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THE APPLICATION OF THE PHYSICAL SCIENCES TO ARCHAEOLOGY
I. INTRODUCTION

Fred H. Stross,
Research Associate, Archaeological Research Facility

As a discipline, the History of Science has led an unobtrusive exist-
ence for some years. By contrast, a more recent undertaking which we may
call Science in History, has become a burgeoning field in the past few de-
cades. The development of analytical instruments with vastly increased
sensitivity, precision, and sample throughput, and of a strikingly powerful
computer technology has become a great aid in establishing and testing
elements of the fabric of history and, perhaps more significantly, of pre-
history. To acknowledge these developments, a symposium entitled The Appli-
cation of the Physical Sciences to Archaeology was organized by the writer
for the Pacific Division Meeting of the American Association for the Advance-
ment of Science, by the California Section of the American Chemical Society,
with the co-sponsorship of the San Francisco Society of the Archaeological
Institute of America., Its immediate purpose was to note and discuss the
most recent advances in the field defined by the title of the symposium,

It was held on June 23, 1970, in 1 Le Conte Hall on the Berkeley campus of
the University of California, and consisted of a morning and an afternoon
session and ended with the showing, at the Lowie Museum of Anthropology, of
the color film "Neutron Activation of Pottery," which describes the work of
the Lawrence Radiation Laboratory in this area,

The symposium was opened by the Vice-Chancellor, Dr. Robert E,
Connick, who recalled the role played by this University in the early work
on the utilization of carbon 14 especially for dating carbon-containing
compounds, The symposium was well attended by an audience predominantly
consisting of those seriously interested in the topic. This interest was
expressed in the nature and number of questions brought up during the dis-
cussion periods. Regrettably, the first lecture scheduled had to be can-
celed., It was entitled "The Role of Chemistry in Saving the Nubian Monu-

meénts, with Special Reference to the Abu Simbel Temples," and was to have
been given by Dr. Zaki Iskander, Director General for Technical Affairs,
Department of Antiquities, Egypt. At the critical time, Dr, Iskander was
called to Venice to take part in a session of conservation experts to help
develop plans to forestall the subsidence of that city, which has become a
substantial threat during the past few years.

All papers, with the exception of that of Dr. Iskander, are repro-
duced here, in their full text, or, in the case of those of Drs, Curtis and



Perlman, in the form of abstracts, In the meantime, abstracts of the papers
have been published in Science, 171, 831-6, 1971,

It is obviously impossible in a single day to provide a technical
summarization of the status of the entire field. The following paragraphs
are intended to supplement the proceedings at the meeting and at least to
indicate some of the areas in which novel and promising work is being done,
and what types of instruments are being used in this work.

It may be worth stressing that the new technology is serving not only
the needs of archaeological research per se, but also related needs, including
the conservation of the artifacts that are so often the objectives of our
studies, The instruments used in both areas, archaeological research, and
conservation, often are the same, It may, for example, be of interest to
the archaeologist and the art historian to have at his disposal methods for
elemental analysis of very small samples of paint pigments - as in the case
of the mysterious Maya Blue - and similarly to the restorer-conservator, who
might want to make his restoration as inconspicuously as possible. Conse-
quently we may find that an advanced museum laboratory allocates the time
available for utilization of expensive analytical instruments to research
and day-to-day problems in conservation in a ratio of 2:3, respectively,

For convenience, one may still group the activities into inerganic-physical
and organic-chemical, although the specialized areas of today do not fall
into these classical categories,

The most widely used operation in the first group probably is the
elemental analysis of the material at hand, Many techniques are available,
varying in first cost, cost per analysis, sensitivity, precision, expertise
required, and complexity of ancillary facilities. One of the most versatile
and promising instruments is the spark source mass spectrometer., With it,
essentially all elements can be determined with very high sensitivity. The
sample requirements are usually very small, The operation of the instrument
can be taught to a skilled non-professional technician, but the supervision
and interpretation especially of non-routine samples must be performed by a
professional physicist-chemist with the necessary background. The spark-
volatilized proportion of the sample that reaches the analyzing section of
the instrument is very small, so that even a small sample must be thoroughly
mixed to give representative results., Moreover, because of the extreme sen-
sitivity of the method, fastidious housekeeping is necessary to avoid contam-
ination, which easily causes erratic results. The cost of an instadllation
ranges between $100,000 and $150, 000,

X-ray fluorescence spectrometry is a very popular technique for
elemental analysis because of its relative simplicity and the short time
required for analysis in some circumstances, Depending on the accessories
available (and the corresponding investment), it is relatively easy to



determine, in many cases quite sensitively, most elements present, start-
ing with aluminum (atomic number 13). To achieve good precision and to
convert the output into absolute units when using different materials,
however, careful work and a fair investment in analytical time are nec-
essary. The sample size can vary only within relatively narrow limits
(roughly of the size range of coins or buttons), except for specially de-
signed equipment., The analyzing beam penetrates only on the order of micronms,
and the surface of the sample to be analyzed must therefore be represent-
ative of what is desired in the analysis, That is to say, if the analysis
is to reflect the composition of the bulk of the material, the surface must
be representative of the bulk. If, on the other hand, one wishes to analyze
‘the surface, as:distinguished from the bulk, of the sample (e.g. to deter-
mine surface enrichment), x-ray fluorescence is the method of choice,
followed, fbr‘instance, by neutron activation analysis to obtain bulk com-
position., Equipment ranges from $20,000 up. Many variants of the technique
are also available, such as the gamma ray spectrometry developed at the U.C.
Lawrence Radiation Laboratory, the electron microprobe, and others.

The optical emission spectrometer has been much used for elemental
analysis in archaeology, for example by Cann and Renfrew in their studies
of Mediterraean and Near Eastern obsidian. Getting accurate results is a
laborious process. When using this technique, the sample is destroyed,
while x-ray fluorescence and neutron activation in principle are non-destruct-
ive, although special objectives may make destruction of the sample necessary.

The electron scanning microscope also shows promising new develop-
ments, This technique is particularly attractive in that it can be combined
with non-dispersive x-ray spectrometry and then permits correlation of shape
with composition, and presents a three-dimensional view of the object - but
on a minute scale, -A typical field of scan is on the order of 1000 Angstrom
units, which may be both an advantage and a disadvantage. The price at
present ranges upward of $50,000, but there are designs for production at a
substantially reduced cost.

Neutron activation analysis is another attractive technique for
elemental analysis., Even more than in the case of the other techniques, we
pay for what we get, Small instruments useful for the determination of only
a few elements can be installed for as little as $50,000. The large reactors
that have been used for pioneering and most informative analyses of ancient
glass, pottery, coins, and other metal objects, etc., have mostly been govern-
ment installations, essentially accessible only to the personnel permanently
associated with it, Occasionally outsiders may obtain analyses through
personal acquaintance or on a commercial basis., The excellent results obtain-
able by means of such installations are recorded in the work of Sayre, Perl-
man and Asaro, Gordus, and others in the U.S., and of their European counter-
parts., To take advantage of the capabilities of neutron activation analysis,



such standard but expensive instruments as multichannel analyzers, and sophis-
ticated computer services should be available., The installations can deter-
mine upwards of 30 (as high as 50) elements with varying, but often very

high, sensitivities and precision. The reactors can handle very large samples,
if required, and the analytical results are good averages of the concentration
of each of the elements over the whole sample, ‘

Other techniques are also available, such as atomic spectroscopy,
emission spectroscopy, and the classical wet chemistry. Under special con-
ditions these‘may still be effective, and in the hands of skilled analysts
can give excellent results. For laboratories planning new installationms,
however, the techniques indicated further above will probably be more attractive,

Among the many problems for which elemental analysis has been used
during the past years, the determination of minor- and trace-element patterns
of composition of obsidian has been of significance. Assuming relative homo-
geneity of individual lava flows and diversity between the flows, one can, by
sensitive analysis of source samples and artifacts, in many cases establish
correlation between an archaeological site at which the obsidian was found, and
its volcanic source, Such studies have been made for Mediterranean regions
and the Middle East, and for substantial sections of North and Central America.
Thus it has been concluded that some desirable varieties of obsidian in Mexico
and Central America were traded as far as about one thousand miles as early
as in’Middle-, and possibly Early Preclassic times,

- In the inorganic-physical category there are also interesting develop-
ments in the thermoluminescent method for establishing the date of the last
firing of ceramic materials, Continued work on the method during the past
few years, reported in this symposium, have made this method quite reliable,
if the "archaeological" and the maximum "spurious'" age are not too close to-
gether, It appears now that recent work in the Conservation Center of the
Los Angeles County Museum promises to make the determinations both simpler
and more dependable,

In the organic-chemical field there also has been considerable pro-
gress, Asphalts, resins, varnishes, solvents, are only a few of the multi-
tude of substances that have been subjected to such experimentation. Amber
has been studied by infrared analysis quite extensively during the past few
years, Gaschromatography, and pyrolysis-gas chromatography are used, but
probably more in the service of conservation than in archaeological research,
Such complex installations as gas chromatography - high resolution mass spectro-
meters (price in the $100,000 range), which can not only separate organic
mixtures into their component groups, but also identify these components, are
justifiable only where there are continued demands for this kind of analysis.
Less elaborate techniques, such as thin-layer, and paper chromatography, for
which equipment is available in the few-hundred to few-thousand dollar range,
are very serviceable in the hands of a skilled chromatographer, where rapid



mass production of analyses is not a prime requirement. One must bear in
mind, of course, that gas chromatography is concerned with volatilizable sub-
stances, while the liquid chromatographic methods indicated are used to
analyze liquid and soluble materials, There is a large overlap, but not
complete identity in these substances, and to a certain extent these tech-
niques can be considered complementary rather than interchangeable,

- After the presentation of the papers, Dr. Albert B. Elsasser conduct-
ed the participants of the symposium on a tour of an exhibition entitled
Science and Archaeology, organized by himself and the writer, and shown at
the R, H. Lowie Museum of Anthropology at the University of California at
Berkeley from November 1969 on, which was held over especially for the sym-
posium that is the subject of this publication, The topics of the individual
exhibits were: Authentication of Antiquities; Cosmic Rays through the Pyramids;
The Magnetometer; Rapid Chemical Analysis by X-Ray Fluorescence (including
a working instrument operating at the exhibition); Element Analysis of
Obsidian; Prehistoric Human Coprolites; Reconstruction of an Ancient Plastic
Art; Obsidian Hydration Dating; Radiocarbon Dating; Potassium-Argon Dating;
Thermoluminescent Measurement; Nuclear Fingerprinting of Ancient Pottery*).
The exhibition, arranged with a particular eye toward stimulating interest
in interdisciplinary studies, was much frequented by academic study groups,
including many secondary school classes, After the Exhibition closed in
Berkeley, it was shown on the university campuses at Riverside and Scripps
College at Claremont, California,

* Contributors were L, W. Alvarez, F. Asaro, C. R. Berger, H. R, Bowman,
G. H., Curtis, A, B. Elsasser, R, D, Giauque, R. F, Heizer, W. F., Libby,
H. F. Morrison, L. K, Napton, I. Perlman, R. J. Rodden, F. H. Stross,
R. E. Taylor, from several campuses of the University of California;
J. V. Noble, from the Metropolitan Museum of Art, New York, D. P, Stevenson
and J. R. Weaver (retired), from Shell Development Company, Emeryville,
California.



II. HIGH SENSITIVITY MAGNETOMETERS IN ARCHAEOLOGICAL EXPLORATION
H., F, Morrison

Department of Engineering Geoscience
University of California, Berkeley

Surveys of archaeological sites with compact, portable, magnetometers
have been increasing in popularity as archaeologists come to realize the
power of this technique in detecting and delineating subsurface features,
From their original use in locating Roman kilns in Britain, magnetometers are
now used in virtually all phases of archaeological exploration, from mapping
city plans to studying differences in soil profiles between archaeological
and non-archaeological sites, In this brief review we will present some of
the applications of the newer high-sensitivity magnetometers,

The basic principle of the magnetic method of geophysical exploration
is that inhomogeneities in magnetic properties of the ground cause departures
from the normal configuration of the permanent magnetic field of the Earth,

If these anomalies in the magnetic field can be detected in measurements made
over the surface of the ground, using a magnetometer, their characteristics
may be used to deduce the nature of this inhomogeneity., It is important to
realize that with this technique no energy is transmitted or injected into
the ground by the surveyor. The method is a passive one in which the magneto-
meter simply measures fields which are present all the time and which are
properties of the subsurface features.

/

Two basicdmégnetic properties are involved in the study of magnetic
anomalies. The first is ferromagnetic susceptibility, that property of certain
metals, alloys, and minerals to assume a magnetization in the presence of an
inducing magnetic field. This induced magnetization in turn results in a
secondary magnetic field and it is this field that produces the anomaly that
is measured at some point exterior to the region of high susceptibility. Other
types of magnetic susceptibility exist (e.g. paramagnetic and diamagnetic) but
the susceptibility is so low that the resulting geophysical anomalies are not
presently measurable, With the rocks or dressed stone used in comstruction
there is usually a sufficient contrast in ferromagnetic susceptibility with
the enclosing soil to produce a measurable anomaly,

The second property is that of natural remanent magnetization. Certain
minerals may possess a large natural magnetization, acquired through some pro-
cess early in their history, which produces a field or anomaly that is inde-
pendent of the inducing field. For many years magnetic field exploration was
carried out, and the results interpreted, on the assumption that the majority
of anomalies were of the induced type. Recently, however, geophysicists have
realized that remanent magnetization predominates in many cases and in



particular Aitken (1961) has shown that important archaeological anomalies are
also of this type. Features of archaeological interest that possess large
remanent magnetization are fired bricks and tile, kilns, and hearths.

The success of conventional magnetic surveying in the search for mineral
deposits is well documented and presentations of these techniques are to be
found in standard texts such as Dobrin (1960), Grant and West (1965), and
Jakosky (1950).

Theseysurveys have used either balance magnetometers (ground surveying
only) with a maximum sensitivity of about 5 gammas &) (1 gamma = 1072 oersted;
the earth's normal field is approximately 0.5 oersted), or fluxgate magneto-
meters with a maximum sensitivity of about 5%¥. Both these devices measure
the magnetic field in component directions, The introduction of the proton
magnetometer (Packard and Varian, 1954; Waters and Francis, 1958) signalled
the era of high sensitivity total field magnetometers. The proton magneto-
meter has a maximum practical sensitivity of 0.1¥ and its simplicity, light
weight, and minimal associated read-out electronics have made it a particu-
larly suitable device for rapid ground surveying. Aitken (1960) has summar-
ized the principles of operation and the applications of proton magnetometers
in archaeology. Alkali vapor magnetometers (Bloom, 1962) while retaining
much of the operational efficiency of the proton magnetometer, have sensiti-
vities as high as .003) and have opened up a whole new technology in magnetic
exploration. Review articles on the applications of these new magnetometers
have been presented by Breiner (1965), Langan (1966), Hood (1966), Rover (1967),
and Giret and Malnar (1965). We will discuss briefly below the operating
principles and modes of field operation and then discuss in detail the appli-
cations of interest to this review.

The alkali vapor magnetometers work on the principle of optical pump-
ing. The commonest varieties use cesium or rubidium although units have been
designed using potassium, sodium, or metastable helium. We will consider the
rubidium magnetometer for this simplified discussion. Light emitted from in-
candescent Rb85 is filtered to pass the spectral line at 7947 A, This light
is passed through a cell containing Rb85 vapor and the transparency of this
cell is a function of the amount of energy absorbed from the light to pump
electrons in the Rb83 atoms up to higher energy levels., Everdtually (a time
measured in micro-seconds) the upper energy levels are filled and cell becomes
transparent. This pumped, excited state can be disrupted if a weak, high-
frequency magnetic field is applied to the cell., Especially if a frequency
equal to the precession frequency of the electrons undergoing transition is
applied, the disruption of the pumping effect is particularly effective and
the cell becomes opaque to the light source. The effectiveness of the ob-
servation, however, is critically dependent on the ambient magnetic field
and therefore can be used as a sensitive measure of the magnetic field in
the immediate vicinity,



A simple magnetometer would then consist of the above cell with a
photocell monitor and a variable frequency oscillator. Repeated pumping
and monitoring of the frequency which decreases the transparency of the
cell would yield sampled measurements of the magnetic field. In practice
a self-oscillator principle is employed in which the photocell output is
fed back, suitably phase shifted to the coil supplying the radio frequency.
This system becomes self-oscillating at the resonance frequency and monitor-
ing of this signal provides a continuous measure of the magnetic field
strength, The theoretical sensitivity of this device (Bloom 1962) is esti-
mated to be on the order of .0033'and in practice sensitivities of .0lY
are relatively easy to obtain. Actual field measurement may be made with
either a counter (count of number of cycles in a fixed time to determine the
frequency) or with a discrimator device that in effect measures the period
of the resonance oscillations, This latter approach provides continuous out-
put while the former will only provide a field value at the end of each
counting period. The electronics associated with such a magnetometer are
simple. Power is supplied to the sensor unit via cable and the signal fre-
quency is returned on the same cable for measurement. Portable instruments
have been described by Breiner (1965) and by Ralph, Morrison and O'Brien
(1968), and Morrison et al (1970, 1970a).

The disadvantages of the alkali vapor magnetometers are that they are
sensitive to the orientation of the vapor cell with respect to the direction
of the earth's magnetic field and that they cannot function in regions of
high field gradient. The self-resonating oscillation discussed above occurs
if the angle between the magnetic field and the light beam through the gas
cell is approximately 450 (Bell and Bloom 1957). The effective working angle
for the cesium cell is about 30° from the optimum, 45°, and for rubidium it
is less. For rubidium this orientation sensitivity can be as high as 0.1%
per degree for a single cell sensor. This difficulty is easily overcome in
any application where the sensors can be rigidly mounted or transported with
a mounting that maintains constant orientation. A further inherent diffi-
culty is that the magnetic field must be uniform across the vapor cell for
the output frequency to be a linear function of field strength. Thus,
measured values taken in regions of high field gradient (close to highly
magnetized bodies for example) will not be meaningful,

Obviously the first advantage of a higher sensitivity magnetometer is
that it can detect smaller anomalies, Unfortunately the increased sensitivity
brings with it the problem of low-frequency natural variations in the earth's
magnetic field. These fields, called micropulsations, cover a wide period
range from diurnal to 0.l seconds and arise from a multitude of sources in
the ionosphere and above., In amplitude they range from hundreds of gammas
during magnetic storms to several gammas for normal 100-second period oscil-
lations and down to milligammas for activity around one second period. The
larger variations have always been a problem in traditional surveying and it
has usually been the practice to have a continuously recording base station



to monitor the field and thus prevent the interpretation of a time variation
in the data as a spatial anomaly. In periods of high magnetic activity the
data are not used, Elaborate techniques of reoccupying a base station at
regular time intervals are also used to correct for time variations, but at
higher sensitivities, where the micropulsations are more or less continuous,
the problem is not so easily solved.

» The difficulty may be overcome in two ways, each using two magnetometers,
In the first, if the survey area is not too large, use of a base station
connected to ‘the roving field instrument so that the difference in field is
recorded, provides a satisfactory mapping free from time variations. There
is in this method an implicit assumption that the time varying fields are
uniform over the area of interest, Micropulsation studies indicate that these
fields are uniform at least over distances of 50 or 100 km,

The second method is to use the two magnetometers, closely spaced on
a rigid mounting, to measure the gradient of the magnetic field. For small
surveys such as are commonly conducted in archaeology both these methods have
been used, Aitken (1960), Aitken and Tite (1969), and Mudie (1962) describe
the use of proton gradient magnetometers and Scollar (1963) describes a pro-
ton difference magnetometer., The highest sensitivity surveys have been con-
ducted using two alkali vapor sensors and these surveys are reported by
Breiner (1965), Ralph et al (1968) and Morrison et al (1970, 1970a).

It should be noted that there is no new or better information in the
magnetic gradient data compared to the total field data, It is a property
of the potential fields being studied that if the field is known over a
plane, it can be continued, or calculated, at any higher plane, and this
process would also allow us to calculate the vertical derivative from the
total field data. However, if the data over the plane are subject to error
(time variations, errors in position and of course a basic sampling problem)
then the calculated derivative is also in error. Since this derivative has
certain advantages for interpretation in that the broad unwanted regional
anomalies are suppressed and the resolution of local anomalies is increased
(Hood, 1965; Slack et al, 1967), it seems evident that direct measurement of
the vertical derivative would be highly desirable, There is a further
practical advantage and that concerns the ease of data acquisition and process-
ing. Since the time variations are cancelled in such an array no corrections
have to be made in the data, profiles do not have to be 'tied' to compensate
for time variations, and the frequency output of the device is ideally suited
to digital recording., In addition,the gradiometer has an essentially zero base
reading so there is no need to remove regional trends -- a common problem in
total field surveys. These latter practical advantages are also present with
the difference magnetometer array. A complete study of the field procedures,
instrument requirements and sensitivities obtainable with the difference
magnetometer array is presented by Morrison et al (1970a).
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The field survey usually consists in laying out a rectangular grid on
the surface of the ground and the magnetometer readings are taken at the inter-
section of grid lines, The data are normally recorded in a field notebook or
on gridded paper, and later plotted to scale and contoured with lines of equal
magnetic intensity, Highly sophisticated methods of automatic digital re-
cording of the field data have been described by Scollar and Kruckeberg (1966).
Acquiring the data in digital form has the advantage that all the contouring
can be done by the computer and the resulting magnetic maps are likely to be
more accurate and certainly easier and faster to produce. In addition, data
interpreting techniques such as filtering of the data to reveal certain
sought-after features are easily carried out (Scollar 1968).

It is usually evident from the contoured field data where the striking
anomalies are located and also whether the data possess any patterns that
might be related to street plans, building, drainage tiles, etc. Often this
much information is all that the archaeologist requires. The magnetic map
pinpoints certain areas of interest where excavation is likely to yield
fruitful results or the map indicates in which directions existing excavations
should be extended.

If a more detailed interpretation of the data is required, recourse is
had to the comparison of the field data with theoretical anomalies calculated
for hypothetical subsurface bodies. By a trial and error fitting procedure
a model is finally selected which best corresponds to the observed data. The
model calculations are usually carried out on a computer and the techniques
used in these calculations are described by Heirtzler et al (1962) for two--
dimensional features and by Bhattacharyya (1964) for three-dimensional rect-
angular bodies.

The use of the high-sensitivity alkali-vapor magnetometer is not
always warranted, For many cases the proton magnetometer, used singly with
some simple corrections for diurnal variations, is adequate for archaeological
surveys. While the greater sensitivity of the alkali vapor magnetometer
would seem to imply a greater ability to detect subtle changes in suscepti-
bility or to reveal deeply buried features there is a practical limitation
that is caused by near-surface magnetic effects. Le Borgne (1955, 1960,
1960a), Aitken (1961), Cook and Carts (1962), and Scollar (1966) have all
reported on the anomalously high values of magnetization occurring in soils,
This effect is apparently caused by organic>action on iron minerals and the
result is that the soil assumes a remanent magnetization larger than the
magnetization of the parent rock. If this soil layer is broken up, plowed
or otherwise rendered non-uniform, anomalies of the same order as, or greater
than the anomaly anticipated from the deeply buried feature can result., The
desired anomaly is thus obscured in noise and an increase in sensitivity will
be of no use,

Scollar (1966) has noticed the interesting effect that in undisturbed
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soil the various soil horizons may be distinguished on the basis of their
magnetization and that archaeological horizons might be detected in vertical
section magnetic surveys,

In favorable circumstances, however, the high-sensitivity instruments
can be used with spectacular success, The first application was in the search
for Sybaris in Southern Italy (Ralph 1964, Breiner 1965, Rainey and Ralph
1966 and Ralph et al 1968). Initial surveys with a proton magnetometer de-
tected a massive brick Roman wall that excavation revealed was built on an
older, stone; Greek wall. It was realized that the proton magnetometer would
be unable to detect features at the depth of the Greek wall (4 to 5 meters)
so that greater sensitivity would be required. Using a difference magneto-
meter with a sensitivity of approximately 0.0SX it was possible to map mag-
netic anomalies with a l‘fcontour interval. 1In several locations this pro-
cedure located buried roof tiles at depths of 4 meters when the total anomaly
was only 3 to 47§(Fig. 1). Further, the extension of the Greek wall was mapped
and quantitative interpretations were made on the depth and the susceptibility
of the wall material (Figs. 2 and 3). The soil conditions on the Plain of
Sybaris were perfect for a magnetometer survey, there being virtually no sur-
face magnetic noise over much of the area, A similar situation was found at
the site of ancient Elis, Greece (MASCA Newsletter 1968). The difference mag-
netometer here yielded a large portion of the city plan and traced walls at
depths up to 4 to 5 meters.

On the other hand, the high sensitivity was found to be unnecessary
in a survey conducted on the LaVenta pyramid in Mexico. Originally the
difference magnetometer was planned in order to detect the small anomalies
that would be associated with basalt structures at the base and center of the
pyramid. An unexpectedly high soil magnetization reduced the effective
sensitivity to about one gamma but fortunately a large 20 to 30 anomaly was
detected indicating a relatively large structure close to the surface (Fig. 4)
(Morrison et al 1970).

In summary, the high sensitivity magnetometers have become practical
aids to the archaeologist in finding, and delineating subtle subsurface feat-
ures, They are unfortunately expensive and consequently some care should be
taken in advance to determine the magnetic properties of the site to be sur-
veyed. Often soil samples are available from previous excavations and these
can be tested in the laboratory with a susceptibility meter, If samples repre-
sentative of the near surface soils are not available, instruments are manu-
factured which measure the magnetic susceptibility in situ.

The cost of a high-sensitivity magnetometer survey can vary so much
that it would be unwise to quote dollar figures in a review paper of this
nature, In many cases established archaeological research facilities may
be interested in conducting surveys on a cost sharing basis, The Applied
Science Center for Archaeology of the University Museum, University of Penn-
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sylvania under the direction of Miss Elizabeth Ralph, has conducted a wide
variety of magnetometer surveys and this group has a wealth of experience
upon which to base survey plans for a new site. The Laboratory of the
Rheinisches Landesmuseum, Bonn, under the direction of Dr. Irwin Scollar,
has also conducted a large number of surveys and this group has indicated
that arrangements can be made for processing and interpreting field data,
The author has participated in archaeological surveys in Italy, Greece and
Mexico and in certain cases could advise on the best survey method. In-
quiries should be addressed in care of the author, Engineering Geoscience,
University of California, Berkeley.

Assuming that a high-sensitivity survey is contemplated, soil samples
should be tested for their magnetic susceptibility. Portable magnetic sus-
ceptibility bridges that will accept soil, rock chips, powder, and drill
cores are available from Geophysical Instrument and Supply Co., 900 Broadway,
Denver, Colorado 80203 and from Bison Instruments Inc., 3401 48th Ave. N,
Minneapolis, Minnesota 55429, An in situ coil system is available from Bison
that allows one to estimate soil susceptibility by simply placing a coil on
the ground.

The alkali vapor sensors themselves are manufactured solely by Varian
Associates, Palo Alto, California, and are available on a lease or purchase
basis. Inquiries should be addressed to the Geophysical Products Group,
Analytical Instruments Division. Those interested in carrying out a differ-
ence magnetometer survey should give some attention to the field system utili-
zing a simple digital counter and portable generator reported by Morrison et al
1970a, This system requires that the sensors alone be leased, the rest of
the equipment being readily available in an electroncis laboratory.
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Computer drawn contours for difference magnetometer survey, Sybaris., Data
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drill hole and accompanying number gives the depth to the causative body
(in this case fired roof tile). From Ralph et al 1968,
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Hand contoured field data. (Readings are the last three digits of
79,000 and 80,000,-i.e. 5 is actually 80,005 arbitrary instrument
readings.) The contour interval is approximately 2.5\{ and the

contour map is inverted - numbers less than 80,000 are positive

and those greater are negative. Solid black circles indicate drill

locations and the numbers indicate the depth at which stone (wall)
was encountered. (From Ralph et al 1968).
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Fig. 4. Computer drawn contours for difference magnetometer survey, La Venta,
Data taken at 2 meter intervals along radial lines. Contour interval;
5 gammas. The base of the pyramid is roughly circular and reaches to
the margins of the figure. The main anomaly detected is shown in the
inner rectangular area. (From Morrison et al 1970).
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III. NEUTRON ACTIVATION OF POTTERY (Abstract)

I. Perlman and F. Asaro
Department of Chemistry and Lawrence Radiation Laboratory
University of California, Berkeley

Significant progress has been made in neutron activation analysis of
pottery as a result of a combination of factors: a powerful reactor; the
novel lithium-drifted (silicon and germanium) detectors, which combine high
reso&ving power with high sensitivity; high-quality computation facilities;
and the accumulation of considerable experience and of a background of data,
It is now possible to determine over 40 different elements in the pottery
samples, although such a complete analysis is usually not made, Many of
these elements can be determined to 1 percent, even if present only in con-
centrations of one part per million. In other elements, precision is only
a few percent, and some can be estimated with even less precision. Because
of the nature of the activation process, neutron activation analysis act-
ually tends to be most sensitive for the elements normally present in low
concentration,

The fundamental composition of the clays is very similar, but the minor
and trace elements provide a characteristic fingerprint; thus, if enough
elements are determined, it should be possible to characterize clays of a
particular area uniquely,

The analysis of pottery is valuable because clay is one of the most
ancient materials and is universally associated with man. People settling
in a new area seem to have brought their pottery with them, but they soon
started to use the clay that was available locally, while continuing to make
ceramic ware in the style of their country of provenience. Therefore, analysis
together with comparison of style provides good evidence of migration and
transplanting of groups of people.

Neutron activation analysis yields a wealth of data, which, by their
very quantity, present difficulties and bring out intrinsic complexities,
The first steps in handling this information are to collect local pottery from
one spot, establish a standard for the local production, and group the data.
The dispersion of the individual groups is then established by statistical ana-
lysis. Any particular sample can be fitted into a particular group with a pro-
bability dependent on the dispersion of this group. An interesting example of
the acuity of the procedure was found in the analysis of the clay plugs used
for sealing certain predynastic Egyptian jars. The clay plugs were found to
agree very well in their composition with that of "Nile mud" pottery found in
the vicinity, and the body of the jars was quite similar to clay that was also
found locally but which represented a material apparently used for different
purposes.
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An important question is how many (and which) elements are sufficient to
characterize a shard adequately. Sometimes, but notusually, one or two elements
are sufficient. The clay found in a place in southern Israel, for instance, is
characterized by a high hafnium content (12 parts per million), whereas most
other clays contain only 2 to 3 parts per million. In an analysis of a group
of Cypriot pottery, one piece was found to contain this high concentration of
hafnium, and the rest of the composition was subsequently found to match the
clay from Israel,

Thus far, 1,400 pieces of Cypriot pottery have been analyzed to obtain
a background on this type of ceramic ware. To provide a reliable analysis for
an unknown Cypriot sample, an estimated 10,000 pieces will be needed, Simi-
larly, an adequate study of the Mediterranean pottery would require about
100,000 pieces. The present rate of analysis is about 2,000 pieces per year,
The rate of analysis may be increased, but the difficulty of handling and,
particularly, of recalling the information needed for interpretation of results
increases with the rate of acquisition of data,

To achieve high accuracy, it is necessary to irradiate a calibrated
sample, as well as the unknown, for comparison. About 2 years was required
to develop a reliable, homogeneous sample of suitable quantity, one which had
a representative composition and filled all requirements for such a standard.
Analysis can be made on a very small sample, but usually a 100-mg sample is
taken by use of a sapphire drill. Even this quantity is small enough so that
it can usually be removed in an inconspicuous place, thus causing no visible
damage to valuable pieces.



IV, AUTHENTICITY TESTING OF CERAMICS USING THE THERMOLUMINESCENCE METHOD

S. J. Fleming
Research Laboratory for Archaeology, Oxford, England

Introduction

Thermoluminescence (TL) is the light emitted by a mineral when heated
to 500°C in addition to the inherent red-hot glow which is associated with
such high temperature treatment. The TL emission represents a release of
stored energy from the mineral. The accumulation of this stored energy occurs
over the archaeological burial time in the case of the minerals responsible
for the TL observed when pottery fabric is heated.

The source of the energy storage is the trapping of electrons in the
mineral's crystal lattice at defect sites and impurity ions, following the
excitation of these electrons from lattice atoms by radiation from the sur-
roundings of the pottery. This radiation enviromment consists of the trace
levels of impurities of uranium, thorium and radioactive potassium (K )
that are present in the pottery itself and the surrounding burial soil.

Some radiation dosage also arises from the cosmic rays which continuously
bombard this planet, but the contribution this involves is only approximately
3% (on average) of the total dosage experienced by the pottery minerals.

If the mineral is heated, the trapped electrons are forcibly released to
wander once more through the crystal lattice until encountering their host
lattice source atom (or an identical one elsewhere in the crystal) where they
de-excite in recombination with their parent with the emission of that light
which we term thermoluminescence.

Age Determination

The practical observation of this TL is illustrated in the schematic _
diagram of Fig. 1. During the heating of the sample on a nichrome metal strip
the light emitted is detected by a photomultiplier which converts the light
signal to an electrical current that feeds the y-axis of a chart recorder.
Meanwhile a thermocouple records the temperature of the heating strip and plots
the increasing temperature during measurement on the x-axis of the recorder,
The curve obtained of TL versus temperature is termed a Glow curve (Fig. 2).

Common crystalline minerals will be mixed in the clay used for making
pottery. During firing of the pottery (to as high as 1000°C) the TL accrued

from geological dosage will have been driven off. If a sample of such pottery
had been given an immediate reheat it would exhibit no TL.

In ancient times the pottery will have fallen into disuse and eventually

-23-
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have become buried, The thermoluminescence measured in present times repre-

sents a record of the radiation dosage of the burial conditions. It is assumed

that this radiation enviromment of burial does not change during the archaeo-

logical life of the pottery i.e, the annual dose-rate is constant, The age of

the pottery follows from: Age (years) = Total radiation dosage during burial
Annual dose rate

Dose-rate evaluation

Firstly leét us discuss some of the factors which control the evaluation
of the denominator of this equation, and so limit the accuracy of the dating
method. Precise dating has only become possible after closestudy of the
various forms of radiation the pottery minerals experience. The alpha rad-
iation which arises from uranium and thorium travels only 23 microns, on
average, through pottery fabric. The beta radiation from these radio isotopes
and from radioactive potassium travel approximately 1 mm, on average, in such
fabric. These two forms of radiation are the source of internal dosage in the
pottery. The surrounding soil supplies an external dosage component through
the gamma radiation coming from the natural radioisotopes, effective from as
much as 30 cms away from the buried ceramic. As mentioned earlier, cosmic
rays also contribute some external dosage.

In quantitative terms average values for the different dosage components
have been estimated from radioactive analysis of around 60 pottery fragments,
and various soils from many different archaeological sites:

alpha radiation dose-rate 0.189 rads/year
beta radiation dose-rate 0.211 rads/year
gamma radiation dose-rate 0.067 rads/year
cosmic ray dose-rate 0.014 rads/year

Total dose-rate 0.481 rads/year

Short range alpha radiation contributes 39% of the total dosage on average.
However, a further non-uniformity is present in pottery - the clay matrix con-
tains almost all the internal radioactivity of the pottery while the crystal-
line minerals embedded in that matrix (such as quartz), are primarily respon-
sible for the TL observed, but almost radioactivity-free (Fig. 3a). Grains
of such quartz of radius larger than the alpha particles' range will have an
internal region which has not been affected by this short-range radiation
(see Fig. 3b). By gentle, controlled, crushing it is possible to extract the
very small grains of quartz of dimensions around 1-5 microns which are fully
affected by the alpha particles emitted by the clay matrix, Such control per-
mits precise knowledge of the radiation geometry of the material used for dating
to be retained,
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Further, as the external dosage is around 17% the present estimated
accuracy of dating of better than +87% standard deviation for each pottery
piece studied from archaeological contexts has only been possible by accur-
ate radioactive analysis of the burial soil as well as of the pottery fabric
itself. ’

Authenticity testing of ceramics

Such high accuracy is neither possible nor necessary in the majority of
applications of the TL method to authenticity studies. It is not necessary
since we may only require to distinguish between a piece of Chinese T'ang
ware between 1100 and 1350 years old (if authentic) and a modern reproduction
of such ware which might have an age of up to 60 years corresponding to the
initial period of popularity of such T'ang material in the western art
markets around 1910,

Nor is such high accuracy possible in authenticity studies for the
following reasons. Firstly examine the form of sample usually used for this
work. A 25 mg. powder sample obtained by drilling is treated as the practi-
cal limit to the quantity of material which can reasonably be removed from
a figure without detracting from the artistic value of the piece,.

The drilling procedure is at once a contradiction of the approach used
for precise dating using controlled crushing. Now the sample contains a
whole spectrum of grain sizes of crystalline inclusions. The spectrum is
expected to differ from that of the original pottery structure as the drill-
ing damages and fragments larger crystals and enhances the concentration of
finer grains in the powder collected. The 1-5 micron grains are extracted
from the drilled powder (by suspension in acetone, utilizing gravity - vis-
cosity discrimination of grain size) and a series of samples prepared for TL
measurement by deposition of around 1 mg. of the powder onto individual
aluminum discs, Some of these 1-5 micron grains may wel' have originally been
part of the inner regions of a large quartz grain. As this region received
no alpha radiation dosage in the original radiation geometry of the pottery
it acts as a diluent to the archaeological dosage row evaluated by TL measure-
ment of these disc-deposited fine grains,

The true internal dose-rate suffered by the grains used for measurement
must then be evaluated as: f a + B8 where f <1,

Empirically using the data from the drilling of a limited number of
pottery pieces of known age an effective value of f has been deduced of around
0.85. By continued study of pottery of various degrees of hardness it is anti-
cipated that further information will be accumulated on this point.

More obviously damaging to any attempt at precise dating of art ceramics
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is the incomplete knowledge of the true level of environmental dosage for the
ceramic's TL, since the piece has invariably been cleaned free of adhering
representative burial soil by the time it begins its museum shelf-life, or
appears in an auction sale-room,

It is true that we have a useful average working value for the environ- )
mental dosage of around 0.081 rads/year. To determine the maximum possible age
of the ceramic we must know the minimum possible level of the environmental
dosage, This is the contribution of cosmic-rays alone, assuming burial of
the ceramic in a non-radioactive medium, This amounts to 0,014 rads/year.

The minimum possible age of the ceramic is controlled by the maximum
possible level of the environmental dosage. The present level used is 0,170
rads/year corresponding to the highest level of activity determined from soil
samples studied at the Oxford Laboratory. The possibility that the pottery
spent its archaeological lifetime in the close vicinity of a uranium mine is
presumed exclusive,

Thus for a piece to be authentic it is essential that its minimum possible
age determined by TL does not overlap the documented era of forgery of such
ware,

Further it is essential that the maximum age of a piece must not overlap
the purported archaeological period of manufacture if that piece is to be
declared an imitation,

Clearly the greater the gap between the archaeological period and the
period of forgery (or imitation) the more certain it becomes that a definit-
ive decision about authenticity can be obtained by TL testing.

Plate 1 illustrates the application of TL dating to authenticity test-
ing of two significant art ceramics: (a) a Han Weasel, purported to date be-
tween 206 B.C. and 220 A.D., and (b) an Amlash Zebu Bull purported to date
circa 1000 B.C. (The Amlash culture originates from the mountains of N.W. Persia
overlooking the Caspian Sea, The Zebu is the domestic bull of that area).

The approach to dating the Han Weasel is initially to study the TL glow
curves in order to establish in what temperature region the electron trapping,
which is responsible for the light observed, is stable against thermal decay
at ambient burial temperatures., This is achieved by comparison of the ordi-
nates of the natural TL glow curve with those of the TL curve induced by lab-
oratory radiation, at various temperatures, In the case of the Han Weasel
this ordinate ratio becomes constant at and beyond 350°C. Subsequent dating
analysis is only carried out on the portions of the curves above this temper-
ature,

By comparison with the additinal TL induced by 1000 rads of beta radiation
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at 375°C it is deduced that the natural TL at that temperature was induced
by 1100 rads., Radioactive analysis on this figure yielded that the inter-
nal dose-rate from its clay fabric was 0.559 rads/year. Using the average
value of 0,081 rads/year for the external dose-rate it is thus estimated
that the figure experienced a dose-rate of 0.64 rads/year in antiquity. A
date of 1720 years for the manufacture of the Weasel follows from these cal-
culations. When the factors which determine the maximum and minimum age of
the piece are introduced,date limits of 1330 to 2270 years are set, a result
consistent with the originally suggested period of the Weasel's manufacture.

The date obtained for the Amlash Zebu is not so satisfactory with re-
spect to authenticity. The natural TL glow curve is scarcely distinguish-
able above the background red-hot glow around 500°C, Yet 150 rads of labor-
atory applied beta radiation induce substantial TL light levels in that
temperature region., From these curves a limit of 6 rads is set on the
archaeological dosage this piece has suffered since the last time it was
fired, Radioactive analysis of the pottery clay yield a maximum age of 14
years,

The Copenhagen. Amphora

It would be a simple task to illustrate this type of analysis time after
time for over 200 pieces,many of them with some interesting special feature
of either scientific or artistic value, The intrusion of this physical method
into authenticity problems in the art world is well served by the example of
the Copenhagen 'Pontic' amphora (Plate 2a). This amphora together with some
similar pieces appeared on the Swiss art market in the 1950's, Doubts about
the group were first voiced by Professor Dohrn in 1966, when several errors
in painting were noted in production of the various 'heroic' scenes depicted
on the amphorae., Depicted in the upper register of the Copenhagen amphora
we find a scene of the death of Hector in which it is possible to suggest
confusion between left and right in the artist's efforts. The assailant in
the left of the scene is satisfactory, with the breat cuirass depicted simply
by two linked circles, the shield held in the left hand while the right hand
hurls a spear. In contrast the soldier attacking Hector from behind has the
shield apparently held in the right hand while the spear is thrust by the left
hand. 0ddly, however, the sword sheath is painted on the left side of the
warrior creating appreciable problems should he wish to withdraw that sword
still holding his shield to the right.

Such confusion of left and right together with several other peculiar-
ities of amphora decoration led Dohrn to conclude that the piece was a pro-
duct of a modern imitatorill-versed in the techniques of ancient Greek art-
ists. In response Hampe and Simon, in 1967, responded that these painting
errors could well have stemmed from a similar lack of knowledge on the part
of the plagiarists working in Etruria where this amphora is believed to have
been made. Further these authors noted that even masters of Greek style on
the mainland itself were not above such confusion of position, stressing the
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example of Nikosthenes in the amphora depicting Dionysos and dancing maenads
and satyrs (Plate 2b), Note the kantharos held in the left hand, yet painted.
as a right hand.

TL dating was attempted upon a cube of 4mm., dimensions removed from the
rim of the piece. Glow curves shown in Fig. 4 were obtained which suggested
an archaeological dosage of 1365 rads, leading to a date for the amphora of
between 420 B.C. and 2000 B.C. The authenticity of the piece was duly support-
ed despite the sound artistic criticisms directed at it,

It is hoped that this method will continue to yield valuable information
which can be turned to advantage in the understanding of the cultural develop-
ment of early civilizations.
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Fig. 2. A typical thermoluminescent glow curve from a sample of ancient pottery.
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Plate 2a The Copenhagen Amphora

Plate 2b Amphora, by the Greek painter,
Nikosthenes. Dionysos and
dancing maenads and satyrs
are depicted
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V. PETROGRAPHIC CHARACTER OF CLASSIC MARBLES

Francis J. Turner
Department of Geology and Geophysics
University of California, Berkeley

Petrography.

Rocks are aggregates of mineral grains, Ideally each grain is a crystal
or crystal fragment with a specific chemical composition - quartz SiOZ, cal-
cite CaCo04, potash feldspar KAlSi308 and so on, Standard petrographic pro-
cedure consists in microscopic examination of thin sections of rocks - about
1 cm in diameter, 0,02-0.03 mm thick, mounted on glass, Examination is
carried out in polarized light, for this permits determination of optical
properties related to crystal symmetry and peculiar to each mineral species,
By this means two sets of petrographic characteristics of any rocks emerge;
and both give valuable information as to the origin and history of the rock:

(1) The mineralogical identity of the component grains, the principal
mineral constituents of most rocks being only half-a-dozen in number.

(2) Their mutual geometric relations which define the rock texture,
The respective textural characteristics of volcanic rocks that have crystal-
lized from melts, of sandstones laid down in water, and of metamorphic rocks
that have recrystallized in the solid at high temperature and pressure, can
be distinguished as such almost at a glance.

Nature of Marble,

Marbles are mineralogically simple rocks formed by metamorphic recrystal-
lization of limestones (calcareous sediments, mostly originating as beds of
shell and other organic debris laid down in clear marine waters). The main
constituent is calcite, the common crystalline form of CaCO3; and since stat-
uary marbles are usually selected for purity and homogeneity the great major-
ity contain more than 90 per cent, and some over 99 per cent of this single
mineral. A principal component of a few marbles, among them some from the
ancient quarries of Naxos, is dolomite, CaMg (CO3)2. During metamorphic re-
crystallization calcite crystals have grown to diameters of the order of 0.5
to 2 mm, and now build a closely interlocking mosaic, Metamorphic temper-
atures mostly lie within the range 250°C-650°C. Under these conditions,
maintained in rocks deeply buried for periods of 10,000 to 10,000,000 years,
mineral impurities, notably clays and silica, when present, react with the
carbonate matrix to produce new and characteristic metamorphic minerals read-
ily identified with the polarizing microscope. '

Non-Diagnostic characteristics,

From what I have said it is clear that all statuary marbles have much
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in common. Nothing of the unique character of marble from an individual out-
crop or quarry is likely to emerge from routine chemical analysis, study by
X-ray diffraction, or even from superficial microscopic examination by an
"expert" lacking wide petrographic experience. Such techniques, valuable though
they may be in identifying other materials, will merely tell us that we are
dealing with rocks composed principally of calcium carbonate (calcite) with a
minor-element pattern (trace of lead, copper, strontium, barium and so on)
that is monotonously the same for most marbles, And this leads to a point of
significance in evaluating "expert'" opinion based on examination of archaeo-
logical materials by modern sophisticated techniques. However refined or com-
plicated these may be, their use is justified only where they can yield new or
more precise diagnostic information not obtainable by simpler and more common-
place means. A dozen years ago the Fogg Museum acquired a marble statue of
Trajan. Critical as to its authenticity and history was the source of the
marble from which it was carved. It was submitted to an "expert' who carried
out detailed investigation by x-ray diffraction and spectrographic analysis
and superficial petrographic examination. From all this there emerged, as
could have been predicted by any mineralogist, the information that the Trajan
statue is composed of uniform-grained marble with the chemical composition
(including trace-element pattern) of almost any marble. Yet, on the basis of
this evidence, the material was identified as "second grade Carrara marble;"
and this pronouncement became an essential component of a lengthy reconstruct-
ed history of the statue, beginning in ancient Rome, It may well be that the
story so put together is essentially true. The marble itself may well have
come, as claimed, from Roman quarries at Carrara. But no compelling evidence
to this effect has been presented; and the marble may equally well have come
from any of a hundred sources, known or unknown, within or outside Europe.

Diagnostic Characteristics of Marble in Problems of Archaeology.

How then may petrography be of use in archaeological problems concerning
classic marble? We commonly encounter two kinds of problems relating respect-
ively to (1) the possible geographic source of a particular piece of stone, and
(2) the possible matching of fragments supposedly broken from the same piece -
especially in reconstruction of fragmented inscribed slabs.

Diagnostic petrographic characteristics that may contribute toward sol-
ution of such problems are those that reflect the imprint of the particular
local episode of metamorphism by which a particular limestone was transformed
into a particular marble. Metamorphism, it will be recalled, is a response
to long-sustained high temperature and pressure over some period of geologic
time, For Greek marbles this was probably during the Paleozoic era - perhaps
400-300 million years ago. The marbles of northern Italy - at Carrara, west
of Florence, and at Lasa in the upper Adige Valley - were metamorphosed much
later during the growth of the Alps, beginning perhaps 50 million years ago.
The temperature-pressure conditions at any broad locality, e.g., in the
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Pentelicon-Hymettus area west of Athens, or in the Carrara quarries of Italy,
cover a limited range. Moreover, during metamorphism, which also involves
intense deformation and flow of marble in the solid state - just as in the
forging of red-hot metal - the pattern and degree of deformation are likely
to differ from one locality to another; but at any one locality they are
likely to be rather uniform.

The useful characteristics that we seek in marble for present purposes
fall into three categories relating to texture, fabric and mineralogy:

Texture. The most obvious textural characteristic of a thin section of
marble is grain-size., This tends to be highly variable from point to point
on a quarry face, or even within a small slab or sometimes in a single thin
section, The diagnostic value of the size criterion is correspondingly
slight. Three characteristics that reflect deformational history, and so are
more uniform in a given outcrop are degree of twinning, grain shape and con-
figuration of grain boundaries,

Twinning, Any crystal subjected to stress at high temperature and con-
fining pressure may respond by internal flow in a pattern dictated by the
regular geometric arrangement of its component atoms, Seen in the simplest
way the response can be envisaged as mutual displacement of adjacent planar
arrays of atoms by analogy with sliding of cards in a card deck, By this
means the grain elongates in one direction and becomes flattened in the di-
rection perpendicular thereto. In special cases this process of slip or glide
leads to development of thin laminae within which the atoms have become re-
arranged in a configuration symmetrically related to that in the host crystal,
Such a reconstituted layer is termed a twin. Seen beneath the polarizing
microscope twins are visible because their optical behavior differs from that
of the host (Plate 1), Calcite is a mineral that twins readily under stress -
especially at temperatures of less than about 500°C, The degree of twinning
shown by calcite in marble tends locally to be rather consistent; it may
differ significantly from one locality to another, or even from point to
point in one quarry. Contrast the heavily twinned conditions of some grains
in a marble from the Greek island of Kos (Plate 2a) with the paucity of twinn-
ing in a specimen from Paros (Plate 2c). On the whole twinning is not pro-
fusely developed in true classic Pentelic marbles -those from ancient quarry
sites on the lower levels of Mt., Pentelicon (Hertz and Pritchett, 1953, p. 75,
77) - or in Hymettan marble from the Hymettan quarries (Plate 3a). It is
even less conspicuous in most pure white Carrara marbles (Plate 4).

Shape and outline of grains, In marbles that were strained at rather
high temperature without subsequent recrystallization, individual grains show
a tendency for local parallel elongation (Plate la). Where recrystallization
has outlasted deformation - or commoner situation - the grains show no such
elongate shape and are said to be equant (Plate 2)., Grain outlines may be
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highly irregular and interlocking (Plates 2, 3). More rarely when high-temp-
erature recrystallization followed relatively cold deformation and was long
sustained under stress-free conditions, the resulting grain boundaries tend
to be planar, In the ideal case where surface tension at boundaries has been
minimized the section shows points at which three boundaries intersect at
about 60° (Plate 4a, b). Textures of this kind are characteristic of annealed
metals. Combined properties of grain shape and outline are likely to be con-
sistent within the limits of a single slab, or even within a quarry. Much of
the high-qualigy marble from the Carrara quarries has equant grains with
planar outlines - what we might call an annealing texture, Most specimens of
Greek marble that I have examined - Pentelic, Hymettan or from Paros - have
equant grains, often variable in size, with sutured or irregular boundaries,
The few specimens that I have seen from Naxos are generally coarse, locally
variable in size, equant and with some planar boundaries. Some Naxos marbles
consist largely of coarse dolomite with sutured margins.

Fabric. A much more subtle set of structural characteristics, difficult
to measure but consistent within a slab or even a large quarry, are what
students of deformed rocks collectively term fabric. During rock flow under
stress the individual microscopic crystals tend to become aligned in some sym-
metrical pattern related to that of flow itself. By analogy we may recall
the respective patterns of logs in a flowing stream or of clouds in the steady
trade-wind sky. It is not only by external shape that elongate grains become
aligned, Even in marble whose grains are equant there is a pervasive though
invisible pattern of orientation of the principal symmetry axis of the indi-
vidual calcite grain, To bring out the pattern we must use specialized and
rather laborious techniques of microscopy or X-ray analysis (cf. Weiss, 1954;
Herz, 1955). But this is by far the most effective tool in problems relating
to matching of fragments of statuary or of inscribed surfaces. If fragments
match not only in direction and sense of inscription but also in the pattern
and orientation of crystal fabric, the chances that they belong to the same
slab are very strong inderd. Conversely, failure to match can be demonstrated
with certainty.

Mineralogy. Much of the marble from the classic Dionysus quarry on Mt.
Pentelicon is streaked sparsely with greyish green aggregates of the common
metamorphic minerals chlorite, albite and epidote (Plate 3b) - all recogni-
zable at a glance in a thin section. Occurrence of the same suite of minerals
in marble of a temple such as that of Sunion is consistent with a Pentelic
source, but is by no means conclusive proof of this; for impurities of the
same kind are known in other mables. Some sources can, however, be excluded
with certainty. Such is the group of quarries near Apollonia on the north-
east coast of Naxos, All Naxos marbles that I have seen are almost pure cal-
cite or dolomite, But if silicate impurities occur within them, it is imposs-
ible that they should include chlorite-albite-epidote. General experience
of metamorphic petrography shows that this mineral assemblage can form at



38

temperatures no higher than 350°, On the other hand sufficient is known of
the geology of Naxos to indicate that in the general vicinity of Apollonia
metamorphism was effected at temperatures of the order of 500°-600°C
(Schuiling and Oosterom, 1967). Chlorite, albite and epidote could not co-
exist in this environment,

I have seen very little of Egyptian statuary marbles. Several speci-
mens that I have examined microscopically contain silicates such as forster-
ite, MgZSiO4, indicating conditions of metamorphism (local high temperature
and low pressure) completely inconsistent with classic Greek and many north
Italian sources (among these Carrara). The sources are probably local, The
Egyptian marbles could not have come from classic Greek quarries. But as
far as mineralogical evidence alone is concerned, the source could be located
(though I think the probability infinitely small) in the Mojave Desert or the
Sierra Nevada of California!l

Mineralogical evidence accruing from petrography, relating to our pre-
sent problem, leads mainly to exclusion of particular alternative solutioms,
Rarely we encounter evidence of a more positive kind., Some marbles are streak-
ed with red, due to iron-oxide impurity in the form of hematite. Among the
specimens collected by Herz from a classic Pentelic quarry is a red variety
that in my experience is mineralogically unique. It contains the easily rec-
ognized red-to-orange highly refractive calcium-manganese silicate piedmon-
tite. I know of no other marble from Greece or elsewhere that contains this
mineral, Yet, by way of due caution, it seems most likely that somewhere,
and quite possibly in Greece, another such rock may exist, Any slab of pied-
montite-bearing marble found in Greece has most likely, but not certainly,
come from Herz' source on Mt. Pentelicon.

Conclusion

Petrographic investigation can contribute a good deal toward solution
of problems relating to sources or to matching of marble objects of archaeo-
logical interest. Only a start has been made in exploring the petrographic
nature and variety of marble at a few classic quarry sites, Much more must
be done, preferably by geologists. Badly needed, too, is extensive expert
petrographic work on the objects themselves, This must be done by archaeo-
logists, for only they can set up the problems and sustain interest in
their solution. Any young student of classic archaeology who might care to
include in his university training a few adequate courses in crystallography,
mineralogy and petrography could make an immense contribution in this field,
This is not so difficult a task as, for example, to master a language such
as Russian or even German.

Finally it must be realized that archaeological problems in which
the source of marble objects is crucially significant are seldom open to
unique solution, Petrographic evidence may rule out certain hypothetical
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solutions as impossible, Others may be found consistent with the petrographic
data, but no more than that, Very rarely a particular alternative may find
petrographic support demonstrating probability almost - but never quite - to
the point of certainty, But'certainty, however much it tinges much of the
opinion found in the older literature of classic archaeology and in the reports
of some museum "experts,'" is not the goal of the scientist's quest. The petro-
grapher, viewing from the outside problems of the kind we have been discuss-
ing, as clearly set out in the critical essay of Herz and Pritchett (1953) on
""Marble in Attic Epigraphy,”" finds a paradoxical situation: pervading much of
the pertinent literature of classic archaeology, as well as the reports of

some "experts,' there seems to be some reluctance to apply the principles of
logic formulated - while some of the ancient quarries were operating, and
others as yet unopened - by Socrates and Aristotle,
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Fig. 3b. Alpha radiation attenuation by large crystalline grains.

40

Pottery clay matrix
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Fig. 3a. Radiation environment of crystalline grains embedded in the pottery clay matrix. For
grains of ~s 100 microns diameter the alpha radiation from the clay is attenuated by
approximately 80%. For grains of~n/microns the alpha radiation is almost entirely atten-
uated but now even the beta radiation from the clay is attenuated (by approximately 50%).

Crystalline inclusion

/3 ¥ radiation

Surrounding clay matrix

R is the maximum range of alpha
particles in the crystal and a is the radius of the grain. As no alpha particles penetrate
beyond a depth, R, into the grain, the inner regions experience only beta and gamma
radiation during the burial of the pottery.
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VI. NEW RADIOCARBON DATES BASED ON BONE COLLAGEN OF
CALIFORNIA PALEOINDIANS

1 2 3
Rainer Berger , Reiney Protsch , Richard Reypolds ,
Charles Rozaire , and James R, Sackett

Until recently it has been difficult to date directly and accurately
human bones found in archeological explorations. With the development of
radiocarbon measurements based on bone collagen (Berger, Horney and Libby,
1964) a method was introduced which allowed a new assessment of the antiquity
of Homo sapiens fossils that cannot be dated by morphological criteria. Dur-
ing the course of many years a number of human remains were found in Cali-
fornia whose exact age had remained uncertain, It was therefore decided to
apply this newly developed analytical technique in dating these specimens,
However, first some check measurements were carried out involving a well-
preserved mummy discovered in 1955 in Chimney Cave, Lake Winnemucca, Nevada.
Skin tissue, bone collagen and vegetal clothing were dated by radiocarbon
yielding dates of 2510 + 80 (UCLA-690), 2500 + 80 (UCLA-689) and 2590 + 80
(UCLA-692) respectively (Orr and Berger, 1965). These analyses proved the
equivalence of bone collagen dates with others derived from different organic
materials,

The first California skull dated was discovered in 1933 by M, H.
Wilson and E, H. Marriner, then teen-agers, at 255 St, Ann's Drive, Laguna
Beach, It was removed with a pick-axe at a depth of approximately 1.75 m
from the top of a steep embankment which road grading operations had shortly
before cut along the entire front of this property. The skull apparently lay
alongside the long bone fragments discussed below; it was the protrusion of
one of these from the face of the embankment that had originally prompted
the discoverers' search, No other faunal materials nor any artifacts were
found in the vicinity of the human remains,

After a series of inconclusive consultations at both American and
European museums the skull and some bone fragments were shown to L. S. B.
Leakey who referred them for analysis to UCLA. Since the skull fragment had
travelled to a number of different institutions it was first found necessary
to establish if the specimen at hand was indeed the original, Fortunately a

1 Departments of Anthropology and History, Inst. of Geophysics, UCLA,

2 Department of Anthropology and Inst, of Geophysics, UCLA.

3 Los Angeles County Museum of Natural History and Inst. of Geophysics, UCLA,
Los Angeles County Museum of Natural History,

3 Department of Anthropology,UCLA,
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picture of the find had appeared in the Friday, January 15, 1937 issue of the
Laguna Beach newspaper before it had left California. Comparison of the pres-
ent skull with its marked scars with the original photograph appears to rule
out substitution,

Portions of the skull, parietal and temporal bones, were dated as
follows: 78.5 g of bones were extracted continuously with ether for several
days to remove any organic substances introduced by handling the skull, Then
the mineral matrix of the bones was destroyed by dilute cold hydrochloric acid
treatment, Fiﬁally humic acids of different specific activity were extracted
with dilute, cold sodium hydroxide. The remaining organic portion was dated
and found to correspond to an age of 17,150 + 1470 years (UCLA-1233A).

Later the long bone fragments associated with the skull were dated in
an analogous manner. 23.0 g of bones yielded insufficient CO, for a finite
date (UCLA-1233B). The age was calculated to be greater than 14,800 years
confirming the late Pleistocene age of the skull bone fragments. The long
bone fragments were identified as human by M. R, Urist of the UCLA Bone Re-
search Laboratory. Casts of the fragments were made by the Department of
Palaeontology of the Los Angeles County Museum of Natural History using a
method avoiding organic carbon compounds.

The nitrogen content of the skull and long bone fragments was calcu-
lated based on the amino acid content, Furthermore, the fluorine content was
determined by a colorimetric method and the uranium content by calculation
from the radon present in the counting gas immediately after preparation or
after a known elapsed time. Results obtained are listed below:

N i U
Skull 0.26% 0.30% 60 ppm as U308
Long Bones 0.23% 0.34% 63 ppm as U308

Inspection of these data reveals that both types of bones are in all likeli-
hood associated with each other,

One of the long bone fragments contained in its hollow small pieces of
Mytilus californianus Conrad as determined by the conchologist of the UCLA
Department of Geology, Mrs. L. Saul. This particular species of mussel shell
differs from European varieties by a special rib structure. Since the long
bones appear to be Californian and the chemical composition is similar to the
parietal and temporal bone fragments a case can be made for the skull also
being Californian,

The skull itself was analyzed by D. Stewart, Smithsonian Institution,
whose preliminary analysis points out similarity of the Laguna skull with
others found in the Santa Barbara region. Unfortunately the Laguna specimen
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is not complete which rules out an exhaustive analysis. Yet an examination
of the character of the supraorbital ridges and the orbital portion suggests
a female cranium.

The unexpected date of the Laguna skull prompted formal excavation
aimed at securing additional in situ material. During several weekends in
the late Winter and Spring of 1968, a crew composed of 6 to 10 UCLA students
working under the direction of J. R. Sackett conducted test excavations in
all accessible areas of the St, Ann's Drive property. This included exten-
sive excavation of the embankment which fronts the property, with particular
attention being devoted to the area surrounding the original find spot as
best this could be determined in consultation with W. H, Wilson. The work
was subsequently continued periodically until January 1969 by digging crews
working under the direction of Dr. Tomchak of Fullerton State College. A
detailed report of all these excavations is now in preparation, but their
largely negative results can briefly be summarized here,

The deposit is part of an alluvial fan that extends down one of the
shallow estuary canyons which emanate from Hidden Valley Canyon above La-
guna Beach. At least to the 5 m depth attained by excavation, the soil is
composed of typical western coastal alkaline fine-grained sandy loam or
outright yellow sand, in both of which turbulent lamellae may often be ob-
served, Relatively homogeneous and free of concentrations of pebbles and
rocks, the deposit exhibits little consistent bedding save for horizontal
zones in which California mussel shells are concentrated. Assuming that
the original find spot has been at least approximately located and that its
soil was an integral part of the deposit seen today, the human remains would
have occupied a stratigraphic position somewhere intermediate between two of
these shell-bearing zones lying respectively 0.60 m and 2.0 m below the pre-
sent surface of the embankment.

A shell sample from the upper zone has given an age of 8950 + 80 years
(UCLA-1349), while one from the lower has yielded a date of 8300 + 80 years
(UCLA-1364). For a skull some 17,000 years old to have been located between
these very much younger shell layers would obviously entail a marked strati-
graphic anomaly. This possibility cannot be ruled out given the geomorpho-
logical context of the deposit inasmuch as only erosion coupled with natural
redeposition during mud flows or slides could have produced the inverted strati-
graphy encountered with the insertion of much older bones between more recent
depositions. But it must be stressed that the excavations have failed to
yield any archeological or paleontological information that might be considered
relevant to an explanation of the presence of the human skull and long bones,
Indeed, throughout the excavations there was not obtained any substantial
physical evidence to support the view that they were ever directly incorpor-
ated within the deposit., The likelihood is great that the origin of the Laguna
Beach remains and their subsequent depositional history on St. Ann's Drive may
never be known.
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The second California skeleton which was analyzed is that of a woman
found on 5 February, 1941 by L. E. Wyman during excavations in Pit 10 at
Rancho La Brea (Merriam, 1914), Sometimes the escape of petroleum and natural
gas over long periods of time can create enlarged chimneys in the soil along
lines of least resistance with a diameter on the order of a meter. In fact,
Pit 10 had two such chimneys topped by a common asphaltic cap which stood 1 m
above the adjacent ground surface, At a depth of about 1,50 m the vents opened
into a large dome-shaped asphaltic mass extending downward to unknown depth,
One of the chimneys led to the surface directly while the other, 