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~6 um grains of speleothems would not be surprising.
The previous discussion indicates that a possible

difference in the way ESR and TL respond to the grain size
effect may exist, TL showing more dependence on grain size.
Figure (6.8.2.2) illustrates how we would expect ED to
depend on grain size of powder not treated with acid.
A model is proposed by Wintle (1975) to explain the low
EDs in terms of TL processes. She studied vicéd and drilled
samples of the same grain size (75-250 mum ) and proposed
that non-radiative centers are activated on the grain sur-
face during the drilling process. These centers are not
refilled with charges during a subsequent irradiation and

2+ etec. (Medlin, 1968b),

compete with TL éctivators, e.g. Mn
for the untrapped electrons. This model can explain our
TL results with the assumption that prolonged grinding
produces very fine grains with activated, non-radiative
centers on their surfaces®, as drilling does on the
surfaces of the large grains. Besides, grinding may have

partially emptied the traps responsible for the 25OOC TL

peak, so that the 23000 ESR signal becomes lower for very

® There are two reasons that such centers may have had
increased density on the surfaces of very fine grains:

(i) the finer the grains the more the elaboration they
undergo during grinding, thus the more centers which
may be activated.

(ii) the finer the grains the higher the ratio: surface
area/volume of grains.
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fine grains. We suggest that these two processes are com-
bined in TL, thus explaining:

(i) the sharp drop of the natural TL intensity,
mentioned previously,

(ii) the otherwise unexplained divergence of alpha EDs
as found by ESR (11.4 +0.5h) and TL (2.5 +0.2h),
though the samples measured had identical range of
grain size (2-10 um).

Wintle's experiments did not indicate any partial evacuation
of traps because the grains of the viced sample she used
were large enough, i1.e. population of activated centers and
emptied traps low enough, so that treatment with 0.5 %
acetic acid did not alter the TL characteristics. On the
other hand, her finding that both drilled and viced samples,
despite their differences on EDs and natural TL intensities,
displayed the same sensitivity to gammas, supports the
assumption we made previously that s( v ) is independent of
grain size. Therefore, the agreement in a-values found by

ESR and TL is not surprising.

6.9 Supplementary ESR data

In the process of dating speleothem 77200, several
assumptions were made due to lack of adequate experimental
data. Recent ESR tests on 77200, performed in our labora-

toryQafter the present work had been integrated (June, 1982),

® by Tammy Middleton
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supplied new data, which could be considered to support our
assumptions and the "isochron" idea in general.

Eight samples have been taken, 4 from each of the EF
and K layers of 77200 (indices: a,b,c,d). The analytical
procedure was much the same as for the E.l samples. This time
the additive vy-doses were at least up to 40 Krads. Figure
(6.9.1) shows the ESR intensity growth with gammas, for
some of the samples; this growth is not linear in general.
Such a behaviour resembles the TL intensity growth curve of
sample E3 (Figure 6.8.1.3) where linearity is destroyed
above ~120 min of y-dose (28 Krads). If the natural
dose ( ~47 min) is added to that, electron trap saturation,
as it is ascertained by TL, seems to begin after sample
E3 has absorbed a total dose equivalent to ~170 min of

v-dose (40 Krads). The value of ED=51.5 +8.0 Krads,
used to determine the ESR isochron age, stands above that
level and may be an overestimation of ED. However, the
range of additive +y-doses we used is quite small (0-9.4
Krads), and the assumption about linear growth over a total
dose of ~ 61 Krads (51.5 natural +9.4 artificial) may not
be conducive to significant error. This is supported by
the good agreement of the ESR isochron and U/Th dates.

The determination of EDs from the growth curves of
Figure (6.9.1) is problematic for two reasons:

(i) The exponential growth data requires computer
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processing to give a curve® fitting the points.
It was temporally impossible to do that. The
alternative was to draw curves by means of a
French Curve.
(ii) It is not known how far from the beginning of
the growth line the linearity is destroyed.
Linear growth up to ~60 Krads, however, might
be acceptable, as it was noticed previously.
The curve tangent at the In point extrapolated
back to I=0 gives ED <60 Krads for almost all the
samples.
The EDs determined by the approximate graphic way described
above, the maximum EDs derived by fitting all the points
to a linear relation and extrapolating back to I=0, and the
U-content of the corresponding samples are displayed in

the following table:

Sample EF-a EF-b EF-c EF-d K-a K-b K-c K-d

(vl
spm 256 2.66  2.71 2.26  2.21 2.2k 2.47 2.07

ED
Kreqe 50-60  55-65 50-60 50-60 35-45  --  35-45 35-h45

maxED 7243 74.1 62.6 51.9 52.7
Krads 734 +#1.8 +.8 +0.8 62.8 273 +0.2 +0.6

’ +*
@ The curve is expressed by: I=Ig [1-exp(-%9252\] where

I and D are the ESR intensity and gamma dose respectively

I. 1s the ESR intensity saturation level

ED* is the intersection of the curve with the <v-dose axis
s* is the slope of the curve tangent (sensitivity) at the ED*
point.



156

These values are plotted in a diagram of ED versus [U)
(Figure 6.9.2) where the old data from Figure (6.5.3) is
also shown. We note that almost all the new ED-ranges lie
in the area determined by the experimental error of the
ESR intensity isochron. Furthermore, the new data's
tendency to give higher ED for increased [U) 1is quite
clear.

The similar range of linear growth with additive
yY-doses that TL and ESR intensities seem to display
implies that such a similarity might occur for the growth
with alphas. Thus, the assumption made in section(6.4.2)
that the ESR intensity of sample E3 should have linear
response to additive a-doses seems to be reasonable because
the TL intensity of the same sample displays such a lin-

earity (Figure 6.8.1.5).

6.10 Discussion

Reviewing the above process of dating speleothem
77200, our attention is focussed on the low Dn at which
saturation indications arise. It would be expected for
saturation to begin above ED+100 Krads of +v-dose (see
section 2.8) but not from as low as 40-60 Krads. The Mn
concentration in the EF layer is ~ 10-20 ppm, that is much
lower than the value required to cause saturation (100-1000

ppm) due to Mn-trap interaction (Ikeya, 1981). It is
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possible that the yI+ cations, presumably responsible for
the dating ESR signal (see section 2.3.1), have quite low
concentration. Another possibility 1s that the ESR signal
used for dating (SIA) may be the co-effect of two centers,
one being present in both natural and irradiated states
(stable up tofN*QZBOOC, Figure 6.4.2), and the other pro-
duced during irradiation (unstable, interfering signal:
100°C < T* < 230°C). Both centers may have very similar
g-values, thus being indistinguished by our ESR techniques.
Such a possibility is indicated from the TL first glow
curves of sample E3 (Figure 6.8.1.1) where a peak at
T#=160°C is produced after irradiation. This peak, however,
seems to havé linear growth with gammas. For the speleothem
77200, thermal study of irradiated samples has not been
carried out; such an annealing, therefore, is recommended
(see section 3.8 (ii)-a).

As far as the reliability of the conditional iso-
chron dating is concerned, it is hoped that further study,
i.e. step annealing and accurate calculation of EDs if
saturation persists, will allow a 'real' isochron line
or even better two separate lines for the EF and K layers
to be defined, thus monitoring the intensity 'isochron'
line. To draw an isochron through the maximum EDs of the
EF-a,-b,-c,-d points may lead to
overestimation of the age of layer EF and underestimation

of the external dose. Such an isochron line, however,
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could be used to obtain an upper limit for the age. Thus,
for IS, . = 28 Krads/ppm (Figure 6.9.2) and a=0.13, equation

(3.5.3) yields: t =530 Ka. It is not certain whether

max
or not this value might indicate an age for layer EF older
than the U/Th date. A young U/Th date could have origin
in the presence of a hiatus between any of the Top layers,
from A to E (Figure 6.3.1), but such a thing is not mani-
fested by a visual examination (Plate 6.2.1). Otherwise,

it is too early for the 'newborn' ESR isochron dating

method to judge results of the 'mature' U/Th dating method.



CHAPTER 7: Annealing and grain sigze effects of various

speleothems

7.1 Introduction

This chapter includes some of the results of our
preliminary studies, when we were trying to find an appro-
priate analytical procedure for normal ESR use before the
"isochron" tests are performed. Two issues were examined
regarding the trapped electron stability.

(i) thermal behaviour, by applying step annealing
(see section 4.4 (ii))
(ii) response to mechanical treatment (grinding), by
studying powders of variable grain size.
The need to do thermal study was realized quite clearly
that time, but such a thing did not happen regarding the
grain size. It was the TL studies of Lewis (1968) and
Wintle (1975) (see section 6.8.2) that motivated us to
examine the possibility of a "grain size effect" on the
ESR intensity, despite the information found in the liter-
ature that such an effect had not been observed to occur

in speleothems (section 4.2).

160
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7.2 Speleothem 76165 . Given data and details on
analytical procedure.

76165 consists of a number of pieces of flowstone, white
non-porous calcites, taken from the Lost John's Cave. The

following data are available (Gascoyne, 1979, p.456).

Sample  [U) ppm p Bg q  230mn/232qn 4 ka
1 piece 9.35 0.938 0.914 0.649 111 115.5ti§:g

The 2397n/2327h indicates a material free of detrital
impurities. After extraction of the sample from the flow-
stone, it was ground and sieved. Two fractions were separ-
ated: coarse grains ( >0.1 mm) were used for irradiations,
and both coarse and fine ( < 0.1 mm) fractions were used
for thermal studies. Treatment with acid was omitted
because this experiment was done during our preliminary
investigations. However, this omission is possibly of
minor importance, since studies of other speleothems (77200,
77032) have showed that the grain size effect is not signi-
ficant for grains greater than 0.1 mm. Gamma additive

doses given to 5 aliquots were: 2.535, 5.07, 7.605, 10.14
and 12.675 Krads. Sample weights in quartz tubes were

190-230 mg. Only the JEOL-ESR spectrometer was used.
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7.2.1 Experimental results

Thermal study of natural and irradiated materials
(Figure 7.2.1.1) revealed four signals as shown in the

following table.

Signal's #0
Symbol g-factor T**C notes
Sy 2.00095(+5) ~210 strong signal, used for dating
SlB 2.00590(+5) ~370 signal revealed in thermal
study only
Ssp 2.01180(+#10) ~100 signal present in irradiated
material only
Sy 2.00315(+#10) ~720 signal not related to irradi-

ation

ESR spectra of the natural material at characteristic temp-
eratures are shown in Figures(7.2.1.2)-A and -B. The signals which
are sensitive to 7-raﬁﬂSlA,SlB,SZB) have g-values similar
to those of speleothems 76121 and 77200. The fading
temperatures of the 76165 are a bit lower than those of
the flowstone 7?200-E3, due to the longer annealing time
used at each temperature step. The signal SX appeared
after annealing at T >250°C, reached a maximum at ~ 600-
650°C and disappeared at T >800°C; its intensity was the
same for both natural and irradiated material. The origin
of this signal will be discussed later.
The growth of S

1A and SZB with additive gamma doses

is shown in Figure (7.2.1.3). A fading process in Sy, 1s
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observed, which is known to become inactive a few days
after irradiation (see section 4.4.(i)). This has the
effect of causing the EDs obtained to reach presumably a
maximum value of ~27 Krads about one week after irradiation.

The fading of S is assumed to be due to decay of centers

1A
of low T*, the g-value of which should be very close to

2.001 so that their signal (SZA) is completely overlapped

by the strong SlA'

To determine ED, signal SlB could be used as well.

However, the ESR signal of peak S overlaps that of SlB

1A
at T <:23000 and retrapping occurs at 230—2800C. Thus it
is questionable what ESR intensity should be used. If the
maximum intensities (Imax) of SlA and SlB are used, the
obtained EDs are ~24 Krads and ~28 Krads, respectively
(Figure 7.2.1.4). The figures of ED based on S,, Show

that about the same value is obtained from the room temper-
ature intensity (Ir.t.) as from Imax' That iss Aif s

for S also ylelds the same ED as does Imax for this

1B
signal, then we should be able to use it to date speleothems
older than 1O6 years, by which time signal SlA might have

faded partly.

7.2.2 Estimation of the a-value

Wintle's model can be used to evaluate Din and

g
compare it with the ED found previously. If the data of

section(7.2) are applied to equation (3.3.1.1), we get:
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- +4.9 _ -
Din‘t_ 24.3_4_4 Krads for a=0.1 and Dintzé'? Krads for a=0.5.
The (U) value used is that of IDA, and is probably lower
than the 'true' [U] value that would be found by NAA
(section 4.6). The D, values given above are therefore

. . , . . +4.9
lower limits of the 'true" D so that: Dint;>24'3-u.4 Krads

int’
for a=0.1 and Dint;>67 Krads for a=0.5. It is obvious

that ED gDin‘t for a=0.1. A larger a-value would require
Dint>ED which is impossible since ED:Dext+Dint and Dext =0.
Therefore, it might be expected the a-factor of 76165 to

be € 0.1 but not to be significantly greater than 0.1.

7.3 Thermal study at 'low' T of 76165 powders of various
grain sigzes

Several samples of coarse and fine powders were
annealed before and just after irradiation, in order to
manifest the presence of signal SZA and study its fading.
Figure (7.3.1) shows that significant retrapping occurs,
leading to the appearance of two maxima at approximately
60°C and 160°C. Minimum ESR intensities (Imin) are obtained
at approximately 110°C for both natural and irradiated
samples. The decrement (Ir.t.'Imin) which the irradiated
samples display is probably due to a shallow trap, the
electrons of which fade quickly at approximately 80°¢c,

and at a slower but measurable rate at room temperature.

This means that instead of waiting one week to allow SZA
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to fade, one could heat the irradiated samples at about
110°C for about 10 min, thus obtaining the ESR intensity
of S1A without any contribution from SZA' This procedure
has been already followed successfully by several authors
(see section 4.4 (i)). The plot of g-factor versus T is
also shown in Figure (7.3.1). A trend of the irradiated
samples to yield higher g-values for T < 100°C, though
not quite clear, may indicate that the g-value of S2A
is close to 2.001.

The results of this experiment show that ESR inten-
sity decreases with decreasing grain size (Figure 7.3.1).
Besides, the difference in ESR intensity between coarse
(greater than 0.1 mm) and fine (less than 0.1 mm) grains
is significantly less than that between fine and fine-
reground grains. Therefore, we may expect further changes
in intensity to become negligible for grains greater than

0.1 mm.

7.4 Thermal study at 'high' T

The annealing of 76165 revealed a signal SX where ESR
intensity does not rise with irradiation. Its occurrence

created some problems in the S B peak-to-peak height deter-

1
mination, so we decided to study its origin in order to
reduce or even better, eliminate its presence, if possible.

It is possible that SX is due to burned organic impurities,
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since heating was done in open air®. This interpretation
was proposed independently by Apers et al. (1981) to explain
the occurrence of a signal similar to our SX (section 2.4).
We repeated step annealing,this time in vacuum of < 10_4
atm., but reduction of SX was not achieved. It may be that
the vacuum was not good enough, since organic impurities in
speleothems are present in trace amounts. Artificially
precipitated calcite of high purity (ULTREX ~99.97% CaCOB)
should not have contained such organics, but the Sy was
still present in such pure calcite, though displaying
smaller intensity than that of 76165. Two more speleo-
thems were tested (807 CW-6, 73107) and these showed large
differences in SX intensity. The E3 sample of 77200 did not
reveal any SX‘ These results are displayed in Figure (7.4.1).
Signal Sy does not seem to be related to calcite

~ 0 . .
~2002C, a0 + cog), since its growth

dissociation (CaCO3
and fading occurs at temperatures well below 900°C. Another
indication which supports this comes from the ESR signals

of Mn2+

impurities inherent into the 76165 samples.
Figure (7.4.2) shows that the g-values of some Mn?*
Forbidden Transitions (those lying between the Mn2+(+%) and

(-%) peaks) are temperature dependent. At low T (24-120°C)

: 450-650°C_,+ o -
®ror instance: M+RC Hp —422=030Coy* + RepHy and RC Hp + O

2

- o
650-850 Cecot+ ..., where M=Trace metal and RC_Hp
the organic radical responsible for the signal SX'
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the low H-Mn2+

Forb. Trans. (Figure 7.4.2-A) is super-
imposed by the SZB peak, so that the latter predominates.

As S fades, the g-factor reaches its normal value of

2B
approximately 2.01295 (+15) which remains constant up to
about 500°C. From 500 to 600°C, the g-factor decreases

and reaches the value of approximately 2.01235(+15) which
remains constant up to 850°C. A similar but less prominent
drop of g-values could be considered to occur in the case

2+

of the high H-Mn“" Forb. Trans. (Figure 7.4.2-B). Kolat

and Ozer (1979) have found a change of Mn2+

g-values to
occur during the dissociation of artificially precipitated
calcites and speleothems. The dissociation started at
750°C after 15 minutes of heating or at 700°C after 60
minutes heating, and completed after 45-60 mihutes or
120-270 minutes respectively. In our case, the temper-
ature at which g-values change is well below 700°C and the
heating time (about 10 minutes) much shorter than 60
minutes. Thus, dissociation of calcite is unlikely at
least on a large scale.

The above results could be interpreted by consider-
ing that SX:

(i) is due to a foreign inorganic substance, incorpor-
ated into the calcite lattice during crystal-
lization in various amounts.

(ii) is related to some structural alteration of

calcite at 500-600°C, as is implied from the
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drop of Mn2+ Forb., Trans. g-values which suppose
to be characteristic of the host crystal struc-
ture.
This model, however, could be doubtful for various reasons.
What can be said, at the moment, is that SX is a free
radical induced by heating of natural and artificial cal-
cites, the growth in ESR intensity of which occurs at the
same T-range as that at which the drop of the g-value of

2+ Forbidden Transition occurs. The nature

the low H-Mn
of the center can only be determined by careful single-

crystal studies.

7.5 Speleothems 77032 and 77159 . Given data and de-
tails on analytical procedure

77032 1is a 15 cm long stalagmite, a dense white-
yellow calcite, taken from the Castleguard Cave, Banff National Park

Albérta. For the piece we examined (top2cm) Gascoyne (1979,p.467)

+26.1
-21.6

(U/Th date), that is, both (U} and t are relatively high

gives: [Ul=2.51 ppm, 2397n/23%7h=274, and t=277.8 Ka
and would be expected to yield a strong ESR signal.

77159 1is a piece of flowstone, taken from the
Victoria Cave, N.W. England. For the portion we examined
(top 1 cm), Gascoyne (1979, p.455) gives: [U] =0.32 ppm,
2301y /232pp 29, and t=92.5fg:g Ka (U/Th date), that is both

(U] and t are relatively low and should yield a weak
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ESR signal.

After extraction of the samples from the speleothems,
they were ground and sieved. Several fractions of different
range of grain sizes were separated and their natural ESR
intensity‘(In) was measured on the JEOL spectrometer.

Seven fractions of 77032 and three fractions of 77159
were given approximately 2.4 Krads of gammas. Their
ESR intensity was measured soon after irradiation and
remeasured after heating the samples at approximately
110°C for about 10 minutes. The samples' weights were as
follows:
77032 , natural: ~260 mg or ~110 mg, irradiated or
heated: approximately 110 mg
77159 , approximately 330 mg for natural, irradiated
and heated.

7.5.1 Experimental results

Four different radiation sensitive ESR signals were

revealed in the examined samples , as shown in the follow-

ing table.
t in i

Speleo- o presen signal's
them ~ &value THC - the natural noves symool

2.00075 >160 YES strong signal SlA(?)
77032 (£5)

2.01190

(i10) 130 o e

table continued on next page
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present in

Speleo- o} signal's
them g-value T*~C th:tQ?Zural notes symbol
2:993%9  >110 YES weak signal Sy
77159 -
2.01170 9
(+5) <110 NO(?) see text SZB(?)

Except for the strong signal of 77032 , the rest of the
signals displayed peculiarities which distinguish them from
the signals of speleothems 76121 , 77200 and 76165
(1) Stal. 77032: the strong signal of g=2.00075 did
not fade at ~160°C (12 min.). This signal

could be equivalent to the S of 77200 and

1A
76165 since its g-value is very similar to the
g-value of the latter.

(ii) sStal. 77032: the signal of g=2.01190 fades
quickly at approximately 130°C (Figure 7.5.1.1);
its decay by time is shown in Figure (7.5.1.2).
This signal cannot be equivalent to the SZB
of 76165 (T*=100°C), despite the fact that
both have similar g-values. We call this
signal SZE .

(iii) F/s 77159: the weak signal of g=2.00380 did not
fade at approximately 110°C (10 min.). None
of the speleothems studied previously showed
signals of such a g-value, and no signal was

present at g =2.001, in natural or irradiated

material of 77159 . Therefore, the signal
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Figure 7.5.1.1 Stal. 77032. Step annealing of powder
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Figure 7.5.1.2 Stal. 77032. ESR signal SZB’ : decay
at room temperature.
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of g = 2.004 was called SlA"

(iv) F/s 77159: the signal of g=2.01170 fades quickly
at approximately 110°C (10 min.) but only for
irradiated material. Besides, this fading does
not seem to drop the ESR intensity below the
natural level (Figure 7.5.2.2). Such a drop
would be expected if the trap responsible for
the natural signal has a T* = 110°C. It seems
therefore that the natural ESR intensity re-
presents another signal not sensitive to
radiation which has a g-value very close to
2.0117. The radiation sensitive signal could be
identified as SZB' The 'stable' signal of

unknown origin is called SY'

7.5.2 The "grain size effect”

The ESR intensity dependence on grain sigze for
various ESR signals of natural and irradiated materials
is shown in Figures (7.5.2.1) and (7.5.2.2).

(1) Stal. 77032, S it is clear that ESR intensity

14}
(I) decreases as grain sizes become <200 um.
If AI represents the intensity increment due
to irradiation ( AI = Iirradiated_lnatural)’
i.e. Al = s(v)D where D=2.4 Krads-y , it
seems that AI 1s not independent of grain

size. However, this may be a phenomenclogical



Figures 7.5.2.1 and 7.5.2.2 Stal. 77032 and F/st 77159. The "grain
size effect" for various ESR signals. The powders

are natural, irradiated (2.4 Krads of gammas), or
irradiated and annealed soon after irradiation at
110°C for about 10 minutes.
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dependence arising from insufficient resolu-
tion of the JEOL spectrometer.

Stal. 77032, SZB': this signal is present only
in irradiated materials and overlaps the low

2% Forb. Trans. of g=2.01280 (+20), the

H-Mn
latter shown only in natural materials. It
is obvious that I decreases as grains become
less than 200 wpm. However, if the s(7v)

of this signal was independent of grain size,
then the I of irradiated material ought to be
the same for any grain size. Besides, the I

of fine grains seem to decay faster than

that of coarse grains (Figure 7.5.1.2).

(iii)F/s 77159, Syp this signal displays similar

behaviour to that of S1A (see (i) above).

(iv) F/s 77159, S,,: since this signal overlaps the

2B
'stable’ Sy (see section 7.5.1 (iv)), the

'inverse' relation to grain size is due to the
latter. The s(+v ) of S,p seems to be approx-
imately constant for any grain size ( AT =

constant).

The above results show the presence of two kinds

of "grain size effect":

(i)

The so called "grain size effect on s(vy )"

seems to be related mainly with centers of low

T#* which are not present in natural materials
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(signal S Its occurrence could be inter-

2B)'
preted by considering the s( v ) of these centers
to be dependent on grain size.

(ii) The so called "grain size effect on I," or

simply "grain size effect" is related with
centers stable at room temperature, the ESR
signals of which (SlA, Sy ) could be used for
dating. 1Its occurrence is probably due to sample
preparation (grinding) and the related surface
effects (see next section). Such an effect of
the grain size on In has been found to occur
in other speleothems, too (Figure 6.8.2.1).
It should be pointed out that any I, depletion for fine
grains is not due to the variable space coarse and fine
powders of equal weight occupy into the spectrometer's
resonance cavity. On the contrary, this variability
should favour fine grains to yield high I, since the
smaller the sample space V the higher the I, as

S

explained in section(&4. 35

7.6 Grain size effect and grain 'surface'

The grain size effect has been attributed to surface
effects caused during sample preparation (section 6.8.2).
To eliminate these effects, other workers commonly treat

the grains with 0.5% acetic acid for 1 minute. We tested
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that treatment on four fractions of stal. 77032. The results
are shown in Figure (7.6.1). It is seen, as expected,

that 1 minute acid attack increases the I of fraction
150-300 um more than that of fraction 300-700 am.

Further acid attack does not change the intensities, sug-
gesting that 1 minute is sufficient for coarse grains to
attain maximum I. However, the fine fractions (75-110 pum,
less than 65 um) have unexpected behaviour: it seems that
acid attack does not affect their I. It is not likely that
this ‘'anomalous' finding results from our techniques. On
the other hand, very fine grains could have certain
peculiarities, not studied so far. If the"grain size
effect" is due to production during grinding of a disturbed
zone of uniform thickness "d" in which the I is much lower
than in undisturbed calcite, then for particles of radius

r € d, there will be little effect of acetic acid dissolution,
since the whole grain is disturbed. For r greater than d,
intensity will increase as the disturbed part is stripped
off (Figure 7.6.2). We note that the I of the disturbed
volume is not zero because I continues to decrease with
decreasing r for r less than d, corresponding to separation
of grains which have suffered progressively more disturb-

ance per cubic centimeter.
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Figure 7.6.1 Stal. 77032. The effect of etching with
acetic acid 0.5% on the dating ESR signal
(SlA) for powders of various ranges of
grain size.
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Figure 7.6.2 Acid attack does not affect the ESR intensity

of very fine grains ( <100 umm).
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7.7 Discussion

Reviewing the results of this chapter, we note that
the so-called 'retrapping” of electrons found to occur just
before the activation temperature of each trap (section 7.3)
has also been observed by other workers (section 2.4, Figure
2.4.1). It is not clear how retrapping can occur, because
Levy's model (section 1.4.2) will not allow such electron
behaviour. Further, retrapping presumes the presence of a
reservoir of non-atomic electrons within the calcite, which
need thermal activation before they enter the trap. Such
electrons could be found if traps shallower than that res-
ponsible for the retrapping are filled at room temperature,
some of these being transferred to the deep trap during
annealing. However, "retrapping" occurs even in natural
materials, where the shallow traps are presumably empty.

The lack of a proven model to explain these peculiarities
discouraged us from heating irradiated samples (see: section

L.4 - (i)), for determination of ED's.



CHAPTER 8: Concluding remarks

8.1 Introduction

The foregoing chapters have demonstrated the application
of ESR isochron dating techniques to speleothems. It was
necessary to undertake some preliminary work on the analy-
tical techniques used (chapter 7) because of inadequacies
in existing procedures. The purpose of this chapter is to
review the results and draw implications from them regarding
aspects of dating by ESR isochron methods. Some of these
results will also be compared and contrasted with previous

ESR work on speleothems.

8.2 Distribution of some trace elements in single speleothem
layers

The distribution of U and Mn within a single layer of
the examined speleothems is not homogeneous. The following
table displays [U] and[Mn]ranges for several layers, as
well as e-values for each TE. The e-factor is defined by
the equation:

[TE]ma.x _ ErE]min )
((TE), ., + (TE) ;) /2

indicating that the [TE] range is €% of the average of the

€(TE) =

100 % (8.2.1)

extreme (IE)-values.
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{Ulmin [{U)max|e(U) || (Mn]min | [Mn]max | e(Mn)

Speleothem [layer ppm opm % ppm ppm %
EF 2.3 3.2 33 5 18 113

77200 K 2.1 2.5 17 - - -

0 1.6 2.1 27 1 2 67

2 39.3 | 39.7 | ¢ : - - -

75037 L 51.3 | 58.1 | 12 - - -

6 40.8 .6 9 - - -

For isochron plots it is necessary to have sufficient (U]-
range, i.e. high_e(U). In fact, the lower the accuracy in
the determination of EDs the higher the ¢(U) that is required.
Hence the minimum €(U) required for a particular isochron
depends on both: a) the dating ESR signal and its pecul-
iarities, and b) the ESR spectrometer resolution, fidelity
and possibility of systematic error. In our work, the
reproducibility of the ED-values obtained by the JEOL: JES-
3BX-X spectrometer was proven inadequate for the demands of
e(U) = 30%, while the Varian: E104A spectrometer did not show
such drawbacks. The 77200 EF and 0 1layer ¢(U) results
are quite promising for the‘application of the ESR isochron
dating method. In the case where the €(U) of a single layer
is 'low', multilayer analysis may be the only way to get

high €¢(U), as shown in the following table:

Speleothem layers Umin (Ulmax | &(U)

ppm ppm %
77200 EF, K, Off 1.6 3.2 67
75037 1, ...,6 {132.7 58,1 56

76121 Top, Base 1.9 2.6 31
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The (Mn) values within some single layers of the speleothem
77200 range widely (¢(Mn) up to 113%). Therefore, a
high &(Mn) combined with the effect of (Mn®") on I_ (see
section 6.4.1) may not allow the ESR intensity single layer

isochron to be applicable incsses of low €(U).

8.3 Detrital uranium and its effect on the isochron slope

The difference between IDA and NAA determinations of

(U] has been attributed to the presence of U in detritus
(see section 4.6). The a-particles of such a detrital U
cannot reach calcite itself because of their short range,
and calcite  true D (ED) should be less than the D
expected for total U content. If the dose ED could be
attributed to an exclusively 'calcitic' U, the concentration
of which can be called "effective (U)", then [U] effective<
(U) [, ¢, 2nd therefore IS (based on (0] o1a1)<

IS (based on (U] ). Thus the isochron ages as

effective
found by using [U]total should be smaller than the 'true’
age.

The above model could supply one more explanation for
the low isochron age of the flowstone 77200 (see section
6.7) and justify the good agreement between ESR isochron
and U/Th dates for the stalagmite 76121 (see section 5.7).
The 77200 Top 2 cm sample yielded [U} = 0.95 ppm (IDA),

a value gquite small in contrast with the EF layer, the
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(U] -values of which range from 2.3 to 3.2 ppm (NAA). If
layers A, B, C, D do not have (U] <€ 0.95 ppm to balance the
EF layer high [U], the large difference between IDA and
NAA could be interpreted as being due to the detrital U,
which should constitute significant portion of the total
U of layer EF. On the other hand the 76121 Top 1 cm and
Base 2 cm samples yielded IDA fU]—values=-2.4 and 1.5 ppm
respectively, which are quite close to the NAA [U]—values:

~2.6 and 1.9 ppm.

8.4 The effect of Mn on the radiation-induced ESR signals

Ikeya's (1975) remark that Mn may suppress I was
verified with the study of speleothem 77200 (see section
6.4.1). Results from other speleothems also confirm this
" (Mn®*)-effect”. A piece of the flowstone 76111 yielded:

(U] = 0.30 ppm (IDA), 239Th/?32Tn=15 and U/Th age, cor-
jg:gKa (Gascoyne, 1979, p.451).
Our analysis gave: (U} = 0.3 ppm and [Mn])=94 ppm (NAA).

rected for detrital Th, t=26.9

The U content and age of this material, as compared to those
of the rest of the speleothem examined, are sufficient for
allowing a detectable radiation=-induced ESR signal to be
seen. No signal other than the very strong Mn2+ lines was
observed in the ESR spectra. The flowstone 7?15@981H
natural sighal is unusually weak probably because of the

2+

high Mn content, as inferred from the strong Mn2+ ESR
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lines. The U content and age of this material (see section

7.5) do not justify such a low intensity.

8.5 Comparison of ESR signals obtained in this work with
those in literature

For powdered samples, the parameters:g-factor and T*
are the only means available in the ESR techniques which can
characterize charge traps. Table (8.5.1) displays the
g-values and some other characteristic properties of the
ESR signals of our speleothems, as well as the symbols
adopted for them. The compilation of this table was possible
after the observation that many signals were quite common
amongst the examined materials. The T* and g-values given
by other workers (see section 2.4) show only few similari-
ties with those of table (8.5.1). A one-to-one correspond-
ance between g-value and T¥*cannot be established. It seems
that the mentioned parameters are not sufficient to identify
traps. The g-values of Apers et al. (1981) however
match relatively well with our data, as shown in table
(8.5.2), There is a tendency far our g-values to be system-
atically higher than those of Apers et al. This discrepancy
could be attributed either to a systematic error of the ESR
spectrometer or to the different MW and time constant used
in each case. The above discussion shows that interlabor-
atory determination of T* and g-values for identical samples

would be very useful.



Table (8.5.1): ESR signal Classification
Present <L Intensity %
g-value in Nat. g:ﬁ;?¥i$2 of %C remarks Zggggéd
Mat. Occurrence
1.981 - - - - Marker's Mn“*(+%): STANDARD | -
variable calcite's Mn<V
1.9975(43) - NO (rather weak) - (high H Forb. Trans.) -
T > 200°C for art.
. | _ . ppt CaCO _
2.0001(+2)| NO NO very weak arises at TS 65000 %or 76165
speleothem
dating signal, present in
2.0008(+2)| YES YES strong ~220 most of the speleothem Sy
samples
~2.001 NO YES very weak ~ 80 signal parasitic to S Soa
2.0024(+1) ? ? very weak ? present in art. ppt CaC0,only| -
variable arises at T >250°C, fades
2.0032(#2)| NO NO (rather strong) - at ~720°C ’ Sy
2.0038(+1)| YES YES very weak >110 present in 77159 spel. only Sqx
2.0059(+1)| YES YES we ak ~380 - S1p
2.0070(+2)[ YES YES weak ? - S1p
NO YES weak ~100 ‘arises in most of the Sop
2.0118(+2)] NO YES weak ~130 speleothem samples Sopr
YES(?) NO(?) weak - present in 77159 spel. only Sy
variable calcite  Mn2*
2.0125(+5) - NO (rather weak) - (low H Forb. Trans.) -
2.033 - - - - Marker's Mn<t(-% -

ChT



Table (8.5.2): Comparison of ESR data of this work with that of Apers et al., (1981)

961

Apers et al., 1981 Present work
T* or T of | symbol , T*¥ or T of| symbol ’
g-value | occurrence | identi- - g-value occurrence] identi-
(°c) fication || (°c) fication

‘radiation 2.0057 ~330 I 2.0059%11; ~ 380 SlB
i 2.0035 ~200 II 2,0038(+1 > 110 S
induced 2.0002 ~220 111 2.0008(¥2)| =~ 220 s}f
signals 2.0002 <100 parasitic ~2.001 ~ 80 S2A
signals
induced by 2.0029 >350 Iv 2.0032(+2) > 250 SX
annealing
signals due Mn2+ low H Mn2+
to impurities 2.0102 - lines 2.0125(+5) N Forb.Trans.
MW (gauss) 0.5 3-4
time st.

E‘g the con 0.5 0.03-0.1

g O (sec.)

Q

g+ o ]

o wl AT (%) 50 25

o < Qi

9] 3d1t* (min)|{ 60 6-12

(6] n o

& |+, (min)|| 30 5-15
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The puzzling results of Yokoyama et al. (1981 b) (see
section 2.4) invite some scepticism. They studied samples
from "stalagmitic floors" (flowstones) of the cave, "Caune
de 1l'Arago" at Tautavel . Though Apers et al. (1981) have
examined samples from the same flowstones, their results
are quite different regarding ESR signal T%¥* and g-values.
Yokoyama's samples, however, contain appreciable quantities
of sediment, presumably limestone particles incorporated
into the flowstone during the calcite deposition. Several
"stalagmitic calcites” of the said cave have been studied by
image intensifier TL (Walton and Dubenham, 1981), who showed
that particles of geologically old local limestone are
probably present in the matrix of the stalagmite. Such a
consideration might explain the discrepancy of T¥* and g-values
between speleothems - pure calcites (materials of the
present work) and those contaminated with limestone detritus
(Yokoyama's materials). Furthermore, Yokoyama's finding
that grain sizes less than 8 um and greater than 500 um
showed the same I, in contrast to our "grain size effect”,
might have some relation with the detrital limestone. This
thought arises from Lewis®(1968) TL study, where it is shown
that limestone natural TL intensity decreases as grain sizes

become either less than 70 um or greater than 125 um,
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8.6 Suggestions for further research

The results obtained in this study are sufficiently
encouraging that the efforts to improve and expand the iso-
chron dating method should be continued. Several improve-
ments are suggested:

(i) The ESR signals of both natural and irradiated
materials have to be studied thermally, in order
to assure high accuracy for EDs.

(ii) The use of distant samples taken from a well defined
broad flowstone growth layer is proposed, in order
to obtain high €(U)-values.

(iii) Though a-value approximately equal to 0.1 seems
to be common for many pure calcites, such as those
examined in this study, an improvement of the
isochron plot to account for possible a-value
variability could be proven useful., For equili-
brium cases (section 3.6.2), instead of plotting
ED versus [U] , the plot of ED versus c 4, (U]
eliminates any a-value differences and its slope
gives directly the isochron age. Such a plot,
however, requires determination of the a-factor
for each one of the samples individually, which
is quite time consuming.

The isochron dating method can be served by ESR as well as

by TL since both can determine EDs. Not only that, but
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materials other than speleothems might be proven appropriate
for isochron dating. Any materials that satisfy several
basic criteria required for the conventional ESR or TL
dating methods (see for instance: Ikeya, 1978a and Wintle,

1980) can potentially be used.
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APPENDIX I

Fricke-Calcite conversion factor calculation

The dose D (rad) absorbed by a material which is
exposed to radiation of dose R (roentgen) is given by the
formula (Arena, 1971, p.218).

Mm of msterial

D =0.869 Fn of air

R (I

where HMm is the mass absorption coefficient
In Fricke's dosimetry the absorbing medium is almost H,0
while speleothems are mainly CaCOB. If both HZO and Ca.CO3

are exposed to the same R, the ratio of their D's, as

given byeq.GﬁL gets the form:
D(CaC04) Mm(CaC04)
D(E,0)  ~ HMm(E,0) (15)

Calculation of Mm (CaCOq)

Enge (1970, Figure 7-8) gives values of Hm (sz/g)
for various elements and vY-energies. For 137Cs Yy-rays:
Hm(0)=0.079, Hm(C)=0.077, Hm(Ca)=0.076; the total Mm of

a compound is given by the equation (Enge, 1970; p.191).

Bm (total) = Tauy, (13)



(ii)
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where a.i is the abundance of the "i" element in the

compound. Thus, for Ca.CO3 we get:

#m(CaC03)=1/5 Mm(Ca)+1/5 Mm(C)+3/5 #m(O):O.O?ScmZ/g

Calculation of #m(HZO)

Yavorsky and Detlaf (1975, p.867-table ) give values
of the attenuation coefficient u(cm—l) of v-rays in various
media for several gamma energies E(MeV). The plot of
these values for water (M versus E) is shown in Figure

(Il). 137cs v-rays have E=0.662 MeV and corres pond to

a M= 0083 cm_l. Since Mm = u/d (d=density), we get:
Hm(H,0) = 0.083en”t  _ 083 cm?/
2°7 T 1 g/cm3 = 0.083 cm”/g

Now, equation (Iz) gives:

2
D(CaC05) _ 0.078 cmz/g - 0.9398
D(H,0) 0.083 cm“/g

or D(speleothem)=0.94 D(Fricke)
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Figure I, Attenuation coefficient of <v-rays in water
versus gamma energies.
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APPENDIX II

Sample: 77200 E?' Calculation of Te of the TI, active
defects chosen for dating

The lifetime Y of trapped charges (see section 1.4.1)
can be estimated by means of the equation (1.4.1.3). The
obtained value is reliable only if the ratio ﬁ/T*Z remains
relatively constant. The following table displays data

from several TL studies on natural calcites.

B°c/sec T*°K T*ZlohoK2 Reference
0.5 500 25.00 Medlin, 1968a,b
3 525 27 .56 present work
5 550 30.25 Wintle, 1977

The plot of fversus T#2 (Figure II,)indicates a fair linear
relationship between these parameters. The slope:
B/T*2=O.1j0.05 1O—L’LOK-1sec_1 can be combined with any

T* in the range 500—550°K for substitution in equation
(1.4.1.3). Here, the average T#=525° is used. Wintle

gives an E=1.7440.02 eV, while Hennig gives: E=1.65+0.1

eV (see section 2.5). If the less favouring E=1.65 eV is

used, the lifetime for To=1OOC = 2830K (see section 5.1)

gets a minimum T ¥ 6 Ma, while for E=1.74 eV it becomes:

T~ 30 Ma.
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Figure II, Annealing rate ( B ) dependence on activation
temperature (T%*).
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