produced during my simulations. The
pebbles and new flakes were lithologi-
cally similar to the Sozudai material. The
new flakes were also stained to make
them appear similar to the weathered So-
zudai flakes.

The test sample of 18 pieces was
shown separately to a total of 27 (11 Jap-
anese and 16 American) archeologists
who claimed to be familiar with flake
characteristics. The observers were
asked to identify the flakes in the test
sample. On each piece identified as a
flake the observer had to indicate the
point of percussion, the bulb of per-
cussion, and the ventral surface. Three
of the new flakes served as a control
group. If any of these flakes were not ac-
curately described, the observer’s opin-
ions on the rest of the samples were dis-
regarded. Only 19 observers correctly
identified all of the flakes in the control
sample. All of these observers also cor-
rectly identified all of the newly made
flakes.

All of these 19 archeologists identified
at least one of the Sozudai pieces as a
flake. Only two of them, however, con-
sidered all five of the Sozudai pieces to
be flakes. Since each of the 19 observers
was presented with five pieces from So-
zudali, a total of 95 judgments were elic-
ited. Of these judgments, 61 were in
exact agreement with the identifications
reached during my own flake identifica-
tion procedure. Observers were present-
ed with a small, randomly selected
sample of heavily weathered Sozudai
flakes. Furthermore, these pieces were
not presented in the context of a total as-
semblage and the observers were called
on to make their judgments on the basis
of only relatively brief examination. It is,
therefore, not surprising that their judg-
ments were not in total agreement with
mine which were based on long, detailed
examination of the entire Sozudai collec-
tion. A x* test applied to the results
of the observations, however, does in-
dicate a strong positive correlation be-
tween my identifications and those of
other observers (x* = 7.66, p < .01,
d.f. = 1). My conclusions on the Sozudai
flake sample thus are substantiated by
observations of other trained archeol-
ogists.

Thus, although some Japanese and
American archeologists have questioned
the human creation of the Sozudai as-
semblage, an independently substan-
tiated test procedure indicates that at
least 13.6 percent of the assemblage is
composed of flakes. Furthermore, when
the characteristics of these flakes are
compared to the criteria established by
A. S. Barnes, the Sozudai assemblage
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seems to be clearly of human rather than
natural origin. Since the Sozudai assem-
blage clearly predates Upper Paleolithic
industries and probably dates from the
early phases of the last glacial period,
these conclusions strongly support an
early human occupation of southern Ja-
pan.

PETER BLEED
Department of Anthropology,
University of Nebraska-Lincoln,
Lincoln 68508
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Thermoluminescent Determination of Prehistoric
Heat Treatment of Chert Artifacts

Abstract. In recent years archeologists have become interested in the extent to
which prehistoric peoples heat-treated chert prior to shaping it into tools. Thermo-
luminescent determination of the radiation dose accumulated by an artifact since it
was formed or last heated provides a simple, reliable test for such heat treatment.
This test can be applied to single artifacts without the need for raw source material
for comparison. Results on 25 artifacts from four sites indicate that, for many chert
sources, color and luster are not useful indicators of heat treatment by prehistoric

peoples.

Chert is the most common raw materi-
al in the lithic technology of prehistoric
peoples. Various accounts of the use of
heat treatment in the manufacture of
tools by primitive peoples have been re-
ported since at least the turn of the cen-
tury (/), but the lack of success in dupli-
cating these techniques led to a general
skepticism which prevailed for many
years. However, in 1964 Crabtree and
Butler (2) reported that, when raw chert
was slowly heated and slowly cooled in
sand, marked improvements in the
knapping properties resulted.

In recent years the belief that pre-
historic people sometimes heat-treated
chert before shaping it into finished tools
has gained support and generated inter-
est in finding a simple, reliable test for
heat treatment. A number of techniques
have been applied in attempts to deter-
mine whether particular chert artifacts
were heated by prehistoric people. Prob-
ably the most common has been an ex-
amination of the visual appearance. A
pink or reddish color or a vitreous luster,
or both, are often taken as evidence of
heating. Many forms of chert display
these characteristics upon heat treat-
ment (I, 2). However, in addition to

being a subjective test, these character-
istics may also result from nonthermal
effects. Raw chert, even within a single
outcrop, often varies greatly in color
with reds and pinks produced, for ex-
ample, by exposure to groundwater con-
taining iron; a vitreous luster on a tool
may be caused by polishing of the sur-
face from repeated use.

More sophisticated techniques have
been used to provide evidence of heat
treatment, including electron microsco-
py and x-ray diffraction. Electron mi-
croscopy indicates that high temper-
atures bring about changes in the micro-
crystalline quartz structure of chert (7,
3). Weymouth and Mandeville ¢) report-
ed x-ray diffraction line-broadening in
some (but not all) heat-treated cherts,
presumably due to the breakup of the
original crystals into smaller crystals or
to local strains. However, both these
measurements require raw source mate-
rial for comparison, and the authors con-
cluded that neither provided a reliable,
independent test.

In view of the success of thermolumi-
nescence (TL) dating of archeologic ce-
ramics (5), it has been proposed that
heat-treated chert could also be dated in
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Table 1. Geologic cherts studied.

. Number of
Geologic Chert controlled test samples
source location formation
Total Heated
Near Koster, Illinois Burlington 2 1
Northwestern lowa Tongue River 8 4
Dordogne Valley, Peridgord, France Unknown 4 0

a similar way (6). Chert, however, pre-
sents a number of practical difficulties
which make accurate dating by TL diffi-
cult (7). On the other hand, it should be
relatively easy in principle to distinguish
between raw unheated chert and chert
heated in prehistoric times; an unheated
sample should give a much larger TL sig-
nal than a recently heated sample. Row-
lett et al. (8) attempted this determina-
tion but found only a difference of a fac-
tor of 2 in TL intensity between raw
source material and chert heated in the
laboratory just prior to measurement.
This small difference meant that they
could only establish heat treatment in ar-
tifacts for which they had raw material
with very similar TL sensitivity, a seri-
ous limitation because of the large varia-
bility in chert samples often found even
within a single geologic source. How-
ever, as we show here, for all the cherts
we have measured with our techniques,
the TL from raw chert is typically 100
times greater than the TL from chert
heated within the last 5000 years, and the
distinction can be reliably made.

The basic principle and techniques
used are closely related to those of TL
dating (5). Thermoluminescent measure-
ments are used to determine the natural
dose that has been accumulated by the
sample since it was formed or last
heated. We base our technique on mea-
surement of the natural dose rather than
the natural TL alone because the natural
TL of cherts with similar ages can vary
over several orders of magnitude, espe-
cially if the cherts are from different
sites. This is so because the TL sensitivi-
ty is strongly dependent on trace element
concentrations, and therefore extremely
variable. On the other hand, the natural
dose rates vary much less and thus the
natural doses of cherts of the same age
are consistent within an order of magni-
tude.

One determines the natural dose by
first measuring the natural TL and then
measuring the TL produced by a known
dose of radiation. The equivalent dose,
defined as

Natural TL.
Artificial TL
1360

x Artificial dose

is taken as the measure of the natural
dose (9). Raw source material will have
received a very large equivalent dose
since its formation. In most cases the TL
is saturated or near saturation, and the
equivalent dose, equal to the saturation
dose, is typically 10° to 10° rads. If a
chert has been heated to more than
~ 400°C in prehistoric times, the equiva-
lent dose is reset to zero. The sample will
then begin to reaccumulate a radiation
dose but, as we show below, for archeo-
logic times, the reaccumulated dose is
much less than, and easily distinguish-
able from, the saturation dose in an un-
heated sample.

The apparatus is essentially the same
as that used in the dating of archeologic
ceramics and is described in detail else-
where (/0). The basic system consists of
a Nichrome heating plate heated linearly
at 7°C per second in a glow oven which is
first evacuated and then filled with oxy-
gen-free nitrogen. The TL is detected by
an EMI bi-alkali photomultiplier tube
with a Corning 5-60 filter and measured
with a picoammeter. Artificial irradia-
tions are carried out with a l-curie *°Sr
beta source.

40

A Raw chert
Natural
304

20

Background

i = =~

TL intensity (arbitrary units)

Background

t T T T T
100 200 300 400 500

Glow curve temperature: T* (°C)

Fig. 1. Natural and artificial (6000-rad beta
dose) glow curves of (A) a raw chert from
Tongue River and (B) an artifact from Koster
apparently heated in prehistoric times (~ 8000
years ago). Chert samples heated in the lab-
oratory in the controlled test gave curves in-
distinguishable from the background curves
shown, composed of photomultiplier tube
noise and blackbody radiation.

The artifacts tested in this program
typically had dimensions of one to sever-
al centimeters. In the sample preparation
we followed the technique developed by
Goksu et al. (6). A low-speed, diamond-
impregnated wafering blade was used to
cut small slabs, approximately 0.5 by 4
by 4 mm, from the interiors of the arti-
facts. Since lithic fragments are probably
exposed to a considerable amount of
sunlight both during their use by ancient
man and in their excavation by archeolo-
gists, it has been suggested that optical
bleaching might reduce the TL intensity
8). However, we found that a 5-hour ex-
posure to bright sunlight induced a large
TL signal in several samples correspond-
ing to an equivalent dose of 10° to 10?
rads. For this reason, it is critical that
samples tested for heat treatment do not
include near-surface material. The trans-
parency of the cherts studied was 0.01
to 0.02 percent per millimeter; con-
sequently, samples were cut at least 2
mm from the surface of the artifact. Be-
cause of this effect, small samples less
than ~ 3 mm thick are probably not suit-
able.

The TL method was evaluated on 14
cherts from three geologic sources
(Table 1). Half of the samples from
Tongue River, Iowa, and Koster, Illi-
nois, were heated by J. Weymouth of the
University of Nebraska in a ‘‘blind
test.”” Figure 1A shows typical glow
curves. In all of the samples measured,
the distinction between the unheated
cherts, which gave glow curves corre-
sponding to a saturation dose, and the
heated cherts, which gave signals in-
distinguishable from the background
curve of Fig. 1A, was very clear. We ob-
tained the correct answer on all of the
“blind test’” samples. The two most im-
portant figures in evaluating the TL
method are (i) the minimum detectable
dose and (ii) the dose at which the TL
saturates. For the cherts tested, the min-
imum detectable doses ranged from 7 to
70 rads, and the saturation doses from
10° to 10% rads with the exception of one
sample that saturated at ~ 10* rads. At a
glow curve temperature of 450°C, the dif-
ference between the raw and heated
cherts was a factor of ~ 102 to 10°.

A chert heated in prehistoric times will
have reaccumulated an archeological
dose. The natural dose rate will be com-
posed of the external radiation of gamma
rays plus cosmic rays, and an internal
dose rate from beta and alpha particles.
The external dose rate will generally be
in the range 0.05 to 0.2 rad per year (5).
The uranium contents of a variety of
cherts were found to be 0.3 to 10 parts
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per million, with alpha efficiencies (/1) of
0.03 to 0.2, giving an effective internal
dose rate of 0.01 to 0.35 rad per year.
Thus the total effective dose rate is in the
range ~ 0.05 to 0.50 rad per year. For
this range of total dose rate for samples
< 10,000 years old, the reaccumulated
dose is < 5 krads, which is much less
than typical saturation doses. Therefore,
any occurrence of prehistoric heating
should be clear.

Chert artifacts from four archeologic
sites (Table 2) were tested for ancient
heat treatment. All the artifacts from
Missouri and Bolivia showed natural
doses greater than 40 and 80 krads, re-
spectively, a clear indication that these
eight artifacts were unheated in pre-
historic times. Their glow curves were
similar to the curves labeled *‘natural”’
and ‘‘artificial”’ in Fig. 1A. Some of the
cherts from Koster and Cibola, New
Mexico, gave similar glow curves, but
others had much smaller natural TL (Fig.
1B) and are apparently unheated.

The data are more fully understood as
a graph of equivalent dose versus glow
curve temperature (7*) (Fig. 2). The up-
per hatched regions represent the results
for the raw source material, and the low-
er hatched regions represent the lower
limit of detectable signals and include re-
sults for the five control samples heated
in the laboratory in the ‘“*blind test.”” Ar-
tifacts heated by prehistoric man were
expected to fall somewhere in between,
depending roughly on their archeological
ages (time since heating).

Data from Cibola are shown in Fig.
2A. There were two distinct groups of
TL curves: the upper, unheated group

106 1 1 1

1054

1044

1034

Red part

1024

Equivalent dose (rads)

NN\ Heated b d \ \
ot \etted oy modern ma A2
A B
10° T T T T T T T T T T
250 350 450 550 250 350 450 550

Table 2. Archeologic sources of the cherts
studied.

Number Approximate

Archeologic of age of site
site cherts (years before
tested the present)
Chiripa, Bolivia 4 2100 to 3100
Foss, Missouri 4 5000 to 7000
Cibola, New Mexico 7 700
Koster, Illinois 10 5000 to 8000

and the lower, heated group with natural
doses of ~ 500 rads. With one excep-
tion, all the unheated samples are brown
whereas the heated samples are red. One
artifact was part red and part brown.
Samples were cut from each section of
this sample, and the TL results showed
that the red section had been heated al-
though the brown section had not. How-
ever, there was one red artifact which
TL shows to have been unheated.

The results for the artifacts from Kos-
ter are shown in Fig. 2, B and C. Nine of
the ten samples divided clearly into the
two groups, heated or unheated (Fig.
2B). There is little correlation between
the visual appearance and heat treatment
of these cherts; some unheated cherts
are very similar in appearance to control
samples heated by the archeologists.

The tenth Koster artifact gave the ex-
ceptional curve a (Fig. 2C). It has a low
equivalent dose at low glow curve tem-
peratures but nearly saturation doses at
high glow curve temperatures. Probably
this artifact has been heated, but only to
a relatively low temperature. Measure-
ments were made on several samples of
raw Burlington chert which were an-

1 1 1 1 1

Koster

Glow curve temperatures: T* (°C)

nealed for 3 hours at various temper-
atures. These results are also plotted in
Fig. 2C. The annealing drains the TL up
to a glow curve temperature approxi-
mately 100°C greater than the annealing
temperature. By comparison with these
results, the temperature at which a par-
tially heated artifact was annealed could
be estimated. The chert giving curve a
apparently had been heated to a temper-
ature between 300° and 350°C in pre-
historic times. The temperature can be
determined only approximately as the
amount of thermal drainage is also de-
pendent on the annealing time.

To further test the validity of the TL
measurement, we measured the radio-
activity of the Koster and Cibola cherts
and then calculated the expected equiva-
lent doses of heated artifacts. The dose
rates for Koster and Cibola are ~ 0.1
and ~ 0.3 rad per year, respectively, giv-
ing equivalent doses of ~ 500 to 800 rads
and ~ 200 rads, respectively, in heated
artifacts. These numbers agree to within
a factor of 2 with the values for the
heated artifacts in Fig. 2, A and B, and
further support the validity of the TL
test.

On the basis of the success of the TL
technique in the controlled tests de-
scribed above, it appears that TL pro-
vides a relatively simple and reliable test
for determining if a chert artifact was
heated to ~ 250°C or more in prehistoric
times. However, with this TL test it is
not possible to distinguish between a de-
liberate heat treatment by prehistoric
people and an accidental heating, such as
in a fire; samples for testing should be
chosen by archeologists with this in

3 hours at
350°C

250 350

—

T
450 550

Fig. 2. Equivalent dose as a function of the glow curve temperature of (A) artifacts from Cibola, (B) artifacts from Koster, and (C) an exceptional
Koster artifact. Curve a in (C) represents a partially heated artifact. For comparison, several raw chart samples were annealed in the laboratory at
various temperatures. The results of annealing for 3 hours at 250°, 300°, and 350°C are shown.

30 SEPTEMBER 1977

1361



mind. No control samples, such as raw
source material, are required. The arti-
facts tested varied widely in color from
white to dark red to brown, and the TL
results demonstrate the difficulty of mak-
ing judgments based on visual appear-
ance alone, at least for cherts from these
sites. In the case of the seven Cibola arti-
facts, judgment based on visual appear-
ance proved to be correct on six samples
but incorrect on one. The Koster cherts
were carefully selected to contain what
were thought to be, based on appear-
ance, both heated and unheated arti-
facts. Although the TL test showed
cherts of both types, the results did not
correspond to the visual assessment.
The reliability of the TL determination
of heat treatment is dependent on the age
of the archeologic site; the older the site,
the nearer the reaccumulated dose of a
heated chert to the saturation dose of an
unheated chert. For example, the dif-
ference between the heated and un-
heated cherts is less distinct for the Kos-
ter site (Fig. 2B, 5000 to 8000 years old)
than for the Cibola site (Fig. 2A, ~ 700
years old). For sites < 10,000 years old,
the archeologic dose is at least an order
of magnitude less than the saturation
dose and the detection of prehistoric
heat treatment can be reliably based sim-
ply on a determination of the equivalent
dose. For older sites, however, more de-
tailed measurements must be made. The
saturation level must be determined, the
dose rate calculated from the radio-
activity of the sample and its environ-

ment, and nonthermal (‘‘anomalous’’)
fading (/2) must be measured.

Although we have used this technique
exclusively on chert, other lithic materi-
als such as obsidian and fireplace rocks
often give suitable TL and could be test-
ed by the same technique.

- C. L. MELCHER
D. W. ZIMMERMAN
Center for Archaeometry,
Washington University,
St. Louis, Missouri 63130
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Arthropod Invasion of Land During Late Silurian and

Devonian Times

Abstract. Fossil floras and faunas of a Lower Devonian black shale from Alken,
Germany, include aquatic, amphibious, and terrestrial forms. The presence of these
Sforms suggests conditions in favor of an invasion of the land. Various arthropod
adaptations to terrestrial life are present, including the development of a preoral

cavity.

One of the most important events in
the history of the earth was the invasion
of the land by higher plants and animals.
It probably took place some 400 million
years ago at the transition from late Silu-
rian to early Devonian time. Fossil ter-
restrial plants, mainly psilophytes, are
well known from these times, but a more
detailed knowledge of the morphology of
the plant and animal groups, as well as
their ecology, is known only in two cas-
es.

The well-known Rhynie Chert in Scot-
land, now regarded as Lower Devoni-
an (Emsian), has yielded exceptionally
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well-preserved plants and arthropods be-
longing to the Crustacea, Arachnida, and
Collembola, all very small and with ap-
pendages intact. Evidently the environ-
ment was some kind of a swamp.

The second occurrence, near the vil-
lage of Alken in the Mosel Valley, Ger-
many, does not present the same excel-
lent preservation of the fossils, but the
spectrum of forms is much wider. The
fossil flora and fauna comprise marine,
brackish, and freshwater forms as well
as terrestrial ones. The aquatic fauna in-
cludes mostly arthropods, pelecypods,
and ostracoderm fishes. The fossiliferous

black shale is of Lower Devonian (Low-
er Emsian) age and was probably depos-
ited in a lagoon along the coast of a major
island (7).

The more or less aquatic plants along
the shores of the lagoon formed small
“‘mangroves.”” This material and the wet
plant debris on the beaches evidently
constituted conditions very favorable for
an invasion and gradual adaptation to a
life on land.

A recently completed study of the ar-
thropods (2) demonstrates that a mixture
of forms, which belonged to different
ecological niches, was present. Eurypte-
rids with swimming legs, such as Para-
hughmilleria (Fig. 1), were probably also
able to travel outside the lagoon. The la-
goon was occasionally visited by huge
and predaceous pterygotous eurypterids,
known to be to 180 cm in length. Other
eurypterids without swimming legs
walked on the bottom and perhaps occa-
sionally walked on land. This might have
been possible primarily because the gills
(Fig. 2a) were protected by the plate-
shaped abdominal appendages and could
be kept moist in a way similar to that
used by the living horseshoe crab, Lim-
ulus, when it comes on land.

The gills of eurypterids have been
studied in Silurian specimens from Es-
tonia by Wills (3) and in specimens from
the Lower Devonian of Scotland by Wa-
terston (4). The respiratory surface of
the elliptical gill areas is enlarged by
close-set cones with a reticulate surface
(Fig. 2a). The ribs surround small areas
of very thin chitin through which the res-
piration probably took place. In several
places invaginations between the cones
lead into masses of spongy chitin possi-
bly penetrated by five canals (Fig. 2, b
through d). Wills assumed that the gas
exchange from water to blood took place
within the spongy masses. However, the
invaginations seem to be too few and
limited to be able to take care of the com:
plete aquatic respiration; moreover, wa-
ter, in contrast to air, has considerable
difficulty passing in and out of long nar-
row passages. Several terrestrial isopods
have pseudotrachea in addition to gills,
and both kinds of respiratory organs may
occur on abdominal legs in one and the
same individual. One the basis of a com-
parison with the isopods, it seems natu-
ral to assume that at least some eurypte-
rids might have had both gills and pseu-
dotrachea, the latter represented by the
invaginations and spongy masses. The
Estonian species Baltoeurypterus tetrag-
onophthalmus (‘‘Eurypterus fischeri’’),
showing the structures mentioned, had
swimming legs and was thus largely a
swimming form, but a fossil eurypterid
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