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Abstract 
Using an automated simulated annealing (SA) 
procedure, spectrum decomposition on angular 
measurements of tooth enamel fragments shows that 
UV irrad iation of modern human and fossil bovid 
samples results in distinctively different ESR spectra. 
In the fossil sample, UV irradiation generates 
qualitatively identical spectra to natural. The amounts 
of non-oriented CO2

- radicals in the modern and 
fossil samples are about 35% and 9%, respectively. 
The two oriented CO2

- radicals, R1 and R2, attributed 
to orthorhombic and axial types, show a ratio of 
64:36 in the modern and 34:66 in the fossil sample. 
R1 is also observed in the natural fossil sample, while 
the axial type was either absent or too small to be 
identified in a -irradiated fossil sample. We could 
not observe a measurable UV induced signal after 7 
months of sunlight and laboratory light expos ure, 
respectively. The clear difference between  and UV 
induced signal raises the possibility of using UV 
lights for dating protocols. 
   
Introduction 
Radiat ion induced signals in tooth enamel can be 
used for the evaluation of past radiation doses in 
retrospective dosimetry (e.g. Ikeya et al. 1984;  
Romanyukha et al. 1994), and dating (e.g. Grün, 
1989, Grün et al. 2008). These two application areas 
differ with respect to the dose ranges evaluated and 
the age of the materials. While ret rospective 
dosimetry deals with a dose range from a few mGy to 
5 or 10 Gy on modern teeth, dating deals with old 
teeth (usually between several thousand and up to 
several million years old) and a dose range from a 
few Gy to several thousands of Gy. The radiat ion 
induced signals in fossil teeth are qualitatively  
different from those of modern teeth as any unstable 
signals in fossil teeth have partly or completely faded 
over geological times. 
 
Previous studies suggested that the main ESR signal 
generated by gamma radiation can be attributed to 
two categories of CO2

- radicals, one anisotropic 

(AICOR) and the other with no preferential 
orientation, also called non-oriented CO2

- radicals 
(NOCOR) (e.g. Callens et al. 1995; Brik et al. 2000;  
Ishenko et al. 2002; Grün et al. 2008; Joannes-Boyau 
and Grün, 2009). In fossil teeth it was found that 9% 
of NOCORs were present in the natural sample, 
while 40% were p resent in the laboratory -
irradiation component (Joannes-Boyau et al. in press, 
submitted). Those values differ from modern teeth, 
which have up to 80% NOCORs after -irradiat ion 
(Vorona et al. 2007; Rudko et al. 2007). However, 
the calculation method used for these studies differs 
from ours which could lead to systematic errors. Two 
studies by Joannes-Boyau et al. (in press, submitted) 
demonstrated that two types of AICORs (axial and 
orthorhombic) contribute to the ESR signal of fossil 
tooth enamel. In the -induced spectra, the axial fo rm 
(R2) was undetected (either absent or negligible) and 
only the orthorhombic form (R1) contributed to the 
anisotropic ESR spectral components (Joannes -
Boyau et al. in press). 
 
Studies on retrospective dosimetry suggested that UV 
may contribute significantly to the overall ESR 
intensity (Liidja et al. 1996; Nilsson, 2001; El-
Faramawy 2005). Brik et al. (1998) and Vorona et al. 
(2007) showed that UV induced spectra in modern 
teeth contained significantly less NOCORs than those 
by -irradiat ion. However, the relative depletion of 
NOCORs could have been the result of a 
combination of UV radiat ion and heating during the 
experiment. UV exposure is usually associated with 
significant heating but it is not known whether 
samples were cooled during these experiments. The 
occurrence of methyl radicals in the ESR spectra of 
Nilsson (2001) indicates a possible thermal influence, 
but these radicals could have been induced by UV 
irradiation itself. 
 
The aim of the present study was to assess the 
influence of UV light on fossil teeth enamel, focusing 
particularly on dose estimat ion. 
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Figure 1: Direction of axes and configurations used 
for the measurement of the tooth enamel fragment 
(from Joannes-Boyau and Grün 2009).  
 
Materials and methods 
The experiments were carried out on a tooth enamel 
fragment of a modern human (to avoid ethical 
problems, one of our own teeth was analysed) and on 
a fossil bovid from the archaeological site of Holon 
estimated at around 200,000 years old (for more 
details see Porat et al. 1999). A long lamella was 
separated from the fossil tooth (H2) using a dental 
diamond saw and a series of consecutive fragments 
were extracted and used for a range of heating and 
irradiation experiments (e.g. Grün et al. 2008;  
Joannes-Boyau and Grün 2009; Joannes-Boyau et al. 
in press, submitted). The modern human sample 
(MH) was used to validate the modus operandi for 
the Holon study and to compare results with previous 
studies conducted by Liid ja et al. (1996), Nilsson et 
al. (2001), El-Faramawy (2005), Vorona et al. (2007) 
and Rudko et al. (2007). 
 
The methodology established by Joannes-Boyau et al. 
(in press, submitted) was used for the present study. 
X, Y and Z denote configurations, x, y and z, the 
main axes of the measured fragment (Fig. 1). T1, B1 
and B2 are positions in the measured or simulated 
ESR spectra, and R1, R2, R3 and B2 the fitted 
Gaussian components (for more details see Joannes -
Boyauet al., submitted). The concentrations for the 
radicals were derived from the double integration of 
the fitted lines to account for changes in the line 
width. For the features in the measured ESR spectra, 

T1-B1 and B2, it was not possible to carry out double 
integrations; their angular variations were derived 
from their intensities (for more details see Joannes -
Boyau et al., in p ress, submitted). 
 
Both fragments H2 and MH were each mounted in 
three separate Teflon holders containing a Parafilm 
mould and were incrementally measured by rotating 
them around their three major axes. We used the 
following configurations: X: rotation around the axis 
perpendicular to the dentine-enamel junction, Y: 
around the axis of tooth growth and Z: perpendicular 
to X and Y (Fig. 1). The sample holders were 
inserted in a Bruker ER 218PG1 programmable 
goniometer and measured with a Bruker Elexys E500 
ESR spectrometer in 10° increments over 360° with 
the following measurement conditions: 2 mW  
microwave power, 0.1 mT modulation amplitude 12 
mT sweep width with a sweep time of 21 s. The 
spectra were accumulated over 50 consecutive 
measurements. The sample was measured before and 
after irrad iation.  
 
The fragments were exposed to UV light for 168 
hours using a Hoenle UVASPOT 400T lamp emitt ing 
UVA/B at 400 W producing incident energy of 
5.05±0.1 mW cm-2 at the sample location. The 
temperature was recorded in 2 min  intervals with a 
thermolog controller near the surface and at the base 
of the fragments, located near the cooling plate. The 
measured temperatures were 21±2°C at the base of 
the sample and 33±2°C at the top. The -irradiat ion 
was carried out with a 137Cs-source for 100 min, 
which corresponds to an approximate dose of 187 Gy 
(the experiment is described in Joannes -Boyau et al., 
in press). 
 
Extraction of the isotropic components of the UV 
induced spectra 
The first step in spectra decomposition of H2 consists 
of subtracting the natural signal from the UV 
irradiated spectra. The alignment of the two spectra is 
the key to avoid artefact signals, for that matter the 
isotropic methyl lines are used as markers for 
alignment. Previous studies by Joannes -Boyau et al. 
(in press, submitted) have shown that non-CO2

- 
components are found in the natural signal and in the 
irradiated signal (Fig. 2a). Those signals described as 
isotropic lines have to be removed before 
decomposing the ESR spectrum at each angle. In the 
fossil sample, the isotropic lines in the UV-induced 
spectra were found to have a similar signature as in 
the natural (combined into one signal, named 
Isotropic Combined signal (IC)) (Fig. 3), but 
increased with UV exposure. No methyl line was 
created by UV  exposure.   A  wide  line,  W2, at  
g=2.0051    (see  Joannes-Boyau   et   al.   submitted), 



Ancient TL Vol. 28 No.1 2010                                                                                                                                                                              25 

 

 
 
 
Figure 2: Decomposition of the measured spectra 
(for more details see Joannes-Boyau et al. in press). 
A: (Top) Isotropic lines in the natural spectra. A 
simulated signal is fitted into the natural measured 
spectra to extract the isotropic component (IC is the 
residual offset for clarity). (Bottom) Position of the 
isotropic components that when merged form the Iso-
combined spectra (IC). B: (Top) Comparison of the 
measured and simulated spectra. The residual is 
offset for clarity and corresponds to the subtraction 
of the simulated spectra from the measured. (Bottom) 
Decomposition of the measured spectra using the SA 
decomposition with four Gaussian components 
representing the anisotropic lines R1, R2, R3 and B2. 

 
 
Figure 3: Comparison of the isotropic signal found 
in the modern and fossil tooth natural spectra IC 
(from Joannes-Boyau et al., submitted) (a), fossil 
tooth UV irradiation spectra (b), modern human 
tooth UV irradiation spectra (c) and modern human 
tooth natural spectra (d) respectively. The symbol $ 
indicates the unknown isotropic line that appears 
with UV exposure described in the text with a g-value 
around g=2.0093. 
 

 
 

Figure 4: Comparison of the influence of different 
exposure on the merged ESR signal of modern human 
tooth enamel fragment. (a) Native signal N.S.; (b) 7 
months laboratory lights (c) 7 months sunlight 
exposure (d) 168 hours UV lamp exposure. 

$ 
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attributed to a combination of SO2
- and CO- radicals, 

increased. SO2
-- radicals which occur at g=2.0056 are 

most likely responsible for this increase (Bouchez et 
al. 1988; Schramm and Rossi 1999, see also the 
fitting of Grün 2002). The SO2

- radical is known to 
be temperature sensitive. It is likely that the SO2

- 
radicals were created at the surface of the sample 
where the temperatures were slightly higher due to 
the UV exposure. A new isotropic line ($) at 
g=2.0093, with a line width of around 0.1 mT (Fig. 3) 
was created by UV radiation. This new, unknown 
component does not interfere with the main signal 
and fades rapidly (its intensity is negligible after 
three months storage at ambient temperature). The 
NOCORs were removed using the same amount 
found in the natural signal corresponding to 9% of 
the total intensity. After subtracting all 
aforementioned components (natural, isotropic lines 
and NOCORs), only UV-induced anisotropic 
components remain. 
 
Spectrum Decomposition 
The anisotropic components of the irradiation spectra 
were decomposed with an automated simulated 
annealing (SA) procedure which is particularly well 
suited to separating overlapping signals (Fig. 2b) (for 
more details see Joannes-Boyau et al. in press, 
submitted). SA is a Monte Carlo method used for 
combinatorial optimisation problems (for details see 
Metropolis et al. 1953; Kirkpatrick et al. 1983; Černý 
1985; Mossegard and Sambridge 2002; Bodin and 
Sambridge, 2009). The spectra were decomposed 
with four Gaussian lines which had the same 
prescribed g-value range limits used in the previous 
study to avoid unrealistic solutions outside the 
regions for the CO2

- radicals in hydroxyapatite (see 
above). No restrictions were set on the intensity 
although the line widths were kept between 0.10 mT 
and 2 mT to avoid aberrations. Our SA procedure is 
able to randomly generate a large number of 
synthetic spectra defined by a linear combination of 
four Gaussian lines. Each simulated spectra is 
compared to the measured spectra in terms of a least 
square misfit. 
 
Results and discussion 
The modern human tooth (MH) contains a wide, 
isotropic signal centred at 2.0044 ± 0.0005 prior to 
any irradiat ion, also called the native signal (NS) 
(Liidja et al. 1996; see Figs. 3 and 4). Due to the 
intensity and width of the signal compared to the 
background, the measured g-value is not very precise. 
The spectra confirm that the enamel fragment was 
not exposed to any measurable ionising radiation. 
The ESR spectra after 168 hours UV exposure is 
qualitatively different from the natural, as the shapes 
of the two spectra clearly d iffer (Fig. 4). 

(a) 

 
(b) 

 
(c) 

 
 
Figure 5: Angular variation of ESR signals induced 
by UV exposure in a modern human fossil tooth 
enamel fragment. Summary of all decomposition 
results of the radical concentration (obtained by 
double integration) variation over 360° (a) X-
configuration, (b) Y-configuration and (c) Z-
configuration of R1, R2, R3 and B2 component. Note 
that on the Z-configuration R3 shows a 90° symmetry. 
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 Minimum 
g-value 

Angle 
(°) 

Maximum 
g-value 

Angle 
(°) 

Minimum 
width 
(mT) 

Angle 
(°) 

Maximum 
width 
(mT) 

Angle 
(°) 

Minimum 
radical 
conc. 

Angle 
(°) 

Maximum 
radical 
conc. 

Angle 
(°) 

Angular 
Variation 

Average 
radical 
conc. 

Relative 
radical 
conc. 
(%) 

Z-configuration               
R1 2.0026 190 2.0030 270 0.42 240 0.42 190 0.06 100 0.09 0 0.45 0.07 24.0 
R2 2.0019 70 2.0025 210 0.26 140 0.30 260 0.04 250 0.07 330 0.53 0.06 19.3 
R3 2.0005 230 2.0008 10 0.46 90 0.54 140 0.10 70 0.13 190 0.28 0.12 40.8 
B2 1.9984 30 1.9987 240 0.30 320 0.34 190 0.03 330 0.08 60 1.01 0.05 15.9 

                
Y-configuration               

R1 2.0026 190 2.0030 300 0.36 220 0.44 30 0.06 230 0.08 320 0.30 0.07 29.3 
R2 2.0020 250 2.0025 110 0.24 100 0.36 0 0.02 240 0.04 150 0.66 0.03 14.4 
R3 2.0006 240 2.0008 320 0.45 170 0.54 80 0.08 180 0.11 300 0.30 0.09 39.6 
B2 1.9983 50 1.9985 310 0.28 220 0.34 120 0.03 140 0.05 270 0.44 0.04 16.7 

                
X-configuration               

R1 2.0026 170 2.0029 270 0.32 320 0.42 60 0.06 170 0.09 230 0.36 0.07 31.6 
R2 2.0022 170 2.0025 100 0.26 90 0.36 160 0.02 160 0.04 230 0.56 0.03 13.1 
R3 2.0006 100 2.0009 240 0.47 230 0.54 150 0.10 120 0.12 210 0.25 0.11 45.4 
B2 1.9983 220 1.9986 140 0.31 150 0.35 80 0.02 270 0.03 230 0.55 0.02 9.8 

 
Table 1: Results of the decomposition of the anisotropic components of the modern tooth after UV-irradiation 
 
 
The native signal grows slightly with irradiation, at  
the same time that CO2

- radicals appear in the 
spectra. Subtracting the native signal (mult iplied by a 
factor 1.2) plus an isotropic component (IC MH in  
Fig. 3) which is similar to the one used in the natural 
sample from Holon (IC Natural, see Joannes -Boyau 
et al., submitted), yields typical CO2

- radicals. The 
amount of NOCORs is around 35%.  
 
Fig. 5 and Table 1 summarise the angular response of 
the four UV generated Gaussian components in MH. 
We observe an overall R1:R2 ratio of 64:36. The 
maxima and min ima of R1 and R2 in the various 
configurations are offset by 0°, 0° and -30° in X, Y 
and Z-configuration, respectively, indicating different 
orientations of the radicals within the crystal 
structure. Similar values were found by Joannes-
Boyau and Grün (2009) in the sample from Holon 
with offsets of -26°, 7° and -5° ± 10° in X, Y and Z-
configurations, respectively. The angular differences 
between R1 and R2 of the two teeth point to 
differences in the tooth formation of the two species. 
 
The results obtained on MH are similar to those 
described in the literature (e.g. Callens et al. 1995, 
1998; Liidja et al. 1996; Nilsson et al. 2001; El-
Faramawy 2005; Vorona et al. 2007; Rudko et al., 
2007). The exception is that no methyl radicals were 
found in our measurements, contrary to Nilsson et al. 
(2001). This makes us confident that temperature was 
well controlled by the cooling plate used in the 
present study and that the anisotropic signal extracted 
from the fossil tooth is UV rather than temperature 
induced. After 3 months , the UV induced spectra 
show major changes. The NOCORs have faded by 
15% of their intensity but still represent 30% of the 
initial spectra. The T1-B1 reg ion is slightly shifted to 
higher g-values and shows a depletion of 3 to 5% of 
its original signal. The ratio between R1:R2 has 
changed to 59:41 respectively. The ratio d isparity 

after 3 month could be attributed to the disappearance 
of some of the R1 species and at the same time the 
appearance of new R2 radicals. However, because of 
the small amount of variation (between 3 to 5%), we 
cannot conclude that any transfer process took place 
within the 3 months. 
 
The fossil bovid tooth 
In Z-configurat ion the angular variations of the 
natural and UV spectra show little  difference while 
those of the γ-spectra are significantly muted (Fig. 6). 
This can be attributed to the much higher 
contribution of the NOCORs in the γ-component 
(around 40%) compared to the natural (around 9%, 
see Joannes-Boyau et al. in press). This also implies 
that the relative distributions of the NOCORs in the 
natural and UV components are approximately the 
same; otherwise the angular variation would change 
dramat ically such as the -induced variation, since 
NOCORs remains constant at all angles (see Joannes-
Boyau et al., in p ress). 
 
Fig. 7 compares a natural spectrum to those of the γ-
and UV components. While it is not possible to scale 
the natural spectrum to fit the γ-component (Fig. 7a), 
due to a distinctively different distribution of 
AICORs (Joannes-Boyau et al, in press), the natural 
spectrum can be easily scaled into the UV component 
(Fig. 7b). This implies a closely similar d istribution 
of the different types of CO2

- radicals in the natural 
and UV components. Scaling the natural spectrum by 
a factor of 1.75 into the natural + UV, leaves small 
residuals with signal intensities of 5.6%, 5.0% and 
4.4% in X, Y and Z configurat ion, respectively (Fig. 
8). These residuals are approximately the same as 
when using multi-component decompositions of 
spectral components (Joannes-Boyau et al. in press, 
submitted). 
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Figure 6: Angular variation of the natural, UV 
induced and -induced spectra in Z-configuration on 
fossil tooth enamel fragments. 
 
 

 
 

Figure 7: Comparison of  and UV irradiation 
influence on the ESR spectra of fossil bovid enamel 
fragment. The residual shows that -irradiation 
creates a completely different signal than the natural 
while the UV irradiation only modifies quantitatively 
the spectra of the Z-configuration. 
 
 

  T1-B1 B2 
 Z 0.6 0.74 
Natural Y 0.62 0.53 
 X 0.31 0.4 
 Z 0.44 0.39 
Natural+γ Y 0.43 0.23 
 X 0.17 0.17 

 Z 0.61 0.71 
Natural+UV Y 0.61 0.51 
 X 0.30 0.43 

 Z 0.66 0.79 
Natural Y 0.68 0.57 
(anisotropic) X 0.33 0.43 

 Z 0.76 0.57 
γ Y 0.78 0.51 
(anisotropic) X 0.45 0.46 

 Z 0.67 0.75 
UV Y 0.66 0.54 
(anisotropic) X 0.37 0.46 
 
Table 2: Angular variation 
 
 
Fig. 9 shows the stacks of all spectra of the 
anisotropic components of the natural sample as well 
as of the UV and -induced (see also Tables 2 to 4).  
The -irradiation stacks, especially the Y-
configuration, show a very different pattern to the 
corresponding UV stacks  (Fig. 8, middle column, 
rows B and C). The T1-B1 complex is significantly  
narrower in the γ-irradiat ion spectra than in the other 
two. The angular variations of the T1-B1 and B2 
positions (marked in Fig. 6) of the γ-irradiat ion 
spectra are significantly more pronounced in all 
configurations than of the natural and UV spectra 
(Table 5). At the same time, it is unclear why UV 
exposure induces a smaller amount of NOCORs than 
-irradiation. Perhaps this is due to the energy 
difference between UV emissions (in the range of 3 
to 10 eV) and  rays (>600 keV). So far no 
explanation can be clearly proposed, however, local 
saturation of radicals could induce significant 
differences in the signals. 
 
Fig. 10 and Tables 2 to 4 summarise the results of the 
decomposition. Note that the R2 component was not 
identifiable in the γ-irradiation spectra (Joannes-
Boyau et al. in press) while it is present in both 
natural and UV spectra. The g-values of the four 
components are in a similar range and do not show 
any significant shifts for the natural and UV 
irradiated signals. Their line widths appear slightly 
narrower in UV than in the natural, but this parameter  
always shows the largest deviations in repeated SA 
runs (Joannes-Boyau et al. submitted). The average 
and relative rad ical concentrations of natural spectra 
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Figure 8: Stacks of fossil bovid enamel natural spectra multiplied by a factor of 1.75  (row A), natural + UV 
irradiation (row B) and residual from the subtraction of the natural (x1.75) from the natural + UV irradiation (row 
C) for the three configurations X, Y and Z, column 1, 2 and 3 respectively. 
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Figure 9: Stacks of fossil bovid enamel: natural spectra (row A), natural anisotropic (row B), natural + UV 
irradiation (row C), UV exposure anisotropic spectra (row D) and -irradiation anisotropic spectra (row E) for the 
three configurations X, Y and Z, column 1, 2 and 3 respectively. 
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Figure 10: Summary of the angular behaviour of the anisotropic components of the natural spectra as well as the 
UV irradiation spectra decomposed with four Gaussian components and with the -irradiation spectra decomposed 
with three Gaussian components (see Joannes-Boyau et al., in press).  
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 Minimum 

g-value 
Angle 

(°) 
Maximum 

g-value 
Angle 

(°) 
Minimum 

width 
(mT) 

Angle 
(°) 

Maximum 
width 
(mT) 

Angle 
(°) 

Minimum 
radical 
conc. 

Angle 
(°) 

Maximum 
radical 
conc. 

Angle 
(°) 

Angular 
Variation 

Average 
radical 
conc. 

Relative 
radical 
conc. 
(%) 

Z-configuration              
R1 2.0026 170 2.0029 250 0.26 150 0.32 50 0.14 30 0.33 170 0.64 0.22 14.6 
R2 2.0019 120 2.0024 240 0.31 50 0.39 300 0.38 290 0.55 180 0.31 0.46 30.6 
R3 2.0005 190 2.0010 300 0.39 100 0.51 190 0.47 150 0.70 210 0.58 0.55 36.1 
B2 1.9980 330 1.9989 250 0.29 210 0.42 80 0.17 20 0.40 70 0.57 0.28 18.7 
                

Y-configuration              
R1 2.0026 20 2.0029 300 0.26 0 0.33 110 0.14 120 0.29 190 0.62 0.23 13.9 
R2 2.0018 220 2.0023 250 0.36 220 0.39 100 0.36 110 0.59 200 0.40 0.47 31.5 
R3 2.0004 280 2.0010 10 0.40 180 0.51 240 0.48 10 0.72 250 0.42 0.57 38.1 
B2 1.9984 270 1.9989 150 0.31 260 0.42 310 0.16 190 0.34 290 0.62 0.25 16.5 
                

X-configuration              
R1 2.0026 240 2.0028 330 0.27 130 0.30 240 0.27 150 0.52 250 0.49 0.28 15.6 
R2 2.0019 170 2.0024 280 0.36 240 0.41 180 0.47 160 0.63 110 0.20 0.51 28.5 
R3 2.0005 190 2.0009 320 0.41 120 0.54 20 0.51 70 0.75 20 0.39 0.62 34.6 
B2 1.9984 100 1.9989 200 0.33 250 0.42 40 0.26 250 0.50 0 0.53 0.38 21.1 

 
Table 3: Results of the decomposition of the anisotropic components in the UV spectra  
 
 
 Minimum 

g-value 
Angle 

(°) 
Maximum 

g-value 
Angle 

(°) 
Minimum 

width 
(mT) 

Angle 
(°) 

Maximum 
width 
(mT) 

Angle 
(°) 

Minimum 
radical 
conc. 

Angle 
(°) 

Maximum 
radical 
conc. 

Angle 
(°) 

Angular 
Variation 

Average 
radical 
conc. 

Relative 
radical 
conc. 
(%) 

Z-configuration              
R1 2.0025 190 2.0027 210 0.28 330 0.35 110 0.28 110 0.50 330 0.58 0.38 17.7 
R2 2.0020 280 2.0024 60 0.36 190 0.42 300 0.50 50 0.65 180 0.26 0.58 27.0 
R3 2.0003 80 2.0006 160 0.39 90 0.47 180 0.51 150 0.82 170 0.47 0.65 30.2 
B2 1.9982 230 1.9987 10 0.33 230 0.42 0 0.43 350 0.65 80 0.41 0.54 25.1 
                

Y-configuration              
R1 2.0026 80 2.0028 350 0.27 170 0.32 280 0.22 80 0.48 0 0.54 0.36 18.2 
R2 2.0019 110 2.0023 350 0.38 110 0.42 320 0.42 60 0.66 170 0.41 0.57 28.8 
R3 2.0004 270 2.0006 110 0.41 130 0.48 310 0.56 20 0.74 280 0.28 0.65 32.8 
B2 1.9985 320 1.9988 100 0.36 70 0.42 300 0.30 340 0.52 80 0.54 0.40 20.2 
                

X-configuration              
R1 2.0026 20 2.0028 150 0.27 150 0.31 260 0.22 210 0.39 120 0.43 0.29 14.9 
R2 2.0020 20 2.0023 290 0.41 110 0.42 280 0.60 210 0.72 290 0.18 0.67 34.5 
R3 2.0003 110 2.0006 200 0.47 130 0.54 300 0.62 120 0.77 210 0.22 0.69 35.6 
B2 1.9984 130 1.9987 220 0.39 70 0.42 300 0.19 140 0.38 230 0.49 0.29 14.9 

 
Table 4: Results of the decomposition of the anisotropic components in the natural spectra 
 
are somewhat different to the UV induced (compare 
Table 2 with 3). The angular variations for all 
components of UV spectra were slightly higher than 
the natural, but were s maller than the -irradiat ion 
spectra (compare Tables 2, 3 and 4). Th is clearly  
implies that UV rad iation causes a significantly  
different radical distribution in the enamel than γ-
irradiation. The fading observed on the UV irrad iated 
signal for modern human tooth after three months is 
not as evident for the fossil bovid tooth. The 
difference in signal intensity between the last UV 
exposure and the fading test conducted 3 months later 
is in the range of 3 to 4% of the total intensity. Prima 
facies, it appears that the diminution is induced by 
the fading of some NOCORs. However, the spectra 
depletion falls into the error range and therefore does 
not allow any affirmat ion. 
 
Average R1:R2 ratios in natural and UV components 
are different in the three configurat ions  (compare 
Tables 2 and 3). Nonetheless, when normalising on 
the total radical concentration, R1:R2 in the natural 
(35:65) is virtually the same as the UV ratio (34:66).  

Based on the ESR intensity of the fragment, we have 
estimated that the UV lamp is the γ-equivalent of 3.1 
± 0.3 mGy/min. Since the natural and UV spectra 
show closely similar radical distributions (in contrast 
to γ-irrad iation), UV irradiation could be more 
suitable than γ-irradiat ion for the establishment of 
dose response curves in ESR dating. While fading, 
unknown intensity attenuation and energy calibration 
will complicate this approach at the present time, 
systematic correlations between UV exposure and the 
equivalent dose from -irradiation could lead to the 
use of photons instead of -rays for dating purposes. 
Further, studies should be undertaken on the effect of 
UV on the equivalent dose (De) assessment, however, 
because UV irradiation is a very slow process, local 
saturation could happen during exposure. For that 
reason, a specific protocol should be designed to 
measure the sample while irradiat ing, which would  
complicate the experiment greatly. 
 
The high radical concentrations induced by UV raise 
the possibility that sunlight or laboratory light 
induced radicals may interfere with dose estimations. 
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However, intermittent exposure to daylight for more 
than 50 years while  laughing about ones own bad 
jokes did not induce any measurable CO2

- radicals in  
MH, neither did exposure to indirect sunlight or 
laboratory light over 7 months in the fossil sample 
(Fig. 4). Samples are normally shielded behind 
window glass, known to block UV, and it is therefore 
unlikely that archaeological samples are exposed to 
direct UV sunlight over extended periods of time.  
 
Summary 
UV and γ-irradiation induce very different 
compositions of CO2

- radicals in tooth enamel. In a 
modern sample, UV generated 35% of NOCORs and 
a mix o f 64:36 of orthorhombic to axial radicals. In  
the fossil sample, UV generated 9% NOCORs and a 
mix of 34:66 of orthorhombic to axial rad icals. While 
there are some differences between the natural and 
UV components in the various configurations, the 
overall radical distribution of the UV and the natural 
is the same. This is in contrast to γ-irradiat ion 
component of the fossil sample, which had about 
40% AICORs and no axial rad icals. While the UV 
components in the modern samples showed strong 
fading over three months (18 to 20% of the spectra) 
with possible transfer process between R1 and R2, the 
fading in the fossil sample was small (3 to 4%).  
 
Blocked sunlight and laboratory light exposure over 7 
months had no measurable influence on the samples.  
 
Conclusions 
Like γ-irradiation, UV irradiat ion induces significant 
differences between modern and fossil samples. 
While this change must have an impact on dose 
estimations, this aspect has never been systematically  
investigated in ESR dating. In the fossil sample, UV 
generates a similar mixture of CO2

- radicals as found 
in the natural while the γ-irradiat ion response is 
completely different. This could make UV irradiat ion 
the choice for the establishment of dose response 
curves.  
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