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Abstract

Samples of calcite stalagmites from Caverna Santana (Sdo Paulo State) and Caverna Botuvera (Santa Catarina
State), southeastern and southern Brazil, respectively, were studied by electron spin resonance (ESR). The more
common microwave frequency (X-Band, 9.5 GHz) as well as higher frequency K-band, 24 GHz were employed for the
determination of the age of the samples. Even after extensive signal averaging, the dosimetric signal is not very well
defined in the X-band (9.5 GHz). Using the K-band spectrometer it was possible to clearly identify the 6 hyperfine lines
of Mn®" and other paramagnetic centers in the g = 2 region: SO5 and CO5 radicals. The use of high microwave
frequency gives better S/N and spectral resolution making the identification of the dosimetric signal easier. The total
dose (TD) or equivalent dose (ED) deposited in the samples was 2.3+0.3 Gy and 1.7+0.4 Gy for Caverna Botuvera
samples and 2.6+0.7 Gy for the sample of Caverna Santana, giving an age of 2.9+0.7ky, 2.1+0.8ky and 3+ 1ky,
respectively. These first results are compatible with U/Th analysis. Due to the low S/N precision, measurements were
possible only with the use of secondary standard composed on Mn>" lines, naturally present in this sample.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Ikeya (1975) published the pioneering work on dating
of stalagmites by ESR in Akiyoshi-d6 Cave. After that,
several works have been published as Ikeya et al. (1993),
Perrette et al. (2000), and others cited in Rink (1997)
relating the effectiveness of this dating technique. The
dating of stalagmites is important in order to support
paleoenvironmental studies based on the stalagmite
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growth rate and oxygen and carbon stable isotope
variations with time.

Karst areas are developed by dissolution of limestone
(CaCO;) by water containing carbon dioxide (CO,). The
reaction of carbonate dissolution and the back reaction
of its deposition are written as

CaCO3+H,0 + CO, <> Ca(HCO;),. (1)

Stable free radicals are generated in calcite and in
impurities incorporated when ionizing radiation inter-
acts with speleothemes. The most important paramag-
netic species present in the ESR spectra are CO3, CO,,
SO; and SO, radicals, usually associated with Mn2*
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sextet . The equivalent dose (ED) deposited by natural
environmental radiation is determined by the additive
dose method, usually measured by the increase in the
signal at g = 2.0007, attributed to freely rotating CO5,
due to irradiation.

2. Experimental

Samples of calcite stalagmites from Caverna Santana
(coordinates of 24° 31’ 51”S/48° 43’ 36"W, Sdo Paulo
State) and Caverna Botuvera (coordinates of 27° 13’
24”S/49° 09’ 20"W, Santa Catarina State), southeastern
and southern Brazil, respectively, were selected for ESR
studies. These samples were drilled out along the
growth axis of each stalagmite using a water-cooled
drilling system. Samples were divided into two parts:
one of them was used for ESR measurements and
the other sent for U/Th analysis. At present, U/Th
dating is available only for the Caverna Botuvera
stalagmite.

For ESR measurements, the samples were ground
manually to a powder with grain size approximately
0.2mm to assure that the sample is isotropic. The
material obtained was divided into aliquots of about
20mg each and placed inside plastic tubes. All tubes,
except one, were irradiated in the laboratory with
gamma rays, using teleradiotherapy source (Gamma-
tron-S Siemens) in air, at room temperature with a dose
rate of 1.2 Gy/min using 0.4 g/mm? thick Lucite build-up
cap over the samples. The doses given to the samples
were 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0, 10.0 and 15 Gy. After
irradiation, the samples were transferred to ESR quartz
tubes.

The ESR signals of the original samples (before
irradiation in the laboratory) were measured in a
computer interfaced Varian E-4 X-Band spectrometer.
The spectrometer parameters used were: central field
338 mT, modulation amplitude 0.16 mT, modulation
frequency 100kHz, and microwave power 20mW.
About 100mg of sample was used placed in a 4mm
quartz tube.

The K-band spectrometer employed was assembled in
our laboratory with a 12 inch electromagnet (Varian), a
magnetic field controller, a microwave bridge and
cylindrical cavity (Bruker), a microwave digital fre-
quency counter (HP), and a lock-in amplifier (EG&G).
The cylindrical cavity has 2cm height and allows
measurements of samples with approximately 1-2mm
diameter and 4 mm length. This equipment is controlled
by a microcomputer via a GPIB card. The data
acquisition is made by software written in HP-VEE
platform. The spectrometer parameters used were
central field 854 mT, scanning field 20 mT, modulation
amplitude 0.2 mT, microwave power 0.63 mW, modula-
tion frequency 50kHz, and microwave frequency

23.9GHz. The K-band quartz tube has a diameter of
3mm and ~10 mg of sample was used. The amplitude of
the signal at ¢ = 2.0008 and a linear and exponential
fitting were used for ED determination.

3. Results

The ESR spectrum using the X-band of a sample of
stalagmite from Caverna Santana before artificial
irradiation is reported in Fig. 1. Even after 200 scans,
the dosimetric signal cannot be adequately identified
and quantified due to the low S/N ratio in this spectrum.
Fig. 2 shows the spectrum of stalagmite from
Caverna Botuvera recorded in the K-band. The dosi-
metric signal is at the center of the six lines of Mn>™.
Comparing Fig. 2 with Fig. 3, showing the spectrum of
the sample from Caverna Santana, we can notice that
the concentration of Mn>"* present in the samples is
different. The signals identified by A, B and C in Figs. 2
and 3 are tentatively ascribed to the radicals described in
Table 1.

Fig. 4 shows the dose-response curve for the sample
from Caverna Botuvera, normalized by the Mn>* signal
amplitude and by mass. The ED values obtained are
2.3+0.3Gy and 1.74+0.4Gy. The ED of the sample
from Caverna Santana is 1.1 +0.4 Gy, extrapolated from
the curve in Fig. 5. For this sample, only amplitude
normalized by mass was used since the Mn>" signal
intensity is very weak precluding its use as an internal
standard. The linear and exponential fitting gave the
same results for the Botuvera sample (Fig. 4). An
exponential function gave the best fit with data for the
Santana sample (Fig. 5).

10 -
5 4
)
<
o 04
E]
= Mn?2*
2
< O .
Dating Signal
-10 4
T T T T T T T

2.04 203 202 201 200 199 198 1.97
g factor

Fig. 1. ESR X-band spectrum (plotted in a g-scale) of
stalagmite (natural) from Caverna Santana. The 3rd and 4th
manganese ESR lines: field scan 10 mT and central field 338 mT.
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Fig. 2. K-band ESR spectrum of stalagmite from Caverna
Botuvera, irradiated with a dose of 15Gy. The central field is
856 mT and the field scan is 20mT. The dating signal (B) has
g-factor 2.0008. The radicals A, B and C are listed in Table 1.
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Fig. 3. K-band ESR spectrum of stalagmite from Caverna
Santana irradiated with 15 Gy. The radicals identified with A, B
and C are listed in Table 1.

4. Discussion

The subject of signal/noise dependence on the
frequency in ESR measurements is a topic that has
been seldom studied in the past. There is a well-accepted
quotation from Poole’s book (Poole, 1996) that the
minimum number of detected spins will depend on wg?,
in other words S/N oc w3. However more recent work
carefully done by Rinard et al. (1999, 2002) at
frequencies from 250 MHz to 9.1 GHz shows that S/N
depends on several factors and that Poole’s expression is
incorrect. For the present case where the sample size is
constant, S/N will scale with microwave frequency as

w(l)l/4. Thus the use of K-band (24 GHz) microwave

Table 1
List of radicals present in the ESR spectrum of the stalagmite in
the g = 2 region from both caves

g-factor Radical

2.0057 SOy

2.0008 CO5 (isotropic)
1.9974 (g91) CO5
2.0022 (91)

O w >

3.0 4

25 4

2.0 4

15 A

Amplitude (a.u.)
.

1.0 4

0.5 4

0.0

-4 4 6 8 10 12 14 16 18
(A) Dose (Gy)

N
o
N

20 ~

18 -+

16 +

14

12

10 +

Amplitude (a.u.)

O T T T T T T T T T T 1
-2 0 2 4 6 8 10 12 14 16 18
(B) Dose (Gy)

Fig. 4. Dose-response curve for sample from Caverna Botu-
vera normalized by: (A) Mn signal intensity and (B) normalized
by mass.

frequency potentially produces an important increase in
signal sensitivity together with improvements in spectral
resolution when compared to the X-band, for the same
sample size. Where sample size is limited, as is often
the case in dating and dosimetry, investigators may find
the best experimental conditions in the K-band.
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Fig. 5. Dose-response curve for sample from Caverna Santana
normalized by mass.

Measurements in the K-band are also crucial to
determine signals not detectable in the X-band.
Comparing the ED results for the sample from
Caverna Botuvera, one observes that the normalization
of the dosimetric signal by the amplitude of the Mn?"
signal results in a smaller dispersion of experimental
data and in the ED. The intensity of the signal of Mn>™"
is proportional to the sample mass and at the same time
it is used to correct the variations that may occur in the
tuning of the resonant cavity when samples are ex-
changed. It was not possible to perform this procedure
for the sample from Caverna Santana because the signal
of Mn?* has low intensity and poor S/N. Using an
external dose rate of 0.8+0.1 mGy/year, determined by
Baffa et al. (2000) for another limestone cave in
southeastern Brazil, ages of 2.9+0.8 ky and 2.1+0.8 ky
were estimated for the Caverna Botuvera sample and
1.4+0.7ky for the Caverna Santana sample. Sample
thickness is less than 20cm; thus the external gamma

attenuation was not considered in age estimation. The
concentrations of uranium and thorium in the samples
are low (<0.2ppm and <1073 ppm, respectively); thus
the contribution of these nuclides are insignificant to
internal dose rate. The estimated ages for the Caverna
Botuvera sample are compatible with U/Th dating for
the Caverna Botuvera sample, 2.34+0.13ky. The possi-
bility of dating techniques else than U/Th for spe-
leothems is fundamental in order to get the chronology
for stalagmite paleoenvironmental records which are not
suitable for U/Th dating due to detrital Th or very low
U concentration.
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