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Abstract
This paper analyzes the mass fractions of Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Nd, Rb, Sc, Sm, Ta, Tb, Th, U, Yb and Zn 
determined from sixty sediment samples obtained from the Lapa Grande de Taquaraçu archaeological site using instrumental 
neutron activation analysis, INAA. The archaeological site is located in the municipality of Jaboticatubas, about 60 km from 
Belo Horizonte, Minas Gerais State, Brazil. The dataset was explored by means of cluster analysis, principal component 
analysis and discriminant analysis. The study showed three different compositional groups related to anthropogenic sediment, 
fluvial system and oxisols, respectively. The crystalline structure of each group were studied using X-ray diffraction, XRD.
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Introduction

Soil chemistry can be applied in archaeological research as 
a technique to locate sites with few or no visible archaeo-
logical features [1, 2]. Moreover, the physical and chemi-
cal properties of sediments found in rockshelters and other 
archaeological sites may be altered by several factors, such 
as the human activities and by the environment nature. The 
degree of anthropogenic influence to identify the specific 
human activities may be studied by means of the analysis of 
minor and trace elements. Several authors used soil phos-
phorus analysis in the phosphate form, PO4, as a chemical 
indicator of anthropogenic activity and to study the intensity 
of the occupation [3–8]. In order to achieve this, it is neces-
sary to analyze multiple attributes of sediments formed by 
complex interactions [9]. In this paper were used the mass 

fractions of Ce, Co, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Nd, Rb, 
Sc, Sm, Ta, Tb, Th, U, Yb and Zn determined by INAA and 
XRD to aid in understanding the formation processes of the 
Taquaraçu archaeological site.

Study area

The archeological site of Lapa Grande de Taquaraçu is 
located inside a limestone rockshelter and dates from the 
Paleoindian period (Early Holocene). The rockshelter sits on 
the left margin of the Taquaraçu river, city of Jaboticatubas, 
Minas Gerais State, about 60 km from Belo Horizonte.

The karst, where the site is located, is part of the Serra 
de Santa Helena mountain range, which, in turn, along with 
the Jequitaí, Sete Lagoas, Lagoa do Jacaré, Serra da Sau-
dade and Três Marias formations. They form part of the 
Bambuí group, which is a thick carbonate succession of the 
São Francisco basin, covering an extensive area of the São 
Francisco Craton, a Neoproterozoic geotectonic unit formed 
from the Brasiliana orogeny [10, 11] (Fig. 1).

The Bambuí Group is divided into two members, the 
upper Lagoa Santa Member shows chemical compositions 
reaching 96% of CaCO3, 1.4% of MgCO3, and 0.34% of 
SiO2, whereas the lower Pedro Leopoldo Member is much 
reacher in silica, with only 67% of CaCO3, 3% of MgCO3, 
and 23% of SiO2 [12, 13]. The rockshelter was formed 
into the Pedro Leopoldo Member. The sheltered area is 

 *	 Casimiro S. Munita 
	 camunita@ipen.br; camunita@yahoo.com

1	 Nuclear and Energy Research Institute, IPEN/CNEN - SP, 
Av. Professor Lineu Prestes 2242, São Paulo, SP 05508‑000, 
Brazil

2	 Museum of Archaeology and Ethnology, University of Sao 
Paulo, Av. Professor Almeida Prado 1466, São Paulo, 
SP 05508‑070, Brazil

3	 Federal University of Sao Paulo, Rua Dr. Carvalho de 
Mendonça 144, Santos, SP 11070‑102, Brazil

http://orcid.org/0000-0003-0546-1044
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-020-07217-2&domain=pdf


726	 Journal of Radioanalytical and Nuclear Chemistry (2020) 325:725–736

1 3

approximately 30 m long by 9 m in wide at its widest point. 
The entrance faces west and its floor is elevated 7 m above 
the river that runs alongside it (Figs. 2 and 3). The radiocar-
bon ages obtained place the onset of the Paleoindian occupa-
tion at 11,500 cal BP (9960 ± 60 RCYBP) [12]. The rock-
shelter was occupied in a continuous manner until 9000 cal 
BP (8080 ± 40 RCYBP), Table 1.

Carbonate rocks (limestone, marble and dolomite), of 
which the main mineral is calcite (and/or dolomite), which 
dissociates in Ca2+ and/or Mg2+ and CO2−

3
 ions through 

water action, are among the most favorable for karstification.
A main corrosive rock agent is rainwater, initially acidi-

fied with atmospheric CO2, which undergoes a significant 
enrichment in carbonic acid when it passes through the soil 
due to the CO2 produced by the respiration of plant roots and 
the decomposition of organic in the soil. Carbonic acid is 

Fig. 1   Location of the Lagoa Santa area and the Lapa Grande de Taquaraçu archaeological site. Map modified from Araujo, Neves and Kipnis 
[12]

Fig. 2   Overview of Lapa Grande de Taquaraçu rockshelter. Photo by 
Astolfo G.M. Araujo
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almost entirely consumed in the first few meters of ground-
water seepage in the rocky batch, and in the deeper parts 
only a small part of this acid remains to dissolve the rock 
[15].

Experimental

Site stratigraphy and sampling

The four excavated units named G7, H7, H8 and D17 
(Fig. 4) show a well-preserved stratigraphy, which makes it 
possible to detect the existence of an archaeological deposit 
approximately 80 cm thick, with a high density of lithic and 

faunal remains and a few ceramic fragments on the surface. 
In general, the archaeological deposit is gray and powdery 
in appearance, lying over a layer of limestone blocks with a 
reddish, archaeologically- sterile matrix that was part of the 
original cave floor (Fig. 4).

Previous studies have shown that the gray and powdery 
sediments are mainly anthropogenic, related to the human 
accumulation of wood ash [16–19]. However, the actual con-
tribution of other sources of sediment remained ambigu-
ous. The proximity of the river suggested a possible riverine 
input, and in spite of the geometry of the walls, colluvial 
input could not be entirely ruled out, especially due to the 
presence of thin, bright red layers of sediment that seemed 
burned soil (Fig. 5).

Fig. 3   Taquaraçu rockshelter. 
Topographic map and location 
of the excavation units. Nm—
magnetic north. Diagram by 
Astolfo G.M. Araujo Nm
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The excavation was done by means of a mixed strategy, 
in 10 cm excavation levels for general recording, sketches 
and photographs, coupled with the individual observation, 
excavation and sieving of discrete layers, or facies [16, 20]. 
Each facies was subject to the collecting of 3-l bulk sediment 
samples. A small fraction (approximately 120 mg) of 60 
of these sediment bulk samples was analyzed in this study.

The 60 sediment samples were prepared by manu-
ally grinding them with an agate mortar and pestle until a 
fine enough granulometry was obtained. The particle size 
required had to pass through a 100 mesh sieve. These mate-
rials dried in an oven for 24 h, at 105 °C were stored in a 
desiccator.

INAA methodology

Constituent Elements in Coal Fly Ash (NIST-SRM-1633b) 
used as a standard and Trace Elements in Soil, RM-IAEA-
Soil 7, used to check the results throughout the analysis. 
These materials dried in an oven for 2 h at 105 °C were 
stored in a desiccator until weighing [21].

About 120 mg of sediments samples, one standard, Con-
stituent Elements in Coal Fly Ash, NIST-SRM 1633b, and 
the reference material, Trace Elements in Soil, IAEA-Soil-7, 
weighed in polyethylene bags wrapped in aluminum foil 
were irradiated in the research reactor, IEA-R1, at IPEN-
CNEN/SP, Brazil, with a thermal neutron flux of about 
5 × 1012 cm−2 s−1 for 8 h.

Two measurement series were carried out using a Ge 
(hyperpure) detector, model GX 2519 from Canberra, with 
resolution of 1.9 keV at the 1332.49 keV gamma peak of 
60Co and an S-100 MCA from Canberra with 8192 chan-
nels. K, La, Lu, Na, Nd, Sm, U, and Yb were measured after 
7 days cooling time and Ce, Co, Cr, Cs, Eu, Fe, Hf, Rb, Sc, 
Ta, Th and Zn after 25–30 days. Gamma ray spectra analysis 
and the determination of the concentrations were carried 
out using the Genie-2000 Neutron Activation Analysis Pro-
cessing Procedure from Canberra. Details of the analytical 
procedure have been shown elsewhere [21].

X‑ray diffraction

All diffraction measurements were performed on a RIGAKU 
diffractometer, Model Miniflex II using a step of 0.05° (θ) 
with 1 s reading for each step. The measurements were ini-
tiated at 5° (θ) and ended at 80° (θ). The diffractograms 
were analyzed using the Crystallographica Search-Match 
program, version 1.11.

Statistical treatment of the dataset

By INAA it is possible to determine several chemical 
elements and the interpretation of the data is complex, 

Table 1   Calibrated dates from the Lapa Grande de Taquaraçu using 
calibration curve CalPal2007_HULU [14]

Sample number Level Radiocarbon 
age, years BP

Calibrated age, years BP

TQ 421 1 1160 ± 60 1087 ± 78
TQ 417 1 8080 ± 40 9028 ± 41
TQ 402 E profile 8230 ± 50 9202 ± 82
TQ 430 3 8310 ± 40 9344 ± 59
TQ 441 4 8730 ± 40 9703 ± 82
TQ 404 E profile 8730 ± 50 9720 ± 102
TQ 454 5 8910 ± 40 10,052 ± 96
TQ 459 6 9040 ± 40 10,218 ± 17
TQ 297 7 9540 ± 90 10,896 ± 164
TQ 268 8 9550 ± 60 10,911 ± 139
TQ 295 6 9620 ± 40 10,979 ± 131
TQ 536 9 8990 ± 60 11,477 ± 133
TQ 544 10 9900 ± 60 11,349 ± 89

Fig. 4   Top view of excavated unit showing a clear difference in 
the color of the sediments. The bottom shows the limestone blocks 
immersed on reddish sediment (original cave floor) whereas the walls 
and surface consist of a grayish sediment, derived from anthropo-
genic activities. Photo by Astolfo G.M. Araujo

Fig. 5   Aspect of the stratigraphy on north wall of excavation unit H8, 
where it is possible to see thin, reddish layers of soil (arrows) inter-
mingled with gray ash layers. Bar scale showing 30  cm. Photo by 
Astolfo G.M. Araujo
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especially when a large number of samples are analyzed. 
Therefore, multivariate statistical methods are generally 
used for data handling and assessment. In multivariate sta-
tistical techniques, each sample can be considered a point 
in multidimensional space, whose number of dimensions is 
equivalent to the number of elements measured. Groups of 
samples of similar composition form a cloud of points sur-
rounding its centroids. In this paper, the dataset was studied 
using cluster analysis, principal component analysis and 
discriminant analysis.

Results

The analytical quality control of the method were tested 
using the concentration of Ce, Co, Cr, Cs, Eu, Fe, Hf, K, 
La, Lu, Na, Nd, Rb, Sc, Sm, Ta, Tb, Th, U, Yb and Zn using 
a dataset of 19 independent determinations of the reference 
material IAEA-Soil 7, Trace Elements in Soil. The homoge-
neity of the set of results for each element was studied using 
Dixon’s Q test for statistical treatment of rejection of deviant 
values at the 95% confidence level [22]. In the dataset, no 
outliers were found. The observed results were compared to 
the certified values. The RSD for most elements (Ce, Co, Eu, 
Fe, Hf, Na, Rb, Sc, Sm, Th, U, Yb, and Zn) were around 5% 
or less which are comparable with that found in the litera-
ture [23]. For the elements determined with a precision of 
10% or more (Cs, K, La, Ta) ours results are also in agree-
ment with those found in the literature [23]. The determina-
tion of Zn is not reliable as a consequence of strong γ-ray 
interference by 46Sc (1120.3 keV) and 182Ta (1121.41 keV). 
The interference by the 235U fission in the determination of 
La, Ce, and Nd was negligible because the U concentration 
did not exceed 5 ppm and the rare earth elements were not 
extremely low [24]. In this work, we considered only ele-
ments determined with a RSD better than 10%. This pre-
cision is considered by several authors as suitable for the 
choice of chemical elements using multivariate statistical 
methods [25]. Although Rb, Tb, Sm, K and Ta, showed a 
RSD less than 10%, they were not included in the dataset due 
to the natural heterogeneity.

Therefore, elements Ce, Co, Cs, Eu, Fe, Hf, La, Na, Sc, 
Th, U and Yb were used in the sediment data analyses. None 
of these elements contained missing values.

In geochemistry, concentration data is often assumed 
to follow a lognormal distribution after being log10 trans-
formed [26, 27].

In addition, the dataset of the sediment was submitted 
to an outlying test using the Mahalanobis distance [28]. 
Outliers can have a considerable influence on multivariate 
statistical methods because they can disturb homogene-
ous groups. For each of n samples and p variables, the 

Mahalanobis distance (Di) was taken from the sample to 
the centroid, as calculated by the expression [28]:

w h e re  ′  r e p r e s e n t s  t h e  t r a n s p o s e  m a t r i x ; 
S =

∑n

i=1

�

xi − x̄
���

xi − x̄
�

 is the variance–covariance 
sampling matrix. Also, 

(

xi − x̄
)

 represents the difference 
between the column vector of concentrations measured for 
one sample and the vector of concentration means for the 
group being analyzed [29, 30]. Each one of these values is 
compared with the critical value, cv, which can be calcu-
lated using the lambda Wilks criteria [29, 30], calculated 
as follows:

where p is the number of variables; n is the number of 
samples and; F is the F test called “Fisher distribution” 
( F = s2

1
∕s2

2
 where s2

1
 and s2

2
 are the sample variances), with p 

degrees of freedom at a significance level of α/n, α = 0.05.
When the value found by expression (1) is larger than 

the critical value produced by expression (2), the sample is 
considered to be an outlier. Thus, the Mahalanobis distance 
values for each sample were calculated and compared to 
the critical value. In accordance with the Mahalanobis 
distance rule, five outlier samples were found. Due to the 
small number of samples, it is difficult to know whether 
it is an archaeological meaningful group. We believe that 
the outlier samples could be related to very specific pro-
cesses that may have occurred either during burial or due 
to specific human activities, and this notion is strength-
ened by the fact that lower or higher concentrations of Ce, 
Na, and Th were found as compared with other samples. 
The outliers were subsequently removed from the dataset 
because multivariate statistical analysis are highly sensi-
tive to outliers [31].

The 55 remaining samples were then analyzed using clus-
ter analysis, principal component analysis and discriminant 
analysis.

Cluster analysis is usually used for the initial inspection 
of results because it is a fast and efficient way of evaluating 
relationships between data. The cluster technique groups 
similar objects according to their characteristics and analy-
sis is based on the similarity/dissimilarity matrix where the 
distance between all pairs of samples is calculated using 
one of the several distances [32]. In this work, was used the 
Ward method and the squared Euclidean distance because 
it exaggerates differences in the data and produces a clearly 
identifiable cluster dendrogram.

Figure 6 shows the dendrogram of the cluster analysis, 
which in turn shows the presence of two principal groups 

(1)Di =

√

(

xi − x̄
)�
S−1

(

xi − x̄
)

(2)
p(n − 1)2Fp,n−p−1;�∕ n

n(n − p − 1 + pFp,n−p−1,�∕ n)
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where, apparently, the largest group is divided into two sub-
groups (1 and 3).

Initially, the data obtained by cluster was worked by 
assuming the existence of only two groups, where it was 
supposed that these two groups corresponded to sedimen-
tation of geological and anthropogenic origin. However, 
after using other statistical methods, the presence of a third 
group became apparent. To confirm the existence of the third 
group, the results were submitted to a principal component 
analysis, PCA.

PCA involves a transformation of data based on eigenval-
ues to determine the magnitude and direction of maximum 
variance in the distribution of the dataset in hyperspace [33]. 
The first principal component is a linear combination of the 
original variables and is aimed at maximum variance. The 
second component is estimated to be aimed at remaining 
maximum variance (2nd most important), the third compo-
nent carries the third most important amount of transforma-
tion and so on.

Table 2 shows the weighting coefficients for each chemi-
cal element and the variances explained by the three first 
components. Also included are the loadings of the princi-
pal component for each element. In the first component, 
the explained variance was 90.27%, in the second, 3.85% 
and 2.46% in the third. Therefore, the variance explained 
by these three components was 96.58%, while the first two 
accounted for 94.12% of the total variance of the database.

According to Table 2, the elements that showed higher 
loading on the first component were Ce, Co, Cr, Cs, Eu, Fe, 
Lu, Th and Yb; Hf and Th in the second component and 
Na and U in the third component. Uranium is distributed in 

the three principal components and Cr into two principal 
components. In a way, all the elements selected for the 
characterization of sediments using multivariate statistical 
analysis at the Taquaraçu site are well correlated. Another 
fact that also merits attention is that the elements with 
higher weighting coefficients are the elements of the first 
transition series (Co, Cr, Fe and Sc) and the rare earth ele-
ments (Ce, Eu, La, Yb and Lu), which is consistent with 
the literature in other studies [34].

Fig. 6   Dendrogram showing the 
results of hierarchichal cluster 
analysis of the 55 specimens
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Table 2   Results of the variance–covariance matrix for the first three 
principal components

Element PC1 PC2 PC3

Ce 0.24589 0.10292 − 0.2221
Co 0.37202 − 0.3868 − 0.0667
Cr 0.291011 0.01106 0.28186
Cs 0.31187 0.12484 0.11539
Eu 0.21976 − 0.254 − 0.3125
Fe 0.33139 0.03643 − 0.0291
Hf 0.17734 0.45635 0.15125
La 0.13092 − 0.0074 − 0.3655
Lu 0.30123 − 0.0067 − 0.1139
Na 0.16077 − 0.5819 0.54366
Sc 0.31815 0.02042 − 0.064
Th 0.2468 0.30243 − 0.1067
U 0.20697 0.34136 0.49828
Yb 0.30156 − 0.053 − 0.1618
Var. explained (%) 90.27 3.85 2.46
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Figure 7 shows the graph of principal component 1 versus 
principal component 2 in the 55 sediment samples. As can 
be seen, the results confirm the existence of three sample 
groups. Group 1 is formed by 35 samples, Group 2 by 11 
and Group 3 by nine samples. The scattering of the samples 
in Group 3 may be due to the fact that some of the samples 
have a certain probability of belonging to another group. 
Bivariate graphs were drawn up to confirm this possibility. 
Figure 8 shows the Co versus Th (a) and Sc versus Yb (b) 
biplot. In these figures, the existence of three distinct com-
positional groups can clearly be seen.

Although it was possible to separate the sediment sam-
ples of the Taquaraçu site into three compositional groups 
differentiated by bivariate graph using the combination of 
almost all the 14 elements that are included in the database, 
the greater difference between the groups (largest distance) 
involved the elements Co versus Th and Sc versus Yb. Nev-
ertheless, such elements are part of the chemical groups of 
the periodical table that are important in archeometric stud-
ies from the geochemical standpoint, transition metals (Sc 
and Co) and inner transition metals (Yb and Th), where Yb 
is part of the heavy rare earths.

In order to confirm the existence of the three groups, the 
results were studied using discriminant analysis. Discrimi-
nant analysis is another technique used to reduce sample 
dimensionality. Discriminant analysis differs from PCA in 
the way that it extracts a new set of variables that maxi-
mize the difference of the total variance of the dataset [35]. 
The purpose of this technique is to find the functions of the 
original variables (discriminant function) that explain the 
differences between the samples.

Figure 9 shows discriminant function 1 versus discrimi-
nant function 2 in which the three different chemical compo-
sition groups in the sediment of the Lapa Grande de Taquar-
açu archaeological site were identified.

The INAA method enables several elements to be deter-
mined simultaneously and many of which may not be very 
informative. Therefore, it is necessary to identify the most 
relevant subset of elements and to remove the variables with 
the least amount of relevant information, while preserv-
ing multivariate data structure and minimizing the loss of 
essential information [36]. The Procrustes analysis was used 
for this paper in conjunction with a stopping rule to select 
the variables that are in some way suitable for discrimina-
tion [36–38]. The concept of Procrustes uses the measured 
distance, M2, between two k-dimensional configurations 

Fig. 7   Principal component 1 versus principal component 2 of the 
sediments samples. Where the numbers 1, 2 and 3 are the Groups 1, 2 
and 3, respectively
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Fig. 8   Log-log scatterplot of Co versus Th (a) and Sc versus Yb (b). The ellipses represent a confidence level of 95%
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of PCA. The value of M2 is determined for each variable 
extracted and the resulting value indicates the effect in the 
configuration and identifies the variable that has the low-
est effect when eliminated [38]. The extraction of variables 
continues up to point where the sum of residues (M2) is 
higher than the critical value (cv) [37, 38]. Table 3 shows 
the results of the selection procedure, including the sequence 
of elimination.

In Table 3, the first element to be eliminated was Fe, 
where M2 is 1.25 and the cv is 19.1. When each variable is 
eliminated, the associated configuration is changed up to the 
point that it becomes unacceptable, which occurs when M2 
becomes greater than the critical value [38]. This value was 
reached with Eu, whose value of M2 was 21.1 and that of the 
critical value, 16.3. The procedure suggested that the Fe, Lu 
and Ce variables can be eliminated and the elements Eu, Cr, 
Th, U, Co, Yb, Cs, Na, La, Sc and Hf should be considered 
in the dataset.

In order to confirm this assumption, the results of 55 sam-
ples were subjected to a new principal component analysis 
using the eleven variables selected in the Procrustes method. 
Figure 10 shows the graph of principal component 1 ver-
sus principal component 2, which shows the existence of 

three different compositional groups. When Figs. 7 and 10 
are compared, it becomes apparent that using the variables 
selected by Procrustes, the complete data structure is rep-
resented perfectly without a loss of information. This result 
shows that the sediment of the Lapa Grande de Taquaraçu 
site can be characterized by the analysis of Eu, Cr, Th, U, 
Co, Yb, Cs, Na, La, Sc and Hf.

The results of the chemical composition show that the site 
is formed by three different groups. According to previous 
studies [12] the site has an archaeological stratum approxi-
mately 1 m deep, underneath which it appears the sedimen-
tation composed of what would be the original floor of the 
shelter. Table 4 lists information pertaining to the samples 
according to the group.

Group 1 consists of samples from the excavation of four 
excavation units, consisting of 15 samples from excavation 
unit G7, one from H7, 15 from H8, and four from D17. 
Of the 12 samples that form Group 2, 11 are from excava-
tion unit G7 and one is from H7. In Group 3, five samples 
derived from excavation unit H8, one from G7 and two of 
soil collected outside the rockshelter. As shown in Table 4, 
the separation of the sediment samples of Groups 1 and 2 
occurred mostly according to the depth.

The elementary concentration values of the samples as a 
whole and by group were analyzed to study the behavior of 
the analyzed elements. The means of elemental concentra-
tions are separated according to groups (Table 5).

The mean of the concentrations of the 55 samples 
showed a large scatter when the whole data set is con-
sidered, column 2. On the other hand, when the mean of 
the concentrations of each sample group are taken into 
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ellipses represent a confidence level of 95%

Table 3   Variable selection with stopping rule, n = 55

Fe Lu Ce Eu Cr, Th, U, Co, Yb, 
Cs, Na, La, Sc e Hf

M2 1.25 4.97 11.4 21.1
cv 19.1 18.1 17.2 16.3

Fig. 10   Principal component 1 versus principal component 2 using 
the variables Eu, Cr, Th, U, Co, Yb, Cs, Na, La, Sc and Hf. The num-
bers 1, 2 and 3 are the Groups 1, 2 and 3, respectively
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consideration (columns 3, 4 and 5), the scatter is reduced. 
Table 5 shows that the concentration is higher for the 
elements of Group 2 as compared with the other groups, 
with the exception of Hf, whose concentration is higher 
in Group 3.

Table 5 also shows that samples of Group 1 presents 
lower levels of elemental concentrations of each element.

In order to interpret the data, it was take into considera-
tion not only the results from the 55 samples, but also the 
five outliers, since they could also help convey important 
information about the site and its environs. Three of these 
outlier samples were excavated inside the rockshelter and 
two outside (one from the base of the limestone outcrop 
and the other from the modern river terrace). The con-
centrations of each element analyzed were significantly 
different between on and off site contexts.

To study the possible differences in crystalline struc-
ture between the three different compositional groups 
formed by the sediments of the Taquaraçu site, XRD 

measurements were taken. From a total of 8 samples, three 
belong to Group 1, three to Group 2 and two to Group 3.

The samples in Group 1 contained calcite as their major 
constituent while the main constituent of Group 2 and 3 was 
quartz with no, or at least no observed calcite. Although 
Ca was not determined by INAA, its presence is inferred 
from the lithology of the rock on which the Lapa Grande de 
Taquaraçu site is formed, since this consists of limestone of 
high chemical purity.

Therefore, based on the XRD spectra, we can assume that 
Ca is present in samples of Group 1 in the form of calcite 
and this crystalline structure is much superior to the quartz 
one.

Discussion

The chemical and macroscopic characteristics (such as the 
gray color and pulverulent aspect) of the samples pertaining 
to Group 1 converge to interpret this group as representa-
tive of anthropogenic sediments. The XRD results showed a 
large amount of calcite in sediments of Group 1, value that 
could be accounted for by the dissolution of the limestone 
from which the cave is formed. However, wood ash is pre-
dominantly composed of calcite due to decomposition of the 
calcium oxalate present in timber [39]. At the site of Lapa 
das Boleiras [16], situated near Lapa Grande de Taquaraçu, 
the presence of Ca was higher in the ashes, which were rec-
ognized as archaeological, and decreased for samples that 
were not ash, similar to what occurs in the current dataset. 
Thus, the possibility that the calcite present in Group 1 may 
have originated from the burning of wood, and as such, is of 
anthropic origin, is very strong.

Group 2, on the other hand, is most probably related 
to sediments coming from the riverine system. XRD 

Table 4   Distribution of samples according to the group, excavation 
unit and depth

Group Number of 
samples

Excavation unit Depth (cm)

1 15 G7 10–90
1 H7 80

15 H8 10–80
4 D17 10–70

2 11 G7 90–140
1 H7 80

3 5 H8 20–50
1 G7 50
2 Outside soil –

Table 5   Mean and standard 
deviation of the elemental 
concentrations for each group in 
mg/kg (n = 55)

Element Complete set Group1 Group2 Group3

Ce 45.83 ± 29.23 27.7 ± 6.06 92.02 ± 22.61 55.87 ± 13.9
Co 11.76 ± 13.17 4.85 ± 1.37 34.79 ± 10 7.44 ± 1.5
Cr 33.50 ± 26.96 18.26 ± 5.06 77.58 ± 23.83 34.06 ± 9.74
Cs 4.28 ± 3.65 2.2 ± 0.61 10.20 ± 3.33 4.51 ± 1.37
Eu 0.79 ± 0.51 0.51 ± 0.1 1.66 ± 0.36 0.73 ± 0.22
Fe 24,116 ± 22,152 11,651 ± 3200 60,658 ± 20,221 23,838 ± 5230
Hf 3.29 ± 1.74 2.24 ± 0.53 5.01 ± 1.05 5.29 ± 2.25
La 29.86 ± 10.82 23.44 ± 3.67 45.67 ± 9.0 34.02 ± 7.71
Lu 0.26 ± 0.22 0.14 ± 0.03 0.63 ± 0.17 0.26 ± 0.03
Na 1171 ± 638 893 ± 350 2143 ± 501 929 ± 282
Sc 7.63 ± 6.77 3.79 ± 0.9 18.97 ± 5.86 7.41 ± 1.26
Th 8.39 ± 5.26 4.94 ± 1.1 15.75 ± 4.32 12.44 ± 2.61
U 1.60 ± 0.9 1.09 ± 0.38 2.79 ± 0.78 2.01 ± 0.8
Yb 1.66 ± 1.42 0.86 ± 0.2 4.11 ± 1.07 1.50 ± 0.13
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analysis showed quartz and mica in two samples. These 
two samples are related to river flooding episodes (small 
silt “mud-cracks”). The third group was collected at the 
bottom of the stratigraphic sequence, in the middle of the 
limestone blocks, and accordingly showed some calcite 
in its composition, but the overall composition of the ele-
ments determined by INAA shows it to be closer to Group 
2. Finally, when the outlier sample from the modern river 
terrace was included in the analysis, it also clustered with 
the samples of Group 2. To summarise, Group 2 is related 
to the fluvial system, and its presence inside the rockshel-
ter is mainly due to natural factors, because: (1) the bottom 
of the rockshelter was part of the ancient fluvial system, 
and (2) events of river flooding reached the site during 
human occupation.

Group 3 has a chemical signature that can be related to 
soils (oxisols) that are ubiquitous in the region. This group 
encompasses two off-site samples (soil collected outside the 
rockshelter) as well as samples from inside the rockshelter. 
Some of the samples analyzed by INAA that were collected 
inside the excavation were interpreted in the field as “burned 
earth”. Although it is not possible to rule out that some soil 
could have reach the rockshelter by natural means, the local 
topography and the geometry of the entrance rule out a sig-
nificant soil contribution by natural factors suggesting that 
the material was brought in by people. These thin layers of 
bright red soil, forming fairly continuous horizons, were also 
recognized at Lapa do Santo rockshelter and interpreted by 
other authors [40] as being related to natural deposition. Our 
data suggests otherwise.

As can be seen in the Table 5, the elements that contribute 
most to the distinction between the samples inside the rock-
shelter, (anthropogenic sediment and natural sediments), and 
outside the rockshelter, are Ce, Co, Cr, Fe, Hf, La, Na, Sc, 
and Th. These results are in agreement when the five outliers 
that were removed and the dataset was subjected to cluster 
analysis, discriminant analysis, principal component analysis 
and bivariate plots. In this study it was possible to distin-
guish clearly between natural and anthropogenic sediment.

Another factor that should be mentioned, going back to 
Table 5, is that the sediments which supposedly correspond 
to the anthropogenic group (Group 1) have lower concen-
trations of each element. This data contrasts with those 
from other studies of anthropogenic sediments because, 
generally, human activities generate a large volume of 
waste which causes increases in the elemental concentra-
tions of soil, for example, from craft activities and food 
preparation [41–43]. Sheltered sites such Lapa Grande de 
Taquaraçu, are less affected by weathering and are there-
fore expected to be less eroded and to have increased soil 
enrichment due to chemical compounds [44, 45]. However, 
this was not what was detected at the Lapa Grande de 
Taquaraçu site, where the group that corresponds to the 

anthropogenic stratum shows the lowest concentration of 
elements between the three compositional groups.

Unless the sediment is severely leached, disturbed or 
altered, the residue that is incorporated by and that modi-
fies the elementary concentration of the sediment can be 
detected and identified through chemical analysis [9, 41, 
45–48]. Thus, the low elemental concentrations in Group 
1 may be explained by the fact that ash, being formed by 
the combustion of wood, will tend to show lesser concen-
trations of elements than the original soil. On the other 
hand, Group 2, being related to the fluvial system, shows 
the highest values since the water carries a large amount 
of minerals, both in solution and suspension. Group 3, 
related to the oxisols, shows intermediate values; on the 
one hand, the soil is richer in elements than the trees that 
grow over it, and on the other hand such soils are very 
well-developed and stable, maintaining only the minerals 
that are more resistant to chemical attack, and therefore 
more depleted than the fluvial sediments.

Conclusions

Sixty sediment samples from four excavation units exca-
vated from Lapa Grande de Taquaraçu rockshelter were 
analyzed. The samples were studied using instrumental 
neutron activation analysis (INAA) in which the Ce, Co, 
Cr, Cs, Eu, Fe, Hf, La, Lu, Na, Sc, Th, U and Yb concen-
trations were determined. The results of the elementary 
analysis were submitted to cluster, principal component, 
and discriminant analysis. The study showed the existence 
of three different compositional groups, one of which is 
related to anthropogenic sediments. The depth of the sam-
ples had a significant role in the formation of groups, since 
the upper part of the stratigraphy is mainly anthropogenic, 
and the lower part is geogenic. A subset of variables was 
also determined from the data matrix using Procrustes 
analysis. The results showed that only eleven variables 
(Eu, Cr, Th, U, Co, Yb, Cs, Na, La, Sc and Hf) are suitable 
for discrimination purposes. Some sediment samples from 
each group were analyzed by XRD and the results showed 
that there are differences in the crystalline phases of the 
samples of each group. The samples in Group 1 contained 
calcite as their major constituent, which may be due to the 
burning of wood. In the other two groups, the main species 
found was quartz.

Our data and results show that the analysis of a large 
amount of bulk samples, subject to statistical treatment, are 
mandatory in terms of grasping the overall aspects of site 
formation. More detailed studies, with focus on specific, 
punctual aspects of the site, should follow only after this 
fundamental step is accomplished.
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