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Abstract

In Tupi, the word Sambaqui means “mound of shells”. These archaeological sites are cultural vestiges left by the prehistoric occupation of the Brazilian coast from
five to six thousand years ago. Mollusks, fishes, and other marine edible foods were important for the survival of this population. The remains of foods, mainly shells, were
heaped up, giving a mound of different proportions, which became part of the landscape of the Brazilian coastal plain. Due to the large number of Sambaquis in Brazil and
considering that Sambaqui Santa Marta I, Laguna, SC, has not yet been dated, Electron Spin Resonance (ESR) measurements were performed in aragonite shells collected
from different layers of Sambaqui Santa Marta I, starting from the base to the center of the Sambaqui. Radiocarbon analysis by Accelerator Mass Spectrometry (AMS)
at Beta Analytic laboratory were also performed for comparison with ESR results. Before measurements, shells were chemically etched, after drying, were pulverized and
sieved. The sediments were separated into small portions which were irradiated with gamma radiation from a ©Co source with doses from 5 up to 120 Gy. Ages around
2,000 to 4,000 years have been obtained. The results obtained are consistent with the dates of others Sambaquis of the region, possibly were built at the same time.

Introduction The sambaquis have varied sizes from 2 to 3m in height
and 5 to 10m in length at the base, but in Santa Catarina, in
Along the Brazilian coast, in many regions, sambaquis the region of Tubardao and Laguna, are found giant sambaquis
are found. Sambaquis are important cultural traces left by with 10 to 50m in height and base with tens and hundreds of
fishermen and collectors who have lived on the coast from 1,500 meters long [2].
to 7,000 years ago. The word sambaqui comes from Tupi and
means mound of shells, the main feature of this archaeological Mollusks, fishes, and other marine edible foods were
site [1,2]. important for the survival of this population. The remains
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of foods, mainly shells, were heaped up, giving a mound of
different proportions [2].

In Laguna the largest and most imposing Sambaquis in the
world are found. The geographical situation of Laguna, in the
Tubarado Delta, with rivers and lagoons, guaranteed abundance
of sea food, favoring the feeding of these populations [3].

The Sambaqui Santa Marta II was built on a crystalline
basement. The area of the site is 7000m?> and 50m high [3].

There is not much historical information about this
archaeological site, its state of conservation is destroyed, for
the use of its shells for paving roads and streets in Laguna city.

In this work thermoluminescence and Electron Spin
Resonance techniques were used to date the sediments and
shells collected from the Sambaqui Santa Marta II. Two shell
samples were also dated by Radiocarbon method at Beta
Analytic Laboratory to compare with ESR shells dating.

Samples were collected from several depths from the region
considered base of sambaqui to the point as much as closest
to the center. The age is expected to increase proportionally
with the depth. However, the Sambaqui Santa Marta II was
badly destroyed, much of its material was used for road paving
by Laguna Prefecture. Probably the original format of the
sambaqui was damaged.

The Santa Marta II Sambaqui, despite being one of Laguna’s
giant sambaquis, has so far not been dated.

This paper presents the methods used in dating the
materials collected from Sambaqui Santa Marta II.

Materials and methods

The Sambaqui Santa Marta II, shown in Figure 1, is located
close to the Cape of Santa Marta, near the town of Laguna, state
of Santa Catarina, Brazil (28°36’23.8”’S 48°49°11.9”W). The site
considered as the base of the sambaqui was identified. An 8m
trench was made from the base of the sambaqui. On a vertical
surface, a 50cm long (3cm diameter) PVC tube was inserted
horizontally. During the collection, (Figure 2) it was identified
that the sambaqui was built on a crystalline basement (island),
the sediments of this part are clearer and less humid than the
sediments present in the sambaqui, also have no shells in the
considered island area, this sample was called SMo.

From the part considered sambaqui, 7 tubes were collected,
the tube called SM1 was inserted above the tube SMo. The SM2
tube was inserted at the same height as the SM1 tube, however,
1 m towards the inside of the sambaqui. The same occurred
with tubes SM3, SM4, SM5, SM6 and SM7.

With the purpose to reach the central region of sambaqui, a
second collection was made at Sambaqui Santa Marta II, at this
time a 2m deep excavation was made 10m from the base, so the
site was not badly damaged. Samples were taken from 2 points,
1.4 m and 1.6m deep, named SM8 and SM9, respectively. This
time, the tubes were inserted diagonally downwards so as not
to open a very large trench and damage the site.

Figure 1: Archeological site of Sambaqui Santa
Brazil) - 2018.
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Figure 2: Sambaqui Santa Marta Il (Laguna, Santa Catarina, Brazil) collection
scheme and locations.

The shells of each tube were separated from the sediments.
For sample identification, the shells of each tube were called
SMC1 and the sediments were called SMS1, and so on except the
SMo that contains only sediments.

After identification, a portion of the sediment from each
tube was chemically washed with 40% H,0,, 37% HCI and 28%
HF solutions, for 1h in each solution. The samples were washed
with distilled water between etching procedures. H,0, was
used to eliminate organic particles. HCl forms chlorides from
particles or metal compounds, and HF corrodes the surface of
quartz grains enough to eliminate the effect of alpha rays.

In order to define the best procedure for chemical washing
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of the shells, a test was performed using acetic and chloridric
acid solutions with different concentrations. The procedures
used were based on the literature [4,5].

With this analysis, it was concluded that the 0.43M or
approximately 2.5% (V/V) acetic acid solution was enough
to eliminate alpha layer contribution. This acid percentage
showed an evident color variation without large mass lossees.
The choice of acid and concentration will depend mainly on
shell thickness and size. The shells used in this work are of
the species Anomalocardia brasiliana (Gmelin, 1791)(Bivalvia:
Veneridae) are small and thin.

The shells were washed in an ultrasonic bath in distilled
water to remove surface dirt and they were left for 1h in 0.43M
solution.

After drying, both shells and sediments were ground and
sieved, the grains with diameters between 0.080 and 0.180mm
were retained for Thermoluminescence (TL) and Electron Spin
Resonance (ESR) measurements. Shell grains with diameter
smaller than 0.080 mm were used for crystal structure analysis
by X-ray diffraction (XRD).

Shell powder samples were further chemically washed with
0.5% acetic acid for a few minutes to remove the g=2.0002
signal caused by grinding pressure [6].

Shell and sediment samples were separated into 500mg
aliquots.

In order to identify the elements that compose the shell
samples, a shell sample was chosen to perform the X-ray
flourescence (XRF) measurement.

In order to obtain the value of accumulated dose (DAC), the
sediments were analyzed by Thermoluminescence (TL) and the
shells by Electron Spin Resonance (ESR). For TL measurements,
sediments were irradiated with gamma radiation at doses of 5
to 100Gy and for ESR measurements, one aliquot was separated
to determine the natural accumulated dose, with natural
irradiation from the environment, and the other aliquots were
irradiated at 10 to 60Gy doses. ESR analyzes were performed.
The same aliquots were irradiated at 60Gy, totaling 70 to 120Gy
doses.

To date sediment it is necessary to know the
thermoluminescence acquired from when it was buried, the
last time it was exposed to light and the thermoluminescence
that the sample already had when it was buried. Usually, the
thermoluminescent signal of a sample before being buried is
high, which causes an overestimation of age [7].

Exposure to sunlight is sufficient to reduce the signal
of natural thermoluminescence. However, there is a
thermoluminescent residual signal that is not removed by solar
radiation [8].

In order to estimate the internal and external annual dose,
gamma spectroscopy technique was used. It is necessary to
know the ppm contents of U-238, Th-232 and the percentage

of potassium K-40 present in the environment from which the
samples were collected (External dose) and within the sample
itself (Internal Dose).

The result of gamma spectroscopy measurements
with shells samples showed that the presence of natural
radioisotopes inside the shell is negligible since the measured
values were comparable to natural background radiation within
the laboratory. On the basis of this result the contribution to the
annual dose rate due to internal radioisotopes can be neglected.

To obtain the value of the annual dose rate in the
environment where the shells were collected from, a portion of
25g of sediment from each collected tube was analyzed.

The percentage of water at the sample excavation site
and the value of the cosmic radiation rate of the place where
the sample was collected from are important parameters for
calculating the annual dose. Water correction was calculated
using equations 4.15, 4.16 and 4.17 from Ikeya [9] and cosmic
radiation was calculated on the basis of the geographic
coordinates of the site [10].

For the calculation of the external annual dose, the alpha
radiation dose rate was neglected because the shells’ superficial
layer was removed by chemical treatment [9].

With the results obtained, the values of beta and gamma
radiation dose in mGy/year are calculated using table 4.5 from
literature (Ikeya) [9].

The crystal structure of the shell was investigated by XRD
technique using the MiniFlex 300 from Rigaku.

For XRF analysis of the samples, an X-ray fluorescence
spectrometer Bruker Artax was used. A voltage of 50kV was
applied on the X-ray tube and current of 700pA was chosen.
The irradiation time for each point was 200s. The spectra
obtained were interpreted by the Artax software present on the
instrumentation.

TL measurements were performed using the Harshaw TL
Reader 4500 equipment at a rate of 4°C/s.

To simulate solar illumination, the samples were exposed
to xenon lamp (Xe) (Oriel Instruments - model 6427 60W),
the energy used was 80oomJ]. The samples were placed at a
distance of 65cm from the lamp and were exposed for varying
time intervals, from 5 to 360min. After each exposure the
thermoluminescence reading of each sample was taken.

ESR measurements were performed on the ESR Bruker
ELExysis E580 spectrometer. The ESR spectra were recorded at
1mW microwave power and field modulation of 0.1mT.

Sediment samples were irradiated with gamma radiation at
the CTR (Center for Radiation Technology), at IPEN (Institute
for Energy and Nuclear Research). The multipurpose irradiator
was used and the source used was ¢°Co. Shell irradiations with
¢Co y-photons (with mean energy of 1.25 MeV) were carried at
the IGS-3 irradiator in the Department of Engineering at the

University of Palermo.
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The corrected accumulated dose value is obtained from

Equation 1 [11].
@ =Dac| 1 TL"
TL, TL,

where Dac,r is the corrected accumulated dose with residual TL
value; TL, is the natural TL and TL, is the residual TL.

Dac,r = Dac

Results and discussions

Aragonite shells are less common and less stable than
calcite, and is readily converted into calcite at normal pressure
and temperature [9]. The thermal instability of aragonite
makes it less appropriate for dating by TL method, therefore,
to date the shells samples, ESR technique was used. To identify
the crystal structure of the shells collected from Sambaqui
Santa Marta II, X-ray Diffraction analysis was performed. The
result is observed in Figure 3.

The percentage of aragonite and calcite structure may
vary in the same shell and it will depend on the mollusk and
where it was developed [11,12]. The result obtained from the
shell collected from Sambaqui Santa Marta II indicates that
approximately 100% of the shell has an aragonite structure.

With XRF analysis it was possible to simultaneously
determine the concentration of Ca, Fe, P and Sr elements. The
result is shown in Figure 4.

The results of the evaluation of the annual dose rate are
reported in Table 1.

An anomalous fading test and reproducibility of sediment TL
and shell ESR signals were measured. This test was performed
to verify whether the intensity of the TL and ESR signals from
sediments and shells are stable over the long term.

Sediments and shells samples were irradiated with a dose
of 30Gy dose and 30min after, TL and ESR measurements were
performed.

The peak decay of quartz results extracted from sediments
and shells are shown in Figure 5. The decay as a function
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Figure 3: X-ray diffraction of the shells collected from the Sambaqui Santa Marta II.
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Figure 4: X-ray Fluorescence Graph of shell sample from tube SM9, collected at
Sambagqui Santa Marta Il.

Table 1: Concentration of U, Th and K in the sediment samples used to calculate the
annual dose of the samples.

Water
- %,
m U238 (pprm) | Th-232 (ppm) Cosmlc i “"GY/Yea’

2.2910.12 2.54x0.12  0.19£#0.01 2.39 0.27 1.17£0.02
SMS1 3.66x0.17 5.09+0.21  0.24+0.01 2.57 0.27 1.7340.03
SMS2  3.76%0.18 5.58+0.25 0.26+0.01 2.98 0.27 1.80£0.03
SMS3  3.56%0.17 5.00£0.20  0.22+0.01 0.06 0.27 1.7340.03
SMS4  3.45+0.17 4.21+0.18  0.21x0.01 0.99 0.27 1.61£0.03
SMS5  3.56%0.17 4.63+0.18  0.23%0.01 0.01 0.27 1.71£0.03
SMS6  3.75%0.19 5.67+0.27  0.23+0.02 0.04 0.27 1.84+0.04
SMS7  4.65#0.23 6.43+0.30  0.24+0.01 0.48 0.27 2.11+0.04
SMS8  3.86+0.19 5.37+0.25 0.25+0.02 0.61 0.27 1.84+0.04
SMS9  2.42+0.13 3.50+0.19  0.22#0.01 0.72 0.27 1.3240.02

Dan: Annual dose.

of the time taken for the shell sample was negligible. For
sediments, a fading was observed. For the dating peak of
350°C, the thermoluminescence intensity decreased by about
30% between 20 and 60min. It was observed that after the first
hour the thermoluminescent intensity of the high temperature
peak stabilized.

Figure 6 shows the behavior of the thermoluminescent
intensity as a function of the temperature of the SMS9 sediment
sample.

Quartz has 4 main peaks located at 110, 200, 325 and 375°C.
A peak around 350° C is common, which is the combination
between the peaks of 325°C and 375°C [7].

The result of Figure 6 shows 2 characteristic quartz
peaks. The first at approximately 180°C and the second at
350°C. Samples that were naturally irradiated until the time
of collection, i.e. samples that did not receive an additional
artificial dose, show maximum peak height at approximately
375°C. For dating purposes, the peaks occurring from 300°C are
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Figure 5: Electron spin resonance (ESR) and thermoluminescence (TL) signal decay test of samples of (a) shells and (b) sediments. The various curves refer to different

times (in minutes).
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Figure 6: Calibration curve of intensity of thermoluminescence (TL) response as a

temperature of SMS9 sediment sample exposed to different doses (Gy).

chosen with the aim at ploting the dose-intensity curve of the
TL response; the second peak was chosen because it is dose-
dependent and more stable than the first one. Figure 7 presents
the graphs of the intensity of the TL response as a function of
the dose and the accumulated dose of the SMS9 sample.

In order to fit the curve of TL intensity vs dose, the
Equation 4.5 from Ikeya [9], was used. Correction of the
accumulated dose taking into account residual TL was obtained
by the additive method. Figure 8 shows the behavior of the TL
response intensity curve as a function of sediment exposure
time to the artificial lamp of the SMS3 sediment sample. The
sediments were exposed from 5 to 360min.

With the residual TL test, it was possible to identify samples
that had already been exposed to sunlight before collection:
this is evident for SMS1 and SMS5 samples. The location of the
SM1 tube sample near the edge of the sambaqui is one reason
why the accumulated dose value is low: it is possible that part
of the sambaqui top material has gone overboard, or because
it is a shallow layer, solar radiation has reached this region of

function of dose of SMS9 sediment sample.
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Figure 8: Thermoluminescence (TL) response intensity as a function of time in

minutes of the SMS3 sediment sample exposed to artificial Xe light.
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sambaqui. As previously mentioned, during the collection of
samples SM5 and SM6 were found pipelines, the sediments of
this region were also exposed to sunlight.

Testing for signal decay as a function of time is important
to know if the dating signal is stable, reproducible, and if the
same analysis is done after a period of time, the results will
remain the same. The decay result of the thermoluminescent
sediment signal showed that 30min after irradiation the signal
is higher than from 1hour. The signal after 1h of irradiation
showed stability. The decay test of the shell ESR signal showed
no variation with time after irradiation. These results confirm
with the literature [7,13] that both quartz and calcium carbonate
have stable signals.

The residual TL results of corrected accumulated dose and
age with and without residual TL correction are presented in
Table 2.

Figure 9 shows the ESR spectrum of shell sample (aragonite)
after chemical treatment and irradiated with 100Gy y-dose.
In this figure the characteristic radical species intrinsic of
aragonite structure were identified. The signal with g=2.0057
is related to the freely rotating SO*-, the g=2.0031 is related
to isotropic SO3, g=2.0007 is related to freely rotating CO>
and g=1.9973 is related to orthorhombic CO*  [9]. The signals
usually adopted for dating are at g=1.9973 and g=2.0007.

In order to fit the curve of ESR intensity vs dose, the
Equation 4.5 from Ikeya was used [9].

From the curves of the ESR signal vs dose values, the
respective D, values were estimated for SMC3 shell samples,
Figure 10. The graph was plotted using the negative peak
amplitude of the center at g=1.9973. This peak was chosen
because the accumulated dose value was consistent with the
expected age for sambaquis sites in that region.

With accumulated dose and annual dose rate values, the age
of the shells and sediments can be calculated. The results are
presented in Table 3.

Table 2: TL and TL, values; Correction factor 1—(TL,/TL0); Accumulated dose with

and without residual TL correction.

1- (TL / D, t ¢ (mGy/ £ 0 (mGy/
+ +
m year)

8,66+0,36 3,93+0,19 0,45 7,76%1,28 4,24+0,73
SMS1 = 4,99+0,65 4,45+0,02 0,89 2,15+0,39 0,23+0,25
SMS2  7,66+0,41 3,42+0,09 0,45 8,23+0,08 4,56+0,23
SMS3  9,86+0,49 3,94+0,06 0,40 9,4+2,7 5,6411,62
SMS4  6,96+0,35 3,21+0,05 0,46 6,27+0,45 3,38+0,29
SMS5  7,07+0,32 4,73+0,03 0,67 4,48+0,38 1,48+0,19
SMS6  8,53+0,09 3,76+0,10 0,44 6,27+0,56 3,561£0,32
SMS7 10,03%0,50  3,96%0,25 0,39 6,98+1,68 4,22+1,04
SMS8  12,03%0,50  4,64%0,14 0,39 8,13+1,09 4,99+0,69
SMS9  9,96%0,50 3,7+0,4 0,37 8,55+0,94 5,37+0,69

TL,: natural TL; TLr: residual TL; Dac: accumulated dose; Dac,r: accumulated dose

corrected with residual TL.
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Figure 9: Electron Spin Resonance (ESR) spectrum of the shell sample SM after ©°Co
irradiation at 100Gy.
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Table 3: Shells and sediments ages obtained using ESR and TL method.

Dac # o(Gy) | Dac * o (Gy)
Shells Sediments
samples samples

Dan £ ¢ (mGy/ Shell's age | Sediment’s age

year)

SMO0 1.17£0.02 - 4,24+0,73 - 3,62+0,63
SM1 1.7340.03 5.0£1.2 0,23+0,25 2.9+0.7 0,13+0,15
SM2 1.8040.03 6.411.4 4,56+0,23 3.610.8 2,563+0,13
SM3 1.73+0.03 51+1.4 5,64+1,62 3.0£0.8 3,27+0,94
SM4 1.61£0.03 - 3,38+0,29 - 2,09+0,18
SM5 1.71£0.03 - 1,48+0,19 - 0,87+0,11
SM6 1.84+0.04 4.0+1.2 3,51£0,32 2.240.7 1,910,718
SM7 2.1140.04 8.0+2.0 4,22+1,04 3.8+1.0 2,00+0,49
SM8 1.84+0.04 - 4,99+0,69 - 2,71+0,38
SM9 1.3240.02 5.0+1.6 5,37+0,69 3.841.2 4,07+0,53

Dan: annual dose; Dac: accumulated dose.
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In order to compare radiocarbon and ESR results, two
shells were dated by the accelerator mass spectrometry (AMS)
technique by the Beta analytical laboratory. The ages value as
shown in Table 4 are similar if we use g=1.9973 to SMC2 and
SMC6

Table 4: Comparison between Radiocarbon and ESR ages.

m Radiocarbon Age (BP) ESR Age (years)

SMC2 3300+30 3550+780

SMC6 3310430 21804660

BP: Before resent; ESR: Electron Spin Resonance.

The decrease in relative sea level 4,000 years ago,
construction of sambaquis increased considerably [2]. For the
values obtained from the sambaquis of the paleolaguna region
of Santa Marta, most ages are between 4 and 2 thousand years.

The Santa Marta Sambaqui II is one of the giant sambaquis
of the Santa Marta, Laguna, Santa Catarina region. As it is a
giant sambaqui, it may have been built after low sea levels
approximately 4,000 years ago.

Conclusion

The ages of the shells obtained by the ESR technique are
between 2.2+0.7 and 3.8+1.2 thousand years. Radiocarbon
measurements of two samples of shells from tubes SM2 and
SM6 resulted in the age of 3,300 years. Two pipes were found
passing through the sambaqui. Undoubtedly, the sediments of
the SM5 and SM6 tube layers were exposed to solar radiation
and possibly the SM2, SM4 and SM7 layer tubes were also
affected.

The ages of sediments not exposed to sunlight obtained
by the TL technique are between 2.00+0.49 and 4.07+0.53.
Considering that the shells and sediments of the SM9 sample
were close to the central point of the sambaqui, and the results
of dating of the shells and sediments of this sample are of the
same order of magnitude, it is estimated that the age when
Sambaqui Santa Marta II began construction is between 3.8+1.2
and 4.1+0.5 thousand years BP.
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