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a b s t r a c t
X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy-dispersive system (EDX) were
used in order to obtain mineralogical and chemical composition of white and reddish pigments belonging to
the Ambato style of “Aguada” culture, found in the archaeological site of Piedras Blancas (Catamarca,
Argentina 500–1100 AD). These pigments are associated with different sectors, two of them being related to
funerary context. Due the scarce amount of samples available, it was necessary to develop a new
methodology for their study. X-ray diffraction spectra were collected using a low background Si sample
holder, which allows the study of small sample amounts (a few milligrams). The mineral quantiﬁcations
were carried out by applying the Rietveld method to the XRD spectra. The major difﬁculties arose for reddish
pigments, since they contain iron-bearing phases, such as ferruginous clays, in which neither the
concentration of Fe+ 2 relative to Fe+ 3 nor the location in the lattice (occupancy factor) is completely
known. With the aim of performing quantitative elemental analysis from SEM-EDX spectra, a special sample
holder for the small amounts of available samples was developed. Commercial standards were used in the
quantiﬁcation process and the characteristic intensities were corrected for matrix effects. Micrographs and
EDX point spectra allowed the characterization of minor phases and particle analysis. The Rietveld method
combined with the new procedure for EDX analysis has proven to be a suitable method for routine
quantitative analysis of small amounts of archaeological pigments.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The application of analytical techniques, initially developed in the
ﬁeld of materials science, to study objects of art and archaeology gives
the art historians and archaeologists the opportunity of gaining
information about the composition of such objects and, therefore, to
answer questions regarding where, when or by whom such artifacts
were made. Additionally, these investigations can help to understand
the manufacturing processes and technology, thus providing clues to
interpret the social, political, economic and cultural context of the
civilizations studied. Such investigations are also valuable and in some
cases indispensable for conservation, restoration and authentication
projects [1].
Usually archaeological pigments are not found pure, but mixed with
a binder and applied to a surface (pottery, walls, wares, leather, caves,
etc.). Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry
(LAICP-MS) [2–5] and Neutron Activation Analysis (NAA) [6–9] are
⁎ Corresponding author. FaMAF, Universidad Nacional de Córdoba, Medina Allende s/n,
Ciudad Universitaria, (5016) Córdoba, Argentina. Tel.: +54 351 4334051; fax: +54 351
4334054.
E-mail address: gcas@famaf.unc.edu.ar (G. Castellano).
0026-265X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.microc.2010.03.010

techniques also used for chemical characterization, and permit a limit of
detection (LOD) of a few parts per billion (ppb = ng/g); however, they
present the disadvantage of high-cost analysis and limited availability of
nuclear reactor centers in the case of neutron activation [2,5,10]. These
disadvantages inhibit a frequent use of these techniques.
X-ray nondestructive analytical techniques such as scanning
electron microscopy (SEM) in combination with energy-dispersive
spectrometry and X-ray diffraction (XRD) have been widely used for
the analysis of archaeological paints [11–19]. Their popularity lies not
only in the nondestructive character and relatively low-cost analysis,
but also in the fact that their simultaneous application allows a
mineralogical (XRD) and chemical (XRF, TXRF and SEM-EDX) characterization of samples [11,18–21].
The analysis of paints and pigments is one of the most interesting
aspects, not only in archaeology, but also in the history of art, to
understand deterioration processes and to develop conservation
methods. As mentioned above, a number of works have been devoted
to the characterization of paints (a pigment added to a binder),
although little has been done regarding pigments. Archaeological
paints may have been elaborated with different natural pigments, and
they may contain organic components (bones, fats, etc.) or inorganic
ones (minerals). The present work aims to give an important step
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forward in the chemical and mineralogical quantitative characterization of archaeological pigments corresponding to the Ambato style of
Aguada culture (Catamarca province, Argentina). According to
different studies [22–24], this culture ﬂourished during the IV and
XII centuries AD, and an exhaustive study of pigments and paints
applied to different objects has not been completed yet, only qualitative analysis being found in the literature [25–27]. The characterization provided in this work will complement previous results
in this area [26–29], and may contribute with the elaboration of a
database of archaeological pigments composition used in ancient
America.
The identiﬁcation of potential clay sources is a relevant issue in the
understanding of exchange mechanisms and technology processes of
the cultures involved. Nevertheless, this identiﬁcation is usually
hindered, for example, in the analysis of paints scraped from the
surface of archaeological sherds, due to the fact that clay mineral
structure changes during the ﬁring process. In this work, however, it is
worth emphasizing that in these samples, the mineralogy has not
been altered by manufacturing processes.
The methodology proposed in this work begins with the
observation of fresh samples through SEM images, and, through
backscattered electron (BE) images, small regions of different atomic
mean numbers are analyzed. Qualitative compositions are then
obtained from EDX point spectra of selected regions. After grinding
and compacting of samples, mineral phases are then identiﬁed from
the XRD spectra and they are quantiﬁed by a Rietveld reﬁnement
procedure. Finally, SEM-EDX spectra are acquired in order to
determine the elemental compositions. This methodology is helpful
not only to characterize this kind of pigments, but also to study
painted surfaces, even when scraped from artifacts such as ceramic
pieces, since in the latter case the amount of material that can be
extracted is too small for chemical analysis.
2. Analytical techniques
2.1. Electron probe quantitation
In conventional electron probe quantitation, the characteristic
intensity Ij emitted by each element of an unknown sample is recorded
and then compared with the corresponding intensity I0j emitted from a
standard of concentration C0j . As a ﬁrst approximation, the intensity Ij
may be taken as proportional to the mass concentration Cj of element j:
Ij
Ij0

=

Cj
Cj0

:

The comparison with the standard allows to eliminate geometrical
and physical factors which are very difﬁcult to determine [30]. The
previous relationship has no general validity, and different matrix
effects must be taken into account, usually referred to as “ZAF
correction” [30,31]: Z and A factors represent the generation,
scattering and absorption effects, whereas the F factor involves
secondary ﬂuorescence enhancement; since these effects may differ
from sample to standard, the ZAF correction is necessary in order to
accurately relate the sample composition with the measured
characteristic intensities. The magnitude of the Z, A, and F correction
factors strongly depends on the experimental conditions, mainly on
the incident beam energy, X-ray take-off angle and differences in
composition of the standards used as compared to the unknown
samples. In some cases, it is possible to reduce their inﬂuence and
even compensate effects, provided the experimental conditions are
adequately chosen.
Matrix effects involve all elements in the sample, with a complex
functional dependence on the concentrations. In the program MULTI
[32] used in this work, an iterative method is implemented for

assessing the complete set of concentrations Cj. This algorithm allows
the quantiﬁcation of an unknown sample with up to eighteen
elements, which can be compared to several standards in any kind
of combinations, ranging from one standard containing all the
analytes to one standard for each analyte. Moreover, it is possible to
perform analysis of light elements if stoichiometric relationships are
known. In addition, several ZAF correction models may be selected,
from which the Gaussian model for the ZA correction [33] modiﬁed by
Riveros et al. [34] along with Reed's ﬂuorescence correction factor F
[35] were chosen for the present analysis.
It is very important to take into account the different issues which
may alter the X-ray spectrum acquired, and therefore distort the
quantitative results obtained. If the sample is an insulator or the
conductive coating is inadequate, surface charging effects can create a
noticeable modiﬁcation of the X-ray emission spectra, and the results
of the quantiﬁcations will be incorrect. A strategy which permits to
account for charging effects is to determine the Duane–Hunt limit,
which represents the maximum energy of the continuum X-ray
spectrum produced by the incident beam impacting on the sample
surface [36]. The conventional method to evaluate the Duane–Hunt
limit value is to (linearly) ﬁt the region before the cut-off energy. The
energy values obtained this way were used as input for the
quantiﬁcation procedure with the program MULTI [32].
2.2. XRD Rietveld reﬁnement
The Rietveld reﬁnement method uses a least squares approach to
reﬁne a theoretical XRD spectrum until it matches the measured
proﬁle [37]. The model for the calculated proﬁle includes structural
(spatial groups, atoms in the asymmetric units, thermic factors, etc.),
microstructural (concentration, crystal size, micro deformations), and
instrumental (full width at half maximum, width of slits, size of the
sample, depth of X-ray penetration, etc.) factors.
A Pearson VII proﬁle function [38] was used in this work for
approximating the X-ray diffraction peaks; this model, based on a
Gaussian function multiplied by a correction factor in the form of a
series expansion in Hermite polynomials, was chosen since it takes
into account the asymmetry of the peaks. The preferred orientation
effects were corrected for the easily orientable phases (e.g. phyllosilicates and feldspars). The background was ﬁtted using a sixth degree
polynomial function. Parameters related to thermal ﬂuctuations were
not reﬁned, since their inﬂuence will be negligible as compared to the
uncertainties introduced by the reﬁnement of occupancy factors, in
view of the poor statistics associated to the minor phases. The values
for these parameters were taken from the Inorganic Crystal Structure
Database (ICSD)1 indexed ﬁles corresponding to each mineral.
In order to provide a ﬁgure of merit for the performance of each ﬁt,
the goodness of ﬁt is assessed through the weighted comparison of
the predicted intensities Ỹi with the experimental ones Yi:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2
u
u
N
Yi − Ỹ i
t 1
∑
GOF =
N−P i = 1
Yi
where i denotes each of the N channels in the considered XRD spectrum, and P is the number of free parameters in the ﬁtting process
[37]. The statistical quality of the ﬁt is represented through the Re
parameter, deﬁned as

Re =

1

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N−P
:
∑Yi

http://icsd.ﬁz-karlsruhe.de/icsd.
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Fig. 1. Sample holder designed for pigment analysis through EDX spectrum acquisition. a) Supporting base, b) skirt, c) container ring, d) piston, e) sample supporting ring, and f)
plunger.

3. Materials
Samples consisted of aggregates of very ﬁne particles taken from
different locations at the archaeological site of Piedras Blancas, only a
few tens of milligrams being available for analysis. The analyzed
samples have been labeled according to the following scheme: W1,
W2, W3, W4, W5, W6 and W7 correspond to white pigments,
whereas R1, R2, R3 and R4 are reddish pigments. Samples W2 and R1
were found in a funerary context, whereas the others were found
associated with domestic and working sectors.
4. Experimental
4.1. Sample preparation
For a quantitative analysis by SEM-EDX, the samples should be ﬂat
and the electron beam must impact normal to the surface. To achieve

this purpose, all samples were ground and compacted into a sample
holder specially developed to this aim. The compaction was performed by applying a pressure of 20 t/cm2 during 20 min, by means of
a Teﬂon plunger located between piston and sample. After compaction, this plunger remains attached to the aluminium cylinder as a
sample support, thus ensuring a homogeneous density. By this
procedure, a small amount of sample (10 mg) is compacted covering
an area of 0.5 cm2, allowing several analyses in different regions of it.
In Fig. 1 the main components of the sample holder designed are
shown.
To acquire EDX spectra, the samples were not coated, due to the
fact that, on one hand, carbon coating complicates the quantiﬁcation
of these elements, and on the other hand the presence of a gold
coating (or other heavy metal layer) modiﬁes the different absorption
effects for each line, and implies the appearance of its characteristic
peaks, which may overlap with some lines of interest. This is the case
of gold M lines overlapping with sulfur K and lead M lines.

Fig. 2. Rietveld reﬁnement for the W2 XRD spectrum. The upper curves are the measured and calculated spectra respectively. The lower curve shows the difference between
observed and calculated patterns.
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Table 1
Mineralogical quantiﬁcation obtained with XRD.
Phase concentrations (wt.%)
Mineral

ICSD
code

Structure

White

Calcite
Quartz
Albite
Hematite
Muscovite
Gypsum
Feldespar
Anorthite
Litharge
Anlgesite
Cerussite
Galena
Tourmaline
Kaolinite
Rwp (%)
Re (%)
GOF

80869
174
34917
56372
4368
409581
88896
86331
15466
100625
36554
38293
156163
63192

CaCO3
SiO2
NaAlSi3O8
Fe2O3
KAl2(AlSi3O10)(OH)2
H4CaO6S
K (Al Si3O8)
Ca (Al2 Si2 O8)
PbO
PbSO4
PbCO3
PbS
NaFe3Al6Si6O18(BO3)3O3F
Al2(Si2O5(OH)4)

96.0
4.0

W1

Reddish
W2
8.8

W3

W4

W5

96.7
1.7
1.6

57.8
3.3

100

W6

W7
71.4
12.0
3.8

7
3.3

R1
19.0
33.3
2.7
45.0

100

R2
5.9
41.7
17.6
11.7

R3

R4

13.4

32
54.1
2.3
11.6

58.7
3.7

24.2
12.4

31.9
0.4
49.7
27.7
10.5
24.2
12.42
9.54
1.30

16.8
13.71
1.23

14.55
11.65
1.25

4.2. SEM images
Previous to the acquisition of EDX and XRD spectra, secondary
electron (SE) images of nonmilled samples were registered in order to
analyze the particle size distribution and microstructure, and to
corroborate the occurrence of the presence of minor phases whose
species are not easily identiﬁable by XRD.
Backscattered electron (BE) images were taken to distinguish
regions with noticeable chemical-contrast differences, since backscattered electrons allow the distinction of small variations in the
mean atomic number [31], which might help to identify different
phases. With the aid of EDX spectra taken from points with high
magniﬁcation, a qualitative compositional estimate of small particles
may be given, complementing the information provided by the BE
images acquired. Although these spectra are not representative of the

15.86
10.32
1.53

16.31
9.52
1.71

18.59
12.34
1.51

3.9
22.98
13.47
1.71

21.72
9.78
2.22

18.67
7.50
2.49

overall sample, the identiﬁcation of particles (or phases) present in
very low proportion may be useful for the study of the provenance of
raw materials.
4.3. XRD measurements
Samples prepared in random mounts were analyzed on a Philips
X'Pert PRO PW3040/60 diffractometer, with Cu Kα X-ray radiation, Si
monochromator, at 40 kV and 30 mA, step scan at 0.3°/min and step
size of 0.02° 2θ. In most cases, since too small amounts (a few
milligrams) of material were available, samples were mounted on an
Si holder of low background.
The mineral phases present were quantiﬁed by Rietveld reﬁnement, as implemented in the DiffracPlus TOPAS® commercial software. The LOD of this technique for the samples studied is estimated

Fig. 3. XRD patterns corresponding to the white pigments. The identiﬁed phases are also shown in the ﬁgure. Alb: Albite; Ang: anglesite; Anor: Anorthite; Cer: Cerussite; Gal: Galena;
Gyp: Gypsum; Hem: Hematite; Lith: Litharge; Mic: Mica; Ort: Orthoclase; and Qz: Quartz.
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Fig. 4. XRD patterns corresponding to the reddish pigments. The identiﬁed phases are also shown in the ﬁgure. Alb: Albite; Ang: Anglesite; Cal: Calcite; Cer: Cerussite; Gal: Galena;
Gyp: Gypsum; Hem: Hematite; Kaol: Kaolinite; Mic: Mica; KF: Potassium feldspar; Phy: Phyllosilicates; Qz: Quartz; and Tourm: Tourmaline.

between 1 and 2%. Fig. 2 shows an example of the ﬁt quality achieved
in the reﬁnement process for the sample W2.

Table 2
Elemental concentrations of white pigments obtained with SEM-EDX analysis.
Elemental concentrations (wt.%)

4.4. EDX spectra
In order to obtain chemical compositions, a scanning electron
microscope LEO 1450 VP with an energy-dispersive spectrometer
attached was used. The Sapphire Ultra-Thin Window X-ray detector
allows the detection of elements with atomic number greater than 5,
with a resolution of 129.2 eV for the Mn-Kα line.
In all cases, the acquisition live time was 200 s, nominal incident
beam energy Eo = 15 keV, 500 pA specimen current, 15 mm working
distance and 33.42° take-off angle. In order to obtain a representative
analysis of each sample, the probe current was checked at the
beginning and at the end of each measurement with a Faraday cup;

Sample

W1

W2

W3

W4

W5

W6

W7

E⁎0 (keV)

14.6

14.6

15.0

14.0

14.8

14.8

13.1

11.4a
47.6a

1.2a
20.6a
0.7

10.9a
46.3a
0.1
0.5
0.4
1.7
0.1
0.8
0.5
36.1

10.0a
51.3a
1.5
2.4
8.0

13.9a
43.7a
0.1
0.2
0.4
1.1

1.5
23.1

0.4
37.2

0.3

1.7

Element
C
O
Na
Mg
Al
Si
P
S
K
Ca
Mn
Fe
Pb
a
b

0.2
0.3
1.0

0.3
38.2
0.2

0.9
4.9
5.8
0.6
1.6
1.0
2.3
63.2b

60.9a

9.9a
44.1a
0.3
1.7
1.8
8.5
0.1

17.7
21.3

3.8
26.6

0.26

1.8

Assessed by stoichiometry.
Calculated through Mα-line intensities.

Table 3
Elemental concentrations of reddish pigments obtained with SEM-EDX analysis.
Elemental concentrations (wt.%)

Fig. 5. Determination of the effective incident energy value for R1 sample from the
Duane–Hunt limit.

Sample

R1

R2

R3

R4

E⁎0 (keV)

12.3

13.7

13.5

12.9

2.9
50.4a
1.1
1.7
9.0
23.8

0.7a
44.3a
0.6
0.8
6.6
21
2.7
5
2
17.4

43a
0.4
0.6
7
22.8

44.1a
5.0
0.8
7.4
27.7

5.2
2
19

7.3
1.1
4.1

Element
C
O
Na
Mg
Al
Si
S
K
Ca
Fe
a

7
0.5
4.6

Assessed by stoichiometry.
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Table 4
Mass concentrations obtained for sample R1 using the nominal incident energy
(15 keV) and that determined through the Duane–Hunt limit (12.3 keV).

5. Results and discussion

R1 sample (wt.%)
Element

E0⁎ = 15.0 keV

E0⁎ = 12.3 keV

C
O
Na
Mg
Al
Si
K
Ca
Ti
Fe
Total

3.06a
46.02a
1.02
1.37
7.12
18.22
4.47
0.31
0.24
2.31
84.16

2.87
50.41
1.14
1.69
9.03
23.78
6.63
0.5
0.43
4.62
101.1

a

Assessed by stoichiometry.

this allowed to verify that probe current variations remained within
1%.

5.1. XRD
In the Rietveld reﬁnement procedure, the effects induced by the
preferred orientation inherent to the sample preparation method were
considered. The major difﬁculties in the reﬁnement process occur for the
reddish pigments, because of the presence of iron-bearing phases such
as ferruginous clays for which neither the concentration of the Fe+ 2
with respect to Fe+ 3, nor their localization in the lattice (occupation
factor) are known. In addition, in some cases the major phase peaks are
overlapped with the principal lines of minor phases, hindering the
deconvolution process and raising the LOD up to about 3%. The R factors
[37] (numerical criteria of ﬁt) obtained from the reﬁnement results are
listed in Table 1. The apparently high values for Re (and hence for Rwp)

Fig. 6. BE images and X-ray spectra corresponding to the indicated points for the W2 sample.
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evidence the difﬁculties mentioned above for the characterization of
reddish pigments. Nevertheless, although the values obtained for Rwp
seem to be too large, it must be pointed out that since a rather small
amount of material is to be analyzed, statistics cannot be noticeably
improved due to the unavoidable experimental limitations this implies.
As shown in Table 1 and Fig. 3, white pigments W1, W3 and W5 are
characterized by the content of more than 90% of calcite. This suggests
that this mineral could be the colour source. The W6 pigment is pure
gypsum, whereas the pigments W4 and W7 contain, besides calcite
(in a concentration lesser than 50%), quartz, micas and feldspars.
These phases act as an embedding ﬂux and could result in a glassy
ﬁnish if the pigment is applied on the ceramic pot before cooking.
The W2 sample found in the mortuary context presents a very
different mineralogical composition. It contains a high concentration
of lead distributed in anglesite, cerussite and galena phases. Lead is
also present in the pigment W7, which is an example where the
characteristic colour is due to minor phases: it is well known that even
small proportions of lead mixed in a translucent medium (e.g. quartz)
result in a good white pigment [28]. The characteristic diffraction
peaks corresponding to these phases can be seen in Fig. 2.
Regarding the reddish pigments, as displayed in Table 1 and Fig. 4,
iron oxides are present mainly as hematite, in mixtures with different
clays. The pigments R1 and R4 contain similar concentrations of
hematite (2–3%), whereas R2 has a higher percentage of hematite
(11%), and also contains calcite and gypsum. Finally, the R3 sample
contains tourmaline (20%) and high amounts of hematite (56%).
5.2. SEM-EDX
The irradiation parameters used for the acquisition of spectra
ensure a LOD of 500 ppm to 1000 ppm, and small matrix effect cor-
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rections for most of the elements present in the samples studied.
These considerations allow to quantify the major and minor elements
with acceptable uncertainties.
As mentioned above, the Duane–Hunt limit value was ﬁtted in
order to determine the effective incident beam energies E0⁎ which
were used as input for the quantiﬁcation routine by means of the
program MULTI [32]. An example of such ﬁtting procedure is shown in
Fig. 5 for the reddish pigment R1. The ﬁtted values for the effective
incident beam energies corresponding to all the samples analyzed are
displayed in Tables 2 and 3. It can be seen that this correction may
become quite important (up to 20%).
The inﬂuence of the value taken for Eo on the concentrations
obtained is exempliﬁed in Table 4 for the R1 sample. Clearly, the
dependence of the ZAF matrix corrections on the incident energy is
not equal for all elements, since relative concentrations may be
strongly altered even for similar Eo values.
The quantiﬁcation routines were assessed with the software
MULTI [32], using SPI® commercial mineral standards. The global
uncertainties, associated to the ZAF corrections and to the determination of characteristic intensities, are much lower than the errors due
to charging effects and sample preparation.
Table 2 shows the results obtained for the quantiﬁcation of white
pigments through the X-ray characteristic spectra. Excepting for
sample W2, white pigments are characterized by a high calcium
concentration (between 23% and 38%), which is in agreement with the
elemental composition inferred from the mineralogical quantiﬁcation.
Some minor elements (e.g. Na or K) found in W3, W4 and W7 may be
associated to feldspar phases. The W2 pigment, found in a funerary
context, presents a very different elemental composition with respect
to the other pigments studied: the major element is lead, calcium and
sulphur being part of the gypsum quantiﬁed by Rietveld reﬁnement.

Fig. 7. BE images and X-ray spectra for the indicated points corresponding to the W7 sample.

266

V.G. Josa et al. / Microchemical Journal 96 (2010) 259–268

The correct deconvolution of the spectra in the low energy region
is very important because the detector cannot separate the Pb-M lines
from S-Kα line. However, the quantiﬁcation of lead was performed by
taking into account the Pb-Mα line, since it is much more intense than
the Pb-L lines for the electron beam energy chosen. To this aim, the
EDX spectral processing was performed by taking into account
radiative transition rates given by Perkins et al. [39].
In Table 3 the elemental composition of red pigments is shown.
Samples R1 and R4 have similar compositions, nevertheless small
differences in the Ca concentration can be seen. The Fe contents in
both samples are consistent with the hematite phase obtained by
XRD. According to the results obtained by SEM and XRD, the R2
sample bears a high Fe mass fraction (15.3%), and its Ca content is
related to the presence of phases such as calcite, gypsum and albite.
Finally, the R3 pigment presents the highest Fe concentration (41%),
which is consistent with the amount of hematite and tourmaline
detected by XRD.

In both sets of samples, EDX analyses provide compositions similar
to those inferred through the XRD reﬁnement procedure. In the case
of reddish pigments, some discrepancies arise. It must be mentioned,
however, that a wide variety of minerals bear similar crystallographic
structures, but a number of ion substitutions may occur, which
implies important differences from the ‘stoichiometric’ formulas
chosen for the phase quantiﬁcation through XRD. In addition, XRD
results are overestimated, which is inherent to the phase concentration normalization accomplished by the Rietveld reﬁnement method.
Finally, a less important uncertainty is introduced by minor phases
present in the sample which cannot be quantiﬁed by XRD and may
add up to 3%.
The SEM images can be helpful to infer about previous treatments.
For example in Figs. 6 and 7, BE images corresponding to the samples
W2 and W7 evidence some rod-shaped structures with calcium, but
this structures are not calcite, since in the EDX point spectra the
carbon intensities are too low. Although these phases could not be

Fig. 8. BE images and X-ray spectra for the indicated points corresponding to the R1 sample.
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identiﬁed by XRD since they are below the LOD associated to this
technique, it is well known that when calcite is ﬁred, CaO and CO2 are
produced, which could be an indication that these pigments were
previously cooked [28]. It is worth mentioning that the apparent
defocalization of the W7 image may be due to the presence of organic
materials as supporting medium for this pigment, such as grease,
commonly used as a binder in ancient wall paints.
In the BE images corresponding to the W1, W3, W7 white pigments
and the R1 reddish sample, some bright particles can be observed.
Since the backscattered electron signal increases with the mean
atomic number Z of the irradiated sample [30], this chemical contrast is
associated with the presence of small particles (about 2 µm diameter)
containing Pb (see Figs. 7 and 8). In the R1 sample, particles of Ag
(spectrum E1 of Fig. 8) can also be seen. These elements cannot be
detected through the EDX global spectrum or the XRD patterns, due to
the fact that their concentration is smaller than the LOD (b0.1%).

6. Conclusions
The strengths and weaknesses of the nondestructive techniques
SEM-EDX and XRD have been discussed when applied to the
characterization of archaeological pigments. By adequately applying
both techniques, the chemical and mineralogical compositions of
Aguada archaeological pigments were satisfactorily obtained.
The results of the XRD quantiﬁcations through Rietveld reﬁnement
are normalized to 100% and the LOD attainable from the diffractograms is above 2%. These analyses showed that the pigments W1, W3
and W5 mainly contain calcite, whereas the W6 pigment is pure
gypsum and R3 has a major content of hematite, tourmaline and
quartz. These pigments can be interpreted as raw material without
complex elaboration, whereas samples W2, W4, W7, and the other
reddish pigments present a very different mineralogical composition.
With the aim of complementing the results obtained through XRD,
SEM-EDX quantiﬁcations were performed. To this purpose, surface
charge accumulation effects were taken into account by determining
the Duane–Hunt limit in order to assess the effective incident energy,
which allowed a remarkable improvement of the sets of concentrations obtained. The LODs of the EDX analyses are around 0.1%,
allowing to identify minor elements in the phases detected and even
the presence of phases not detected by XRD. In both sets of samples,
EDX results are consistent with those obtained through the XRD
reﬁnement procedure. The advantage of these techniques, when
compared with other analytical methods, is the small amount of
sample required and the low cost per analysis. The methodology
proposed here can be performed routinely in samples of similar
characteristics, without the requirement of high X-ray intensity
sources, as is the case of a synchrotron facility.
With the aid of BE images, the presence of heavy metals (Pb and
Ag) was found in samples W1 and R1. The presence of these minor
phases can help to obtain clues about raw material sources and may
help to analyze circulation of goods and technology processes in this
culture.
The data obtained will also enable to progress in the identiﬁcation
of the potential uses for which these pigments were made (ceramics,
walls, rituals, etc.). All these advances will help to develop a database
in order to facilitate the restoration work and the certiﬁcation of
authenticity of different parts.
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