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ABSTRACT The methods that can be used for the
direct dating of human remains comprise of radiocarbon,
U-series, electron spin resonance (ESR), and amino acid
racemization (AAR). This review gives an introduction to
these methods in the context of dating human bones and
teeth. Recent advances in ultrafiltration techniques have
expanded the dating range of radiocarbon. It now seems
feasible to reliably date bones up to 55,000 years. New
developments in laser ablation mass spectrometry permit
the in situ analysis of U-series isotopes, thus providing a

When reconstructing human evolution, it is necessary
to know how old the human fossils are. This information
is usually extracted from a variety of sources, including
the general chronological frameworks of the local geol-
ogy, the flora, fauna, and artifacts found in association
with the human fossils as well as numerical dating stud-
ies on these associated materials. This indirect dating
approach, with respect to the human fossils, is in many
cases not satisfactory, because:

i. the human remains are often buried into the sedi-
ments and the association with other materials is
uncertain (e.g. Skhul, Qafzeh, etc.);

ii. faunal remains or minerals from the sediment are
reworked from older deposits (see e.g. present discussion
of the age of the Homo erectus remains in Indonesia);

iii. the hominid specimens were discovered at a time
when no careful excavations were carried out and it
has become impossible to correlate the human re-
mains with other datable material (nearly 90% of all
paleoanthropological specimens).

Direct dating of human remains would, of course, allevi-
ate many of these problems (see also Trinkaus, 2005).
Until recently, human fossils could only be directly dated
by radiocarbon. This method reaches back to about 50,000
years. As a consequence, all older fossils did not yield
meaningful chronological results and many important
questions in our understanding of human evolution could
not be addressed. Furthermore, most dating techniques
are destructive. Human remains are scarce and extremely
valuable, therefore any sort of destruction has to be kept
to an absolute minimum. This is of particular importance
in Australia, where any human fossils are sacred to the
Aboriginal communities. This, of course, also applies to
other areas, such as parts of North America. It is therefore
necessary to develop and apply more or less non-destruc-
tive techniques for the analysis of human material. New
technical developments, particularly in U-series and elec-
tron spin resonance (ESR), now allow the virtually non-
destructive analysis of human remains.
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rapid and virtually non-destructive dating method back to
about 300,000 years. This is of particular importance
when used in conjunction with non-destructive ESR anal-
ysis. New approaches in AAR analysis may lead to a ren-
aissance of this method. The potential and present limita-
tions of these direct dating techniques are discussed for
sites relevant to the reconstruction of modern human evo-
lution, including Florisbad, Border Cave, Tabun, Skhul,
Qafzeh, Vindija, Banyoles, and Lake Mungo. Yrbk Phys
Anthropol 49:2-48, 2006.  © 2006 Wiley-Liss, Inc.

The dating methods that can be used for dating fossil
bones and teeth consist of radiocarbon, U-series, ESR, and
amino acid racemization (AAR). These methods can gener-
ally be applied on a wide range of materials, but in this pa-
per only their application for dating human remains is
critically appraised (for general reviews on dating techni-
ques, see e.g. Noller et al., 2000 and references therein).

Because of analytical and technical limitations, each
dating technique has a certain age range, to which it can
be applied (Fig. 1). It is obvious that radiocarbon, includ-
ing the most advanced pretreatment techniques (Bird
et al., 1999; Bronk Ramsey et al., 2004b) can only address
chronological issues relating to relatively recent fossils,
mainly Homo sapiens, and perhaps the youngest Neander-
thal and Homo erectus specimens as well as Homo flore-
siensis (Brown et al., 2004; Morwood et al., 2004, 2005).
On the other hand, U-series and AAR can cover, in princi-
ple, all chronological aspects of modern human evolution;
ESR could be used to explore chronological relationships
of earlier human groups. However, for the age estimation
of older fossils, including most Australopithecus and Par-
anthropus species, there is presently no direct dating
technique available.

METHODS

The underlying principles of scientific methods do not
rapidly change. Thus, the following introductions to and
descriptions of the dating methods are updated versions of
Griin (in press; submitted-a,b) and Griin et al. (in prepa-
ration), tailored to the topic and audience of this review.
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Fig. 1. Approximate dating ranges of the methods that can

be used for the direct dating of human remains. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Before describing the dating techniques, it is necessary
to delve ever so slightly into the tedious subject of error
calculations, and their meaning in the assessment and
interpretation of dating results. It is the aim of every dat-
ing method to produce highly precise, highly correct, and
therefore accurate results (see Fig. 2 (after Wagner, 1998),
which is based on German phraseology and has the
advantage of distinguishing more clearly between preci-
sion and accuracy). Note that in some statistics books, ac-
curacy is used for overall systematic error, (correctness in
Fig. 2, e.g., Saunders and Fleming, 1957), in others for the
combination of random and systematic errors (as used in
Fig. 2, e.g., Lyon, 1970).

Each measurement that is carried out for a quantitative
analysis has a degree of uncertainty. There are two
sources of error: random errors (determining the preci-
sion) and systematic errors (responsible for the correct-
ness of the result, see Fig. 2). Only if both error sources
are small, can accurate results be obtained.

Random errors

These are introduced by the degree of inability to mea-
sure the same quantity exactly in repeated measure-
ments. When carrying out an experiment, e.g. weighing
with a high precision balance, one will notice that there
are slight differences in the measured weights. The best
estimate of the result is provided by the mean value,
which is obtained by adding up all individual measure-
ments, and dividing them by the number of measure-
ments. When a large number of these measurements are
plotted on a frequency diagram, they follow a normal, or
Gaussian distribution. The Gaussian curve is bell shaped
and is defined by two parameters, the mean value and the
standard deviation, o,.

The standard deviation (SD) means that there is a
68.3% probability that a single measurement falls within
the range of mean value * o,. However, about one-third of
all measurements will fall outside this range. The 2o,
range contains 95.4% of all measurements (one in twenty
results will still fall outside this range!) and the 3o, range
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Fig. 2. Relationship between random and systematic errors.
Random errors govern the precision, systematic errors the cor-
rectness. Accurate results can only be obtained if both error sour-
ces are small (after Wagner, 1998). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

contains 99.7%. To be explicit, if the dating result of a sin-
gle sample of human material is 10,000 + 1,000 years, its
age has about a two-third chance to be anywhere within
9,000-11,000 years, and a one-third chance to either be
younger than 9,000 years or older than 11,000 years. No
one betting on horses would ignore such odds. Also, when
analyzing larger sample sets, it lies in the nature of statis-
tics that some samples lie outside the 2-c range (here
8,000-12,000 years). These are not necessarily outliers
and should not be ignored when assessing and interpret-
ing analytical results. Data sets can be analyzed with
appropriate tests to check whether certain results are out-
liers or not (using ¢ or %2 tests, for more details, see e.g.,
Lyon, 1970).

The standard error, S,, defines the confidence interval
for the mean and is the standard deviation divided by the
square root of the number of measurements. This means
that the confidence interval of a mean value is critically
dependent on the number of measurements that have
been carried out, i.e., the uncertainty in the mean can be
reduced by increasing the number of measurements. This
relationship can be used to improve the age determination
of an object or a stratigraphic unit (provided the samples
have the same age). Compared to a single measurement,
the age uncertainly is halved, when measuring four
samples.

Systematic errors

The difference between random and systematic errors
are shown in Figure 2. The systematic error may have
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been caused by incorrect calibration. For example, if the
balance was calibrated with a weight of 105 mg instead of
100 mg, we can determine a weight of a sample very pre-
cisely with a large number of repeated measurements, but
the mean of our measurements will be 5% off the correct
weight. Here, the systematic error, oy, is 5%. There are
two main sources for systematic errors. The first source is
method specific and derives from the fact that nearly all
dating techniques are based on certain assumptions (e.g.
for radiocarbon dating that the production of radiocarbon
in the atmosphere was constant in the past, or for ESR
that the few measured « efficiency values apply to all sam-
ples). The second source is laboratory specific and derives
from the specific analytical techniques and data evalua-
tion procedures carried out in different laboratories. In
some cases, the method specific systematic errors can be
easily evaluated (see radiocarbon calibration, below), in
other cases they are virtually unknown and cannot be
determined. Laboratory specific systematic errors can be
assessed in laboratory intercomparison projects and are
usually reasonably small for simple isotopic methods
(such as radiocarbon, U-series, or K/Ar dating), but can be
surprisingly large for other techniques (for ESR, see
Wieser et al., 2000, 2005).

Error propagation

As we have seen above, each individual measurement
has, in the ideal case, a Gaussian distribution, which can
be calculated from counting statistics. Roddick (1987) pro-
vided the strategy for propagating errors for a function,
e.g. an age equation, which contains several independent
variables, each associated with an individual error. The
age errors can be calculated in this way for the age func-
tions of radiocarbon or “°Ar/*°Ar dating (see e.g. Renne,
2000). Some age functions are derived from complicated
formulae, where analytical error propagation may provide
unrealistic estimates, as, for example, for U-series data
close to the limit of the method (Ludwig, 2001). Other age
results are derived from nonsolvable equations and esti-
mated by iteration processes. As a consequence, it is some-
times not possible to analytically calculate the influence of
each error source on the final result. In these cases, Monte
Carlo strategies can be used to estimate the overall errors.
The age calculation is repeatedly carried out (at least
1,000 times) and each parameter is randomly varied
within the measured uncertainty. The age simulation
results are then statistically evaluated. Because of the
nonlinear nature of many dating equations, the dating
results may have nonsymmetrical errors (i.e. the plus
error differs from the minus error, see e.g. Fig. 13, below).

The details of error calculation are the subject of
ongoing discussions in the scientific communities of the
various dating techniques. For the user of dating laborato-
ries, it is important to know that the errors given with a
result are meaningful. The errors for stratigraphic units
can be deduced from the error of the mean, provided that
samples are not of mixed ages. The chronology for a given
site can be refined with the application of Bayesian analy-
sis (for more details, see Buck et al., 1996). In the case of
human remains, where only one or two samples are avail-
able for measurement, it is not possible to improve the
precision of the dating result by measuring more samples.
As we will see below, some of the results on human
remains are associated with such large errors that any
chronological interpretation would be fatuitous.

RADIOCARBON DATING

In archaeological research, radiocarbon is the most
widely applied and best established dating technique.
There are numerous books and reviews on radiocarbon
dating, some were recently published by Taylor 1997,
2001; Hedges (2000); Higham and Petchey (2000); Trum-
bore (2000).

Basic principles

The element carbon occurs in nature in three isotopic
forms: the stable isotopes '2C (with a natural abundance
of 98.9%) and 2C (1.1%) as well as the radioactive isotope
¢, radiocarbon. In the atmosphere, only about one in
one billion (10'%) carbon atoms is *C. The basic principles
of radiocarbon dating are shown in Figure 3. When cosmic
high energy particles collide with atoms in the upper
atmosphere, some of the atoms break up. Amongst the
spallation products are slow, thermal neutrons, which
may interact with nitrogen, oxygen, and carbon to produce
14C. By far the most abundant reaction is that of the sta-
ble isotope N converting into **C by absorbing a neutron
and emitting a proton. The newly formed radiocarbon
atoms oxidize to 1*CO, molecules, which are rapidly mixed
throughout the atmosphere and hydrosphere. Within
about 8 years, any local radiocarbon spike is completely
mixed with the global atmosphere (Nydahl and Lévseth,
1983).

Once C is formed, it starts to decay. One of its neu-
trons transforms into a proton through the emission of a
negatively chargedf; particle. In that way, C turns into
the stable isotope *N. The rate of decay is controlled by
the isotope’s half-life, which is defined as the time
required for half of the number of initial radioactive atoms
to decay. After another half-life the number of atoms have
halved again and so on. The atmosphere has constant *C
levels, which are maintained by the production of new “C
in the atmosphere on the one hand and decay of **C on the
other (steady state equilibrium).

From the atmosphere, *CO, is incorporated into plants
by photosynthesis and, to a lesser extent, absorption
through the roots. The *C-concentration of the living tis-
sue of a plant is in equilibrium with the atmosphere due
to constant absorption of *C from the atmosphere and its
subsequent decay. Animals feeding on plants and drinking
water also introduce 'C into their system, where it
remains in equilibrium with the atmosphere. When the
tissue dies (which may be associated with the death of the
organism or conversion of sapwood into hardwood),
absorption of C from the atmosphere or hydrosphere
stops and the number of **C atoms continuously decreases
through radioactive decay. If the amount of radiocarbon in
the living tissue is known, then the amount of radiocarbon
left in the dead plant or animal can be used to assess the
time that has passed since its death. This is the radiocar-
bon age of the sample.

Radiocarbon dating was introduced to archaeology in
the late 1940s by W.F. Libby (e.g. Arnold and Libby, 1949,
1951a). At the time, the best estimate for the half-life of
radiocarbon was 5,568 = 30 years (Arnold and Libby,
1951b). This was revised in the early 1960s and the
accepted estimate of the half-life is now 5730 * 40 years
(Mann et al., 1961).

Because isotopes have different weights, fractionation
may occur in physical processes, such as evaporation or
diffusion. During photosynthesis, plants preferentially
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Fig. 3. The basic principles of radiocarbon dating. When cosmic rays interact with atoms in the upper atmosphere, some of the
spallation products are slow, thermal neutrons. These may interact with N to form the radioactive isotope *C. The newly formed
radiocarbon atoms oxidize to 1*COs, which is rapidly mixed with the rest of the global atmosphere. Mainly through photosynthesis 4C
is incorporated into living plants. The whole faunal food chain incorporates radiocarbon, which is ultimately derived from plants and
drinking water. As a result, the radiocarbon activity of living tissues is in equilibrium with the atmosphere (there is a steady state
between newly incorporated radiocarbon and its decay to *N). After the living tissue of the plant or animal dies, no radiocarbon is
exchanged with air, and the previously incorporated radiocarbon decays. A radiocarbon age can be calculated by comparing the amount
of radiocarbon left in the sample with the present day amount in living tissue. Atmospheric radiocarbon is also incorporated into carbo-
nates such as mollusk shells, corals, or speleothems, which can also be dated by radiocarbon (background drawing with kind permis-
sion of F.M. Griin). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

incorporate the lighter isotopes, i.e. plant tissue is rela-
tively depleted in 4C, by between 2 and 6%. This would
correspond to apparent ages of between 160 and 480 years
(a 1% decreased radiocarbon concentration corresponds to
an apparent radiocarbon age of ~80 years). The fractiona-
tion that has occurred during the incorporation of *C can
be assessed by measuring the *C/'2C ratio in the sample.
The fractionation of a sample is measured against a stand-
ard and expressed in delta (3) units (permil difference
between the sample and a standard). The *C/*2C fractio-
nation is then assumed to be twice the *C/'2C fractiona-
tion. For example, if the sample has a 2C value of —10%,
(relative to atmosphere), its *C is depleted by 20%o.
The physiological processes in herbivores lead to an
enrichment of '*C over their diet (about 4%o in collagen
and 9%o in apatite), carnivores show significantly less frac-
tionation relatively to their diet. The collagen extracts
from most human bones have !3C values in the range of
about —10 to —22%, (e.g. Bronk Ramsey et al., 2000a,b).

Radiocarbon measurement

The activities of the sample and modern standard can
be measured by either observing the rate of decay of *C
atoms or by measuring the amount of *C atoms present
in the sample. Because of the scarcity of human material,
decay counting techniques are not appropriate, because
they require large amounts of sample (e.g. Loosli et al.,

1980; Schotterer and Oeschger, 1980). Until recently, the
direct measurement of radiocarbon atoms required large
tandem accelerator mass spectrometers (AMS) (e.g., Fin-
kel and Suter, 1993; Theodorsson, 1996; Tuniz et al.,
1998). New technical developments have resulted in low-
energy, single stage accelerators, which are significantly
smaller and less expensive, plus they can be maintained
by fewer people (e.g. Schroeder et al., 2004). The dating
range of radiocarbon is limited to an apparent age that is
obtained on a sample that does not contain any radiocar-
bon (for example, geological coal or oil). This apparent age
arises from CO; contamination during sample prepara-
tion, memory effects in the equipment and electrical noise
in the detectors. The total procedural background levels
for AMS are in the range of 50—55 ka for geological, radio-
carbon free anthracite (Bronk Ramsey et al., 2004b).

Conventional radiocarbon ages

As mentioned above, the best estimate of the half-life is
5730 = 40 years, a significantly smaller value than was
originally used. In order to maintain continuity, it was
decided that all radiocarbon ages reported in the journal
“Radiocarbon” are based on the old half-life. Furthermore,
the term “before present” (BP) was introduced, which
takes reference to the year 1950. A conventional radiocar-
bon date, expressed in years BP, is calculated by (Stuiver
and Polach, 1977):
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1. the use of the 5,568 year half-life;

2. the assumption that the specific atmospheric “C ac-
tivity was constant;

3. the use of oxalic acid as standard for the amount of
initial radiocarbon;

4. normalization for isotopic fractionation on a value of
313C = —25% (the value of wood relative to the PDB
standard, a belemnite from the Pee Dee formation);

5. the base year of 1950, with ages given in years BP.

Because of this specific definition, the term BP should
not be used for reporting the age estimates of any other
method. The radiocarbon timescale, as defined by Stuiver
and Polach (1977), differs from the real (calendar) time-
scale. The two time scales are connected by calibration
(see below).

Changes in the past atmospheric specific
radiocarbon activity

A few years after the conception of radiocarbon dating,
it turned out that the production of radiocarbon in the
atmosphere had not been constant over time. This was
shown by measuring tree rings and comparing their
known age with the radiocarbon results. Subsequently,
dendrochronological samples were used to establish radio-
carbon calibration curves. It has proved difficult to find
deciduous trees that can extend the continuous chronol-
ogy beyond about 12,000 years ago (because of the severe
climatic changes related to the last ice age). Prior to this
time, radiocarbon calibration is based on U-series dated
corals (e.g. Bard et al., 1998; Burr et al., 1998) and speleo-
thems (Vogel and Kronfeld, 1997; Goslar et al., 2000; Beck
et al., 2001), radiocarbon results on laminated lake sedi-
ments (Kitagawa and van der Plicht, 1998a, b, 2000), as
well as radiocarbon data on planktonic foraminifera,
which were correlated to the annual-layer chronology of
the GISP2 (Greenland Ice Sheet Project Two) ice core
(Voelker et al., 1998, 2000). Recent effects on the *C con-
centration have been introduced by humans, such as the
combustion of fossil fuels since the industrial revolution
(Suess, 1955), or nuclear testing (see Manning and Melhu-
ish, 1994; Levin et al., 1996). Over most of the past 45 ka,
the Earth’s ma,cifnetic field was weaker than today, causing
an increased C production and apparently younger
radiocarbon ages (e.g. Bard, 1997, 1998). This general
trend is overprinted by changes in atmospheric CO5 con-
centration, which are particularly well documented in the
Antarctic ice cores. The Vostok core shows strong
increases of atmospheric CO, at onsets of interglacial
periods (e.g. Barnola et al., 1987; Petit et al., 1999). These
increases, because of variations in the COy exchange
between atmosphere and oceans, have a similar effect as
the burning of fossil fuels: the calibration curve becomes
flat and radiocarbon dating becomes problematic. Figure 4
shows a summary of calibration data for the time span of
10-50 ka (from Hughen et al., 2004a, see also Shackleton
et al., 2004). It can be seen that between 10 and 44 ka ago,
the conventional radiocarbon results are significantly
younger than the independent age estimates, prior to that
time both time scales are closely similar. Up to about 30
ka, the offset of up to 5 ka between radiocarbon ages and
those of independent dating techniques lies within a rela-
tively narrow error range. For samples older than 30 ka,
the different calibration approaches yielded significantly
different results. For example, the study based on the Ba-
hama speleothem (Beck et al., 2001) yielded significantly
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Fig. 4. Compilation of radiocarbon calibration data for the
time range of 10-50 ka (after Hughen et al., 2004a, modified
and kindly provided by Konrad Hughen). It is obvious that any
calibration beyond 30 ka is associated with substantial uncer-
tainty (Reproduced with permission from Hughen et al., Sci-
ence, 2004a, 303, 202—-207). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

younger radiocarbon dates than the marine material, and
furthermore shows very strong fluctuations in the radio-
carbon dates between 44 and 40 ka. These fluctuations,
which could have serious implications for past ocean circu-
lations, are not replicated in the other data sets. The data
obtained from Lake Suigetsu are older (Kitagawa and van
der Plicht, 1998a, b, 2000) than those from the marine
environment.

Calibration of conventional radiocarbon dates

For younger radiocarbon dates (<26 ka), conventional
radiocarbon ages (BP) can be easily converted into a cali-
brated ages (cal BP). The calibration curve is plotted with
one and two-sigma error envelopes (see Fig. 5). Depending
on the shape of the curve, three qualitatively different
results may be obtained:

1. if the calibration curve is steep, the calibrated radio-
carbon age may have smaller errors than the conven-
tional age (Fig. 5A, lower calibration);

2. if the calibration curve is shallow, the calibrated
radiocarbon age may have larger errors than the con-
ventional age (Fig. 5A, upper calibration);

3. if the calibration curve has pronounced peaks or
troughs, several age ranges may be possible (Fig. 5B).

Because of the shape of the calibration curve, the ori%i-
nal (Gaussian) error distribution of the conventional **C
date does not produce a similar distribution in the cali-
brated C age. Instead of giving a mean age with one or
two sigma errors, the projections give probability distribu-
tions for the calibrated age, which are not normal proba-
bility distributions. Thus, calibrated ages are usually
given as age ranges, representing the one or two sigma
error of the conventional radiocarbon age estimate and
the corresponding error envelope of the calibration curve.
Calibrated radiocarbon age estimates are denoted with
“cal BP,” i.e. calibrated (or calendar) ages before 1950 AD
(Van der Plicht, 2000). The presently recommended cali-
bration curve is IntCal04 (Reimer et al., 2004), for the ma-
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Fig. 5. Calibration of conventional radiocarbon ages.

Depending on the shape of the calibration curve, the calibrated
ages may have smaller or larger errors than the conventional
radiocarbon age (A), or may result in two separate age ranges
(B). Calibration data from INTCAL98 (Stuiver et al., 1998;
http://depts.washington.edu/qil/). Central line: mean age value;
next pair of dotted lines: 1-c error in age and projection of the
1-c error envelope of the calibration curve; outer dotted lines:
the same for a 2-c age error. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com. ]

rine environment see Hughen et al., 2004b. Calibration
programs are used calibrated age ranges from measured
4C dates, for example OxCal (Bronk Ramsey, 2001, 2005;
http://c14.arch.ox.ac.uk/oxcal.php).

For the dating of the disappearance of recent human
groups such as the Neanderthals of Europe or Homo erec-
tus in Asia, the age range of 60,000-30,000 cal BP is of
particular interest. Van der Plicht (2000) reviewed the
state of the art of radiocarbon calibration and pointed out
that the data sets relating to the calibration of radiocar-
bon ages before 24 ka are at present not unambiguous
enough to be regarded as calibration curves. He prefers
the term “reference datasets.” This still seems to apply af-

ter the publication of the newer data sets. As a rule of
thumb, it can be assumed that the calendar ages of radio-
carbon results between 30 and 40 ka BP are ~5 ka older
(for noncontaminated samples, see below). However, the
use of calibration programs such as Calpal (Weninger et
al., 2002; http://www.calpal.de/calpal/index.htm) in the
time range of >30,000 years seems at present premature
(Van der Plicht et al., 2004; Reimer et al., 2006).

Postdepositional carbon exchange

The main problem in attaining reliable radiocarbon
ages of older samples lies in the fact that nearly all sam-
ples, particularly bones, exchange CO5 with their environ-
ment. For young samples, any exchange has little effect
on the calculated age. Figure 6A shows the effect of carbon
exchange (expressed in percent modern carbon, pMC). If
samples experience a carbon exchange corresponding to
0.02 pMC, it is not possible to exceed an age of about
70,000 years, 0.5 pMC corresponds to about 44,000 years
and 5 pMC to 25,000 years. Figure 6B shows how much
contamination is required to lower the radiocarbon age of
a sample by between 1 and 5 half-lives. For example, the
human remains of Vogelherd, originally associated with
the early Aurignacian, were dated to about 5,000 BP
(Conard et al., 2004). Other material, also associated with
the Aurignacian, yielded radiocarbon results of around
32,000 BP (Conard and Bolus, 2003). If the young ages of
the human material were due to contamination, the
27,000 age underestimation in a 32,000 BP old sample
would require a contamination with modern carbon of
60% (which is extremely unlikely). The incorporation of
“dead” carbon is not a significant problem. Regardless of
the age of the sample, incorporation of 5% dead carbon
will increase the age of a sample by 412 BP.

Radiocarbon dating of bones and teeth

Bones are notoriously difficult to date because with
time, their original organic matter decomposes, and the
mineralogic compounds change. Besides the formation of
new minerals (Piepenbrink, 1989), disintegration of the
mineral phase and conversion of the amorphous phase
into hydroxyapatite is observed (Newesely, 1989) as well
as growth of the crystal size of hydroxyapatite (Hassan
et al., 1977) even under subaerial conditions (Tuross et al.,
1989). Furthermore, bones may exchange a large amount
of ions with their environment. To obtain original, unal-
tered bone material, radiocarbon dating is usually carried
out on bone collagen. Collagen is a group of proteins that
are part of whitish fibers found in tendons, ligaments, car-
tilage, etc. The collagen extracted from fossil bones can be
checked for contamination by analyzing its amino acid
composition (e.g. Van Klinken and Mook, 1990) and/or the
carbon/nitrogen ratio. Routine extraction techniques are
usually associated with contaminations in the range of
0.2-2 pMC (particularly for small collagen yields, see Fig.
2 in Bronk Ramsey et al., 2004a). Some of this contamina-
tion can be removed using ultrafiltration techniques
(Bronk Ramsey et al., 2004a). Where bones do not contain
sufficient, uncontaminated collagen, any radiocarbon re-
sults are questionable. Tooth enamel (viz-a-viz dentine) is
not routinely dated by radiocarbon because it is difficult to
extract unaltered chemical components and older tooth
enamel has a tendency to exchange secondary carbonates
(Hedges et al., 1996b; Griin et al., 1997).
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Chappell et al. (1996) analyzed a large number of radio-
carbon age estimates and showed that the vast majority of
shell samples with radiocarbon age estimates in the range
of 22-40 ka BP were most likely of last interglacial (or
older) age, i.e. older than 125,000 years. This implied that
the shells had exchanged carbon equivalent to between
about 1 and 5 pMC (the real amount of carbon exchanged is
higher because carbon that was taken up at some time in
the past has already partly decayed). One can reasonably
assume that the same applies to bones, where apparent age
results of >30 ka BP are, more often than not, minimum
age estimates. In the context of an archaeological site, this
can be alleviated to some extent by analyzing a large num-
ber of samples and select the results of those bones, which
gave the highest collagen yield and where other contami-
nants were negligible. At an archaeological site, one can
usually observe a significant scatter in the radiocarbon
results for a particular archaeological layer (see e.g. Devil’s
Lair, Western Australia: Turney et al., 2001). Provided
reworking can be excluded, it is usually thought that the
oldest results are the most reliable ones, because of incre-
mental contamination of the samples leading to younger
ages. Such multisample approaches are usually not feasible
on human remains. If associations of the human specimen
with other datable material cannot be established, any pos-
sible contamination is difficult to assess.

The radiocarbon dating attempts of the Vindija Nean-
derthal may serve as an example (see below). The radio-
carbon results on the Neanderthal remains were unex-
pectedly young (Smith et al., 1999). It was thought that
the reasonable reproducibility of the radiocarbon analyses
of two subsamples was an indication that the sample was
not contaminated. Unfortunately, besides being random
and otherwise opposed to any dating attempts, nature
seems also capable of providing constant contamination
levels in the subsamples of a Neanderthal skeleton.
Indeed, a subsequent radiocarbon study using ultrafiltra-
tion techniques yielded significantly older ages (Higham

et al., 2006a). In other words, if one cannot check the reli-
ability of an old (~ > 30 ka) radiocarbon date on bones by
independent or systematic means, it is difficult to assess
whether such a radiocarbon date is reliable. Although this
sound rather discouraging, the same applies to all samples
where only one or two analyses are available, and indeed
to single stand-alone results of most dating techniques.

Dating range

Radiocarbon dating of bones exceeds 45 ka only in
exceptional circumstances, because of the problems of con-
tamination as well as the limitations of accelerators. The
application of ultrafiltration pretreatment techniques
seem to overcome some contamination problems and
radiocarbon ages of up to 55 ka are obtainable on bones
(e.g. Higham et al., 2006a,b; Jacobi et al., 2006). This is,
however, on the proviso that the samples actually contain
unaltered, original organic matter.

U-SERIES DATING

U-series is a family of dating methods based on meas-
uring disequilibrium in the two naturally occurring decay
chains of the element uranium, 238U and 2%°U. In recent
years, U-series (Th/U) has become one of the most widely
applied and accurate dating technique in Quaternary sci-
ences. The most comprehensive reviews of the application
of U-series measurements in earth sciences are the books
edited by Ivanovich and Harmon (1992) and more recently
by Bourdon et al. (2003). Reviews on U-series dating in
Quaternary and archaeological sciences have been pub-
lished by Schwarcz (1993, 1997), Ku (2000), Latham
(2001), and Pike and Pettitt (2003).

Basic principles

The element U has two naturally occurring decay
chains, the parent isotopes being 238U (99.28% natural
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abundance) and 2*°U (0.72%). 223U decays via eight « and
a number of B decays to the stable isotope 2°6Pb, 2%°U via
seven o and several B decays to 2°’Pb (see Fig. 7). When
the decay chains are in equilibrium, the activity (decays
per time unit) of all isotopes within the decay chain is the
same, i.e., the number of atoms of a parent isotope (333U
or 23°U) decaying within a given time period is the same
as for all intermediate isotopes as well as the number of
stable end members produced (2°Pb and 2°"Pb, respec-

235y
7.04x108 a

o *[3
231p,
3.27x104 a

AL y
227Th
18.7d

y '

223R,
114d

' Y

219Rrn
39s

v ayp
1.8x1073 s

o« y B !
211p;

2.2m

ayp

207pp

tively). U-series dating is based on the different geochemi-
cal behavior of uranium (U), thorium (Th), and protacti-
nium (Pa). Uranium in the U%* oxidation state is water-
soluble, whereas Th and Pa are in practical terms water-
insoluble. Natural waters therefore contain traces of U,
but are virtually free of Th and Pa. Minerals precipitated
from water, such as secondary carbonates (e.g., speleo-
thems, travertines, shells, corals etc.), contain uranium,
but no Th and Pa. Therefore, the 23°Th/?**U activity ratio
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in the 22%U decay chain as well as the 231Pa/?35U activity
ratio of the 22°U decay chain are zero at the time of forma-
tion of these minerals (¢ = 0). As soon as the parent iso-
topes are incorporated into a mineral, they start to decay
and isotopes of the decay chains grow towards secular
equilibrium, where all activity ratios are indistinguish-
able from 1. A U-series ages can be calculated from the
measured Th/U or Pa/U activity ratios and the mathemat-
ical function behind U-series disequilibrium. For practical
purposes, after about seven half-lives of the daughter iso-
tope, equilibrium is restored. The half-lives of ***Th and
231pg are 75,690 + 230 a and 32,713 + 110 a, respectively
(Robert et al., 1969; Cheng et al., 2000), thus allowing Th/
U and Pa/U dating to about 500 ka and 200 ka, respec-
tively. Other U-series dating approaches are based on iso-
topes with much shorter half-lives, such as 22°Ra (T, =
1,300 a) and 21°Pb (T, = 22.3 a), see Schwarcz (1989) and
Noller (2000), respectively. In tune with their short half-
lives, the dating ranges of these methods are limited to
very recent times.

The other naturally occurring decay chain that of >2Th,
which decays via six a decays to the stable isotope 2°Pb,
has not been used for dating of Quaternary materials,
because all isotopes of this decay chain have such short
half-lives, which makes them unsuitable for datin§ via
disequilibrium (see Fig. 7). However, the presence of %*2Th
can be used to identify contamination of the samples.

230Th/234U (Th/U for short) dating is slightly comg)li—
cated because most natural waters have an excess of 24U
over 238U (e.g. chapter V in Cherdyntsev, 1971). This is
due to the fact that 23*U is produced by o-decay of 2%4U:
when an o particle is emitted, the decaying atom recoils,
which in turn leads to a weakening of its lattice position.
Dissolution of minerals starts preferentially at weakened
lattice sites, as a consequence, these solutions are enriched
with 234U. Alternatively, the recoiled atom can be directly
ejected from the mineral surface into the solution. Because
of its long half-life 245,250 = 490 a (Cheng et al., 2000),
the excess 2*U activity has to be taken into account.

U-series measurement

The measurement techniques for U-series dating were
recently reviewed by Goldstein and Stirling (2003). Until
the late 1980s, U-series isotopes had been measured by «
spectrometry. An alternative is y spectrometry (Yokoyama
and Nguyen, 1980). The latter method has the disadvant-
age that only a small percentage of the total number of ra-
dioactive decays is associated with y-ray emissions. There-
fore, the analytical errors of vy spectrometry are consider-
ably larger than of « spectrometry. The advantages of v
spectrometry are that important paleoanthropological
samples can be measured without any sample preparation
or destruction and that the isotopes of both U-decay
chains can be measured simultaneously (e.g. Yokoyama
and Nguyen, 1981; Yokoyama et al., 1988, 1997).

Edwards et al. (1987a,b) were the first to use thermal
ionization mass sgectrometry (TIMS) for the combined
measurement of 2%%U, 2%U, and 2°Th. Similar to AMS
measurements of radiocarbon, mass spectrometric meas-
urements of isotopes are far more precise than decay
counting techniques. As a consequence, the dating range
was expanded from about 350 ka to about 500 ka, and
much smaller samples can now be analyzed. Edwards
et al. (1997) demonstrated that 2*'Pa could also be meas-
ured by mass spectrometry. Recent developments in laser
ablation ICP-MS (inductively coupled plasma mass spec-

trometry) have demonstrated that in situ analysis of U-
series isotopes (2%8U, 234U, and 22°Th, but not 23'Pa) in
bones and teeth is feasible (Eggins et al., 2003, 2005).

U-series dating of bones and teeth

U-series dating has been applied with great success to
corals (e.g. Edwards et al., 1987a, b; Bard et al., 1990,
1998), as well as speleothems (e.g. Beck et al., 2001). For
these materials, U-series provides highly precise and
accurate age estimations. Unfortunately, these materials
are nearly never (corals) or only rarely directly associated
with paleoanthropological specimens, e.g. calcite or cal-
crete incrustations were found on the human fossils at
Petralona (Liritzis, 1980, 1982; Shen and Yokoyama,
1984), Guattari (Blanc, 1939; Schwarcz et al., 1991), Singa
(McDermott et al., 1996), and Liujiang (Shen et al., 2002).

It is well known that bones and teeth are open systems
for uranium. Under normal circumstances geochronolo-
gists try to identify samples that show open system behav-
ior to avoid their analysis. Nevertheless, there have been
numerous attempts to apply U-series dating to bones and
teeth, because of the lack of other suitable dating material
and the age restrictions of radiocarbon dating at paleoan-
thropological sites (see above). Modern bones and teeth
contain only very small amounts of U (<1-50 ppb, Tandon
et al., 1998), whereas archaeological specimens may con-
tain several hundreds of ppm U. For dating, the temporal
uptake of uranium has to be reconstructed. If U-uptake is
the dominating geochemical process (as observed by the
simple fact that archaeological bones have higher U-con-
centrations than modern bones), an apparent U-series age
(based on a closed system assumption) would underesti-
mate the correct age of the bone. The same would apply, if
Th was leached from the bone. There are, however, no
observations implying that Th-loss takes place in nature.
If uranium is leached from the bone (after an initial
uptake phase), the apparent U-series age may overesti-
mate the correct age, the same applies if the bone contains
detrital Th. This can be detected by the presence of 23*Th.

The mechanism of uranium uptake in bones and teeth
is governed by diffusion of uranyl (UO5>"), followed by
adsorption onto the large surface area of the bone mineral
hydroxyapatite (Millard, 1993; Millard and Hedges, 1996;
Pike, 2000; Pike et al., 2002). The diffusion—adsorption
(D—A) model of these authors predicts the spatial distribu-
tion of U and U-series isotopes across a bone or tooth
enamel section. The constant diffusion of uranium from
the outer to the inner surfaces, lead to the development of
U-shaped U-concentration profiles. Over time, these pro-
files will gradually fill-in and flatten as the bone equili-
brates with the U in solution (Fig. 8A). The distribution of
apparent U-series ages follows a similar pattern, with
apparent ages decreasing towards the center of the bone
(Fig. 8B). If the adsorption of the uranium is a continuing
process without changes in the adsorption rate, the mod-
eled D—A ages will be consistent throughout the bone. The
D—A model has the great advantage, in that it allows the
identification of bones with deviating U-uptake histories.
For example, assuming a two stage U-uptake (here 50% of
the uranium was accumulated 10 ka ago, the other 50%
1 ka ago), the U-concentration profile would still look
more or less U-shaped, see Figure 8C (it would be difficult
to judge from the analytical data whether or not the pro-
file concurred with the D—A model). However, the appa-
rent U-series ages would clearly show an inverted profile
(Fig. 8D). U-leaching leads to a U-concentration profile
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diffusion—adsorption parameters D/R. C and D: Two phases of U-uptake. Here it is assumed that half of the uranium migrated into
the sample between 10,000 and 9,000 years ago and a second phase commenced at 1,000 years ago. The U-concentration distribu-
tion (Fig. 8C) seems to conform to the expected U-shaped profile (Fig. 8A). However, the distribution of apparent U-series age esti-
mates (Fig. 8D) clearly shows more recent age estimates at the outside. The dotted lines show the expected U-concentration and U-
series age profiles separately for the two uptake events. E and F: U-leaching. Leaching is demonstrated by decreasing U-concentra-
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age distribution (Fig. 8B), however, the ages near the surface of the bone would overestimate the correct age of the sample. Dotted
lines: expected U-concentration and U-series age profiles without leaching (Fig. 8A,B redrawn from Pike et al., 2002).

with decreasing U-concentrations towards the surface of
the bone (Fig. 8E). After the measurement of the U-con-
centration profiles, appropriate analytical strategies can
be implemented. For details on the application of the D-A

model, see Pike et al. (2002). For his dissertation work,
Pike (2000) used solution ICP-MS for the assessment of
the U-concentration profile and TIMS for U-series analy-
sis. Samples were obtained by drilling and underwent
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kindly provided by Alistair Pike, University of Bristol) (Reproduced with permission from Pike et al., J Quaternary Sci, 2005, 20, 59-65).

subsequently chemical isotope separation. Following this
approach, the full analysis of a bone may take several
weeks to months. New developments in in situ U-series
microanalysis, using laser ablation multicollector ICP-MS
(Eggins et al., 2005) reduce sample preparation to simply
cutting a sample to provide a plane surface for the laser
scan. The isotopic measurements take about 1 h. Figure 9
shows the results on two bone samples from Steetley
Wood Cave (Pike at al., 2005). Note that the U-concentra-
tion profile is rather flat, indicating a high diffusion rate
into the bone (compare to Fig. 8A).

There is perhaps one caveat to the D—A model. Some
bones may have been buried for a significant amount of
time with little or no U-uptake. At a later stage, uranium
may become mobile in the vicinity of a bone, due to
changes in the hydrological system, e.g. erosion leads to
the draining of an aquifer. This corresponds to the chemi-
cal scenario shown in Figure 8C,D, but the amounts of U-
uptake in the later phase would be much larger than in
the earlier one. Here, the D—A model may yield significant
age underestimations, without the hint of the earlier U-
uptake phase. An example for this is perhaps the site of
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Fig. 10. U-uptake functions according to the p-value system for
a series of p-values (from Griin et al., 1988). EU (early U-uptake)
and LU (linear U-uptake) are two special cases frequently discussed
in literature, because they can be relatively easily modeled.

Hoxne, which is the type locality of the Hoxne Interglacial
(Singer et al., 1993). Hoxne has been correlated with ma-
rine isotope stage (MIS) 11, therefore, it has an expected
age of around 370-415 ka (Bassinot et al., 1994). U-series
analysis on bones (Rae and Ivanovich, 1986; Rae et al.,
1989) were difficult to interpret (some bones showed
leaching), but a number of U-series results from bone sur-
faces yielded ages of less than 100 ka. On dentine sam-
ples, all U-series ages were <60 ka (Schwarcz and Griin,
1993), implying a very late U-uptake.

Open systems can also be recognized by the simultane-
ous measurement of 23°Th/23*U and 3'Pa/***U ratios of
bone samples (e.g. Chen and Yuan, 1988; Leitner-Wild
and Steffan, 1993). At the moment, the D—-A model has
not yet been adopted for combined Th/U-Pa/U dating.
Instead, open 22°Th-231Pa systems in bones can be mod-
eled, e.g., using the one parameter uptake equation of
Griin et al. (1988), the so called p-value system. A one pa-
rameter U-uptake equation, U@) = U, @/T)® * 1, is used
for the modeling of U-uptake, where U(¢) is the uranium
concentration at the time ¢, Uy, the measured, present day
U-concentration, T the age of the sample, and p the
uptake parameter. Some representative functions of
which are shown in Figure 10. Two special cases are asso-
ciated with p-values of —1 and 0. A p-value of —1 corre-
sponds to the closed system, or the so-called early uptake
(EU) model, which assumes that any uranium in the sam-
ple was accumulated shortly after burial and that dura-
tion is small compared to the age of the sample. A p-value
of 0 corresponds to the so-called linear U-uptake (LU)
model. Because these two models are relatively easy to
implement mathematically, they have been used in
numerous dating studies as limiting cases (see also ESR
section below). The p-value diffusion function has no
underlying physical meaning (in opposite to the D-A
model, see above), but it has the advantage that a single
function can be used to model saturating as well as sublin-
ear U-uptake (in contrast to single parameter exponential
functions). Nevertheless, any uptake functions derived
from the D—A model can be closely assimilated by a p-
value function. Furthermore, the real uptake history of a
given sample may be more complex than can be modeled
by either approach.

Simpson and Grin (1998) used concordance diagrams
for their y spectrometric measurements. These concord-
ance diagrams show the measured 2°°Th/2*®U versus
231pa /2350 ratios, along with 2**U/**3U evolution lines

(Fig. 11), whose position in the diagram depend on the U-
uptake function (compare Fig. 11A,B). Concordance is
obtained when the 23°Th/?38U-231Pa/?35U data point lies,
within error, on the measured 2**U/2*8U iso-line. Concord-
ance diagrams can be calculated for any g-value. One
should be aware, however, that the iso-2**U/?*®U lines do
not change much in their position for U-uptake histories
that are more delayed than the linear uptake model (i.e. p
> 0). This means that 2*°Th/?**U-23Pa/?3*U modeling of
samples that have experienced a delayed, sublinear U-
uptake history will always be associated with quite large
errors. Alternative concordance diagrams were presented
by Cheng et al. (1998).

It can be seen that the error of the vy spectrometric mea-
surement is too large to distinguish between closed sys-
tem, early U-uptake (Fig. 11A) and linear U-uptake (Fig.
11B). In the example given, the vy spectrometric age would
range between about 55 ka (some leaching is possible, see
below) and 150 ka. The typical errors that can be obtained
by TIMS (Edwards et al., 1997; Cheng et al., 1998; small
error ellipses in Figs. 11 and 12) would allow far more
detailed modeling of U-uptake or loss. If the data had
been obtained by TIMS, the open system age would range
between 90 and 98 ka (with associated p-values of —0.67
and —0.57, respectively). The concordance plot can also be
used to recognize overall U-leaching (Fig. 12). The vy spec-
trometric measurements of this data set cannot be used to
distinguish between closed system (indeed a slight U-
uptake is also within error) and 20% U-loss, resulting in
an age range of between 80 ka (p = —0.88) and 52 ka (for
20% leaching). TIMS, on the other hand, would result in
ages of between 64.2 and 63.5 ka (between 5.5 and 6.5%
leaching). It seems clear from these exemplary calcula-
tions that there is an urgent need to develop and apply
TIMS Th/Pa dating on bones. Apart from the much higher
precision, TIMS could be used for an improved Th/Pa D-A
model. Suitable samples could be identified through U-
concentration profiles with laser ablation ICP-MS.

Dating range

The range of U-series dating depends on the ability to
measure isotopic ratios that are different from, but close to
equilibrium. This depends on the size of the errors, which
is a function of the U-concentrations in the sample and the
detection system (see above). TIMS measurements can be
used to estimate closed system 23°Th/?34U ages of up to
about 500 ka, a spectrometry to about 350 ka and vy spec-
trometry to about 250 ka. The limits for 2*'Pa/***U dating
are ~200, 130, and 100 ka for TIMS, « and vy spectrometry,
respectively. Using TIMS, a coral as young as 180 years
was measured with a 2-c error of 5 years (Edwards et al.,
1987b). This demonstrates the particular power of U-se-
ries dating, when applied to ideally suited material.

The dating range of samples, which have been subject
to an open system, can potentially greatly exceed that of
closed system samples. If a sample has experienced
delayed U-uptake, and its history can be reconstructed
e.g. through 23°Th/?*®U-23!Pa/?3®U analyses, dating in
excess of 1 Ma may become feasible.

Errors

Because of the exponential nature of the age function,
U-series age errors are asymmetrical (see Fig. 13). Finite
ages can be produced as long as the measured 23°Th/?3*U
ratio is statistically distinctive from equilibrium. Ludwig

American Jowrnal of Physical Anthropology—DOI 10.1002/ajpa



14 R. GRUN

A 1 Early Uranium Uptake (EU) el
] e Vi § 2 g
0.9 <
0.8
- -
J -
1 - -
5 079 : o
ﬁ : - -
. — -
= .
2 e
a3 0671 e b I it BN | | N
i - I UU=1.319
o I - - -
e
0.5 == :
:" - — BAAR
0'3 T T T T T T T T T T T T T T T T T T
0.65 0.7 0.75 0.8 0.85
Blpa /B
1 = _
B [ Linear Uranium Uptake (LU) :
[ 234, 1,238 et
L ¥ i B o :
09 1arn P!
e -
-,
[ -
r -
0.8 e
B P
-
r T = - 23 1A%¥1=1 319 Fig. 11. Concordance diagrams for
0.7 - L g e combined Th/U and Pa/U dating. A:
E i i Early U-uptake (p = —1, see Fig. 10);
b F S B: Linear U-uptake (p = 0, see
E E - Fig. 10). When the measured
= o6l — P s ’ 230m/23877.231P4 /235 data point lies on
= , = o S : . _
S P - NI the evolution line of the measured
- . U U= 2342381 ratio (dotted line), concord-
. ance is achieved. Concordance diagrams
05 k—" can be calculated for any p-value. The
- errors in the y spectrometric measure-
ment of the Mungo 3 skull (corrected for
. detrital 222Th), outer error ellipse, do
04k not allow the distinction between early
and linear U-uptake. Typical TIMS
| errors (inner error ellipse) would allow
- detailed open system modeling (data
0.3 —_— e from Thorne et al., 1999). [Color figure
0.65 0.7 0.75 0.8 (.85 can be viewed in the online issue, which
5 is available at www.interscience.wiley.
BlpaB5y com.]

and Titterington (1994) and Ludwig (2003) described the
details of the error propagation for U-series age estima-
tions. The Isoplot program (Ludwig, 2001), which can be
obtained directly from Kenneth Ludwig (kludwig@bgc.
org), offers comprehensive routines for error calculation of
U-series analyses. Close to equilibrium, Monte-Carlo
strategies are preferred for error calculations.

The main error source for U-series dating of bones lies
in the mobility of uranium. Error calculation for open sys-

tem modeling is not well established, Monte Carlo strat-
egies seem most appropriate for these complex systems.
The particular case of linear U-uptake was discussed by
Bischoff et al. (1995).

ESR DATING

Electron spin resonance (ESR) is one of several trapped
charge dating methods, which are based on the time de-
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pendent accumulation of electrons and holes in the crystal
lattice of certain common minerals (e.g. quartz, feldspar,
zircon, apatite). In that way, the minerals act as natural
dosimeters. The methods differ by the instrumentation
and physical processes that are used for the measurement
of the trapped charge, and besides ESR comprise of ther-
moluminescence (TL, see e.g. Aitken, 1985; Mercier et al.,
1995a; Prescott and Robertson, 1997), optically stimulated
luminescence (OSL, Roberts, 1997; Aitken, 1998) and
radioluminescence (RL, Krbetschek et al., 2000). However,
only ESR can be applied to bones and teeth, hence to
human material. ESR applications in earth sciences were
comprehensively reviewed in the book of Tkeya (1993) and

ESR dating applications in archaeology and paleoanthro-
pology by Griin, 1997, 2000a, b, 2001), Griin and Stringer
(1991) and Rink (1997).

Basic principles

Insulating minerals (such as the mineral phase of tooth
enamel, hydroxyapatite) have two energy levels at which
electrons may occur: the ground state (valence band) and
a higher energy state, the conduction band (see Fig. 14).
Electrons are not stable in the forbidden energy zone,
which separates these two energy bands. Naturally occur-
ring radioactive isotopes emit a variety of rays, which ion-
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ize atoms. Negatively charged electrons are removed from
the atoms in the valence band and transferred to the con-
duction band, positively charged holes remain near the
valence band. After a short time of diffusion, most elec-
trons will recombine with holes, returning the mineral
back to its original, electrically neutral state. All natural
minerals contain defect sites (e.g. lattice defects, intersti-
tial atoms etc.), at which electrons and holes can be
trapped. The traps are characterized by the activation
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Fig. 14. The basis for ESR dating: trapping of electrons and
holes. E, = activation energy or trap depth (from Griin, in
press).

energy, which is the energy difference between the con-
duction band and the trap. The trapped electrons and
holes form paramagnetic centers, which can be detected
with an ESR spectrometer giving rise to a characteristic
ESR signal. Alternatively, ionizing radiation can also split
the bonds of molecules resulting in the formation of free
radicals (e.g. CO3 — COgy + 0O), which behave like para-
magnetic centers. The latter scheme is the one commonly
observed in tooth enamel (Fig. 15).

When teeth are formed, the ESR signal is zero. Natural
radiation generates new free radicals, trapped electrons
and holes. The corresponding ESR signal intensity will
increase, until the sample is measured in the laboratory.
The signal of the sample is called natural intensity (see
Fig. 16), which is dependent on the number of traps, the
strength of the radioactivity (dose rate, D) and time. The
product of dose rate and time is the dose, D,, that the sam-
ple was exposed to in the past. An age, T, is derived from
the simple relationship:

T
D. = /0 D(t)dt

If the dose rate is constant, this equation is reduced to:

Th]e)z determination of the D, value is the actual ESR
part of the dating procedure. The dose rate is calculated
from the analysis of the radioactive elements (mainly Th,
U, and K) in the sample and its surroundings. The concen-
trations of the radioactive elements are converted into
dose rates by published tables (see Table 1, below). The
determination of the radioactivity that influences the
sample is rather complex and has to be carefully eval-
uated (see Fig. 20, below).

(1)

ESR measurement

ESR intensities are measured with off-the-shelf ESR
spectrometers (manufactured e.g. by Bruker, JEOL, Var-
ian etc.). An ESR spectrometer has three basic compo-
nents: a strong electromagnet, a microwave generator
(Gunn diode or klystron), and an electronic processing
unit. The sample is measured in a cavity, which is con-
nected to the microwave generator by waveguides and

1507
’ natural
’ 5. o irradiated
— 100"_ )
= J P
8 ] P
z 507 3
= ’ e |
= ] il
E 0 i .
2 . :
7l ] L. Fig. 15. ESR spectra of tooth
- -50= R enamel (from Griin, in press). The
E LA spectrum is dominated by a COg
] radical (Callens et al., 1987). The
- intensity of the ESR signal is often
=100 T T T T T T T T T T T T measured from the top of the peak
. to the base of the second dip, but
3360 3380 3400 3420 3440 there are numerous other ways to

Magnetic-Field (10” T)

estimate the intensity of an ESR
spectrum (see Griin, 2002).
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Fig. 16. Dose (D,) determi-
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the natural intensity, the sam-
ple is irradiated in the labora-
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TABLE 1. Dose rates for the U and Th decay chains and K
(Adamiec and Aitken, 1998)

D, Dy D, (uGy/a)
1 ppm 38U + 25U 2780 146 113
1 ppm 232Th 732 27 48
1% K 782 243

located between the pole shoes of the magnet. The para-
magnetic centers have permanent magnetic moments,
which are generated by the rotation (spin) of unpaired
electrons, specifically by their negative charge (the mag-
netic moments of paired electrons cancel each other). In
an external magnetic field, this magnetic moment can
assume two energy states: a ground state, when orien-
tated into the direction of the magnetic field, and an
excited state, when orientated into the opposite direction.
The transfer of the magnetic moment from the lower to
the higher energy level can be induced by absorption of
electromagnetic waves with a discrete frequency. The
amount of absorbed microwave energy is directly propor-
tional to the number of paramagnetic centers, and, in the
end, to the age of the sample. Because the physical dimen-
sions of the waveguide and the cavity are critically de-
pendent on the microwave frequency, the magnetic field is
varied linearly for an ESR measurement.

Note that the ESR measurements for dating do not
require the determination of the absolute numbers of par-
amagnetic centers, only relative concentrations (=ESR
signal intensities) are needed for the establishment of the
dose response curve (see Fig. 16, below). Most modern
ESR spectrometers are stable enough that neither inter-
nal nor external standards are required.

Measurement of the dose value, D,

To provide reliable results, the measured ESR signal
must have the following properties:

e The initial signal (at ¢ = 0) is either zero or can be
experimentally determined.

e The signal intensity grows proportionally to the dose
received.

rrrrjrfrryrrrryrrrryrrrryrrrryrreryrrrrx

0 50 100 150
Radiation Dose (Gy)

200 250 300

e The signals must have a stability, which is at least one
order of magnitude higher than the age of the sample.

e The number of traps is constant. Recrystallization,
crystal growth or phase transitions must not have
occurred.

e The signals should not show anomalous fading.

e The signals are not influenced by sample preparation
(grinding, exposure to laboratory light, etc.).

Large systematic errors may arise should any of these
points not be fulfilled and the effects not be identified.

The term equivalent dose stems from the fact that
the laboratory procedures utilize monoenergetic B or vy
sources, whereas the dose the sample has received in the
past is the sum of multienergetic «, B, 'y, and cosmic rays
(see below). Thus, the experimentally determined dose
value is the B or vy equivalent of the naturally received
dose.

For the measurement of D, a powdered sample is irra-
diated in the laboratory to develop a calibration curve of
signal intensity versus applied dose for each sample. This
plot (dose response curve) is used to extrapolate to zero
ESR intensity, which yields the D, value from the inter-
cept with the X-axis (Fig. 16). The dose response curve is
not linear (e.g. Griin, 1996), but most often described by a
single saturating function (e.g. Brumby, 1992).

D, estimation on human material

When working on human teeth, it is of course not feasi-
ble to work on enamel powder. Griin (1995) suggested to
measure fragments instead. These fragments can be rein-
serted into the original tooth after measurement (see Fig.
17). For the extraction of a tooth enamel fragment, break-
age is preferred over cutting because the latter procedure
would lead to a loss of material caused by the cut with a
diamond blade (around 100 um). The tooth enamel of
many archaeological teeth has developed cracks, at which
enamel pieces separate easily (see Fig. 17C). After reinser-
tion of the measured enamel piece, the teeth look virtually
undamaged (Fig. 17D). Some important specimens do not
show any natural breaks (e.g. Tabun C2), here it is not
possible to extract a sample for ESR measurement.
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Fig. 17. Removal of a enamel fragment from Tabun C1. A: The Tabun C1 mandible. B: The fragment removed. C: Nearly all
teeth in the mandible have cracks along which the enamel separates. Breakage, rather than cutting, has the advantage that no
enamel material is lost. D: Test refitting of the enamel piece. The tooth appears virtually undamaged (photos kindly provided by C.
Stringer, Natural History Museum, London). [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

The ESR spectra of tooth enamel, which are dominated
by the COg radical (Callens et al., 1987; Vanhaelewyn
et al., 2000), are anisotropic. This means, that the shape
of the ESR signal depends on the orientation of the tooth
enamel fragment in the magnetic field (see Fig. 18). After
removal of a fragment from a human tooth (see Fig. 17),
it is mounted in a programmable goniometer, which
rotates the sample in a horizontal plane. The ESR mea-
surement is then carried out in 10° steps. Figure 19
shows the full breadth of ESR spectra as a function of
angle for two orientations of the enamel fragment in the
ESR spectrometer. In Figure 19A,C, the dentine/enamel
surface is parallel and perpendicular to the rotational
plane, respectively. When all spectra are merged, this
results in a powder-spectrum, as one can expect from ba-
sic physics. A serious problem arises from the observation
that the calculated dose values also show angular
dependencies (Fig. 19B,D). This is due to the fact that

the ESR spectra of the natural sample are qualitatively
different to the portion of the ESR intensity that is added
to the natural sample through the laboratory irradiation
process. Whilst the natural spectrum is dominated by ori-
entated CO; radicals, the laboratory irradiation adds a
mix of orientated and nonorientated CO5; radicals
(Callens et al., 1995, 2002; Brik et al., 1998; Vanhaele-
wyn et al., 2002; Griin, in preparation). The dose estima-
tions show angular dependencies (Fig. 19B,D), because
the natural sample mainly contains oriented CO5 radi-
cals whereas laboratory irradiation generates additional
nonorientated COy radicals in the sample. The contribu-
tion of the latter radicals to the total signal is angle inde-
pendent whereas the contribution of the orientated COg
radicals is angular dependent. The net result is that the
relative signal intensities of the irradiated samples show
an angular variation with respect to the natural sample.
A relatively small contribution of the angular CO; radi-
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Fig. 18. ESR spectra of enamel fragments with different orientation in the magnetic field. The components of the ESR spectrum
split up (compare to powder spectrum in Fig. 15). [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

cal to the total signal results in relatively small dose val-
ues (e.g., around 50° and 230° in Fig. 19C,D), larger con-
tributions in higher dose values (e.g., around 110° and
280° in Fig. 19C,D).

With time, some of the nonorientated CO5 radicals will
turn into the orientated species (Brik et al., 2000). The
occurrence of the two radical species, and the conversion
of the one into the other, may be the explanation for some
fading that has been observed in some younger samples
(Griin and Ward, 2002). The effect of the occurrence of the
nonorientated CO3 radical on the reliability of D, mea-

surements has not yet been quantified. It should be noted
that this effect is not observable in powder spectra,
because the powder spectra of the two CO5 species are
identical (Griin, 2006). Nevertheless, D, results derived
from powder spectra should contain a similar systematic,
yet unresolved, uncertainty. Generally, one would expect
that the dose values are underestimated, and that there-
fore the resulting ages are too young. However, it is not
likely that this will cause large systematic errors, as inde-
pendent age comparisons indicate only a small trend
towards ESR age underestimation in the range of 5-10%,
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Fig. 19. ESR measurement of an enamel fragment rotated around different axes. ESR spectra of the natural sample are
recorded in 10° steps and stacked. A: Rotation around the axis parallel to the enamel/dentine boundary. B: Dose estimation from
spectra recorded in the configuration shown in diagram A. C: Rotation around the axis perpendicular to the vertical direction of the
tooth (the spectra resulting of the rotation around the third major axis look the same as this diagram). D: Dose estimation from
spectra recorded in the configuration shown in diagram C. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

as for example shown for Border Cave (Griin et al., 2003, three different ionizing rays, which are emitted from the

see below).

The errors of the parameters describing the dose
response curve can either be obtained by analytical
expression (Brumby, 1992) or Monte Carlo simulation
(Grin and Brumby, 1994). °

Determination of the dose rate, D

The dose rate is calculated from the concentrations of
radioactive elements in the sample and its surroundings
(only the U and Th decay chains and the “°K-decay are of
relevance; a minor contribution comes from 3Rb in the
sediment), plus a component of cosmic rays. There are

American Jowrnal of Physical Anthropology—DOI 10.1002/ajpa

radioactive elements (see Fig. 20):

v rays (photons) have a range of about 30 cm.

Beta rays (electrons) have a range of about 2 mm.

a rays (He nuclei: particles consisting of two protons and
two neutrons) have only a very short range of about 20—
40 pm, because of their large size they collide with many
atoms in the crystal lattice, causing visible damage (a-
tracks). a Particles are less efficient in producing ESR in-
tensity than B and y rays. Therefore, the « efficiency has
to be determined, which is the ratio of the ESR intensity
generated by a given « dose over the ESR intensity gen-
erated by an equivalent y or B dose. a Efficiency values
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Fig. 20. Schematic representation of the different external components of natural radiation relevant for dose rate calculations
(Qz = quartz, Fsp = feldspar). High energy cosmic rays are attenuated once they penetrate the sedimentary layers. For practical
purposes, the cosmic ray dose rate becomes negligible at a depth of about 20 m. y Rays have an average range of about 30 cm.
Rays have average ranges of a few mm. Smaller samples, such as teeth or shells, are completely penetrated by external B rays
and the affected volume cannot be removed. « Rays have average ranges of a few tens of pm. In addition to the external dose rate
sources, samples receive a portion of the internally generated «, B, and vy rays (from Grin, in press based on S. Stokes as shown in
Aitken, 1998: Fig. 2.2). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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for tooth enamel are in the range of 0.13 * 0.02 (Griin
and Katzenberger-Apel, 1994).

The concentrations of radioactive elements within the
sample are usually very different from its surroundings.
Thus, internal dose rates and external dose rates have to
be assessed independently. Furthermore, it is necessary to
estimate the cosmic dose rate, which is about 300 pGy/a at
sea-level and decreases with depth below ground. Is also
dependent on altitude as well as geographic latitude (for
more details, see Prescott and Hutton, 1988, 1994).

The conversion of the elemental analysis into dose rates
are shown in Table 1. Dose rate calculations become more
complicated, when disequilibrium in the U-decay chains
or attenuation factors have to be considered (for details
see Aitken, 1985, 1998; Griin, 1989).

Estimation of the external dose rate of
tooth enamel

The calculation of the external dose rate is dependent
on the size of the samples (Fig. 20). The removal of the
outer 50 pm of the sample eliminates the volume that was
affected by external « irradiation. This volume is rou-
tinely removed from the tooth enamel and not further con-
sidered. This, however, cannot be done when working on
human teeth. It can be shown, however, that the external
« contribution on the total dose rate is only a few percent
(Griin, 1987). Human tooth enamel has thicknesses in the
range of 0.8—1.2 mm, therefore it is not possible to remove
the outer 2 mm for the elimination of the external § dose.
Therefore, the enamel receives external B radiation,
which decreases with depth. As a result, B attenuation
factors have to be calculated (for more details see Brennan
et al., 1997; Marsh, 1999). The external § dose rate has to
be calculated separately from the external y dose rate,
because the B dose rate is generated from the sediment
immediately attached to the sample, whereas the vy dose
rate originates from all sediment that is within a radius of
about 30 cm around the sample (see Fig. 20). The B dose
rate from the sediment is derived from the chemical anal-
ysis of U, Th, and K and the evaluation of the water con-
tents. Water absorbs some B and vy rays. Its presence in
the surrounding sediment has to be considered in the cal-
culation of the B and y dose rates (Bowman, 1976; Aitken
and Xie, 1990).

The v dose rate can normally not be deduced from labora-
tory analyses, but has to be measured in situ with a porta-
ble, calibrated vy spectrometer or TL dosimeters. This is
because most environments show an inhomogeneous dis-
tribution of radioactive elements, e.g. caused by layering of
sediments (clays usually have a higher radioactivity than
sands) or the occurrence of larger rocks (lumpy environ-
ment: Schwarcz, 1994). In situ measurements have the
advantage of including the present-day water content of
the surrounding sediment. A further complication arises if
the teeth analyzed were buried in their original jaw. On the
one hand, the bone material from a mandible or skull
shields a tooth from the sediment dose rate, on the other
hand, it provides some y dose from its internal radioactive
elements. This effect can be rather large, in the range of
>10% of the total y dose rate (see Nathan and Griin, 2003).

Many paleoanthropological sites have been completely
excavated in the past and it is not possible to measure any
external dose rates. In some cases it has been attempted
to reconstruct the external vy dose rate from museum sedi-
ment samples (see discussion in Griin and Stringer, 2000).

This process is usually associated with very large errors
because the sediment samples may show a large spread in
the concentrations of the radioactive isotopes. Further-
more, any effects of a lumpy environment cannot be
addressed (i.e. the original sediments might have con-
tained larger boulders and pebbles etc., which, of course,
were not collected - see Schwarcz, 1994).

Estimation of the internal dose rate in
tooth enamel

This parameter is mainly generated by a and B rays
emitted from elements within the sample. In the tissues
of teeth, the U-decay chains are in disequilibrium (see U-
series dating methods, above). This affects the average
dose rates and can be taken into account mathematically
(Griin, 1989). The « efficiency is difficult to determine,
because of size requirements for ESR measurements. The
most commonly used value for tooth enamel is 0.13 = 0.02
(Grin and Katzenberger-Apel, 1994), but note that Chen
et al. (1994) measured a value of 0.223 * 0.013.

Dose rate calculations for tooth enamel are further com-
plicated by the fact that enamel and dentine accumulate
uranium over time (see U-series section, above). The
explicit history of the uranium uptake may have signifi-
cant implications for the calculation of the average dose
rate, and, thus the age of the sample. Conventionally, two
uranium uptake models have been calculated: early U-
uptake (EU) and linear U-uptake (LU), see also U-series
section, above. For the EU model, it is assumed that all
the uranium measured today was accumulated by the
tooth within a short time after its burial. The linear U-
uptake model (LU) predicts that the uranium has been
accumulated continuously over time in a linear fashion
(see U-uptake functions in Fig. 10). The differences in EU
and LU age calculations are small as long as the U-con-
centrations in the samples are moderate. However, with
increasing U-concentrations, the EU-LU age difference
increases until the LU age is nearly twice the EU age. In
the interpretation of ESR dating results it had generally
been assumed that the correct age of a sample was brack-
eted by the EU and LU age calculations. It has been recog-
nized since, however, that teeth from a considerable num-
ber of sites (perhaps in the region of 10—-20%) may have U-
uptake histories that lie outside the age range defined by
the EU and LU models (see below). This may be due to U-
leaching or strongly delayed U-uptake caused by changes
in the hydrological environment of the samples. It should
be emphasized that in these cases, in spite of the very
large age range covered by the parametric EU and LU
models for teeth containing considerable amounts of ura-
nium, the age results may still be grossly erroneous. Fur-
thermore, there is no first-principle argument that could
possibly be used to prefer one model over the other.

To overcome the problem of the unknown U-uptake his-
tory, Griin et al. (1988) suggested the analysis of the ESR
samples for U-series isotopes. Uranium series dating
results are similarly influenced by U-uptake, but to a dif-
ferent extent than ESR (the LU U-series age is always
nearly twice the EU age). For combining ESR and U-
series dating results, Griin et al. (1988) introduced the
p-value system (see Fig. 10 and associated text in the U-
series section). The different constituents of teeth usually
give somewhat different U-series isotope results. The
measurements of U-series isotope data on the bulk tissues
of a tooth are used for the establishment of the relation-
ships between apparent U-series ages and p-values, start-
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Fig. 21. Combination of U-series and ESR dating (from

Griin et al., 1988) for sample 145, a tooth from Hoxne (see also
Fig. 22). A: Apparent U-series ages are calculated from the
measured isotopic ratios (i.e. 22°Th/?**U and 2**U/?*®U) and a p-
value starting from p = —1 (for p-values, see Fig. 10). The
crosses indicate the p-values for dentine and enamel that are
obtained after the calculation of the U-series/ESR age (Fig. B).
B: Using the relationship between p-values and apparent U-
series age estimates (from Fig. A) in combination with all other
dose rate parameters, doses are calculated for any given age.
The projection of the measured D, value onto this function
yields the combines U-series/ESR (US-ESR) age of the sample.
The p-values for the different constituencies of the tooth can be
read from Figure A.

ing from the closed system ages (Fig. 21A). The p-value vs.
age relationships for uranium in conjunction with all
other dose rate parameters are then used to compute dose
values for any given age (Fig. 21B). The projection of the
measured D, onto this function yields the combined U-
series/ESR age. Returning the calculated age to the func-
tions in Figure 21A yields the corresponding p-values. It is
of course not possible to reconstruct the actual U-uptake,
which may be episodical. To assess the influence of the
model function on age calculation, Griin, 2000c introduced
an  alternative  calculation for combined U-
series/ESR dating. In the closed-system U-series/ESR
(CSUS-ESR) model, it is assumed that all uranium
migrates into the constituents of a tooth at a time corre-
sponding to the closed system U-series age of that tissue.
Figure 22B (below) shows the difference in the U-uptake
model between the p-value and CSUS models for the con-
stituents of two teeth from Hoxne. The CSUS-ESR model
yields the oldest possible age that can be calculated from
given U-series and ESR results, whereas p-value system
calculations result in the youngest possible age. In most
cases the difference between the p-value and CSUS calcu-
lations is in the order of a few percent. This indicates that
combined ESR/U-series dating is not particularly sensi-
tive on the explicit U-uptake history, as long as no leach-
ing takes place.

It may be educational to return to the site of Hoxne.
Using the analytical values of Griin et al. (1988), with the
modifications outlined in Griin and Schwarcz (2000), one
would obtain EU ages in the range of about 100-210 ka
(164 = 41 ka) and LU ages between 175 and 300 ka (245 +
50 ka). The enormous age range covered by these two
parametric models (100—-300 ka!) would still underesti-
mate the expected age of MIS 11, around 370-415 ka (Bas-
sinot et al., 1994). The p-value calculations returned an
age of 404723 _,, ka and the CSUS-ESR 437 * 38 ka (here,
the model dependency is about 8%, the largest observed so
far). Both results agree within error with the expected age
range (see Fig. 22A; Griin and Schwarcz, 2000). Figure
22B shows the differences in the uptake functions behind
the p-value and CSUS-ESR calculations.

Measurement of radioactive elements
and isotopes

A wide range of analytical techniques can be used for
the analysis of radioactive elements. In the field, the
external vy dose rate can be measured with thermolumi-
nescence dosimeters or a vy spectrometer. Elemental con-
centrations can be measured with X-ray fluorescence,
ICP-MS, neutron activation analysis etc. Uranium and
thorium concentrations of the teeth, as well as U-series
isotopes can be measured in situ by laser ablation multi-
collector ICP-MS (Eggins et al., 2005, see above). Where
the U-concentrations are too low for the in situ analysis of
234U and #°Th (U < 0.5 ppm), their contribution to the
total dose rate is usually so small that the uncertainties in
the reconstruction of the U-uptake are of minor concern.

Errors in ESR age estimations

The evaluation of random errors is straight-forward.
The error in the D, estimation is usually within 1-5%.
Thus far, the systematic error caused by the nonorien-
tated CO; radical has not been assessed. The typical pre-
cision of dose rate assessments is in the range of 5-7%.
Some systematic errors are introduced by assumptions.
These occur because not all parameters are measured or
can be measured. For example, the water contents of the
sediments might have changed over time, some sediments
might have had some radioactive disequilibrium in the U-
decay chain (e.g., by Ra-mobilization, Rn-emission, for
examples see Prescott and Hutton, 1995; Grin et al.,
2006), the «a efficiency in ESR is difficult to measure and is
based on the analysis of a few samples (Chen et al., 1994;
Griin and Katzenberger-Apel, 1994), radioactive disequili-
brium within the samples and surrounding sediments are
rarely measured, etc.

Although error calculation should be straight-forward,
and has been outlined in detail by Aitken (1985: his Ap-
pendix B), most publications mix the random and system-
atic errors and treat them equally. Note that nearly all
ESR age estimations are given with 1-c errors.

If the external dose rate is reconstructed from museum
sediment samples, it is usually associated with very large
errors (>20%, see above). If the teeth contain significant
amounts of uranium, the errors introduced by an
unknown U-uptake history may be as high as 50%, if the
assumption is made that the EU and LU models bracket
the true ages of the samples. If all dose rate parameters
can be measured, including U-series isotopes, the 1-c
errors (precision) of ESR ages on teeth are in the range of
5-9%, systematic calibration errors may be as high as 5%.
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Fig. 22. Dating results for the site of Hoxne. The CSUS-age estimates present the maximum possible age that can be calculated
with given ESR and U-series data while the US-ESR yields the minimum age. It is thus possible to check the model sensitivity of
combined U-series/ESR dating. The lower diagram shows functions of the U-uptake histories used for the calculation of the US/ESR
and CSUS/ESR open system age estimates (from Griin and Schwarcz, 2000). [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com. |

Because of the considerable amount of uncertainties
outlined above, the uninitiated reader might already have
come to the conclusion that ESR could be regarded as ana-
lytical extravagance with little chronological virtue. A dis-
cussion of the ESR results obtained from a series of sam-
ples from Border Cave (see below) might serve at least as
temporary remedy.

AAR DATING

Nearly all applications of amino acid racemization
(AAR) dating on bones and teeth have not been very suc-
cessful (see below). Nevertheless, this application is cov-
ered here not only for the sake of completeness, but also
because some new applications on dentine recovered from

teeth found in caves seem to have yielded promising
results. It could therefore be expected that in the near
future, AAR may experience a renaissance in its applica-
tion on human bones.

Reviews on various aspects of AAR dating were pub-
lished by Hare et al. (1980, 1997), Miller and Brigham-
Grette (1989), Rutter and Blackwell (1996), Wehmiller
and Miller (2000). Johnson and Miller (1997) reviewed the
archaeological applications of AAR analysis.

Basic principles

AAR dating is a chemical dating technique. Amino acids
consist of four basic building blocks attached to a central
carbon atom: a carboxylic acid group (COOH), an amino
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group (NHy), a hydrogen atom, and a radical group (e.g.
CH;0 for serine, CoH305 for aspartic acid etc., see Hare,
1969). Amino acids occur in two chiral forms (not super-
posable on its mirror image), similar in symmetry to the
left and right hands. Amino acids are optically active, the
L-type (leevorotatory) turns a plane of polarized light to
the left, the p-type (dextrorotatory) to the right. - and p-
amino acids are informally called “left-handed” and “right
handed”, respectively. Nearly all living organisms exclu-
sively produce L-amino acids. After death, L-amino acids
convert into the p-type by a process called racemization.
For some amino acids, racemization takes place over geo-
logical times, their D/ ratio can be used for dating, until
equilibrium is achieved (usually p/. ~ 1). AAR dating may
be applicable to samples as old as one million years
(Murray-Wallace et al., 2001).

Figure 23 shows the two most commonly used reactions
for geochronological purposes, the racemization of L to D-
aspartic acid and the epimerization of L-isoleucine to D-
alloisoleucine, a nonprotein. Racemization involves at
least one intermediate step (see Fig. 23A). The hydrogen
atom can be removed forming a negatively charged carbon
anion. The hydrogen atom has subsequently two possible
locations to which it can be reattached. If it attaches at
the opposite location, p-aspartic acid is formed. L-isoleu-
cine can convert into D-isoleucine by racemization (both
chiral groups are mirrored) and into p-alloisoleucine by
epimerization (only one of the central chiral groups is mir-
rored; Fig. 23B). In general, the conversion rates of L. to »
and D to L for most racemization reactions are equal. How-
ever, this does not apply for the epimerization of isoleucine
to alloisoleucine, resulting in equilibrium A/I (alloisoleu-
cine/isoleucine) ratios of about 1.3 (see Hare et al., 1997).
Like all chemical reactions, the racemization rate is
strongly temperature dependent. The geological reaction
rates can be deduced from high temperature heating
experiments (e.g. Miller et al., 2001). Figure 24 shows the
general effect of the time/temperature dependence of the
racemization reaction in a geological sample. If the stor-
age temperature is known, D/ ratios can be used for age
estimation. Because of the logarithmic relationship
between the D4 ratio and time, the D/ ratio changes rap-
idly in young samples and more slowly in older ones. This
means that the resolution of AAR, assuming more or less
constant analytical errors, diminishes with the age of the
samples. On the other hand, if the ages of samples are in-
dependently known, AAR values can be used for the
reconstruction of average storage temperatures of a cer-
tain area, i.e. its climatic history (see, for example, the
reconstruction of glacial cooling in the southern hemi-
sphere: Miller et al., 1997b).

Measurement

The amino acids are quantitatively measured with a
range of chromatographical methods (see Wehmiller and
Miller, 2000), such an ion-exchange high-pressure liquid
chromatography, gas chromatography (e.g. Engel and
Hare, 1985; Murray-Wallace, 1993), and more recently,
reversed phase liquid chromatography (Kaufman and
Manley, 1998). Each method has specific advantages and
disadvantages in sample preparation and measurement
resolution, which are discussed in detail by Wehmiller
and Miller (2000). All methods have in common that they
are fast and relatively inexpensive. This allows the analy-
sis of a large number of samples within a reasonably short
time.

Calibration

If all kinetic parameters were known, AAR could be
used as an independent numerical dating technique. How-
ever, an additional problem arises by the fact that the
temperature at a given locality may have changed dra-
matically during the Quaternary. To address this problem,
calibration points are obtained by dating samples with in-
dependent geochronological methods, such as radiocarbon
or U-series. The D/L ratio of the sample and the independ-
ent age estimate are used to fit a certain kinetic model
(see Fig. 24), which is usually derived from heating experi-
ments (see above). To minimize the effects of an unknown
temperature history, calibration points are obtained for
different geological ages (see e.g. Miller et al., 1997a). It
has to be noted that the calibration curves a) are model de-
pendent, b) apply only to one species, and c¢) are restricted
to limited geographical areas with closely similar temper-
ature histories. For the dating or correlation of samples of
unknown age, it is usually assumed that these experi-
enced the same thermal history as the calibration sam-
ples.

Errors

Figure 25 summarizes the principles of error calcula-
tion for amino acid age estimations (from Wehmiller and
Miller, 2000). It is assumed that a sample with a D ratio
of 0.3 and an independent age of 125 ka was used as cali-
bration point, a parabolic kinetic function was fitted to
the calibration point and a temperature uncertainty of
1.5°C has been assigned to the average storage tempera-
ture. A measured D/L ratio of 0.5 would result in a mean
age of 350 ka, a typical measurement uncertainty of 5%
would result in an age error of =40 ka. The error from
the temperature envelope results in age error of about
+60 ka (the error is slightly asymmetrical). The overall
error would be in the 90 ka range. The correct error may
be significantly larger, because of uncertainties in the
measurement of the p/ ratio of the calibration point, its
independent age estimate and the application of equally
likely, alternative kinetic models. Because of the large
uncertainties caused by extrapolations, it is usually ad-
visable to produce several calibration points with differ-
ent ages. This allows age interpolations, which are usu-
ally associated with significantly smaller errors.

AAR dating of bones

During the 1970s, a large number of papers were pub-
lished reporting amino acid dating results on bones using
either isoleucine or aspartic acid. Rutter and Blackwell
(1996) provided a comprehensive compilation of these
AAR data, including a large variety of age estimates on
human remains, e.g. from Border Cave, Swartklip, and
Eyasi and those of the paleoindians from Laguna, Del
Mar, San Jacinto, and Sunnyvale (Bada et al., 1974; Bada
and Helfman, 1975; Masters and Bada, 1978). Particu-
larly, the results from the paleoindian samples with ages
of up to 70 ka caused some controversy (e.g. Bender, 1974),
perhaps because other, independent dating methods
yielded significantly younger ages for these samples (see
Bischoff and Rosenbauer, 1981, 1982; Bada and Finkel,
1982; Taylor, 1983; Taylor et al., 1983, 1985; Stafford et al.,
1984, 1990). Bada (1985) attributed the amino acid age-
overestimations to an unreliable radiocarbon age estima-
tion on the calibration sample as well as bone diagenesis.
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Fig. 23. Racemization and epimerization of the two most commonly used amino acids in geochronology. A: Aspartic acid changes
from the L- into the D-configuration involving an intermediate step, where the hydrogen atom is removed. This results in the forma-
tion of a carbon anion (carbanion). The hydrogen atom can be reattached at its original position, or on the opposite side, then p-as-
partic acid is formed. In equilibrium, the solution will contain an equal mixture of L and p forms. The solid lines present bonds
lying in the plane of the figure, blue triangles connect groups projected forward and the red dashed triangle groups projected
1997). B: L-isoleucine racemization (both the two central carbon configurations are mir-
rored) and epimerization (only one of the central carbon configurations is mirrored). The rates for the two directional epimerization
reactions are different, therefore the solution will equilibrate at an A/I (alloisoleucine/isoleucine) ratio of about 1.3 (after Miller and

behind the paper plane (after Hare et al.,

Brigham-Grette, 1989). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Hare et al. (1997) discussed why AAR ages of bones
were notoriously unreliable and could deviate from inde-
pendent age estimations by up to an order of magnitude.
This has been attributed to the porosity of bones, allowing
for a number of interfering chemical processes to take
place, such as leaching, algal, and bacterial contamina-
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Fig. 24. Age and temperature dependency of D1 ratios. At
constant temperatures the D/ ratio is solely a function of time. On
the other hand, if the age of the sample is known, the D/ ratio can
be used for estimating the average storage temperatures (after
Wehmiller and Miller, 2000). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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tion, precipitation of secondary minerals, variable geo-
chemical conditions in the surrounding matrix, inhomoge-
neity of D/L ratios in different bones from the same skele-
ton etc. In the end, it seems that Bada et al. (1999) agreed
with this judgement.

Nevertheless, some newer studies on cave bear teeth
seem to imply that the pa ratios from the dentine of cave
bears can be used for geochronological purposes (Torres et
al., 1999, 2002). This may be due to the fact that samples
from caves have experienced less temperature and humid-
ity changes than those in open air sites. Preliminary
results on a human tooth from Sidron yielded agreeing
age estimates for radiocarbon, ESR, and AAR (Torres,
unpublished data).

APPLICATIONS

Rather than giving a comprehensive review of all appli-
cations of dating techniques to human remains, I focus on
a few examples to give insights not only the present state-
of-the-art but also the state-of-the-problems.

One of the central questions in paleoanthropology at
large, is the chronology of the evolution of modern
humans. A hotly debated sub-set is the transition from
Neanderthals to modern humans in Europe. The discus-
sion is certainly not helped by the fact that the earliest
Upper Paleolithic, the Aurignacian, has sparse physical
associations with modern human remains and that some
of the formerly associated human remains have turned
out to be significantly younger (Smith et al., 1999; Conard
et al., 2004, see also Table 3 in Trinkaus, 2005). One ques-
tion in my mind, that is rarely addressed, is whether
the occurrence of some scarce human remains in an
archaeological layer necessarily means that these humans
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Fig. 26. ESR and OSL dating results of Florisbad in stratigraphical context (from Griin et al., 1996). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

actually produced the respective layer. For example, are
Neanderthals responsible for the Chatelperronian at
St. Cesaire (Leveque and Vandermeersch, 1980), or the
“Hobbits” for the archaeology at Lian Bua (Morwood
et al., 2004)? Could it be, they were the victims? However,
before airing any more such heretic views on taphonomy
and its implications for the interpretation of the archaeo-
logical record (Mellars, 2004), I prefer to be burnt for my
opinions on geochronology and its relative significance for
the reconstruction of human evolution.

Africa

It has been established for quite some time that ana-
tomically modern humans occurred in southern Africa sig-
nificantly earlier than in Europe. The sites of Klasies
River Mouth and Border Cave contain human remains
that were dated through associated material to between
65 and 110 ka (Deacon et al., 1988; Griin et al., 1990). The
Herto fossils from Ethiopia have been dated to between
154 = 7 and 160 = 2 ka (Clark et al., 2003; White et al.,
2003) and the dating results on Omo Kibish 1 indicate an
age of 195 = 5 ka (McDougall et al., 2005). Because of the
sometimes uncertain relationship between the material
dated and the human fossils (e.g. Faupl et al., 2003 noted
that the samples that were dated to constrain the younger
age limit of the Herto fossils originated from a site several
hundreds of kilometers away, but see reply by Hart et al.,
2003), some valuable additional chronological information
could be obtained by analyzing the fossils directly.

Florisbad

In 1932, T.F. Dreyer discovered human cranial frag-
ments at Florisbad (Dreyer, 1938). The partial cranium
was part of a natural accumulation of mostly carnivore
prey remains, which were trapped in vertical spring vent
structures. The human remains show typical damage
caused by hyena chewing (Brink, 1987, 1988). The Floris-
bad fossil hominid remains consist of much of the frontal
bone and right side of the face, together with parts of the
parietals, maxillae, and the right M2. Clarke (1985) pro-
duced the most recent and realistic reconstruction, in
which the face appeared more archaic in shape than previ-

ously. The human remains of Florisbad are considered im-
mediate precursors for modern humans in Africa (e.g.
McBrearty and Brooks, 2000). The main reason to men-
tion Florisbad here is that it was the first site, at which
direct nondestructive ESR analysis was applied to human
dental material. The fossil could not be dated by associ-
ated material, because, apart from the human remains,
the so-called Spring-Collection of Dreyer contained only
nonprovenanced material, which actually originated from
fossil accumulations spreading perhaps from about 40—
400 ka (see Griin et al., 1996).

Although the right M? cannot directly be fitted to the
skull, it is most likely that it is part of the same individ-
ual, considering that all other human bone fragments are.
Nonetheless, it is actually the only dental material that
can unequivocally be associated with the bones. Two frag-
ments were removed from the tooth and dose values deter-
mined. At the time, laser ablation analysis was not avail-
able and it had to be assumed that the tooth was virtually
uranium free as all other teeth of the site are. The dating
results are shown in Figure 26, yielding an age of about
260 *= 35 ka for the dental material. There is general
agreement with OSL dates on stratigraphically related
sedimentary units, however, all age estimates are associ-
ated with very large errors. While the ESR measurements
could only be improved to a minor extent, the main error
comes from the uncertainty in the reconstruction of the
radioactive environment. OSL could be greatly tightened
up, using more advanced dating protocols (Murray and
Wintle, 2000). The dating results were first perceived with
scepticism, they were regarded as “too old.” With the new
dating results on early modern humans in Ethiopia in the
range of 150-200 ka (White et al., 2003; McDougall et al.,
2005), the ESR results on Florisbad have become some-
what less provocative.

Border cave

The site is located in KwaZulu, South Africa, on the bor-
der with Swaziland. It contains a long stratigraphic
sequence covering the Middle and Late Stone Ages (MSA
and LSA) as well as Iron Age. Eight anatomically modern
hominid specimens were discovered over the years, BC1,
BC2, BC6 to B8 are of uncertain provenance, BC4 is asso-
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ciated with Iron Age deposits, while BC3 and BC5 were
found within MSA contexts (Beaumont et al., 1978; Beau-
mont, 1980, 1994).

Similar to radiocarbon, ESR dating has undergone a se-
ries of changes. Originally considered a simple and rapid
technique, dosimetry turned out to be very complicated,
particularly when applied to tooth enamel, due to the U-
uptake history (see above). Ongoing research into the ba-
sic principles have shown that some assumptions used in
calculations of ESR age estimates were not correct (e.g.
relating to B attenuation, compare Griin, 1986; Brennan
et al., 1997; Marsh, 1999). Consequently, the ESR dating
results on Border Cave have changed over time, mainly
because of advances in dose rate calculations (summarized
in Griin and Beaumont, 2001). As mentioned above, new
observations on the ESR spectra of tooth enamel frag-
ments indicate yet unresolved complications in the defini-
tion of the ESR signal and dose response.

The samples from Border Cave have the advantage of
containing very little uranium, which simplifies dose rate
calculations and eliminates one of the main sources of
uncertainty in ESR age calculations (see above). The
external y dose rate was measured in a detailed survey at
the site. The ESR dating results on powdered faunal tooth
enamel samples from the archaeological sequence at Bor-
der Cave are in reasonable agreement with independent
age results (e.g. Miller et al., 1999; Bird et al., 2003, see
Fig. 27, below). There is perhaps the indication of small
ESR age underestimations (Griin and Ward, 2002).
Because the uncertainties in the dose rate calculations
are well constrained, one would have to conclude that the
systematic errors in the dose estimation, due to the effect
of different species of COy radicals (see description of the
ESR spectra in tooth enamel, above), are unlikely to be
larger than 5-10%.

On the basis of the study of nitrogen contents and infra-
red splitting factors, Sillen and Morris (1996) suggested
that the Border Cave 5 mandible could be of Iron Age (i.e.
around 1,000 years old). In contrast to most of the human
remains at Border Cave, which were found in the spoil
heap of a non-archaeological digging exercise (the local
farmer mistook the aeolian dust for guano), BC5 was
found in situ at the base of the 3 WA (white ash) layer. The
proposed Iron Age for BC5 implied that the excavators
had missed a 1.5 m deep pit from the Iron Age layers at
the top of the sedimentary deposits down to the base of
3WA. This did not entirely delight the excavator in charge.

A small fragment was removed from the mandibular
third right molar and measured with ESR, yielding a dose
value of 150 = 5 Gy. The internal U-distribution was
measured with laser ablation ICP-MS. The analytical
results convert to an age of 74 = 5 ka, in agreement with
the stratigraphically expected age (see Fig. 27). For an-
thropology, the results confirm the antiquity of BC5 and
modern human remains in southern Africa in general. For
ESR, the study demonstrates that powder and fragment
measurements yield stratigraphically consistent age
results, and these are in close agreement with other, inde-
pendent age assessments. Nonetheless, research has to
continue to solve the problem of the effect of the two spe-
cies of the COg4 radicals (see above).

Tuinplaas

The human remains of Tuinplaas (Springbok Flats,
South Africa) consist of a nearly complete skeleton with a
large cranium (Broom, 1929). The provenance of the skele-

ton is uncertain, and only MSA artifacts were found in the
surroundings of the human remains, which led to a loose
association between the fossil and the artifacts (Van Riet
Lowe, 1929). Radiocarbon dating yielded ages of about
5,600 BP for a calcareous crust covering the bones (Vogel
and Marais, 1971) and about 590 BP for a bone sample
(Hedges et al., 1996a). The samples for the latter analysis
were suspected to be contaminated. Pike et al. (2004) car-
ried out a laser ablation U-series analysis, shown in Fig-
ure 28. The U-profile does not pass the quality criteria of
the D—A model, i.e. it does not show a U-shaped profile,
but indicates U-leaching at the outside (decreasing U-con-
centrations). Thus, the chronological information that can
be derived from the laser ablation analysis, is that the
specimen should be older than the apparent U-series age
estimates in the center of the bone and younger than the
apparent ages at the surface of the bone (U-leaching leads
to older apparent U-series ages, see Fig. 8). These consid-
erations lead to an age bracket of 10—23 ka for this speci-
men, implying that it is not related to the MSA artifacts
(though there is a general question as to when the MSA/
LSA transition takes place in southern Africa, see e.g.
Wadley and Jacobs, 2004).

There are a range of other human fossils from Africa in
various stages of ESR/U-series analysis, including sam-
ples from the Cave of Hearths, Hudjiespunt, Irhoud,
Kabwe, Omo Kibish 1, Sale, and Thomas 1 and 3. Some of
the samples have excellent stratigraphical control, others
have not. As mentioned above, the quality of the chrono-
logical information derived from ESR analysis is critically
dependent on how well the radioactive environment can
be reconstructed.

The Near East

The human fossil record of the Levant provides a vital
link between Africa and the world outside this continent.
Thus far, human fossils were analyzed from Tabun, Skhul,
and Qafzeh. This paper is not the forum to discuss the tax-
onomical implications of the anatomical features of the
human fossils from the Levant. Here, I simply follow the
classifications that were used by my collaborators over the
years and call the human remains from Tabun, Kebara,
and Amud Neanderthals and those from Skhul and
Qafzeh, early modern humans. There are numerous publi-
cations, however, which beg to differ (see e.g. Kramer
et al., 2001 and references therein).

Tabun

The cave of Tabun is located in Mount Carmel, Israel.
The archaeological sequence at Tabun is one of the longest
and apparently most complete in Southwestern Asia, and
has become a reference site for the evolution of archaeo-
logical technologies in the Levant (Jelinek, 1982a, b; Bar-
Yosef, 1989). Garrod’s excavations (Garrod and Bate,
1937) led to the recovery of one of the most complete Ne-
anderthal skeletons ever discovered, Tabun I (C1), an
adult female. In addition, a virtually complete adult man-
dible was found, Tabun II (C2). The hominid material was
described by McCown and Keith (1939).

There has been a long-standing discussion as to why the
luminescence (Mercier et al., 1995b) and ESR dating
sequences do not agree (see summary in Grin and
Stringer, 2000). When comparing the two data sets of Mer-
cier et al. (1995b) and Griin and Stringer (2000; Fig. 29),
one can clearly observe a systematic shift between the
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mean values. However undesirable the large error ranges
of the analyses are, the two data sets agree within error.
For the sake of completeness, one should perhaps mention
that Rink et al. (2003) reported the dates of two apatite
vein samples without making any contributions to the
chronology of the site, and a single tooth found in situ in

Layer E; (Rink et al., 2004), which yielded an age obvi-
ously agreeing with the luminescence chronology. From
this Rink et al. (2004) concluded that the other ESR dat-
ing studies at the site had been considerably flawed.

In 1998, Schwarcz and Simpson used vy spectrometry on
two bone samples from the Tabun C1 skeleton. They con-
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cluded that their results indicated a late Middle Paleo-
lithic, perhaps even early Upper Paleolithic age of the
specimen. Their data are shown in Figure 30. The closed
system Th/U and Pa/U ages cover a very wide age range
(Fig. 30A). This becomes significantly worse, when the
data are plotted in the concordance diagrams and open
systems are allowed (Fig. 30B,C). It is evident that the
quality of the vy spectrometric results simply does not
allow us to draw any chronological conclusions (the large
errors in the measurements would allow virtually any
date between a few thousand years and infinity).

A dental sample from Tabun C1 was analyzed by ESR
and for U-series isotopes (Grin and Stringer, 2000).
Again, the chronological interpretation of the results is

not straight-forward. Because there was no sediment
attached to Tabun C1 and its stratigraphic position is
somewhat ambiguous (Bar-Yosef and Callander, 1999), it
is not possible to carry out ESR age calculations. Instead,
in the first instance, one can only use the dose value and
compare it to other teeth from the site (Fig. 31A). Unfortu-
nately, these data are severely scattered, so that a clear
attribution to a specific layer is impossible. The same
applies to the uranium concentration in the dentine (Fig.
31B). Surprisingly, the U-series data on dentine samples
from layers B to E,, cluster tightly and are progressively
older (Fig. 31C). The U-series result from the C1 dentine
is closest to the result of faunal material from Layer B. In
the case of Tabun, rather than being able to carry out a
straight-forward dating analysis, the ESR and U-series
results could only be used to obtain some indication of the
provenance of the skeleton, i.e. that it most probably
relates to Layer B. If this assumption is correct, the ESR
data could then be used for some tentative age calcula-
tions using the full breadth of possible radioactive envi-
ronments. All such calculations resulted in model ages,
which were significantly older than the Middle to Upper
Paleolithic Transition, MUPT, which has been dated in
various parts in Europe and the Middle East to between
about 35 and 42 ka BP.

An isolated human tooth, BC7, was also analyzed with
ESR (Coppa et al., 2005). Similar to the study of C1, the
data could only be used to speculate about the provenance
of the tooth. Model calculations pointed to an age contem-
poraneous with Layer B.

Skhul

Along with the site of Qafzeh, the cave site of Skhul has
significant bearing for our understanding of modern
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human evolution. Located only a few hundred meters
away from Tabun, the site has revealed a significant num-
ber of intentional burials (Garrod and Bate, 1937,
McCown, 1937; McCown and Keith, 1939), the human
remains of which all show modern human features. Asso-
ciated material was dated in a number of studies, closed
system ESR ages on faunal teeth in the range of about
55-100 ka were reported by Stringer et al. (1989) and 46—
88 ka by McDermott et al. (1993), U-series ages on faunal
teeth in the range of 43-80 ka were obtained by McDer-
mott et al. (1993) and TL on burnt flint in the range of
about 99-134 ka by Mercier et al. (1993).

A more recent study by Griin et al. (2005) involved
ESR analysis of a dental fragment from Skhul II, vy spec-

trometric, and TIMS U-series analyses on bones from
Skhul IX. Similar to most other studies, the y spectro-
metric analysis contained limited chronological informa-
tion (Fig. 32). The samples display delayed U-ugtake (as
shown by the fact that the **°Th/?**U-?3'Pa/?**U data
point lies above the closed system iso-23*U/?%8U line), but
open system modeling would also include very high p-val-
ues corresponding to virtually infinite age estimates. A
TIMS U-series analysis on the surface of one of the bone
fragments yielded an age on 131 * 2 ka. Considering
that the +vy spectrometric analysis strongly implied
delayed U-uptake, this TIMS result is more likely a mini-
mum age result than an age underestimate resulting
from U-leaching.
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In contrast to the results on Skhul IX, the apparent
TIMS U-series analysis on the dentine from Skhul II
yielded only 32.1 = 0.8 ka. This is in line with the U-series
results on the dentine of other teeth (Fig. 33A). Most of
these teeth remain unprovenanced with respect to their

location within the site, except for sample 1058, a pig
tooth in clear association with Skhul V and sample 1057, a
bovid tooth associated with Skhul IX (for more details, see
Grin et al., 2005). The dental U-series results could imply
either that a reasonable number of samples, including
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some of the human remains, are of an age perhaps
synchronous with the MUPT, or that the samples with
somewhat higher U-concentrations had experienced a
delayed U-uptake, as indicated by the arrow in Figure
33B. When applying combined U-series/ESR dating, none
of the samples are close to the MUPT (Fig. 34A) and there
is a general, broad trend of delayed uptake (expressed in
p-values, see Fig. 10, above) in those samples with higher
U-concentration (Fig. 34B). The sample from Skhul II,
having the highest U-concentration, indicates the most
delayed uptake. Because of the uncertainties in the recon-
struction of the radioactive environment, Grin et al.
(2005) also modeled how wrong the assumptions for the vy
dose rate have to be, to accommodate MUPT ages (Fig.
35). For the combined U-series/ESR age of Skhul II to
coincide with the MUPT, the values for the reconstruction
of the external dose rate have to be out by at least 3-c.
Most other samples, including those in clear association
with Skhul V and IX, cannot accommodate a MUPT age.
At this stage it is not possible to decide whether the bur-
ial samples are of the same age population or whether
Skhul IX is significantly older than IT and V. If the burials
took place within a short time span, then the best age esti-
mate lies between 100 and 135 ka. If Skhul IX was older

U-accumulation. Open system
modeling would include very
high p-values corresponding to
virtually infinite age results.

than II and V, perhaps around 140 ka, then the best esti-
mate for IT and V is 98713 ka. The open system age results
on the burials are in close agreement with the thermolu-
minescence results of Mercier et al. (1993).

Qafzeh

This site has played a central role in our understanding
of modern human evolution. Qafzeh cave near Nazareth
contained the remains of at least 20 human individuals
(infants, children and adults), some of which seemed to
have been intentionally buried. Qafzeh was first exca-
vated in the 1930s by Neuville and in a second phase dur-
ing 1965-1979 by Vandermeersch (Oakley et al., 1975;
Vandermeersch, 1981). The luminescence dating result of
92 + 6 ka on burnt flints associated with the early modern
human fossils from Qafzeh (Valladas et al., 1988) initiated
a major revision of our Eurocentric perception of modern
human evolution. The luminescence age estimate was con-
firmed by dating analysis of faunal teeth using ESR
(Schwarcz et al., 1988) and U-series (McDermott et al.,
1993). The skull of Qafzeh 6 was analyzed with vy spec-
trometry by Yokoyama et al. (1997), who obtained
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230Th/2317J and 23'Pa/?*5U age estimates of 80774 ka and
94710 ka, respectively. The concordance plot of these ana-
lytical data sets are shown in Figure 36. Because of the in-
herent problems of vy spectrometry to measure 234U, the
calculated 2*U/?28U ratio has a large error. It can be seen
that the 1-c error envelope of the 23°Th/24U-231pPa/23U

measurements does not overlap with the mean 24U/?%%U
value (Fig. 36A). If open systems are considered, the data
set at one end implies U-uptake with a p-value of about
p =~ 0.6, corresponding to an age of about 120 ka (see Fig.
36B), and at the other end leaching of about 70%, corre-
sponding to an age of 34 ka (Fig. 36C). If it was possible to
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tighten the Z**U/?3®U ratio (e.g. by TIMS or laser abla- Vindija

tion), more precise results could be obtained.

There is a range of other human fossils from the Levant
in various stages of analysis, including Amud, Kebara,
Qafzeh 10 and 12, and Skhul 1.

Europe

In Europe, the transition from the Middle Paleolithic
(generally associated with Neanderthals) to the Upper
Paleolithic (generally associated with modern humans) is
well documented and reasonably well dated (see e.g. Boc-
quet-Appel and Demars, 2000; Mellars, 2004, 2006, but
also Pettitt and Pike, 2001 reviewing the pitfalls of radio-
carbon chronologies). Generally, this transition takes
place around 35,000-42,000 years BP. Of particular inter-
est are the sites where Neanderthals have survived for
much longer and those sites where modern humans poten-
tially arrived much earlier.

There is no doubt that radiocarbon dating has played an
outstanding role for establishing the chronology of modern
human prehistory in Europe by providing many reliable
dating results on human remains. One can hardly agree
more with Mellars (2006), who foreshadows a new radio-
carbon revolution as a result of the drastically improved
pretreatment techniques (Bronk Ramsey et al., 2004b;
Higham et al., 2006b, see above). Nevertheless, for any
pretreatment technique to produce reliable results, the
sample must contain at least some unaltered, original or-
ganic material. When bones are older than 30,000 years,
they become more and more diagenetically altered and
exchange significant amounts of their radiocarbon pool
with the environment. As a result, at least some samples
may not contain any pristine organic matter, and their
radiocarbon results become questionable.

This site has acquired an important place in the discus-
sion of the Neanderthal/modern human transition in
Europe, after radiocarbon results of 29,080 + 400 BP and
28,020 = 360 BP were obtained on samples from the Ne-
anderthal posterior mandible fragment (Vi-207) and a
superior fragment of the left parietal (Vi-208), respectively
(Smith et al., 1999). The implications were that Neander-
thals in this region had survived the initial colonization of
Europe by modern humans, and that cultural interactions
between Neanderthals and modern people may have
taken place, particularly as the Vindija Cave contained a
diverse Upper Paleolithic artifact assemblage (Karavanic
and Smith, 1998). Particular weight was given to the ob-
servation that the two samples gave closely similar
results. Nitrogen isotopes in two bone samples revealed
the Neanderthals as top predators, more likely to develop
effective hunting strategies rather than relying on scav-
enging (Richards et al., 2000).

Previously, the mandible (Vi-207) had been analyzed by
v spectrometry (Karavanic et al., 1998; see Fig. 37A,B).
The concordance diagrams imply that the closed system
estimate (45 ka) is a minimum age for the sample and
that the more likely age is around the LU model, resulting
in a mean age of 113 ka (of course, the open system results
are associated with very large errors). The vy spectrometric
results were dismissed by Smith et al. (1999), because the
technique had obviously led to uninterpretable results for
a split-base bone point (Fig. 37C,D). These results meant
that this undoubtedly Upper Paleolithic tool had a mini-
mum age of around 68 ka.

Because the samples from Vindija were the youngest
Neanderthal remains analyzed by a numerical dating
technique thus far, enormous inferences were made with
respect to the colonization pattern of modern humans and
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concordance diagram. B: LU concordance diagram. C: Effect of
leaching (in 10% steps relative to the measured U-concentra-
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for clarity). Because of the large error in the estimation of the
234U/2%8U ratio, open system modeling would allow for ages
between about 34 ka (70% leaching, Fig. 36C) and 120 ka (p ~
—0.6, Fig. 36A,B). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

the possibility of cultural and genetic exchange (Smith
et al., 1999). The site had the advantage of showing signs
of cryoturbation as well as bioturbation of the cultural
layers by cave bears in some areas, which made it easy to
cast doubt on the stratigraphic integrity of the site (e.g.
d’Errico et al., 1998, see discussion by Straus, 1999; Zilhao
and d’Errico, 1999; Karavanic and Smith, 2000).

Higham et al. (2006a) carried out new radiocarbon anal-
yses on the previously dated samples using the new ultra-
filtration pretreatment technique. They reported revised
results of 31,390 = 220 BP (Vi-208) and 32,400 *= 1,200
BP (Vi-207), but left the chronological door ajar by men-
tioning that the “true” ages should be in the vicinity of
32,000 B.P. or slightly older. Higham et al. (2006a) also
presented a critical review of the few human fossils that
have returned age estimates contemporaneous with the
MUPT in Europe, which at present, do seemingly not
allow for any far-reaching arguments.

Banyoles

The dating study of the Banyoles mandible (Griin et al.,
2006) is included in this review to show the state-of-the-
art of our present analytical capabilities. Maroto (1993)
published a comprehensive review on all aspects of scien-
tific research on this specimen. The mandible was found
in a travertine near the township of Banyoles (Banolas),
Catalonia, Spain. For a long time it has puzzled anthro-
pologists. Because of its robustness, its taxonomy changed
from Neanderthal (e.g. Hernandez-Pacheco and Oberma-
ier, 1915) to pre-Neanderthal (e.g. de Lumley, 1971/2,
1973; de Lumley, 1982; Stringer et al., 1984) and back to
Neanderthal (Sanchez, 1993; Strauss et al., 1993). Never-
theless, it was thought to represent early Neanderthals
rather than late ones. The dating results on the encasing
travertine of 45 + 5 ka (Julia and Bischoff, 1991) were
thus somewhat surprising. The remaining question was,
whether the mandible could have been reworked.

To address the question of the antiquity of the Banyoles
mandible, a direct dating study was carried out by Griin
et al. (2006). In a first step, a piece of tooth enamel was
removed from the right M3 and analyzed by ESR. The
piece of enamel had so cleanly separated from the dentine
that is was not possible to measure the dentine U-concen-
tration with laser ablation ICP-MS. On request, three
small pieces of dentine were collected for U-series analysis
(Fig. 38A). The largest dimension of the largest piece
(DE1) was 1.3 mm, the other pieces (DE2 and DE3) were
considerably smaller. Instead of measuring tracks, it was
decided to analyze U-series isotopes by drilling holes with
the laser (¢ = 85 um). Because of the configuration of our
mass spectrometer with a single ion counter in the center
of the detector-array, 22°Th and 2**U have to be measured
separately. Thus, the material ablated from the holes
result in either Z*U/2%8U or 23°Th/?%®U ratios. The
2341J/238U ratios from the different locations are very ho-
mogeneous. In contrast, the 22°Th/?3®U ratios and the U
concentrations vary greatly. The large variations of the
23071H/2380 values are astonishing: hole H1 gives an appa-
rent age of about 300 years, while H2, less than 200 um
apart, about 57 ka. Because of this surprising small-scale
variation in the 22°Th/2?8U values, two laser ablation
scans were run across the top of DE1 in the same track
(the second scan ablating material from deeper into the
sample). The approximate position of the scans are indi-
cated in Figure 38B. The first scan did not penetrate ei-
ther of holes H1 and H2, while the second scan ran com-
pletely through H1 (causing the apparent drop in U-con-
centration in Scan 2; see Fig. 38C) and just touched the
top of H2. The scans show increasing the U-concentrations
from H1 to H2, while the 23°Th/?**3U values decrease, con-
firming the observations made earlier from the holes.

The dentine clearly underwent at least two U-accumu-
lation stages, the first several tens of thousands of years
ago, possibly during the initial burial phase, and a second
one, perhaps starting about 1,400 years ago and continu-
ing to very recent times. This later U-accumulation phase
was most likely initiated by the activation of percolating
waters from historic quarrying and drainage activities. In
812, the monastery of Sant Esteve was founded on what
was then undrained waste land. To control the level of the
lake, the monks laid a network of irrigation ditches, which
turned a virtually uninhabitable place into an agricul-
tural and industrial area (see Constans, 1985).

TIMS U-series analysis on the encasing travertine ma-
trix confirmed the apparently young ages reported by
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Fig. 37. Concordance diagrams for the y spectrometric results on samples from Vindija (data from Karavanic et al., 1998). A
and B: EU and LU concordance diagrams of the mandible (Vi-207). C and D: EU and LU concordance diagrams of a split-base bone
point. Allowing for open system, the mandible would have a minimum age of 42 ka and a maximum age in excess of 150 ka. The
data of the undoubtedly Upper Paleolithic split-base point imply an age of older than 68 ka. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

Julia and Bischoff (1991). However, U-mobilization was
indicated. The combined ESR/U-series ages were in the
range of 62 ka, which is a few thousand years older then
the encasing matrix. This could either mean that the
encasing travertine was an open system and had accumu-
lated a small amount of uranium, or that the mandible
was reworked. However, from whatever radioactive envi-
ronment it was reworked from, it could be only a few thou-
sand years older than the matrix. An age in the region of
150 ka, to be contemporaneous with the youngest Nean-
derthal precursors, can categorically be excluded.

Australia

Australasia holds an important key to understanding
when the ideas and genes associated with the “out of
Africa” migration of H. sapiens took place, as well as the
speed and the likely pattern of dispersal. There seems con-
sensus that only Homo sapiens colonized the continent,
but the age of this event remains in dispute. It remains a
critical issue in world archaeology to pinpoint the timing
of this colonization event, because of the profound implica-
tions for deciphering the archaeological record of when
modern humans reached different parts of the planet and
whether behavioral modernity arose in more than one
place at different times.

Dating analysis of human remains had become difficult
in Australia, because the remains of their ancestors are
sacred to the Aboriginal communities. The development of
virtually non-destructive techniques have led to a more
open mind towards dating, partly because of the keen in-
terest of the traditional landowners to know more about
their cultural heritage.

Mungo 3

The Willandra Lakes area (which includes Lake
Mungo), in western New South Wales, has yielded the
remains of more than 150 different individuals (Webb,
1989), including the world’s first cremation, Mungo I
(Bowler et al., 1970). More recently, one of the world’s lon-
gest human track ways has been described by Webb et al.
(2006). In 1974, a complete skeleton, Lake Mungo III, was
found in the fringing lunette. The body was intentionally
buried and had been covered with powdered red ochre
(Bowler and Thorne, 1976). It is a gracile individual and
indistinguishable from living Aboriginal Australians
(Thorne, 1980).

Detailed sedimentological studies concluded in 1998
that the burial was carried out before the development of
the soil horizon on the lower Mungo unit (Bowler, 1998).
This was later revised to accommodate an alternative sed-
imentary history, implying that the burial took place con-
temporaneously with the formation of the lower Mungo
soil (Bowler and Magee, 2000; Bowler et al., 2003). Based
on correlated radiocarbon data, an age of 28,000 to 30,000
BP was deduced (Bowler and Thorne, 1976). A subsequent
thermoluminescence dating study by Oyston (1996)
yielded age estimates in the range of about 36-50 ka, indi-
cating that the age of LM3 may be well beyond the practi-
cal limits of radiocarbon dating of about 40 ka (Chappell
et al., 1996).

A detailed dating study was carried out on the skeleton
and its surrounding sediments, involving OSL dating of
the sediment layer in which the skeleton was buried,
TIMS U-series dating of the calcitic coating and bone
shavings, vy spectrometric analysis on the skull and ESR
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Fig. 38. Laser ablation in situ U-series analysis of dentine fragments from the Banyoles mandible. Because of the configuration of
the Neptune ICP-MS with only a single central ion counter, this can either be used for the measurement of 24U or 22Th, thus the ma-
terial ablated from the holes give either 2*4U/2%8U or 23°Th/238U ratios. A: Results of drilling holes with the laser into three dentine
fragments DE1-DE2 (the squares on the right are from 1 mm metric paper). Because of the small scale variations in the 2**Th/***U ra-
tio in DE1 (compare results from H1 and H2) two laser ablation scans were run across the top surface of DE1. B: Position of the succes-
sive scans across the top of DE1. C: U-concentration and 23°Th/238U profiles of the two scans. The dip in the U-concentration of the sec-
ond scan (around cycle 60) is caused by the laser hitting hole H1. Note that this does not affect the resulting 22°Th/?3®U ratios (from
Griin et al., 2006). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

dating of tooth enamel (Thorne et al., 1999). These range of speculations as to why this age estimate was so
authors concluded that the age of the skeleton was 62 = 6 utterly wrong. Connoisseurs of scientific contention will
ka. This led to an animated discussion, which raised a delight in the exchanges of Bowler and Magee (2000), Gil-
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Fig. 39. Comparison of the dating results relating to Mungo
errors and B: 2-c errors.

lespie and Roberts (2000), Griin et al. (2000), and Brown
(2000). This discussion raised funds for a subsequent, sys-
tematic OSL dating exercise, which concluded that both
the Mungo 3 and Mungo 1 burials occurred at 40 = 2 ka
(Bowler et al., 2003).

For the review of the site, there are no new data to sup-
port one or the other result. A question was raised
whether the dose rate received by the tooth from the man-
dible and skull (with high U-concentrations) was signifi-
cantly higher than the dose rate from the sediment (with
low concentrations of radioactive elements). The configu-
ration of the Mungo burial was modeled by Nathan and
Griin (2003), who concluded that the maximum effect was
a shift of 3 ka towards younger ages, well within the
reported uncertainty of 6 ka (Thorne et al., 1999). Neither
somewhat more advanced approaches to spectrum evalua-
tion for dose estimation (Griin, 2006), nor adjustments in
the B dose calculation (using Marsh, 1999 instead of
Brennan et al., 1997) lead to any different ESR dating
results. It is perhaps educational to have a closer look at
the uncertainties involved.

The v spectrometric results discussed in Thorne et al.
(1999), are actually shown in Figures 11 and 12, above.
The difference between the two graphs is that the first
considers detrital 2**Th whereas the second one does not.
As discussed above, the true errors of the data set are con-
siderable, and a 1-c age range of 55—-150 ka is obtained
when the data are corrected for detrital 23°Th (because of
the modeling of U-uptake) and 80-55 ka when not correct-
ing for detrital 23°Th (leaching is then implied by the
data). Figure 39A shows the results obtained by Thorne
et al. (1999) together with the OSL range proposed by
Bowler et al. (2003). In spite of the larger errors of the vy
spectrometric results and the U-series age on the calcitic
matrix, none of the Thorne et al. (1999) data agree within
a 1-o error with those of Bowler et al. (2003). This changes
to some extent when 2-c errors are plotted (Fig. 39B).
However, neither the TIMS U-series nor the ESR and
OSL results overlap with the Bowler OSL window.
Whether the OSL of Thorne et al. (1999) data can be disre-
garded, because they originated from some distance away
from the burial, as suggested by Bowler and Magee
(2000), is an open question. The samples were collected in
what was thought to be sedimentary equivalent positions
with the help of a colleague, who was intimately familiar
with the stratigraphy of the site.

There is no doubt that all bone shavings should have
the same age. The TIMS data display a trend that the

3 of Bowler et al. (2003) with those of Thorne et al. (1999). A: 1-c

apparently older samples have lower U-concentrations.
This can be interpreted in two ways (Fig. 40): say the
specimens are 70 ka old (Fig. 40A), then the different U-
concentrations would correspond to different modes of U-
uptake within the bone samples (as it is observed in sim-
ple bone profiles, see Figures 8 and 9, or the example from
Skhul, Fig. 34). On the other hand, if the bones were
50 ka old (Fig. 40B), the subsamples may have originally
accumulated some more uranium, which was subse-
quently partially leached. The more uranium was leached,
the older the apparent U-series result. According to the
D-A model, leaching is somewhat more likely, because it
predicts higher apparent U-series ages for lower U-con-
centrations (see Fig. 8E,F) whereas general U-uptake
would result in younger apparent U-series ages (see Fig.
8A,B). Leaching would also be corroborated by the vy spec-
trometric results on the skull (Fig. 11). Nevertheless,
other explanations are also viable and the U-series data
as such give no hint, as to which of these scenarios may be
applicable. When modeling, it is clear that U-mobilization
has taken place (apart from the fact the bones must have
acquired their uranium post mortem in the first place),
but virtually any modeling exercise yields similarly good
(or bad) results. Nevertheless, if leaching in the 20%
range had occurred, then the TIMS results would indeed
overlap with the OSL window. Leaching of 20% of the ura-
nium from the dentine of the tooth sample would also
result in overlap with the ESR results (2-c). Until
recently, there were no data available that showed
unequivocal U-leaching from dentine and it was thought,
if it was happening at all, it would only be in exceptional
circumstances. However, recent studies on a range of Aus-
tralian megafauna sites provided such samples (Grin
et al., in press) and U-leaching from dentine now seems
possible in warm, semiarid environments. Perhaps it is
worthwhile noting that all of Bowler et al.’s (2003) data
are based on the application of a single dating technique.
One systematic error source would have approximately
the same effect on all individual dating results.

To sum up, disregarding all factors of what could possi-
bly go wrong with OSL, if some U-leaching has occurred
in the tissues analyzed by Thorne et al. (1999), the data
could overlap with the results of Bowler et al. (2003). The
discussion above shows that the two data sets are not
entirely exclusive, however, one is really pushed hard
when trying to reconcile them. Clearly more research is
required. Laser ablation ICP-MS on bone profiles could
lead to some understanding of the overall U-uptake his-
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Fig. 40. Scenarios for U-uptake for T=50 ka
the TIMS results on bone shavings (BA-
BD) from Mungo 3. There is a trend of
older apparent U-series ages with de-
creasing U-concentrations. This could ei- =
ther be caused by different adsorption E
rates (Fig. 40A), or an initial adsorption —
with subsequent different leaching rates -

(Fig. 40B). A: If LM3 was 70 ka old, the
U-series results would imply different
absorption rates into the bone sub-sam-
ples (similar to different volumes in Fig.
8). B: If LM3 was 50 ka old, the U-series
results would imply different amounts of
U-leaching. [Color figure can be viewed
in the online issue, which is available at
www.interscience.wiley.com.]

tory in the Mungo 3 bones and combined TIMS Z3°Th/Z34U
and 2'Pa/2%®U analysis may resolve the issue of the age of
the Mungo 3 skeleton.

CONCLUSIONS

Some readers may find it surprising that the central
topic of this review is the behavior of uranium and its
daughter isotopes in bones and teeth. The element is
highly mobile and it is our ability to reconstruct the his-
tory of uranium mobilization in the samples that holds the
key for obtaining reliable age estimates on human fossils
beyond the radiocarbon dating range. Greatly improved
pretreatment techniques have recently provided a boost
for radiocarbon dating opening the door for dating bones
routinely to perhaps 55 ka (always on the proviso that the
samples do actually contain pristine organic material of
that age that can be extracted). Beyond the range of radio-
carbon, numerical dating of human remains is only possi-
ble with U-series and ESR.

Inasmuch as one (i.e. I) would like to make a straight-
forward case for claiming general reliability for the dating
approaches of human remains other than radiocarbon,
there is obviously still a long way to go. Advances in tech-
nology and methodology now allow the virtual non-de-
structive analysis of human remains using ESR and laser
ablation U-series. ESR has the inherent flaw of becoming
useless for dating, when the radioactive environment of
the dental material cannot be reconstructed. The dose val-
ues as such can at best be used for tentative age specula-
tions. On the other hand, the better the radioactive envi-
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ronment can be reconstructed, the more significant is the
geochronological information from ESR, particularly
when used in conjunction with U-series dating. It seems
that the review is a floccinaucinihilipilification of vy spec-
trometry for U-series dating analyses. The errors involved
in the analysis usually (but not always!) prohibit a mean-
ingful estimation of chronological results. y Spectrometry
nevertheless gives some insight into a general trend of U-
mobilization in the bones. Th/U dating of bones and teeth
certainly has value for providing minimum age estimates,
however, for reliability, it seems advantageous to substan-
tiate any Th/U results with either ESR (recognizing the
restrictions outlined above), or to further develop com-
bined mass-spectrometric Th/U-Pa/U dating. Whether or
not AAR can be revived as a dating method for cave mate-
rial remains to be seen.

Having been critical of the state-of-the-art of direct dat-
ing, one should perhaps not forget that conventional age
assignments through associated material is potentially
fraught with significantly more sources of chronological
inaccuracies. As examples may serve the arguments of
d’Errico et al. (1998), d’Errico and Goni (2003) for decid-
ing, which sites show coherent stratigraphies and dating
results, and which ones don’t (see also responses by Mel-
lars, 1999; Otte, 1999; Strauss, 1999 to the earlier paper
with a response by Zilhao and d’Errico, 1999). In context
of the Mungo 3 burial, serious, perhaps justified, concerns
were raised about the relevance of samples some 300 m
away from the burial. In extreme cases, the samples used
for dating were collected hundreds of km away from the
fossil (see discussion about the dating of the Herto fossils,
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above). Problems arising from taxonomical issues, e.g.
whether Lagar Velho is a Neanderthal hybrid (Duarte
et al., 1999) or not (Tattersall and Schwartz, 1999) or
whether Homo floresiensis (Brown et al., 2004) is related
to Homo erectus (Falk et al., 2005a), a microcephalic
Homo sapiens (Weber et al., 2005; Martin et al., 2006, see
also reply by Falk et al., 2005b), an australopithecine
(Hawks, 2005), or anything in between, are better left
unexplored in the context of this paper. Here and in many
other cases, direct dating analysis could provide crucial
pieces to the puzzle that yields the correct chronology of
human evolution.
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