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A T  g = 2 .0006  IN C A R B O N A T E S  
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Growth curves of the ESR dating signal at g = 2.0006 on irradiation have been carefully examined. They revealed that a 
description by a single exponential saturation function is only a good approximation in the dose range smaller than 1 kGy. In this 
dose range the saturation dose, Do, for carbonates was found to be between 400 and 800 Gy. The systematic deviations from this 
function and statistical uncertainties limit the reliable AD range to about 250 Gy. Expanded functions and models that explain 
the observed deviations are given. 

The usual way of determining the thermal life time of ESR signals (isothermal annealing and Arrhenius plot) is critically 
discussed and additional specific complications (trap decay, different components of the signal) of the signal at g = 2.0006 are 
shown. A different method of detecting long term fading was used, in which the natural signal growth is compared with artificial 
growth curves on y-irradiation. Evaluation of measurements from the sediment core RC17-177 revealed a thermal stability 
lower than previously assumed for foraminifera. The data fit best with the assumption that the dating signal contains a 
component (about 50%) that has a very low thermal stability (with a lifetime of about 50 ka at 2°C). Annealing experiments 
indicate that this may be the case in other carbonates as well. This would drastically limit the dating applicability of the signal at 
g = 2.0006. 

INTRODUCTION 

The paramagnetic centre with the g-factor at g = 
2.0006 is accepted to be the most reliable ESR signal 
for dating of fossil carbonates (see for example Grfin, 
1989). There are materials of various origin in which 
this signal appears and on which dating has been 
attempted so far: foraminifera from deep-sea sediments 
(Sato, 1981, 1982; Barabas et al., 1988), corals from 
various reefs (Radtke and Griin, 1988), molluscs from 
marine sediments (Katzenberger and Griin, 1985; Hiitt 
et al., 1985; Radtke et al., 1985; Molodkov and H0tt, 
1985; Molodkov, 1986, 1988, 1989), travertines (Griin, 
1985) and speleothems (Yokoyama et al., 1983). 

The signal at g = 2.0006 has well defined ESR 
properties - -  which are not dependent on the specific 
origin - -  and has been unambiguously identified in 
various carbonates (Barabas et al., 1992). 

However, the general approach in ESR dating was to 
examine the properties of a specific material. Different 
results have been obtained for molluscs, foraminifera 
or corals (e.g. Griin, 1989). 

Our aim is to approach a more generalized method of 
ESR dating carbonates using the signal at g = 2.0006, 
and we want to study dating-relevant properties in 
different carbonates of various origin. 

Furthermore, in this paper we want to focus on the 
AD determination. Two main subjects are to be 
discussed: the problem of correct description of the 
signal-growth curve and the long-term stability. 

In ESR-dating the AD is determined via extrapola- 
tion with the additive-dose method. A correct analyti- 
cal description of the growth curves on irradiation is 
essential to exclude systematic errors. Meanwhile most 

of the researchers accept the description of the irradia- 
tion curve of the signal at g = 2.0006 in carbonates by a 
saturation type function (e.g. Grtin, 1989). However, it 
will be shown by exact measurements from various 
carbonates that a precise description of the growth 
curves of this signal needs a more complex model than 
assumed. Consequences for AD determination will be 
discussed. 

The more severe question is the problem of long- 
term fading of the signal at g = 2.0006 in carbonates. 
Several attempts to determine the life time of this ESR 
signal in calcium carbonates by isothermal annealing 
and Arrhenius plot are reported (Yokoyama et al., 
1983; Smith et al., 1985; Wieser et al., 1985; Griin, 
1985; Molodkov, 1988; Barabas, 1989). 

We want to compare here outcomes from isothermal 
annealing experiments with results from new 
approaches that are based on the difference between 
the natural signal growth that takes place in geological 
times and the signal growth on y-irradiation (Barabas 
et al., 1988; Mejdahl, 1988; Hiitt and Jaek, 1989). It has 
been shown elsewhere (Sato, 1982; Siegele and Man- 
gini, 1985; Barabas et al., 1988) that cores of deep-sea 
sediments with known ages (from 6180) are ideally 
suited for this purpose as they represent a time record 
of the natural signal growth. 

DOSE-RESPONSE CURVE OF THE ESR SIGNAL 
ATg = 2.0006 

All measurements of the signal at g = 2.0006 have 
been carried out with an X-band spectrometer at high 
microwave power (> 20 mW) and with a modulation 
amplitude of 0.1 mT (see Barabas et al., 1992). 
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General Behaviour 
A general observation is that the, signal amplitude, S, 

tends to approach a certain maximum value, S ...... on 
irradiation (Fig. 1). One reasonable explanation (Bara- 
baset  al., 1988) is that a crystal contains only a limited 
number of traps that can be filled (with electrons or 
holes). The saturation value is proportional to the total 
number of traps. The probability of capturing an 
electron by a certain trap can be described by a 
sensitivity constant, 1~Do. 

This approach leads to an analytical description of 
the signal, S, as a function of the dose, D: 

StD) = S ...... * ( l - e x p l - D / D o ] )  (1) 

The inverse of the sensitivity constant, l/Do, is the 
characteristic parameter of the growth curves, the so- 
called saturation dose, D.. It is equal to the dose 
needed to reach (1-l/e)*Sm,~, i.e. it determines how 
strong the curvature of the growth curve is or how fast a 
saturation will be reached (Fig, 1). In a first approxima- 
tion this gives a fairly good description of the growth 
curves of the signal at g = 2.0006, at least for a certain 
dose range ((b-1000 Gy). 

Many measurements on various carbonates (corals, 
foraminifera, molluscs, synthetic calcites) indicate that 
the saturation dose, D., is only slightly dependent on 
the material (Katzenberger,  1989; Barabas, 1989; 
Walther et al., 1992). Values run from 400 to 800 Gy in 
the dose range less than 1 kGy, only few smaller 
saturation doses have been observed in molluscs 
(Katzenberger,  1989: although in these cases the ESR 
signal was not precisely defined). 

Deviations jrom the Single Saturation Function 
Assuming that this simple model is correct there 

should be no growth of the signal for a dose larger than 
about 3(R)0 Gy (saturation). However,  this is not the 
case. Some examples will illustrate the deviations. 

(a) Molluscs: A fit according to Eq. 1 in a low dose 
range describes the measured values quite well• 

However,  for higher doses the measured values deviate 
distinctly from this fit (Fig. 2a). 

(b) labraminifera: using the fit function (Eq. 1 the 
parameter  D, depends on the dose range used for 
fitting: it increases from about 600 Gy (fit range: If-. 
800 Gy) to 12(X) Gy (0-8000 Gy) (Mudelsee et al., 
1992). Similar observations have been obtained from 
corals and molluscs. 

(c) Corals andforamin~l~'ra: A plot of the logarithm 
of the slope of the signal curve versus the absorbed 
dose, D, should give a straight line with the slope l/Do 
(see Katzenberger, 1989). Fig. 2b shows that this is not 
the case for the signal at g = 2.0006. The slope of S is 
derived for each radiation step by fitting a second order 
polynomial to each 5 sequential points. 

These experimental results can be empirically des- 
cribed assuming that the saturation dose, D., is not a 
constant tk)r the whole dose range but a function of the 
absorbed dose. Two empirical approaches have been 
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shown to give a bet ter  description over  a larger dose 
range (Fig. 3a). 

(a) A sum of a t  least two saturation functions with 
different Do. The second function (large Do) can be 
approximated by a linear function. 

(b) If  we assume Do to be a function of the dose, 
D; itself Do(D) = D0'*D (l-v) with y in the range of 
0.8 (according to Grfin, 1989). 

The resulting functions describe the growth curves in 
a range up to around 1500 Gy sufficiently well (Fig. 
3b). However ,  both introduce at least one additional 
parameter ,  that has to be determined and that increases 
the statistical uncertainty (see below). Similar results 
have been obtained by Griin (1990) and Walther  et al. 
(1992) for corals. Different models may explain these 
functions and the observed behaviour at least qualita- 
tively (e.g. Mitchell et al., 1961). For the observed 
behaviour  either the creation of new traps due to 
irradiation or different sensitivities of existing traps 
(see also Grfin, 1990; Walther  et al., 1992) may be 
responsible. 

AD DETERMINATION 

The only source of knowledge about  the functional 
relationship between signal amplitude and absorbed 
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FIG. 3. (a) Principle composition of the growth curve of saturation 
functions with different saturation doses, Do, and comparison with 
the second model (y-function). (b) Best fit of data to this function: 

y = 0.89. 

dose is the measured response on artificial irradiation. 
The assumption of the additive-dose method for A D  
determination is that we can extrapolate the growth 
curve on artificial irradiation, i.e. it is assumed that 
there is no difference between the response on natural 
low dose rates and artificial high dose rates. 

Systematic Deviations 
As shown above the description of the signal growth 

curves using a single exponential  saturation function is 
only an approximation for small dose ranges. As a 
consequence the use of a single saturation function as a 
fit function for A D  determination introduces a syste- 
matic error. This is shown in Fig. 4. As a data base we 
used the measured values of recent mollusc samples (40 
irradiation steps) and thus tried to verify the ADs.  

The systematic overestimating increases with the 
dose range (i.e. the radiation steps) that is used for the 
fit. From our observations on corals and molluscs a 
total dose range (AD + y-dose) of  less than about 500 
Gy leads to a good approximation of the true A D  if a 
single exponential  saturation function is used. This 
limits the reliable A D  range to about 250 Gy for this 
signal. 

In principle the use of a fit that describes the curves 
more precisely will lead to a bet ter  approximation.  
However ,  this increases the statistical uncertainty as 
well. If  it could be verified that some parameters  are 
constant this would reduce the number  of variables that 
have to be determined. Further work has to be done on 
this point. 

Statistical Errors 
The use of ESR data (i.e. signal amplitudes versus 

y-doses) for fitting and A D  determination leads to a 
standard error of the A D  i t s e l f - -  even if we know the 
correct function - -  because all measured data have a 
certain statistical uncertainty. 

For a single exponential  saturation function, this 
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error depends on various parameters:  standard devia- 
tion of a single measurement ,  number  of data points, 
maximum dose range used for fitting, the curvature 
(saturation dose) of the growth curve and the AD value 
itself. 

In order to check the influence of the different 
parameters  on the AD uncertainty we made Monte 
Carlo simulations, i.e. we generated data with a 
random scatter and fitted Eq. 1 to them. These 
simulations show (Fig. 5) that in order to achieve a 
reasonable accuracy of the AD (i.e. less than _+ 10% 
standard error),  the following procedures have to be 
applied: 
- -  at least 12-15 data points are required each of which 

has to be measured with a maximum precision 
(normalization!); 

- - t h e  dose range used for fitting (i.e. maximum 
radiation step) has to be at least in the same range 
as the saturation dose, Do (i.e. > 400-800 Gy for 
carbonates);  

- -  the A D  has to be smaller than one third of the 
saturation dose, D,. 

This means that we can measure ADs up to 150-30(~ 
Gy using the signal at g = 2.0006 in carbonates with a 
satisfying precision. In principle the A D  range can be 
expanded by using a larger number  of data points. 
However ,  for practical use a number  of 15 measure- 
ments is already a maximum." These limitations are a 
consequence of the statistical uncertainty. 

Conclusion~Practical Solution 
Because of statistical and even more because of 

systematic deviations the A D  that can be evaluated 
from the signal at g = 2.0006 in carbonates is limited to 
about 250 Gy. It could be obtained by using a single 
exponential saturation fit with at least 12 irradiation 
steps and a m a x i m u m  additional y-dose of about 25{t 
Gy. The AD range can be expanded to a certain extent 
by increasing the number  of measurements  or by 
establishing generalized parameters  for the growth 
curves. 
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FIG. 5. Monte Carlo simulations to test the algorithm for At) 
determination: the relativc standard error of the fitted AD is shown 
as a function of the AD (expressed in units of the saturation dose, 
Do). We have calculated 17 equidistant data points for each fit, each 
of which has a standard error of 3%. Three curves are shown for 
three different ranges of additional y-irradiation (parameter = 

maximum y-dose/saturation dose, D,). 

T H E R M A L  B E H A V I O U R  A N D  

L O N G - T E R M  F A D I N G  

Arrhenius Plot Life Times 
The thermal life time of a signal limits the age that 

can be obtained from this signal. To get a reliable age 
the life time should be at least 5 times this age 
(Barabas,  1989). Otherwise, a correction factor has to 
be applied (Barabas et al., 1988, Mejdahl, 1988). 

The conventional way of determining life times of 
ESR signals is to accomplish isothermal annealing 
experiments at several elevated temperatures  and then 
to extrapolate the life time to ambient temperatures  
(Arrhenius plot). 

According to annealing experiments the life times of 
the signal at g = 2.0006 at higher temperatures' (2(XJ°C) 
differ by a factor of up to 5(t (between molluscs and 
speleothems),  also within the same material 
(speleothems: two orders of magnitude; Rossi and 
Poupeau, 1989). 

Corresponding liJe times at 0°(" deduced from Arrhe- 
nius plots range between 3 Ma (molluscs (overmodula-  
ted signal); Molodkow, 1989), 1(1 Ma (foraminifera: 
Barabas,  1989) and 4--80 Ma (speleothems; Yokoyama 
et al., 1985). 

These results indicate that the life time is not an 
invariable attribute of the paramagnetic centre but is 
dependent  strongly oil the specific material.  Further- 
more,  the determination of life times with the Arrhe- 
nius method delivers large errors for principle reasons: 

(a) The Arrhenius plot extrapolation results in 
uncertainties at least with a factor of 3 or more 
(Barabas,  1989; Grfin, 1989). 

(b) It is not proven that the Arrhenius equation 
holds exactly over the whole range of temperatures  
with a constant frequency factor (McKeever ,  19851. 

(c) Other  processes like diffusion of point defects or 
recrystallization of carbonates that can take place 
during annealing may have an influence on the results 
(ibid.). For aragonitic carbonates there is a strong 
tendency to transform into calcite unless it is not in a 
marine environment.  These processes may become 
much more important at low temperatures  than can be 
deduced from the high temperature  behaviour. 

In the special case of the signal at g = 2.0006 in 
carbonates additional problems exist making the deter- 
mination of the life time questionable. 
- -  Smith et al. (1985) detected an unstable component  

during annealing experiments.  Rossi and Poupeau 
(1989) found that the order of the decay of the 
signal is between first and second (1.5). Our 
experiments with marine carbonates (foraminifera 
and corals) indicate that the general form of the 
isothermal decay curves displays a higher decay 
order or consists of at least two components  that 
differ by about a factor of 2111 (Fig. 6). Hence,  the 
life time may depend on the relative contribution of 
the different components.  

- -  Barabas et al. (1988) and Katzenberger  et al. (1989) 
found that heating of the sample leads to partial or 
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FIG. 6. Semi-log plot of the signal amplitude in foraminifera vs. 
heating time at 160°C. It can be interpreted as consisting of two 

components each displaying first order kinetics. 

total destruction of the sites where the paramagne- 
tic centres can be built (trap decay), i.e. after 
sufficient heating of the sample the signal cannot be 
recreated by irradiation. This effect (observed in 
foraminifera (Barabas et al. 1988), shells and corals 
(Katzenberger et al., 1989, Walther et al., 1992)) 
contributes to the observed decrease of the signal 
amplitude and may thus lead to wrong conclusions 
about the life time of the signal. 

In the results mentioned above, no special care has 
been taken of probably existing short-life components 
nor of the observed trap decay of this signal. So those 
values are just indicating the general range of life time. 

Determination of  the Life Time from Sediment Cores 
Another approach of the determination of the signal 

life time or the detection of long-term fading is the 
comparison of the growth of a signal on artificial 
irradiation with its natural growth (i.e. during burial 
time by environmental radiation)• It is assumed that the 
difference is due to the fading of the signal. Details are 
given in equivalent models by Barabas et al. (1988), 
Mejdahl (1988), and Htitt and Jaek (1989)• 

Sediment cores with known ages and known dose 
rates enable us to calculate the accumulated dose a 
sample (foraminifera) has received. Comparing the 
natural (normalized) signal amplitude of a specific 
sample with the signal amplitude that is caused by the 
same quantum of y-radiation allows the calculation 
of the life time for this sample numerically taking into 
account its age. By this method Barabas et al. (1988) 
showed that the signal at g = 2•0006 in foraminifera is 
far less stable than expected from isothermal annealing 
experiments• Assuming a constant dose rate a life time 
of about 450 ka (at 2°C) was derived which results in 
ADs too small for samples older than about 50 ka. 

We have analyzed the growth behaviour of the signal 
at g = 2•0006 with a higher precision in the deep-sea 
sediment core RC17-177 and derived more precise 
conclusions about the long-term stability of the signal at 
g = 2.0006. 

EXPERIMENTAL 

Calcitic foraminifera samples from sediment core 
RC17-177 were measured from 40 depths and a span of 
about 800 ka (5180 stratigraphy)• The 5t80-ages of 
each sample were known up to a maximum age of 
about 750 ka (Shackleton, pers. commun.). 

Signal amplitudes were recorded (Bruker ESP-300 
Spectrometer) as a function of the artificial y-dose 
(6°Co; calibration with alanin-dosimeter) with 15 irra- 
diation steps for each sample (up to 8 kGy). 

The concentrations of 238U, 232Th, and 4°K have 
been measured• The excess 23°Thorium, Thxs, was 
measured in the samples younger than 200 ka (initial 
Thxs = 5.55 dprn/g); the k~ factor was measured to be 
0.1; the water content was estimated to range between 
50 and 60%. For the calculation of the time dependent 
dose rate (dose-conversion tables given by Nambi and 
Aitken, 1986) an infinite matrix radiation field was 
assumed• Details are given elsewhere (Mudelsee et al., 
1992). 

RESULTS 

According to Barabas et al. (1988) the natural growth 
of a signal is given as: 

dS(t)/dt = P(t)/Do*[K-S(t)]-S(t)/~ (2) 

The first term presents the growth of the signal size, S, 
proportional to the amount of unfilled traps, ( K - S ) ,  
and the dose rate, P, the second the (first order) 
thermal decay with the life time, x. From Eq. 2 the 
natural increase of the signal can be calculated numeri- 
cally, taking into account the time-dependent dose rate 
resulting from excess 23°Thorium. The parameters Do 
(= saturation dose) and K (= number of traps = 
saturation level Sma×) can be derived from the signal 
increase on y-irradiation (Eq. 1). 

From the differences between natural (measured) 
signal and calculated signal (Fig. 7), the life time for 
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each depth was calculated (Fig. 8). It exhibits the same 
range that was deduced earlier (ibid.) but displays a 
distinct increase of the signal life time with the age of 
the samples. Obviously the use of this model (one 
component ,  first order kinetics) has not been correct. 

In order to explain the strange behaviour we 
calculated the signal growth for various assumptions 
(Fig. 9a,b). Finally this resulted in a model that 
assumes two (equal weighted) components  one of 
which has a short life time of about 50 ka, while the 
other was assumed to be stable on the time scale in 
question (Fig. 9b). In this case a good agreement  was 
found between measured and calculated values. 

It has to be noted that the behaviour could not be 
well described by assuming a higher than first order 
kinetics. 

CONCLUSION 

(a) Signal-Growth Curves 
From our (and other) experiments,  followed that the 

signal growth curves can be described by a single 
saturation function only in a small dose range of not 
more than 1 kGy. In this low dose range, the parameter  
Do is varying by a factor of about 2 (400--800 Gy). 
However,  this range seems to be valid for all carbon- 
ates. 

An AD determination should be possible m the 
range < 250 Gy with a sufficient precision (better  than 
11)%). Exceeding this range means to increase the 
statistical uncertainty and to introduce systematic 
errors. 

The main question remaining in this complex is 
whether or not a trap creation takes places during y- 
irradiation. It should be easy to carry out the adequate 
experiments.  In future research it should also be 
investigated whether some parameters  (saturation 
dose'?, y?) can be treated as constant generally, which 
would increase the fit accuracy even when using more 
complex fit functions. In this case the AD range could 
be enlarged. 
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which has  a short  life t ime of abou t  51) ka. 

(b) Stabili(v/kiMing 
In general the decay be!mvioul of the signal cannot 

be described with first order kinetics. As there is a 
connection between trap depth and probability of 
capturing an electron by this trap (i.e. between life time 
and saturation dose: 1..ev 3 . pers. commun. ) this finding 
fits with the observed growth curves on y-irradiation. 
i.e. it is most probable that components  with different 
properties contribute to the dating signal. 

Furthermore the situation is complicated bv the 
decay of traps (=  sensitivity change due to heating), 
which may or may not have an influence on the long- 
term stability at ambient temperatures.  Therefore  the 
application of the Arrhenius plot seems inadvisable. 

A derivation of the life time from the ratio between 
the natural signal growth and the growth on ,:- 
irradiation as shown for sediment cores seems to be 
more trustworthy. Our findings from sediment cores as 
well indicate the existence of different components.  
The short life time of the unstable component  of this 
signal derived from the sediment cores also demon- 
strate that conclusions from Arrhenius plots may bc 
dramatically wrong. 

If this unstable component  would be a general 
property of the ESR signal at g = 2 . 0006 - -  that is what 
the decay behaviour of this signal in various carbonates 
indicates - -  it would mean that dating is not possible 
using this signal, even more as it seems to be less stable 
in aragonitic material. 
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The question remains: How do we get such old ages 
as 200 ka in corals without any indication for a 
systematic underestimation (Radtke and Griin, 1988)? 
This has to be checked carefully by precise comparisons 
of ESR ages and Th/U ages. 

Another approach to derive life times uses very old 
samples that have reached the equilibrium between 
filling of the traps by radiation and thermal release of 
electrons (Barabas et al., 1988; H/itt and Jaek, 1989). 
This, however, should only be applied to calcites 
because in very old aragonitic samples generally 
recrystallizations have occurred. We plan to expand 
our examination with sediment cores up to ages of 2 
Ma. This will reveal how the signal growth continues in 
time and whether the assumed models are correct. 
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