence coerci.vi.ty spectra of the NRN from AF demagneti.zati.on studi.es, 

coercivity spectra of lRH acquisition, thermomagnetic curves, and block-

ing temperature spectra of both NRM and laboratory TRM. 

The small amount of previous work on rock magnetism of South-

western hearths corroborates these conclusions. Baumgartner (1~73) used 

lIDI acquisition and thermomagnetic runs to analyze samples from a fi ced 

wall and an archaeomagnetic block, presumably from a hearth or burned 

floor. One sample had a hematite Curie temperature, but the other 

samples all revealed a predominance of magnetite Curie temperatures. 

Cross-plots of different experimental parameters may have rock 

magnetic implications. Figure 5 shows the feature a95 values for the 

optimal demagnetization steps plotted against the MDFs of progressively 
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Figure 5. Feature a95 vs. sample MDF. -- The a95 is for the 
optimal demagnetization step. If more than one sample from a feature 
was progressively demagnetized, more than one MDF is associated with 
the same a95. Points on the x and y axes represent features for which 
no a95 was calculated and for which no sample was progressively demag
netized, respectively. Results for four features with a95° > 35~ are 
not shown. 
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demagnetized samples from the same features. There is a break in the 

a95 distribution between 8.8 0 and 10.8 0• This may represent a real 

division between suitable and unsuitable archaeomagnetic "l{thology." 

The unsuitable, high-a95 material has predominantly low coercivities. 

It probably represents material that was poorly fired. Within the 

class of suitable, presumably well-fired material, the higher a95s 

between 50 and 8.S o (with the exception of two points) have lower coer

civities. This suggests a division of the suitable material into two 

groups: one with a significant amount of single domain (SD) or pseudo

single domain (PSD) magnetite, the other with predominantly multido

main (MD) magnetite. Multidomain magnetite with generally lower 

coercivities will cause higher a95s because of greater acquisition of 

secondary VR}l. Better precision (lower a95) is more easily derived 

from higher-coercivity SD or PSD Qaterial. The coercivity ranges of 

these different domain states probably overlap between 7.5 and 20 mT. 

There are also some subtle relationships between a95 and 

intensi ty of NR~l. Figure 6 is a cross-plot of a95 against 10glO(NRN) 

remaining at the optimal demagnetization step. The features with 

a95 > 10° are more weakly magnetized as would be expected if these 

unsuitable features were indeed poorly fired. Even when points having 

a95 > 10° are deleted, there is a statistically significant (1% level) 

inverse relationship between a95 and 10g(NRM). This tendency for 

lower a95s to be associated with higher magnetization is reasonable if 

the higher NRMs are due to either a better firing or a transition from 

MD to SD (titano)magnetite. 
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Some inferences can also be made about the mode of remanence 

acquisition. For the 12 samples that survived the Smith-Wilson paleo

intensity experiment, the original NRM and laboratory TRM blocking 

temperature spectra were plotted. An example is given in Figure 7a for 

a sample from feature WM002. Most of the plots, like this one, show 

that proportionately more TRM than NR}l is contained in grains with 

blocking temperatures > 450°C. This could be due to a change in the 

ferromagnetic mineralogy and blocking temperature spectrum caused by 

the repeated heatings. Another explanation is that the original NR}! 

is only a partial TRM (PT~~) acquired when the feature was heated to 

about 450°C. Grains with higher blocking temperatures would carry 

Ii t tIe NR}!, but would carry a substanti al PTR!'! due to the total TRM 

imparted in the laboratory. This mechanism could also explain the 

existence of some N~1 blocked in above 450°C with the same direction of 

megnetization as the lower blocking temperature NRM as shown in the 

vector demagnetization diagram (Zijderveld, 1967; Roy and Park, 1974; 

Dunlop, 1979) of Figure 7b. Such remanence could have been acquired 

in grains with higher blocking temperatures either as a CR}l or a high 

temperature VRM (Schwarz and Christie, 1967; Arbour and Schwarz, 1982). 

The total laboratory T~~ would impart a greater remanence to the higher 

blocking temperature grains since TRM is greater than CRM or VRM by 

at least an order of magnitude (Kobayaski, 1959). This mechanism 

also explains the stable NRM directions up to the C4rie temperature of 

magnetite, since the CRM or VRM would have been acquired at the same 

time as, and hence parallel to, the TRM. 
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Figure 7. Typical blocking temperature spectra of NRM and TRM. 
-- (a) Cross-plot of the NRM and TRM blocking temperature spectra for 
sample WM002, normalized by the total NRM. Temperature steps in 
degrees Centrigrade are shown for several points. (b) Vector diagram 
of the NRM thermal demagnetization. The linear trends into the origin 
as the magnetization (distance from the origin) decreases indicate a 
stable direction of magnetization. Temperature steps in degrees Centi
grade are shown for several points. 



43 

Barbetti et al. (1977) suggested a different mechanism to 

account for nonlinear paleointensity diagrams for baked earths. Origi

nal hematite is partially weathered to oxyhydroxides while the feature 

is still in situ; these oxyhydroxides dehydrate to form ~aghemite after 

sampling. This model might explain the temperature inflections observed 

here, but original hematite is inconsistent with the low coercivities 

observed for the N~~ls (fig. 4). The model could still be applicable to 

Barbetti's samples, which carne from a different culture in Australia 

that might have used different materials and techniques for building 

fires. 

There is other evidence for an original firing of hearths to 

temperatures around 450°C. Krause (1980; also see Eighmy, 1980) experi

mentally fired three hearths. Three thermocouples per hearth were 

embedded in the clay to record temperatures. A maximum temperature of 

about 450°C was reached in each firing at a point 0.5 cm back from the 

rim of the hearth and 0.5 cm below the surface. Readings taken 1.0 cm 

from the rim were slightly less, and temperatures at the center of the 

firepit, 0.5 cm below the base, were only about 135°C. Chelidze (1966) 

experimentally fired hearths with local clays and fuels. Flame tempera

tures of 800°C-900°C produced temperatures in the clay of only 400°C-

600°C, the cooler temperatures occurring deeper and further back from 

the rim. An extrapolation of Krause's results might suggest tempera

tures above 580°C just at the rim of a hearth, but lower than this in 

general. Unfortunately, there are no ethnographic studies of cooking 

and heating fires as were reported in Shepard (1965) for pottery firing. 



Other experimental evidence on the firing of prehistoric hearths is 

also lacking. 

If hearths indeed carry a PTR}! rather than a total TRN, one 

must question what event is being recorded by the remanence (Wilcox, 

1977; Dean, 1978a). If a hearth were consistently fired above its 

Curie temperature, then the resultant TRH would clearly record the 

last firing of the hearth. If firing were below the Curie temperature, 

repeated heatings would impart PT~~s at different peak temperatures. 

The NIDI would then be a vector sum of all PTIDls acquired since the 

highest-temperature firing of the feature plus other secondary compo

nents. This would not be a major problem for two reasons. First, secu

lar variation is likely to be small during the lifetime of a hearth 

(perhaps 25 years at most), so all PT~ls should record approximately 

the same direction. Second, all firings are probably to similar peak 

temperatures, so that the latest heating will be primarily responsible 

for a feature's magnetization. 

Results 

Archaeomagnetic data contains noise at two levels. First, the 

presence of secondary components of magnetization affects sample and 

feature mean directions. This source of noise can be removed by AF 

demagnetization to yield the data base of magnetically cleaned, feature 

mean directions. Second, these mean directions still include some 

noise due to the inherent scatter of the samples and problems such as 

incorrectly assigned dates, incomplete removal of secondary components, 

and dispersion of regional results due to the nondipole field. The 
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noise at this level can be dealt with by a suitable data smoothing 

procedure. This section will present some examples of demagnetization 

behavior, show the resulting data base of cleaned directions, discuss 

the smoothing procedure used, and give the smoothed Southwestern secular 

variation curve. 

Demagnetization Behavior 

A few examples of progressive AF demagnetization and sample 

directions before and after demagnetization provides some insight into 

demagnetization behavior of the samples. 

Feature WM006 exhibited typical behavior for a hearth that 

yielded a precise archaeomagnetic determination. The NR}! directions 

are plotted in Figure Sa along with the mean direction and 095. Sample 

H had a typical direction and strength of magnetization, so it was 

chosen for progressive demagnetization. Figure Sb is a vector diagram 

of the progressive demagnetization. Initial curvature for this sample 

of the D and I plots shows that the declination becomes more westerly 

and the inclination steepens upon demagnetization. The optimal demag

netization step chosen for the remaining samples was 15 mT. This step 

is well into the stable region of Figure Sb. Figure Sc shows the direc

tions of all samples after demagnetization at 15 mT along with the fea

ture mean and 095. The demagnetized mean is westerly and steeper rela

tive to the NRH, the same trend that was noted during progressive 

demagnetization. The mean direction moved ISo. Besides this net 

change in the direction, the samples clustered better after demagnetiza

tion. The 095 decreased from 2.9 0 to 2.4°. These commonly observed 
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behaviors a!e probably due to acquisition of VRH by the samples and 

subsequent removal of this component during demagnetization. 

Feature WHOm (fig. 9) illustrates a less commonly observed 
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type of behavior. The NRHs (fig. 9a) have an aberrant direction. Six 

of these clustered well, but with very shallow inclinations and westerly 

declinations. Two NR."'ls were strung out toward a more reasonable direc

tion. Progressive demagnetization of samples C and G (fig. 9b) gave a 

very similar, dramatic change in direction. A blowup of these figures 

shows that the magnetization for G stabilized at about 20 mT although 

C still shows some change in declination. Demagnetized results are 

sho\\'11 in Figure 9c for 15 mT and 25 mT. By 15 mT, the directions 

have moved considerably. By 25 mT, the mean direction has moved 71 e
, 

The Cl.95 also improved from 9.1 ° for the NIDI to 2.2 ° at 25 mT. The 

nearly horizontal and westerly NIDI direction certainly was not due to 

VR.'I from the present-day field. An lRH due to a nearby lightning 

strike (Cox, 1961; Graham, 1961; HcElhinny, 1973, pp. 69-70) is a more 

plausible reason. The low coercivities for samples C (MDF = 80 mT) and 

G (HDF = 80 mT) support this possibility, since lID! is softer than TRJ-! 

(Kobayashi, 1959). 

For feature HH020, the mean direction of magnetization also 

shows a large change of 36° between NRHs (fig. lOa) and a demagnetiza

tion step of 15 mT (fig. 10c). The secondary component was softer than 

for w}IOOl, being essentially removed at 50 mT (fig. lOb). The a95 also 

decreased upon demagnetization from 14.1° to 3.0°. The feature may 

also have been struck by lightning. 
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Figure 11 illustrates another type of behavior which demon

strates the need for careful interpretation of demagnetization results. 

The NRMs of ee003 (fig. l1a) are tightly clustered with the exception 

of Sample H. This sample and the more representative Sample B were 

chosen for progressive demagnetization. The vector diagrams for these 

pilot samples (fig. lIb) show the direction of magnetization stable by 

15 mT for both samples. The mean direction of the demagnetized results 

(fig. llc) changed only 3 0 relative to the NRM, but the a95 increased 

from 2.3 0 to 4.7°. (Sample H was deleted as an outlier.) Upon demag

netization, the sample directions moved away from the present-day 

field. Thus the NRMs probably contained a common VRM component paral

lel to the present-day field. Even though the NRMs had the best clus

tering, choice of this step as the optimal demagnetization step would 

have given an erroneous archaeomagnetic determination. Attention must 

be paid L~ when directions of magnetization stablize during progressive 

demagnetization as well as to the clustering of results. 

Feature eS004 is a good example of a feature with two subgroups 

of samples having distinct magnetic directions. Figure l2a shows the 

NRMs. There are two clusters of results. The field map of the sample 

collection shows that each cluster represents a group of samples col

lected from opposite sides of the hearth. One sample from each group, 

Hand J, was progressively demagnetized. Both were stable (fig. l2b) 

and the demagnetized directions for all samples still fell into two 

groups (fig. l2c). It was not clear whether this was due to a problem 

in the magnetization or a post-firing mechanical disturbance. Without 
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any evidence that one cluster is recording the correct archaeo-

magnetic direction, the best that can be done is to average all 

results. 

Feature Directions and Virtual 
Geomagnetic Poles 

The demagnetized results for the 158 archaeomagnetic features 
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are given in Appendix C. Of these, 85 features have been independently 

dated. Seventy-three of these had suitable a95s < 10° and were used 

for SV analysis. Dates will be assigned to the other features as the 

relevant information is received from the project archaeologists. 

There are 44 features from the h'ind ~Iountain (\\~1) site alone, but these 

are still undated and were not used for the SV analysis. The most 

independently dated features from a single site were 12 from Grass-

hopper (GR). All features have been treated as independent results. 

Figure 13 shows the results for all dated features as separate 

plots of magnetic declination (D) and inclination (1) vs. time. ~~g-

netic directions are vectors, so the D and 1 components are not com-

pletely independent of one another. However. if a series of directions 

are plotted on a sterographic projection or otherwise, there is .no con-

venient way to indicate time as an independent variable. Scalar compo-

nents, on the other hand, can be plotted as a function of time. Thus 

the age ranges assigned to the features can be depicted on the separate 

D and 1 plots. Statistical uncertainties in D and 1 are also shown. 

For two standard errors of the mean ~D = a95/cosl and ~1 = a95. 

The scatter and uncertainties in the data will limit the reso-

lution of the inferred magnetic field changes. One way of considering 
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this limitation is to look separately at the distribution of the 

uncertainties in the independent variable (time) and the dependent 

variable (direction). A histogram of the age ranges assigned to the 

features is shown in Figure 14. They vary from a minimum of 4 years 

for a historic site and 9 years for a prehistoric site to a maximum 

of 300 years. The median age range is 50 years with an interquartile 

range of 30-100 years. These age ranges are treated as uniform pro

bability distributions; the true age or date of firing is considered 

as being equally likely anywhere in the range and having zero proba

bility of being outside the range. Although this assumption is not 

perfect, it is reasonable considering the combination of dating tech

niques and archaeological arguments used to infer the date of the last 

firing. A normal distribution for the age range would overemphasize 

the likelihood of the date being near the center of the range. 

A histogram of the a95 values for the demagnetized mean fea

ture directions is sho~n in Figure 15. The distribution is approxi

mately log-normal. The minimum a95 is 1.1°; the maximum shown is 8.8°. 

As discussed under rock magnetism, the 23 features with higher a95s 

were interpreted as being unsuitable paleomagnetic material. The 

median a95 for the suitable results is 3.1°, with an interquartile 

range of 2.1°_4.3°. 

The archaeomagnetic directions were transformed to virtual 

geomagnetic poles (VGP). This mapping function uses the dipole field 

equations along with the archaeomagnetic declination, inclination, and 

site location. Calculation of the VGPs best accounts for the spatial 

variation of the dipole field over the study region (Shuey, Cole, and 
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Mikulich, 1970). VGPs from different regions can be directly compared. 

The presence of a significant nondipole field, which is assumed to be 

nonexistent for the VGP transformation, will cause discrepancies 

between such VGPs. Conversely, similar VGPs from different areas 

imply a small nondipole field. 

The nondipole field will cause some scatter of VGPs even over 

a restricted geographical area. Besides making comparisons of VGPs 

from different regions less accurate, this may also limit the preci

sion of a SV record compiled over an area. Shuey et al. (1970) and 

Champion (1980) examined the error in using the VGP transformation to 

predict the magnetic direction at a site given the magnetic direction 

at another site. They found this error to be about 0.2° for every 1° 

great-circle separation between sites. A similar analysis was carriec 

out here to look at the differences in VGPs computed from magnetic 

directions at different sites. The IGRF75 model (IAGA, 1976) for the 

present-day magnetic field was used. Four base sites were selected at 

the geographic latitude of the Southwest, 35°N, and the longitudes 

70 0 E, 160 0 E, 250 0 E, and 340°E. Virtual geomagnetic poles were also 

calculated for sites along the four cardinal directions from each base. 

The angular differences between the base site VGPs and the remote site 

VGPs were calculated. Results are shown in Figure 16. There are 16 

plots of angular difference between VGPs vs. angular distance from the 

base site--four plots for separation along each cardinal direction 

from each of the four base sites. The difference between VGPs is 

fairly linear with site separation, as found by Shuey et al. 

(1970) and Champion (1980). Samples in the Southwest were 
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Figure 16. Angular VGP errors due to the nondipo1e field. -
The ordinate is the angular difference between the VGP at a remote siLe 
and the VGP at a base site. The abscissa is the distance between the 
base site and the remote site. For each of four base stations at 
latitude 35°N, four curves were generated for geographic separation 
along the four cardinal directions. Geomagnetic field model IGRF75 
was used. 



59 

collected from an area of about SO x 5° (fig. 1). Figure 16 thus sug

gests that even contemporaneous VGPs from opposite extremes of the 

Southwest may d_ffer by as much as 2°. Thus construction of a VGP 

curve for an extended region will incorporate this inherent scatter in 

the data. 

The a95 cone of confidence about the archaeomagnetic direction 

projects as a circle of confidence when plotted in stereographic pro

jection. The VGP transformation maps this circle into an oval of 

confidence about the mean pole. The semi-minor axis of this ova] (dp) 

lies along the great circle between the site location and the VCP; the 

semi-major axis (dm) is perpendicular to this direction. The mean vcr, 

dm, and dp for each feature is given in Appendix C. 

Smoothing the VGP Data 

It is desirable to fit a smooth curve to the data in order to 

quantify the results, to search for trends not evident from visual 

inspection alone, and to assign a statistical measure of uncertainty 

to the smoothed results. General discussions of the problem of 

smoothing paleomagnetic data are given by Clark and Thompson (1978) 

and Thompson and Clark (1981). A variety of smoothing techniques have 

been used which do not account for the uncertainty in age of the 

paleomagnetic results (e.g., Irving, 1977; Clark and Thompson, 1978; 

Creer et a1., 1979; Parker and Denham, 1979; Barton and HcElhinny, 

1981; Thompson and Clark, 1981). This drawback may not be serious for 

sediment cores where the stratjgraphic position (hence relative 

dating) of a large number of results augments the absolute dating. 
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Age uncertainty is a bigger problem for discrete, independently dated 

paleomagnetic or archaeomagnetic results. This may still not be criti

cal for dense data sets (Thompson and Clark, 1981; Harrison and Lindh, 

1982). Since the density of the archaeomagnetic data is variable, the 

moving-window method with weighted Fisher statistics was developed to 

explicitly account for the age uncertainties. 

Tarkhov (1964) presented the rudiments of the moving window. 

All data within a certain interval of time (window) are averaged. The 

window is then moved by an increment of time and another average com

puted. The window as well as the increment can be either constant or 

variable, depending primarily on the density of the data. Tarkhov 

(1964) and Irving (1977) ignored the errors in the data. The midpoint 

of the assigned age range for a result is used and the precision of 

the results are not considered. These errors can be incorporated 

into the moving window (Sternberg and McGuire, 1981b; Harrison and 

Lindh, 1981, 1982). Each datum is weighted according to the overlap 

of its age range with the window. If the probability distribution of 

the age range is uniform as was assumed here, this weight is just 

equal to the fractional overlap of these spans of time. The fractional 

overlap is the intersection or overlap of the window and age range 

divided by the age range. Consider a window of time from A.D. 1000-

1100. A feature with an age range totally within this window (e.g., 

A.D. 1000-1100, 1000-1050, 1070-1080) would be given a weight of 1.0. 

A feature with age range totally outside the window (e.g., A.D. 900-

1000 or 1300-1325) would be given a weight of 0.0. A feature with an 

age range partially inside and partially outside the window would be 
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given a weight between 0.0 and 1.0 equal to its fractional overlap. 

For example, a feature with age A.D. 950-1050 is given a weight of 

50/100 0.5; a feature with age A.D. 850-1050 is given a weight of 

50/200 0.25; a feature with age A.D. 925-1025 is given a weight of 

25/100 0.25; and a feature with age A.D. 900-1300 is given a weight 

of 100/400 = 0.25. 

Other weights besides the fractional overlap for age uncer-

tainty can also be used to account for. error in the dependent variable. 

In constructing a paleomagnetic apparent polar wander path, Harrison 

and Lindh (1982) assigned weights to individual poles depending on the 

amount of information they believed the individual results contained. 

In the present analysis, the data were weighted by their pileomagnetic 

precision parameter k. Since a rather liberal ~95 cutoff was used for 

acceptable results, this weighting reduced the influence of the fea-

tures with less precisely determined archaeomagnetic directions. For 

a high precision parameter, the Fisher distribution approaches a two-

dimensional normal distribution. In this case, the precision para-

meter becomes equivalent to the inverse of the population variance. 

For observations with different accuracies, weights should be inversely 

proportional to the variances of the corresponding observations (see, 

e.g., van der Waerden, 1969, p. 110). Thus the weight for an individ-

ual feature becomes wi fijk
i

, where f
ij 

is the fractional overlap of 

h . th f . h h . th . d d k . h . . t tel eature w1t t e J W1n ow an . 1S t e precls10n parame er 
1 

f h·· th f or t 1S 1 eature. 

The effect of this smoothing technique depends on the errors 

in the data, the density of the data, the window size, and the 
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increment. If the window is too big, smoothing will be excessive and 

meaningful information will be lost. All data with age ranges totally 

within the window will receive equal weights of 1.0 regardless of the 

relative precisions of the dates. On the other hand, if the window 

is made too small then too little information will be contained within 

anyone window. Smoothing will thus be insufficient, and noise in the 

data will not be completely filtered out. In principle, the method of 

cross-validation (Stone, 1974; Clark and Thompson, 1978; Thompson and 

Clark, 1981) could be used to determine the optimal window. Otherwise, 

a good practical guideline is to use window lengths similar to the 

median age range, although this may vary with the density of the data 

(Tarkhov, 1964). Overlapping of successive windows yields more points 

and a smoother curve. It also reduces the importance of the starting 

date chosen for the initial window. However, successive points will 

not be completely independent of one another. 

Tarkhov (1964) applied the moving window to paleointensities 

or scalar data. Weighted interval averages for scalars can be com

puted with the usual equations for observations with unequal accuracies 

(see next chapter). For directional data, Fisher statistics are con

ventionally used. The standard equations assign equal weight to all 

data, so they must be modified to allow for variable weighting. 

Harrison and Lindh (1982) scale the lengths of individual vectors such 

that, given the assigned weights, the Fisher precision parameter k 

will remain constant when these vectors are summed. The mean direc

tion is then the vector sum of these scaled vectors. A different 
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approach was taken here. The initial equations for conventional 

Fisher statistics are: 

R = n . 
xi' 

R = Im., 
y 1. 

R 
z 

In. 
1. 

(1) 

h 1 h d · . 1 . f h . th d' . d w er ., m., n. are t e 1.rect1.ona COS1.nes 0 t e 1. 1.rect1.on an 1. 1. 1. 
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samples being averaged. Following from these 
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where R is the resultant vector length, D is the mean declination (or 

longitude), I is the mean inclination (or latitude), k is the preci-

sion parameter, and u95 is the semi-angle subtended about the mean 

direction by the two standard error of the mean cone of confidence. 

A95 is the equivalent of a95 for a VGP. For weighted averages the 

original component sums can be written as: 

k 
x 

Zw.l. 1. 1. 
""w ' ... i 

~ = 
y 

Iw.m. 
1. 1. 

Iw. ' 1. 
~ = 

z 

Lw.n. 1. 1. 
Iw. 1. 

(3) 

where w. is the weight for the ith sample and R , R , Rz are now the 
1. x y 

weighted sums. Following the same development as for the unweighted 

case, 
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k = 095 cos-l(l _ l-R (20l /(N-l)_1» 
R 

where R is the unit vector in the direction n specified by D and I. 

These equations are analogous to those for the unweighted case since 

R is equivalent to NR. The weighted equations have the desirable pro-

perty of reducing to the unweighted equations when all the weights w. 
1 

are equal to one another. It is also noteworthy that a precision 

parameter and angular uncertainty as well as a mean direction can be 

determined with these equations. This allows statistical comparisons 

of the curve with other results. 

Outlying VCPs were deleted from the data set. The test used 

was essentially the same as that used to detect sample outliers within 

a feature. A preliminary VCP curve was computed including all data, 

using successive nonoverlapping 50~year intervals of time. The fea-

ture with an age range overlapping each interval and the VCP farthest 

from the mean VCP for that interval was found. This feature was de-

1eted and a new mean calculated for that interval. If the suspect 

feature had less than a 0.5% probability of coming from the samepopu1a-

tion as the other samples in that interval, it was deleted as an out-

lier. The same test would then be repeated for the same interval 

until no further outliers were detected. The statistical test of 

McFadden (1980) was used. The six features thus labelled as outliers 
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were MF001, CS001, NR003, CH004, GR007, and FL002. Only the last of 

these was picked up on the first pass. A similar "30" outlier test 

for feature directions is apparently used by Soviet archaeomagnetists 

(Nachasova, 1972; Burlatskaya, Nachasova, and Eurakov, 1977). 

After deleting these six features, 67 independently dated 

hearths were left in the data set. One of these, SXOOl, was fired 

early this century so was not used in the secular variation analysis. 

The moving window. was then applied to the remaining 66 features. 

Windows of 25, 50, and 100 years were used, corresponding to the peaks 

in the age range distribution of Figure 14. The increment between 

successive windows was half their length. The VGP paths defined by 

the 50- and 100-year windowing schemes are given in Table 5 and the 

paths for all three windows are plotted in Figure 17. The effective 
N 

number of points per interval, N. = L f .. , is the sum of all frac
J i=l 1.J 

tional overlaps for that window. The trends of the three VGP paths 

calculated with windows of 25, 50, and 100 years are quite similar. 

The 25-year window produced a jerkier curve, which is a result of the 

noise in the data and the fewer points per interval rather than real 

behavior of the archaeomagnetic field. The 50- and 100-year windows 

yielded very similar results. For the optimal window configuration, 

a 100-year window was used for the period A.D. 700-1050, and 50-year 

windows from A.D. 1000-1450 where the data are denser and more detail 

is obtainable. (Hyphens will be used to designate age ranges; other-

wise, ages will refer to interval midpoints.) This combination was 

subjectively chosen to obtain a VGP path which exhibited both smooth-

ness and resolution. 
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Table 5. Southwestern smoothed VGPs for different window 
lengths. -- Column headings: Age Range is the window interval, N is 
the number of points per interval, PLAT and PLONG are the latitude and 
longitude of the interval average VGP, and A95 and k are the corre-
sponding alpha-95 and precision parameter. Within each window the 
data,are weighted by their precision parameters k. 

Age RangE' PLAT PLONG A95 
(years AD) N N. (deg.) (deg.) (deg. ) k 

J 

700-800 3 1.26 86.21 82.60 5.28 546 

750-850 4 2.97 8b.29 85.59 4.31 455 

800-900 6 2.74 86.32 92.82 3.44 380 

850-950 6 2.30 87.45 118.58 4.38 235 

900-1000 6 3.92 88.00 176.00 4.38 235 

950-1050 8 4.26 85.82 198.09 4.41 158 

1000-1100 6 3.38 75.25 196.65 3.03 491 

1050-1150 12 7.47 77 .51 192.94 2.37- 337 

1100-1200 22 12.71 79:32 191. 95 1.44 464 

1150-1250 24 15.33 80.33 193.16 1. 31 513 

1200-1300 33 26.25 81.29 197.64 1. 21 426 

1250-1350 35 24.83 82.02 202.72 1.29 354 

1300-1400 15 12.65 83.87 220.24 1.84 431 

1350-1450 10 7.84 84.89 231.07 1.33 1318 

1400-1500 3 2.10 85:31 236.07 3.16 1521 

50-Year Window 

750-800 3 1.26 86.21 82.60 5.28 546 

775-825 4 2.48 85.76 80.62 3.71 616 

800-850 4 1.71 86.33 87.91 4.71 382 

825-875 4 0.90 87.15 122.83 5.55 275 

850-900 4 1.03 86.23 100.80 5.33 298 

875-925 3 0.83 85.69 96.57 7.58 265 

900-950 5 1.27 87.95 .138.46 5.31 209 

925-975 6 2.18 87.91 183.05 4.30 244 
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Table 5. Continued 

Age Range PLAT PLONG A95 
(years AD) N N. 

J 
(deg.) (deg) (deg.) k 

950-1000 6 2.65 87 . .76 190.32 4.20 256 

975-1025 8 1.80 86.84 193.82 3.93 200 

1000-1050 4 1.62 76.91 204.09 3.16 847 

1025-1075 4 1.45 77 .03 203.59 3.34 757 

1050-1100 5 1. 76 73.90 192.20 2.89 703 

1075-1125 11 4.92 76.98 193.53 2.39 365 

1100-1150 10 5.71 78.20 193.13 2.58 351 

1100-1175 18 5.46 78.71 190.38 1. 51 525 

1150-1200 17 7.00 79.82 191. 34 1.52 554 

1175-1225 21 7.67 80.66 193.72 1.40 519 

1200-1250 21 8.33 80.73 194.73 1.43 496 

1225-1275 29 11. 77 81.40 197.06 1.33 404 

1250-1300 26 17.92 81.)3 200.36 1.43 392 

1275-1325 26 15.22 81. 76 202.49 1.49 362 

1300-1350 11 6.91 82.·99 213.64 2.75 276 

1325-1375 10 6.63 83.93 221. 52 2.28 451 

1350-1400 9 5.74 84.57 227.98 1.54 1124 

1375-1425 5 2.45 84.96 235.21 1. 76 1896 . 

1400-1450 3 2.10 85 .. 31 236.07 3.16 1521 

1425-1475 3 1.05 85.31 236.07 3.16 1521 
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Figure 17. Southwestern smooth-=d VGPs for different window lengths. -- The VGI 
are stereographic projections centered upon the north geographic pole, with longitudes n 
interval midpoints in years A.D. (a) lOa-year windows overlapping by 50 years. (b) 50-
lapping by 12.5 years. 
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longitudes marked around the perimeter. Some plots are labeled with their 
Lrs: (b) 50-year windows overlapping by 25 years. (c) 25-year windows over-
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Table 6 gives the interval results with the optimal window for 

three different types of precision weighting. The standard case uses 

the Fisher precision parameter k. as the weight for the ith feature, 
1. 

-
as discussed above. The other two cases use no precision weighting 

and weighting by 1/a95 .• This latter weighting is less exaggerated 
1. 

than weighting by the precision parameter; the a95 values for the SV 

data set vary by a factor of 8 while the k values vary by a factor of 

35. These different cases do not give significantly different pole 

positions for any interval of time. Precision parameter weighting 

does yield the highest interval precision for most intervals. For 

well-behaved data, the moving window technique appears to be reason-

ably insensitive to nuances in the data. 

The "final" Southwestern VGP curve for the optimal window con-

figuration and weighting by precision parameter is shown in Figure 18. 

Figure l8a plots only the mean pole positions; figure l8b includes the 

interval A95s as well. The interval VGPs were transformed back to 

archaeomagnetic directions at the site location for Tucson. These 

SV curves for D and I are shown in Figure 19. Table 7 again gives 

the VGPs along with the corresponding direction and the angular rates 

of change for both quantities. These rates were calculated using the 

midpoints of each interval of time. The secular variation of the VGP 

ranges from 0.00423°-0.358°/yr with a mean of 0.0566° ± 0.0155°/yr and 

a median of 0.0359°/yr. The rapid period of motion from A.D. 1000 to 

1025 corresponds to the decrease in declination for this time evident 

in Figure 13. A small data gap prevents a more detailed picture of 
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Table 6. Southwestern Smoothed VGPs for different precision 
weightings. -- Interval VGPs and precisions are given for weighting 
of data by the feature precision parameter ki' weighting by 1/a 95 i , 
and no weighting. The optimal windowing is used, with 100-year 
windows from A.Do" 700-1050 and 50-year windows from A.D. 1000-1450. 
Column headings: Age Range is the window interval, PLAT and PLONG 
are the latitude and longitude of the interval average VGP, and A95 
and k are the corresEonding a1Eha-95 and Erecision Earameter. 

Age Range PLAT PLONG A95 
(years AD) (deg.) (deg.) (deg.) k 

k Weighting 

700-800 86.21 82.60 5.28 546 
750-850 86.29 85.59 4.31 455 
800-900 86.32 92.82 3.44 380 
850-950 87. i,5 118.58 4.38 235 
900-1000 88.00 176.00 4.38 235 
950-1050 85.82 198.09 4.41 158 

1000-1050 76.91 204.09 3.16 847 
1025-1075 77.03 203.59 3.34 757 
1050-1100 73.90 192.20 2.89 703 
1075-1125 '76.98 1'93.53 2.39 365 
1100-1150 78.20 193.13 2.58 351 
1125-1175 78.71 190.38 1.51 525 
1150-1200 79.82 191. 34 1.52 554 
1175-1225 80.66 193.72 1.40 519 
1200-1250 80.73 194.73 1.43 496 
1225-1275 81.40 197.06 1.33 404 
1250-1300 81.73 200.36 1.43 392 
1275-1325 81. 76 202.49 1.49 362 
1300-1350 89.99 213.64 2.75 276 
1325-1375 83.93 221.52 2.28 451 
1350-1400 84.57 227.98 1.54 1124 
1375-1425 84.96 235.21 1. 76 1896 
1400-1450 85.31 236.07 3.16 1521 
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Table 6. Continued 

Age Range PLAT PLONG A95 
(years AD) (deg.) (deg. ) (deg. ) k 

1/ct95 Weighting 

700-800 86.30 91.20 5.63 480 
750-850 86.38 96.17 4.70 383 
800-900 86.65 107.83 3.86 302 
850-950 87.52 142.94 4.56 217 
900-1000 87.44 187.87 4.48 225 
950-1050 k4.52 200.82 4.50 152 

1000-1050 77 .20 203.02 3.43 718 
1025-1075 77 .35 202.39 3.58 659 
1050-1100 74.63 192.24 3.43 500 
1075-1125 76.25 193.98 1.96 544 
1100-1150 77 .12 193.06 2.20 483 
1125-1175 78.00 189.23 1.46 563 
1150-1200 79.22 189.68 1.47 590 
1175-1225 80.06 192.87 1.40 513 
1200-1250 80.17 194.78 1.46 477 
1224-1275 81.14 197.67 1.39 371 
1250-1300 81.48 20,1. 27 1.43 395 
1275-1325 81. 72 203.61 1.49 362 
1300-1350 83.25 214.31 2.72 282 
1325-1375 83.97 220.83 2.27 455 
1350-1400 84.49 225.67 1. 74 875 
1375-1425 84.65 239.88 2.16 1259 
1400-1450 84.98 244.38 4.24 848 
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Table 6. Continued 

Age Range PLAT PLONG A95 
(years AD) (deg.) (deg.) (deg.) k 

No Weighting 

700-800 86.36 101. 39 5.80 453 
750-850 86.40 107.80 4.86 358 
800-900 86.79 128.23 4.01 280 
850-950 86.92 168.84 4.29 245 
900-1000 86.52 191.86 4.38 235 
950-1050 82.91 199.54 4.36 162 

1000-1050 77.45 200.59 3.81 581 
1025-1075 77.59 199.75 3.92 551 
1050-1100 75.47 191. 72 3.70 429 
1075-1125 76.25 194.39 1. 70 722 
1100-1150 76.94 193.01 1.88 659 
1125-1175 77.79 186.85 1.41 600 
1150-1200 78.95 186.53 1.47 591 
1175-1225 79.77 191. 26 1.46 474 
1200-1250 79.91 194.54 1.54 428 

... 1224-1275. 81. 31 198.15 1.43 350 
1250-1300 81.45 20.1.98 1.40 409 
1275-1325 81.83 203.44 1.49 364 
1300-1350 83.77 210.60 2.66 296 
1325-1375 84.15 217.81 2.24 468 
1350-1400 84.51 222.59 1.89 743 
1375-1425 84.27 244.00 2.34 1067 
1400-1450 84.31 252.30 4.62 713 
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Figure 19. Southwestern smoothed archaeomagnetic directions. 
-- The optimal VGP path was transformed to equivalent directions in 
Tucson. The directions at this location for a geometric axial dipole 
field (D=O°, 1=51.60 0

) are shown. The recent trends from direct measure
ments at the USGS magnetic observatory in Tucson are also shown. 
(a) D vs. time. Circles and solid line correspond to mean D and dashed 
line corresponds to A95. (b) 1 vs. time. Circles and solid line corre
spond to mean 1 and dashed line corresponds to A95. 
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Table 7. Southwestern smoothed VGPs, archaeomagnetic directions, 
and rates of change. -- The VGPs are the same as for Table 6 with k 
weightings. Column headings: Age Range is the window interval, PLAT 
a~d PLONG are the latitude and longitude of the interval average VGP, 
VGP is the rate of change of the VGP between successive intervals, 
inclination I and declination D ore calculated from the VGPs for a 
Tucson site location, and DIR is the rate of change of this geomagnetic 
direction. 

. . 
Age Range PLAT PLONG VGP I D DIR 
(yr AD) (deg. ) (deg.) (deg./yr) (deg.) (deg.) (deg./yr) 

700-800 86.21 82.60 47.43 359.00 
750-850 86.29 85.59 .0042 47.58 358.81 .0040 
800-900 86.32 92.82 .0093 47.79 358.32 .0079 
850-950 87.45 118.58 .b354 49.75 357.75 .0399 
900-1000 88.00 176.00 .0447 52.20 357.72 .0490 
950-1050 85.82 198.09 .0489 54.28 356.04 .0462 

1000-1050 76.91 204.09 .3577 60.02 347.75 .2912 
1025-1075 77 .03 203.59 .0066 59.88 347.78 .0058 
1050-1100 73.90 192.20 .1690 59.06 342.38 .1146 
1075-1125 76.98 193.53 .1239 58.18 346.18 .0867 
1100-1150 78.20 193.13 .0489 57.61 347.53 .0367 
1125-1175 78.71 190.38 .0300 56.93 347.81 .0276 
1150-1200 79.82 191. 34 .0450 56.64 349.17 .0320 
1175-1225 80.66 193.72 .0373 56.61 350.34 .0258 
1200-1250 80.73 194.73 .0071 56.71 350.52 .0057 
1225-1275 81.40 197.06 .0305 56.67 351. 47 .0211 
1250-1300 81. 73 .200.36 .023/ .. 56.87 352.16 .0171 
1275-1325 81.76 202.49 .0123 57.08 352.43 .0102 
1300-1350 82.99 213.64 .0767 57.2'+ 354.85 .0528 
1325-1375 83.93 221. 52 .0519 56.98 356.45 .0363 
1350-1400 84.57 227.98 .0364 56.71 357.54 .0262 
1375-1425 84.96 235.21 ~O306 56.56 358.48 .0216 
1400-1450 85.31 236.07 .0143 56.25 358.67 .0131 
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this rapid movement, but it apparently represents real behavior of the 

archaeomagnetic field. The secular variation is quite steady for the 

period A.D. 1125 to 1425. 

The declination shows a 600-year oscillation with a peak-to

peak amplitude of about 15°. The mean declination is westerly over 

the entire record. The sharp declination minimum at A.D. 1075 corre

sponds to a distinctively low-latitude VGP. The inclination increases 

to 12.5° from A.D. 750 to 1025, decreases to 57° at A.D. 1150, and 

remains essentially constant thereafter. The inclination variation 

straddles the value of 51.6° predicted for this latitude by a geocen

tric axial dipole. 

Previous suggestions that archaeomagnetic secular variation 

curves should be represented by a band of finite thickness (Eighmy, 

Sternberg, and Butler, 1978, 1980; Wolfman, 1979) rather than simply 

a line are now supported in a quantifiable fashion. The width of the 

band, represented by the A95s for the interval VGPs, is variable, 

ranging from 1.33°_5.28°. DuBois (1975c) and Burlatskaya and 

Nachasova (1978) also indicated that the precision and accuracy of 

the curve is comparable to that of the individual features. The 

statistical nature (means and precisions) of the secular variation 

curve allows comparison with similarly constructed secular variation 

curves, with individual archaeomagnetic results, and with analytical 

models of secular variation. 
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Discussion 

The previous section demonstrates that it is possible to 

derive a reasonably precise record of the Southwestern archaeomagnetic 

secular variation. The next logical question to ask is how accurate 

is this record. Results from several different experimental 

approaches to this question of accuracy will be examined. The archeo-

magnetic results from this study will then be compared with others 

from North America. The good agreement is evidence for th~ general 

accuracy of archaeomagnetism, and also has implications for the 

nature of the nondipole field over the continent in archaeological 

time. Finally, application of this secular variation record to 

archaeomagnetic dating will be discussed. 

Precision and Accuracy of the 
Archaeomagnetic Record 

The fidelity of the archaeomagnetic recorder is determined by 

both precision and accuracy of results, as has been emphasized by 

Wolfman (n.d.). The precision of an individual recording is indi-

cated simply enough by the~95 value. Other North American archaeo-

magnetic studies, discussed in more detail below, yield similar distri-

butions of a95 values as that found here. Median values and inter-

quartile ranges for the a95 values are 3.10 and 2.10_4.3° for this 

study, 2.7° and 1.9°-5.2° for results from the southeastern United 

States (Wolfman, 1982), and 2.6° and 2.0°_3.3° for results from 

Colorado (Hathaway, Eighmy, and Kane, n.d.). The appearance of 

hearths varies between cultures, and magnetic properties will vary as 

well in response to different methods of construction and firing and 
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different lithologies. Thus there may be cultural variability in the 

precision obtainable from archaeomagnetism. In a study of Holocene 

extrusive igneous rocks from the western United States, Champion (1980) 

obtained a median a95 and interquartile range of 1.8 0 and 1.3 0 _2.3°. 

These results are more precise than the archaeomagnetic results. This 

may be due to the greater number of samples per flow (feature) col

lected by Champion, greater homoge~eity of the rocks, or the better 

stabili ty of the total TRN in igneous rocks compared to the PIR!>1 of 

the archaeomagnetic material. Collection and laboratory procedures 

will also affect the precision of results. 

Archaeomagnetic accuracy is more difficult to evaluate than 

precision. Doell and Cox (1963), in their classic paper on paleomag

netic accuracy, examined nine historic Hawaiian lava flows. Three 

of these were deposited this century since the beginning of observa

tory measurements in Honolulu. Doell and Cox concluded that the ulti

mate accuracy obtainable in a paleomagnetic study over a volcanic 

terrane is limited by the magnetic anomaly caused by previous flows. 

Otherwise, accuracy is largely controlled by field orientation, block 

rotations, and intraflow anomalies. Champion (1980) demonstrated the 

high quality of lavas as a paleomagnetic recorder by showing similar 

results from different sites representing the same lave flow. He 

suggested that at most localities, rotation of small structural 

blocks is the principal limitation to accuracy. 

Three types of tests are available to evaluate the accuracy of 

the archaeomagnetic recorder. As with the lavas, one can analyze the 
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archaeomagnetic directions of hearths fired since direct observations 

of the magnetic field began or compare directions from several pre

historic hearths. In an example of the third type of test, Krause 

(1980) experimentally fired three hearths under controlled conditions 

in a known magnetic field. Two groups of samples were collected from 

each feature, one from the rim and one from the base. Table 8 gives 

the results for these six groups for the cases of a liberal and a more 

conservative rejection of suspected outliers. These results are all 

from Krause (1980). The archaeomagnetic directions can be statisti

cally compared to the known field direction using the test of Watson 

and Williams (1956). When outliers are conservatively rejected, none 

of the six mean directions are significantly different from the known 

direction. When more outliers are'rejected, the a95s become smaller 

but all six means move further away from the known direction. Krause's 

Collection 2A has an erroneous direction at the 10% (but not 5%) signi

ficance level, 3A at the 1% level, and 3B at the 0.5% level. Krause 

gave no reason for the relatively poor accuracy and precision of 3B. 

It is noteworthy that it exists, and probably points to the varia

bility of the firing/recording process. 

Only one modern hearth was collected in the present study. 

Feature SX001 is from burned wall plaster from a former Papago Indian 

village 15 km south of Tucson, with an estimated date of firing 

between A.D. 1906-1910. Magnetic field directions for this period 

(Hazard, 1917) for Tucson were: 1903.2, I = 58.90, D = 13.13; 1908.8, 

I = 59.35, D = 13.18; 1910.5, I = 59.33, D = 13.43. About 100 km 

south in Nogales, Arizona the field direction in 1903.2 ~as I = 57.95, 
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Table 8. Archaeomagnetic accuracy of experimentally fired 
hearths. -- Results are from Krause (1980). Three hearths (1, 2, 3) 
were fired and 12 samples were collected from the rim (A) and base (B) 
of each hearth. The archaeomagnetic directions (D, I, a95) are com
pared with the 1979 geomagnetic direction at Fort Collins, Colorado: 
D=12.4°, 1=67.9°. The angular difference between the known and archaeo
magnetic direction is e. The resulting test statistic is compared 
against tables of the F-distribution with degrees of freedom (F2,2n-2). 
The significance of the test, a, is indicated only if the result is 
significant at the 10% level (I-sided test). 

lA 

lB 

2A 

2B 

3A 

3B 

Avg 

lA 

IB 

2A 

2B 

3A 

3B 

Avg 

n 

11 

12 

12 

9 

11 

12 

6 

8 

11 

10 

9 

10 

10 

6 

D 
(deg. ) 

67.4 

69.2 

67.2 

68.2 

66.2 

66.4 

67.5 

66.9 

68.8 

66.4 

68.2 

65.6 

65.2 

67.0 

I 
(deg. ) 

a95 
(deg. ) 

e 
(deg.) 

Conservative Outlier Rejection 

13.2 3.50 0.59 

13.2 2.06 1.33 

12.6 2.47 0.70 

11.5 4.21 0.45 

14.3 2.25 1.85 

2.6 7.13 4.09 

11.2 1. 68 0.63 

Liberal Outlier Rejection 

13.5 1. 93 1. 09 

15.4 1.44 1.43 

12.8 1.87 1.51 

11.5 4.21 0.45 

14.8 1. 91 2.49 

358.6 4.25 6.10 

11. 0 2.40 1.09 

F 

0.0977 

1.4408 

0.2799 

0.0417 

2.3722 

1.1313 

0.5684 

1.1831 

3.4266 0.10 

2.3116 

0.0417 

6.0263 0.01 

7.3234 0.005 

0.8500 
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D = 12.75. Again, the Watson-Williams test can be applied under the 

null hypothesis that the observed and archaeomagnetic directions are 

the same. The archaeomagnetic direction of SXOOI (I = 54.80, D = 

11.84) is significantly different from all three Tucson field direc-

tions at the 5% significance level, but not at the 2.5% level. It is 

closer to the Nogales field direction, being different at the 10% but 

not the 5% level. Thus the archaeomagnetic direction recorded by 

SXOOI is marginally consistent with the observed field direction. 

Burlatskaya (1972) also found that discrepancies between historic 

archaeomagnetic features and direct observations of the field are typi-

Finally, prehistoric archaeomagnetic features can be used to 

assess the fidelity of the archaeomagnetic record. Nine sets of fea-

tures were tested, with the features in each set coming from the same 

archaeological site and judged to be contemporaneous within 50 years 

(McGuire, 1982, personal communication). Because secular variation is 

small over a 50-year period of time, archaeomagnetic directions from 

these features should be comparable. 

The results of the comparison of archaeomagnetic directions 

from contemporaneous features are given in Table 9. For two coeval 

features, the precision and direction rests of Watson (1956) were 

used; for multiple features the precision and directions of Mardia 

(1972, pp. 267-271) were used. (There is an apparent typographical 

error in the expression for the parameter d 

9.5.11 in Mardia. It should be d = (~(v-l) 
v 

associated with eq. 

-1 
- v )/3(q - 1) by ana-

logy with his eq. 6.4.13.)' Features with a95s > 10° were not used in 
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Table 9. Archaeomagnetic directions from coeval prehistoric 
features. -- The precisions of coeval features were tested using a 
2-sided F-test for two features and a I-sided x2-test for more than two 
features in a group. Directions were compared using I-sided F-tests. 
Significance levels a are shown if they are less than or equal to 10%. 

Group Precision Ct Direction Ct Features 

1 ";(4)= 3.899 F(4 ,42)=0.80 CCOOI,CC002,CCOO3 

2 l (8)=20. 239 .010 F(8, 72)=0.59 CH001,CH002,CHOO3, 
CH005,CH006 

3 2 
X (4)= 1.941 F(4,48)=1.13 CH007,CH008,CHOO9 

4 2 
X (4)= 5.243 F(4,38)=3.02 .05 GR005,GR006,GROO7 

5 i(6)= 4.473 F(6,62)=6.12 .005 GR004 GROIO GROll, , , 
GR012 

6 F(10,14)= 0.242 .05 F(2 ,26)=1. 54 LUOOI,LU002 

7 F(16,12)= 0.690 F(2,30)=0.56 MVOOl ,MV003 

8 F(l6,10)= 0.665 F(2,28)=0.06 WV002 , WV004 

9 F(16,22)= 1.491 F(2,40)=6.22 .005 WM015,WM016 



this analysis since they ostensibly represent unsuitable material. 

Four of the nine groups of features show no significant differences 

in either precisions or directions at the 5% significance level. 

The directions for the features in Groups 2 and 6 are not different, 

but this is not totally conclusive because the precisions are dis

similar. For Group 4, GROOS and GR006 have similar directions, 
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but GR007 is significantly different. GROOS and GR007, two hearths 

found in the same room, were both assigned the same age. It is quite 

possible that they were in fact .used for different periods of time. 

There is also a significant difference among the directions for Group 

5. These features come from two rooms which may have been used for 

different periods. Features GROIO, GROll and GR012 were sampled from 

a pre-room firepit, burned soil, and a hearth. These features, though 

coming from the same room, could all have been fired at different 

times. The same may be true for Group 9, where \.;r~I01S and W~!o16 were 

collected from a hearth and burned plaster in the same room. The 

different archaeomagnetic directions may represent recordings of two 

separate events, the firing of the hearth and the burning of the room 

(Eighmy, 1980, pp. 90-91). Windes (1980) has similarly noted the 

recording of two distinct archaeomagnetic directions within one hearth, 

possibly representing remodeling and re-use of the hearth after a 

lapse of time and significant change of magnetic field direction. 

Overall, the comparison of contemporaneous features shows that a 

similar magnetic field direction is generally recorded. Presumably 

this consistent direction of magnetization reflects the true 
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archaeomagnetic direction. The discrepancy in directions between sup

posedly coeval features reflects in part the difficulty in assessing 

contemporaneity of firing. 

The three tests of archaeomagnetic accuracy ~hus imply a 

generally good but imperfect spot recording of the magnetic field 

direction. Several factors could be responsible for systematic errors 

in archaeomagnetic feature directions. Many Southwestern archaeologi

cal sites are located in volcanic terranes. The anomalous field 

caused by these rocks will limit the accuracy of the archaeomagnetic 

recording of the regional field. Hagnetic refraction due to magnetiza

tion of the archaeomagnetic features themselves is not a problem with 

small, weakly magnetized hearths. Aitken and Hawley (1971), Dunlop 

and Zinn (1980), and Hoye (1982) found this to be a problem with 

large, strongly magnetized kilns, but such features are rare in the 

archaeological Southwest. Mechanical disturbance of an archaeomagne

tic feature might occur in several ways; e.g., cracking of the feature 

during firing, settling of the area due to extraction of ground water, 

and compaction of the feature. Faulty levels or compasses could also 

be responsibile for systematic errors in archaeomagnetic directions . 

(Windes, 1980). These ~roblems are analogous to those cited above for 

paleomagnetic work on lava flows. An archaeomagnetic direction can 

also be discordant if an incorrect date of firing is assigned. 

The previous comments on precision and accuracy pertain to the 

individual archaeomagnetic directions that comprise the VGP curve. 

Construction of the curve itself involves additional sources of error. 

As mentioned above, the configuration of the regional nondipole field 
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and the extent of the area covered by the archaeomagnetic collection 

will introduce scatter into the averaged results. Another source of 

scatter is the uncertainty in the ages of the features. The interval 

a95s for the Southwest VGP curve, which measure its precision, are 

given in Table 6 and plotted in Figure 20 as a function of N .• the 
J 

effective number of points per interval. The a95s range from 1.33°-

5.28°; the lowest interval 095 of 1.33° is comparable to the minimum 

a95 for an archaeomagnetic feature, 1.1°. Burlatskaya and Nachasova 

(1978) also found that the precision of curve construction is often 

comparable to the precision of the primary determinations. Not 

surprisingly, the interval a95s vary inversely with the density of 

the data (fig. 20). All ~95s > 3° correspond to intervals with X < 5: 
j 

for all intervals with N. > 7, the a95 values are between 1.3° and 
J 

1.6°. These data suggest that an interval 095 of about 1.5° is the 

best that can be obtained for the Southwestern VGP curve. To achieve 

this, an N. of more than 7, or an N of about 15 is needed. This is 
J 

considerably greater than the three samples per 100-year interval 

suggested by Tarkhov (1967) to obtain an interval a95 of 1.5°. 

Comparison with Other North American 
Archaeornagnetic Results 

The validity of the archaeomagnetic record depends in part 

on the ability to replicate the secular variation pattern in nearby 

areas. On the other hand, differences between records can provide 

information on the configuration of the nondipole field. The primary 

data sets that will be compared here are those North American 

archaeomagnetic data from the past 2,000 years that are available as 
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Figure 20. Interval A95 vs. N .• -- A95 is for the smoothed 
interval VGP. Nj is the effective num~er of points in that interval, 
or the total fractional overlap of all data with that window of time. 



tabulated results of individual features. Only such results are 

available for detailed analysis by others besides the original 

investigators. The two such extant data sets come from the Dolores 

Archaeological Program in southwestern Colorado (Hathaway et al., 

n.d.) and from Arkansas and neighboring states (Wolfman, 1982). 
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Dolores, Colorado. Hathaway et a1. (n.d.) collected 96 fea

tures as part of the Dolores Archaeological Program in southwestern 

Colorado. For 36 features with a95s < 2.5°, independent dates have 

been confirmed. The tree-ring dates in this area on the Colorado 

Plateau are excellent; the assigned age ranges are from 10 to 30 years 

with a median of 15 years. The archaeomagnetic precisions, as cited 

in the previous section, are also quite good. The feature declina

tions and inclinations tabulated by Hathaway et al. (n.d.) were 

reduced through the VGP to the common site location in Tucson. These 

transformed directions are plotted in Figure 21 along with those from 

this study and from Arkansas. The error bars are omitted for clarity .. 

The declination results from the Dolores project look quite similar 

to those from this study. The Dolores inclinations show substantial 

scatter and are generally lower than the few contemporaneous South

western results. This may represent a combination of rapid SV and 

small errors in the ages assigned to feature firing (Chelishvili, 

1971) . 

Hathaway et al. (n.d.) derived a VGP path by drawing freehand 

curves through the D and I data, then transforming points along these 

curves to VGPs. This method suffers from being subjective, 
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nonquantitative, and irreproducible. The moving window can be applied 

since the raw data are available. The Dolores VGPs were passed 

through a moving.window of 50 years length with intervals of 25 years. 

No precision weighting was used since all a95s are small. The interval 

results are given in Table 10 and the mean VGPs are plotted in Figure 

22 along with the Southwest and Arkansas VGP paths.. This moving

window VGP curve is quite similar to the curve derived by Hathaway et 

al. The major difference is that their final point at A.D. 900 is 

located at about 82°N, 47°E. The moving window calculates a final 

point in the second quadrant for the interval A.D. 900-950 due to the 

two most recent Dolores results. 

Comparison of the Southwestern and Dolores curves in Figure 22 

shows that the final Dolores VGP for A.D. 900-950 agrees nicely with 

the Southwestern curve for this time period. Secular variation is 

small on both the Dolores curve from A.D. 850 to 900 and on the South

western curve from A.D. 750 to 850. These may represent the same 

secular variation feature, but the dates and VGP locations are a bit 

different. The Dolores curve is systematically offset from the South

west curve from A.D. 750 to 900. These directions are'significantly 

different at the 5% level for all 50-year intervals except A.D. 875-

925 and 900-950. The offset may be due to the sparseness of the 

Southwestern data for the period of overlap. The possibility also 

exists that the Dolores data from a restricted geographic area may 

be recording a local anomaly of the magnetic field. The Dolores curve 

shows a variable rate of secular variation. Three periods of rapid 
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Table 10. Colorado and Arkansas VGP paths. -- Column headings: 
Age Range is the window interval, N is the number of features overlap-
ping that window, Nj is the effective number of points per interval, 
PLAT and PLONG are the latitude and longitude of the interval average 
VGP, and A95 and k are the corresponding a1pha-95 and precision 
parameter. 

Age Range PLAT PLONG A95 
(years AD) N N. (deg. ) (deg) (deg.) k 

J 

Colorado 

625-675 2 1.67 83.29 211.41 18.59 183 
650-700 4 1. 92 89.59 167.53 9.77 89 
675-725 6 1.83 85.48 40.30 3.94 290 
700-750 5 2.33 84.37 52.66 3.01 647 
725-77 5 6 3.54 83.85 55.27 2.57 680 
750-800 11 7.75 82.10 57.20 2.55 321 
775-825 13 8.67 80.88 57.68 2.76 226 
800-850 6 4.17 79.95 54.99 5.52 148 
825-875 15 6.69 85.87 30.96 2.17 310 
850-900 19 17.32 86.02 25.52 1. 61 434 
875-925 17 13 .43 86.25 31.36 2.07 298 
900-950 4 1.52 87.38 156.72 4.95 346 

Arkansas 

1100-1200 12 4.12 80.60 186.15 2.31 354 
1150-1250 17 6.45 81.45 186.53 1. 77 409 
1200-1300 17 8.79 81.84 186.73 1. 68 450 
1250-1350 24 9.91 82.70 195.13 1. 65 322 
1300-1400 23 9.92 83.83 206.53 1. 68 326 
1350-1450 17 6.81 84.30 214.80 2.11 286 
1400-1500 13 5.22 84.82 223.95 3.23 165 
1450-1550 11 3.93 86.58 230.95 3.52 170 
1500-1600 5 1.72 88.64 234.95 5.03 233 
1550-1650 4 1.22 87.96 216.13 7.10 169 



secular variation from A.D. 650 to 675, 825 to 850, and 900 to 925 

punctuate periods of more gradual change. 
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Arkansas and Vicinity. Wolfman (1979; 1982) measured 52 

features from Arkansas and adjacent areas in the southeastern United 

States. Thirty-seven of these are independently dated and satisfy 

Wolfman's reliability criterion of a95 < 4°. Dates are assigned 

according to archaeological phases which in this region are between 

100 and 400 years with a median of 150 years. Four features of uncer

tain age are given only central dates; 100-year age ranges about the 

central date were assigned here. The three studies under comparison 

thus show quite different precisions for the estimated dates of firing. 

Dolores ages based exclusively on tree-ring dates are about 10 times 

more precise than the Arkansas ages derived from l4C dates and seri

ation, and about three times more precise than the Southwestern dates 

derived from a combination of dendrochronology, l4c , and seriation. 

The distribution of Arkansas a95s mentioned in the section on accuracy 

is similar to that for the Southwestern data. The Arkansas declina-

tions and inclinations were also reduced to the common site location 

of Tucson by transformation through the VGP. The mean directions are 

plotted in Figure 21 with the Southwestern and Dolores data. These 

results are internally consistent and apparently concordant with con

temporary Southwestern data. 

The moving window was also applied to the Arkansas VGPs. A 

100-year window was used in accordance with the larger age ranges. 

No precision weighting was used since Wolfman's acceptable data set 
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has already screened out higher a95s. The resulting Arkansas VGP path 

is given in Table 10 and plotted in Figure 22. Wolfman's (1979; 1982) 

freehand VGP curve is significantly different, as discussed in the 

next section. I consider the objective moving-window method to be the 

better treatment. The Arkansas and Southwest VGP curves are in 

excellent agreement (figure 22), tracking parallel to one another for 

the same period of time. None of the angular differences between 

pairs of contemporaneous 100-year window averages are statistically 

significant at the 5% level, ranging from 1.15°-1.69°. There is, 

however, a systematic offset between the two curves. The chance that 

all seven Arkansas points would fall by chance to the same side of 

the Southwestern curve is 1/27 = 0.78%. The Arkansas area-is at the 

same general latitude of 35°~ as the Southwest, but is about 17° of 

longitude (1,550 km) to the east. For a 17° separation of sites, 

a 4° discrepancy between VGPs is expected on the average for the 

present-day field (fig.16). Thus the small but consistent difference 

in archaeomagnetic directions for these two areas can easily be 

explained by the nondipole field. The Arkansas secular variation is 

rather steady between A.D. 1150 and 1600, a pattern that is also evi

dent from A.D. 1100 to 1425 on the Southwestern curve. 

Southwestern Results of R. L. DuBois. The criterion of tabu

lated data unfortunately precludes the large amount of Southwestern 

archaeomagnetic data accumulated by R. L. DuBois. Over the past 15 

years, DuBois (1982) has collected about 1,400 archaeomagnetic 
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Figure 22. North American smoothed VGPs. -- Smoothed VGPs are 
given in Table 7 for this study and in Table 10 for Colorado and Arkan
sas. Circles derived from data of this study, crosses from Colorado 
data and triangles from Arkansas data. Some VGPs are labeled with 
their interval midpoints. 
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features. There has never been an adequate description in print to 

permit an evaluation of DuBois' results. Some preliminary results, 

mostly not demagnetized, were graphed as declinations and inclinations 

with error bars (Watanabe and DuBois, 1965); otherwise only the final 

VGP curves have been shown (DuBois, 1975a, 1975c). Attempts to 

obtain these data through personal communication have also bee unsuc

cessful. Final judgment on the validity of DuBois' results must await 

the opportunity to more fully evaluate his data and methods. However, 

many archaeomagnetic dates and some secular variation arguments have 

been based on the VGP curve of DuBois, so it is worthwhile to compare 

that curve to the one that has been derived in this study for the same 

region. 

The Southwestern VGP curves from this study (Sternberg-McGuire 

curve) and from DuBois (1975a, 1975c) are shown together in Figure 23. 

DuBois' curve has been digitized from the original figure and is not 

quite as smooth as the original. Time is indicated on his curve with 

century marks. The two curves show a general similarity. This is 

comforting since both ostensibly represent the same phenomenon. How

ever, there are two significant differences between the curves. First, 

the Sternberg-McGuire curve is smoother. Most evident is the absence 

from that/ curve of the large loop in the DuBois curve ca. A.D. 1300. 

Second, the Sternberg-McGuire curve runs about 100 years ahead of 

DuBois' curve for the period A.D. 1000-1250 (Sternberg-McGuire dates). 

That is, the VGPs are similar but the timing is different for the two 

curves. 
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Figure 23. Sternberg-McGuire and DuBois Southwestern VGP 
paths. -- Sternberg-McGuire curve (circles) is from this study (table 
7). DuBois (1975a, -c) curve indicated by squares. Some VGPs are 
labeled with their associated ages. 

95 



96 

DuBois (1982) gave a more recent summary of his Southwestern 

archaeomagnetic results. He reported important periodicities of 320 

and possibly 1,600 years for declination, and 325 and 600 years for 

inclination. The declination is easterly at A.D. 600, 900(?), and 

1575 and westerly at A.D. 850(?) and 1200. The inclination ranges 

from about 40°_60° with minima at A.D. 875, 1300, and 1575. These 

trends are not in good agreement with those shown in Figure 19. DuBois' 

(1982) VGPs are scarce between longitudes 90 0 E and l70 0 E, and VGP 

latitudes are greater than 70°. This is an agreement with otQer ~orth 

American results (fig. 22). 

The source of these discrepancies is problematical because of 

the unavailability of DuBois' data. Magnetic anomalies seem an 

unlikely problem since both curves are based on features from through

out the Southwest. Many of DuBois' results are from Chaco Canyon, 

New Mexico. The sedimentary terrane there makes it an unlikely area 

for an anomalous field. Neither are laboratory procedures suspect. 

A reasonable explanation for at least part of the discrepancy is that 

DuBois draws his SV curves freehand. This subjective method is quanti

tative, not strictly replicable, and certainly difficult to apply to' 

the many archaeomagnetic data. 

The problems with the freehand curve are illustrated by the 

VGP curve drawn by \.,loHman (1979; 1982) for his Arkansas data. 

Although not shown here, this curve looks very much like DuBois's curve 

shown in Figure 23. These two freehand curves are drawn in exact 

agreement for several periods of time, a situation which is not possi

ble for curves fit objectively to noisy data. One period of such 
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agreement is the loop from A.D. 1250 to 1350 (fig. 23). It is not 

clear that such a rapid variation could be extracted from the rela

tively poorly calibrated southeastern data, even if its existence 

could be demonstrated in the Southwest. It is interesting that the 

freehand Arkansas and Southwestern (DuBois) curves are similar, the 

moving-window Arkansas and Southwestern (Sternberg-McGuire) curves 

are similar,.yet the freehand and moving-window Arkansas curves are 

different. The similarity between the moving-window curves was 

derived from independent, objective treatments of the data from 

Arkansas and from this study. The similarity between freehand curves 

can be due to the influence of subjective factors. 

Another possible stumbling block in archaeomagnetic research 

is the interdisciplinary nature of the work and the requirement f0r 

both archaeological and geophysical expertise (McGuire, Sternberg, 

and Butler, 1980). The most critical information that the geophysi

cist needs from the archaeologist is the date of firing of the feature. 

As explained previously, this nontrivial task requires both a good 

date from the room or site and a proper interpretation of the time 

the hearth was last fired relative to that date. It is difficult for 

a geophysicist to evaluate these dates with the proper amount of arch

aeological sophistication. This study benefited greatly from the con

tributions of R. H. McGuire. On more than one occasion, McGuire noted 

problems with the assigned dates and was able to resolve these prob

lems through further discussions with the site archaeologists. One 

must also be aware that archaeological data acquisition, analysis, and 

interpretation from a site usually continue long after archaeomagnetic 
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collections are made. Archaeological "guess dates" are often given at 

the time a feature is sampled but these are likely to be revised 

several times before the project is complete. It is important that 

the geophysicist keep in contact with the project archaeologist until 

the project report is published. 

Other North American Archaeomagnetic Research. Some indepen

dently dated archaeomagnetic results from North America will not be 

analyzed here for various reasons. Wolfman (1973) reported results 

from 55 Mesoamerican features covering the period 250 B.C.-A.D. 1200. 

These data were subjected here to the moving window. The resulting 

curve as well as the one drawn originally by ~~olfman suggest a differ

ent secular variation pattern than that described for the Southwest. 

Most of these samples were not demagnetized. Although those samples 

that were demagnetized show good stability, the results must be regarded 

with caution. The Mesoamerican region is about 22° or 2,200 km south

east of the Southwest, so the discrepancy could also be due to differ

ences in the nondipole field between these regions. 

North American data from earlier periods of time are too 

sparse to yield detailed secular variation records. Parker (1976) 

sampled 19 Archaic hearths from five distinct stratigraphically con

trolled horizons in a rock shelter in Utah. The horizons were radio

carbon dated between 7,565 and 4,425 years B.P. Archaeomagnetic pre

cisions were also poor. Champion (1980) carried out an excellent 

study on Holocene igneous rocks of the western United States, includ

ing 36 dated units. Five of these flows were archaeomagnetically 
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dated using DuBois' VGP curve. They will be discussed in the follow

ing section. Only two other flows date from the A.D. period, while 

the remaining 29 units date back to 11,940 B.P. The density of the 

data is much less than for the archaeomagnetic data, so only grosser 

patterns of secular variation are observable. 

Archaeomagnetic Dating 

Determination of archaeomagnetic secular variation curves 

requires samples that are independently dated. Once a curve is con

structed, it becomes possible to infer archaeomagnetic dates for fea

tures of unknown age. The archaeomagnetic direction for the unkno~~ 

is compared to the SV path; the archaeomagnetic date corresponds to 

the portion of the SV path having a magnetic direction that is statis

tically indistinguishable from that of the unknown. This can be con

sidered a pattern-matching technique of dating. The other general 

type of dating technique is the rate-dependent process, or clock. The 

clocks may tick due to radioactive decay within a sample (e.g., 

potassium-argon or radiocarbon dating), the effects of radioactive 

decay (thermoluminescence or fission-track) or progressive physico

chemical change not induced by radioactivity (obsidian hydration or 

amino acid racemization). These three types of clocks tend to exhibit, 

in the order listed, an increasing dependence on sample characteris

tics or environmental parameters. It is not always trivial to deter

mine the rates at which these clocks run, but once done allows for 

dates to be determined in a reasonably straightforward fashion. 



100 

Pattern-matching techniques require that much effort be put 

into determining the pattern or master chronology. One such technique, 

paleomagnetic polarity stratigraphy, involves the globally synchronous 

phenomenon of geomagnetic field reversals. Data from around the world 

can be used to infer the pattern of polarity reversals, after which 

this pattern can be used to date rocks from different areas. Dendro

chronology, on the other hand, is a spatially limited pattern-matching 

technique. It depends on the response of tree-ring growth to regional 

climatic variability. The characteristic ring-width pattern must be 

determined from trees growing in the same climatic zone, and dating by 

that pattern is only valid for that zone. Paleomagnetic secular varia

tion similarly involves a regional pattern. In this case, the nondi

pole field is responsible for the restricted regional applicability. 

The term "archaeomagnetic dating," especially in the United 

States, usually refers to secular variation of geomagnetic direction. 

A sufficiently good paleointensity record could in principle, and some

times in practice, be used as well (DuBois, Lee, and Wolfman, 1971; 

Barbetti, 1976; Shaw, 1979; Dubois et al., 1980; Sternberg and McGuire, 

1981a; Aitken et al., 1981; Wolfman, n.d.). A number of papers 

have discussed the prospects of archaeomagnetic dating or have 

reported dates for Japan (Watanabe, 1959), the Soviet Union 

(Burlatskaya, 1962b), England (Aitken and Hawley, 1966; Hurst, 1966), 

Mesoamerica and Peru (DuBois and Wolfman, 1970; Wolfman, 1973), ano 

the United States (Weaver, 1967; Dubois, 1975b; Shuey and Reed, 1972; 

Shuey, 1974; Wilcox, 1977; Anderson, 1978; Wolfman, 1979, 1982; Eighmy, 

Sternberg, and Butler, 1980; Windes, 1980). A few attempts have also 
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been made in the United States to date recent sediments by comparing 

SV logs with the archaeomagnetic record (Ellwood, 1971; Green and 

DuBois, 1975; Shuey et al., 1977). As the citations suggest, more 

work has been devoted to chronological applications of archaeomagnet

ism in the United States than in other parts of the world. Dates 

have been based on the studies of DuBois despite the unsubstantiated 

nature of his results. The new results presented here offer an alter

native master chronology for archaeomagnetic dating in the United 

States. 

Although the general approach for deriving an archaeomagnetic 

date by comparison of an archaeomagnetic direction with the SV record 

is intuitive the exact mechanics by which this is done have rarely 

been explained. General treatments of archaeomagnetic dating (Bucha, 

1971a; ~lichels, 1973; Tarling, 1975; Fleming, 1976) circumvent this 

issue. The accuracy and precision of an archaeomagnetic date will not 

only depend on the measured results for that feature but also on the 

SV curve and method used for interpretation. One archaeomagnetist 

might report more precise (seemingly better) dates because of a parti

cular method of interpretation rather than more precise (actually 

better) work. Thus the user of an archaeomagnetic date must be con

cerned with and should expect more information than the date itself 

(McGuire et aL, 1980). First, the raw paleomagnetic measurements 

should be reported. This is what is actually measured in the labora

tory for the particular feature of interest. Second, the method of 

interpretation used to derive the date and the SV master curve used 

should be given. The raw data allows dates to be reinterpreted using 



different methods or master curves. Unfortunately, these standards 

were not met in most archaeomagnetic research in the United States 

prior to 1980. 
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Some type cases for archaeomagnetic dating are illustrated in 

Figure 24. The SV curve is assumed to be known without error, an 

assumption that has been used with DuBois' curve. For graphical inter

pretation, Eighmy et al. (1980) and McGuire et al. (1980) recommended 

that dates only be inferred if the oval of confidence about the VGP of 

the feature to be dated intersects the master VGP curve. Dates could 

then be interpreted for A, B, C, and D in Figure 24, but not for case 

E. The median date is chosen to correspond to the point of closest 

approach of the curve to the mean VGP. When the mean of the unknown 

fell on or close to the curve (Cases A, B, D), the age uncertainty is 

taken from the intersection of the curve and oval. This would yield a 

misleadingly low age range for Case C. Thus if the mean VGP falls 

somewhat off the curve, the oval is graphically projected onto the 

curve to obtain the age uncertainty.· Mean archaeomagnetic dates with 

standard deviations are now eschewed in favor of age ranges. This 

calls less attention to the importance of a central date. It is more 

reasonable considering the mUltiple uncertainties in the direction of 

the unknown, the curve itself, and the way in which these interact. 

Finally, Case B illustrates that multiple archaeomagnetic dates are 

possible if the VGP curve crosses over itself. It then becomes the 

archaeologist's responsibility to decide among the different options. 

DuBois and Wolfman (1970) and Wolfman (1979, 1982) also found 

mean archaeomagnetic dates by graphical proximity to the VGP curve. 
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Figure 24. Type cases for archaeomagnetic dating. -- Different 
relations are shown between the hypothetical ,VGP curve and data. 
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Age uncertainties are found by dividing the feature u95 by a typical 

rate of VGP motion along DuBois' curve, given as O.lo/yr (twice the 

typical SV rate on the Sternberg-McGuire curve). Thus the age range 

equals 10(yr/deg)ou95(deg). Wolfman (1979,1982) further increased 

this age range .. to account for the uncertainty in the SV curve. This is 

simply done by adding five years onto both ends of the age range. 

Although this is better than making no correction at all for the uncer

tainty of the curve, it is an ad hoc solution to the problem. 

A new method for calculating archaeomagnetic dates was devel

oped here in association with the Sternberg-McGuire Southwestern VGP 

curve. It is an analytical test rather than a graphical comparison, so 

it is objective and repeatable. It also accounts in a rigorous way for 

the uncertainty of the VGP curve represented by the interval A95s. 

This method is just the usual paleomagnetic comparison of two direc

tions, each having a mean and standard deviation. 

The result to be dated is compared separately with each point 

on the VGP curve. For each comparison, the two precision parameters 

are first compared using the F-test of McFadden and Lowes (1981, Eq. 25). 

If the precisions are significantly different, no exact test to compare 

directions can be made. An approximate test can be used which assumes 

the sample precisions are equal to the values for the two populations 

(McFadden and Lowes, 1981, eq. 23). 

The null hypothesis for this procedure is that the VGP direc

tions of the feature and the point on the curve are the same. If the 

null hypothesis cannot be rejected at the 5% level, then the feature 

dates to the interval of time represented by that point on the curve. 
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The final archaeomagnetic date is the union of all intervals for which 

the null hypothesis cannot be rejected. 

The most precise archaeomagnetic date that can be obtained thus 

corresponds to the length of the window interval used to generate the 

SV curve. Because VGPs for successive intervals may be rather close, 

a typical archaeomagnetic date will encompass the time range of several 

points on the VGP curve. The precision of the date is governed by the 

configuration of the SV curve, the precision of the curve, and the 

location and precision of the VGP to be dated. For the Southwestern 

VGP path, 50-year age ranges are the best that can be obtained. These 

will generally only occur around A.D. 1075 when the VGP swings out 

suddenly to a distinctly low latitude. Otherwise age range of 150-200 

years at the 5% significance level are typical. Although this is far 

inferior to tree-ring dates, it is comparable to l4 C. The assigned 

age range depends on the significance level chosen for the F-tests. 

The age range for a given significance level does not imply what the 

age range would be for a different significance level. The most com

plete dating information would be a table or graph of the F-test 

results for each point on the SV curve. However, the traditional 

paleomagnetic 5% significance level was used to deduce dates for the 

following cases. 

Three case histories where archaeomagnetic dating has been 

used in the Southwest suggest that the earlier calibration of the 

Sternberg-McGuire"VGP path is correct. Six collections from Champion's 

(1980) study fall within the range of time covered by the Southwestern 

archaeomagnetic curve. Five of these six are from the San Francisco 
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volcanic field near Flagstaff, Arizona. Anomalous tree-ring growth in 

this area suggests an episode of vulcanism between A.D. 1065 and A.D. 

1067 (Smiley, 1958; Breternitz, 1967). The sixth result from the Ice 

Spring flow in Utah is associated with a radiocarbon date. This date 

was recalibrated using the new l4C calibration tables of Klein et al. 

(1982) to give a date of A.D. 1230-1405. Champion (1980) assigned 

archaeomagnetic dates to these results based on DuBois' VGP curve. 

The VGPs for these six results are shown with the Sternberg-

McGuire VGP patch in Figure 25. Archaeomagnetic dates were calculated 

using this curve and the F-tests. Table 11 compares the dates assigned 

to these units by Champion with those derived here. The Kana-a flow 

has a direction different from all points on the new curve, so it was 

not datable. Otherwise Champion's dates are consistently later than 

interpretations based on the new curve. This is a result of the tem-

poral offset between the Sternberg-McGuire and DuBois curves. The 

revised archaeomagnetic dates from Gyp Crater and Vent 512 are consis-

tent with the tree-ring evidence for A.D. 1066 activity. Dates based 

on DuBois' curve are about a hundred years later than expected. The 

archaeomagnetic directions also track around the VGP curve in accor-

dance with their stratigraphic order: Kana-a (lowest), Gyp and Vent 

512, Bonito, Sunset Crater (highest). 

Table 11 also gives Champion's archaeomagnetic date for the 

Ice Spring field as well as the recalibration of the original l4c date. 

These are two possible archaeomagnetic age ranges for this flow based 

on the Sternberg-HcGuire curve. The later option is nicely consistent 

14 
with the Cage. 
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Figure 25. Archaeomagnetic dating of Holocene lavas. -- VGPs 
for some Holocene extrusive igneous rocks in the western u.s. (Champion, 
1980) are compared with smooth VGP curv~ from this study. Flows are: 
A, Kana-a; B, Vent 512; C, Gyp Crater; D, Bonito; E, Sunset Crater; 
F, Ice Spring. See Table 11 for interpreted dates. 
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Table 11. Archaeomagnetic dates for Holocene Lavas. -- Dates 
from Champion (1980) are archaeomagnetic date~ based on secular varia
tion curves of DuBois (1975c). Ice Spring is also dated by C14. 
Dates from this study are 95% confidence level archaeomagnetir. age 
ranges based on the Sternberg-McGuire secular variation curve. There 
are two options for the new Ice Spring date. 

Champion This Study 
Flow (years AD) (years AD) 

Kana-a 1150 None 

Vent 512 1190 1000-1175 

Gyp Crater 1190 1000-1175 

Bonito Flow 1230 1100-1175 

Sunset Crater 1250 1100-1325 

Ice Spring 1290 950-1050; 1175-1375 

( C14) 1230-1405 
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The second case history involves dating of archaeological 

sites from Chaco Canyon, New Mexico. Over 1,000 tree-ring dates and 

100 archaeomagnetic dates are available from Chaco Canyon, making this 

the most densely sampled area in the world for both these techniques 

(Windes,1980). Only two tree-ring dates (A.D. 1171 and 1178) from 

the canyon postdate A.D. 1130. Thus the conventional archaeological 

interpretation has Chaco Canyon being abandoned in the middle of the 

twelfth century. The archaeomagnetic dates, from R. L. DuBois, cluster 

into three groups: A.D. 1065-1100, 1125-1260, and 1365-1400. }~ny of 

these dates fall after the conventional abandonment date. Particular 

archaeomagnetic dates also fall about 50 years later than directly 

associated tree-ring and 14C dates. The Chaco Project has suggested 

revisions to the tree-ring based chronology to accommodate these 

younger archaeomagnetic dates. Unfortunately, the paleomagnetic data 

upon which these dates are based have not been released. This pro

hibits a proper re-evaluation of the dates based on the Sternberg

McGuire curve. However, Figure 23 indicates that all Chaco archaeomag

netic results might be consistent with revised dates earlier than A:D. 

1150. This is possible because of the doubling back of both curves and 

the time shift between the two SV curves. Earlier archaeomagnetic 

dates based on the revised curve would likely be consistent with the 

abundant tree-ring evidence. 

Finally, a number of archaeomagnetic dates have been reported 

from Sedentary-period Hohokam sites (Schiffer, 1982). The traditional 

age range for the Sedentary period is A.D. 900-1100. The oldest 

Sedentary archaeomagnetic date is A.D. 957-1013, the youngest is A.D. 



1180-1230. The dates are from DuBois or Wolfman and are based on 

DuBois' VGP curve. Schiffer (1982) has revised the age range of the 

Sedentary period to be consistent with these archaeomagnetic dates. 

Again, however, use of the Sternberg-McGuire curve would probably 
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make the Sedentary archaeomagnetic dates consistent with the traditional 

age range for this period. Most of these data are also unavailable 

for further analysis and re-dating. Wolfman (1977) presented two 

VGPs and associated archaeomagnetic dates of A.D. 1155-1205 and A.D. 

1153-1215. These results were reevaluated using the Sternberg-McGuire 

curve to obtain dates of A.D. 1000-1175 for both features. These dates 

are consistent with the traditional, earlier age range assigned to the 

Sedentary period. 

Although a release of DuBois' data is needed before the 

discrepancies between the two Southwestern VGP curves can be fully 

explained, the evidence from dating of these lavas and archaeological 

material favor the validity of the Sternberg-McGuire curve. 



CHAPTER 3 

SECULAR VARIATION OF ARCHAEOMAGNETIC PALEOINTENSITY 

More effort has generally been expended in determining secular 

variation of paleomagnetic field direction than field strength. This 

is largely due to difficulties in the paleointensity experiment. Yet 

a full understanding of secular variation requires knowledge of the 

orientation and intensity of both the dipole and nondipole fields. 

This in turn means that globally distributed paleointensities as well 

as paleomagnetic directions are needed. This chapter will discuss the 

pottery samples used to study the intensity of the Southwestern archae

omagnetic field, the paleointensity methodology, magnetic anisotropy 

and rock magnetism of the pottery, results, discussion of the accuracy 

of the results, and curve fitting and comparison with other results 

from North America. 

Materials 

The most prevalent artifacts and features found at Southwestern 

archaeological sites that carry a TRM are ceramics and hearths. 

Hearths may be more amenable to paleointensity analysis (Lee, 1975), 

presumably because of a simpler or more stable ferromagnetic mineral

ology. Nevertheless, pottery was used in this study for several 

reasons: abundant amounts are recovered during archaeological excava

tions; they are relatively accessible thereafter; and the initial 

111 
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interest of this study in archaeointensities did not require oriented 

samples. 

Pottery Manufacture 

The materials and processes used in pottery construction and 

firing are relevant for understanding the paleomagnetic characteristics 

of ceramics. Although pottery carries a TR}! like igneous rocks, the 

different properties of ceramics and rocks may affect the nature of 

this TRl·1. Since this question has rarely been addressed in archaeomag

netic studies, a detailed discussion will be given here. Colton 

(1939a; 1939b; 1951; 1953) and Shepard (1965) are responsible for much 

of the experimental and ethnologic work used to infer how prehistoric 

pottery was made in the Southwest. These sources were drawn upon in 

the following discussion on "primitive" pottery. Such pottery, which 

may be of excellent quality and beautifully crafted, is classified as 

primitive because it is made without the benefit of a potter's wheel 

or sophisticated kiln. Rye (1981) also gave an excellent review of 

pottery making techniques and how these techniques can be inferred 

from archaeological materials. 

The materials used to make primitive pottery are clay, temper, 

and pigments. The ferromagnetic minerals of an unfired pot may be com

plex and nonuniformly distributed through these components. Clay is 

sometimes found as a primary or residual clay still in contact with 

the source rock from which it was weathered. Once carried away from 

the source, clay can be transported and deposited under a variety of 

conditions. Clays can thus vary considerably in their chemistry and 
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mineralogy, particle size and shape, and the impurities present. Most 

clays contain some organic material and iron oxides, the latter being 

the chief colorant and ferromagnetic constituent of both raw and fired 

clay. Residual clays will generally contain more iron than sedimentary 

clays, which have been sorted during t:ansport. 

Temper is often added to the raw clay to reduce shrinkage and 

inhibit cracking during firing of the pot. The wide variety of temper

ing materials used by Southwestern potters includes pottery, sand, vol

canic ash, basalt, intrusive crystalline rock, and organic matter such 

as corncobs, shell and bark. These materials are pulverized and 

sorted when necessary. Temper is useful for identifying source mate

rials and areas because it retains its original characteristics through 

the firing process better than the clay. 

Pigments used to decorate pottery can be made from plant 

extracts, fine clay, or minerals such as iron oxides or magnesium 

oxides. The iron oxide pigments hematite and limonite are more widely 

distributed in convenient form than magnetite (Shepard, 1965, p. 37). 

The major steps in pottery construction are preparation of the 

paste, forming and shaping of the vessel, finishing the surface, deco

rating the surface, preliminary drying, firing, and post-firing deco

ration. The potter prepares the clay paste by refining the clay, work

ing it to a proper plasticity, and mixing in the temper. Most South

western pottery was formed by coiling. The base of the pot is con

structed first, often by direct shaping or molding from a solid lump. 

Then successive rings or a continuous coil, formed by rolling the 

clay between the palms into a fillet, are molded onto the base in the 
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desired shape. To obtain an even surface, the potter obliterates the 

coils either by scraping or by the paddle-and-anvil technique in which 

a round stone is held inside the pot and the outside is beaten with a 

wooden paddle. 

For a corrugated surface texture the coils are merely pinched 

together with the fingers. Otherwise, the surface of the formed pot 

can be finished by smoothing the cl~y by hand or with sandstone, 

polishing the moist surface with a smooth pebble, or applying a slip. 

Slip, a suspension of clay in water, can be used to improve surface 

texture or color. Surface decoration can involve a variety of tech

niques used to create texture or relief such as scraping, punching, 

stamping, engraving, and applique. 

Careful drying of the pot is necessary to avoid stresses and 

cracking due to rapid heating during the subsequent firing. Paint is 

applied before or after firing although it is more likely to perma

nently adhere to the vessel if properly applied before firing. True 

kilns have been used rarely if at all in firing primitive pottery in 

the Southwest. The pottery is fired either in a shallow pit or above

ground, sometimes elevated on a platform. Commonly available fuels are 

used, including brush, different species of wood, corncobs, dung, and 

even coal. 

Two aspects of the pottery making process are especially rele

vant to paleomagnetic studies. First, the method of forming, shaping, 

and finishing a pot may impart an anisotropic fabric to the vessel 

(Shepard, 1965, pp. 183-184; Rye, 1981, pp. 58-95). This fabric can pro

duce a magnetic anistropy (Rogers, Fox, and Aitken, 1979; Aitken, Alcock, 
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Bussell, and Shaw, 1981). Second, the ferromagnetic mineralogy of the 

pot will depend upon raw materials and details of the firing procedure. 

Fabric anisotropy due to the net alignment of non

equidimensional grains can result from techniques of construction. 

Grains in wheel-thro,~ pottery tend to become oriented with their long 

axes parallel to the plane of the wheel-head, but alignment can appar

ently occur in non-wheeled pottery as well. During coiling, particles 

can be forced into the plane of contact between adjacent coils as they 

are welded together. Elongated grains will be pressed into the plane 

of the pottery (parallel to surface) by the scraping, paddle-and-anvil, 

or smoothing processes used. Although all forming techniques tend to 

produce planar fabrics, they vary in the resulting anistropy of the 

grain orientation within this plane· (Rye, 1981,pp. 58-95). Orienta

tion of platy clay particles may be observable in petrographic section, 

but the alignment of larger inclusions and voids may be visible with 

hand lens or to the naked eye. Hohokam pottery used in this study 

clearly showed tabular mica temper inclusions in the plane of the pot

tery. Elongated ferromagnetic grains are more easily magnetized along 

their long axes because of magnetostatic shape anisotropy, so it is 

not surprising that the magnetic anisotropy discussed below is asso

ciated with this visible fabric. 

The ferromagnetic mineralogy of the fired pot will depend upon 

the raw constituents and their physicochemical reactions to the firing 

process. It is possible to have as many as four different ferromagne

tic source materials for the paste clay, the temper, the slip clay, and 

the pigment. The slip and paint are only thin layers and are unlikely 
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to contain a large proportion of the ferromagnetic material. The rela

tive importance of the paste clay and temper will vary. Some clays 

contain enough coarse material to be self-tempering and do not need 

additional temper. While some tempering agents are ferromagnetic 

(e.g., igneous rock and potsherds), others are not (organic material). 

What happens to the ferromagnetic ~iqerals during firing depends 

upon the temperature-time schedule and the firing atmosphere. Combus

tion of the fuel for the fire is an oxidation process. The different 

complex fuels used are all composed of three elementary fuels: gaseous 

hydrocarbons, solid carbon, and a mixture of hydrogen and carbon 

monoxide. If there is a surplus of oxygen during firing, combustion 

will be complete and will yield end products of water and carbon 

dioxide. The atmosphere will be oxidizing due to the presence of the 

remaining excess oxygen. If there is insufficient oxygen to complete 

the combustion, then carbon monoxide, hydrogen, and gaseous hydrocar

bons will all be present. These reducing gases will combine with the 

available oxygen, creating a reducing atmosphere. 

The major compounds that can be oxidized in pottery are carbon

aceous matter and ferrous minerals. Carbon has a greater affinity for 

oxygen than does iron, so in oxidizing atmosphere the carbonaceous 

matter will be burned out before oxidation of the iron minerals begins. 

In a reducing atmosphere, carbonaceous matter will not burn out of the 

clay and ferric compounds can be reduced to ferrous. In a neutral 

atmosphere, carbonaceous matter will not be combusted and iron com

pounds will not be affected. Some pottery that is called reduced 

(i.e., fired in a reducing atmosphere) would be more accurately termed 
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non-oxidized. The atmosphere will continually change when firing is 

done in the open without kilns. Reducing gases will be present as 

volatiles driven off during combustion. When the wood burns to char-

coal, the atmosphere will become oxidizing if the temperature and draft 

are sufficient. The atmosphere can become reducing again with the 

addition of fuel. Pottery is sometimes intentionally smudged by 

smothering the fire with organic matter, causing deposition of carbon 

onto the pot. Fire-clouding is an unintentional localized reduction 

caused by contact of the pot with a piece of fuel or a reducing jet of 

gas. 

The color of the fired pot provides a clue to what the firing 

atmosphere could have been. The potential range of colors a pot may 

acquire is limited by the content of the paste, but the final color 

depends upon the atmosphere and temperature during firing. Oxidation 

of clays with medium and high iron contents tends to produce buff and 

red colors, respectively. Reduction of the same clays will yield gray 

and black pottery. A paste low in iron will turn white regardless of 

the atmosphere. It is safe to infer that a red sherd acquired its 

color in an oxidizing atmosphere, but it is not easy to determine 

whether a gray sherd has actually been reduced or is merely unoxidized. 

Sherds often have a nonuniform color in cross section which may suggest 

something of their firing history. A pot that was first thoroughly 

oxidized and then incompletely reduced will have an oxidized (bright) 

core and a reduced (dark) rim. Early reduction or lack of oxidation 

followed by a less intense period of oxidation can produce the reverse 

pattern, a dark core with a bright rim. 
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Refiring experiments can be useful for determining the original 

firing atmosphere. A sherd that does not change color when refired 

under oxidizing or reducing conditions must have originally been fired 

in either the same atmosphere or a neutral one. A change in color indi

cates that the original atmosphere must have been of the opposite type 

or neutral. The laboratory heatings that are an intrinisic part of the 

paleointensity experiment can effectively double as refiring experi

ments. 

A rough correlation would be expected between the color of a 

sherd and the oxidation state of its ferromagnetic minerals. Further

more, a uniformly colored sherd suggests a uniform state of oxidation 

or reduction and a uniform atmosphere during at least the last phase 

of firing. This type of sherd should then be thermally stable if 

reheated in a similar atmosphere. Conversely, it would be difficult to 

prevent chemical or mineralogical changes when reheating nonuniformly 

colored sherds in the laboratory. Complex mixtures and intergrowths 

of titanomagnetites and titanohematites may be the rule rather than 

the exception in pottery. The firing heating-cooling cycle is too 

short and the atmosphere too variable to consistently insure therm

ally stabilized ferromagnetic mineralogies. 

Combustion reactions and mineralogical changes require certain 

temperatures as well as the correct firing atmosphere. Maximum firing 

temperatures for pottery can be inferred in several ways: direct tem

perature measurements as part of ethnological studies of pottery making; 

experimental firings of fuels; observation of ceramic characteristics 

(e.g. crystalline clay structures and inversion of quartz inclusions) 
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that indicate a certain temperature has been reached; and refiring of 

pottery while observing characteristics that show a progressive change 

with temperature (e.g., color, shrinkage, and heat absorption). 

Colton (1951) reported maximum temperatures from eighteen 

firings of Hopi pottery. Excluding one fire th~t had sandy, insuffi

cient fuel, the peak temperatures ranged from 720°C-885°C. The rise 

times to the maximum temperatures were 35-86 minutes, and the average 

heating rates were 10°C-22.4°C/minute. For nine Pueblo Indian firings, 

Shepard (1965, pp. 81-91) measured maximum temperatures of 620°C-940°C 

with heating rates of 22.4°C-80.7°C/minute and cooling rates of 4.3°C-

62.5°C/minute. The fuel in all cases was dung cakes or slabs, although 

the Hopis added some coal. Dung has been the predominant fuel since 

contact with the Spanish and the subsequent domestication of sheep and 

cattle by the Indians, but was not available before that time. Shepard 

(1965, pp. 81-91) performed experimental firings using juniper wood, 

coal, and dung, getting peak temperatures of 970°C, 945°C and 905°C, 

respectively. Colton (1953) also did some experimental firings and 

obtained temperatures of 920°C for juniper wood, 850°C for pinyon wood, 

and 680°C for corn cobs. Similar peak temperatures can apparently be 

obtained from wood used before the arrival of the Spanish as from the 

other fuels, although the temperature vs. time profiles and the atmo

spheres can vary. Few laboratory determinations of firing tempera

tl1res have been made. Nonetheless it seems safe to infer that maximum 

prehistoric firing temperatures were greater then 700°C, which is above 

the Curie temperature for both magnetite and hematite. 
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Another important temperature in the firing schedule is the 

drawing temperature at which the pot is removed from the fire. In kiln 

firing, vessels are usually allowed to cool slowly before withdrawal in 

order to avoid thermal shock and cracking of the pot. Ethnologic 

studies of modern Southwestern Indian potters reveal that this caution 

is not always observed when a kiln is not used. The Hopi "do not 

remove the pottery until it is cool enough to handle easily" (Colton, 

1939~, p. 64). On the other hand, in four firings of oxidized ware 

in the Rio Grande pueblos the pots were drawn soon after the peak tem

peratures were reached, between 670°C-810°C (Shepard, 1965, pp. 90-91). 

Fontana et a1. (1962) described a modern Papago firing in which the pot 

is removed while still "very hot" although no temperatures are given. 

A photograph (Fontana et al., 1963, fig. 67) shows how drawing of hot 

pots is accomplished with two long sticks. 

The peak firing temperature for pottery is high enough to 

impart a total TR}l rather than a PTR}! to the pot. A total TR}l will be 

acquired if the drawing temperature .is above the highest blocking tem

perature or if the pot is allowed to cool completely before withdrawal. 

If, however, the drawing temperature is above room temperature but 

below the maximum blocking temperature, two or more PT~\!s will be 

generated. The strength of the ambient field will be the same for the 

PTR}1s but the orientation of the pot relative to the field wil change. 

While the maximum firing temperature for pottery can ideally be inferred 

in the laboratory, the only possible way to determine a drawing tempera

ture would be to look at changes of the direction of magnetization over 

the blocking temperature spectrum of the pottery. A low temperature 
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intentional reheating of the pot for cooking. 
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Much of the above discussion on prehistoric pottery making has 

relied on analogy with observations from ethnologic studies. It is 

thus important to recognize any relevant differences between modern and 

prehistoric primitive pottery making techniques. There are two signifi

cant differences. First, as mentioned above, is the popular use of 

sheep and cow dung as a fuel in modern firings. Dung does have differ

ent firing characteristics than wood, but similar peak temperatures and 

atmospheres can be produced with either fuel. A systematic effect on 

magnetization due to fuels seems unlikely. Second, and of much greater 

significance, is the frequent use of metallic objects in modern firings. 

Many descriptions of modern pottery manufacture mention the use of a 

variety of tin (i.e., tin-plated steel), scrap iron, or unidentified 

metallic objects which in most cases are probably steel as well. The 

use of tin scrapers in shaping and smoothing before firing would have 

no paleomagnetic consequences. However, the presence of steel objects 

during firing could distort the strength and direction of the ambient 

magnetic field (Burlatskaya and Petrova, 1961). Pieces of tin are 

now often used to keep pots separated from each other or from the fuel 

to allow better circulation of air, encourage oxidation, and decrease 

the possibility of smudging. Metal grates, grills, bars and cans are 

also used to support pottery over the fire. Large cans or pieces of 

scrap are also shaped into rudimentary kilns. 

Besides the verbal descriptions of modern firings, evidence for 

the presence of metals is found in photographiC sequences of modern 
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pottery making. Good examples are Papa go metal separators (Boggs, 1937, 

plate XXII, fig. 1) and kilns (Fontana et a1., 1962, figs. 62-67,70), 

and a platform constructed from cans and a grate in San I1defonso 

Pueblo (Wormington and Neal, 1951, pp. 41-42). The widespread pres

ence of steel in modern pottery firings is a possible source of error 

in paleomagnetic data recovered from these vessels. This would not be 

a problem for pottery made before contact with the Spanish, and prob

ably not for some time afterwards. 

Sample Collection and Preparation 

Pottery samples do not need to be obtained during archaeologi

cal excavation. It is sufficient to recover them from the archaeologist 

at a later time. There is certainly no scarcity of ceramic material. 

Whole pots are fragile, yet the broken sherds are durable. During the 

excavation at Snake town in 1964-1965, 1.5 million sherds were recovered, 

and the entire site may contain over one billion sherds (Haury, 1976). 

Sherds are useful to the archaeologist for typology and relative dating, 

and for examining a culture's economy, technology and art. Thus many 

sherds are kept by archaeologists and museums. However, not all sherds 

have the desirable characteristics of being accurately and precisely 

dated and having uniform conditions of oxidation/reduction. Further

more, not all archaeologists or curators can loan samples for destruc

tive analysis. As with the hearths, the samples finally obtained repre

sented a compromise between what was desired and what could be obtained. 

A total of 187 specimens from 77 sherds derived from 23 different 

archaeological sites were used for paleointensity analysis. Twenty-six 
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sampes were from Snaketown, fifteen from Walpi, six each from Arroyo 

Hondo and Unkar Delta, four from Chaco Canyon, and two or less from 

each of the other sites. Information on provenience, typology, and 

estimated dates of firing are given in Appendix D. Site locations are 

shown in Figure 26. All sherds were independently dated since they 

came from projects that were complete or well under way. Extra sherds 

were obtained from some sites, allowing selection of the more uniformly 

oxidized or larger sherds. 

Typical potsherds (samples) used in this study had surface 

areas of about 25-100 cm2 and thicknesses of 2.5-7.5 mm. Cylindrical 

specimens were cored from the sherds with a diamond core drill mounted 

in a drill press. Diameters of the specimens were about 1.25 cm. A 

rough grid was laid out on each sherd so that multiple specimens from 

the same sherd would be roughly oriented relative to another. Axes 

were set up such that x and y-axes were in the plane of the pottery and 

z perpendicular to this plane. The x-axis was drawn towards the open

ing (top) of the vessel if this direction could be determined from 

curvature or the presence of a lip. The specimens could be oriented to 

no better than about 10° because of the curvature of the sherds and the 

roughness of the grid. Specimens were taken from areas of the sherd 

which had the most uniform color in cross section. Surface smudge 

marks were avoided when possible. After coring, the specimens were set 

aside to dry. They were then weighed and stored in a mu-metal cannis

ter until subjected to the paleointensity experiment. 
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Figure 26. Potsherd proveniences. -- More than one sherd came 
from some of the locations. 
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All methods of paleointensity determination depend on the --- .. 

hypothesis that thermoremanent magnetization is linerly proportiona~ 

to the applied field strength. This presumption was first experiment-

ally verified by Thellier (1938) and Nagata (1941). Theories of TRM 

for single domain (Neel, 1949; 1955) and for pseudosingle and multi-

domain grains (Stacey and Banerjee, 1974, pp. 103-120) also support 

this relationship. Thus 

TRM = c B ( 5) 

where TRM is the magnitude of the magnetization vector, B is the mag-

nitude of the ambient field vector, and c is the constant of propor-

tionality. This constant is a complicated function of the ferromag-

netic mineralogy (Stacey and Banerjee, 1974, eqs. 7.6, 7.10, 7.18). 

If a sample's remanence were original TRM only, then the paleointensity 

B could be calculated if c were known. Since c cannot be directly 

determined, another approach must be taken. 

Thellier (1937a; 1937b; 1938; 1977) and Thellier and Thellier 

(1959) circumvented this problem by using a sample as a self-calibrator 

for the constant c. If the entire NRM is the TRM acquired in the 

ancient field B , then 
p 

NRM = c B 
P P 

( 6) 
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where c is the constant of proportionality for the paleomagnetic field. 
p 

The NRM can be measured. If the sample is then heated in the 1abora-

tory above its Curie temperature in a field of known strength B
O

' the 

subsequent TRN is 

TR}l (7) 

where Co is the constant of proportionality for the laboratory field. 

Taking the ratio of these -last two equations gives 

B 
P 

If the magnetic mineralogy remains unchanged, Co = c
p 

and 

B 
P 

(8) 

( 9) 

All the quantities on the right-hand side are measurable so the paleo-

intensity can be determined. 

To complicate matters, however, the magnetic mineralogy con-

stant c may not remain constant. It can change pregressively over time 

due to alteration of the ferromagnetic mineralogy, or more rapidly 

during the laboratory heatings. In either case Co ~ c
p 

and the rela

tively straight-forward approach suggested above will break down. 

Thellier (1938) and Thellier and Thellier (1941) postulated the law of 

additivity, stating that the magnetization acquired in any temperature 

interval is independent of that acquired in any other interval. An 

alternative statement of this law is that the total TRH equals the sum 
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of PTruls acquired in temperature intervals which together comprise the 

entire temperature range. Much experimental evidence now supports this 

law (The11ier, 1938; Nagata, 1961, pp. 158-162; Levi, 1979). Thus for 

A PTRN acquired in a temperature range from T. 1 to T. in the presence 
1- 1 

of B, 

PTrul (T. 1 T.) = c( T. l' T.) B 
. 1- , 1 1- 1 

(10) 

where c may also depend on the temperature interval. Again, for a PX~\; 

(partial NRN) which was originally a PTIDI acquired over a temperature 

range (T. 1,T.) in the presence of B 
1- 1 P 

PNRN(T. 1,T.) 
1- 1 

c (T. 1,T,) B 
p 1- 1 P 

and for a laboratory PTR:l acquired in BO 

PTID1(T. 1,T,) 
1- 1 

Again, taking the ratio of these equations gives 

PNrul (T. l' T . ) 
1- 1 

PTRH( T. l' T .) 
1- 1 

If c (T. 1,T.) p 1- 1 
Co(T. 1,T.) then 

1- 1 

PNR.:'1(T. l' T .) 
B B 1- 1 

P = 0 PTRN(T. 1 T.) 
1- , 1 

(11 ) 

(12) 

( 13) 

(14 ) 
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and the paleointensity Bp can be estimated from the known lab field BO 

and the PN&~ and PT~1 measurements for this temperature interval. 

Now, define the remaining N~l (RNRH) as 

RNRH(T.) = NRH - PNRN(T ,T.) 
1 r 1 

where (T ,T.) denotes the cumulative temperature interval between 
r 1 

(15) 

room temperature (T ) and T .• Then dividing through by the total NP~l r 1 

and using Equation 14 

RN~l(T. ) PTR}1(T ,T.) c (T ,T.) B 
1 

1 -
r 1 p r 1 .....E. = NID-l N~l cO(T ,T.) BO r 1 

(16) 

If c (T ,T.) = Co (T , T . ) then p r 1 r 1 

RN~I(T. ) PTRH(T ,T. ) B 
1 

1 -
r 1 .-£ 

NRH NR)1 Bo 
(17) 

RNR)l decreases with increasing T. while the cumulative PTR}I increases. 
1 

If the NRN-normalized RNR}l is plot ted vs. the normalized cumulative 

PTR}l, each point representing a different T., the result will ideally 
1 B 

be a straight line with an intercept of one and slope b = - t. The 
o 

slope is calculated from the experimental data and BO is measured, so 

B 
P 

The values for PNRN(T. 1,T.) and PTRH(T. 1,T.) are experiment-
1- 1 1- 1 

ally determined for progressively higher temperature intervals using 

the Thellier-Thellier double-heating experiment (Thellier and Thellier, 

1959; Thellier, 1977). The N~1 of the sample is measured first. Two 

heatings are then carried out at each of a series of progressively 

higher temperatures. All heatings are done in the presence of a fixed 

laboratory field BO' Each pair of heatings consists of two heatings to 
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the same temperature with the direction of the magnetic field differing 

by 180 0 (relative to sample coordinates) for the two heatings. The 

magnetizations Jo(Ti ) and J180 (T
i

) are measured at room temperature 

after the respective heating-cooling cycles. These magnetization vec-

tors are relative to sample coordinates. The direction of the PTIDl is 

not in general parallel to the direction of the RNRN. These quantities 

are determined as 

P);}01 (T ,T.) 
r ]. 

(18) 

The vector nature of the magnetization is now made explicit. A series 

of RN&\1 and PTRl-l values for progressively higher temperatures can thus 

be obtained. 

The elegance of this paleointensity experiment is twofold. 

First, by remagnetizing the sample and replicating the original mode of 

magnetization, it becomes unnecessary to directly determine c. The 

laboratory TID1 is used to calibrate the NID1. Second, the use of dis-

crete temperature intervals allows the experimenter to use only that 

temperature interval for which the equality c = c holds. The rela
p 0 

tionship of Equation 17 will only be linear as long as this is so. 

Nonlinearities in the RNIDI-PTR}1 data can occur at low values of T. if 
]. 

secondary components of magnetization have been added to the primary 

thermoremanence of the NRH. Nonlinearities can also occur at high 

values of T. if the ferromagnetic mineralogy is thermally altered 
]. 

during the paleointensity experiment or if the N&\l is not a total TR.:-1. 
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Cae (1967a; 1967b) and Smith (1967a) discuss the paradigm of the 

Thellier technique and associated experimental problems in greater 

detail. 

Cae (1967b) uses a variant of the Thelliers' double-heating 

technique. The first of the paired heatings is done in zero field; the 

second is done in the presence of the known laboratory field. Calling 

PTID1(T , T .) 
r ]. 

J.(T.) 
]. ]. 

(19) 

A practical advantage of this modification is that orientation of the 

samples relative to the laboratory field is not so critical. A dis-

advantage is that the RNR}l can become small and difficult to measure 

for higher T .. This method can yield small errors, ca. 4%, due to 
]. 

small deviations from the law of additivity (Levi, 1979). Other vari-

ants of the Thelliers' paleointensity experiment (Coe and Gromme, 1973; 

Levi, 1975; Domen, 1977; Kono and Veno, 1977; Day, Dunn, and Fuller, 

1977) are not commonly used. 

Another type of paleointensity experiment compares the total 

NRN to a total TRN (Nagata, 1943; Momose, 1963) using Iquation 9. 

Total NRNs and TRNs can also be compared after thermal demagnetization 

(Wilson, 1961; Smith, 1967b; Doell and Smith, 1969; Coe and Gramme, 

1973; ranguy, 1975) or after AF demagnetization (van Zijl, Graham, and 

Hales, 1962; Carmichael, 1967; Smith, 1967c; McElhinny and Evans, 1968; 

Doell and Smith, 1969; Schwarz, 1960; Symons and Schwarz, 1970; Shaw 
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1974; Kono, 1978; Rigotti, 1978). These methods are considerably 

quicker than the Thellier experiment since fewer heatings are required. 

They may even be theoretically superior under certain situations (Coe, 

1967a; 1967b; Levi, 1975; 1977; Banerjee and Butler, 1977). Reliabil

ity tests can be incorporated into these methods to check whether 

imparting the total TRN has altered the coercivity or blocking tempera

ture spectrum of the sample. For example, the anhysteretic remanent 

magnetization (Am-I) technique of Shaw (1974) compares the Am-! spectra 

of the NID! and Tm-1. This method, which is used widely in Europe, can 

be as reliable as the Thelliers' method (Shaw, 1974; Kono, 1978; 

Senanayake, McElhinny, and McFadden, 1982). The The11iers' method is 

superior to the less stringent van Zijl et a1. (1962) and Wilson (1961) 

methods for both volcanic rock (Coe and Gromme, 1973) and for archaeo

magnetic samples (Lee, 1975). The great strength of the Thelliers' 

method is that results can be obtained even if mineralogical change 

occurs at higher temperatures. The total Tm-! techniques cannot yield 

results until after the total Tm-1 has been applied, yet the high tem

perature heating required to impart the total TR}! will often cause 

mineralogical change. 

Paleointensity Experimental Procedure 

The procedure used in this study essentially followed the para

digm of Thel1ier and The11ier (1959; also The11ier, 1977). Equipment 

used is discussed in Appendix A. Seven groups of samples were run. 

One run was made using the Coe (1967a; 1967b) field off-field in 

experiment. A laboratory field of 50~T was used and left on during the 



132 

entire heating-cooling cycle as suggested by Levi (1975). For the 

first run, the samples were maintained at the peak temperature for 45 

minutes, allowing ample time for the samples to equilibrate with the 

furnace temperature. This time was reduced in subsequent runs to 30 

and then 15 minutes. This is still sufficient to allow equilibration, 

but reduces the possibility of thermal alteration. The first tempera

ture step above room temperature was 100°C or 150°C, with subsequent 

steps at intervals of 50°C or occasionally 25°C. Heatings were con

tinued until temperatures of 600°C or 725°C were reached, or until the 

RNrol-PT~\l diagrams were obviously nonlinear. A weak vacuum of about 

100 pascals (1 torr) was pulled during one run. This environment can 

yield better paleointensity results for ferromagnetic minerals with a 

low-oxidation state (Khodair and Coe, 1975). The high porosities of 

the samples made lower pressures impractical. For all other runs the 

heatings were done in air. The samples were rotated 180° relative to 

the laboratory field between the paired heatings for the Thellier 

method. Each sample had a fiducial arrow along the x-axis. These 

arrows were visually aligned parallel to the axis of the sample tray 

which in turn was inserted into the furnace parallel to the solenoid' 

magnetic field. An orientation error of about 5° was possible. Sam

ples were kept in the same location in the furnace for all heatings. 

For the paired heatings, a 5°C difference between peak temperatures 

for the same sample was possible, although it was generally less than 

2°C. This is a combined result of slight displacements of the samples 

from their standard positions and the temperature gradient in the 



furnace. Failure to replicate temperatures can cause significant 

errors in the paleointensity experiment (Weaver, 1970). 
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Heating of samples in the furnace was at a rate of about 30 oe/ 

minute and coolin~ at about 10oe/minute. These rates are similar to 

those that occur during the firing of pottery when it is made. Thus 

there was no need to make a correction to the paleo intensities due to 

the disparity of the manufacturing and laboratory heating and cooling 

rates (Dodson and NcLelland-Brown, 1980; Halgedahl, Day, and Fuller, 

1980; Fox and Aitken, 1980; Walton, 1980). 

Several of the reliability tests suggested by Thellier and 

Thellier (1959; also Thellier, 1977) were used. First, directions of 

the Rl~R.:-l and PTRN vectors were monitored. RNR.t.l direction drift is an 

important indicator of secondary components and mineralogical change, 

even when the R."i~l-PTre-l diagram remains linear (Kitazawa and Kobayashi, 

1968). Observation of PTR.\l directions provides a good check on sample 

orientation within the furnace. Second, repeat PTR.'l tests were used. 

After either the 400 oe, 475°e, 500 oe, or 600 0 e steps were completed, a 

PTR.:-l can be compared with the original PTIDl at 300 0 e to assess changes 

in PTRN capacity due to mineralogical change induced by the high tem

perature heatings. Third, multiple samples from a sherd and multiple 

coeval sherds were used whenever possible. Results could then be com

pared, and statistical evaluations of the scatter were made. 

Host other reliability tests examine the thermal stability of 

bulk ferromagnetic properties or coercivity spectra (van Zijl et al., 

1962; Momose, 1963; Nagata, Arai, and Momose, 1963; Briden, 1966; 

Weaver, 1966; Smith, 1967c; McElhinny and Evans, 1968; Sasajiroa and 
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nor sufficient to guarantee stability of the blocking temperature 

spectra. 

Paleointensity Interpretation 
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Two questions arise in reducing the paleointensity data. First, 

for a given set of RNRl-I-PTR."! points, how is the paleointensity best 

estimated? Second, how should the correct temperature interval or 

best set of points be selected? 

Paleointensity Estimation. Thellier and Thellier (1959) sepa

rately plotted Ri,,\ID! and PTID! vs. temperature, and graphically found 

the best temperature interval and constant of proportionality which 

bring these curves into agreement. Nagata et al. (1963) cross-plotted 

the NRH-normalized Ri~Rl-1 and PTRN results, with temperature as a parame

ter. This suggests the use of Equation 17 and the determination of 

paleointensity from the slope of the RNR}!-PTRN diagram. Calculation of 

this slope takes full advantage of the serial correlation of the data. 

Conventional linear regression assumes that error is contained 

only in the ordinate and that the abscissa is perfectly kno~~ .. Clearly 

this is not the case for paleointensity RNR}!-PTRN data. York (1966) 

reviewed approaches to linear least-squares regression that consider 

error in both variables. The conventional approach minimizes the sum 

of squares of the vertical differences between the points and regres

sion line. The "major axis" regression line is found by minimizing the 

sums of squares of perpendicular distances from the points to the line. 

This regression line is not invariant to a change of scale. This 
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undesirable property is overcome by using the reduced major axis (R}~). 

For the ~ the two variables are normalized by their standard devia-

tions, and the perpendicular distances are then minimized. This method 

gives a slope and standard error of the slope as 

b = a /0 
y x 

a 2 

°b 
J.(l-r ) 1/2 ( 20) 
a n 
x 

(Kennack and Haldane, 1950) where ° and G are the standard deviations 
x y 

of the x and y variables about their means, r is the correlation coeffi-

cient, and n is the number of points. York (1966) derived a general 

least-squares cubic expression for a regression line, allowing arbi-

trary weighting of the individual x and y values. The RMA corre-

sponds to the special case of this cubic where all the x values are 

weighted by 1/02 and all the v values are weighted bv 1/0
2

. The data x J • Y 

are adjusted to the R}~ along parallel lines with a slope of -Oy/ox 

(York, 1967). Further insight into the RHA can be gained by consider-

ing the following. Start with a series of points (x.,y.), all falling 
1 1 

on the line y = a + bx. Then 

and 

2 

° y 

- ? 
E(y. - y)-

1 

n - 1 

- 2 
E(x. - x) 

= b 2 
--0.°_

1
_-:0-_ 

n - 1 
(21) 
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a /0 
y x 

b (22) 

Now consider the case where each point includes an error in boxth x and 

y such that x: = x. + 6x. and y: = y. - 6y. 
~ ~ ~ ~ ~ ~ 

The signs on 6x., - "V 
~ ~" i 

must be opposite so that the points (xi, yi) may fall either above or 

below the line. Calculating a ~ and a now shows that b = a /0 as 
x y y x 

before if and only if 6y./6x. = -b. These slopes for the regression 
~ ~ 

and adjustment lines are just those prescribed by the reduced major 

axis. 

Following the example of Lee (1975) and Coe et al. (1978), the 

~~ was used in this study to analyze the archaeointensity data. Equa-

tion 20 was used for the standard error. Coe et al. (1978) used the 

alternate expression for the standard error given by York (1966, p. 

1084). Both expressions for the standard errors are approximations, 

the former being derived assuming normally distributed data and the 

latter by simplification of a Taylor series expansion. 

Selection of Temperature Interval. The second problem in data 

reduction is how to select the appropriate temperature interval for 

paleointensity interpretation. This is perhaps the most critical but 

also most ambigous problem. Many samples show marked departures from 

the ideal relationship of Equation 18 at low and high temperatures. 

There may also be a general curvature to the RNRM-PTRM diagram, or two 

or more linear segments with different slopes. Coe (1967a) discussed 

some theoretical reasons for these deviations from linearity. 
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Different temperature intervals will have different best-fitting slopes 

so will imply different paleointensities. 

Sternberg and Butler'(1978) used objective goodness-of-fit cri

teria to select the best temperature interval. The Hohokam pottery 

used for that study was well oxidized and gave linear RNRH-PTRl-l dia

grams. Hany samples used in the present study did not behave so 

nicely. For these samples the objective criteria did not seem so suit

able. These tests are unable to detect subtleties in the data that 

can be recognized from inspection. Thus selection of the best interval 

was primarily subjective here. Factors considered and their general 

order of importance WEre: 

1. overall linearity of the RN~l-PTR}l diagram; 

2. secondary inflections in this diagram; 

3. comparison of diagrams from mUltiple specimens; 

4. constancy of RNR.."l directions; 

5. objective indicators of goodness-of-fit; 

6. repeat PTR..~ results; 

7. color changes of the specimen; 

8. agreement of inferred paleointensity with that of other con

temporaneous samples. 

Criteria two and three, in particular, can be evaluated by eye but are 

difficult to quantify. 

No minimum criteria were established for selection of a partic

ular interval. Since the RNRl-I-PTRl-l diagrams tend to be linear anyway, 

restriction to high correlation coefficients is not always diagnos

tic. As few as three points were used for the selected interval. This 
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is the smallest number of points that can be used for a nontrivial 

linear fit. Three points were only used, however, if that interval was 

corroborated by results from another specimen. No points were deleted 

from the middle of an interval to improve the fit unless there was 

evidence of experimental error. 

An evaluation of the RNRM stability was made by calculating the 

a95 using all RNRM directions for the interval chosen. The RNRM values 

decrease with temperature, so the errors in RNRM di~ection are likely 

to increase. Thus the strength of the RNRM magnetization at each step 

was used to weight the corresponding direction for the a95 calculation. 

Weighted Fisher statistics (eq. 4) were used. 

The three goodness-of-fit indicators were briefly discussed in 

Sternberg and Butler (1978): 

1. 
1 _ r2)1/2 

The relative error of the slope is 0b/b = (n from 

Equation 20. This quantity will decrease for increasing nand 

as Irl approaches one. 

2. The correlation coefficient r approaches an absolute value of 

one for more linearly associated points. The sign of r shows 

whether the association is direct or indirect. If there is no 

linear association the correlation coefficient will equal zero. 

3. A statistical test can be made to determine if the correlation 

coefficient is significantly different from zero. The Fisher 

z transformation (Fisher, 1958, pp. 175-210; David, 1938) is 

used where 
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1 In 1 + r 
z = 

2 1 - r 

1 
(23) ° _3)1/2 z (n 

The ratio z/o is approximately distributed as the standard 
z 

normal distribution. Its value will increase as the data are 

more colinear. For example if z/o = -1.645, the correlation 
z 

coefficient is significantly less than zero at the 95% confi-

dence level. 

The three goodness-of-fit indicators are not mutually independent sinc~ 

they all depend on r. Both 0b/b and z/oz are favored by a greater num

ber of points as well as by higher linearity. 

Coe et al. (1978) proposed a quality factor to gauge the reli-

ability of a paleointensity determination. It can also be used, like 

the above goodness-of-fit parameters, to evaluate case selection; The 

quality factor is the product of three other factors: the relative 

error, the RNR}1 fraction spanned, and the gap factor. The relative 

error of the slope, as given above, is a measure of the linearity 

of the regression line. The RNRH fraction spanned (f) is the frac-

tion of the total RNRl-1 spanned by the segment selected for paleo-

intensity determination. It increases from zero to one as more of 

the experimental data are used. The gap factor g is a measure of 

how evenly the data are distributed along the regression line for the 

selected interval. It increases from zero to one as the data are more 

evenly spaced. The quality factor is then given as q = fegeOb/b. 

For evenly distributed data the quality factor and goodness-of-fit 
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parameters will tend to be optimized for the same case (Sternberg and 

Butler, 1978). As the data become less linear the goodness-of-fit 

parameters may be optimized for different cases. The quality factor 

becomes a better overall indicator of reliability when the data are 

unevenly spaced (Coe, personal communication, 1977). The parameters 

0b/b, r, z/oz' f, g and q were calculated for all interpreted paleo

intensities. 

Hagnetic Anisotropy 

The relation between an applied magnetic field B and the mag

netization J induced in a material is 

J (24) 

where X is the susceptibility. If the material is isotropic and X is a 

scalar, J is parallel to B. In its most general form for an anisotro

pic material, X is a second rank tensor and J is not parallel to B. A 

component of J is thereby induced perpendicular to the applied field. 

Similarly, the development of the paleointensity methodology above 

assumed an isotropic material such that TRM = c·B where c is the scalar 

TRM susceptibility. If c is a second rank tensor, the TRM will be 

anisotropic. The previous equations given for reduction of paleoin

tensity data will not then be completely correct. 

Bhatal (1971) and Hrouda (1982) reviewed the problem of mag

netic anisotropy in minerals and rocks and the use of anisotropy as a 

petrofabric indicator. Burlatskaya and Petrova (1961) noted an anisot

ropy in pottery such that the remanent magnetization perpendicular to 
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the plane of the pottery was less stable than magnetization within the 

plane. This caused the magnetization vector to change systematically 

with azimuth. Rogers et al. (1979) discussed the problem of magnetic 

anisotropy in pottery in more detail. They cored cylindrical samples 

from different kinds of ancient pottery and applied PTRMs and total 

TRMs perpendicular to the axes of the cylinders. The magnetization 

parallel to the field varied systematically with the azimuth of the 

applied field for both PTRMs and TRMs. The variation was as much as 

60%. Some remanence was induced perpendicular to the direction of the 

applied field, and this amount also varied systematically with the azi

muth of the applied field. These effects, similar to those found by 

Burlatskaya and Petrova (1961), imply a magnetic anisotropy. Rogers 

et al. (1979) ruled out demagnetizing effects due to shape anisotropy 

because the cylindrical samples were nearly equidimensional and they 

were not strongly magnetized. Burlatskaya and Petrova (1961) also 

ruled out shape anisotropy because of low magnetization. Rogers et 

al. (1979) suggested that the explanation "may lie in the intrinsic 

magnetic anisotropy of the baked clay fabric." 

Hedley and Wagner (1981) looked at anisotropy of susceptibility 

for pottery of different ages. The anisotropy seems to increase with 

greater sophistication of ceramic technology, although there is con

siderable variability due to composition, forming and firing. Labora

tory experiments on modeling clay and modern tiles demonstrated that 

working and firing of clay contributes to the anisotropy of the baked 

clay, but the effect is enhanced by an order of magnitude during firing 

due to the growth of magnetic grains in a highly planar fabric. 
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Although a significant fabric anisotropy in non-wheeled South

western pottery was not expected, preliminary tests proved otherwise. 

Six samples from different Snake town sherds were given repeated PT~ls 

in a 50 ~T laboratory field between 350°C and room temperature. These 

PTRMs were cyclically applied along the sample x, y and z-axes. The 

resulting PTRHs along the x and y-axes (in the plane of the pottery) 

were not significantly different, but the PT~ls along the z-axis (per

pendicular to the plane of the pottery) were consistently lower by 

12-25%. This anisotropy was also evident in IIDls acquired along the 

different axes in an 0.8 T field, ranging from 3-16%. As with the 

samples of Rogers et al. (1979), the shapes and low magnetization of 

these samples could not account for these effects in terms of shape 

anisotropy. Thus it was concluded that there is magnetic fabric ani

sotropy in Southwestern prehistoric non-wheeled pottery. 

To correct the paleointensities for fabric anisotropy, a 

general treatment of TRN acquisition by anisotropic materials was 

followed (McElhinny, 1973, pp. 63-67; Stacey and Banerjee, 1974, pp. 

118-120). An easy plane model of magnetization was used. The TID! 

susceptibility was assumed isotropic in the plane of the pottery, and 

higher in this plane than perpendicular to it. This higher suscepti

bility makes this the easy plane of magnetization, and the z-axis is 

the hard direction of magnetization. This model is consistent with the 

quasi-planar fabric imparted during pottery manufacture, the prelimi

nary results above, and the results of Hedley and Wagner (1981). 

The NRM (originally a thermoremanence) is deflected from the 

direction of the field that is present during cooling. The field and 
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magnetization direction are at angles of e and ~ with respect to the 

plane of maximum TRM susceptibility. The NRM or PNruis acquired in the 

ambient paleofield B cah be decomposed into components along the easy 
p 

plane as 

PNrul 
max 

PNRN cos~ 

and along the hard axis as 

PNR}1 . mln PNR.."l sin ¢' 

c B cos8 
max p 

c . B sin 6 
mln p 

where c , PNR"l and c . , PNR.."l. are the susceptibilities and 
max max mln mln 

(25a) 

(25b) 

rernanences in the easy and hard directions, respectively. The total 

PN~l is the resultant of these components so that 

PNR}l (PN~12 + PNRi. ) 1/2 
max rnln 

(26) 

B c 
p max 
2 2 1/2 cosq,(P tan ¢ +1) 

where 

P c Ic. 
max mln 

tan 8/tan~ (27) 

P is the degree of anisotropy and can be experimentally determined by 

applying a laboratory TR}1 or PTRM with the field at a known arbitrary 

angle 8 measuring the resulting magnetization, and finding the angel ¢. 

Then P = tan8/tan¢. An alternative approach, the one used here, is to 
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apply separate PTRMs along the easy axes and the hard axis. The average 

acquired in an easy direction of magnetization in a lab field Bo is 

PTRMmax PTRM PTRM 
x Y 

t(PTRMx 
+ PTRH ) 

Y 

c B 
max 0 

For a PTRM applied along the hard axis of magnetization 

so that 

PTRN . ml.n PTRN 
z 

c . B ml.n 0 

P c /c. max ml.n 
PTRM /PTRM. 

max ml.n 

During the paleointensity experiments on the pottery, the 

(28) 

(29) 

(30) 

laboratory PTRMs were all applied along the x-axis, an easy direction 

of magnetization. Those magnetization vectors would then be parallel 

to the laboratory field B , so that 
o 

PTRM c B max 0 

From Equations 26 and 31 

PNRM ~ 1 
PTRM = B 0 -c-o-s-CP-( p"""":2=-t-=a=-n'"="2-cp-+-1-)-1-/ 2 

and the paleointensity is then 

(31) 

(32) 
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B 
P 

2 2 1/2 B' coscp (p tan cp + 1) . 
p 

(33) 

where B' = B (PNRM/PTRM) is the usual paleointensity for an isotropic 
p 0 

sample (eq. 14). 

The anisotropy correction to the paleointensity depends upon 

the degree of anisotropy and the angle of magnetization (Eq. 33). 

Figure 27a shows the correction as a function of cp, with each curve 

representing a different value of P. Figure 27b shows the correction 

as a function of P with the parameter for the different curves now 

being cp. The correction is zero when the magnetization is along the 

easy direction; it equals the anisotropy when magnetization is along 

the hard direction. 

The uncertainty in the anj.sotropy-corrected paleointensity 

depends upon the uncertainties in the raw paleointensity, the angle of 

magnetization, and the degree of anisotropy (eq. 33). Setting f equal 

h . f '" (p2 2 1) 1/2. E . 33 . to t e correct10n actor cos~ tan cp + 1n quat10n g1ves 

where 

B 
P 

dB 
-E. 
Bp 

df 
-= 
f 

fB' 
P 

tan [-dcp + 

(34a) 

(34b) 

P 2 
2 2 (tancp-dp + P sec cp-dcp)] 

1 + P tan <p 

(35) 

Figure 28 shows how this error factor depends on the various parameters. 
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Figure 27. Theoretical anisotropy correction for easy-plane 
model of magnetization. -- (a) Anisotropy correction factor f as a func
tion of ~, the angle between the magnetization vector and the easy 
plane. The parameter is the anisotropy P. (b) f as a function of P. 
The parameter is ~ (degrees). 



Figure 28. Theoretical error introduced by anisotropy correction. -- (a) The COl 

correction to the relative error of the paleointensity, Of/f is plotted as a function of 
is ~ (degrees), d~ = 0, dP = .01. (b) Of/f vs. P. The parameter is ~ (degrees), d~ = .1 

vs.~. The parameter is P, d~ = 0, dP = .01. (d) of/f vs~. The parameter is P, d~ = 
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The anisotropy correction is especially important for the fol

lowing reason. The easy plane model is reasonably valid. Laboratory 

PTR}ls for archaeointensity studies of ceramics will generally all be 

applied either in or perpendicular to the plane of the pottery. Uncor

rected paleointensities would then be systematically low or high, 

respectively. Although the anisotropy correction will make the cor

rected paleointensity less precise (eq. 34b), it will yield greater 

accuracy. 

The anisotropy effect was not discovered until after most of 

the paleointensity experiments had been finished. The repeated heat

ings of the Thelliers' experiment can induce mineralogical changes and 

thereby affect the anisotropy. Thus the anisotropies were determined 

from fresh specimens cut from the sherds used for paleointensity analy

sis. The same anisotropy value was then used for all specimens from 

the sherd. To test the errors incurred by using the easy plane model 

and from using these fresh specimens for the determination of P, 

fourteen specimens from the seven sherds SN020-SN026 were given suc

cessive. PTR.Hs along the x, y and z-axes. The temperature interval 

was 400°C to room temperature. This experiment was incorporated into 

the paleointensity experiments for these specimens. After measurement, 

these PT~ls were repeated. The x, y and z PTRHs provided a test of the 

easy plane model; the replicate x, y, z measurements served as a test 

of repeatibility; the two specimens per sample checked the uniformity 

of anisotropy within a sherd. Each of these effects gave values of 

Dp/P of about 10%. The uncertainty introduced by the easy plane model 

and by the assumption of uniform anisotropy within a sherd do not 
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exceed the disparity between repeat measurements, so it is reasonable 

to adopt these models. 

Anisotropies were determined for 71 specimens from 62 sherds. 

Total TRMs were avoided to minimize the possibility of mineralogical 

change during even this single heating. PTRMs were applied between 

room temperature and either 300°C or 400°C, depending on whether lower 

or higher temperatures had been used for the paleointensity interpre-

tation for that sample. The laboratory field was 50 ~T. PTRMs were 

applied once each along the x, y and z-axes, and P was calculated from 

Equation 30. The error dP was found by using dp P = 0.1, based on the 

runs with the Hohokam samples. The angles ~ and d~ were calculated for 

each specimen from the RNRM directions for the temperature interval 

used for paleointensity interpretation. For the sherd coordinate 

system used (z-axis as the hard direction), ~ is equivalent to the mag-

netic inclination in sample coordinates. Weighted Fisher statistics 

were used to calculate the average inclination or ~ for the appropriate 

temperature interval. The weights were the RNRM values. The 8
63 

angle 

(Irving, 1964, p. 60), the circular standard deviation, was used for 

d~. 

Figure 29a shows the anisotropy values PTRM /PTRM for these y x 

specimens within the easy plane and Figure 29B indicates the anisotropy 

~(PTRM + PTRM )/PTRM of the easy plane relative to the hard axis. 
x y z 

These data support the general validity of the easy-plane model. The 

mean anisotropy within the easy plane is 1.068 ± 0.017, whereas the 

anisotropy of the easy plane is 1.312 ± 0.030. The latter is signifi-

cantly greater than the former, so the model is a good first-order 
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Figure 29. Pottery specimen anistropies. -- (a) The anisot
ropy P of the magnetization along the y-axis relative to the x-axis, 
both within the plane of the pottery, which is the presumed easy plane 
of magnetization. (b) The anisotropy of the magnetization in the plane 
of the pottery relative to the z-axis, the presumed hard direction of 
magnetization. 
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approximation. However, the anisotropy within the easy plane is 

significantly greater than 1.0. Thus the y-axis is an easier direction 

of magnetization than the x-axis. This is so because the x and y-axes 

were not randomly oriented in the plane of the pottery. The x-axis was 

drawn towards the top of the pot when possible and the y-axis perpen-

dicular to it. Both the coiling and smoothing processes during pottery 

making would tend to align elongated grains along the y-axis. This 

alignment would produce the second-order anisotropy within the easy 

plane. Hedley and Wagner (1981) also found an easier axis within the 

easy plane which was parallel to visible striations caused by the work-

ing of the clay. 

Aitken, Alcock, Bussell, and Shaw (1981) used an easy plane 

model as a reconnaisance technique for making an anisotropy correction. 

Their easy plane is allowed to be different than the plane of the pot-

tery. The equations in their appendix reduce to Equation 33 above 

under the restriction that D = 0, r . = r = a, and p = 0 (their equa-
x y 

tions), or that the easy plane of magnetization is the plane of the 

pottery. Aitken, Alcock, Bussell, and Shaw (1981) cautioned against 

the a priori assumption that the easy-plane model will be valid for 

for any particular sample. They preferred a replication procedure 

involving PTIDls imparted after the Thellier experiment is complete, but 

this suffers from the problem mentioned above. They noted, however, a 

temperature dependence of the anisotropy. If this is significant, it 

can cause nonlinearity in the RNR}l-PTRH diagram and directional changes 

in the RN~~ vector. This suggests a modification of the Thellier experi-

ment to include the necessary measurements for a temperature-dependent 
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anisotropy correction. Two or three PTRHs could be imparted at each 

temperature step along easy and hard or x, y, and z directions. Step

wise anisotropies could then be determined before the maximum tempera

ture of the experiment was reached. 

Rock Hagnetism 

Rock magnetic aspects of the pottery samples were investigated 

using coercivity analysis. Remanences of both the NR}1s and IID1s, the 

coercivity spectra of these remanences, and cross-plots of these para

meters were examined. For the 77 sherds used in this study, 75 samples 

from 74 sherds were progressively demagnetized in an alternating field. 

After the demagnetization was complete, 44 of these samples were used 

for progressive IR.\j acquisition. Eight samples which had not been pre

viously demagnetized were also used for IRN acquisition. The peak 

fields used for IRN acquisition were between .75T and .S5T. 

Histograms of the NRNs for the demagnetized samples and IRl·ls 

are shown in Figure 30. NR.~s range from about .005 to .5 Aim. The 

distribution is skewed with more NRHs concentrated in the high side of 

the range. The IRMs show a similarly shaped distribution with values 

from about .5 to 50 Aim. Figure 31 is a cross-plot of log(IR}l) against 

10g(NR}1). There is an obvious positive correlation. This implies that 

the NRH-carrying and bulk ferromagnetic minerals are at least asso

ciated and are perhaps identical. 

The coercivity of remanence can be represented by the MDF as 

was done for the hearth samples. Figure 32 shows a histogram of the 

pottery MDFs. The remanence in the pottery is considerably harder 
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than in the hearths (fig. 4). The median MDF for hearths is 15mT while 

the lowest pottery MDF is 17mT. The median pottery MDF is 36mT with an 

interquartile range of 26-64 mT. These higher coercivities may indi

cate that hematite or titanohematite carries more of the remanence in 

pottery than in hearths. 

Figure 33 is a plot of HDF vs. NRN for pottery specimens. 

Specimens with high HDFs have low NIDls, and specimens with high NR.'!s 

have low MDFs. Titanohematite is most likely the primary carrier of 

the remanence for the high coercivity, low NR.~! specimens. Titanomag

netite may be carrying the remanence in the low coercivity, high ~R~~ 

specimens. 

The coercivity spectrum of lRM acquisition can again be 

described by the ratios of lID! acquired at 0.1 T and O. 3T to the lID1 

acquired for the maximum DC field. Histograms of these ratios are 

shown in Figure 34. Some values are slightly greater than 1.0. This 

could be due to small measurement errors or to spontaneous decay of the 

maximum lRM in grains with relaxation times shorter than the measure

ment time. Only a few samples are saturated at O.lT. More samples 

are saturated at D.3T, but 15 of 52 samples (30%) still have ratios 

less than D.95. Thus the lIDl coercivity spectra suggest that hematite 

is a significant bulk ferromagnetic mineral for some samples. This is 

probably due to the oxidizing environment used to fire certain pottery 

types. The magnetic mineralogy of the ceramics likely contains both 

titanomagnetite and titanohematite, so it would appear to be more com

plex than the mineralogy of hearth samples. This could explain the 
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greater success rate that Lee (1975) had with hearths in paleointensity 

experiments. 

Results 

Specimen Results 

Paleointensities were interpreted for 127 specimens from 54 

different samples. These results are given in Appendix E. Included in 

this table are the anisotropy and anisotropy correction, the number of 

points in the interpreted temperature interval, the various reliability 

indicators, the relative errors for the anisotropy correction and the 

slope of the best-fitting line, the corrected paleointensity and its 

standard error. Results from Sternberg and Butler (1978) were re-

interpreted so that all interpretations would be consistently based on 

the same criteria. Anisotropy corrections have also been applied to 

these earlier results. The results reported here supersede those in 

Sternberg and Butler (1978). Sherds numbered 2,4, 5, 6,7, 18, 13, 

14, 17 in the earlier study are her~ labeled SNOOI-SN009, respectively. 

Figure 35 shows crpss-plots of the goodness-of-fit parameters 

r, z/oz and blab against the quality index q. The correlation coeff~

cient saturates quickly as q continues to increase (fig. 35a). Both 

z/oz and blab tend to increase monotonically with q (figs. 35b, 35c). 

The z/o vs. q plot exhibits some convex curvature, indicating that as q 
z 

increases it becomes a more sensitive index. The linearity of the blab 

vs q plot suggests that these are nearly equivalent goodness-af-fit 

indicators for the data of this study. Some points with low relative 

errors do have lower values of q than the general trend. This is in the 
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sense suggested by Coe (personal communication, 1977) for linear but 

poorly distributed data with low gap factors or NRM fractions spanned. 

A histogram of q values for all interpreted results is shown in 

Figure 36. The values range from 0.4 to 77. The median q is 12, and 

the interquartile range is 6-28. These quality factors are lower than 

Champion's (1980) for Holocene igneous rocks. His values range from 

0.7 to 224, with a median of 29 and an interquartile range of 14-56. 

The lower values here probably reflect the complex mineralogy of the 

pottery and consequent difficulties with the paleointensity experiment. 

Also, the subjective nature of the paleointensity interpretation did 

not always select the temperature interval with the highest quality 

factor. 

2S 

20 

S 

10 20 so 40 

QUALITY FACTOR 

80 

Figure 36. Quality factors for specimen paleointensity inter
pretations 
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Figure 37 is a cross-plot of q vs. MDF for specimens from the 

same sherd. If anything, the expectation would have been that sherds 

with higher MDFs and presumably a higher titanohematite content would 

have been more resistant to alteration during the laboratory heatings 

and more successful in the paleointensity experiment, resulting in 

higher q values. This is clearly not the case. Although a low MDF 

does not necessarily mean a high value for q, all the high q values 

come from samples having lower MDFs. Thus the simple MDF parameter 

cannot be used to preselect suitable samples for the paleointensity 

experiment. 

Figure 37. Quality factors for specimen paleointensity inter
pretations vs. MDFs for specimens from the same sherd. -- The same MDF 
may correspond to several values of q if multiple specimens were used 
for paleointensity interpretation. Points on the x and y axes repre
sent sherds for which no paleointensity interpretations were made and 
for which no MDFs were determined, respectively. 
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All paleointensity results were corrected for anisotropy. A 

histogram of the anisotropy correction factor f (eqs. 33, 34a) is shown 

in Figure 38. The median value for f is 1.054, with an interquartile 

range of 1.013-1.140. The median correction factor of 5.4% is much 

less than the median anisotropy P of 31.2% (fig. 29b) because of the 

dependence of f on ~ as well as on P. This correction is still signifi

cant since the anisotropy correction is not random but systematically 

increases the paleointensities. Five Hohokam sherds (SN004, SN006, 

SN008, SN009, SN012) were too small for anisotropies to be determined 

from additional specimens. For these cases the anisotropy was taken 

as the average anisotropy of other sherds from the same ceramic phase. 

Examples of Paleointensity Interpretation 

The RNRM-PTRM diagrams from the Thellier experiment exhibited a 

wide variety of behaviors. The useful information is partially summa

rized by the number of interpreted points, temperature interval, 

goodness-of-fit parameters and quality indices, but examination of a 

few diagrams further illustrates some of the nuances of the data. 

RNRM-PTRM diagrams and RNRM directions vs. temperature for six sherds 

are shown in Figures 39-44. These diagrams show all data points and 

indicate what temperature intervals were used for paleointensity inter

pretation. The repeat PTRMs imparted between 300°C and room tempera

ture after heating to higher temperatures are also shown. 

Results for sample SN015 are given in Figure 39. The RNRM

PTRM diagrams for the three specimens are linear over the interpreted 

temperature intervals. In fact, specimen SN015C had the second highest 
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Figure 38. Anisotropy correction factors for specimen paleo
intensities 
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quality factor in this study (q = 69). Quality factors for the other 

two specimens were also high (Appendix E). Even so, there is evidence 

for second-order departures from linearity. SN015D is concave up 

between 200°C and 400°C, and all three specimens are slightly concave 

up between 400°C and 550°C. Such trends are often only noticeable when 

seen in multiple specimens. The repeat PTIDls after 400°C are all close 

to the original PTRHs at 300°C, but the repeat PTlli~s after 600°C are 

all higher than the originals. Deviation from linearity at the high 

temperatures is probably due to mineralogical change of the specimens 

during laboratory heating. The RNIDI directions are not stable, but 

drift towards the x-axis in the easy plane of magnetization. The same 

behavior was observed during AF demagnetization. This could be caused 

if the drawing temperature of the pot was near but below the Curie tem-

perature, by a temperature-dependent anisotropy, or by gradual altera-

tion and re-magnetization. Although drifting RN~~ vectors are always 

cause for cautious interpretation, it was assumed that the inferred 

paleointensities were valid. The relative error of the sample average 

paleointensity, n
B 

/B (Appendix F) was 0.014, indicating that the 
p p 

agreement of the paleointensities inferred from the three specimens 

was good. 

For sample SN019 (fig. 40), specimens A and D have parallel 

RNR}I-PTRM diagrams for the mid-temperature range. They show different 

behaviors at low temperatures, probably due to a low-temperature 

reheating or to unstable secondary components of magnetization 

such as VRH. The curves are thus separated from one another. The 

results are still similar because paleointensities depend only on the 
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slope of the RNRM-PTRM diagram and not on the y-intercept (Eq. 17). 

The RNRM-PT~1 diagram for specimen C has a similar slope for the two

point temperature interval 200-250°C, but it is generally nonlinear. 

This specimen was taken from a part of the sherd that was smudged, and 

the curved nature of the diagram is attributed to the oxidation of 

this reduced area as the laboratory heatings progressed. The repeat 

PT~ls after 400°C are higher than the original PTRHs, and those after 

600°C have increased still further. This indicates a progressive 

alteration of the blocking temperature spectra due to the laboratory 

heatings. The changes in PT~ls are greatest for the smudged specimen 

C, which likely has undergone the greatest mineralogical change. The 

R.~R}I directions for specimens A and D are moderately stable over the 

interpreted range, even though the directions for D are unstable below 

200°C where the RN~I-PTR}1 diagram is also nonlinear. RNRN directions 

are unstable for specimen C, presumably due to the smudge. The rela

tive error for the sample average, 0.004, was one of the best from this 

study, indicating the close agreement of results from specimens A and D. 

Sample SN017 (fig. 41) shows a different behavior. The quality 

factors are good, the repeat PT~ls are in excellent agreement with tHe 

original PTIDls, and the RN~1 direc tions are fairly stable. Nonetheless, 

the RNR}I-PTRN diagrams are not closely parallel and the relative error 

for the sample average is 0.133, which is not particularly good. 

Although the diagrams are all linear, mineralogical change may be 

responsible for the different slopes. For example, specimens A and D 

have almost identical points between 250-350°C but diverge for higher 

temperatures. There is an inflection in the diagram for C at 350°C 
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which may indicate some alteration. Another possible reason for non-

parallel linear diagrams is an anisotropy that varies significantly 

between specimens. This cannot be the explanation here, however. The 

anisotropy for this sherd is 31%, but the anisotropy correction is less 

than 3% because the magnetization is nearly in the plane of the sherd. 

It would not be surprising if some property related to magneti-

zation varied significantly within a piece of pottery. Forming pro-

cesses will not necessarily promote total uniformity throughout a pot. 

Furthermore, Rye (1981) measured as much as a 600°C temperature differ-

ential across primitive pottery during firing. 

Interpretations for sh~rd S~017 also show how the RK~l direc-

tions and comparison of results between specimens were used along with 

the linearity of the RKIDI-PT~I diagrams to select the temperature inter-

val for paleointensity interpretations. Low temperature points for 

SN017A and SK017D were not interpreted even though they were co-linear 

with the higher temperature data (fig. 41a). The RNIDI directions are 

unstable at these low temperatures (fig. 41b), and the low temperature 

points for s~ecimen C are not consistent with the linear trend of higher 

temperature points. The 650°C points were also not included in the 

interpretation because the RNRM directions are again becoming unstable 

and the 650°C point for specimen D is not co-linear with lower tempera-

ture data. 

Results for SN020 are shown (fig. 42) because this sample is 

important in the interpretation of the Hohokam archaeointensity record 

(see results and discussion below). The quality factors for these 

specimens are not as high as for the previous sample, but the 
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interpretations are reasonable. However, one cannot categorically rule 

out the possibility that the paleointensities should be determined from 

the low temperature points of these specimens. The low values of the 

repeat PT~ls could be explained by a shift of the magnetization into 

lower blocking temperatures during the laboratory heatings and the 

observed increase in the slope of the RN~l-PTR..'1 diagrams. The RNR)l 

directions are stable which argues against secondary components or 

temperature-dependent anisotropy. 

One of the least secure interpretations was made for sample 

ANOOI (fig. 43). The quality factors for these specimens were very 

low due to low N~I fractions spanned and a high relative error for 

specimen B. The nonlinear low temperature points are presumably due 

to VR)l. The high temperature points are fairly linear with a smaller 

slope, but they have probably been affected by alteration. Directional 

stablility for the Rl~R.'! vectors is fair. The sample relative error of 

0.202 indicates the poor agreement of the two specimen results. 

Specimens for the previous examples were all heated in air. 

Sample WA002 (fig. 44) includes two specimens which were heated in air 

(A, C) and two that were heated in a weak vacuum (B, D). The behavior 

of the samples in the two environments are different. Specimens A and 

C have linear RNRH-PTRH diagrams over much of the temperature range and 

yield correspondingly high quality factors. The diagrams for Band D 

show very similar nonlinear behavior at high temperatures. Interpreta

tions for both were made using the temperature intervals of ISO-300°C. 

The quality factors are thus much lower for the vacuum specimens. The 

paleointensities for these specimens are also about 10% higher than 
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those for the specimens heated in air. The sample relative error of 

0.023 is still quite good. 

The four examples above of good paleointensity interpretations 

were all Snaketown ceramics. This well-oxidized pottery gave generally 

good paleointensity results with high quality factors. This study did 

not demonstrate that heating under partial vacuum is particularly use-

ful for paleointensity experiments on primitive Southwestern ceramics. 

Paleointensities were inferred for some of the vacuum heatings. How-

ever, when specimens from the same sample were heated in both air and 

vacuum, the air heatings generally (but not always) gave better 

results. Heating in vacuum often caused mineralogical changes not 

evident in the air heatings, as seen in the previous example. Two 

factors may be responsible for the performance of the vacuum samples. 

First, the vacuum was rather weak and a tighter vacuum might have 

yielded better results. Second, the cold trap on the vacuum system 

was not kept cool. Vapors from the diffusion pump oil could have back-

streamed into the low pressure area and actually have created a reduc-

ing atmosphere. This can reduce ferric minerals, a process that will 

be accelerated at elevated temperatures (Shive and Diehl, 1977). 

Sample Average Paleointensities 
and Axial Dipole Moments 

Paleointensities interpreted for multiple specimens were com-

bined to obtain sample averages. One must decide whether to use 

unweighted or weighted averages (van der Waerden, 1969, pp. 108-113). 

For a series of results x. which are known with equal precision the 
1 

ordinary unweighted statistics give 
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x = 'Lx. /n 
1 

? 
'L(x. - X) -

) 1/2 0- = ( 1 (36 ) }; n(n 1) 

where x is the average, 0- is the standard error of the mean, and the 
x 

sums are taken from one to n where n is the number of points. for 

observations with differing precisions, weighted statistics can be 

used to give 

x = 'l..("'.x.)/ w. 
111 

(37b) 

where w. = l/O~, the inverse of the variance. Note that Equation 37b 
1 1 

is different from the often used expressiun for the standard error of 

a weighted mean 

? 
X = l/'L(l/o":") 

1 
(38) 

This latter expression is essentially derived by assuming a value of 

one for a constant of proportionality that can actually be estimated 

from the data (0 in eq.12 of van der Waerden, 1969, p. Ill). This 

estimation leads to the expression 0- in Equation 37b. Equations 
x 

37 both have the desirable property of reducing to Equations 36 if all 

a. are indeed equal. Equation 38, however, does not reduce to the 
1 

unweighted case. 
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The weighted means and standard errors depend not only on the 

values x. but also a., the weights or certainties with which the mean 
1 1 

values are known. A point with a discordant x. will have a relatively 
1 

large effect on x and 0- of Equations 36. If 0. is large for this 
x 1 

point, its effect on x and 0- will be attenuated in Equations 37. Conx 

versely, a point with lower 0. will have a proportionately larger 
1 

effect if these equations are used. As van der Waerden (1969, p. 111) 

emphasized, weighted statistics should be used with caution if the 0. 
1 

are only estimates of the population values. 

Various permutations of weighted statistics have been used to 

average specimen paleointensities (Coe et al., 1978; Sternberg and 

Butler, 1978; Shaw, 1979; Champion, 1980). It was decided here that 

the uneven quality of the data and the subjective nature of the paleo-

intensity interpretation did not warrant the use of weighting. Since 

the preferred temperature segment and its standard error of the slope 

are based partially on subjective criteria and not on strictly statis-

tical grounds, ab is not an objective statistical indicator of the 

uncertainty of the slope and should not be used as a weighting factor. 

Sample average paleointensities are listed in Appendix F. Both 

the unweighted (eq. 36) and weighted (eq. 37) paleointensities are 

given. The virtual axial dipole moment (VADM) and its standard error 

was calculated from the unweightedmean paleointensity and its standard 

error according to the equations 



VADH 
3 2 k 

B a (1 + 3cos A) 2 
P 

1 -,
I I 

(39) 

where B is the paleointensity, a is the radius of the earth, and A is 
p 

the geographic latitude of the site. The VADM normalizes the paleoin-

tensities for the latitudinal variation of the geomagnetic dipole 

field strength (Barton et al., 1979; Champion, 1980). As the name 

implies, the VADM is the magnetic moment of a geocentric axial dipole 

that would yield the given value of B at latitude A. When only one 
p 

specimen from a sherd was used, the sample average was set equal to the 

specimen value. 22 2 
An arbitrary value of 1 x 10 Am was then assigned 

to 0VADM' This represents a relative error of 12.6% for the present-

22 2 
day VAml of 7.94 x 10 Am (table 1). This error is large enough to 

reduce the influence of these single-specimen samples in the computa-

tion of weighted average VADHs. The VAmls and their standard errors 

are given in Appendix F. 

The uncertainty in the smoothed archaeointensity SV curve, as 

with the direction curve, will depend upon the uncertainties in both' 

the ages and archaeointensities of the individual sherds. Age ranges 

for the estimated dates of pottery firing were as low as one year for 

historic material, seven years for protohistoric samples, and twelve 

years for prehistoric sherds. The assigned age ranges for non-Hohokam 

samples had a fairly uniform distribution with a maximum range of 105 

years (fig. 45). Use of previously excavated material made it easier 

to choose well-dated samples. This was not always possible with the 
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Figure 45. Age ranges for dates on potsherds. -- The histo
gram does not include Hohokam sherd age ranges, which are all 150-300 
years. 
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hearths. Sherds from the Hohokam culture were not so precisely dated 

because of the scarcity of tree-ring dating at Hohokam sites. Ages 

were initially given to these samples using the ceramic phase chrono-

logy of Haury (1976, pp. 325-340), by which age ranges of 150, 200 and 

300 years were assigned to 10, 14 and 5 sherds, respectively. An 

alternative Hohokam chronology will be considered in the analysis of 

the Hohokam results. 

The precision of the paleointensity results is indicated by 

their relative errors, 0B /B. The relative error of a specimen result 
p p 

includes contributions from the nonlinearity of the RNRM-PTRM diagram 

and from the uncertainty of the anisotropy correction (eq. 34b). 

Figure 46 shows these contributions as well as the total relative 

error. The nonlinearity relative error (fig. 46a) is approximately 

Poisson distributed with a median value of 0.030 and an interquartile 

range of 0.017-0.047. The relative er.ror of the anisotropy correction 

is more uniformly distributed (fig. 46b) with a median of 0.058 and an 

interquartile range of 0.021-0.088. The total relative error (fig. 

46c) also is distributed evenly up to values of 0.200 with a median of 

0.090 and an interquartile range of 0.057-0.123. The median total 

relative error of 9% is three times the median contrtbution from the 

nonlinearity term alone. Thus the anisotropy not only systematically 

affects the specimen paleo intensities but also increases the impreci-

sion with which these values are known. 

The precisions of the sample average paleo intensities is just 

a result of the dispersion between specimen results. Figure 47 shows 

the sample relative errors. Most results are less than 15%; the median 
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Figure 46. Relative errors in specimen paleointensities. -
(a) Contribution from nonlinearity of best-fitting line. (b) Contri
bution from anistropy correction. (c) Total relative error. 
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Figure 47. Relative errors in sample average paleointensities 
due to dispersion of specimen results 
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is 0.050 and the interquartile range is 0.026-0.100. The sample rela-

tive errors are less than the total errors on the individual specimens. 

In other words, precision is increased by measuring multiple specimens. 

'The Hohokam results and the other data were kept separate 

because of the uncertainty of the Hohokam chronology. The other 

results are identified as the Southwestern data set. The sample aver-

age Southwestern VAmis are shown in figure 48a. The Southwestern data 

are sparse and scattered. In the discussion section a smooth curve 

will be fit to the total Southwestern data set, including results 

from other studies. The Hohokam VADHs are plotted in figure 48b. 

The Hohokam data set consists of all the Snake town (SN) samples 

plus samples G~OOl, GR002 and RIOOI. This data set is dense enough 

to smooth before considering Hohokam archaeointensities from ether 

studies. 

Smoothing the VAD~1 Data 

Moving windows similar to those used in the analysis of 

archaeomagnetic directions were used to smooth the VAmls. The general 

concept is the same, only now the quantity to be smoothed is a scalar 

rather than a vector. Weighting for the uncertainty in the age of the 

pottery firing is as before, using the fractional overlap of the age 

range with the window. Regarding the uncertainties in the paleointne-

sitities or VADNs themselves, both unweighted and weighted averages were 

computed. For unweighted averages all VADMs are given equal weight. 

With the jth window each VADM is assigned a weight w. = f .. due only 
1 1J 
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Figure 48. VADMS corresponding to sample average paleointen
sities from this study. -- Error bars show age ranges of features and· 
standard errors of the mean VADM. (a) Southwestern data. (b) Hohokam 
data. 
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to its fractional age overlap with that window. This weighting scheme 

is designated MlWl. For weighted averages, each VADM is weighted 

according to the inverse of its variance. The total weight is then 

the product of the weighting due to the uncertainty in age and that due 

to the uncertainty in VADH such that w. 
1 

2 
- fi/oi' where °i = °VAml' 

This weighting scheme is designated M2W3. Using these weights, the 

average and s~andard error within each window of time was computed from 

Equations 37. 

Outlier tests were also used to identify anomalous sample 

results. The outlier tests are based on an assumed underlying normal 

distribution for the ordinate values. Thus the VAm: curves used for 

outlier analyses used the weighting scheme M1Wl which also assumes a 

normal distribution. This is the more conservative approach since }lH:l 

often produces larger standard errors than does M2W3 and makes out-

liers less likely. The outlier tests suggested by Grubbs (1969) were 

used to detect single high or low outliers, double high or low outliers, 

or a pair of one each high and low outliers. The test statistic for a 

single outlier is Ix. - xl/s, where x and s are the average value and 
1 

standard error for all results in a window of time, and x. is the 
1 

highest or lowest value in that window. This statistic was compared to 

the critical value table (Grubbs, 1969, table 1) at the 2.5% siginfi-

cance level. The effective significance level is 5% for this two-sided 

test. For double high or low outliers, si 2/s2 is the test statistic, , 
2 . 2 

where S is the variance of all results in the W1ndow and Sl,2 is the 

variance with the two highest or lowest points deleted. The 5% level 

in Grubbs' Table 4 was used. For a pair of one high and one low result, 
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the test statistic is wls, where w is the difference between the 

extreme values. This was compared to the critical value at the 5% 

level in Grubbs' table 3. Each VAml was tested as an outlier for all 

windows of time where its fractional overlap was more than 20%. 

Pairs of VADMs were tested as joint outliers if the product of their 

fractional overlaps was greater than 5%. 

Although the outlier tests were devised as objective measures 

of deviations from the general trend of the data, it should be stressed 

that identification of an outlier does not necessarily mean that it is 

a bad result. The test depends on both the density of the data (includ

ing age ranges) and the rate of secular variation. Results designated 

as outliers may not be so if the data set is augmented by further 

results, and vice versa. All experimental results should thus be 

reported, and the results of the outlier tests given separately. 

For the Hohokam data of this study, a moving window of length 

200 years was used to generate a smooth VADH curve. Successive windoy,Ts 

overlapped by 100 years. Window lengths of 100 and 50 years were also 

tried but did not elicit further details of the SV. The 200-year win

dow is consistent with the typical age range of Hohokam ceramics. Sam

ples SN023 and SN014 were identified as outliers. After these were 

deleted, VAml curves were generated by applying the smoothers M1Wl and 

M2W3. The interval averages, standard errors, and number of points for 

these two curves are given in Table 12. The curves are similar and not 

significantly different considering the interval standard errors. The 

large standard errors for the first few points are due to SN020 which 

had a relatively high paleointensity for that interval but could not be 
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Table 12. Hohokam smoothed VADMs. -- Data are from this 
study only. Column headings: Age Range is the window interval, N is 
the number of samples overlapping that interval, N. is the effective 
number of points per interval, VADM is the virtualJaxial dipole moment, 
a is the standa~d error of the VADM, a/VADM is the relative error of 
the VADM, and VADM is the rate of change of the VADM. Results are 
given for weighting schemes M1Wl and M2W3. 

Age Range VADM a VADM 
(yr Be/AD) N N

j 
lo22Am2 lO22Am2 a/VADM lO22Am2 

MIW1 

-300- -100 3 2.00 11.29 2.773 02457 
-200-0 3 2.00 11.29 2.773 .2457 .00000 
-100-100 4 1.50 10.82 2.015 .1863 -.00466 

0-200 1 1.00 9.42 2.015 .2139 -.01398 
100-300 4 2.50 8.92 .201 .0226 -.00502 
200-400 5 3.50 8.37 .308 .0368 -.00545 
300-500 5 2.50 8.37 .308 .0368 .00000 
400-600 5 2.83 8.29 .367 .0443 -.00083 
500-700 6 3.75 8.34 .303 .0363 .00044 
600-800 7 3.67 8.79 .205 .0233 .00458 
700-900 4 3.50 8.93 .173 .0194 .00135 
800-1000 6 3.00 9.69 .507 .0523 .00761 
900-1100 3 2.25 10.52 .742 .0706 .00826 

1000-1200 5 2:33 9.91 .710 .0717 -.00608 
1100-1300 3 2.33 9.04 .819 .0906 -.00870 
1200-1400 5 3.00 10.84 1.232 .1137 .01801 
1300-1500 4 2.67 11.02 1. 573 .1427 .00186 
1400-1600 2 0.67 13.54 1.004 .0741 .02517 

M2W3 

-300- -100 3 2.00 12.63 3.160 .2503 
-200-0 3 2.00 12.63 3.160 .2503 .00000 
-100-100 4 1. 50 11. 70 2.331 .1993 -.00930 

0-200 1 1.00 9.42 2.331 .2474 -.02276 
100-300 4 2.50 8.71 .021 .0024 -.00711 
200-400 5 3.50 8.70 .044 .0050 -.00010 
300-500 5 2.50 8.64 .117 .0135 -.00060 
400-600 5 2.83 8.25 .240 .0291 -.00390 
500-700 6 3.75 8.28 .223 .0269 .00026 
600-800 7 3.67 9.05 .123 .0136 .00771 
700-900 4 3.50 9.13 .041 .0045 .00081 
800-1000 6 3.00 9.90 .369 .0373 .00772 
900-1100 3 _ 2.25 10.52 .422 .0401 .00622 

1000-1200 5 2.33 10.73 .095 .0088 .00210 
1100-1300 3 2.33 10.04 .232 .0231 -.00692 
1200-1400 5 3.00 10.11 .442 .0438 .00068 
1300-1500 4 2.67 11.23 1.276 .1136 .01116 
1400-1600 2 0.67 13.02 .855 .0657 .01790 



rejected as an outlier. The smooth VADH curve produced by smoother 

MlWl is plotted in Figure 49. 

Discussion 

Precision and Accuracy of Results 
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The precision of the paleointensities from this study were 

discussed above. The specimen standard errors of 5.8% (not including 

anisotropy correction) and the sample standard errors of 5% are 

typical for paleointensity studies (e.g., Senanayake et al., 1982). 

Accuracy was tested in two ways. Sternberg and Butler (1978) 

imparted total T~ls to two pottery and one brick specimens in the labo

ratory. The laboratory field was 77 ~T. The paleointensity experiment 

was then performed on these specimens. The weighted average for the 

three results was 74 ± 2 ~T, not significantly different from the Imown 

field. These results were corrected for anisotropy and re-interpreted, 

giving an even better paleointensity of 75.2 ± 2.0 ~T. This experiment 

demonstrated that under ideal conditions the paradigm used in this 

study can recover correct paleointensities. However, the smooth tem

perature vs. time schedule and uniformly oxidizing atmosphere present 

during application of the laboratory TRH will not be available during 

the firing of primitive pottery. 

A better test of accuracy for primitive pottery would be one 

using the N~ls acquired under natural firing conditions, so paleointen

sities derived from modern primitive pottery were compared against 

direct measurements of magnetic field strength. Direct readings of the 

magnetic field were made in Nogales, Arizona in A.D. 1855 and 1892 and 
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Figure 49. Smoothed VADMs for Hohokam data from this study. 
Weighting scheme MIWI was used. 
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in Tucson in 1902 (Hazard, 1917). Annual means from the u.s. Geological 

Survey Tucson magnetic observatory began in 1910 (World Data Center A 

for Solar-Terrestrial Physics, 1974). Fourteen of the samples listed 

in Appendix F were fired since 1840. The paleo intensities for these 

samples along with the modern trend are plotted in Figure 50a. The 

results are scattered about the modern trend. The pa1eointensities 

were smoothed with the moving window as would be done for noisy pre

historic results. A 40-year window with successive windows overlap

ping by 20 years was used. Figure 50b shows the modern trend, the 

smoothed VADM using MlWl, and the smoothed VADM using M2W3. The stan

dard errors are shown for M2W3; they are slightly larger for MlWl. The 

general trends of the curves are the same and the epoch averages are 

generally not significantly different from the modern trend, consider

ing the standard errors. The error in the smoothed curves, about 5-10%, 

is comparable to the imprecision of the individual results. Burlatskaya 

(1972) also compared archaeointensities to direct observations and 

found 5% errors, approximately equal to the archaeointensity impreci

sions. It thus appears that an archaeointensity record of reasonable 

albeit imperfect fidelity can be derived. 

The relative errors for the smoothed Hohokam record are 

included in Table 12. For M1Wl, the median value is 7.1% with an inter

quartile range of 3.7-14.3%. For M2W2, the median and interquartile 

range are 2.9% and 1.4-11.4%, respectively. The interval relative 

errors are smaller for M2W3 because this weighting scheme is sensi-

tive to individual determinations having high precision. The interval 

relative errors for MlWl, on the other hand, are only determined by the 
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Figure 50. Historic paleointensities compared to direct mea
surements of field intensity. -- (a) VADMs from direct measurements of 
field intensity in Nogales, Arizona and Tucson (dashed line); VADMs 
from paleointensities on historic pottery samples (circles and error 
bars). (b) VADMs from direct measurements of field intensity (dashed 
line); smoothed VADMs using weighting MlWl for historic paleointensi
ties (triangles); smoothed VADMs using weighting M2W3 for historic 
paleointensities (circles). Standard errors are not shown for MlWl, 
but are about 50% larger than those shown for M2W3. 
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dispersion of the results. The relative errors of the sample pa1eo

intensities vary by a factor of 107, or three times as much as the 

variation of the precision parameter k for the archaeomagnetic direc

tions. Thus, while the smoothed directions were insensitive to the 

weighting scheme used, the smoothed pa1eointensities will be affected 

by how the errors are treated. The interval relative errors for MlWl 

are comparable to the relative errors of the sample results (fig. 47). 

This was also the case for archaeomagnetic directions. The interval 

archaeointensity precisions, like the directions, depend inversely on 

the number of points per interval. The data suggest that the desired 

number of effective points per interval is about 3.5, or a total of 

about seven points per interval. The precisions of the compiled 

archaeomagnetic records in the following section are similar to the 

Hohokam record, but the dependence on the data density is weaker. 

Other Results from North America 

Several investigators have contributed additional archaeo

intensities from the Southwest and Mesoamerica. These results are dis

cussed below. Some were slightly modified to be consistent with the 

dating and statistics used for this study. The Southwestern and Meso

american results were kept separate because they are derived from areas 

2000 km apart. The Hohokam results were also separated from the other 

Southwestern data because of the uncertainty of the Hohokam chronology. 

The "Southwest" data set also includes results from Canada and the 

northwestern U.S. 
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Southwest. Champion (1980) reported paleointensities as well 

as directions for extrusive igneous rocks of the western U.S. Thirty

eight dated Holocene paleointensities are given plus 16 results thought 

to be Holocene or late Pleistocene. Twelve of the results date more 

recently than 500 B.C. Champion (1980) computed weighted average sam

ple paleointensities. For consistency with the methodology of the 

present study, unweighted sample averages were recomputed from 

Champion's specimen results. Revised dates were also assigned. Radio

carbon dates were recalibrated using the latest tables of Klein et al. 

(1982). The Bonito flow was re-assigned an archaeomagnetic date based 

on the Sternberg-McGuire VGP curve (Table 11) and the archaeomagnetic 

dating technique described in the previous chapter. Champion had used 

the VGP curve of DuBois (197sc) and a graphical dating technique. The 

Kana-a Flow could not be archaeomagnetically dated. Its closest 

approach to the Sternberg-McGuire VGP curve is for the interval A.D. 

1025-1075. It is stratigraphically below the other datable Sunset 

Crater flows, so it was assigned an age of A.D. 900-1200. 

Lee (1975) had eight non-Hohokam results from the Southwest; 

He classified his specimen archaeointensities as poor (P), reliable (R), 

or very reliable (VR) depending on the nature of the RNRM-PTR)! diagram. 

For samples with both VR and R specimens he used only the former to 

compute the sample average. For the present study, Lee's sample 

averages were re-computed using all VR and R but no P results. Both 

VR and R results were treated equally in computing unweighted averages. 

Lee assigned single-year dates to some samples. Age ranges of 50-300 

years were given to these as appropriate. 
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Parker (1976) presented archaeointensities for three different 

pottery types. Contemporaneous single-specimen samples were averaged 

together for the three types. Parker did have trouble with absolute 

calibration of the laboratory field which would affect the archaeoin

tensities if erroneously determined. 

Arbour and Schwarz (1982) reported new archaeointensities from 

Quebec, Canada and reviewed the earlier Ontario results of Schwarz and 

Christie (1967). Results were taken from Table 1 of Arbour and Schwarz 

(1982), even though some results not considered very reliable by 

Schwarz and Christie (1967) were included. Unweighted average paleo

intensities were calculated for sherds having multiple specimens. 

Unweighted averages were also computed from contemporaneous sherds 

where only one specimen had been taken. 

All the Southwestern archaeointensities from these other 

studies and the transformed VAD!'ls are tabulated in Appendix G. The 

Southwestern VADNs, including those form this study, ar2 plotted in 

Figure 51. 

The data were then smoothed with the moving window. The 

following outliers were deleted: UN004, GPOOI and CNOOI on th~ first 

pass over the data; LA003, CH004, SA003 and SC012 on the second pass. 

A 200-year window with 100-year overlaps was again adequate. The VAD~l 

curves generated by the smoothers MlWl and M2H3 are listed in Table 13 

and plotted in Figures 52a and 52b. The curves are generally similar; 

the biggest difference is that the M2H3 VADMs are lower ca. A.D. 900. 

This is becuase the low standard errors for the Canadian results for 

this epoch are bringing down the weighted average. The Canadian VAmls 
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Figure 51. Complete Southwestern VADM data set. -- Circles; 
this study; diamonds, Champion (1980); stars, Arbour and Schwarz (1982); 
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off figure as left; one star plots just below figure at A.D. 1350. 
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Table 13. Southwestern smoothed VADMs. -- Data are from this 
and other studies. Column headings: Age Range is the window interval~ 
N is the number of samples overlapping that interval, Nj is the effec-
tive number of points per interval, VADM is the virtual axial dipole 
moment, 0 is the standard error of the VADM, o/VADM is the relative 
error of the VADM, and VADM is the rate of change of the VADM. 
Results are given for weighting schemes M1Wl and M2W3. 

Age Range VADM 0 VADM 
(yr Be/AD) N N. 1022Am 2 1022Am2 o/VADM 1022Am2 /yr 

J 

M1W1 

-500--300 6 3.43 12.75 .877 .0688 

-400--200 4 3.07 14.01 .529 .0378 .01257 

-300--100 5 2.24 12.12 1.348 .1113 -.01895 

-200- 0 6 2.16 11.58 1.068 .0922 -.00539 

-100-100 5 2.14 10.30 .896 .0869 -.01275 

0-200 4 2.01 9.83 .986 .1003 -.00467 

100-300 5 1. 90 9.49 .839 .0885 -.00348 

200-400 4 1.91 9.13 . .979 .1073 -.00360 

300-500 5 1.86 9.17 .760 .0829 .00042 

400-600 7 4.57 9.24 .468 .0507 .00069 

500-700 6 4.62 9.33 .501 .0537 .00091 

600-800 3 2.35 10.31 1.505 .1460 .00980 

700-900 7 4.69 8.59 .915 .1064 -.01715 

800-1000 7 5.96 8.63 . .946 .1096 .00036 

900-1100 8 5.81 9.68 1.065 .1101 .01049 

1000-1200 8 5.44 .861 .0788 .01241 

1100-1300 7 5.15 .543 .0479 .00417 

1200-1400 7 6.22 .412 .0397 -.00958 

1300-1500 6 3.86 .687 .0623 .00649 

1400-1600 3 1. 79 1.256 .0976 .01845 

1500-1700 4 2.99 1.612 .1408 -.01427 

1600-1800 7 6.24 .836 .0811 -.01128 

1700-1900 6 5.50 .506 .0529 -.00761 
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Table l3.--Continued 

Age Range VADM a VAnM 
(yr BC/AD) N N. (l022Am2 1022Am2 

CJ /VADM 1022Am2/yr J 

M2W3 

-500--300 6 3.43 14.14 .469 .0331 

-400--200 4 3.07 13.15 .445 .0339 -.00999 

-300--100 5 2.24 12.78 .210 .0164 -.00361 

-200- 0 6 2.16 12.36 .427 .0345 -.00426 

-100-100 5 2.14 10.41 .402 .0386 -.01944 

0-200 4 2.01 10.25 .402 .0392 -.00160 

100-300 5 1. 90 9.99 .335 .0335 -.00263 

200-400 4 1. 91 9.70 .293 .0302 -.00290 

300-500 5 1.86 9.70 .243 .0250 -.00002 

400-600 7 4.57 9.74 .251 .0257 .00036 

500-700 6 4.62 9.43 .307 .0326 -.00305 

600-800 3 2.35 9.21 .285 .0309 -.00215 

700-900 7 4.69 6.57 .107 .0163 -.02642 

800-1000 7 5.96 6.57 .103 .0158 -.00006 

900-1100 8 5.81 6.67 .320 .0480 .00104 

1000-1200 8 5.44 12.36 .603 .0487 .05692 

1100-1300 7 5.15 10.86 .427 .0393 -.01500 

1200-1400 7 6.22 9.78 .310 .0317 

1300-1500 6 3.86 .799 .0637 .02758 

1400-1600 3 1. 79 13.57 .144 .0106 .01028 

1500-1700 4 2.99 13.45 .461 .0343 -.00116 

1600-1800 7 6.24 10.77 .169 .0157 -.02678 

1700-1900 6 5.50 10.54 .224 .0213 -.00237 
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Figure 52. Smoothed VADMs for complete Southwestern data 
set. -- (a) Weighting scheme M1W1. (b) Weighting scheme M2W3. 
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are generally lower than the other results after A.D. 750. This could 

be due to the nondipo1e field and the 25° great circle geographic sepa

ration between Ontario/Quebec and the Southwest '(see fig. 58). 

Hohokam. Two studies besides Sternberg and Butler (1978) and 

the present one have used Snake town (Hohokam) ceramics for pa1eoint~n

sity analyses. Bucha et a1. (1970) reported results for 10 samples. 

Two of these (their samples 44 and 442) seem to represent specimens 

from the same sherd, but were not averaged because the paleointensities 

were quite different. These results were averaged together here. 

Lee's (1975) single-year ages for his two Snaketown results were 

re-assigned ceramic phase ages according to the Haury (1976) chronology. 

These Hohokam paleointensities and the corresponding VADMs are given in 

Appendix H. Figure 53 is a plot of the VADMs along with the Hohokam 

results from this study (except for the outliers SN014 and SN023) .. 

Sternberg and Butler (1978) and Champion (1980) noted that the 

Hohokam results of Bucha et a1. (1970) were systematically higher than 

those of Sternberg and Butler (197&). Although the reason for this 

discrepancy was not known, Champion found better agreement between his 

results and those of Sternberg and Butler. The anisotropy correction 

has systematically increased the archaeointensities of Sternberg and 

Butler but not enough to account for the difference with the results 

of Bucha et al. If all the laboratory TRMs of Bucha et al. had been 

applied along the hard direction of magnetization, their results would 

be systematically lowered by an anisotropy correction, thereby possibly 

reconciling the results. Figure 54 shows the data of Bucha et a1. 
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(1970) and Lee (1975) along with the M2W3 VADM curve from the Hohokarn 

data of this study. Ten out of 11 results are above the curve which 

still suggests that the Bucha et al. data may be systematically high. 

The three sets of Hohokam data were combined and smoothed. 

The 200-year windows with lOa-year overlaps were still used. Besides 

the previous outliers SN014 and SN023, BU052 and GR002 were deleted on 

the first data pass and BU044, BU045 and BU046 were deleted on the 

second pass. The MlWl and M2W3 VADM curves are listed in Table 14. 

The two curves are again quite similar; MlWl is plotted in Figure 55a. 

This plot also shows how the VADM curve is affected by the deletion 

of sample SN020. The effect is to significantly lower the smoothed 

VADMs from 200 B.C. to A.D. 100. Figures 55a and 49 are very similar; 

the VADM curve has been scarcely affected by the inclusion of the 

other Hohokam data. 

The Hohokam data were also analyzed using the chronology of 

Schiffer (1982). The ages for the Hohokam samples according to this 

chronology are given in Appendices F and H. The same samples were 

deleted from this data set as from the Haury-chronology Rohokam data 

set. The smoothed MlWl and M2W3 interval VADMs are listed in Table 15, 

and the MlWl curve is plotted in Figure 55b. The effect of not using 

SN020 is again shown. Despite the big difference in the starting 

points of the chronologies, Figures 55a and 55b are virtually indis

tinguishable. The M2W3 curve with the Schiffer chronology shows a 

high VADM at A.D. 600 if SN020 is accepted. This is higher than the 

A.D. 600 VADM based on the Haury chronology. 
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Table 14. Hohokam smoothed VADMs (augmented data set). -- Data 
are from this and other studies. Column headings: Age Range is the 
window interval, N is the number of samples overlapping that interval, 
Nj is the effective number of points per interval, VADM is the virtual 
axial dipole moment, a is the standard error of the VADM, a/VADM is the 
relative error of the VADM, and VAnM is the rate of change of the VADM. 
Results are given for weighting schemes MlW1 and M2W3, with and without 
sample SN020. 

Age Range 
(yr BC/AD) 

-300- -100 
-200- 0 
-100-100 

0-200 
100-300 
200-400 
300-500 
400-600 
500-700 
600-800 
700-900 
800-1000 
900-1100 

1000-1200 
1100-1300 
1200-1400 
1300-1500 
1400-1600 

-300- -100 
-200- 0 
-100-100 

0-200 
100-300 
200-400 
300-500 
400-600 
500-700 
600-800 
700-900 
800-1000 
900-1100 

1000-1200 

N N. 
J 

4 2.67 
4 2.67 
5 1.83 
1 1.00 
4 2.50 
6 3.75 
6 3.25 
7 3.92 
8 5.00 

10 5.33 
6 5.50 

10 5.00 
5 4.25 
6 3.00 
2 1. 67 
4 2.33 
3 2.33 
2 0.67 

4 2.67 
4 2.67 
5 1.83 
1 1.00 
4 2.50 
6 3.75 
6 3.25 
7 3.92 
8 5.00 

10 5.33 
6 5.50 

10 5.00 
5 4.25 
6 3.00 

11.26 
11.26 
10.89 

9.42 
8.92 
8.68 
8.68 
8.81 
8.78 
9.09 
9.19 

10.34 
11.47 
11.32 

9.84 
11. 69 
12.22 
13.54 

12.29 
12.29 
11.61 

9.42 
8.71 
8.70 
8.64 
8.28 
8.32 
9.06 
9.14 

10.05 
10.71 
10.91 

M1W1 

M2W3 

1.961 
1. 961 
1.563 
1. 563 

.201 

.399 

.399 

.419 

.364 

.212 

.207 

.532 

.753 

.608 

.254 
1.148 
1.439 
1.004 

2.288 
2.288 
1.834 
1.834 

.021 

.041 

.109 

.219 

.211 

.108 

.051 

.327 

.389 

.232 

a/VADM 

.1741 

.1741 

.1435 

.1659 

.0226 

.0459 

.0459 

.0476 

.0415 

.0233 

.0225 

.0515 

.0656 

.0537 

.0258 

.0982 

.1177 

.0741 

.1861 

.1861 

.1580 

.1946 

.0024 

.0047 

.0126 

.0265 

.0254 

.0119 

.0056 

.0325 

.0364 

.0212 

.00000 
-.00368 
-.01471 
-.00502 
-.00236 

.00000 

.00124 
-.00031 

.00319 

.00095 

.01149 

.01135 
-.00151 
-.01479 

.01849 

.00532 

.01317 

.00000 
-.00685 
-.02186 
-.00711 
-.00010 
-.00057 
-.00361 

.00033 

.00748 

.00074 

.00910 

.00661 

.00205 
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Table l4.--Continued 

Age Range VADM a VADM 
(yr BC/AD) N N. 1022Aro2 1022Aro2 o/VADM 1022Am 2/yr 

J 

1100-1300 2 . 1. 67 10.08 .094 .0093 -. 00836 
1200-1400 4 2.33 10.21 .419 .0410 . 00133 
1300-1500 3 2.33 11. 78 1.259 .1069 .01570 
1400-1600 2 0.67 13.02 .855 • 0657 .01233 

M1W1 (SN020 deleted) 

-300- -100 3 2.00 9.45 1. 073 .1136 
-200- 0 3 2.00 9.45 1.073 .1136 .00000 
-100-100 4 1. 50 9.44 .759 • 0804 -.00008 

0-200 1 1. 00 9.42 .759 .0806 -.00023 

M2W3 (SN020 deleted) 

-300- -100 3 2.00 9.13 1.251 .1369 
-200- 0 3 2.00 9.13 1.251 .1369 .00000 
-100-100 4 1. 50 9.23 .827 .0896 .00102 

0-200 1 1. 00 9.42 .827 .0878 .00188 
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Figure 55. Smoothed VADMs for complete Hohokam data set. -
(a) Weighting scheme MlWl applied to the data using the Haury (1976) 
long-count chronology. Triangles for the early portion of the curve 
show the effect of deleting sample SN020 from the data set. (b) Same 
as for (a), using the Schiffer (1982) short-count chronology. 
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Table 15. Hohokam smoothed VADMs (Schiffer chronology). 
Data are from this and other studies. Column headings: Age Range is 
the window interval, N is the number of samples overlapping that inter-
val, N{ is the effective number of points per, interval, VADM is the 
virtua axial dipole moment, cr is the standard error of the VADM 
cr/VADM is the relative error of the VADM, and VADM is the rate of 
change of the VADM. Results are given for weighting schemes MlWl 
and M2W3, both with and without sample SN020. 

Age Range VADM cr VAnM 
(yr BC/AD) N N. 1022Am2 1022Am2 cr/VADM 1022Am2 /yr 

J 

M1W1 

500-700 5 5.00 10.89 1.563 .1435 
600-800 11 8.33 9.69 .780 .0805 -.01205 
700-900 15 11.30 8.93 .211 .0237 -.00759 
800-1000 10 9.29 9.09 .212 .0233 .00166 
900-1100 10 6.84 10.34 .532 .0515 .01244 

1000-1200 7 5.08 11.01 .603 .0547 .00669 
1100-1300 7 3.41 11.01 .603 .0547 -.00000 
1200-1400 4 2.97 11.69 1.148 .0982 .00684 
1300-1500 3 2.44 12.22 1.439 .1177 .00532 
1400-1600 2 0.67 13.54 1.004 .0741 .01317 

M2W3 

500-700 5 5.00 11.80 1.882 .1595 
600-800 11 8.33 8.69 .120 .0138 -.03102 
700-900 15 11.30 8.68 .056 .0064 -.00019 
800-1000 10 9.29 9.07 .120 .0132 .00395 
900-1100 10 6.84 10.04 .326 .0325 .00972 

1000-1200 7 5.08 10.39 .384 .0370 .00346 
1100-1300 7 3.41 10.60 .331 .0312 .00213 
1200-1400 4 2.97 10.14 .294 .0290 -.00456 
1300-1500 3 2.44 11. 55 1.283 .1111 .01403 
1400-1600 2 0.67 13.02 .855 .0657 .01468 

M1W1 (SN020 deleted) 

500-700 4 4.00 9.44 .759 .0804 
600-800 10 8.00 8.99 .381 .0424 -.00457 
700-900 15 11.30 8.93 .211 .0237 -.00059 
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Table l5.--Continued 

Age Range VADM a VADM 
(yr Be/AD) N N. 

J 
(l022Am2 1022Am2 a/VADM 1022Arn2/yr 

M2W3 (SN020 deleted) 

500-700 4 4.00 9.21 .879 .0954 
600-800 10 8.00 8.68 .066 .0076 -.00527 
700-900 15 11.30 8.68 .056 .0064 -.00005 
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Mesoamerica. Mesoamerican archaeointensities were reported by 

Nagata, Kobayashi and Schwarz (1965), Bucha et al. (1970) and Lee 

1975). Nagata et al. (1965) gave results from Cuicuilco, Mexico, an 

archaeological site buried by eruptions from a nearby volcano. Pot-

tery from this site, pyroclastics and basalts were all used for paleo-

intensity analysis. The different results for these three materials 

were averaged together within the three groups. Bucha et al. (1970) 

gave paleo intensities for 20 ceramic and wattle-and-daub samples. 

Two contemporaneous single-specimen samples from the same site were 

14 averaged together here, and C dates for five samples were recali-

brated with the tables of Klein et al. (1982). Lee's (1975) data were 

re-averaged and single-year dates revised as for his Hohokam results. 

The ~lesoamerican paleointensities were transformed to VADMs (Appendix 

I) and plotted in Figure 56. 

As with the other data sets, a 200-year window with 100-year 

overlap was adequate for the Mesoamerican data. Outliers identified on 

the first pass over the data were BU032 and BU034, and BUOOS, BU009 and 

LElll were deleted on the second pass. The MlWl and M2W3 VADM curves 

listed in Table 16 are very similar. The MlWl curve is plotted in 

Figure 57. 

Comparison of VADM Curves 

Comparison of VADM curves, like comparison of VGP curves, pro-

vides information on both the accuracy of the archaeointensity method 

as well as on the configuration of the nondipole field. Figure 58 

shows the effect of the present-day nondipole field on the VADM mapping 
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Table 16. Mesoamerican smoothed VADMs. -- Data are from other 
studies only. Column headings: Age Range is the window interval, 
N is the number of samples overlapping that interval, Nj is the effec-
tive number of points per interval, VADM is the virtual axial dipole 
moment, a is the standarg error of the VADM, o/VADM is the relative 
error of the VADM, and VADM is the rate of change of the VADM. 
Results are given for weighting schemes MlWl and M2W3. 

Age Range VADM a VAnM 
(yr BC/AD) N N. 

J 
1022Am 2 1022Am2 o/VADM 1022Am 2 /yr 

MlWl 

-500- -300 2 0.92 11.53 .799 .0693 
-400- -200 10 3.97 11.99 .406 .0339 .00458 
-300- -100 12 7.16 11. 72 .407 .0348 -.00266 
-200-0 11 7.41 11.67 .442 .0379 -.00055 
-100-100 10 5.45 11.67 .568 .0486 .00009 

0-200 4 2.34 11.35 1.196 .1054 -.00327 
100-300 2 1. 06 9.12 .789 .0864 -.02225 
200-400 4 1. 61 10.05 .667 .0664 .00922 
300-500 3 1.67 10.62 .490 .0461 .00570 
400-600 4 2.17 11.06 .248 .0224 .00444 
500-700 11 5.00 10.55 .247 .0234 -.00509 
600-800 11 6.83 10.53 .249 .0236 -.00021 
700-900 11 7.33 10.39 .267 .0257 -.00140 
800-1000 12 6.00 10.93 .381 .0349 .00544 
900-1100 5 4.50 12.47 1.008 .0808 .01540 

1000-1200 6 4.50 13.55 .577 .0426 .01078 
1100-1300 6 3.10 12.60 .719 .0571 -.00957 
1200-1400 5 3.14 11.30 .803 .0711 -.01295 
1300-1500 5 3.82 11.30 .803 .0711 .00000 
1400-1600 7 2.65 11.00 .593 .0539 -.00304 
1500-1700 3 1.43 10.19 .208 .0204 -.00805 
1600-1800 3 1.81 10.38 .247 .0238 .00186 
1700-1900 2 1.48 10.27 .387 .0376 -.00105 

M2W3 

-500- -300 2 0.92 12.12 .544 .0449 
-400- -200 10 3.97 10.80 .195 .0181 -.01317 
-300- -100 12 7.16 10.73 .185 .0173 -.00065 
-200-0 11 7.41 10.61 .252 .0237 -.00123 
-100-100 10 5.45 10.07 .411 .0408 -.00541 

0-200 4 2.34 9.29 .737 .0794 -.00784 
100-300 2 1.06 8.53 .524 .0613 -.00752 
200-400 4 1.61 9.45 .516 .0546 .00919 
300-500 3 1.67 10.40 .439 .0422 .00948 
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Table l6.--Continued -
Age Range VADM a VADM 
(yr BC/AD) N N. 

J 
(l022Am2 1022Am2 a/VADM 1022Am2/yr 

400-600 4 2.17 10.96 .317 .0289 .00556 
500-700 11 5.00 10.61 .264 .0248 -.00347 
600-800 11 6.83 10.49 .270 .0257 -.00124 
700-900 11 7.33 10.14 .272 .0268 -.00347 
800-1000 12 6.00 11.42 .388 .0340 .01285 
900-1100 5 4.50 12.02 .447 .0372 .00598 

1000-1200 6 4.50 12.44 .298 .0240 .00414 
1100-1300 6 3.10 11.54 .754 .0653 -.00901 
1200-1400 5 3.14 10.52 .331 .0314 -.01019 
1300-1500 5 3.82 10.45 .313 .0300 -.00070 
1400-1600 7 2.65 10.41 .212 .0203 -.00033 
1500-1700 3 1.43 10.45 .174 .0167 .00040 
1600-1800 3 1.81 10.53 .184 .0175 .00078 
1700-1900 2 1.48 10.51 .308 .0293 -.00025 
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Figure 58. VADM errors due to the nondipole field. -- The 
ordinate is the difference between the VADM at a remote site and the 
VADM at a base site. The abscissa is the distance between the base 
site and the remote site. For each of four base stations at 35°N!, 
four curves were generated for geographic separation along the four 
cardinal directions. Geomagnetic field model IGRF75 was used. 
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function. The further one gets from the base site, the bigger is the 

difference between the VADM at the station and that predicted from the 

base site using the VADM formula. This figure was constructed in the 

same way as was Figure 16 for the VGP. For a 30° geographic separation 

between sites, a difference of about 1 x 10
22 

Am
2 

can be expected 

between the VADMs. 

Southwest and Hohokam. The MlWl VADM curves for the Southwest 

and for the Haury chronology Hohokam data are compared in Figure 59a. 

The data comprising these two curves are from the same geographic area 

(except for the Canadian and northwest U.S. results) so one would 

expect the curves to be similar. They are, in fact, very much alike. 

They are both high near A.D. 1, low at A.D. 500, and have maxima near 

A.D. 1100 and 1500. Although the shapes of the curves are similar 

after A.D. 750, the !iohokam curve lags the Southwest by about 200 

years. This is probably within the uncertainty of the Hohokam chrono

logy. The Hohokam curve after deletion of sample SN020 is also shown. 

The agreement with the Southwest CUTve is not as good as when SN020 is 

included. 

In Figure 59b, the MlWl Southwest and Schiffer-chronology 

Hohokam curves are plotted together. The overall agreement is just as 

good as for the Haury chronology in Figure 59a. Similarity to the 

Southwest curve is about the same regardless of whether SN020 is 

included or not. However, as mentioned above, the M2W3 Schiffer chron

ology VADM at A.D. 600 is significantly higher than the MlWl result and 

hence higher than the Southwest VADM for this same epoch. Although 
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Figure 59. Comparison of Southwestern and Hohokam smoothed 
VADMs. -- (a) Circles, Southwestern MlWl; triangles, Hohokam MlWl using 
long-count chronology; crosses, same as triangles with sample SN020 
deleted; solid line, from direct measurements of field intensity in 
Nogales, Arizona and Tucson. (b) Same as (a) only using the short
count Hohokam chronology. 
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the interpreted paleointensity for SN020 is believed to be valid, fur-

ther paleointensity work on Vahki phase Hohokam ceramics is warranted. 

It presently is net possible to make a definite statement about the 

Hohokam chronology based on comparison of archaeointensity results with 

others from the Southwest (Sternberg and McGuire, 1981a). A more 

secure interpretation for the amplitude of the Vahki phase archaeo-

intensity might contribute to solving the difficult problem of the 

Hohokam chronology. 

Southwest and Mesoamerica. The MlW1 VADM curves for the South-

west and Mesoamerica are plotted in Figure 60a. The general trends of 

these curves are the same but there are some obvious differences. 

Recall that significant differences were also found between the 

Sternberg-McGuire Southwestern VGP curve and the Mesoamerican archaeo-

magnetic directions of Wolfman (1973). There is a 22 0 difference in 

geographic location between these areas, so a VADM difference of 

22 2 
1 x 10 Am would not be surprising (fig. 58). This would account for 

most of the discrepancy between the curves of Figure 60a. 

A more farfetched attempt to match the Southwest and Meso-

american curves is shown in Figure 60b. The M2W3 curves are shown, 

only the Mesoamerican curve has been shifted 500 years closer to the 

present. The decreasing VADMs from A.D. 1-600 are very similar, as are 

the double maxima ca. A.D. 1100 and 1500. The Southwest minimum at 

A.D. 900 is still anomalous. This hypothesis would require a substan-

tia1 component of northward drift to explain the time-lagged similarity 

of the curves in terms of a drifting feature of the nondipo1e field. 
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Figure 60. Comparison of Southwestern and Mesoamerican 
smoothed VADMs. -- (a) Circles, Southwestern MlWl; squares, Mesoameri
can MlWl; solid line, from direct measurements of field intensity in 
Nogales, Arizona and Tucson. (b) Circles, Southwestern M2W3; squares 
Mesoamerican M2W3 shifted 500 years towards the present. 
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Barton and McElhinny (1981) postulated a similar mechanism to explain 

general similarities between secular variation records for Australia 

and Great Britain. The drift rate required to traverse the 22° of 

geographic separation in 500 years is a reasonable 0.044°/yr. Never

theless, the small North American nondipole field inferred from the 

similarity of the Southwest and Arkansas VGP curves argues against 

the likelihood of this configuration of the geomagnetic field. 



CHAPTER 4 

CONCLUSIONS 

Archaeomagnetic direction and paleointensity records from the 

American Southwest have been compiled for the periods A.D. 75-1425 and 

400 B.C.-A.D. 1800, respectively. The results contain some impreci

sion and inaccuracy in both the independent dating of when the rema

nence was acquired and in the direction or intensity of the magnetic 

field recorded. A moving-window smoothing technique combined with 

outlier analysis accounts for these imperfect qualities of the data and 

provides a smooth secular variation curve as well as standard errors 

associated with each point on the curve. This ~uantification of the 

curve is objective and reproducible, and permits statistical compari

sons to be made with other data. Thus different secular variation 

curves can be compared, or individual archaeomagnetic results can be 

compared with the secular variation curve to infer archaeomagnetic 

dates. Nonetheless, even such objective techniques can incorporate 

subjective or arbitrary features, such as length and spcing of the 

windows, the type of precision weighting, and the significance levels 

used for outlier analysis. 

The precision of the secular variation curves is comparable to 

the precisions of the results that comprise the curve if these data are 

sufficiently dense. For archaeomagnetic directions, the limit is about 

1.5 0 if there are seven or more effective data within a 50-year 
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interval of time. The VGP secular variation curve is quite similar to 

one constructed for data from the southeastern U.S. The small but 

systematic offset between these two curves is easily explained by the 

nondipole field. In fact, the small degree of offset indicates a 

small nondipole field in North America from A.D. 1150-1450. Between 

A.D. 750-900, the Southwestern VGP curve is somewhat different from 

that inferred for data from Colorado. This could reflect the sparse

ness of the Southwestern data during this period, a regional magnetic 

anomaly in the restricted Colorado collecting locality, or a larger 

nondipole field during this epoch. The Southwestern curve is broadly 

similar to the VGP curve of DuBois for the same region, but there are 

significant differences. Final conclusions regarding these disprepan

cies must await publication of DuBois' results, but possible explana

tions include his subjective freehand VGP curve and incorrect indepen

dent dating of the material. Three case histories of archaeomagnetic 

dating tend to corroborate the new Southwestern VGP curve developed 

here. 

The precision of an archaeomagnetic date is determined not 

only by the precision with which the archaeomagnetic direction·for the 

feature is known, but also by the precision of the VGP curve, its con

figuration and its rate of secular variation. The 50-year windows 

used here mean that the minimum possible archaeomagnetic age range is 

50 years. However, these 50-year dates are only likely ca. A.D. 1075 

when secular variation is rapid and the VGP swings out to a distinc

tively low latitude. For other periods of time, archaeomagnetic age 

,ranges ,of 100 to 150 years are more typica1. These comments pertain 



to statistical tests and archaeornagnetic dates at the 95% confidence 

level. 
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The archaeointensity record is harder to determine because of 

the difficulty of the paleointensity experiment and the interpretation 

of results. The lesser amount of paleointensity data for the Southwest 

and their variable precision gives the smooth VADM curve a greater 

dependency on the weighting scheme used. The precision of the curve 

is still comparable to that of the individual results, about 5-10% and 

major trends of the secular variation are well determined. The oxi

dized Hohokam ceramics give the best paleointensity results. Unfor

tunately, there is still debate on the Hohokam chronology which would 

affect dates on some sherds by as much as 800 years. Comparison of 

the archaeointensity records from the Hohokam samples and other South

western ceramics offers the possibility of resolving this problem. 

However, the Hohokam and Southwestern archaeointensity records are 

similar regardless of which of the two extreme Hohokam chronologies 

are used. There remains some doubt concerning the intensity of the 

field during the earliest Hohokam ceramic phase. Further paleointen

sity work on this material is required before any definite conclusions 

can be drawn on a Hohokam archaeointensity chronology. The South

western record compares reasonably well with the VADM curve from Meso

america despite the geographic separation between these source areas. 

Some ambiguities, however, remain here as well. 

Future experimental work should concentrate on the extension 

of the archaeomagnetic records both further into the past and through 

the recent pr~tohistoric period to join the modern records of direct 
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observations of the geomagnetic field. The question of the spatial 

variability of the nondipole field requires more complete data from 

different areas of North America. Some of the data analysis techni

ques could use additional refinement; for example, cross-validation 

could be used to objectively determine the optimal windowing para

meters. The most important theoretical work to be done is a compari

son of these results with other archaeomagnetic records from around 

the world. This would allow decomposition of the field onto its 

dipole and nondipole components and modeling of their secular varia

tion. 



APPENDIX A 

PALEOMAGNETIC EQUIPMENT 

All paleomagnetic experiments except the thermomagnetic runs 

were done in the paleomagnetism laboratory, Department of Geosciences, 

University of Arizona, directed by Dr. Robert F. Butler. Both the 

spinner and cryogenic magnetometers were used for measuring samples. 

The spinner, assembled by Dr. Butler, rotates at a frequency of 15 

Hz. The signal is detected by a Schonstedt Heli-Flux MND-5C-25-NB 

Magnetic Null Sensor and then analyzed by a PAR (Princeton Applied 

Research) Model 129 Two-Phase/Vector Lock-in Amplifier. A'two-layer 

mu-metal shield surrounding the sensor and sample holder reduces the 

ambient field to about 25 nT at the holder. The magnetometer is 

periodically calibrated by driving a test coil with a known sinusoidal 

current from a Hewlett-Packard Model 203A Variable Phase Function 

Generator. The six-spin, twelve-measurement scheme of Doell and Cox 

(1967) is used to measure samples. The method of taking readings has 

evolved over the course of the present study. Originally, the opera

tor read results from analog panel meters or a strip chart recorder; 

next, the strip chart recorder was replaced by more precise digital 

panel meters; finally, an OSI (Ohio Scientific Inc.) Challenger II 

microcomputer was installed to read the digital panel meters. Results 

are processed in real time by a General Automation SPC-l6/65 minicom

puter. The minimum magnetic moment that can be reliably measured is 
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about 7.5 x 10-
8 

Am2
, the maximum about 2.5 x 10-2 Am2 , and the 

sensitivity is 1.77 x 10-
9 

Am
2

• A stably magnetized redbed sample 
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serves as a test sample for both magnetometers. Repeat measurements 

of this sample on the spinner yielded a precision parameter k greater 

than 10,000 when the sample was left in its holder, and a k of about 

4,000 when it was re-oriented in the holder between measurements. 

The cryogenic SQUID magnetometer is a Superconducting Tech-

nology 2-Axis C-l02.l~" Superconducting Rock Magnetometer. The maxi

-5 2 mum moment that can be measured is about 1.5 x 10 Am, so there is 

some overlap with the range of the spinner magnetometer. The minimum 

moment that can be reliably measured is about 10-10 Am2 , and the sen

sitivity is 10-
11 Am2

• All three sample axes are measured in both 

positive and negative directions, and baseline readings are taken to 

account for zero offset and drift. The SPC-16/65 also processes these 

readings. Repeat measurements of the redbed test sample with 

re-orientation between measurements gave a precision parameter of 

about 4,000, similar to that obtain.ed with the spinner. The direction 

of magnetization measured for this sample is not significantly 

different for the two machines. However, the intensity of magnetiza-

tion is about 3% higher on the spinner. I attribute this to a 

systematic error in the calibration procedure of the spinner, although 

an error in the cryogenic magnetometer is not categorically ruled out. 

This discrepancy is not significant in either paleointensity or 

directional paleomagnetic studies, as long as only one of the magneto-

meters is used to measure a sample during a particular experiment. 
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Alternating field demagnetization was done with a Schonstedt 

single-axis GSD-l AC Geophysical Specimen Demagnetizer. This instru

ment has a maximum peak field of .1T. For IRM acquisition experi

ments, an Alpha Scientific Model 4600 4" adjustable-gap electromagnet 

i.s powered by a Model 3002-1 current-regulated power supply from the 

same manufacturer. A maximum field of about .8ST is obtainable with 

the present pole cap configuration. The coolant water is softened 

before passing through the electromagnet because of the high mineral 

content of the local tap water. 

Two furnaces were built in the laboratory for use during the 

Thellier-Thellier paleointensity experiment. The cylindrical furnace 

tubes are made from mullite (McDanel Refractory Porcelain Co.), a 

refractory alumina-oxide with low thermal expansion and good mechani

cal strength. They are 36" long with an inner diameter of 3", and 

are closed on one end. A mullite double-bore thermocouple tube is 

cemented to the outside of the furnace with a boron-nitride coating. 

The furnace tubes are non-inductively wound with nichrome wire such 

that alternate loops of wire will carry current in opposite direc

tions, minimizing the magnetic field caused by the current. When 

connected to line current, this wire will suffer ohmic power dissap

tion which heats the furnace. The total length of nichrome wire is 

governed by its resistivity (.132 ohm/m), the line voltage, and the 

current that can be safely carried by the electronics (12A). Thus, 

the wire was wound with 1.9 cm between turns for 50 cm of the furnace 

length. The furnaces are insulated by asbestos paper, fiberfrax, and 

a glass water jacket. Water is circulated through this jacket to 
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carry off the heat. To produce the laboratory magnetic field, insu

lated copper wire was wound without gaps at about thirty turns per 

inch on a 6 3/7" outer-diameter paper-base phenolic tube (Port 

Plastics). When DC current is passed through this solenoid, the 

resulting magnetic field is uniform near the center of the furnace. 

Finally, three outer concentric cylinders of mu-metal are used to 

attenuate the ambient field. The assembled furnaces are mounted 

horizontally, and oriented to maximize the effect of the mu-metal 

shields. 

Each furnace has a separate electronics control unit. Once 

turned on, the furnace heats up to the temperature set on a 

Contronautics CNlOOA temperature controller. This peak temperature 

is maintained for a duration set on a Dayton interval timer. When 

the set time has expired, the power to the furnace is automatically 

shut off, and the furnace passively cools to room temperature. A 

Hewlett-Packard 62l6A power supply delivers direct current to the 

solenoid. The current is adjusted to give the desired field strength 

as measured by a Schonstedt Model DM2220 digital magnetometer. The 

digital magnetometer was calibrated against the proton precession 

magnetometer at the Tucson U.S. Geological Survey magnetic observatory 

in July, 1977. The Schonstedt reading was 1.57% high, and was 1.68% 

high when recalibrated against the Survey instrument in June, 1980. 

Thus, it is both accurate and stable. 

The open end of the furnace has a mounted flange that mates 

with a vacuum system. This system consists of a Welch Model 1402 

Duo-Seal vacuum pump and an Edwards Model E02 2" vapor diffusion pump 
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with a VT2 liquid nitrogen vapor trap. Foreline and backing line 

pressures are measured with a Granville-Phillips Series 260 Ionization 

Gauge Controller. The furnaces can be evacuated to about 5 x 106 

torr. 

The thermocouple connected to th~ temperature controller reads 

the temperature at only one spot on the outside of the furnace tube. 

Separate calibration runs were made for different set points on the 

temperatures controller to check the temperature variation along the 

length of the furnace. Although the temperature profiles were flat 

towards the sealed end of the furnace, gradients of 10°C/cm were 

present towards the open end. The desirable long temperature plateau 

is difficult to obtain because of the limitations on wire length 

mentioned above. We have since replaced one of these furnaces with 

another having a smaller outer diameter of 1.5"; the same length of 

wire then gives more turns that are closer together. This smaller 

diameter furnace indeed yielded a flatter temperature profile. 

There are several other notable characteristics of the fur

nace. The peak temperature reached is replicable to within 2°C and 

stable to within SoC. Temperature within the samples lag the ambient 

temperature in the furnace. For example, temperatures within a cylin

derical basalt sample with diameter and length both equal to 2.54 

cm lagged the furna~e temperature by about 15 minutes. The smaller 

pottery samples used in this study should respond more quickly. Heat

ing and cooling rates in the furnace are similar to those measured in 
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ethnologic studies of primitive pottery making. Typical laboratory 

heating and cooling rates were 17°C/minute and l3~C/minute, respec

tively. 

The useful furnace working space is limited by the temperature 

profiles. Profiles of the solenoidal magnetic field are flatter than 

the temperature profiles. For a nominal field of 50 ~T, the field 

variation is less than 0.5% over the length of furnace that was used. 

During a heating-co01ing cycle of the paleointensity experiment, the 

magnetic field drift is less than 1%. 

The sample tray used to insert samples into the furnace has 

four 25 em-long quartz rods tacked together at their ends by 5 em-long 

quartz rods. Asbestos paper is stretched over the surface to provide 

a stable platform for the samples. 



APPENDIX B 

PROVENIENCES FOR ARCHAEOMAGNETIC FEATURES 

The archaeological site, location, provenience, dating at the 

site and the estimated date for the firing of the feature, institution, 

and archaeologist is given for all features used in the archaeomagnetic 

direction analysis. The dating information was compiled and inter

preted by Randy McGuire (personal communication, 1982). Dating is not 

given for features where analysis or interpretation has not yet been 

completed, or where information has not been received. Tree-ring dates 

are all from the Laboratory of Tree-Ring Research at the University of 

Arizona. C-14 dates are referenced by the laboratory numbers used in 

the journal Radiocarbon. Published references to the site are also 

given where available. 
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ABOOl, AB002 
Site: Abiquiu Reservoir 
Location: 36.20 o N, 253.60 o E; Abiquiu, New Mexico 
Feature type: Hearths 
Proveniences: ABOOl--firepit H 

AB002--site 33, firepit M 
Institution: School of American Research 
Archaeologist: John Beal 

AMOOI 
Site: Adobe 4 mitigation; NA15909 (AZ T:8:39, ASU) 
Location: 33.67°N, 247.86°E; Deer Valley Area of North 

Phoenix, Arizona 
Feature type: Hearth 
Provenience: Feature 34 (pit house) 
Dating: This small sedentary Hohokam site dates to the Sacaton 

phase. Considerable confusion surrounds the dating of 
the Sacaton phase but most researchers would agree it 
occurs during the time interval of A.D. 950-1150. No 
more precise date can be assigned to the firing of the 
hearth. 

Institution: Museum of Northern Arizona 
Archaeologist: J. Simon Bruder 

BB003 
Site: Grasshopper Field School (GFS-79-l0) 
Location: 34.08°N, 249.37°E; 10 miles north of Grasshopper, 

Fort Apache Indian Reservation, Arizona 
Feature type: Hearth 
Provenience: pithouse 1, feature 1 
Institution: University of Arizona 
Archaeologist: Brian Bird 

BDOOl, BD002 
Site: Big Ditch (AZ: BB:22, ASM) 
Location: 32.87°N, 249.28°E; 10 miles north of Mammoth, Arizona 
Feature Types: Hearths 
Proveniences: BDOOl--feature 62 

BD002--feature 73 
Institution: University of Arizona 
Archaeologist: Bruce Massey 
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CCOOl, CC004 
Site: Canyon Creek (AZ: V:2:l, ASM) 
Location: 33.98°N, 249.35°E; near Cibecue, Fort Apache Indian 

Reservation, Arizona 
Dating: This late Mogollon cliff dwelling is one of the best 

tree-ring dated sites in the Southwest with over 110 
cutting dates from 57 rooms. The site was built in 
A.D. 1327 and probably abandoned by 1375. The fire 
that burned room 24A also burned the second-story room 
24B. This fire therefore had to occur after the con
struction of 24B in l334vv. 

Tree-ring Date of 
Feature Type Provenience Date Firing 

CCODI wall plaster door to l327rL 1334-1375 
room 24A 

CC002 wall plaster room 24B l334vv 1334-1375 

CC003 hearth room 22B l335L 1335-1375 

CCOD4 wall plaster room 24A l327rL 1334-1375 

Institution: University of Arizona 
Archaeologist: William A. Longacre 
References: Haury (1934), Graves (1982) 
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CH001-CH009 
Site: Chodistaas (AZ P:14:24, ASM) 
Location: 34.10 oN, 249.37°E; northwest of Cibecue, Fort Apache 

Indian Reservation, Arizona 
Dating: A total of 13 tree-ring cutting dates indicates that this 

small Mogollon pueblo was constructed between A.D. 1270 
and 1285. The site lacks ceramic types such as Pinedale 
Polychrome which commonly occur in other sites in the 
region dating after A.D. 1300. The maximum occupation 
range for the site would be between A.D. 1270 and 1300. 
Beginning dates for CH004, CH007, CH008, and CH009 are 
established by associated ceramics. 

Tree-ring Date of 
Feature Type Proven ienc e Date Firing 

CH001 hearth feature 1, 1271vv 1271-1300 
room 2 

CH002 jaca1 room 2 burned when 1285-1300 
partition site abandoned 

CH003 hearth feature 3, 1285 (cutting) 1285-1300 
room 9 

CH004 hearth possible pit- predates pueblo 1100-1270 
house in plaza 

CH005 hearth feature 1, 1270+r 1270-1300 
room 1 

CH006 hearth feature 2, 1270+r 1270-1300 
room 11 

CH007 hearth feature 1, predates room 1250-1272 
room 15 built 1272r 

CH008 hearth feature 7, predates room 1250-1272 
room 15 built 1272r 

CH009 hearth feature 3, predates room 1250-1272 
room 16 built 1272 

Archaeologist: Patricia Crown Robertson 
Institution: University of Arizona 
Reference: Crown (1981) 
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CSOOI-CS003 
Site: Cholla-Saguaro Mitigation Project (AZ: U:5:14, ASM) 
Location: 33.68°N, 249.17°E; on Coon Creek, north of Lake 

Roosevelt, Arizona 
Dating: The site, consisting of at least five shallow pit houses, 

was assigned a ceramic date. These same site dates were 
assigned to the firing of the archaeomagnetic features. 

Feature Type Provenience 

CSODI hearth structure 4 

CS002 burned wall structure 4 

CS003 hearth structure 5 

Institution: Arizona State Museum 
Archaeologist: J. Jefferson Reid 
Reference: Reid (1982) 

CS004 

Date of Firing 

1240-1300 

1240-1300 

1240-1300 

Site: Cholla-Saguaro Mitigation Project (AZ: U:9:105, ASM) 
Location: 33.48°N, 249.05°E; on De Vore Wash south of 

Lake Roosevelt, Arizona 
Feature type: Hearth 
Provenience: Room 2 
Dating: This three room Salado compound was assigned a date of 

A.D. 1225-1350 based on ceramics. This same site date 
was assigned to the firing of the hearth. 

Institution: Arizona State Museum 
Archaeologist: J. Jefferson Reid 
Reference: Reid (1982) 

CVOOI 
Site: Camp Verde; NA15769 (AZ: 0:5:4, ASU) 
Location: 34.58°N, 248.25°E; 4.5 miles east of Camp Verde, 

Arizona 
Feature type: Hearth 
Provenience: Structure 1, feature 1 
Dating: A single C-14 date was recovered from charcoal on the 

floor of the single structure at this Sinagua site. 
This yielded an uncorrected radiocarbon date of 435 
±llO B.P. (UGa-2969)r A.D. 1515 ± 110. The firing of 
the hearth in the structure cannot be dated more pre
cisely than this. Most researchers have dated the 
abandonment of this region at A.D. 1450. This would 
date the hearth between A.D. 1400 and 1450. 

Archaeologist: Sara Stebbins 
Institution: Museum of Northern Arizona 

230 



CZOOl, CZ002 
Site: Platte site 
Location: 34.58°N, 250.75°E; near St. Johns, Arizona 
Proveniences: 

Feature Type 

CZOOI firepit 

CZ002 roasting pit 

Institution: Arizona State Museum 
Archaeologist: Jon Czaplicki 
Reference: Westfall (1981) 

EPOOI 
Site: Elden Pueblo 

Provenience 

AZ:Q:7:26(ASM), feature 2 

AZ:Q:7:33(ASM), feature 1 
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Location: 35.23°N, 248.40 o E; 0.5 miles north of Flagstaff, Arizona 
Feature type: Firepit 
Provenience: Room 7, firepit 1 
Dating: Elden Pueblo, a 100+ room Sinagua pueblo, is not very 

well dated, having yielded no tree-ring dates. Colton 
(1946) dated the site to A.D. 1150-1200 using ceramic 
evidence. The firing of the hearth cannot be dated 
more precisely than this. 

Institution: Coconino National Forest 
Archaeologist: Peter J. Pi11es, Jr. 
Reference: Colton (1946) 



FLOOl-FL005 
Site: Hardy Site (AZ: BB:9:l4, ASM) 
Location: 32.25°N, 249.l3°E; Fort Lowell Park, Tucson, Arizona 
Dating: This Hohokam site was occupied from the Snaketown to 

the Cortero phase. Absolute dates are difficult to 
assign because of the confusion regarding the Hohokam 
sequence. For this reason, the assigned dates are 
extremely broad and overlapping. 

Date of 
Feature Type Provenience Phase Firing 

FLOOI hearth house 4 Rillito 600-800 

FL002 hearth house 5 Cortero 1100-1200 

FL003 hearth house 12 Rillito-Rincon 800-1100 

FL004 hearth house l3a Snaketown 500-800 

FL005 hearth house 1 Cortero 1100-1200 

Institution: Arizona State Museum 
Archaeologist: L. M. Gregonis and K. J. Reinhard 
Reference: Gregonis and Reinhard (1979) 

GBOOl, GB002 
Site: Gila Buttes (AZ: U:13:24, ASU) 
Location: 33.l7°N, 248.l5°E; Gila River Indian Reservation, 

Arizona 
Feature type: Hearths 
Proveniences: GBOQl - feature 6, hearth 2 

GB002 - feature 1, hearth 1 
Dating: The single structure excavated at this Classic period 

Hohokam site was assigned to the Soho phase of the 
Hohokam chronology. Some confusion surrounds the dating 
of this phase but most researches would agree it falls 
within the time range of A.D. 1100 to 1300. More precise 
dating is not possible for the firing of the hearths. 
The samples were taken from two superimposed hearths. 
Based on this superposition GBOOI should predate GB002. 

Institution: Arizona State University 
Archaeologist: Glen Rice 
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GNOOl, GN002 
Site: Grinnell College 
Location: 37.25~, 251.30 o E; 10 miles south of Cortez, Colorado 
Dating: This was a small PIlI pueblo. The commonly accepted 

date for abandonment of this area is A.D. 1300. 

Feature Type Provenience 

GNOOl burned Kiva 1 bench 
plaster 

GN002 burned Kiva 2 bench 
plaster 

Institution: Grinnell College (Iowa) 
Archaeologist: Ralph A. Luebben 

GPOOl, GP002 
Site: Gila Pueblo 

Tree-ring 
Date 

1244r 

1135vv 

Date of 
Firing 

1244-1300 

1135-1300 

Location: 33.73°N, 249.23°E; east of Globe, Arizona 
Dating: This large Salado pueblo was excavated in the late 1920s 

by Harold Gladwin, and more recently by Charmion McKusick. 
The site is very pooly 1ated. There are eight tree-ring 
dates from 1385r (one date), 1345r (six dates), and 
1367vv (one date). It is not possible to relate the 
archaeomagnetic dates to either of these rooms. Based 

Feature 

GPOOI 

GP002 

on ceramic evidence the site is thought to have been 
abandoned by A.D. 1450. 

Type Provenience 

hearth room 108A, 
late floor 

hearth room 108A, 
early floor 

Comments 

This hearth probably dates 
1385-1450 

This hearth may be part of 
a feature predating room 
108A, but no date can be 
assigned 

Institution: Eastern Arizona College (Gila Pueblo campus) 
Archaeologist: Charmion McKusick 
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GR001-GR007, GR009-GR012 
Site: Grasshopper Pueblo 
Location: 34.07°N, 249.37°E; northwest of Cibecue, Fort Apache 

Indian Reservation, Arizona 
Dating: Grasshopper Pueblo, a large (500+ rooms) late Mogollon 

pueblo, consists of two large room blocks with numerous 
smaller outlying room blocks. There is evidence of 
earlier occupation beneath the later masonry pueblo. 
The pueblo has yielded over 200 tree-ring samples but 
few of these have given cutting dates. It was occupied 
between A.D. 1300-1400. Dating estimates below are 
derived from a model of construction sequences based on 
tree-ring, ceramic and architectural evidence. 

Date of 
Feature Type Provenience Firing 

GR001 Oven room block 2, oven 2 1350-1375 

GR002 hearth room 68, feature 12, hearth 4 1275-1325 

GR003 hearth room 68, feature 11, hearth 2 1300-1375 

GR004 hearth room 115, feature 11 1300-1350 

GROOS hearth room 25, feature 1 1350-1400 

GR006 hearth room 309, feature 2 1350-1400 

GR007 hearth room 25, feature 5 1350-1400 

GR009 hearth room 312, feature 2 1350-1400 

GR010 hearth· room 113, feature 7 1300-1325 

GROll burned floor room 113 1300-1325 

GR012 hearth room 113, feature 12 1300-1325 

Installation: .University of Arizona 
Archaeologist: J. Jefferson Reid 
Reference: Longacre, Holbrook and Graves (1982) 
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GR008 
Site: Grasshopper Springs (AZ: P:14:8, ASM) 
Location: 34.07°N, 249.37°E; northwest of Cibecue, Fort Apache 

Indian Reservation, Arizona 
Feature type: Hearth 
Provenience: Room 1, feature 2 
Dating: Grasshopper Springs is a late Mogollon pueblo within a 

~ile of the larger Grasshopper Pueblo. It has yielded 
about a dozen tree-ring samRles but few cutting dates. 
It was occupied from the mid-1200s to about 'A.D. 1300. 
There was a tree-ring date of l270v from the room, so 
the estimated date of firing of the hearth is A.D. 
1270-1300. 

Institution: Arizona State Museum 
Archaeologist: J. Jefferson Reid 
Reference: Longacre et al. (1982) 

IROOI 
Site: Ismay Ranch 
Location: 37.25°N, 25l.30 oE; 10 miles south of Cortez, Colorado 
Feature type: Burned floor 
Provenience: Surface room 
Dating: This site was a small PII pueblo. The room from which 

the hearth was collected yielded a tree-ring date of 
940r, but no date could be assigned to the firing of 
the hearth. 

Institution: Grinnell College, Iowa 
Archaeologist: Ralph A. Luebben 

LMOOl, LH002 
Site: Los Morteros 
Location: 32.34°N, 249.03°E; north of Tucson, Arizona 
Dating: This is a large, complex, early Classic period Hohokam 

pithouse. The majority of the site appears to date to 
the Tanque Verde phase which would place it in the time 
range of A.D. 1150 to 1350. The only absolute dating 
information for the site comes from C-14 dating, although 
that for LM002 is not archaeologically reasonable. 

Feature Type Provenience 

LMOOI crematory trench 84, 
feature 8 

LM002 roasting trench 40, 
pit feature 3 

Institution: Arizona State Museum 
Archaeologist: Rich Lange 

Date of 
C-14 date (BP) Firing 

750±50 (A-2300) 1150-1250 

2670±200 (A-2299) 1150-1350 
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LUOOl, LU002 
Site: Green Bear Site (AZ K:12:3, ASM) 
Location: 35:33°N, 35l.00 oE; east of Lupton, Arizona 
Feature type: hearths 
Provenience: LUOOI - feature 20 

LU002 - room 2, feature 15 
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Dating: This is a PI Anasazi site, consisting of a pithouse and 
four surface rooms. Ferg (1978) estimated that the site 
dates between A.D. 785 and 820 based on the occurrence 
of Kana-a Black-on-White and White Mound Black~on-White 
ceramics. Neither archaeomagnetic samples from the site 
can be dated more precisely than this. 

Institution: Arizona State Museum 
Archaeologist: Alan C. Ferg 
Reference: Ferg (1978) 

MFOOI 
Site: Medicine Fort (NA 862) 
Location: 35.47°N, 248.43°E; north of Flagstaff, Arizona 
Feature type: Wall plaster 
Provenience: Room 1 
Dating: A total of 28 non-cutting tree-ring dates and 6 cutting 

dates indicate this Sinagua patio building was built in 
A.D. 1060. The terminal date for the site's occupation 
is set by the end date of Tusayan Black-on-Red pottery 
at A.D. 1150. The single archaeomagnetic sample cannot 
be more precisely dated. 

Institution: Coconino National Forest 
Archaeologist: Peter J. Pilles, Jr. 
Reference: Colton (1946) 



~ITOOl, MT002, MT003 
Site: Mattock Site (LA 676) 
Location: 32.85°N, 252.03~E; 60 miles north of Deming, New 

Mexico 
Dating: This Mimbres site consists of a handful of pithouses 

underneath a 600+ room Mimbres Classic pueblo. The 

Feature 

MT001 

MT002 

MT003 

site has yielded over 81 tree-ring dates. Most of these 
are non-cutting dates. The pithouses date in the mid to 
late A.D. 900s and the pueblo dates between 1000 and 
1150. The three archaeomagnetic samples are from pit
houses. The end dates are based on superimposed 
structures. 

Type 

hearth 

burned wall 

hearth 

Provenience 

unit 286, 
level 7F, 
locus lOA 

unit 286, 
level 4, 
locus 9R 

unit 410, 
level 55, 
locus 6H 

Tree-ring 
Date 

936vv 

936vv 

936vv to 
1020vv 

Date of 
Firing 

936-1000 

936-1000 

1020-1050 

Institution: Maxwell Museum, University of New Mexico 
Archaeologist: Steve LeBlanc 
References: LeBlanc (1976) 
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MVOOI-MVOOS 
Site: Mesa Verde 
Location: 37.28°N, 2SI.46°E; Mesa Verde National Park, Colorado 
Dating: This is one of the best tree-ring dated sites in the 

Southwest. The end dates are based on phase dates. 

Feature 

MVOOI 

MV002 

MV003 

MV004 

MVOOS 

Type 

hearth 

hearth 

hearth 

hearth 

burned 
wingwell 

Provenience 

Long House, 
Kiva H 

Painted Kiva 
House, Kiva 1 

Long House, 
Kiva I 

Painted Kiva 
House, Kiva 2 

Tree-ring 
Date 

1280r 

1202c 

12'Z2r 

1202c 

Twin Tree Site, 674c 
first pithouse 

Institution: Mesa Verde National Park 
Archaeologist: Jack Smith 
References: O'Bryan (1950); Cattanach (1980) 

Date of 
Firing 

1280-1300 

1202-1300 

1202-1300 

1202-1300 

674-700 
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NROOl-NR007 
Site: Nan Ranch 
Location: 32.63°N, 25l.l7°E; 3 miles north of Faywood, New 

Mexico 
Dating: This complex multi-component Mimbres site includes 

pithouses and a pueblo dating from the Three Circle 
phase (A.D. 600) to the Classic Mimbres (A.D. 1150). 
Room 46 is superimposed upon room 51. Independent 
dating is by tree-ring and ceramic phases (age ranges). 

Feature 

NR001 

NR002 

NR003 

NR004 

NR005 

NR006 

NR007 

Type Provenience 

hearth area D, 
room 41, 
feature 3 

wall plaster area D, 
room 41 

baked floor room 51, 
level 14 

hearth room 46, 
level 3, 
feature 2 

hearth room 43, 
feature 2 

wall plaster room 52 

double 
hearths 

room 47 

Institution: Texas A&M University 
Archaeologist: Harry J. Shafer 
Reference: LeBlanc (1977) 

Dating 

107r 

1l07r 

1000-1150 

1080vv 

850-1000 

850-1000 

Date of 
Firing 

1107-1150 

1107-1150 

1000-1080 

1080-1150 

850-1000 

850-1000 

1080-1150 
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NSOOl-NS005 
Site: National Semiconductor Site (AZ:BB:13:74, ASM) 
Location: 32.l3°N, 249.00 oE; Tucson, Arizona 
Dating: This is a latE' Sedentary early Classic Period Hohokam 

pithouse village. Based on the presence of Rincon Red
on-Brown and Tanque Verde Red-on-Brown sherds and 
vessels, the site was assigned to the late Rincon 
phase. Some controversy surrounds the age of this 
phase, but a range of occupation between A.D. 1150 
to 1250 would be reasonable given all current inter
pretations of the sequence. No more precise dating 
can be applied to the archaeomagnetic features from 
this site. 

Feature Type 

NSOOI hearth 

NS002 hearth 

NS003 hearth 

NS004 hearth 

NS005 hearth 

Provenience 

feature 3 

feature 4 

feature 

feature 8 

feature 9 

Associated Ceramics 
(floor contact) 

Rincon R/br, Tanque Verde 
R/b-sherds 

none 

Rincon R/br - sherds 

Rincon R/br, Rincon Red -
sherds. Rincon Red 
vessel 

none 

Institution: Complete Archaeological Service Associates 
Archaeologist: Bruce Bradley 
Reference: Bradley (1980) 
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PM001-PM012 
Site: Pittsburg and Midway Lease 
Location: 35.64°N, 251.10 o E; 7 miles east of Window Rock, 

Arizona 
Proveniences: 

Feature Type Provenience 

PM001 hearth site 218, room 2, feature 5 

PM002 hearth site 218, room 2 kiva, feature 7 

PM003 hearth site 240 

PM004 hearth site 224, room 6, feature B 

PM005 hearth site 224, room 1, feature A 

PM006 hearth site 218 

PM007 hearth site 224, room 3, feature A 

PM008 kiva hearth site 203, room 5, feature B 

PM009 hearth site 205, room 1, feature B 

PM010 hearth site 203, room 1, stratum 15, feature A 

PMOll kiva hearth site 205, room 4, feature A 

PM012 kiva hearth site 218, room 4 

Institution: University of New Mexico, Office of Contract 
Archaeology 

Archaeologist: t1ark Harlan 
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PN001-PN005 
Site: Pition 
Location: 36.25°N, 249.75°E; 10 miles north of Pinon, Navajo 

Indian Reservation, Arizona 
Dating: The dates for these small PI to PIlI pueblos are 

based on ceramic data. 

Feature Type 

PN001 hearth 

PN002 hearth 

PN003 hearth 

PN004 hearth 

PN005 burned wall 

Provenience 

NA13785, 
structure 8, 
feature 26 

NA13785, 
structure 1, 
feature 20 

NAl3767, 
structure 1 

NAl4002, 
structure 2 

NAl3767, 
structure 1 

Date of 
Firing 

750-875 

750-875 

1130-1180 

875-900 

1130-1180 

Institution: Navajo Nation, Cultural Resources Management 
Program 

Archaeologist: Lanny Linford 
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QROOI 
Site: Q Ranch; APS-CS-24S '(Cholla-Saguaro Mitigation Project) 
Location: 33.97°N, 249.22°E; southeast of Young, Arizona 
Feature type: Hearth 
Provenience: Small structure in meadow 
Dating: For this small, late Mogollon site, only a ceramic 

date of A.D. 1000-1250 is available 
Institution: Arizona State Museum 
Archaeologist: J. Jefferson Reid 
Reference: Reid (1982) 

RROOI 
Site: Rabid Ruin (AZ:AA:12:46, ASM) 
Location: 32.34°N, 249.03°E; west of Tucson, Arizona 
Feature type: Hearth 
Provenience: Pithouse 3 
Dating: This site is a Classic period Hohokam village. Pithouse 

3 also had Gila Polychrome sherds on its floor. There 
are various interpretations for the dating of this type. 
Following Doyel (1976), the best dates for this type 
appear to fall between A.D. 1300 to 1450. This date 
was assigned to the firing of the hearth. 

Institution: Arizona State Museum 
Archaeologist: Bruce Huckell 

SXOOI 
Site: San Xavier Rock and Gravel site (AZ:BB:13:56, ASM) 
Location: 32.l3°N, 249.00 o E; south of Tucson, Arizona 
Feature type: Burned adobe floor 
Provenience: North room 
Dating: The site is part of the old community of Los Rea1es. 

The structure burned sometime after 1906 because an 
uncirculated dime dated 1906 was recovered off the 
room's floor. The fire destroying the structure most 
likely occurred between 1906 and 1910. 

Institution: Arizona State Museum 
Archaeologist: Bruce Huckell 

TAOOI 
Site: TA-34 
Location: 36.43°N, 254.42°E; Taos, New Mexico 
Feature type: Hearth 
Provenience: Pithouse 
Institution: Fort Burgwin Research Center 
Archaeologist: Pierre Morenon 
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WLOOl-WL007 
Site: Walsh Site (Z:5:BO) 
Location: 32.53°N, 252.07°E; 30 miles north-northwest of 

Deming, New Mexico 
Dating: This Animas Phase Mimbres pueblo consists of over 100 

rooms. The site has yielded no tree-ring dates and can 
only be dated through the use of ceramics and two C-14 
dates. Two of the archaeomagnetic features are asso
ciated with C-14 dates. These features can be divided 
into two stratigraphically related groups. WLOOI was 
under WL002 which was under WL003. WL007 was under 
WL006 which was under WL005. Age ranges are ceramic 
phase dates, and ± dates are C-14. 

Date of 
Feature Type Provenience Dating Firing 

WL001 hearth 1B-4-13H 1175-1300 1175-1275 

WL002 hearth lB-4-14H 1175-1300 1175-1275 

WL003 hearth 1B-3F-3H 750±75 (A-1942) 1175-1275 

WL005 hearth 10-4F-5H 1175-1300 1200-1300 

WL006 hearth 10-4F-6H 670±BO (A-1943) 1200-1300 

WL007 hearth 10-5S·-l5H 1175-1300 1175-1300 

Institution: Maxwell Museum, University of NeloT Mexico 
Archaeologist: Steve LeBlanc 
Reference: Le Blanc (1977) 
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WMOOI-WM044 
Site: Wind Mountain 
Location: 32.68°N, 251.60 o E; 12 miles southwest of Silver City, 

Mexico 
Proveniences: 

Feature 

WMOOI 

WM002 

WM003 

WM004 

WM005 

WM006 

WM007 

WM008 

WM009 

WMOIO 

WMOll 

WMOl2 

WM013 

WMOl4 

WMOl5 

WMOl6 

WM017 

WMOl8 

WMOl9 

WM020 

WM021 

WM022 

WM023 

WM024 

Type 

hearth 

hearth 

hearth 

hearth 

burned floor 

hearth 

burned floor plaster 

hearth 

hearth 

hearth 

hearth 

hearth 

burned floor plaster 

burned floor plaster 

hearth 

burned floor plaster 

burned floor plaster 

burned wall plaster 

hearth and burned 
floor plaster 

burned floor 

hearth 

burned wall plaster 

hearth 

cremation pit 

Provenience 

NM:Y:5:1, house B 

NM:Y:7:1, house N 

NM:Y:7:1, house E 

NM:Y:7:1, house H 

NM:Y:7:1, house G 

NM:Y:7:1, house M 

NM:Y:7:1, room 7 

NM:Y:7:1, house W 

NM:Y:7:1, house BB 

NM:Y:7:1, house AA 

NM:Y:7:1, house Y 

NM:Y:7:1, room 15 

NM:Y: 7: 1, work area 2· 

NM:Y:7:1, house EE 

NM:Y:7:1, house X (great 
kiva) 

NM:Y:7:1, house X (great 
kiva) 

NM:Y:7:1, house DD 

house AJ 

NM:Y:7:1, house AF 

NM:Y:7:1, house K 

NM:Y:7:1, house DD 

NM:Y:7:1, house SS 

NM:Y:7:1, near entrance 
to house AC 

NM:Y:7:1, by house AC 
cremation pit 2 
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WMOOI-WH044 Continued 

Feature Type Provenience 

WM025 hearth NM:Y:7:3, house B 

WM026 hearth NM:Y:7:1, house AB 

WM027 hearth NM:Y:7:1, house XX 

WM028 burned wall plaster NM:Y:7:1, house AH 

WM029 burned wall plaster NM:Y:7:1, house AG 

WM030 hearth NM:Y:7:3, burial pit 9 

WM031 hearth NM:Y:7:3, house C 
. WM032 hearth NM:Y:7:3, house H 

WM033 hearth NM:Y:7:3, house J 

WM034 hearth NM:Y:7:3, house I 

WM035 burned wall plaster NM:Y:7:3, house G 

WM036 burned wall plaster NM:Y:7:1, house AM 

WM037 burned wall plaster NM:Y:7:1, house AL 

WM038 burned wall plaster NM:Y:7:1, house AQ 

WM039 burned wall plaster NM:Y:7:3, house G 

WM040 burned wall plaster NM:Y:7:3, house E 

WM041 hearth NM:Y:7:3, house D 

WM042 burned wall plaster NM:Y:7:3, house C 

WM043 hearth NM:Y:7:1, house AD 

WM044 burned wall plaster NM:Y:7:1, house WW 

Institution: Amerind Foundation 
Archaeologist: Charles C. DiPeso 



WVOOl-WV004 
Site: Winona Village 
Location: 35.20 oN, 248.63°E; 15 miles east of Flagstaff, 

Arizona 
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Dating: This Sinagua pithouse village consists of several clusters 
of pithouses on low ridges. The site has yielded over 

Feature 

WVQOl 

WV002 

WV003 

WV004 

100 tree-ring dates. It was occupied for less than 100 
years in the late A.D. 1000s and early 1100s. The A.D. 
1130 terminal date is based on the end date for Black 
Mesa Black-on-White pottery. 

Type Provenience 

hearth· NA3644M, 
lower floor 

hearth NA3644P 

hearth NA2133A 

hearth NA2133D, 
latter hearth 

Tree-ring 
Date 

1088vv 
(construction) 
1097r 
(upper floor) 

1107r 

1095vv 

110lvv 

Date of 
Firing 

1088-1097 

1107 -1130 

1095-1130 

1101-1130 

Institution: Coconino National Forest 
Archaeologist: Peter J. Pilles, Jr. 
Reference: Colton (1946) 



ZN001-ZN007 
Site: Jones Ranch Road Mitigation Project 
Location: 35.07°N, 251.15°E; Zuni Indian Reservation, New Mexico 
Proveniences: 

Feature Type Provenience 

ZN001 firepit NM: 12 : U2 : 62 , room 4, feature 8 

ZN002 hearth NM:12:U2:62, pithouse 1, feature 11 

ZNOO3 firepit NM:12:U2:6, feature 9 

ZN004 hearth "NM:12:U2:6, structure 1, feature 38 

ZNOO5 firepit NM:12:U2:6, feature 16 

ZN006 hearth NM:12:U2:7, pit structure, feature 14, 

ZNOO7 hearth NM:12:U2:7, pit structure 2, feature 20 

Institution: Zuni Archaeology Program 
Archaeologist: James N. Spain 

hearth 
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Colu~n ~e.dlng •• He.e - feeture de"gnetor, B - optl.el de.egnetlzellon 
.tlp; I ~ Inclination, 0 - decllnetlon; J - .egnltlzetlon; N - nu.ber of 
••• pll. u.ld In Cllcul.tlon.; HT - nu.blr 0' .I.plls collectld; a95 -
two .tlnd.rd error. or ••• n cone 0' confidenci .bout .e.n direction; 
k - pr.cl,'on p.r ••• ter. PLAT - VGP I.tltude; PLONG - VGP longltudl; 
d. - sl.' •• Jor •• 1. for VGP ov.1 of conti dine,; dp - .I.'.'nor •• 1. 
for VGP oval of conf.denca; Aue Range - dete or firing Iwhln known). 

HUle 8 0 J HINT a95 k PLAT PLONG dll 111;1 AUC! Renge 
aT diU. dell. ". dill. dig. dig. dig. dig. ,I.r. AD 

ABOOI 20 49.55 HII.1I2 1.10E-02 12112 11.& 25.28 84.11 83.57 11.70 7.7& 
AB002 0 59.53 2Bl.bB 1.27E-02 12/12 3b.5 2.3& 30.46 193.63 54.113 41.2 
AHOOI 20 5&.07 349.27 3.56E-Ol 14/15 b.2 42.32 79.97 191.33 9.12 6.72 950 1150 
8B003 10 59.115 0.09 1.95E-01 11111 5.6 67.34 83.35 249.97 11.46 b.3& 
110001 15 56. It! 35&.tll 1.02E+00 &/9 2.2 6.34.99 85.78 236.23 3.18 2.29 
110002 15 44.30 5.02 5.67E-Ol &/9 3.1 310.32 11.117 35.411 3.95 2.4& 
CC001 10 56.75 HII.61 3.20E-02 6/& 3.6 355 .60 &6.46 231.09 5.16 3.74 1334 1375 
CC002 15 '6.10 H4.61 7.49E-02 8/9 4.5 151.4& 84.&5 192.16 6.49 4.67 1334 1375 
CC003 15 57.04 350.87 4.73E-02 10/11 4.7 106.23 81.75 18&.2& b.&5 4.99 1335 1375 
CCOOIt 15 50.55 14.36 4.70E-03 7/8 14.2 18.95 77.62 341.96 19.H 12.87 1334 1375 
CHOOI 11 5&.76 351.32 3.56E+00 9/9 2.3 490.67 111.21 199.75 3.46 2.5& 1271 1300 
CHOOO! 15 59.53 352.91t 2.46E+00 9/9 2.3 516.10 81.59 209.55 3.41 2.56 1285 1300 
CHOO3 15 57.&6 34&.59 6.91E+00 11& 3.3 zee.3l 79.&1 18&.36 4.U 3.53 12115 1300 
CHOOft 15 66.40 354.&& 1.63E+00 718 7.1t 611.26 74.76 236.41 12.09 9.94 1100 1270 
CH005 15 59.60 348.39 1.45E-01 71& 3.7 269.70 78.81 197.28 5.54 4.17 1270 1300 
CH006 15 60.70 352.34 1.2ltE-01 8/10 b.4 75.&5 80.30 213.16 9.77 7.45 1270 1300 
CH007 10 59.52 353.15 1.98E+00 10/11 3.7 170.27 81.72 210.27 5.58 1t.19 1250 1272 
CHOOII 10 56.31t 357.69 2.29E+00 &/9 3.2 304.117 1Ib.62 216 .26 4.5& 3.31 1250 1272 
CH009 15 56.&9 35ft.6B 9.24E-02 9/11 4.3 141.51 14.52 19&.95 6.18 4.49 1250 1272 
CS001 15 69."" 145.22 3.68E+00 6/9 2.0 1141.20 67.89 225.16 3.39 2.90 1240 1300 
CS002 15 62.02 341.48 6.48E+00 8/8 2.1 7011.82 72.68 19&.18 3.23 2.51 1240 1300 
CS003 15 54.03 352.93 2.7iE+00 9/10 4.B 117.60 84.08 U9.72 6.68 4.6& 1240 1300 
CSOOlo 10 60.310 344.92 5.51E+00 12112 3.2 186.50 75.74 Uta. 57 4. lilt 3.67 1225 1350 
CV001 15 61.16 1.90 1.36E-Ol 11& 3.9 200.53 12.19 25B.b4 6.02 4.62 1400 H50 
CZOOI ItO 79.115 327.01t 2.HE-02 8/& 20.b 8.20 50.11 231t.13 39.37 37.66 
CZ002 15 63.29 3ft 5.97 2.67E-02 6/8 12.7 28.92 75.13 208.67 19.99 15.7& 
EP001 15 56.16 341'.&2 1.31E+00 119 3.& 2011.71 110.04 170.50 5.53 3.9& 1150 1200 
FL001 10 41.67 352.59 b.50E-02 818 13.6 17.52 &2.73 132.41 17.72 11.53 600 1100 
H002 15 57.&1 1.70 1t.40E-02 9/9 &.3 39.01 83.64 261.23 12.27 9.02 1100 1200 
FL003 15 55.95 350.76 5.12E-02 8/9 3.6 236.23 111.2&,190.79 5.18 3.72 1100 1100 
FLOOIt 15 It5.&5 5.01 6.2H-02 11/8 11.2 25.33 83.37 26.83 H.32 9.11t 500 &00 
FL005 15 5B.53 346.93 6.14E-Ol 9/9 1.7 956.28 77.32 196.23 2.41 1.113 1100 1200 
GBOOI 10 59.95 31t9.86 1.55hOO 71& 2.1 121.51 78.86 204.54 3.18 2.41 1100 1300 
G8002 10 55.35 353.73 II.UE-01 11/9 1.1 2601.29 IIt.17 187.511 1.55 1.10 1100 1300 
GN001 15 52.18 35ft.58 2.02E-02 9/9 16.6 10.52 113.71 117.75 22.12 15.64 1241t 1300 
GN002 10 66.31 341.91 4.3lE-03 10/10 37.3 l.64 72.56 208.20 61.15 50.20 ll35 1300 
GPOOI 15 57.02 357.93 5.46E-Ol 11/11 1.3 1162.27 115.43 228.19 1.117 1.36 13115 H50 
GP002 15 56.85 349.00 6.69E-01 71& 2.1 125.06 110.16 1116.75 3.05 2.22 
GROOI 15 57.74 355.13 6.25E-02 10/10 2.1 '54.33 84.17 2011.42 3.02 2.21 1350 1375 
GR002 15 57.13 355.31 3.37E ... Ol 11/8 3.2 302.30 114.72 204.73 4.65 3.39 1275 1325 
GR003 15 60.50 1.21t 2.29E-02 9/9 2.3 491.64 12.53 256.55 3.54 2.69 1300 1375 
GROOIt 15 63.211 353.19 2.5I1E-02 9112 2.5 409.00 7&.05 225.3& 4.02 3.17 1300 1350 
GR005 10 59.60 H&.39 2.91E-02 11/10 2.9 366.33 83.50 23&.1t5 4.36 3.28 1350 1400 
GR006 30 59.&5 357.54 1.92E-02 11/9 2.6 445.09 13.06 233.73 3.97 2.99 1350 1400 
GR007 15 ".01 347.59 1.75E-02 9/10 5.6 85.41 79.71 171.10 7.95 5.61t 1350 HOO 
GROO& 15 53.b6 355.91 1.2lE-Ol 1111 1.9 811.49 86.61 162.90 2.72 1.90 1270 1300 
6ROO9 10 61.31 11.00 2. 5H-02 515 20.5 14.&7 7&.01 292.04 31.54 24.25 1350 1400 
GROIO 15 52.75 352.07 4.22E-02 8110 4.7 141.69 13.36 155.09 6.45 4.45 1300 1325 
GROll 10 56.32 357.1t0 2.59E-01 8/8 4.3 166.35 a6.48 213.16 b.2l 4.4a 1300 1325 
GROIZ 20 60.37 352.27 1.74E-02 10/10 3.2 229.&3 aO.52 211.55 4.115 3.68 1300 1325 
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NI.e 8 I D J NINT a95 k PUT PLONG d. dp Age Ringe 
• T dill. dell. A'. deg. deg. deg. deg. dell • yelrs AD 

IROOI 15 36.118 235.07 2.11~-02 9/9 65.9 1.57 12.37 199.50 77.18 '5.17 
LIIOOI 1,0 57.116 3ft5.51o 1.13"+00 11/12 1.2 1363.23 76.72 190.77 1.82 1.3t, 1150 1250 
LII002 15 55.82 3109.56 8.HIE-Ol 9/9 1.2 11107.11 80.50 186.93 1.710 1.210 IUD 1350 
LUOOI 15 '9.73 355.31 1.63f-02 818 '.0 190.08 113.81 111.71 5.37 3.57 785 820 
LU002 15 '9.50 0.53 '.OlE-Ol 8/8 2.0 786.27 610.99 65.72 2.63 1.75 785 820 
IIFOOI 20 69.75 331.65 1.811hOO 9110 3.1 285.65 63.18 209.75 5.23 '.109 1060 1150 
"TOOl IS 51.65 357.25 1.05hOO 119 1.8 899.1t0 87.62 IIt9.18 2.52 1.72 936 1000 
"T002 15 se.77 358.07 1.60£+00 9/9 2.0 666.99 113.16 239.U 2.97 2.21 936 1000 
IIT003 15 60.911 31t6.82 1.98£+00 8/9 3.3 287.37 76.11 207.15 5.01 3.81t 1020 1050 
IIVOOI 10 61t.12 352.711 6.51E-02 7/8 3.0 '02.58 79.117 221.60 1t.81 3.83 1280 1300 
IIV002 15 62.86 351.69 It. llE-02 .,1 3.6 Zlt2.ll 110.59 212.17 5.60 '.39 1202 1300 
"V003 15 61t.12 31t9.61 1.HE-01 9/11 2.1 583.66 78. ,It 212.66 3.1t0 2.71 1272 1300 
IIVOOio 20 6".23 3510.26 2.52E-02 9/9 1t.1 155.96 80.29 227.13 6.61 5.28 1202 1300 
IIV005 20 55. Itt, 0.01t 6.32E-02 9/9 3.2 259.106 88.69 70.16 1t.51 3.26 6710 700 
NR001 30 1t5.02 357.39 2.72E-02 8/12 10.8 27.08 13. Sit 92.U 13.71 8.67 1107 1150 
NR002 30 58.55 31t0.1I0 5.1t2E-01 10110 2.1 53" .59 U.lIt 189.77 3.10 2.30 1107 1150 
NR003 20 1t6.87 3.011 9.39E-02 10112 5.8 70.77 1I1o.71t 1t0.Ol 7.1t6 1t.81 1000 1080 
NROO" 20 56. lit 35".85 3.56E-02 12112 12.1t U.14 81t.U 206.38 17.90 12.118 1080 1150 
NR005 15 5".56 355.09 2.6I1E-Ol 8/9 6.1t 76.28 85.21t 193.66 9.01 6.36 850 1000 
NR006 30 1t5.73 358.96 2.02£+00 1/11 1.8 919.21t 1It.1t5 80.81 2.33 1.1t9 850 1000 
"R007 30 109.99 336.37 2.79E-02 10112 12.5 15.99 69.85 162.65 16.65 11.12 1080 1150 
NS001 15 56.010 3ft6.91o 7.27E-01 7/8 1.1t 1787.06 78.35 185.11 2.05 1.1t8 IUD 1250 
NS002 20 57.11 3H.03 2.96E-02 818 1t.5 153.73 75.79 186.52 6.53 ".7b 1150 1250 
NS003 15 56.17 3H.20 1I.IIIE-02 10110 3.3 210.lIt 78.50 186.010 ".81 3."6 IUD 1250 
NSOO" 15 58.18 3ft 6 • 52 ". 30E-01 9110 1.5 1158.93 1'7.1It 191t.3ft 2.23 1.65 1150 1250 
NS005 10 58,,65 3It5.79 3.59E-Ol 9/9 2.6 387. lit 76.U 195.16 3.89 2.89 1150 1250 
PIIOOI 15 61.310 3100.89 5.0loE-02 9/10 2.5 "20.05 13.72 191.59 3.87 2.98 
PII002 15 58.86 350.25 1.91E-02 9/9 3.6 203.50 81.33 191.26 5.39 1t.0l 
P"003 U 61.H 3H.51 l.bOE-02 9/9 5.0 105.65 76.18 195.67 7.75 5.97 
PKOOIt 15 63.52 31t7.89 3.1t5£-02 819 It." 158.57 76.81 210.63 6.98 5.53 
P"005 15 62.119 3106.56 1."9E-02 8/8 3.8 217.21 76.56 205.1t1t 5.91 ".610 
P"006 30 63.118 330.07 1.68E-02 11/9 3.1 329.85 65.39 191t.09 1t.86 3.86 
P"007 15 63.01 H7.50 3.08E-02 6/8 3.5 373.67 77.01 207.69 5.'6 ".29 
P"008 15 61.31t 335.12 8.18E-02 719 2.0 917.57 70.01t 188.U 3.07 2.3b 
P"009 15 65.29 3ft1l.31 2.27E-02 9/9 13.2 16.19 75.39 218.13 21.37 17.31 
P"010 15 58.39 3105.77 2.66E-02 717 7.1 72.62 78.19 182.33 10.56 7.82 
P"OIl 15 51.93 H6.115 1.19E-Ol 8/8 6.3 78.67 79.11 180.75 9.25 6.81 
P"012 30 65.31 3"'.98 3.99E-02 718 2.2 767.79 710.28 213.81t 3.53 2.86 
PNOOI 15 59.117 333.22 1.01tE-02 8/8 20.b 8.19 68.65 180.07 31.07 23.10' 750 875 
PN002 15 56.21 357.59 1.119E-Ol 7/9 3.5 303.98 17.99 175.'5 5.00 3.60 750 875 
PN003 15 57.02 31t5.01 1.1t1E-02 9/10 5.0 10b.15 77.95 170.71t 7.30 5.32 IUD 1180 
PNOOlo lS 53.80 35".19 5.73E-03 7/8 17.3 13.07 810.89 139.50 2".25 16.95 1175 900 
PN005 15 510.25 358.510 6.38E-03 8/8 10.9 26.910 88.11 109.05 15.28 10.710 1130 1180 
QROOI 15 57.32 3ft3.711 2.HE+Ol 518 7.7 100.83 76.31 180.68 11.18 8.17 1000 1250 
RROOI IS SIt. 68 2.32 1t.80E-01 9/9 2.7 3U.ll 16.55 212.32 3.85 2.72 1300 lit 50 
SleOOI 20 51t.80 11.81t 1t.35Ep02 9110 ".1 158.50 79.65 317.77 5.80 It.ll 1906 1910 
TACOl IS 61.77 31t3.76 8.50E-Ol 12112 1.9 513.58 75.93 197.12 2.97 2.29 
IIl001 15 58.15 35ft.61t 9.08E-Ol 9/9 1.9 753.00 82.35 218.91 2.77 2.05 1175 1275 
IIL002 15 52.01 31t7.3ft 5.IobE-01 7/9 3.5 290.97 79.310 Ibb.02 ".85 3.32 1175 1275 
IIL003 11 56.03 355.25 5.7lE+00 6/8 1.10 2"09.27 8".37 209.39 1.96 1.U 1175 1275 
IIL005 15 57.1t5 353.31 9.98E-Ol 10/10 1.5 1009.00 82.23 209.39 2.23 1.63 1200 1300 
IIl006 15 tIt.9b 350.35 1.82E+00 9/9 2.0 61t9.95 111."7 185.0" 2.87 2.03 1200 1300 
IIl007 15 55.710 351.98 1.52£+00 8/9 1.7 1069.blo 82.39 193.lIb 2."3 1. 7ft 1175 1300 
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IINOOI U 55.110 329.77 2.6IE-OI 7/8 2.2 7U.S6 61,.93 178.1,9 3.18 2.28 
IIH002 lJ 52."3 2.01, 1.81tE-Dl 8110 2.1, 5H.'" 118.25 329.62 3.36 2 .31 
IIHD03 15 52."0 354.07 1.00hOO 9/9 2.0 685.69 85.00 166.87 2.70 1.86 
IIHOO" 15 U.1I8 15".03 ".91E-Ol 8/9 1.2 2226.11 81,.73 102."5 1.61, 1.15 
IIH005 30 36.33 355.39 ".21E-02 7/9 3.0 "03."0 76.15 90.95 3.51 2.04 
"H006 15 58.95 3"6.68 1.07E-Ol 8/9 2.10 t31.12 77.18 198.60 3.59 2.68 
"H007 15 56.110 3"2.21 7.09E-Ol 9/9 2.0 668.31 7".77 11".'" 2.89 2.1 
II HOOII 15 '9.40 355.55 4.6~E-Ol 9/9 2.0 657.14 81.66 227.50 3.02 2.2b 
"H009 15 1,9.63 1.09 ".39E-Ol 10/10 1.9 629."6 87.bO U.55 2.56 1.71 
IIHOI0 15 ,,9.11 3.53 1.22E-Ol 8/9 2.8 390.31 86.36 15.00 3.7" 2.5 
"HOll 15 58.13 351.59 1."IoE-01 11112 l.i; 046.15 80."0 208.97 2.t.? 1.99 
IIH012 15 57.25 3"2.9" 9.82E-02 9/9 2.7 375.3" 75.17 186.10 3.8e 2.83 
IIH013 15 59.51, 31,3.32 1.34E-Ol 8/9 5.1, 107.65 7".58 196.26 8.0!} b.06 
IIHOI" 15 52.50 6.65 1.37E-Ol 9/9 2.1 616.7" 8"."0 315.57 2.8i) 1.97 
"HOI5 15 0.53 ".38 5.12E-Ol 12112 1.5 79".61 83.16 36.H 1.96 1.25 
IIH016 15 ,,8.90 3.58 7.05E-02 9/9 2.2 533.01 85.81 23.75 2.95 1.9" 
IIH017 10 52.97 358.32 2.13E-02 9/10 2.9 310.05 111.35 193.37 1,.05 2.8 
"H018 15 "3.29 352.11 2."2E-Ol 7/B 2.6 t39.30 79.S" 116.37 3.23 2.01 
IIH019 15 "6.U 1.93 1.73E-Ol 8/B 2.8 398.12 U.78 52.U 3.57 2.29 
lIH020 15 "6.61 357.7" 7.8"E-02 liB 3.0 3H.85 8".81 9".31, 3.90 2.51 
"H021 15 52.22 6.59 6.0lE-Ol 6/8 ".9 18".21 8"."6 338.30 6.79 ".66 
"H022 15 "5.20 2.96 5.I3E-Ol 118 1.3 170"."8 13.52 "7.53 1.70 1.08 
"H023 30 "1.01 357.25 3.82E-02 8/8 13.6 17."B 80.51 17.07 16.56 10.06 
"K024 15 "2.95 0.65 7."6E-Ol 8/8 2.6 ""'.63 82.26 67.21 3.26 2 .02 
IIKO 25 15 "7."2 351.93 5.61E-02 7/8 ".3 196 • 88 1I1. 93 132.97 5.60 3.63 
"M26 11 5".33 8.77 ".85E-02 7/8 7.6 6".57 82.40 322.53 10.65 7.109 
IIH027 30 51,.1,8 3"1.53 1.57E-02 liB 7.6 53."2 10.20 178.52 10.78 7.6 
"H028 20 "".22 15.68 6.05E-01 717 ".7 162.72 7".78 3.80 5.96 3.H 
"H029 20 51.1,2 1.05 3.91E-01 617 3.5 357.37 18.93 15.45 ".82 3.28 
"K030 15 56.23 1.27 2.22E-01 7/8 3.3 332.15 15.77 265.51 ".78 3.1,.1, 
"K031 15 51.93 12.68 5.11E-02 8/8 14.2 16.20 79.33 U8.12 19."0 13.26 
IIH032 20 50.20 25.H 3.8SE-02 7/8 7.8 60.57 68.62 339."0 10.H 7.01 
IIH033 20 53.83 11.48 2.21tE-02 6/6 11.7 33.96 80.29 328.U 16.31 11." 
IIK034 15 52.33 2.91, 3."6E+OO 1/8 3.0 3H.93 17.52 33".91, ".08 2.111 
"K035 15 "3.73 11.65 6. "1tE-02 118 5.1 120.96 77.59 13.61 6.31 3.91, 
IIK031) it ,7.99 'i.n 2.96i:-Ol SiB 2.9 3n.i~ il.li .. 29'.8li •• cit li.U 
"H037 15 52.26 0.56 7.31E-01 118 3.7 222.77 89."9 320.12 5.10 3.5 
"K038 15 1t7.29 3.H 1.15E-Ol S/8 ".0 192.53 8".98 38.22 5.19 3.36 
"H039 15 57.51 352.23 1.11E-Ol 8/8 7.7 52.78 11.6" 20ft.5" 11.27 8.25 
IIH040 15 31.23 7.56 1.3IIE-02 8/8 19.7 1.83 72.77 "6.'" 22.08 12.36 
IIH041 15 "5.70 357.79 ".36E-02 5/6 5.0 233.16 8".13 91.18 6."0 ".08 
11"01,2 15 H.03 8.96 6.10E-Ol 8/8 17.3 11.19 11.09 9.27 22.38 H.6b 
WMOlt3 15 "8.25 355.83 2.56E-01 7/8 1.9 973.82 15.05 110.97 2.5" 1.66 
"HO'" "0 13.50 ".13 5.85E-02 8/8 "6.1 2."0 63.79 60.91 U.12 IU •• 06 
IIVOOI 20 62.01, 31,0.25 2.36£+00 8110 2.8 "0".63 72.76 ,92.53 ".28 3.32 1088 1097 
IIV002 15 61.53 31,1,.51 6.42E-01 6/8 ".6 209.88 75.86 U5.lIS 7.15 5.51 ll07 1130 
"V003 15 61.73 3"8.30 1.73E+00 10110 5." 81.93 71.10 202.57 8.30 6."2 1095 1130 
IIV004 15 61.17 31,3.39 2.4IE+00 9/9 2.9 315.85 76.63 1910.84 4.45 3."2 1101 1130 
ZNOOI 15 63.23 3~5.24 1.45E-Ol 6110 2.9 528.75 75.15 206.24 ".60 3.63 
ZH002 15 59.13 335.1,1 1.18E-Ol 9110 5.2 98.28 69.96 182.45 7.80 5.83 
ZH003 15 60.05 31,5.57 3.S2E-02 9/9 '.6 85.68 77.22 192.85 1.46 6." 
ZNOOlo 20 58.88 348.63 5.71E-02 5110 2.1 1351.20 79.88 191.31 3.10 2.31 
ZH005 15 63.71 31,6.23 ".1I7E-02 9110 3.3 250.06 75.34 209.78 5.18 4.11 
ZH006 10 59.79 31,5.61, 7.08E-Ol 9110 1.2 1775.51 77.39 191.66 1.8" 1.39 
ZH007 20 63.72 351.26 9.37E-02 8110 3.7 221.75 77.75 220.91 5.92 4.69 



APPENDIX D 

PROVENIENCES FOR CERAMICS 

The archaeological site, location, age of the sherd (date of 

firing), institution and archaeologist (or curator) from which the 

sample was obtained is given for each sherd used in this study. A 

brief comment is made on how the age was derived, provenience and 

pottery type are given when known, and a reference for the site is 

indicated if one exists. All samples listed were used for paleoin

tensity analysis although paleointensities could not always be inter

preted. 

253 



AR001, AR002, AR003 
Site: Arroyo Hondo (LA12) 
Location: 35.62°N, 254.06°E; 5 miles south of 

Santa Fe, New Mexico 
Provenience: Kiva l2-G-5, trash fill 
Pottery type: Tesuque corrugated 
Age: 1355-1370 A.D.; Ceramic seriation cross-dated 

to tree-ring dates in other rooms 
Institution: School of American Reserach 
Archaeologist: Jane Kepp 
Reference: Schwartz and Lang (1973) 

AR004, AH005, AH006 
Site: Arroyo Hondo (LA12) 
Location: 35.62°N, 254.06°E; 5 miles south of 

Santa Fe, New Mexico 
Provenience: Kiva l2-C-2, trash fill 
Pottery type: Tesuque corrugated 
Age: 1410-1425 A.D.; ceramic seriation cross-dated 

to tree-ring dates in other rooms 
Institution: School of American Research 
Archaeologist: Jane Kepp 
Reference: Schwartz and Lang (1973) 

ANOOl 
Site: Antelope House 
Location: 36.16°N, 250.56°E; Canyon de Chelly 

National Monument, Arizona 
Provenience: Structure 67, provenience 1102 
Pottery type: Lino Plain 
Age: 700-750 A.D.: tree-ring on construction 
Institution: Western Archaeological Center, National Park Service 
Archaeologist: Don P. Morris 
Reference: Morris (n.d.) 

APOOl 
Site: Green Bear Site (AZ K:12:3, ASM) 
Location: 35.33°N, 25l.00 o E; east of Lupton, Arizona 
Pottery type: Alma Plain 
Age: 790-810 A.D.; associated and intrusive ceramics 
Institution: Arizona State Museum 
Archaeologist: Alan C. Ferg 
Reference: Ferg (1978) 
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CC001 
Site: 29SJ 423 
Location: 36.08°, 252.01°E, Chaco Canyon National 

Monument, New Mexico 
Provenience: Gr~at Kiva, levell, fill 
Pottery typ~: Oblisk Gray 
Age: 500-600 A.D.; tree-ring on terminal construction beams 
Institution: Division of Cultural Research, National Park Service 
Archaeologist: T. Windes 
References: Windes (1975) 

CC002 
Site: 29SJ 299 
Location: 36.03°N, 252.10 0 E; Chaco Canyon National 

Monument, New Mexico 
Provenience: Pithouse A, Stratum A, fill 
Pottery type: Lino Gray 
Age: 600-650 A.D.; tree-ring on room construction 
Institution Division of Cultural Research, National Park Service 
Archaeologist: T. Windes 
Reference: Loose (1973) 

CC003 
Site: Pueblo Alto (29SJ 389) 
Location: 36.07°N, 252.04°E; Chaco Canyon National 

Monument, New Mexico 
Provenience: trash mound, slump 2 
Pottery type: Puerco B1ack-on-White 
Age: 1045-1100 A.D.; tree-ring and ceramic dates 
Institution: Division of Cultural Research, National Park Service 
Archaeologist: T. Windes 
Reference: U. S. National Park Service (n.d.) 

CC004 
Site: Pueblo Alto (29SJ 389) 
Location: 36.07°N, 252.04°E; Chaco Canyon National 

Monument, New Mexico 
Provenience: trash mound, slump 2 
Pottery type: Chaco McE1mo Black-on-White 
Age: 1050-1150 A.D.; associated ceramics; date of Chaco 

abandonment 
Institution: Division of Cultural Research, National Park Service 
Archaeologist: T. Windes 
Reference: U. S. National Park Service (n.d.) 
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CNOOl 
Site: San Miguel de Carnue 
Location: 35.06°N, 253.54°E, Albuquerque, New Mexico 
Provenience: Structure 9 
Pottery type: Carnue Plain 
Age: 1763-1770 A.D.; historic documents and associated 

material culture 
Institution: Center for Anthropological Studies 
Archaeologist: Albert E. Ward 
Reference: Ward (1975) 

GPOOl 
Site: Escalante Ruin (AZ U:15:3, ASM) 
Location: 33.05°N, 248.60 o E; Florence, Arizona 
Pottery type: Gila Polychrome 
Age: 1350-1450 A.D.; ceramic date 
Institution: Arizona State Museum 
Archaeologist: David E. Doyel 
Reference: Doyel (1974) 

GROOl 
Site: Las Colinas (AZ T:12:l0, ASM) 
Location: 33.47°N; 247.89°E; Phoenix, Arizona 
Pottery type: Gila Red 
Age: 1100-1400 A.D.; Hohokam Classic Period 

(chronology of Haury; 1976) 
Institution: Arizona State Museum 
Archaeologist: Laverns C. Hammack 
Reference: Hammack (1969) 

GR002 
Site: Sidewinder Ruin (AZ U:15:32, ASM) 
Location: 33.05°N, 248.60 o E; Florence, Arizona 
Pottery type: Gila Red 
Age: 1100-1400 A.D.; Hohokam Classic Period (Haury chronology) 
Institution: Arizona Museum 
Archaeologist: David E. Doyel 
Reference: Doyel (1974) 

HOOOl 
Site: First Hopi Mesa 
Location: 35.83°N, 249.60 o E; Hopi Indian Reservation, Arizona 
Pottery type: Hopi Black-on-Red 
Age: 1977 A.D.; modern collection 
Institution: Museum of Northern Arizona 
Archaeologist: Marsha V. Gallagher 
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LAOOI 
Site: Pueblo del Encierro (LA 70) 
Location: 35.64°, 253.67°E; 2 miles northeast of 

Cohiti Pueblo, New Mexico 
Provenience: feature 186, roof fall 
Age: 1479-1520 A.D.; tree-ring construction dates 
Institution: Museum of New Mexico 
Archaeologist: Stewart L. Peckham 
Reference: Snow (1976) 

LA002 
Site: Pueblo del Encierro (LA 70) 
Location: 35.64°N, 253.67°E; 2 miles northeast of 

Cochiti Pueblo, New Mexico 
Provenience: feature 279, level 7, floor fill 
Pottery type: Puaray Glaze--Polychrome 
Age: 1520-1625 A.D., tree-ring construction date, ceramic date 
Institution: Museum of New Mexico 
Archaeologist: Stewart L. Peckham 
Reference: Snow (1976) 

LA003 
Site: LA 5407 
Location: 34.20 0 N, 251.45°E; 10 miles south-southwest 

of Quemado, New Mexico 
Age: 472-484 A.D.; tree-ring 
Institution: Museum of New Mexico 
Archaeologist: Stewart L. Peckham 

MVOOl 
Site: Long House 
Location: 37.l7°N, 251.46°E; Wetherill Mesa, Mesa Verde 

National Park, Colorado 
Provenience: upper east trash slope 
Pottery type: Mesa Verde Black-on-White 
Age: 1200-1285 A.D.; tree-ring construction dates, 

date of Mesa Verde abandonment 
Institution: Mesa Verde National Park 
Archaeologist: Earl Ingmanson 
Reference: Cattanach (1980) 

PAOOI 
Site: Hickiwan Village 
Location: 32.36°N, 247.50 0 E; Papago Indian Reservation, Arizona 
Provenience: Mrs. Ramon Marquette, potter 
Pottery type: Papago Plainware 
Age: 1957 A.D.; modern collection 
Institution: Arizona State Museum 
Archaeologist: Bernard Fontana 
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PA002 
Site: AZ AA:12:l4(ASM) 
Location: 32.30 o N, 249.98°E; Papago Indian Reservation~ Arizona 
Provenience: Surface 
Pottery type: Papago Red 
Age: 1875-1910 A.D.; associated historic ceramics 
Institution: Arizona State Museum 
Archaeologist: Frank Midvale 

RlOOl 
Site: Punta de Agua (AZ BB:13:50,ASM) 
Location: 32.06°N, 249.0l o E, 3 miles south of 

San Xavier Mission outside Tucson, Arizona 
Provenience: House 24, fill 
Pottery type: Late Rincon Red-on-Brown 
Age: 1100-1250 A.D.; ceramics 
Institution: Arizona State Museum 
Archaeologist: J. Cameron Greenleaf 
Reference: Greenleaf (1975) 

SCOOI 
Site: Santa Clara Pueblo 
Location: 35.97°N, 253.9l o E; Santa Clara Indian Reservation, 

New Mexico 
Pottery type: polished blackware 
Age: 1935-1945 A.D.; modern collection 
I.nstitution: Heard Museum 
Archaeologist: C. G. Wallace 

SNOOI 
Site: Snaketown outlier (AZ U:13:l2, ASM) 
Location: 33.l9°N, 248.08°E, Gila Indian Reservation, Arizona 
Provenience: Site 1031 
Pottery type: Casa Grande Red-on-Buff 
Age: 1300-1450 A.D.; Hohokam Civano phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN002 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian Reservation, 

Arizona 
Provenience: 10-1 trash over pit 5 
Pottery type: Sacaton Red-on-Buff 
Age: 900-1100 A.D.; Hohokam Sacaton phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 
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SN003, SN004, SN005 
Site: Snake town (AZ U:13:l2, ASM) 
Location: 33.l9°N, 248.0SoE, Gila River Indian 

Reservation, Arizona 
Pottery type: Santa Cruz Red-on-Buff 
Age: 700-900 A.D.: Hohokam Santa Cruz phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN006 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.0SoE; Gila River Indian 

Reservation, Arizona 
Provenience: llG, pit 10 fill . 
Pottery type: Gila Butte Red-on-Buff 
Age: 550-700 A.D.: Hohokam Gila Bute phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emf.l W. Haury 
Reference: Haury (1976) 

SN007 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.0SoE; Gila River Indian 

Reservation, Arizona 
Provenience: 9E, pit 4 fill 
Pottery type: Snaketown Red-on-Buff 
Age: 350-550 A.D.; Hohokam Sanketown phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SNOOS 
Site: Snaltetown (AZ U:13:l, ASM) 
Location: 33.l9°N, 24S.0SoE; Gila River Indian 

Reservation, Arizona 
Provenience: lOG, Stratum 8, fevel 1 
Pottery type: Sweetwater Red-on-Gray 
Age: 200-350 A.D.; Hohokam Sweetwater phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 
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SN009 
Site: Snake town (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: ·lOG, stratum 8, level 3 
Pottery type: ~strella Red-on-Gray 
Age: 1-200 A.D.; Hohokam Estrella phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil w. Ha~ry 
Reference: Haury (1976) 

SNOlO 
Site: Snake town outlier (AZ U:13:l2, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: Site 123 
Pottery type: Casa Grande Red-on-Buff 
Age: 1300-1450 A.D.; Hohokam Cirano phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SNOll 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E, Gila River Indian 

Reservation, Arizona 
Provenience: llF, house 7, pit 1, fill 3 
Pottery type: Sacaton Red-on-Buff 
Age: 900-1100 A.D.; Hohokam Sacaton phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN012 
Site: Snake town (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: llF, mound 40, stratum 1, tier 12, level 6 
Pottery type: Sweetwater Red-on-Gray 
Age: 200-350 A.D.; Hohokam Sweetwater phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 
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SN013 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.0aoE; Gila River Indian 

Reservation, Arizona 
Provenience: llF, mound 40, stratum 1, tier 12, level 7 
Pottery type: Sweetwater Red-on-Gray 
Age: 200-350 A.D.; Hohokam Sweetwater phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil We Haury 
Reference: Haury (1976) 

SN014 
Site: Snaketown (AZ U:13:1, ASM) 
Location: 33.19°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: 11F, roasting pit 2, level 3 
Pottery type: Snaketown Red-on-Buff 
Age: 350-550 A.D.; Hohokam Snaketown phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN015 
Site: Snaketown (AZ U:13:1, ASM) 
Location: 33.19°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: 11F, mound 40, stratum 1, tier 1, level 1 
Pottery type: Snaketown Red-on-Buff 
Age: 350-550 A.D.; Hohokam Snaketown phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN016 
Site: Snaketown (AZ U:13:1, ASM) 
Location: 33.19°N, 248.0SoE; Gila River Indian 

Reservation, Arizona 
Provenience: 11F, mound 40, stratum 1, tier 1, level 1 
Pottery type: Gila Butte Red-on-Buff 
Age: 500-650 A.D.; early Hohokam Gila Butte phase 

(Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 
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SN017 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: l1F, pit 16 fill 
Pottery type: Gila Butte Red-on-Buff 
Age: 550-700 A.D.; Hohokam Gila Butte phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SNOl8 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.19°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: llF, pit 16 fill 
Pottery type: Santa Cruz Red-on-Buff 
Age: 650-850 A.D.; early Hohokam Santa Cruz phase 

(Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN019 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: llH, pit 3 fill 
Pottery type: Santa Cruz Red-on-Buff 
Age: 750-950 A.D.; late Hohokam Santa Cruz phase 

(Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN020, SN021, SN022 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: 9F, house 1, floor 
Pottery type: Vahki Plain 
Age: 300-1 B.C.; Hohokam Vahki phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 
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SN023, SN024 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: lOG, stratum 1, level 6 
Pottery type: Vahki Red 
Age: 1-200 A.D.; Hohokam Estrella phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976) 

SN025 
Site: Snaketown (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E; Gila River Indian 

Reservation, Arizona 
Provenience: 9E, house 4, floor 
Pottery Type: Gila Plain 
Age: 200-350 A.D.; Hohokam Sweetwater phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist: Emil W. Haury 
Reference: Haury (1976)' 

SN026 
Site: Snake town (AZ U:13:l, ASM) 
Location: 33.l9°N, 248.08°E, Gila River Indian 

Reservation, Arizona 
Provenience: l5E, house 1, floor 
Pottery type: Snaketown Red-on-Buff 
Age: 350-550 A.D.; .Hohokam Snaketown phase (Haury chronology) 
Institution: University of Arizona 
Archaeologist:. Emil W. Haury 
Reference: Haury (1976) 

TMOOI 
Site: Tarahumara Indian pottery 
Location: 27.75°N, 252.37°E; Creel, Mexicon on Ferrocarril. 

Pacifico southwest of Chihuahua City 
Age: 1977-1978 A.D.; modern collection 
Institution: Arizona State Museum 
Archaeologist: Barney Burns 

UNOOI 
Site: Unkar Delta 
Location: 36.06°N, 247.9l oE; mouth of Unkar Creek, 

Grand Canyon National Park, Arizona 
Provenience: Site UN-II, storage room fill 
Pottery type: Tusayan corrugated 
Age: 1075-1100 A.D.; seriation of tree-ring dated ceramics 
Institution: School of American Research 
Archaeologist: Jane Kepp 
Reference: Schwartz, Chapman and Kepp (1980) 
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UN002, UN003 
Site: Unkar Delta 
Location: 36.06°N, 247.9l o E; mouth of Urikar Creek, 

Grand Canyon National Park, Arizona 
Provenience: Site UN-3, floor of domiciliary room 
Pottery type: Tusayan corrugated 
Age: 1075-1100 A.D.; seriation of tree-ring dated ceramics 
Institution: School of American Research 
Archaeologist: Jane Kepp 
Reference: Schwartz et al. (1980) 

UN004 
Site: Unkar Delta, 
Location: 36.06°N, 247.9l o E; mouth of Unkar Creek, 

Grand Canyon National Park, Arizona 
Provenience: Site UN-4, room 9, trash fill from uppermost level 
Pottery type: Tusayan corrugated 
Age: 1100-1150 A.D.; seriation of tree-ring dated ceramics 
Institution: School of American Research 
Archaeologist: Jane Kepp 
Reference: Schwartz et a1. (1980) 

UN005 
Site: Unkar Delta 
Location: 36.06°N, 247.91°E; mouth of Unkar Creek, 

Crand Canyon National Park, Arizona 
Provenience: Site UN-44, fill of test trench 
Pottery type: Tusayan corrugated 
Age: 1100-1150 A.D.; seriation of tree-ring dated ceramics 
Institution: School of American Research 
Archaeologist: Jane Kepp 
Reference: Schwartz et al. (1980) 

UN006 
Site: Unkar Delta 
Location: 36.06°N, 247.91°E; mouth of Unkar Creek, 

Grand Canyon National Park, Arizona 
Provenience: Site UN-4, room fill 
Pottery type: Tusayan corrugated 
Age: 1100-1150 A.D.; seriation of tree-ring dated ceramics 
Institution: School of American Research 
Archaeologist: Jane Kepp 
Reference: Schwartz et al. (1980) 
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VKOOI 
Site: Reward Mine (AZ Z:8:l9) 
Location: 32.60 oN, 247.96°E; Vekol Hills, Papago 

Indian Reservation, Arizona 
Provenience: Feature 2, square 1, floor contact 
Pottery type: Papago Plain 
Age: 1882-1902 A.D.; seriation of historic artifacts 
Institution: Western Archaeological Center, National 

Park Service 
Archaeologist: George A. Teague 
Reference: Teague (1980) 

WAOOl, WA002, WA003 
Site: Walpi 
Location: 35.83°N, 249.60 o E, Hopi Indian Reservation, 

Arizona 
Provenience: Room 113, fill 
Pottery type: Orange Utility Ware 
Age: 1700-1800 A.D.; ceramic seriation and historic events 
Institution: Museum of Northern Arizona 
Archaeologist: E. Charles Adams 
Reference: Adams (1982) 

WA004, WA005, WA006 
Site: Walpi 
Location: 35.83°N, 249.60 o E; Hopi Indian Reservation, 

Arizona 
Provenience: Room 158, fill 
Pottery type: Utility Ware 
Age: 1800-1880 A.D.; ceramic seriation and historic events 
Institution: Museum of Northern Arizona 
Archaeologist: E. Charles Adams 
Reference: Adams (1982) 

WA007, WA008, WA009 
Site: Walpi 
Location: 35.83°N, 249.60 oE, Hopi Indian Reservation, 

Arizona 
Provenience: Room 202, fill 
Pottery type: Utility Ware 
Age: 1850-1880 A.D.; ceramic seriation and historic events 
Institution: Museum of Northern Arizona 
Archaeologist: E. Charles Adams 
Reference: Adams (1982) 
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WAOlO, WAOll, WA012 
Site: Walpi 
Location: 35.83°N, 249.60 oE; Hopi Indian Reservation, 

Arizona 
Provenience: .Room 177, fill 
Pottery type: Utility Ware . 
Age: 1885-1900 A.D.; ceramic seriation, tree-ring dated 

structures and photographs 
Institution: Museum of Northern Arizona 
Archaeologist: E. Charles Adams 
Reference: Adams (1982) 

WA013, WA014, WA015 
Site: Walpi 
Location: 35.83°N, 249.60 oE; Hopi Indian Reservation, 

Arizona 
Provenience: Room 83, fill to floor 
Pottery type: Orange Utility Ware 
Age: 1900-1955 A.D.; ceramic seriation and 

Anglo-American manufactured remains 
Institution: Museum of Northern Arizona 
Archaeologist: E. Charles Adams 
Reference: Adams (1982) 

ZIOOl, ZI002 
Site: Zia Pueblo 
Location: 35.50 oN, 253.29°E; Zia Indian Reservation, 

New Mexico 
Provenience: Dump 
Age: 1910-1950 A.D., historic pottery type 
Institution: Maxwell Museum, Univ~rsity of New Mexico 
Archaeologist: Marian E. Rodee 
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Colu.n heedingsl H.ae - specI.en deslgnetor, , - Inlsotropy, H - nu.ber 
of points In Intlrpreted InterYIV, 11 to 12 - Interpreted teaperlture 
InterYII C. Indlcltes I point Mlthln this Inter.11 NIS deleted', I -
,-Intercept 0' the regrelslon line for ths Interpreted points, r -
correletlon coerrlclent for the Interpreted polntsl zloz - nor.llized 
z-trensfor.ltlon for· Intlrpreted points IClnnot be cllculated for H<"', + - 1.lrlgl engle bltNle~ the .Ignetlzetlon vGctor end the pllne of the 
potshlrd for· thl Interpu,ted polntsl (195H - for RHIl" .Ictors of Inhr-
prlted polnh! (195T- for PTIl" yectors of Interpreted points! f - enlsot-
ropy correction J aI' - relltlve error of Inlsotropy correction, alb -
relltlve error of regrlstlon-Ilne :loPI! fr - frectlon ef Nit" spenned! 
g - gep flctor! q - qUlllty flctor! BP - Inlsotropy-corrected plleo-
Intenslt,! oBP - stendlrd error of enlsotropy-corrected Plt.olntenslty. 

NI.I p N P t2 I r zloz + (195H a951 f olf alb fr g q 8P 08' 
C C dell. dee. dill. III III 

ANOOU 1.363 , 300 "7' n.26' .99"73 10.20 21.210 3.79 6.76 1.055 .01013 .01059 .2210 .529 2.59 58.6 5.10 
AN0018 1.363 10 2'0.102' a.378 .91117 1.'3 30.'6 2.100 6.07 1.10' .0516 .2060 .150 .511 0.37 88.3 22.75 
CCOOLA 1.2810 I 200 '00 i.3108 .98639 5.57 310.09 '.07 3.15 1.097 .0699 .0581 .567 .817 1.91 35.a 10.59 
CC0018 1.2810 6 250 '1' 1.'53 .98839 10."5 28.3" '.06 10.19 1.071 .0589 .0620 .591 .136 7.08 .. 9.5 8."0 
CCOOll .819 5 250 "25 1.209 .95125 2.61 '.31 3.23 5.11 .999-.0012 .1319 .257 .120 1.310 n.7 1.310 
CC0028 .119 6 200 '2' 1.197 .96852 3.58 5.'8 2.38 '.80 .998-.0010 .1016 .2'2 .678 1.61 63.2 6.3b 
CCOOU 1.23" " 300 '25 .807 .989107 2.62 8.19 3.22 8.99 1.00b .0077 .01210 .301 .'80 2.101 101.5 3.81 
CC0038 1.2310 3 325 "2' .923 .99916 •••• 10.99 1.87 11.81 1.009 .0078 .0127 .2510 .'68 9.32 56.7 1.16 
CCOO". 1.612 6 300 '00 1.105 .97951 3.96 8.11 10. , .. 3.89 1.018 .06110 .0822 .565 .787 5.100 610.6 9.28 
CCOOU 1.672 • 150.500 1.056 .99308 6.33 3.01 6.68 '.32 2.002 .0113 .0"15 .652 .768 12.07 76.5 10.50 
CNOOU 1.690 " 325 107' 1.308 .9978" 3.102 102.17 7.71 11.12 1.35' .1353 .0328 .285 .515 ".99 C9.9 1'.12 
CH0018 1.690 10 325 1015 1.318 .98993 2.6' 38.87 10.210 3.91 1.316 .10~1 .0708 .357 .581 2.93 91.6 15.810 
GPOOU 1.160 8 150 1075 1.07" .991510 6.11 6.:)9 Io.2~ 12.83 1.0110 .0320 .0"59 .10100 .798 1.66 101.3 8.36 
GP0018 1.860 8 150 ~75 1.127 .969"3 ".:'>6 21.31 2.210 9.65 1.152 .0711 .0867 .1015 .12,. 3.9" 120.3 19.01 
GROOU .937 8 200-525 1.092 .99938 9.!l3 81.00 3.81 10.12 .937 .0990 .012' .565 .820 37.10 510.' 6.07 
GilDOn .937 11 150 550 1.032 .99692 9.15 80.20 1.58 2.9" .939 .0956 .0237 .683 .8510 210.61 107.1 5.69 
GItOOll 1.295 6 250 1075 1.1060 .99353 10.96 2..93 6.32 5.106 1.001 .0053 .010610 .515 .715 8.61 39.5 2.010 
LAOOU 1.383 9 150."0 1.065 .98373 5.88 2'.07 3.36 12.82 1.079 .0581 .0599 .665 .793 8.81 110.8 8.83 
LA0018 1.383 11 150 '50 1.070 .99772 9.'1 11.70 2.86 9.06 1.0101 .0383 .02010 .662 .833 27.10 110.2 10.36 
L AOOll 1.355 9 300 '15 1.1108 .99825 8.62 59.39 6.09 2.31 1.213 .1229 .0197 .61010 .852 21.85 18.1 11.110 
LA0028 1.355 11 200 '75 1.089 .99789 9.69 73.59 2.96 1.86 1.330 .1015 .0196 .135 .812 32.73 82.5 10.108 
UOO3A 1.'23 8 150 107' 1.050 .9810810 '.105 66.71 2.610 '.11 1.10510 .10810 .0613 .39,. .758 10.87 80.2 13.61 
U0038 1.523 6 200 1025 1.117 .978108 3.92 61.19 10.102 1."6 1.1019 .1155 .08102 .259 .7510 2.32 610.8 12.910 
"YOOU 1.13' 1 250.,25 .931 .99259 5.59 5".96 10.50 5.25 1.092 .08108 .0'59 .512 .808 lC.06 56.3 1.36 
"YOOlB 1.13' 1 300 525 1.009 .98186 5.10 65.80 1.11 3.56 1.113 .0903 .0587 ."11 .800 6.101 60.' 9.01 
PAOOU 1.319 I 150 500 1.096 .99552 6.82 51.26 10.86 1.10 1.2010 .110102 .03310 .6"5 .825 15.93 33.0 5.86 
PAOOIC 1.319 7 200 500 1.131 .98290 10.7' '1.22 10.16 8.52 1.2310 .13510 .0696 .51" .787 5.82 36.9 7.57 
PAOOID 1.319 6 200 "50 1.0105 .98918 10.52 510.26 11.20 12.06 1.220 .13510 .0599 .500 .111 6."10 37.3 7.29 
PA002A 1.1051 7 150.101' 1.127 .~9681 6.1010 33.32 10.20 11.25 1.15' .0865 .0302 .3110 .1105 9.23 610.2 1.109 
PA0028 1.1051 , 32' ,.2' 1.2&' .99991 •••• 35.89 8.65 12.82 1.17' .0952 .0076 .182 .1083 11.53 91.1 9.1010 
UOOU 1.1101 I 250 '25 1.370 .996510 7.11 '0.Z7 5.!!1 10.00 1.086 .08109 .02910 .602 .816 16.71 53.0 6.06 
RI0018 1.1101 1 325 550 1.399 .99638 6.31 6'.51 5.93. 2.93 1.116 .0988 .0321 .585 .798 110.53 510.6 1.1<'> 
SN0018 1.1059 , 300 '00 1.107 .99751 10.110 ".18 1.8Z 2.93 1.0010 .00~8 .0312 .~03 .116 9.210 11.9 2.59 
SH001C 1.1059 5 350 5!oO 1.0910 .9~~52. 5.89 7.90 1.31 3.39 1.011 .0080 .0139 .515 .717 Zb.55 66.~ l.~b 
SH001E 1."59 6 250 5CO 1.1010 .99875 6.39 9.50 1.25 Z.79 1.015 .0106 .OZO~ .,,~~ .171 16.75 73.0 2.2fo N 
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H ••• P H Tl T2 • r z/az 4 a 95H a9'T a lf alb fr g q BP aBP 
ac oc de;. deg. deg. IlT IlT 

SH0028 1.274 • 250 720 1.049 .99960 9.53 17.118 5.42' 1.70 1.029 .0390 .0099 .786 .800 63.26 61.0 2.99 
SH0020 1.274 9 200 600 1.02i .999~1 9.96 33.55 2.31 1.14 1.091 .057~ .011~ .709 .8~5 52.57 57.7 3.97 
SH002E 1.2H 8 250 600 1.051 .998~8 8.03 U.ll 2.03 1.02 1.127 .0683 .0195 .618 .82B 26.26 62.8 5.51 
SH002F 1.2H 9 2'0 650 1.208 .999~6 10.12 32.86 3.78 2.~2 1.066 .0660 .0107 .569 .6~7 ~6.59 75.1 5.76 
SH0026 1.274 7 200.500 1.009 .99813 6.97 26.21 2.0ll 2.98 1.059 .0391 .0231 .525 .620 1~.09 61.3 3.82 
SH002H 1.27~ 9 o '75 1.007 .99777 8.33 28.59 3.65 2.52 1.069 .0562 .0222 .657 .833 2~.62 5'.6 ~.28 

SHOO~B 1.293 5 200 ~OO .981 .99526 ~.27 38.50 2.13 2.25 1.123 .0623 .0~35 .399 .725 6.6~ ~8.2 5.09 
SHOO~C 1.293 6 150 ~OO 1.037 .99880 6.~2 ~9.70 Z.~2 1.6~ 1.179 .0827 .0200 .~57 .762 17.41 ~9.' 5.07 
SHOOU 1.293 6 150 ~OO 1.054 .99637 5.'6 37.76 2.72 3.60 1.119 .0657 .03~8 .'32 .789 9.81 H.l 5.H 
SH0058 1.293 6 350 650 1.606 .96957 ~.55 6.56 3.39 1.73 1.007 .0110 .0'88 .297 .753 3.80 ~'.1 3.08 
SH005C 1.293 6 350 720 1.417 .99744 5.77 1.63 11.93 1.69 1.006 .0260 .0292 .532 .769 1'.01 ~4.2 2.~4 
SH005E 1.293 6 300 550 1.923 .99898 6.56 12.07 3.20 3.~1 1.015 .016~ .0185 .~37 .796 18.82 51.3 1.80 
SH006C 1.2U 6 300 600 1.273 .99932 6.91 50.90 3.57 2.~0 1.179 .0894 .0151 .6'0 .575 2'.38 ~1.5 ~.3~ 
SH0060 1.28~ I 300 700 1.189 .999'4 9.37 5~.57 ~.89 1.70 1.196 .1041 .0107 .734 .790 '~.18 4'.0 '.16 
SH006E 1.28~ 6 250 500 1.399 .99872 6.37 61.14 1.46 1.~2 1.22~ .090~ .0206 .316 .781 11.95 ~2.~ ~.71 
SH007A 1.240 5 350 600 1.289 .99~5~ ~.17 5.27 7.81 1.23 1.002 .0088 .0~67 .519 .7~1 8.2~ ~0.3 2.23 
SH0078 1.240 7 250 600 1.128 .9977~ 6.78 15.39 6.96 1.57 1.019 .0329 .025~ .662 .761 19.83 35.7 2.08 
SH007E 1.2~0 6 300 550 1.041 .99'8~ 5.16 15.35 5.96 4.06 1.019 .0278 .0'14 .511 .740 9.1~ 39.6 2.7' 
SH0088 1.235 5 250 500 1.630 .99359 4.06 10.33 11.~6 1.90 1.008 .0253 .0506 .6~7 .711 9.09 36.1 2.74 
SH008C 1.235 6 250 500 1.~21 .99369 ~.98 4.76 19.73 3.19 1.002 .0199 .0~58 .606 .796 10.5~ 54.5 3.58 
SH009C 1."00 5 300 500 1.308 .99807 ~.91 5.51 5. III 1.20 1.004 .0121 .0277 .338 .725 0.8" 47.3 1.89 
SH0090 1.~00 5 300 550 1.118 .99874 5.21 25.39 7.~8 3.58 1.085 .0770 .0225 .550 .702 17.20 53.1 5.28 
SHOI0A 1.227 • 150 500 1.187 .99926 8.8" 58.'113 3.11 1.87 1.171 .09~O .0136 .637 .819 36."" 75.2 8.09 
SHOI08 1.227 9 100 500 1.10" .99966 10.6~ 56.60 7.0~ 1.23 1.163 .1117 .0087 .766 .868 76.85 57.7 6.95 
SHOI00 1.227 7 200 500 1.131 .99889 7.50 57.94 5.02 1.31 1.168 .0997 .0178 .642 .815 29.37 67.5 7.9" 
SHeIlA 1.164 7 250 550 1.~93 .99785 6.n 7.~3 2.02 2.65 1.003 .00~5 .02'7 .67~ .82~ 22.~~ 57.7 1.69 
SHOllB 1.16~ I 250 600 1.395 .99861 8.13 8.23 ~.58 2.53 1.00~ .0088 .0186 .657 .829 29.28 57.2 1.57 
SHOnC 1.16~ 8 250 600 1.~26 .99872 1.22 8.~0 3.39 2.30 1.00" .007' .0179 .694 .822 31.92 57.2 1.~5 
SH013A 1.263 I 250 600 1.131 .99967 9.73 10.07 2.58 3.22 1.009 .0116 .0091 .76Z .777 6~.88 ~6.6 0.97 
SH013B 1.263 6 300 550 1.028 .999BO 7.99 5.48 3.20 2.36 1.003 .005~ .0081 .76~ .673 63.41 46.1 0.62 
SH013C 1.263 5 350 550 1.345 .99820 4.99 10.10 '.92 3.46 1.009 .01~6 .0263 .660 .656 16.48 ~6.' 1.89 
SNOHA 1.2~2 6 100 350 1.136 .99737 5.75 68.53 2.09 9.79 1.212 .0967 .0296 .390 .785 10.36 70.7 8.93 
SHOHB 1.2~2 6 100 350 1.106 .99609 6.02 70.79 2.47 3."~ l.218 .0989 .0252 _"30 .793 13.52 65.7 8.16 
SHOHO 1.2~2 5 250 450 1.065 .998~~ 5.06 19.00 3.~3 1.32 1.23~ .1021 .0250 .385 .7~4 11.~? 62.1 7.89 
SH015B 1.209 11 o 550 .984 .99916 11.03 26.63 7.09 2.51 1.0~5 .0648 .0122 .811 .89~ 63.80 41.5 3.35 
SH015C 1.209 12 o 600 .993 .99923 11.80 30.03 6.56 2."0 1.056 .0719 .0113 .880 .899 69.97 ~'.6 3.79 
SH0150 1.209 10 o 500 .988 .99829 9.35 22.98 7.07 1.65 1.035 .0537 .01B5 .805 .882 38.'" "5.0 3.25 
SH016A 1.260 7 200 500 1.069 .99927 7.92 ~5.62 2.96 1.78 1.1"0 .0786 .0144 .431 .798 23.82 51.8 ~.82 
SH0168 1.260 6 250 500 1.031 .99905 6.62 50.13 3.17 1."0 1.160 .0846 .0178 ."28 .75" 18.15 54.0 5.53 
SH0160 1.260 6 250 500 .981 .99987 8.36 53.00 3.68 1.08 1.173 .090" .0065 ."67 .759 5".1" ~6.3 ".49 
SHOnA 1.307 9 200 600 1.263 .99966 10.62 13.92 3.46 3.22 1.020 .0250 .0087 .723 .786 65.10 5~.7 1.85 
SH017C 1.307 8 250 600 1.201 .99924 8.80 13.99 2.08 1.69 1.020 .0183 .0138 .597 .757 32.68 ~2.9 1.38 
SHonD 1.307 9 200 600 1.002 .99901 9.32 16.80 2.69 1.95 1.029 .0275 .01"9 .63" .696 29.70 3".5 1."6 
SH0188 1.321 9 200 600 .953 .99977 11.09 33.57 1.53 3.10 1.108 .0556 .0072 .755 .656 6B.67 51.5 3.23 
SH018C 1.321 9 200 600 .927 .99,897 9.21 35.96 1.7" 1.80 1.121 .0617 .0151 .675 .769 3~.~1 ~1.1 3.15 
SNOIBD 1.321 11 150 650 1.0~8 .998"7 10.15 3'.B2 6.~2 3.71 1.120 .10~8 .0167 .818 .B77 "3.03 ~~.l 5.35 
SH019A 1.273 6 250 '00 1.001 .99937 6.98 14.28 3."0 2.19 1.019 .0203 .01~5 .617 .717 33.08 ~O.8 1.70 
SH019D 1.273 5 250 "50 1."63 .99695 ~.58 7.21 1.21 1.95 1.005 .00~3 .03~9 .~31 .737 9010 "8.~ 1.90 
SH020A 1.172 7 300 ~75 1.221 .9765~ ".~3 7.~2 2.93 10.39 1.003 .0057 .081~ .389 .812 3.8B 90.9 7.92 N 
SH020C 1.0b8 ! 250 ~75 1.2~8 .9971' 7.32 8.37 2.78 8.87 1.001 .0039 .02b7 .~21 .8~9 13.39 8b.8 2.65 '" '" 



NI.I P N Tl '2 I r 
°C °C 

5N02111 1.233 9 1'0.47' 1.0'0 .99479 
SH021C 1.039 10 1'0 475 1.041 .99321 
SH0228 1.298 7 300 47' 1.171 .99055 
SN022C 1.172 6 300 4'0 1.232 .99495 
SH02)l 1.294 8 150 42' 1.064 .98738 
SH0251 1.150 9 200 475 1.072 .99243 
SNO 25C 1.261 9 201 475 1.175 .96707 
T"OOIC 1.372 , 100.350 1.217 .98860 
'"0010 1.372 6 100 350 .966 .99926 
'"ODIE 1.372 6 100.400 1.165 .97594 
'"OOIF 1.372 4 200 325 1.141 .99683 
UN0048 1.125 , 300 47' 1.127 .99402 
UH004C 1.12!l1 3 425 500 1.167 .99999 
VK001.1 1.311 3 150 250 1.059 .97099 
VK0018 1.331 3 150 250 1.095 .99937 
1I1001C 1.131 4 350 500 1.363 .99733 
"'IOOlA 1.08' 7 150.500 .993 .99897 
"'IOOze 1.085 4 150 300 1.042 .99774 
1I1.002C 1.0115 8 150 500 1.041 .99953 
IIL002D 1.085 4 150 300 1.058 .99'70 
WA003C 1.475 3 350 450 1.475 .99998 
IILOOftB 1.092 • 150 500 1.048 .99153 
1UI004C 1.092 1 200.550 1.115 .99418 
V100lA 1.079 I 150.550 1.039 .99931 
1I1001C 1.019 5 200.500 1.011 .99689 
1Il00al 1.071 6 300 550 2.014 .99231 
IIloon 1.071 , 350 600 5.782 .99276 
1110091 1.262 4 450 600 3.337 .98945 
1110098 1.262 , 400 600 3.011 .99838 
1110108 1.111 , 400 600 1.429 .99788 
1I101U 1.239 4 100.350 1.043 .99990 
Vl0118 1.239 4 100.350 1.098 .99983 
1I10iZA 1.339 , 300 500 .980 .99128 
V10128 1.339 5 300 500 1.306 .99622 
V10Ul 1.219 6 300 550 1.509 .98737 
1110158 1.219 9 300 575 1.566 .99422 
V1015C 1.219 1 325 550 1.350 .99593 
1I00U 1.375 5 150 350 1.078 .99844 
ZlOOll! 1.371 7 100.'00 1.015 .99916 
llOOID 1.315 3 100.350 1.035 .99992 
1I00lA 1.375 4 325 475 1.023 .99985 
lIOOza 1.375 5 325 500 1.065 .99767 

zlaz 4 a95H a95' , aU alb fr II q 8P a8P 
dig. deg. dell. liT II' 7.28 62.61 1.07 8.57 1.188 .0895 .0340 .359 .8'5 9.02 57.9 7.15 

7.'2 61.06 1.40 '.22 1.030 .0793 .0368 .412 •• 55 9.58 4'.2 '.24 
5.35 11.92 1.57 4.86 1.032 .0222 .0518 .386 .824 6.13 37.5 2.78 
5.18 21.87 2.64 5.17 1.026 .0253 .0410 .313 .795 6.08 42.3 2.80 
'.66 5.45 7.03 8.38 1.003 .0132 .0560 .285 .853 4.34 33.9 2.35 
6.83 1l.81 2.73 4.59 1.044 .0439 .0409 .534 .839 10.94 45.2 3.84 
5.01 36.67 3.99 8.32 1.100 .0731 .0848 .431 .842 4.27 51.2 8.09 
3.65 2.23 4.74 6.29 1.001 .0035 .0673 .229 .651 2.21 51.8 3.67 
6.84 9.95 4.28 5.57 1.013 .0193 .0157 .940 .585 34.93 46.4 1.63 
3.82 22.45 6.52 3.70 1.062 .0641 .0190 .305 .175 2.66 44.2 6.76 
3.22 28.65 3.15 5.02 1.097 .0553 .0398 .159 .519 Z.07 54.0 5.13 
4.11 58.55 1.87 8.63 1.642 .1040 .0488 .159 .586 1.91 99.4 15.19 
•••• 59.93 7.04 5.51 1.657 .1245 .0469 .309 .452 2.98 125.1 21.44 
•••• '4.59 37.92 1.69 1.230 .1949 .1381 .198 .437 0.63 57.8 19.25 
•••• 6b.67 6.88 6.68 1.205 .1057 .0204 .238 .484 5.64 56.8 7.17 
3.11 60.95 4.46 1.73 1.106 .0883 .0365 .199 .647 3053 48.8 6.10 
7.57 28.23 1.39 5.77 1.020 .0277 .0172 .697 .804 32.62 57.7 2.59 
3.39 42.64 4.21 13.09 1.040 .0557 .0336 .284 .546 4.61 63.4 5.66 
9.33 "4.79 2.63 9.13 1.043 .0594 .0109 .750 .828 57.07 58.5 4.11 
3.07 H.81 2.18 10.37 1.024 .0348 .0463 .279 .634 3.B! 62.0 5.03 
•••• 41.17 4.94 12.90 1.229 .0873 .0041 .262 .487 31.29 Sl.6 4.71 
6.10 58.53 5.97 5.53 1.068 .0879 .0459 .766 .769 12.83 59.4 7.96 
'.84 316.86 3.95 4.49 1.034 .0484 .0401 .787 .787 15.22 82.5 7.35 
8.91 ~2.50 8.47 4.97 1.031 .0664 .0131 .887 .848 51.22 54.1 4.35 
It.51 .,5.40 2.60 2.98 1.041 .0583 .0352 .686 .718 13.96 58.8 5.50 
4.81 119.75 7.22 3.01 1.030 .0551 .0505 .315 .153 4.70 76.6 8.10 
3.97 '8.03 21.97 6.80 1.040 .0817 .0537 .326 .724 4.39 85.6 12.10 
2.62 n'.80 33.08 6.35 1.019 .0870 .0124 .213 .601 1.71 48.8 7.18 
5.03 11.72 31.91 2.08 1.012 .0119 .0255 .217 .117 6.11 40.5 4.18 
4.84 0.00 26.33 3.22 1.000 .0000 .0291 .534 .684 12.5" 41.3 1.20 
3.15 34.29 4.33 5.43 1.082 .0511 .0234 .317 .595 9.51 64.1 5.20 
4.10 ;n.u 4.12 4.52 1.034 .0303 .0091 .537 .631 31.22 60.6 2.39 
4.67 34.15 21.03 3.15 1.11~ .1663 .0330 .408 .748 9.25 68.0 13.55 
4.43 Sl.67 3.25 2.56 1.220 .0907 .0389 .387 .117 7.14 108.0 14.00 
4.38 31.81 1.90 1.70 1.065 .0444 .0647 .315 .765 3.73 53.7 5.86 
7.16 38.30 5.89 1.92 1.089 .0812 .0·358 .504 .054 12.0) 47.8 5.60 
6.20 40.72 4.54 2.13 1.099 .0744 .0341 .571 .026 13.85 '0.5 5.48 
5.06 12.69 1.30 7.33 1.021 .0134 .0250 .321 .600 1.70 49.5 1.90 
7.711 20.72 2.55 2.19 1.054 .0378 .0155 .675 .012 3'.44 43.6 2.32 
•••• 13.16 3.98 14.21 1.025 .0203 .0014 .297 .465 18.57 48.3 1.34 
4.14 6.51 6.02 9.59 1.006 .0124 .0087 .370 .'96 25.21 56.4 1.19 
4.11 4.03 4.98 7.73 1.002 .0070 .0305 .471 .726 11.21 5'.4 2.08 

N 
-...J 
a 
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Colu~n heldlngs: N •• e - sa.pll deslgnltor; 14 - nuablr of IPlclalnsl 
B1 - unNelghted Ivlrlge PlllolntlnlttYI oB1 - unNelghtld Itandlrd Irror 
of pailolntensltYJ B2 - welghtld IVlrlge p"lolntlnslt~; oB2 - weighted 
stlndlrd error of Pillointenilty; VADI1 - .I-ttual .... I dipole tlo.ent 
dlrlvld 'ro. B11 oV - Itandlrd Irror 0' VAOI1 dlrlvld 'ro~ o B11 Age 
rlnge - dltl or firing lUling long-count chronology for Hohok •• II.plesll 
Alternate - date of 'Iring using short-count chronology for Hohoka~ 
sllllplI1Is. Standlrd Irrorl could not bl calcullted tor only one specltlen. 

Nltle N Bl 081 B2 cB2 VADI1 crV Age rlnge Altern,te 
liT liT liT liT 10 22 A. 2 8C lAD BCIAD 

AN001 2 73.' I1t.85 60.0 6.31t 13.28 Z.686 700 750 
CC001 2 '2.7 16.n 43.5 lIt.lI! 9.53 3.0n 500 600 
CC002 2 '8.It 4.75 '9.1 4.70 10.59 .861 500 600 
CC003 2 '2.1 4.60 55.9 2.56 9.lt3 .833 10lt5 1100 
ceoolt 2 70.' 5.915 74.2 4.67 12.77 1.077 1050 1150 
CNOOl 2 90.7 o.n 90.7 0.85 16.64 .156 1763 1770 
Gr001 2 113.8 6.50 109.4 4.7B 21.39 1.222 1350 lIt50 
GROOl 2 51.1 3.ltO 50.9 3.39 9.59 .638 1100 HOO 1175 1ltOO 
GROOZ 1 39.5 •••• 39.5 •••• 7.lt3 •••• 1100 HOD 1175 IitOO 
LAOOl 2 71t.5 0.30 '74.3 0.24 13.56 .055 IltT9 1520 
LA002 2 80.3 2.20 80." 2.20 lit. 62 .400 1520 1625 
LA003 2 72.5 7.70 72.1 7.69 13.lt3 1.427 472 Its.,, 
"'VOOl 2 58.It 2.10 58.0 2.06 10.43 .375 1200 1285 
PAOOl 3 35.7 1.37 35.3 1.45 6.711 .260 1956 1957 
PA002 2 78.0 13.80 74.9 1:1. "" 1".80 2.619 1875 1910 
RIOOl 2 53.8 0.80 53.7 0.79 10.10 .150 1100 1250 1175 1275 
SN001 :I 77.5 9.05 70.5 3.97 lIt.51t 1.698 1300 1"50 1300 11050 
SN002 6 62.1 2.87 60.9 2.23 11.65 .539 900 1100 1000 1175 
SNOOit 3 It9.6 0.81t It'll. 6 0.84 9.31 .158 700 900 1175 1000 
SNOO~ 3 46.5 2.38 1t7.9 2.52 11.73 .4lt7 700 900 875 1000 
SN006 3 43.0 1.05 42.8 1.01 8.07 .197 550 700 800 875 
SN007 3 38.5 1.43 311.3 1.51 7.23 .268 350 550 750 1100 
SNOOB 2 45.3 9.20 42.9 11.88 8.50 1.727 200 350 700 750 
514009 2 50.2 2.90 48.0 1.IIIt 9.42 .541t 0 200 650 700 
SN010 3 66.8 5.06 65.9 5.15 12.54 .950 1300 lIt50 1300 1,.,0 
SNOll 3 57.It 0.17 57.3 0.16 10.77 .032 900 1100 1000 1175 
SN013 3 46.It 0.15 46.3 0.16 8.71 .028 200 350 700 750 
514014 3 66.2 2.lt9 65.8 2.ltlt 12.~2 .467 350 550 750 800 
SN015 3 41t.7 0.62 "It.6 0.62 8.39 .116 350 550 750 aDo 
514016 3 50.7 2.29 50.2 2.31 9.51 .430 500 650 1100 1150 
514017 3 4".0 5.86 42.5 '.35 8.26 1.100 550 700 600 1175 
SNOlll 3 It5.6 3.09 ~5.9 3.43 8.56 .5110 650 150 850 950 
514019 2 4B.6 0.20 411.6 0.20 9.12 .038 750 950 950 1125 
SN020 2 88.9 2.05 117.2 1.23 16o.6B .385 -300 0 500 650 
SN021 2 n.6 6.35 49.6 6.06 9.611 1.192 -300 0 500 650 

, 514022 2 39.9 2.40 39.9 2.ltO 7.49 .lt50 -300 0 500 650 
SN023 1 33.9 •••• 33.9 •••• 6.36 ., ... 0 200 650 700 
SH025 2 1111.2 3.00 46.3 2.32 9.05 .563 200 350 700 750 
TI1001 It 1t9.1 2.28 1t7.7 1." 9.811 .lt60 1977 1978 
UN004 2 112.3 12.115 108.0 12.12 20.33 2.327 1100 1150 
VKOOl 2 57.3 0.50 56.9 0.33 10.83 .09,. 1882 1902 
IIA001 1 1t8.8 •••• 48.8 •••• m.~6 •••• 1700 11100 
IIA002 4 60.4 1.37 59.1 1.21 10.97 .2lt9 1700 11100 
IIA003 1 51.6 •••• 51.6 •••• 9.37 •••• 1700 1800 
IIA004 2 70.9 11.55 71.9 11.51 12.88 2.097 1800 1880 
IIA007 2 56.8 2.05 '6.3 1.99 10.31 .372 1UO 1880 
IIA008 2 81.1 4.50 79.4 1t.16 lIt.73 .817 1850 1880 
WA009 2 44.7 4.15 42.4 3.46 8.11 .754 1850 1880 
IIA010 1 Itl.3 •••• 41.3 •••• 7.50 •••• lU5 1900 
IIAOll 2 62.7 2.05 61.3 1.56 11.311 .372 1885 1900 
IIAOl2 2 l1li.0 20.00 117 .3 19.99 15.98 3.632 11185 1900 
IIA015 3 50.,/, 1.11 50.6 1.68 9.20 .310 1900 1955 
ZIOOl 3 It7.1 1.80 47.8 1.44 11.'9 .328 1910 1950 
ZI002 2 '5.9 0.50 '6.2 0.43 10.19 .091 1910 1950 
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D.U .. lth n •• es CH-- ar. fro. Cha.plon 119801; LE- ara fr o. L •• 
119751 J Pl-- .,. fr'olll Plrk.r 1197611 Sl-- ar. fro. lrbour Ind Sch .. arz 
(19821; SC--- ar. fro~ Sch .. arz and Christie (19671. Colu.n h.ldlngs, 
Ma •• - sl.ple deslgnltor' SL1T - lite Iltltud., SLONG - lite longitude; 
N - nUlllber of sp.cl •• nl; Bl - un ... lghtld Iverlg. PII.olnt.nslty, aBl -
un".lght.d standlrd .rror of p~l;olntlnslty, B2 - "llghtld Iverlge p.leo
Intens.ty; aB2 - .... ghted itindird error of PII.olntlnslty; VlD~ - virtual 
1.1.1 dlpol •• o.ent derlvld fro. ~1: aV - stlndard error of V1D" d.rlved 
fro. a81; 19. ring. - dlte 0' 'Iring. Stlndlrd .rrorl could not be 
cllcullt.d for only onl IP.cl.en, Ind ... Ighted •• In Ind stlndlrd error 
could not b. calculat.d I' stlndlrd Irrrors of thl sPlcl •• n pallo'nten
sltlls "Irl not g •• en In thl orlglnll Itudy. 

N.~e 

CHOOI 
CH002 
CH003 
CHOOl, 
CHOOS 
CH006 
CH007 
CHOOI! 
CH009 
CHOI0 
CHOll 
CHOll 
LE095 
LE134 
LE151 
LE158 
LEUI, 
LE11!7 
LEU8 
L£l89 
P1001 
P1002 
P1003 
S1004 
SA006 
S1007 
SA008 
51001 
51002 
5100:' 
SCOOl 
SC004 
SC006 
SC018 
SC 014 
scon 
Se015 
SCOlZ 

SLAT 
d.g. 

3!.93 
35.38 
35.39 
1,4.32 
44.24 
46.11 
1,3.30 
43.39 
,,3.41 
42.85 
42.96 
41,.21 
32.90 
37.'0 
31.70 
35.70 
32.30 
37.50 
37.50 
35.80 
37.58 
37.58 
37.58 
,,5.50 
"5.50 
45.50 
I,5.!l0 
,,5.50 
45.50 
~5.50 
,,9.00 
49.00 
,,9.00 
49.00 
49.00 
49.00 
49.00 
49.00 

SLONG N 
d.g. 

247.49 3 
24'.48 3 
248.57 2 
2315.01 3 
238.14 3 
237.79 3 
2411.68 3 
246.51 3 
246.1,7 3 
246.83 3 
21,6.78 3 
238.19 3 
25l.40 " 
251.30 2 
2"'.30 3 
253.70 3 
253.20 3 
250.30 2 
250.30 3 
254.10 1 
250.17 4 
250.17 5 
250.17 4 
2811.50 1 
286.50 2 
2811.50 2 
286.50 2 
2116.50 2 
286.50 2 
2116.50 2 
270.00 1 
270.00 2 
270.00 2 
270.00 1 
270.00 1 
270.00 1 
270.00 1 
270.00 5 

81 
liT 

'9.6 
68.1 
66.0 
42.5 
42.9 
67.6 
73.1 
76.5 
11.6 
117.9 
89.9 
76.6 
52.0 
$1.5 
5".7 
59.3 
51.0 
54.0 
51.7 
69.0 
47.5 
53.2 
76.2 
68.0 
56.3 
40.2 
42.2 
62.3 
55.5 
30.5 
60.5 
40.6 
48.7 
73 .1, 
51.5 
59.4 
66.6 
,,5.7 

a81 
liT 

1.01 
5.18 
0.00 
1.07 
2.26 
0.75 
3.06 
0.'5 
1.911 
1.117 
2.1,3 
8.18 
0."1 
2.50 
2.33 
0.33 
0.58 
0.00 
1."5 
•••• 
5.63 
5.113 
5.89 
•••• 6.25 
0.25 
".25 
6.25 
1.00 
1.00 
•••• 

10."0 
4.50 
•••• •••• •••• •••• 
4.73 

82 
lJT 

59.9 
64.5 
66.0 
1,2.2 
"2.2 
67.2 
70.5 
76.3 
82.6 
86.6 
89.9 
71.7 
•••• •••• •••• •••• •••• •••• •••• •••• 
38.2 
48.3 
74.9 
•••• •••• •••• •••• •••• •••• •••• •••• •••• •••• •••• •••• •••• •••• •••• 

aB2 
lJT 

0.70 
2.73 
0.00 
1.U 
2.24 
0.83 
3.00 
0.35 
1.69 
1.59 
2.09 
5.77 
•••• • ••• • ••• 
.~ .. 
• ••• • ••• • ••• • ••• 
".05 
6.29 
6.15 
•••• •••• • ••• • ••• •••• •••• •••• • ••• • ••• •••• •••• •••• • ••• • ••• • ••• 

VlD~ aV 
10 22 1. 2 

10."3 .177 
LZ.,,3 .9,,6 
12.05 .000 
7.01 .177 
7.08 .372 

10.lI2 .122 
12.17 .510 
12.72 .091 
13.58 .330 
1".71 .314 
15.02 .1,05 
12.63 1.349 

9.7l1 .077 
10.23 ."45 

9.lI/o ./024 
10.79 .061 

9.68 .110 
9.61 .000 
9.20 .259 

12.53 .... 
8./0/0 1.000 
9./06 1.037 

13.5/0 1.0/06 
1l.07 .u. 

9.15 1.017 
6.55 .OU 
6.88 .692 

10.13 1.017 
9.03 .163 
".96 .163 
9.51 •••• 
6.38 1.63/0 
7.65 .707 

11.53 •••• 
e.09 •••• 
9.33 •••• 

10.47 •••• 
7.18 .7,,3 

1ge range 
aCIAD 

1230 1405 
1100 1150 
1000 1050 

/050 tl30 
-110 585 
-35 160 

-185 -5 
-255 -145 
-1000 -275 
-1010 -370 
-410 -165 
-835 -/025 

o 500 
500 550 

1621 1622 
1700 1750 
1851 1861 
1175 1225 

600 650 
1200 lItOO 

760 875 
850 872 
lIOO l100 

-600 -,,00 
800 1000 
800 1000 
800 1000 

1300 lItOO 
1300 lItOO 
1300 lItOO 
-600 -/oDD 

870 1030 
1675 1725 
-72 328 
220 420 
400 600 

U50 1350 
1000 lIt75 
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Oete Nlth ne •• S BU--- are 'ro. Buche et eli (19701, LE--- ere 'ro. lee 
(19751. eolu.n heedlngl' HI •• - II.ple dllignetor; SLAT - sit. letltude; 
SLONG - site longitude, H - nu.ber 0' specl.ens. Bl - unNelghted Ivereoe 
Plleolntenslty, aBl - unNelghted Itlndlrd Irror 0' Plleolntenllty, 
VAOH - vlrtuII 1.111 dlpoll .o.ent derived 'ro. Bl. aV - stlnderd error 
ot VAOM derived 'ro. aB11 Age rlnge - dlte 0' 'Iring (uil"g long-count 
chronology 'or Hohokl. II.plell, Altlrnltl - dltl 0' 'Iring Ullng 
short-count ChfQhOlogy 'or Hohoke. sl.ples. Stlndlrd errors could not 
be cllculltld tor only onl specl.ln, Ind Nelghted aelns Ind stenderd 
errors could not bc calculated becluse stlndlrd errors ot specl.en 
Plleolntensltles Nerl not given 'or thele dltl. 

HI.e SLAT SLONG N 
deg. dig. 

LE008 33.19 241.08 2 
LE009 33.19 248.08 2 
BU043 33.19 241.08 3 
BU044 33.19 248.08 3 
BU045 3"3.19 2"I.OB 2 
BU04b 33.19 248.0B 1 
BU047 33.19 241.08 2 
BU04B 33.19 248.0B 3 
GU049 33.19 248.0B 2 
BU050 33.19 248.08 3 
BU052 33.19 24B.08 Z 

81 
liT 

n.o 
54.5 
59.b 
bO.4 
73.8 
b2.b 
53.1 
50.5 
b4.1 
72.8 
bB.b 

aB1 
liT 

2.00 
4.50 
2.15 

10.95 
1.50 
•••• 
5.55 
b.71 
0.45 
2.38 
5.90 

VADH aV 
10 22 A.2 

9.95 .375 
10.23 .B44 
11.1B .5lb 
11.34 2.055 
13.B5 .2112 
11.75 •••• 

9.97 1.042 
9.4B 1.272 

12.1b .084 
13.btl .447 
12.87 1.107 

Age Ringe 
lIeiAD 

700 900 
350 550 

-300 0 
o 200 

200 350 
350 550 
550 700 
700 900 
900 1100 
900 1100 

1200 1450 

AI ternlte 
Be/AD 

875 1000 
750 800 
500 b50 
b50 700 
700 750 
750 BOO 
BOO 875 
875 1000 

1000 1175 
1000 1175 
1250 1450 
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~~ta with na~es 3U--- are fro~ Buena et al. (19701; LE--- are rro~ 
Lee (11l7r;,; '1A-- a're fro!!! Nageta et al. (l~b51. Colu!!!n n.adings: 
N3~e - ~ample designator; SLAT - site latitude; SLONG - site longi
tude; N - nu!!!oer of specl!!!ens; 31 - unwelghted paleointensity; 
'Bl - unweiohted st.r,dard "rror; VA;)M - vlrtul' •• ial dipole ~o~ent 

1er ived 'ro~ 91: 'V - standard error for VAO~ ~erive~ from "Bl; 

278 

Age Qange - date of 'Iring. Standard errors could not be calculated 
for only one sDecl~en, and welghteo means and standar~ errors could 
not be calculated because standard errors of sDeci~en paleoi~tensities 
were not given for these 1ata. 

'1a!!!e 3LAT SL1'1G ~ 

deq. de~. 
9~0~1 lQ.OO 25b.aO 3 
~~002 19.00 25~.00 2 
~U003 IIl.b~ 2~0.60 2 
;UO~4 lQ.JO 25b.00 1 
8U005 11l.00 25b.~0 2 
~UOOb 19.00 25b.00 1 
~U009 19.00 25b.aO 1 
~U010 19.00 25b.JO 2 
BU012 20.bO 2bO.70 2 
~UOI3 19.30 25~.90 2 
9UOl4 19.80 ?'~.90 1 
3U~15 22.10 2~4.70 1 
3uOl~ 22.1J 254.70 2 
!~OI7 IQ.~b 2bO.eO 1 
,U021 lQ.OO 25~.00 1 
~U031 lq.~O 25b.00 2 
,'J012 18.40 25b.20 1 
3U034 1~.40 25b.20 1 
LtOl~ 14.70 2b9.50 2 
L~019 14.70 2b9.50 2 
L~027 14.70 2b9.50 b 
L~029 14.70 2b9.50 b 
L"034 14.70 2b9.50 2 
LE03b 20.00 2bO.70 b 
L~037 14.70 2b9.50 2 
L:042 14.7~ 2b9.50 2 
LE045 14.70 2b9.50 3 
LE04b 14.70 2b9.50 2 
LE050 17.30 2b3.20 2 
LEOSI 20.00 2bO.70 4 
LEOS3 Ib.40 2b 7 .30 2 
LE055 19.bO ~~0.70 1 
L~059 Ib.70 2bb.80 4 
L~05Q Ib.60 2bb.50 4 
LEO~1 1~.7~ 2bb.80 4 
LEOb4 15.00 2b7.80 7. 
L~0~5 15.00 2b7.60 2 
LEObb 15.00 2b9.00 b 
LEObe 1~.70 2bb.90 2 
LE070 Ib.70 2bb.80 2 
Lc072 15.00 2b7.90 2 
LE~79 Ib.bO 2bb.50 2 
LE079 Ib.70 2bb.80 1 
LE0~7 19.00 2~1.70 2 
L"Q99 19.00 2bl.70 ~ 
LE092 19.00 2bl.70 b 
LElle 14.70 2b9.50 4 
L~111 14.70 2~9.50 2 
L~ll2 19.70 2b1.20 ~ 
~AOQ2 19.75 2b~.82 2 
~A003 1'1.75 2bO.82 4 
~AQ04 1 •• 75 2~0.e2 2 

!II 
, T 

.. 7.b 
51.0 
53.2 
b2.5 
83.4 
53.4 
69.8 
49.2 
!i3. J 
55.8 
~1.5 
70.9 
b3.4 
55.~ 

41.2 
49.~ 

73 .2 
~6. e 
41.0 
40.4 
43.8 
47.3 
50.0 
b2.2 
40.0 
42.0 
102.7 
45.~ 

103.0 
b5.3 
100.5 
55.0 
53.2 
48.3 
3b.0 
43.0 
41l.5 
45.2 
39.9 
50.0 
42.0 
43.5 
4b.l 
108.5 
47.0 
45.5 
45.0 
b5.0 
51.7 
59.9 
52.'1 
;9 •• 

'Bl 
,T 

2.19 
0.30 
2.40 
•••• 
0.25 
•••• •••• 
5.15 
0.010 
0.25 
•••• •••• 
1.95 
•••• 
c ••• 
0.30 
•• *. 
•••• 
0.00 
1.55 
1.39 
1. e2 
1.00 
1.17 
1.00 
0.00 
0.33 
0.00 
1.00 
1.93 
0.50 
•••• 
2. )b 
O. b3 
0.41 
2.00 
0.50 
0.70 
0.75 
0.00 
1.00 
0.50 
•••• 
0.50 
0.58 
0.92 
0.71 
1.00 
1.bO 
5.55 
2.74 
2.05 

VAO'1 
10 Am 

10.73 

'V 

.495 

.068 

.53b 
11.10'1 
11.8'1 
14.09 
18.80 
12.03 
15.72 
11.10 
11.71 
12.44 
13.72 
15.3b 
13.73 
12.47 
q.2~ 

lC.95 
1I:.bl 
19.70 

9.71 
9.55 

10.39 
11.21 
11.8~ 

13.83 
9.47 
9.94 

10.10 
10.b5 
9.8. 

14.52 
9.41 

12.30 
12.33 
11.16 

e.34 
10.15 
11.45 
10.b/> 
9.20 

11.58 
9 •• 1 

10.06 
10.b7 
10.93 
10.59 
10.25 
10.b5 
l~.H 
11.5b 
13.34 
11.51 
1 ~.1 3 

•••• 
.05!> 
• ••• • ••• 

1.1bO 
.OU 
.056 
• ••• • ••• 
.~22 

• ••• • ••• 
.Ob8 ..". • ••• 
.000 
.3b7 
.32b 
.431 
.237 
.260 
.237 
.000 
.019 
.000 
.23J 
.430 
.116 
•••• 
.~93 
.14b 
.094 
.~72 

.118 

.1b/> 

.174 

.000 

.236 

.11b 

.Ott 

.113 

.130 

.208 

.1b 7 
.237 
.359 

1.239 
• bl 2 
.456 

Age Qange 
BC lAD 

-12b5 -425 
-1115 -750 
-1115 -?SO 
-215 55 
-185 235 

o 100 
215 440 
500 700 
BOO 900 
900 11 00 
900 1100 

1000 1100 
1200 1500 
1200 1500 
1300 1500 
-300 1 ~o 

150 750 
-300 100 

bOO 900 
bOO 900 
300 bOO 
500 900 
bOO .. 00 

1143 1193 
bOO 900 
bOO 900 

1250 1520 
bOO <;00 

155c. lQ71 
1143 11'13 

800 1000 
-300 0 
-425 -275 
-275 -125 

o 225 
700 900 
900 110.1 

1700 171S 
-125 0 
-125 0 

200 400 
-275 -125 
-27) -125 
1250 l't50 
1500 1b50 
1;71 1972 

bOO 900 
450 500 
350 b50 

-300 0 
-300 0 
-30c. 0 



Adams, E. C., 1982, 
pretation: 

REFERENCES 

Walpi Archaeological Project: Synthesis and inter
Flagstaff, Museum of Northern Arizona, 199 p. 

Aitken, M. J., Alcock, P. A., Bussell, G. D., Jones, V., and Shaw, C. 
J., 1981, Geomagnetic intensity as a dating parameter for 
pottery [abs.l: Cong., Uni6n Internacional, Ciencias Prehist6-
ricas y Protohist6ricas, X, Mexico City, October 19-24, 1981. 

Aitken, M. J., Alcock, P. A., Bussell, G. D., Shaw, C. J., 1981, Ar
chaeomagnetic determination of the past geomagnetic intensity 
using ancient ceramics: allowance for anistropy. Archaeometry, 
v. 23, p. 53-64. 

Aitken, M. J., and Hawley, H. N., 1966, Magnetic dating--III Further 
archaeomagnetic measurements in Britain: Archaeometry, v. 9, p. 
187-197. 

Aitken, M. J., and Hawley, H. N., 1971, Archaeomagnetism: evidence for 
magnetic refraction" in kiln structbres: Archaeometry, v. 13, p. 
83-85. 

Aitken, M. J., and Weaver, G. H., 1965, Recent archaeomagnetic results 
in England: J. Geom~gn. Geoelectr., v. 17, p. 391-394. 

Amerigian, C., 1974, Sea-floor dYnamic processes as the possible cause 
of correlations between paleoclimate and paleomagnetic indices 
in deep-sea sedimentary cores: Earth Planet. Sci. Lett., v. 21, 
p. 321-326. 

Anderson, J. K., 1978, Research dealing with archaeomagnetic dating on 
Black Mesa [absl: Soc. Am. Archaeology, 43rd Ann. Mtg., Tucson, 
Arizona, May 4-6, 1978. 

Arbour, G., and Schwarz, E. J., 1982, Archeomagnetic intensity study of 
Indian potsherds from Quebec, Canada: J. Geomagn. Geoelectr., 
v. 34, p. 129-136. 

Banerjee, S. K., and Butler, R. F., 1977, Theoretical grain-size thres
holds and their application to accurate methods for paleointen
sity determination: Phys. Earth Planet. Inter., v. 13, p. 
268-271. 

Barbetti, M., 1976, 
artifacts: 

Archaeomagnetic analysis of six Glozelian ceramic 
J. Archaeol. Sci., v. 3, p. 137-151. 

279 



280 

Barbetti, }1., 1977, Measurements of recent geomagnetic secular varia
tion in southeastern Australia and the question of dipole 
wobble: Earth Planet. Sci. Lett., v. 36, p. 207-218. 

Barbetti, M., 1980, Geomagnetic strength over the last 50,000 years and 

h . h . 14C . . d c anges ln atmosp erlC concentratl0n: emerglng tren s: 
Radiocarbon, v. 22, p. 192-199. 

Barbetti, M., and Flude, K., 1979, Geomagnetic variation during the 
late Pleistocene Period and changes in the radiocarbon time 
scale: Nature, v. 279, p. 202-205. 

Barbetti, M. F., McElhinny, M. W., 1976, 
excursion: Royal Soc. [London] 
515-542. 

The Lake Mungo geomagnetic 
Philos. Trans., v. A181, 

Barbetti, M. F., McElhinny, M. W., Edwards, D. J., and Schmidt, P. W., 
1977, Weathering processes in baked sediments and their effects 
on archaeomagnetic field-intensity measurements: Phys. Earth 
Planet. Inter., v. 13, p. 346-354. 

Barbetti, M., Taborin, Y., Schmider, B., and Flude, K., 1980, Archaeo
magnetic results from late Pleistocene hearths at Etiolles and 
Marsangy, France. Archaeometry, v. 22, p. 25-46. 

Barnes, T., 1973, Origin and destiny of the earth's magnetic field: 
San Diego, California, CLP Publishers, Inst. Creation Res. Tech. 
Mono. 4. 

Barton, C. E., and McElhinny, M. W., 1981, A 10,000 yr geomagnetic 
secular variation record from three Australian maars: Royal 
Astron. Soc., Geophys. Jour., v. 67, p. 465-485. 

Barton, C. E., and McElhinny, M. W., 1982, Time series analysis of the 
10 ,000 ~lr geomagnetic secular variation record fro1'1 SE Aus
tralia: Royal Astron. Soc., Geophys. Jour .• v. 68. p. 709-724. 

Barton, C. E .• Merrill. R. T .• and Barbetti, ~1., 1979. Intensity of the 
earth's magnetic field over the last 10.000 years: Phys. Earth 
Planet. Inter., v. 20, p. 96-110. 

Bauer, L. A., 1895. On the distribution and the secular variation of 
terrestrial magnetism: Am. Jour. Sci., v. 60. p. 109-115, 
189-204, 314-325. 

Bauer, L. A., 1896, On the secular motion of a free magnetic needle. 
II: Phys. Rev., v. 3, p. 39-48. 

Baumgartner, E. P., 1973, Magnetic properties of archeomagnetic materi
als. M.S. thesis, University of Oklahoma, Norman. 



281 

Benkova, N. P., Burlatskaya, S. P., and Cherevko, T. N., 1979, 
Comparison of models of the main geomagnetic field with 
archeomagnetic data: Izv., Acad. Sci .• USSR, Phys. Solid Earth, 
v. 15, p. 204-212. (English transl.) 

Bhatal, R. S., 1971, Magnetic anisotropy in rocks: Earth Sci. Rev., v. 
7, p. 227-253. 

Boggs, S. H., 1936, A survey of the Papa go people: M.A. thesis, Uni
versity of Arizona, Tucson, 139 p. 

Bradley, B. A., 1980, Excavations at Arizona BB:13:74, Santa Cruz In
dustrial Park, Tucson, Arizona: Oracle, Arizona, Complete Ar
chaeological Service Associates, 57 p. 

Braginsky, S. I., 1972a, Analytical description of the geomagnetic 
field of the past epochs and determination of the spectrum of 
magnetic waves in the core of the earth: Geomagn. Aeron., v. 
12, p. 947-957. (English transl.) 

Braginsky, S. I., 1972b, Origin of the magnetic field of the earth and 
of its secular variations: Izv., Acad. Sci., USSR, Phys. Solid 
Earth, v. 8, p. 649-655. (English transl.) 

Braginsky, S. L., 1974, The analytical description of the geomagnetic 
field of the previous epochs and the determination of the spec
trum of the magnetic waves in the earth's core, II. Geomagn. 
Aeron, v. 14, p. 441-447. (English transl.) 

Braginsky, S. 1., 1978, The geomagnetic dynamo: Acad. Sci., USSR, 
Phys. Solid Earth, v. 14, p. 659-668. (English transl.) 

Braginsky, S. I., and Burlatskaya, S. P., 1979, Spherical 
the geomagnetic field based on archeomagnetic data: 
Sci., USSR, Phys. Solid Earth, v. 15, p. 891-895. 
transl. ) 

analysis of 
Izv., Acad. 
(English 

Breternitz, D. A., 1966, An appraisal of tree-ring dated pottery in the 
Southwest: Tucson, Anthropological Papers of the University of 
Arizona, No. 10, 128 p. 

Breternitz, D. A., 1967, The eruption(s) of Sunset Crater: dating and 
effects: Plateau, v. 40, p. 72-76. 

Briden, J. C., 1966, Estimates of direction and intensity of the pale
omagnetic field from the Mugga Mugga Porphyry, Australia: Royal 
Astron. Soc. Geophys. Jour., v. 11, p. 267-278. 

Brynj61fsson, A., 1957, Studies of remanent magnetism and viscous mag
netism in the basalts of Iceland: Adv. Phys., v. 6, p. 247-254. 



282 

Bucha, V., 1969, 
dating: 

Changes of the earth's magnetic moment and radiocarbon 
Nature, v. 224, p. 681-683. 

Bucha, V., 1971a, Archaeomagnetic dating, in Michael, H. N., and Ralph, 
E. K. (eds.): Cambridge, MIT Press-,-p. 57-117. 

Bucha, V., 1971b, Remanent magnetis~ of anorganic and organic sub
stances and its exploitation in treating historical problems: 
Stud. Geophys. Geod., v. IS, p. 353-363. 

Bucha, V., 197na, Changes in the geomagnetic field and solar wind-
causes of changes of climate and atmospheric circulation: Stud. 
Geophys. Geod., v. 20, p. 346-365. 

Bucha, V., 1976b, Variations of the geomagnetic field, the climate and 
weather: Stud. Geophys. Geod., v. 20, p. 149-167. 

Bucha. V., 1980, Mechanism of the relations between the changes of the 
geomagnetic field, solar corpuscular radiation, atmospheric cir
culation, and climate: J. Geomagn. Geoelectr., v. 32, p. 217-
264. 

Bucha, V., and Neustupn9, E., 1967, 
field and radiocarbon dating: 

Change of the earth's magnetic 
Nature. v. 215, p. 261-263. 

Bucha, V., Taylor, R. E., Berger, R., and Haury, E. W., 1970, Geomag
netic intensity: changes during the past 3000 years in the west
ern hemisphere: Sr.ience, v. 169, p. 111-114. 

Bullard, E. C., Freedman, C., Gellman, H., and Nixon, J., 1950, The 
westward drift of the earth's magnetic field: Royal Soc. 
[London] Philos. Trans., v. A243, p. 67-92. 

Burlatskaya, S. P., 1962a, The ancient magnetic field of the earth: 
Izv., Acad. Sci., USSR, Geophys. Ser., p. 343-345. (English 
Transl. ) 

Burlatskaya, S. P., 1962b, On the dating of archaeological objects by 
archaeomagnetic methods. Soviet Archaeology, v. 3, p. 99. 

Burlatskaya, S. P., 1970, Change 1n geomagnetic field intensity in the 
last 8500 years according to global archeomagnetic data: Geo
magn. Aeron., v. 10, p. 544-548. (English tran'sl.) 

Burlatskaya, S. P., 1972, Secular geomagnetic field variations, ac
cording to archeomagnetic and paleomagnetic data: Geomagn. 
Aeron., v. 12, p. 582-592. (English transl.) 



Burlatskaya, S. P., 1977, Archeomagnetic studies of the 
field and its secular variations in the Caucasus: 
ScL, USSR, Phys. Solid Earth, v. 13, p. '1.74-279. 
transl.) 

283 

geomagnetic 
lzv., Acad. 

(English 

Burlatskaya, S. P., 1978, Characteristics of the spectrum of secular 
geomagnetic field variations in the past 8500 years: Geomagn. 
Aeron., v. 18, p. 621-623. (English transl.) 

Burlatskaya, S. P., and Braginsky, S. I., 1978, The comparison of ar.
chaeomagnetic data with the analytical representation of the 
geomagnetic field for the last 2000 years: Archaeometry, v. 20, 
p. 73-83. 

Burlatskaya, S. P., and Nachasova, I. Ye., 1978, Reliability of the 
periods of secuJar geomagnetic field variations according to 
archaeoTll.1gnetic data: Geomagn. Aeron., v. 18, p. 488-490. 
(English transl.) 

Burlatskaya, S. P., Nachasova, I. Ye., and Burakov, K. S., 1977, New 
cetcrminations of the parameters of the ancient geomagnetic 
field for Mongolia, Soviet Central Asia, and Abkhasia: Geomagn. 
Aeron., v. 16, p. 447-450. (English transl.) 

Burlatskaya, S. P., Nechaeva, T. B., and Petrova, G. N., 1965, The 
westw~rd drift of the secular variation of magnetic inclination 
and variations of the earth's magnetic moment according to 
"archeomagnetic" data: Izv., Acad. ScL, USSR, Phys. Solid 
Earth, v. 1, p. 380-385. (English transl.) 

Burlatskaya, S. P., Nechaeva, T. B., and Petrova, G. N., 1968, Charac
teristics of secular variations of the geomagnetic field as 
indicated by world archeomagnetic data: Izv., Acad. Sci., USSR, 
Phys. Solid Earth, v. 4, p. 754-759. (English transl.) 

BurJ.atskaya, S., Nechaeva, T., and Petrova, G., 1969, Some archaeoITlC::g
netic data indicative of the westward drift of the geomagnetic 
field: Archaeometry, v. 11, p. 115-130. 

Burlatskaya, S. P., and Petrova, G. N., 1961, First results of a study 
of the geomagnetic field in the past by the "archeomagnetic 
method": Geomagn. Aeron., v. 1, p. 233-236. (English transl.) 

Carmichael, C. M., 1967, An outline of the intensity of the paleomag
netic field of the earth: Earth Planet. Sci. Lett., v. 3, p. 
351-354. 

Cattanach, G. S., Jr., 1980, Long House, Mesa Verde National Park, 
Colorado: Washington, D. C., U.S. National Park Service, 
Publications in Archeology 7H, 431 p. 



284 

Champion, D. E., 1980, Holocene geomagnetic secular variation in the 
western United States: Implications for the global geomagnetic 
field: U.S. Geological Survey Open-File Report 80-824, Denver, 
Colorado, 314 p. 

Chave, A. D., and Denham, C. R., 1979, Climatic changes, magn~tic in
tensity variations and fluctuations of the eccentricity of the 
earth's orbit during the past 2,000,000 years and a mechanism 
which may be responsible for the relationship--a discussion: 
Earth Planet. Sci. Lett., v. 44, p. 150-152. 

Chelidze, Z. A., 1966, Some results of a study of the past geomagnetic 
field in the Georgian SSR by the archeomagnetic method: Geomag. 
Aeron., v. 6, p. 744-746. (English transl.) 

Chelishvili, M. L., 1971, Some archeomagnetic problems: Geomag. 
Aeron., v. 11, 321-323. (English transl.) 

Chevallier, R., 1925, L'aimantation des laves de l'Etna et l'orienta
tion du champ terrestre en Sicile due XII ou XVIII siecle: Ann. 
Phys. [Paris}, v. 4, p. 5-162. 

Chiu, Y. T., 1974, Archaeomagnetism and archaeoclimatic 'forecast'?: 
Nature, v. 250, p. 642-643. 

Clark, R. M., and Thompson, R., 1978, An objective method for smoothing 
paleomagnetic data: Royal Astron. Soc., Geophys. Jour., v. 52, 
p. 205--213. 

Coe, R. S., 1967a, The determination of paleo-intensities of the 
earth's magnetic field with emphasis on mechanisms which could 
cause non-ideal behavior in Thellier's method: Jour. Geomagn. 
Geoelectr., v. 19, p. 157-179. 

Coe, R. S., 1967b, Paleointensities of the earth's magnetic field de
termined from Tertiary and Quaternary Rocks: Jour. Geophys. 
Res., v. 72, p. 3247-3262. 

Coe, R. S., 1977, Personal communication: Professor, Earth Sciences 
Board of Studies, University of California, Santa Cruz. 

Coe, R. S., and Gromme, C. S., 1973, A comparison of three methods of 
determining geomagnetic paleoin"'ensities: Jour. Geomagn. Geo
electr., v. 25, p. 415-435. 

Coe, R. S., Gromme, [C.] S., and Mankinen, E. A., 1978, Geomagnetic 
paleointensities from radiocarbon-dated lava flows on Hawaii and 
the question of the Pacific nondipole low: Jour. Geophys. Res., 
v. 83, p. 1740-1756. 



285 

Collinson, D. W., 1975, Instruments and techniques in paleomagnetism 
and rock magnetism: Rev. Geophysics Space Physics, v. 13, p. 
659-686. 

Collinson, D. W., Creer, K. M., and Runcorn, S. K. (eds.), 1967, 
Methods in palaeomagnetism: Amsterdam, Elsevier, 609 p. 

Colton, H. S., 1939a, Primitive pottery firing methods: Museum of 
Northern Arizona, Mus. Notes, v. 11, p. 63-66. 

Colton, H. S., 1939b, The reducing atmosphere and oxidizing atmosphere 
in prehistoric southwestern ceramics: Am. Antiquity, v. 4, p. 
224-231. 

Colton, H. S., 1946, The Sinagua; a summary of the archaeology of the 
region of Flagstaff, Arizona: Museum of Northern Arizona, 
Flagstaff, Bull. 22, 328 p. 

Colton, H. S., 1951, Hopi pottery firing temperatures: Plateau, v. 24, 
p. 73-76. 

Colton, H. S., 1953, Potsherds, an introduction to the study of 
prehistoric southwestern ceramics: Museum of Northern Arizona, 
Flagstaff, Bull. 25, 86 p. 

Cox, A., 1961, Anomalous remanent magnetization of basalt: u.S. 
Geological Survey Bull. 1083-E, p. 131-160. 

Cox, A., 1968, Length of geomagnetic polarity intervals: J. Geophys. 
Res., v. 73, p. 3247-3260. 

Creer, K. M., 1981, 
12,000 yr BP: 

Long-period geomagnetic secular variations since 
Nature, v. 292, p. 208-212. 

Creer, K. M., Hogg, E., Malkowski, Z., Mojski, J. E., Niedziolka-krol, 
E., Readman, P. W., and Tucholka, P., 1979, Palaeomagnetism of 
Holocene lake sediments from North Poland: Royal Astron. Soc. 
Geophys. Jour., v. 59, p. 287-313. 

Creer, K. M., and Kopper, J. S., 1974, Paleomagnetic dating of cave 
paintings in Tito Bustillo Cave, Asturias, Spain: Science, v. 
186, p. 348-350. 

Creer, K. M., and Tucholka, P., 1982, Construction of type curves of 
geomagnetic secular variation for dating lake sediments from 
east central North America: Can. Jour. Earth Sci., v. 19, p. 
1106-1115. 

Crown, P. L., 1981, Variability in ceramic manufacture at the 
Chodistaas Site, east-central Arizona: Ph.D. dissertation, 
University of Arizona, Tucson, 456 p. 



286 

Currie, R. G., 1968, Geomagnetic spectrum of internal origin and lower 
mantle conductivity: Jour. Geophys. Res., v. 73, p. 2779-2786. 

Damon, P. E., 1970, Climatic versus magnetic perturbation of the atmos
pheric C14 reservoir, in Olsson, I. U. Ced.), Radiocarbon vari
ations and absolute chronology: New York, John Wiley and Sons, 
Inc., p. 571-593. 

Dankers, P., 1981, Relationship between median destructive field and 
remanent coercive forces for dispersed natural magnetite, titan
omagnetite and hematite: Royal Astron. Soc., Geophys. Jour., v. 
64, p. 447-461. 

David, F. N., 1938, Tables of the ordinates and probability integral of 
the distribution of the correlation coefficient in small 
samples: London, Biometrika Office, 55 p. 

Day, R., Dunn, J. R., and Fuller, M., 1977, Intensity determination by 
continuous thermal cycling: Phys. Earth Planet. Inter., v. 13, 
p. 301-304. 

Dean, J. S., 1978a, Independent dating in archaeological analysis, in 
Schiffer, M. B. (ed.), Advances in archaeological method an~ 
theory: New York, Academic Press, p. 223-255. 

Dean, J. S .• 1978b, Tree-ring dating in archeology, in Jennings, J. D. 
(ed.), University of Utah Anthropological Papers, 99: Salt Lake 
City, University of Utah Press, p. 129-163. 

Denham, C. R., 1975, Spectral analysis of paleomagnetic time series: 
Jour. Geophys. Res., v. 80, p. 1897-1901. 

Dodson, M. H., and McLelland-Brown, E. J., 1980, Magnetic blocking 
temperatures of single-domain grains during slow cooling: Jour. 
Geophys. Res., v. 85, p. 2625-2637. 

Dodson, R. E., 1979, Counterclockwise precession of the geomagnetic 
vector and westward drift of the non-dipole field. J. Geophys. 
Res., v. 84, p. 637-644. 

Doell, R. R., and Cox, A., 1963, The accuracy of the paleomagnetic 
method as evaluated from historic Hawaiian lava flows: J. Geo
phys. Res •• v. 68, p. 1997-2009. 

Doell, R. R., and Cox, A., 1967, Analysis of spinner magnetometer oper
ation, in Collinson, D. W., Creer, K. M., and Runcorn, S. K. 
(eds.),Methods in Paleomagnetism: Amsterdam, Elsevier, p. 
196-206. 



287 

Doell, R. R., and Smith, P. J., 1969, On the use of magnetic cleaning 
in paleointensity studies: J. Geomagn. Geoelectr., v. 21, p. 
579-594. 

Domen, H., 1977, A single heating method of paleomagnetic field inten
sity determination applied to old roof tiles and rocks: Phys. 
Earth Planet. Inter., v. 13, p. 315-318. 

Doyel, D. E., 1974, Excavations in the Escalante Ruin Group, southern 
Arizona: Tucson, Arizona State Museum Archaeological Series, 
No. 37, 342 p. 

Doyel, D. E., 1976, Revised phase system for the Tonto Basin and Globe
Miami areas, central Arizona: The Kiva, v. 41, p. 241-266. 

DuBois, R. L., 1975a, Development of an archeomagnetic chronology: 
Research proposal submitted to the National Science Foundation. 

DuBois, R. L., 1975b, Recent developments in the archaeomagnetic dating 
program [abs.]: Soc. Am. Ar.chaeology, 40th Ann. Mtg., Dallas, 
Texas, May 8-10, 1975. 

DuBois, R. L., 1975c, Secular variation in southwestern United States 
as suggested by archaeomagnetic studies, in Fischer, R. M., 
Fuller, M., Schmidt, V. A., and Wasilkeski,lP. J. (eds.), Takesi 
Nagata Conference - Magnetic fields: past and present: Green
belt, Maryland, Goddard Space Flight Center. 

DuBois, R. L., 1982, Some archeomagnetic results and their analysis: 
southwestern United States and Mesoamerica [abs.]: U.S. Geolog
ical Survey Geomagnetic Workshop, Golden, Colorado, April 13-15, 
1982. 

DuBois, R. L., Lee, S.-S., Hsue, T. S., and Tull, T. A., 1980, Ancient 
geomagnetic intensity in Mesoamerica and southwestern United 
States--a useful chronological base? [abs.]: Soc. Am. Ar
chaeology, 45th Ann. Mtg., Philadelphia, Pennsylvania, May 1-3, 
1980. 

DuBois, R. L., Lee, S.-S., and Wolfman, D., 1971, Using variations of 
paleointensity of the geomagnetic field for dating [abs.]: Soc. 
Am. Archaeology, 36th Ann. Mtg., Norman, Oklahoma, May 6-8, 
1971. 

DuBois, R. L., and Wolfman, D., 1970, Archeomagnetic dating in Meso
america and Peru [abs.]: Internat. Congo Americanists, 39th, 
Lima, Peru, August 2-9, 1970. 

Dunlop, D. J., 1972, Magnetic mineralogy of unheated and heated red 
sediments by coercivity spectrum analysis. Royal Astron. Soc., 
Geophys. Jour., V. 27, p. 37-55. 



288 

Dunlop, D. J., 1973, Thermoremanent magnetization in submicroscopic 
magnetite: J. Geophys. Res., v. 78, p. 7602-7613. 

Dunlop, D. J., 1979, On the use of Zijderveld vector diagrams in multi
component paleomagnetic studies: Phys. Earth Planet. Inter., v. 
20, p. 12-24. 

Dunlop, D. J., and Zinn, M. B., 1980, Archeomagnetism of a 19th century 
pottery kiln near Jordan, Ontario: Can. Jour. Earth Sci., v. 
17, p. 1275-1285. 

Eighmy, J. L., 1980, Archeomagnetism: a handbook for the archeologist: 
Washington, D.C., U.S. Department of the Interior, Heritage Con
servation and Recreation Service, Cultural Resource Management 
Series, 104 p. 

Eighmy, J., Sternberg, R., and Butler, R., 1978, Recent archaeomagnetic 
results from the Southwest [abs.]: Soc. Am. Archaeology, 43rd 
Ann Mtg., Tucson, Arizona, May 4-6, 1978. 

Eighmy, J. L., Sternberg, R. S., and Butler, R. F., 1980, Archaeomag
netic dating in the American Southwest: Am. Antiquity, v. 45, 
p. 507-517. 

Ellwood, B. B., 1971, An archeomagnetic measurement of the age and 
sedimentation rate of Climax Cave sediments, Southwest Georgia: 
Am. Jour. Sci., v. 271, p. 304-310. 

Elsasser, W. M., 1946, 
Part 1. Theory: 

Induction effects in terrestrial magnetism: 
Phys. Rev., v. 69, p. 106-116. 

Elsasser, W., Ney, E. P., and Winckler, J. R., 1956, Cosmic-ray inten
sity and geomagnetism: Nature, v. 178, p. 1226-1227. 

Ferg, A., 1978, The Painted Cliffs Rest Area: Excavations along the 
Rio Puerco, northeastern Arizona: Tucson, Arizona State Museum, 
Contribution to Highway Salvage Archaeology No. 50, 182 p. 

Fisher, R. A., 1953, Dispersion on a sphere: Royal Society [London] 
Proc., v. A217, p. 295-305. 

Fisher, R. A., 1958, Statistical methods for research workers, 13th 
ed.: Edinburgh, Oliver and Boyd, 356 p. 

Fleming, S., 1976, Dating in archaeology: London, J. M. Dent & Sons 
Ltd., 272 p. 

Fontana. B. L., Robinson, W. J., Cormack, C. W., and Leavitt, E. E., 
Jr., 1'::162, Papago Indian pottery: Seattle, University of 
Washington Press, 163 p. 



289 

Fox, J. M. W., and Aitken, M. J., 1980, Cooling-rate dependence of 
thermoremanent magnetization: Nature, v. 283, p. 462-463. 

Fucugauchi, J. U., 1980, Further reliability tests for determination of 
paleointensities of the earth's magnetic field: Royal Astron. 
Soc., Geophys. Jour., v. 61, p. 243-251. 

Graham, K. W. T., 1961, The remagnetization of a surface outcrop by 
lightning currents: Royal Astron. Soc., Geophys. Jour., v. 6, 
p. 85-102. 

Graves, M. W., 1982, Anomalous tree-ring dates and the sequence of room 
construction at Canyon Creek Ruin, east central Arizona: The 
Kiva, v. 47, p. 107-131. 

Green, E. T., and DuBois, R. L., 1975, Paleomagnetic data from dry lake 
beds in the Basin and Range province: apparent agreement with 
archaeomagnetic data and determination of sedimentation rates 
[abs.]: Geol. Soc. America, Abstracts with Programs, v. 7, p. 
170. 

Greenleaf, J. C., 1975, Excavations at Punta de Agua in the Santa Cruz 
River basin, southeastern Arizona: Tucson, University of Ari
zona, Anthropological Papers, No. 26. 

Gregonis, L. ~1., and Reinhard, K. J., 1979, Hohokam Indians of the 
Tucson basin: Tt.lcson, University of Arizona Press, 48 p. 

Grubbs, F. E., 1950, Sample criteria for testing outlying observations: 
Ann. Math. Statistics, v. 21, p. 27-58. 

Grubbs, F. E., 1969, Procedures for detecting outlying observations in 
samples: Technometrics, v. 11, p. 1-23. 

Halgedahl, S. L., Day, R., and Fuller, M., 1980, The effect of cooling 
rate on the intensity of weak-field TRM in single-domain mag
netite: Jour. Geophys. Res., v. 85, p. 3690-3698. 

Halley, E., 1692, An account of the cause of the change of the vari
ation of the magnetical needle; with an hypothesis of the struc
ture of the internal parts of the earth: as it was proposed to 
the Royal Society in one of the late meetings: Royal Soc. 
[London] Philos. Trans., v. 16, p. 563-578. 

Hammack, L. C., 1969, A preliminary report of the excavations at Las 
Colinas: The Kiva, v. 35, p. 11-28. 

Harrison, C. G. A., and Lindh, T. B., 1981, Comparison of paleomagnetic 
and sea floor spreading data [abs.]. Am. Geophys. Union, EOS 
Trans., v. 62, p. 853. 



290 

Harrison, C. G. A., and Lindh, T., 1982, A polar wandering curve for 
North America during the Mesozoic and Cenozoic: J. Geophys. 
Res., v. 87, p. 1903-1920. 

Harwood, J. M., and Malin, S. R. C., 1976, Present trends in the 
earth's magnetic field: Nature, v. 259, p. 469-471. 

Hathaway, J. H., Eighmy, J. L., and Kane, A. E., n.d., Preliminary 
modification of the Southwest virtual geomagnetic pole path A.D. 
700 to A.D. 900: -Dolores Archaeological Program results: Jour. 
Arch. Sci. [1982, in press]. 

Haury, E. W., 1934, The Canyon Creek Ruin and the cliff dwellings of 
the Sierra Ancha: Globe, Arizona, Gila Pueblo, Medallion Papers 
No. 14. 

Haury, E. W., 1976, The Hohokam: Desert farmers and craftsmen; Exca
vations at Snaketown, 1964-1965: Tucson, University of Arizona 
Press, 412 p. 

Hazard, D. L., 1917, United States magnetic tables and magnetic charts 
for 1915: Washington, D. C., U.S. Coast and Geodetic Survey 
Spec. Pub. No. 44, 256 p. 

Hedley, I. G., and Wagner, J.-J., 1981, The origin of magnetic anisot
ropy in pottery [abs.]: Symposium for Achaeometry, 21, Brook
haven National Laboratory, Upton, New York, May 18-22, 1981. 

Hodder, B. M., 1981, Geomagnetic secular variation since 1901: Royal 
Astron. Soc., Geophys. Jour., v. 65, p. 763-776. 

Honkura, Y., and Rikitake, T., 1972, Core motion as inferred from 
drifting and standing non-dipole fields: Jour. Geomagn. 
Geoelectr., v. 24, p. 223-230. 

Hoye, G. S., 1981, Archaeomagnetic secular variation record of Mount 
Vesuvius: Nature, v. 291, p. 216-218. 

Hoye, G. S., 1982, A magnetic investigation of kiln wall distortion: 
Archaeometry, v. 24, p. 80-84. 

Hrouda, F., 1982, Magnetic anisotropy of rocks and its application in 
geology and geophysics: Geophys. Surveys, v. 5, p. 37-82. 

Hurst, J. G., 1966, Post-Roman archaeological dating and its correla
tion with archaeomagnetic results: Archaeometry, v. 9, p. 198--
199. 

IAGA Division 1 Study Group, 1976, International geomagnetic reference 
field 1975: Am. Geophys. Union, EGS, Trans., v. 57, p. 120-121. 



291 

Irving, E., 1964, Paleomagnetism and its application to geological and 
geophysical problems: New York, John Wiley and Sons, Inc., 399 
p. 

Irving, E •• 1977, 
Devonian: 

Drift of the major continental blocks since the 
Nature, v. 270, p. 304-309. 

Jennings, J. D., 1974, Prehistory of North America, 2nd ed.: New York, 
McGraw-Hill, 436 p. 

Kahle, A. B., Ball, R. H., and Vestine, E. H., 1967, Comparison of 
estimates of surface fluid motions of the earth's core for 
various epochs: Jour. Geophys. Res., v. 72, p. 4917-4925. 

Kahle, A. B., Vestine, E. H., and Ball, R. H., 1967, Estimated surface 
mot ions of the earth's core: Jour. Geophys. Res., v. 72, p. 
1095-1108. 

Kamiyama, H., 1976, Possible mechanisms for changing the earth's sur
face temperature in association with the long-period variation 
of the geomagnetic main field, in Horie, S. (ed.), 
Paleolimnology of Lake Biwa and the-Japanese Pleist~cene, Vol. 
4: p. 165-178. 

Kawai, N., and Hirooka, K., 1967, Wobbling motion of the geomagnetic 
dipole field in historic time during these 2000 years: J. 
Geomagn. Geoelectr., v. 19, p. 217-227. 

Kawai, N., Hirooka, K, Nakajima, I., Tokieda, K., and Tosi, M., 1972, 
Archaeomagnetism in Iran: Nature, v. 236, p. 223-224. 

Kawai, N., Hirooka, H., and Sasajima, S., 1965, Counterclockwise rota
tion of the geomagnetic dipole axis revealed in the world-wide 
archaeo-secular variations: Japan Academy Proc., v. 41, p. 
398-403. 

Kawai, N., Hirooka, K., Sasajima, S., Yaskawa, K., Ito, H., and Kume, 
S., 1965, Archaeomagnetic studies in southwestern Japan: Ann. 
Geophysics, v. 21, p. 574-578. 

Keimatsu, M., Fukushima, N., and Nagata, T.-, 1968, 
geomagnetic secular variation in historic 
Geoelectric., v. 20, p. 45-50. 

Archaeo--aurora and 
time: J. Geomagn. 

Kent, D. V., 1982, Apparent correlation of palaeomagnetic intensity and 
climatic records in deep-sea sediments: Nature, v. 299, p. 
538-539. 

Kermack, K. A., and Haldane, J. B. S., 1950, Organic correlation and 
allometry: Biometrika, v. 37, p. 30-41. 



292 

Khodair, A. A., and Coe, R. S., 1975, Determination of geomagnetic 
paleointensities in vacuum: Royal Astron. Soc., Geophys. Jour., 
v. 42, p. 107-115. 

Kigoshi, K., Hasegawa, H., 1966, Secular variation of atmospheric radi
ocarbon concentration and its dependence on geomagnetism: Jour. 
Geophys. Res., v. 71, p. 1065-1071. 

Kitazawa, K., and Kobayashi, K., 1968, Intensity variation of the geo
magnetic field during the past 4000 years in South America: 
Jour. Geomagn. Geoelectr., v. 20, p. 7-19. 

Klein, J., Lerman, J. C., Damon, P. E., and Ralph, E. K., 1982, Cali
bration of radiocarbon dates: tables based on the consensus data 
of the Workshop on Calibrating the Radiocarbon Time Scale: 
Radiocarbon, v. 24, p. 103-150. 

Kobayashi, K., 1959, Chemical remanent magnetism of ferromagnetic min
erals and its application to rock magnetism: Jour. Geomagn. 
Geoelectr., v. 90, p. 99-117. 

Kobayashi, K., 1969, An interpretation of the archeomagnetic field in
tensity: J. Geomagn. Geoelectr., v. 21, p. 775-780." 

Kolomiytseva, G. I., and Pushkov, A. W., 1975, Analysis of the geomag
netic field over a 2,000 year period, in Analysis of the space-
time structure of the geomagnetic field [in Russian]: Moscow, 
USSR, Nauka, p. 72-81. 

Kono, M., 1972, Mathematical models of the earth's magnetic field: 
Phys. Earth Planet. Inter., v. 5, p. 140-150. 

Kono, M., 1978, Reliability of palaeointensity methods using alternat
ing field demagnetization and anhysteretic remanence: Royal 
Astron. Soc., Geophys. Jour., v. 54, p. 241-261. 

Kono, M., and Ueno, N., 1977, 
modified Thellier method: 
305-314. 

Paleointensity determination by a 
Phys. Earth Planet. Inter., v. 13, p. 

Kovacheva, M., 1980, Summarized results of the archaeomagnetic inves
tigation of the geomagnetic field variation in the last 8000 
years in south-eastern Europe: Royal Astron. Soc., Geophys. 
Jour., v. 61, p. 57-64. 

Kovacheva, M., and Veljovich, D., 1977, Geomagnetic field's variation 
in south-eastern Europe for the time period 6500 B.C. to 100 
years B.C.: Earth Planet. Sci. Lett., v. 37, p. 131-137. 



293 

Krause, G. J., 1980, Archaeomagnetic methods: a comparison between sun 
compass and magnetic compass measurements [abs.]: Soc. Am. 
Archaeology, 45th Ann. Mtg., Philadelphia, Pennsylvania, May 
1-3, 1980. 

La1, D., and Venkatavaradan, V. S., 1970, Analysis of the causes of C14 
variations j.n the atmosphere, in Olsson, I. U. (ed.), Radiocar
bon variations and absolute chronology: New York, John Wiley 
and Sons, Inc., p. 549-569. 

Leaton, B. R., and Malin, S. R. C., 1967, 
magnetic dipole moment of the earth: 

Recent changes in the 
Nature, v. 213, p. 1110. 

LeBlanc, S., 1976, Mimbres Archeological Center: preliminary report of 
the second season of excavation, 1975: Jour. New World 
Archaeology, v. 1, p. 1-23. 

LeBlanc, S., 1977, The 1976 field season of the Mimbres Foundation in 
southwestern New Mexico: Jour. New World Archaeology, v. 2, p. 
1-24. 

Lee, S.-S., 1975, Secular variation of the intensity of the geomagnetic 
field during the past 3,000 years in North, Centra1~ and South 
America: Ph.D. dissertation, University of Oklahoma, Norman, 
200 p. 

Levi, S., 1975, Comparison of two methods of performing the The11ier 
experiment (or, How the The11ier experiment should not be done): 
Jour. Geomagn. Geoe1ectr., v. 27, p. 245-255. 

Levi, S., 1977, The effect of magnetite particle size on paleointensity 
determinations of the geomagnetic field: Phys. Earth Planet. 
Inter., v. 13, p. 245-259 • 

. Levi, S., 1979, The additivity of partial thermal remanent magnetiza
tion in magnetite: Royal Astron. Soc., Geophys. Jour., v. 59, 
p. 205-218. 

Lingenfelter, R. E., and Ramaty, R., 1970, 
ica1 variations in C14 production, 
Radiocarbon variations and absolute 
Wiley and Sons, Inc., p. 513-537. 

Astrophysical and geophys
in Olsson, I. U. (ed.), 

chronology: New York, John 

Longacre, W. A., Holbrook, S. J., and Graves, M. W. (eds.), 1982, Mul
tidisciplinary research of Grasshopper Pueblo, Arizona: Tucson, 
University of Arizona Press, Anthropological Papers of the 
University of Arizona, No. 40. 

Loose, R., 1973, Field notes on file at Chaco Center: Albuquerque, New 
Mexico, U.S. National Park Service, Division of Cultural 
Research. 



294 

Malin, S. R. C., and Saunders, I., 1973, Rotation of the earth's mag
netic field: Nature, v. 245, p. 25-26. 

Mardia, K. V., 1972, Statistics of directional data: London, Academic 
Press, 357 p. 

Martin, P. S., and Plog, F., 1973, The archaeology of Arizona; a study 
of the Southwest region: Garden City, New York, Doubleday/
Natural History Press, 422 p. 

!1arton, P., 1970, Secular variation of the geomagnetic virtual dipole 
field during the last 2000 years as inferred from the spherical 
harmonic analysis of the available archeomagnetic data: Pure 
Appl. Geophysics, v. 81, p. 163-176. 

McDonald, 'K., and Gunst, R., 1967, An analysis of the earth's magnetic 
field from 1835 to 1965: Washington, D. C., ESSA Tech. Report 
IER 46-IES 1., 87 p. 

McElhinny, M. W., 1973, Palaeomagnetism and plate tectonics: London, 
Cambridge University Press, 357 p. 

McElhinny, M. W., and Evans, M. E., 1968, An investigation of the 
strength of the geomagnetic field in the early Precambrian: 
Phys, Earth Planet. Inter., v. 1, p. 485-497. 

McElhinny, M. W., and Senanayake, W. E., 1982, Variation in the geo
magnetic dipole. 1: The past 50,000 years: Jour. Geomagn. Geo
electr., v. 34, p. 39-51. 

McFadden, P. L., 1980, Determination of the angle in a Fisher distri
bution which will be exceeded with a given probability: Royal 
Astron. Soc., Geophys. Jour., v. 60, p. 391-396. 

McFadden, P. L., and Lowes, F. J., 1981, The discrimination of mean 
directions drawn from Fisher distributions: Royal Astron. Soc., 
Geophys. Jour., v. 67, p. 19-33. 

McFadden, P. L., and McElhinny, M. W., 1982, Variations in the geomag
netic dipole. 2: Statistical analysis of VDMs for the past 5 
million years: Jour. Geomagn. Geoelectr., v. 34, p. 163-189. 

McGuire, R. H., 1982, Personal communication: Professor, Department of 
Anthropology, New York State University at Binghampton. 

McGuire, R. H., Sternberg, R. S., and Butler, R. F., 1980, Exchange of 
archaeomagnetic information between the archaeologist and geo
physicist [abs.]: Soc. Am. Ar~~haeology, 45th Ann. Mtg., 
Philadelphia, Pennsylvania, May 1-3, 1980. 



295 

Michael, H. N., and Ralph, E. K. (eds.), 1971, Dating techniques for 
the archaeologist: Cambridge, Massachusetts, MIT Pres, 227 p. 

Michels, J. W., 1973, Dating methods in archaeology: New York, Seminar 
Press, 230 p. 

Momose, K., 1963, Studies of the variations of the earth's magnetic 
field during Pliocene time: Tokyo, Japan, University of Tokyo, 
Earthquake,Res. Inst. Bull., v. 41, p. 487-534. 

Morris, 'D., n.d., Archaeological investigations at Antelope House: 
Washington, D.C., U.S. National Park Service. [1982, in press] 

Nachasova, I. Ye., 1972, Magnetic field in the Moscow area from 1480 to 
1840: Geomagn. Aeron., v. 12, p. 277-280. (English transl.) 

Nagata, T., 1941, The mode of causation of thermo-remanent magnetism in 
igneous rocks; preliminary report: Tokyo, Japan, University of 
Tokyo, Earthquake Res. Inst. Bull, v. 19, p. 49-81. 

Nagata, T., 1943, The natural remanent magnetism of volcanic rocks and 
its relation to geomagnetic phenomena: Tokyo, Japan, University 
of Tokyo, Earthquake Res. Inst. Bull, v. 21, p. 1-196. 

Nagata, T., 1961, Rock magnetism, rev. ed.: Tokyo, Maruzen Co. Ltd., 
350 p. 

Nagata, T., 1965, 
variation: 

Main characteristics of recent geomagnetic secular 
Jour. Geomagn. Geoelectr., v. 17, p. 263-276. 

Nagata, T., Arai, Y., and Momose, K., 1963, Secular variation of the 
geomagnetic total force during the last 5000 years: Jour. Geo
phys. Res., v. 68, p. 5277-5281. 

Nagata, T., Kobayashi, K., and Schwarz, E. J., 1965, 
intensity studies of South and Central America: 
Geoelectr., v. 17, p. 399-405. 

Archeomagnetic 
Jour. Geomagn. 

Neel, L., 1949, Theorie du trainage magnetique des ferromagnetiques en 
grains fins avec applications aux terres cuites: Ann. Geophys., 
v. 5, p. 99-136. 

Neel, L., 1955, Some theoretical aspects of rock magnetism: Adv. 
Phys., v. 4, p. 191-243. 

Nichols, R. F., 1975, Archeomagnetic study of Anasazi-related sediments 
of Chaco Canyon, New Mexico: M.S. Thesis, University of Okla
homa, Norman. 



296 

Nodia, M. Z., and Cheldze, Z. A., 1972, Position of the geomagnetic 
pole in the past: Geomagn. Aeron., v. 12, p. 518-519. (English 
transl. ) 

Oberg, C. J., and Evans, M. E., 1977, Spectral analysis of Quaternary 
paleomagnetic data from British Columbia and its bearing on geo
magnetic secular variation: Royal Astron. Soc., Geophys. Jour., 
v. 51, p. 691-699. 

O'Bryan, D., 1950, Excavations in Mesa Verde National Park, 1947-1948: 
Globe, Arizona, Gila Pueblo, Medallion Papers No. 39. 

Parker, R. A., 1976, Archeomagnetic secular variation: M.S. thesis, 
University of Utah, Salt Lake City, 26 p. 

Parker, R. L., and Denham, C. R., 1979, Interpolation of unit vectors: 
Royal Astron. Soc., Geophys. Jour., v. 58, p. 685-687. 

Payne, M. A., 1981, SI and Gaussian units, conversions and equations 
for use in geomagnetism: Phys. Earth Planet. Inter., v. 26, p. 
P10-P16. 

Peddie, N. W., 1982, International geomagnetic reference field 1980: a 
report by IAGA Divison I Working Group 1: Royal Astron. Soc., 
Geophys. Jour., v. 68, p. 265-268. 

Petrova, G. N., 1977 9 Geomagnetic data on the earth's core: 
Sci., USSR, Phys. Solid Earth, v. 13, p. 751-759. 
transl.) • 

Izv. Acad. 
(English 

Ralph, E. K., 1972, A cyclic solution for the relationship between mag
netic and atmospheric carbon-14 changes, in Internat. Conf. on 
Radiocarbon Dating, 8th, Proc.: Wellington, Royal Society of 
New Zealand, p. 90-98. 

14 Ramaty, R., 1967, The influence of geomagnetic shielding on C produc-
tion and content, in Hindmarsh, W. R., Lowes, F. J., Roberts, P. 
H., and Runcorn, S:-K. (eds.), Magnetism and the cosmos: New 
York, American Elsevier, p. 66-78. 

Reid, J. J., 1982, Cholla Project archaeology: Tucson, Arizona State 
Museum, Archaeology Series No. 161. 

Rigotti, P. A., 1978, 
determination: 

The A.R.M. correction method of paleointensity 
Earth Planet. Sci. Lett., V. 39, p. 417-426. 

Rikitake, T., 1966, Electromagnetism and the earth's interior: 
Amsterdam, Elsevier, 308 p. 

Rikitake, T., 1967, Non-dipole field and fluid motion in the earth's 
core: Jour. Geomagn. Geoelectr., V. 19, p. 129-142. 



297 

Rodgers, J. B., 1978, Archaeomagnetic sampling: a procedural primer: 
Albuquerque, New Mexico, Center for Anthropological Studies. 

Rogers, J., Fox, J. M. W., and Aitken, M. J., 1979, Magnetic anisotropy 
in ancient pottery: Nature, v. 277, p. 644-646. 

Rohn, A. H., 1978, American Southwest, in Taylor, R. E., and Meighan, 
C. W. (eds.), Chronologies in NeW--World archaeology: New York, 
Academic Press, p. 201-222. 

Roy, J. L., and Park, J. K., 1974, The magnetization process of certain 
red beds: vector analysis of chemical and thermal reselts: Can. 
Jour. Earth Sci., v. 11, p. 437-471. 

Runcorn, S. K., 1959, On the theory of the geomagnetic secular varia
tion: Ann. Geophys., v. 15, p. 87-92. 

Rusakov, o. M., Zagniy, G. F., 1973, Archaeomagnetic secular variation 
study in the Ukraine and Moldavia: Archaeometry, v. 15, p. 
153-158. 

Rye, O. S., 1981, Pottery technology:, Principles and reconstruction: 
Washington, D. C., Taraxacum Inc., 150 p. 

Sasajima, S., and Maenaka, K., 1966, Intensity studies of the archaeo
secular variation in west Japan, with special reference to the 
hypothesis of the dipole axis rotation: Kyoto, Japan, Univer
sity of Kyoto, College of Science Mem., v. B33, p. 53-67. 

Schiffer, M. B., 1982, Hohokam chronology: an essay on history and 
method, in McGuire, R. M., and Schiffer, M. B. (eds.), Hohokam 
and Patayan, Prehistory of southwestern Arizona: New York, 
Academic Press, p. 299-344. 

Schwartz, D. W., Chapman, R. C., and Kepp, J., 1980, Archaeology of the 
Grand Canyon: Unkar Delta: Santa Fe, New Mexico, School of 
American Research, Grand Canyon Archaeological Series, Vol. 2, 
405 p. 

Schwartz, D. W., and Lang, R. W., 1973, Archaeological investigations 
at the Arroyo Hondo Sites: third field report - 1972: Santa Fe, 
New Mexico, School of American Research, 47 p. 

Schwarz, E. J., 1969, A discussion of thermal and alternating field 
demagnetization methods in the estimation of paleomagnetic field 
intensities: Jour. Geomagn. Geoelectr., v. 21, p. 669-677. 

Schwarz, E. J., and Christie, K. W., 1967, Original remanent magnetism 
of Ontario potsherds: Jour. Geophys. Res., v. 72, p. 3263-3269. 



298 

Senanayake, W. E., McElhinny, M. W., and McFadden, P. L., 1982, Compar
ison between the Thellier's and Shaw's palaeointensity methods 
using basalts less than 5 million years old: Jour. Geomagn. 
Geoelectr., v. 34, p. 141-161. 

Shaw, J., 1974, A new method of de.termining the magnitude of the paleo
magnetic fluid: application to five historic lavas and five ar
chaeological samples: Royal Astron. Soc •• Geophys. Jour., v. 
39, p. 133-141. 

Shaw, J., 1979, 
field: 

Rapid changes in the magnitude of the archaeomagnetic 
Royal Astron. Soc., Geophys. Jour., v. 58, p. 107-116. 

Shepard, A. 0., 1965, Ceramics for the archaeologist, 5th printing with 
foreword: Washington, D. C., Carnegie Institution of Wash
ington, 414 p. 

Shive, P. N., and Diehl, J. F., 1977, Reduction of hematite to magnetite 
under natural and laboratory conditions: Jour. Geomagn. Geo
electr., v. 29, p. 345-354. 

Shuey, R. T., 1974, Archeomagnetic chronology of U-95 sites, in Wilson, 
C. J. (ed.), Highway U-95 archeology: Comb Wash to Grant Flat, 
Vol. 2: Salt Lake City, University of Utah, p. 207-209. 

Shuey, R. T., Cole, E. R., and Mikulich, M. J., 1970, Geographic 
correction of archeomagnetic data: Jour. Geomagn. Geoelectr., 
v. 22, p. 485-489. 

Shuey, R. T., and Reed, R., 1972, Archeomagnetism'of Evans Mound, in 
Berry, M. S. (ed.), The EY~ns Site: Salt Lake City, University 
of Utah$ p. 289-296. 

Shuey, R. T., Ugland, R. 0., and Schmit, C. R., 1977, Magnetic proper
ties and secular variation in cores from Yellowstone and Jackson 
Lakes, Wyoming: Jour. Geophys. Res., v. 82, p. 3739-3746. 

Siscoe, G. L., and Christopher, L., 1975, 
variations on the auroral zones: 
27, p. 485-489. 

Effects of geomagnetic dipole 
Jour. Geomagn. Geoelectr., v. 

Siscoe, G. L., and Sibeck, D. G., 1980, Effects of nondipole components 
on auroral zone configurations during weak dipole field epochs: 
Jour. Geophys. Res., v. 85, p. 3549-3556. 

Skiles, D. D., 1970, A method of inferring the direction of drift of 
the geomagnetic field from paleomagnetic data: Jour. Geomagn. 
Geoelectr., v. 22, p. 441-462. 



299 

Skinner, N. J., lIes, W., and Brock, A., 1975, The recent secular vari
ation of declination and inclination in Kenya: Earth Planet. 
Sci. Lett., v. 25, p. 338-346. 

Smiley, T. L., 1958, The geology and dating of Sunset Cr.ater, Flag
staff, Arizona, in Anderson, R. Y., and Harshbarger, J. W. 
(eds.), Guidebook-of the Black Mesa basin, northeastern Arizona: 
Socorro, New Mexico Geol. Soc, p. 186-190. 

Smith, P. J., 1967a, The intensity of the ancient geomagnetic field: a 
review and analysis: Royal Astron. Soc., Geophys. Jour., v. 12, 
p.321--362. 

Smith, P. J., 1967b, The intensity of the Tertiary geomagnetic field: 
Royal Astron. Soc., Geophys. Jour., v. 12, p. 239-258. 

Smith, P. J., 1967c, On the suitability of igneous rocks for ancient 
geomagnetic field intensity determinations: Eartl.,. Planet. Sci. 
Lett., v. 2, p. 99-105. 

Smith, P. J., and Needham, J., 1967, Magn~tic declination in medieval 
China: Nature, v. 214, p. 1213-1214. 

Snow~ D. H., 1976, Archaeological excavations at Pueblo del Encierro, 
LA 70, Cochiti Dam Salvage Project, Cochiti, New Mexico: Final 
Report 1964-1965 field seasons: Santa Fe, Museum of New Mexico, 
Laboratory of Anthropology Notes, No. 98. 

'. 
Stacey, F. D., and Banerjee, S. K., 1974, The physical principles of 

rock magnetism: Amsterdam, Elsevier, 195 p. 

Sternberg, R. S., and Butler, R. F., 1978, An archaeomagnetic paleoin
tensity study of some Hohokam potsherds from Snaketown, Arizona: 
Geophys. Res. Lett., v. 5, p. 101-104. 

Sternberg, R. S., and Damon, P. E., 1979a, Re-evaluation of possible 
historical relationship between magnetic intensity and climate: 
Nature, v. 278, p. 36-38. 

Sternberg, R. S., and Damon, R. E., 1979b, Sensitivity of radiocarbon 
fluctuations and inventory to geomagnetic and reservoir param
eters, in Berger, R., and Suess, H. (eds.), International 
Radiocarbon Conf., 9th, Proc.: Berkeley, University of Califor
nia Press, p. 691-717. 

Sternberg, R., and McGuire, R. H., 1981a, An archaeomagnetic paleoin
tensity test of Hohokam chronologies [abs.]: Symposium for 
Archaeometry, 21, Brookhaven National Laboratory, Upton, New 
York, May 18-22, 1981. 



300 

Sternberg, R. S., and McGuire, R. H., 1981b, Archaeomagnetic secular 
variation in the American Southwest [abs.]: Am. Geophys. Union, 
EQS, Trans., v. 62, p. 852. 

Stokes, M. A., and Smiley, T. L •• 1968, An introduction to tree-ring 
dating: Chicago, University of Chicago Press, 73 p. 

Stone, M., 1974, Cross-validatory choice and assessment of statisti~al 
predictions: Royal Stat. Soc. Jour., B, v. 36, p. 111-147. 

Strangway, D. W., 1970, History of the earth's magnetic field: New 
York, Mc'Jr:3.r~·-H ill, 168 p. 

Symons, D. T. A., and Schwarz, E. J., 1970, Paleointensity of late 
Miocene igneous rocks from British Columbia, Canada: Can. Jour. 
Earth Sci., v. 7. p. 176-181. 

Tanaka, H •• 1980, Paleointensities of the geomagnetic field determined 
from recent four lava flows of Sakurajima volcano, West Japan: 
Jour. Geomagn. Geoelectr., v. 32, p. 171-179. 

Tanguy, J. C., 1970, An archaeomagnetic study of Mount Etna: the mag
netic direction recorded in lava flows subsequent to' the twelfth 
century: Archaeometry, v. 12, p. 115-128. 

Tanguy, J. C., 1975, Intensity of the geomagnetic field from recent 
Italian lavas using a new paleointensity method: Earth Planet. 
Sci. Lett., v. 27, p. 314-320. 

Tarkhov, Yeo N., 1964, Rules for the construction of archeomagnetic 
curves: Geomagn. Aeron., v. 4, p. 718-720. (English transl.) 

Tarkhov, Yeo N., 1967, Errors in archeomagnetic investigations of in
clination: Geomagn. Aeron., v. 7, p. 860-863. (English 
transl.) 

Tarling, D. H., 1971, Principles and applications of paleomagnetism: 
London, Chapman and Hall, 164 p. 

Tarling, D. H., 1975, Archaeomagnetism: the dating of archaeological 
materials by their magnetic properties: World Archaeology, v. 
7, p. 185-197. 

Teague, G. A., 1980, Reward Mine and associated sites: Historical 
archeology on the Papago Reservation: Tucson, U.S. National 
Park Service, Western Archeological Center Publications in 
Anthropology No. 11, 183 p. 

Thellier, E., 1937a, Aimantation des terres cuites; application a la 
recherche de l'intensite du champ magnetique terrestre dans Ie 
passe: Paris, C. R. Acad. Sci., v. 204. p. 184-186. 



301 

Thellier, E., 1937b, Recherche de I' intensite du champ magnetique 
terrestre dans Ie passe: premiers resultats: Paris, Ann. Inst. 
Phys. Globe, v. 15, p. 179-184. 

Thellier, E., 1938, Sur l'aimantation des terres cuites et ses appli
cation geophysiques: Paris, Ann. Inst. Phys. Globe, v. 16, p. 
157-302. 

Thellier. E., 1967, Methods of sample collecti.on and orientation for 
archaeomagnetism, - in Collinson, D. W., Creer, K. M., and Run
corn, S. K. (eds.Y:- Methods in palaeomagnetism: Amsterdam, 
Elsevier, p. 16-20. 

Thellier, E., 1977, Early research on the intensity of the ancient geo-
, magnetic field: Phys. Earth Planet. Inter., v. 13, p. 241-244. 

Thellier, E., and Thellier, 0., 1941, Sur les variations thermiques de 
l'aimantation thermoremanente des terres cuites: Paris, C. R. 
Acad. Sci., p. 59-61. 

Thellier, E., and Thellier, 0., 1959, Sur l'intensite terrestre dans Ie 
passe historique et geologique: Ann. Geophys., v. 15, p. 
285-376. 

Thompson, R., and Clark, R. M., 1981, Fitting polar wander paths: 
Phys. Earth Planet. Inter., v. 27, p. 1-7. 

Thompson, R., and Turner, G. M., 1979, British geomagnetic master curve 
10,000 yr B.P. for dating European sediments: Geophys. Res. 
Lett' 9 v. 6, p. 249-252. 

Tite, M. S., 1972, Methods of physical examination in archaeology: 
London, Seminar Press, 389 p. 

Turner, G. M., and Thompson, R., 1981, Lake sediment record of geo
magnetic secular variation in Britain during Holocene times: 
Royal Astron. Soc., Geophys. Jour., v. 65, p. 703-725. 

U.S. National Park Service, Division of Cultural Research, Chaco Center, 
n.d., Manuscript on file at Chaco Center: Albuquerque, New 
Mexico. 

Van Alstine, D. R., 1980, Analysis of the modes of directional data 
with particular reference to palaeomagnetism: Royal Astron. 
Soc., Geophys. Jour., v. 61, p. 101-113. 

Van Alstine, D. R., and de Boer, J., 1978, A new technique for con
structing apparent polar wander paths and the revised Phanero
zoic path for North America: Geology, v. 6, p. 137-139. 



302 

van der Waerden, B. L., 1969, Mathematical statistics: New York, 
Springer-Verlag, 367 p. 

van Zijl, J. S. V., Graham, K. W. T., and Hales, A. L., 1962, The 
paleomagnetism of the Stormberg lavas, II. The behavior of the 
magnetic field during a reversal: Royal Astron. Soc., Geophys. 
Jour., v. 7, p. 169-182. 

Verosub, K. L., 1979, Paleomagnetism of varved sediments from western 
New England: secular variation: Geophys. Res. Lett., v. 6, p. 
245-248. 

Verosub, K. L., and Cox, A., 1971, Changes in the total magnetic energy 
external to the earth's core: J. Geomagn. Geoelectr., v. 23, p. 
235-242. 

Walton, D., 1980, Time-temperature relations in the magnetization of 
assemblies of single domain grains: Nature, v. 286, p. 245-247. 

Walton, n., 1982, Errors and resolution of thermal techniques for ob
taining the geomagnetic intensity: Nature, v. 295, p. 512-515. 

Ward, A. E., 1975, Archaeological investigations at San Miguel de 
Carnue: the first field season: Awanyu, v. 3, p. 8-25. 

Watanabe, N., 1959, The direction of remanent magnetism of baked earth 
and its application to chronology for anthropology and archeol
ogy in Japan: an introduction to geomagnetochronology: Univer
sity of Tokyo, Jour. Fac. Sci., v. 2, p. 1-188. 

Watanabe, N., and DuBois, R. L., 1965, Some results of an archaeomag
netic study on the secular variation in the Southwest of North 
America: Jour. Geomagn. Geoelectr., v. 17, p. 395·-397. 

Watson, G. S., 1956, Analysis of dispersion on a sphere: Royal Astron. 
Soc., Mon. Not., v. 7, p. 153-159. 

Watson, G. S., and Williams, E. J., 1956, On the construction of sig
nificance tests on the circle and the sphere:. Biometrika, v. 
43, p. 344-352. 

Weaver, G. H., 1966, 
netic field: 

Measurements of past intensity of the earth's mag
Archaeometry, v. 9, p. 174-186. 

Weaver, G. H., 1970, Some temperature related errors in paleomagnetic 
intensity measurements: Archaeometry, v. 12, p. 87-95. 

Weaver, K. F., 1967, Magnetic clues help date the past: National 
Geographic, v. 131, p. 696-701. 



303 

Westfall, D. A., 1981, Prehistory of the St. Johns area, east-central 
Arizona; the TEP St. Johns Project: Tucson, Arizona State 
Museum, Archaeological Series No. 153. 

Wilcox, D., 1977, Archaeomagnetic dating: a forecast. Archaeomagnetic 
dating in Compound A & B, Casa Grande Ruins National Monument. 
Report prepared for the National Park Service: Tucson, Western 
Archeological Center, 37 p. 

Wilson, R. L., 1961, Palaeomagnetism in northern Ireland. Part I. the 
thermal demagnetization of natural magnetic moments in rocks: 
Royal Astron. Soc., Geophys. Jour., v. 5, p. 45-69. 

Windes, T., 1975, Preliminary report on the architecture and stratig
raphy of 295J423, in Excavation of 295J423, an Early BMIII site 
in Chaco Canyon: ~buquerque, New Mexico, U.S. National Park 
Service, Division of Cultural Research, Chaco Center, ms on 
file. 

Windes, T., 1978, Archaeomagnetic sampling field procedures and equip
ment: Albuquerque, New Mexico, U.S. National Park Service, 
Division of Cultural Research, Chaco Center. 

Windes, T. C., 1980, Archaeomagnetic dating: lessons from Chaco Canyon, 
New ~exico [abs.]: Society for American Archaeology, 45th Ann. 
Mtg., Philadelphia, Pennsylvania, May 1-3, 1980. 

Wolfman, D., 1973, A re-evaluation of Mesoamerican chronology: AD 
1-1200: Ph.D. dissertation, University of Colorado, Boulder, 
293 p. 

Wolfman, D., 1977, Archaeomagnetic dates from the Baca Float sites, in 
Doyel, D. E., Excavations in the middle Santa Cruz River valley, 
southeastern Arizona: Tucson, Arizona State Museum, ContTibu
tion to Highway Salvage Archaeology in Arizona, No. 44, p. 187. 

Wolfman, D., 1979, Archeomagnetic dating in Arkansas: Archaeo-Physika, 
v. 10, p. 522-533. 

Wolfman, D., 1982, Archeomagnetic dating in Arkansas and the border 
areas of adjacent states, in Jeter, M., and Trubowitz, N. 
(eds.): Arkansas Archeological Survey Research Series, No. 15, 
p. 277-230. 

Wolfman, D., n.d., Geomagnetic dating methods in archeology, in 
Schiffer, M. B., (ed.), Advances in archaeological method--and 
theory: New York, Academic Press [1982, in press]. 

Wollin, G., Ericson, D. B., and Ryan, W. B. F., 1971, Variations in 
magnetic intensity and climatic changes: Nature, v. 232, p. 
549-551. 



304 

Wollin, G., Ericson, D. B., Ryan, W. B. F., and Foster, J. H., 1971, 
Magnetism of the earth and climatic changes: Earth Planet. Sci. 
Lett., v. 12, p. 175-183. 

Wollin, G., Kukla, G. J., Ericson, D. B., Ryan, W. B. F., and Wollin, 
J., 1973, Magnetic intensity and climatic changes 1925-1970: 
Nature, v. 242, p. 34-37. 

World Data Center A for Solar-terrestrial Physics, 1974, International 
magnetic observations (computer listing: Boulder, Colorado, 
NOAA. 

Wormington, H. M., and Neal, A., 1951, The story of Pueblo pottery: 
Colorado, Denver Museum of National History, Museum Pictorial 
No.2, 61 p. 

Yang, A. I., and Fairhall, A. W., 1972, Variations of natural radio
carbon during the last 11 millenia and geophysical mechanisms 
for producing them: Internat. Conf. on Radiocarbon Dating, 8th, 
Proc.: Wellington, Royal Society of New Zealand, p. 60-74. 

York, D., 1966, Least-squares fitting of a straight line: Can. Jour. 
Phys., v. 44, p. 1079-1086. 

York, D., 1967, The best isochron: Earth Planet. Sci. Lett., v. 2, 
479-482. 

Yukutake, T., 1961, Archaeomagnetic study on volcanic rocks in Oshima 
Island, Japan., Tokyo, Japan, University of Tokyo, Earthquake 
Res. Inst.BuIL., v. 39, p. 467-476. 

Yukutake, T., 1967, The westward drift of the earth's magnetic field in 
historic times: Jour. Geomagn. Geoelectr., v. 19, p. 103-116. 

Yukutake, T., 1968, 
netic field: 

Free decay of non-dipole components of the geomag
Phys. Earth Planet. Inter., v. 1, p. 93-96. 

Yukutake, T., 1972, The effect of change in the geomagnetic dipole 
moment on the rate of the earth's rotation: J6ur. Geomagn. 
Geoelectr., v. 24, p. 19-47. 

Yukutake, T., 1973, Fluctuations in the earth's rate of rotation re
lated to changes in the geomagnetic dipole field: Jour. Geo
magn. Geoelectr., v. 25, p. 195-212. 

Yukutake, T., 1979, Review of the geomagnetic secular variations on the 
historical time scale: Phys. Earth Planet. Inter., v. 20, p. 
83-95. 



305 

Yukutake, T., and Tachinaka, H., 1968, The nondipole part of the 
earth's magnetic field: Tokyo, Japan, University of Tokyo, 
Earthquake Res. lnst. Bull., v. 46, p. 1027-1074. 

Yukutake, T., and Tachinaka, H., 1969, Separation of the earth's mag
netic field into the drifting and the standing parts: Tokyo, 
Japan, University of Tokyo, Earthquake Res., lnst. Bull., v. 47, 
p. 65-97. 

Zijdp.rveld, J. D. A., 1967, A.C, demagnetization of rocks: analysis of 
results, in Collinson, D. W., Creer, K. M., and Runcorn, S. K •• 
(eds.), Methods in Palaeomagnetism: Amsterdam, Elsevier, p. 
254-286. 


