part of the masseter probably equivalent
to the superficial masseter of modern
mammals.

Dinnetherium documents an interme-
diate stage in the evolution of mammali-
an jaw musculature and movement, but
in the development of an angular region
it is clearly more advanced than previ-
ously known mammals of the time. The
finding that Sinoconodon is a mammal
(5), and the clear differences that distin-
guish Dinnetherium from contemporane-
ous taxa strengthen the view that Rhae-
to-Liassic mammals were more diverse
than previously thought (/7). A simple
dichotomy ‘between morganucodontids
(nontherians) and kuehneotheriids (ther-
ians) no longer appears to be an accurate
representation of the complex, early
evolution of mammals (/8).
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Determination of Thermal Histories of Archeological Cereal

Grains with Electron Spin Resonance Spectroscopy

Abstract. The thermal histories of archeological cereal grains were examined by
electron spin resonance spectroscopy. Studies with modern samples of heated cereal
grain showed that the parameters of the electron spin resonance signal characterize
the maximum temperature to which the sample had previously been heated. This
technique has applicability in archeology and other disciplines.

Although traces of the heating of an
artifact or of fire in an archeological site
can be important indicators of technolog-
ical or cultural achievement, identifica-
tion of such traces is often based on a
subjective assessment of appearance.
Errors in interpretations of ancient cul-
tures and technologies will occur unless
a sound basis can be established for
ascertaining ancient thermal histories.

We have described how the effects of
ancient heating of chert (1), bone (2), and
ivory (3) can be identified by the detec-
tion of radical carbon with electron spin
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Fig. 1. Dependence of radical carbon g value
on maximum temperature of previous heating
for modern Emmer grains; the error of each g
value measurement is =0.0002.

resonance (ESR) spectroscopy. Radical
carbon is indefinitely stable (/) and gives
rise to a readily observed ESR signal,
which we have proposed as an indicator
of previous heating. We have also noted
that heating modifies transition metal (4)
and organic (5) ESR spectra in chert,
which points to other potential hea
markers. '

We now report a study of cereal
grains, which are widely encountered in
archeological sites. The particular grain
chosen was Emmer wheat (Triticum di-
coccum) since it is found throughout
Europe and southwestern Asia in sites
ranging from the earliest Neolithic to late
Classical times. Emmer grain was col-
lected in northeast Turkey, where it is
still under cultivation. Three archeologi-
cal samples were studied: two of Emmer
wheat and one of six-row barley. One
Emmer sample, although slightly dark-
ened, is in a state of nearly complete
preservation through desiccation and
comes from King Zoser’s pyramid
(Egypt, ~ 3000 B.C.). The other consists
of blackened and brittle grains and
comes from the immolation of the Myce-
nae granary (Greece, ~ 1100 B.C.). The
six-row barley sample is from Wadi Kub-
baniya, Egypt, and is of unknown date.
It is blackened in appearance but retains
its morphological characteristics.

Our experiments involved the mea-
surement of values for the g factor, line
widths (AH), and spin concentrations (c)
of radical carbon ESR signals generated
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in modern samples of Emmer wheat that
had been subjected to a variety of tem-
peratures and heating regimes in the lab-
oratory. The manner of heating was
found not to be important provided that
the sample was exposed to a particular
temperature for at least 4 hours. The
dependence of the g value on the maxi-
mum temperature of previous heating
(MTPH) for whole grains of modern Em-
mer wheat is shown in Fig. 1. Experi-
ments on other modern whole cereal
grains and on isolated grain fractions
indicate that this curve applies universal-
ly to cereal grains. Accordingly, we pro-
pose that the MTPH of ancient cereal
grains can be estimated by measuring the
g value of the ESR signal and reading off
the requisite temperature with an accura-
cy of about =30°C. Attempts to use the
line widths and spin concentrations in a
similar manner were not successful.
However, all three parameters (g, AH,
and ¢) were found to vary in a consistent
manner when the sample was heated in
the cavity of the ESR spectrometer.
There was no appreciable change until
the MTPH was reached, after which g
and AH decreased and ¢ increased signif-
icantly. If, however, the sample had
been exposed to its MTPH for periods
appreciably shorter than 4 hours, ¢ and
AH (but not g) started to change at lower
temperatures than the MTPH. Thus any
discrepancy between the temperature in-
dicated by the g value and the changes in
the other parameters for ancient samples
might well point to an upper limit for the
time that a particular sample had been
exposed to its MTPH, thus providing
further information on overall thermal
history.

It was clear both from the morphology
and from historical accounts of Early
Dynastic burial practices that the grain
from Zoser’s pyramid had not been
charred. The g value (2.0039) for these
grains indicates an MTPH of about
100°C. In contrast, the morphology of
the Mycenae grain exhibited all the signs
of charring at fairly high temperatures,
an observation supported by information
on the source context (the Mycenae Cit-
adel was destroyed in a conflagration).
The g value obtained for these grains
(2.0031) fully supports such a history:
the MTPH is estimated to be 250°C (Fig.
1). The temperature estimates for these
two archeological samples are confirmed
by the results of the heating experi-
ments: the g values and spin concentra-
tions (Fig. 2) begin to change rapidly
only for temperatures above the MTPH.
The changes in line width for archeologi-
cal samples differ from those for modern
grains, the initial values and the changes
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Fig. 2. Variation of logarithm of the spin
concentration (c, in arbitrary units) with tem-
perature for archeological cereal grains: (A)
Wadi Kubbaniya, (B) King Zoser, and (C)
Mycenae granary.

being much smaller. The reasons for
these differences are not known, but if
our results are reproducible for much
longer times of heating at a particular
temperature, then we may also be able to
distinguish between ancient and modern
heating of a sample, since one heated in
ancient times would show little variation
in line width.

A basic question concerning archeo-
logical grains is their antiquity. Far-
reaching cultural implications depend on
whether a hoard of grain is genuinely
ancient or merely a modern intrusion. A
recent case occurred at the Nile Valley
site of Wadi Kubbaniya (6), where a find
of domestic barley in deposits dated by
associated wood charcoals to ~ 18,000
years old appeared to overturn all exist-
ing ideas on the origins of agriculture and
Near Eastern civilization. An accelera-
tor radiocarbon date of the Wadi Kub-
baniya grain has not yet been published
(7), but close microscopic analysis of the
grains indicated that, although black in
color and seemingly charred, they were
in fact probably uncharred and therefore
very unlikely to have survived for any
length of time in the Wadi Kubbaniya
deposits which, at the time of occupa-
tion, were subject to seasonal flooding.
Our determination of the thermal history
of the Wadi Kubbaniya grains clearly
indicates that they have not been ex-
posed to the temperatures necessary for
charring. The g value of 2.0036 indicates
an MTPH of 150°C, which is confirmed
by the rapid increase in spin concentra-
tion at temperatures higher than this
(Fig. 2). The results for the Wadi Kub-
baniya grain show a much closer resem-
blance to those for the uncharred grain
from King Zoser’s pyramid than to those
for the charred grain from Mycenae.
Therefore, they are probablﬂf modern
intrusions.

The difference between the results for
the Zoser and Wadi Kubbaniya grains

may well reflect the difference between
the temperature reached by the grain
heaped in the Pharaonic threshing yards
in the particular year the Zoser grain was
harvested (before its emplacement in the
cool burial chamber) and the higher tem-
perature at the surface of the desert
sands on which the Wadi Kubbaniya
grain must have lain before its probable
intrusion into the archeological deposits
below.

We have now correlated g values with
previous heat treatment, considered
changes in the ESR parameters on fur-
ther heating of the sample, and extended
these ideas quantitatively to an investi-
gation of archeological samples. It ap-
pears that the radical carbon ESR in
burnt organic materials has provided in-
formation on thermal history that is not
accessible by other means. Applied in
archeological contexts in which ade-
quate structural or archeobotanical evi-
dence is lacking, this technique may be
useful in identifying the functions of ar-
cheological artifacts that served original-
ly as open hearths, bread ovens, parch-
ing kilns, or furnaces as well as in char-
acterizing the nature of large-scale de-
struction of the sort that befell the
Mycenae granary. The technique should
also prove useful in other disciplines
where heat treatment is of importance.
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