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Palygerskite is & rare clay mineral used by the ancient Mayas ror rabricating the Maya blue
pigment and rer ether purpeses. It seems te have been ebtaincd frem a restricted arca in
the Yucatdn peninsula where impertant archecelegical sites are Tound. Geological samples
Trem different lecalities in this area shew & high centent in palygerskite, indicating that this
clay is widespread in Yucatén. Cembining structural, merphelegical, cempesitienal and
geechemical metheds, we analysed the cemmen characteristics of Yucatecan palygerskites,
and comparcd them with palygerskites 'rem eother erigins areund the werld. These results
can be used rer defining & fingerprint of Yucatecan palygerskite te be used in prevenance
studies oF archacelegical arteracts, in particular the Maya blue pigment.
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INTRODUCTION

The Yucatdn peninsula is mainly formed by marine carbonated sediments. A Tertiary calcareous
sequence crops out in a large part of Yucatdn without significant deformation and appears as
a calcareous plateau slightly inclined to the north-west. This is the direction in which the
Cenozoic units (Tertiary mainly) showed a gradual retreat of the sea towards the present line
of the coast (Moran-Zenteno 1994). This is a karstic zone that does not have water at the surface
(rivers or lakes) and the underground water is accessible at sinkholes produced by the falling
of the surface rock. These important formations are locally called cenetes (from the Mayan
dzenet, a well venerated by the ancients because it contained water that never saw the light).
This tropical peninsula was densely populated in the past. Archaeological findings have
demonstrated that the ancient Maya created complex trade networks (Sabloff and Rathje
1975), systems of water storage and distribution (Scarborough and Gallopin 1994) and a
sustainable system of agriculture. Many important Maya archaeological sites can be found in
this area, in particular those corresponding to the Puuc (from the Mayan for ‘hills’) characterized
by an architectural ornament at vault level, dating from the Late Classic Period (a» 800—1000).



Palygorskite is known since ancient times in Mesoamerica, in particular in the Mayan
Lowlands. There are several fundamental facts that indicate that this material and its properties
were very well known by the Maya and that it was linked to sociocultural aspects of the Maya
culture. The first fact is that palygorskite (locally known as seceluin) is still known amongst
the indigenous communities of the Yucatdn peninsula (Yucatdn and Campeche states) and is
used for several applications, including ritual ceremonies (fabrication of candles used on the
Day of the Dead), domestic and art craft ceramic production (pottery fabrication in the area of
Ticul), and medical treatments. Its use as a curative agent (Bohor 1975) was both external for
pain relief in cases of mumps and abdominal pain, and as a drug for dysentery diseases and
also for pregnant women (Folan 1969). It is remarkable that palygorskite and other clays are
also used in modern pharmacology as an anti-diarrhoeic (Viseras and L.6pez-Galindo 1999), as
the Maya did more than 1000 years ago. These traditions, which survived for a number of
centuries, also suggest that palygorskite was more intensively used in the past.

The most important use of palygorskite is as the main ingredient in the Maya blue pigment.
It is made by embedding an organic colorant (indigo, obtained from the /ndigefera suffruticese
plant, locally known as eni or xiuequiitl) in the clay matrix of palygorskite. The resulting
compound has an extraordinary resistance to chemicals and environmental aggression. The
Maya blue was invented by the Maya in the period from the sixth to the eighth century. It has
been found in archaeological artefacts all over Mesoamerica, from the Gulf to the Pacific
coasts, suggesting that the Maya exported the Maya blue to most Mesoamerican cultures,
such as @lmec-Xicalanca, Totonac, Huastec and Aztec. It was also used in Colonial times for
the decoration of convents and churches (Reyes-Valerio 1993), at least until the end of the
16th century. Even later, it was employed for decoration of civil buildings in Colonial Cuba
(Tagle ez al. 1990).

In this work, we study palygorskite samples collected in several locations in the Yucatdn
peninsula and compare them to other palygorskites from other sources in the world. The
Yucatecan samples were not only obtained from sources well described in the literature, but
also from new ones. The analysis of these samples aims to answer the following two questions:
(i) Did the Maya mine palygorskite from one or a few well-located sources or, on the contrary,
is palygorskite very frequent in Yucatdn and could it have been obtained from many places?
(i1) Does the Yucatecan palygorskite present mineralogical characteristics different from other
origins that could be recognized in archaeological Maya blue?

MATERIALS

Prior to the retrieval of palygorskite samples, an exhaustive bibliographical search identified
the possible historical sources. Many of these sources were studied in an ethno-historic
context (Folan 1969; Amold and Bohor 1975; Bohor 1975; Arnold 2005; Amold e al. 2007).
Using these data, we defined a searching area consisting of a circle of about 40 km radius,
centred on the archaeological site of Uxmal (see Fig. 1). Most of the sites referred to in the
literature lie inside this area.
The three most important sites are as follows:

» The cenete in a village called Sacalum. This is probably the best documented source (Arnold
and Bohor 1975; Bohor 1975) because there is archaeological evidence of its use as a palygorskite
mine in ancient times. In our visit to the cenete, we collected a sample (labelled Y19) from
the debris of extraction work lying on the cenete’s floor, close to the entrance stair. Inside the
cenete, there is a small entrance to a contiguous chamber of ~300 m?, the mine, accessible via



(a)

Figure | (o) Detuil of the region of interest (48 km areund the Uxmal site), with indicatiens of seme lecalities.
(b) A map of the Gulf of Mexice Gulf: the regien of interest is encircled.

a tunnel excavated in the palygorskite deposit (Bohor 1975). There is direct evidence that a
high amount of palygorskite was extracted in the past. Local inhabitants informed us that
although the mine is not exploited at present, some people occasionally enter to extract
palygorskite for fabricating cosmetics. The sample Y& was obtained from inside the mine.

» The Ticul-Chapab road. There are many sources of palygorskite along this road. They are
well known by the potters of Ticul, who use palygorskite as temper for improving the
characteristics (resistance to fracture) of their pastes (Arnold 1998). @ne site was studied in a
geological context, sampling from existing prospection wells (Bohor 1975). We were not able
to identify these wells. Another site is related to an ancient mine (Arnold 2005). Palygorskite
from this zone, obtained from the Ticul potters, was used in recent works (Chiari et «/. 2003;
Giustetto et «/. 2005; Sanchez del Rio ez a/. 2006a). Three places were sampled. The first one,
about 3-4 km from Ticul, on the right-hand side when looking in the direction of Chapab,
could correspond to the old mine. It is located at coordinates N20°25.337" W89°30.407". We
observed several cave-like holes in the floor, with direct evidence of extraction work in the
past. A sample was taken (Y5) from the debris found on the floor. Another sample (Y6) comes
from a second place, which is about 2 km further along the road, at N20°26.493" W89°28.748'".
A third place, about 7 km from Ticul, is much larger than all the others visited and has clear
evidence of massive extraction of sacalum. It is at N20°26.567° W89°28.643’. A sample (Y7)
was collected from the tons of debris in this site. For the sake of completeness, we also
included in the study another sample (Y®) from this zone, used in previous works (Sdnchez
del Rio er «l. 2005, 2006a,b; Sudrez et «i. 2007).



¢ Maxcani. This site, a terrain cut on the railroad, is described by (Bohor 1975). We unambigu-
ously identified it thanks to the pictures in Bohor (1975) and with the help of local people.
The site is at N20°34.545" W89°54.491". 1t presents different rocky, powdered and sedimentary
materials. We sampled different points: the sample Yla comes from a sedimentary layer of
approximately 2-4 cm. The sample Y1b is from a second point from the same layer. The
samples Y lc and Y1d come from the contiguous bottom and top layers, respectively. The
sample Y le comes from another point close to the sedimentary layer. It looks to be the dominant
material in the deposit, marked as ‘clay’ in figure 4 of Bohor (1975). Another layer was found
with a very different colour (grey) and consistency (Y1f). Sample Y1g was taken from the
other side of the railway.

Two new sites were sampled:

e A sascabera (N20°31.510° W90°03.015") close to Chanchochold. This place is used at
present for extracting sascab, calcareous material with good compaction characteristics, used
for making roads. Two samples were taken, one from the predominant material (Y2a) and a
second one (Y2b) looking very much like the samples Y1a and Y1b from Maxcand.

* Sample Y3 was collected in a recent road cut along the new Uxmal-Mérida road
(N20°23.336" W89°46.172").

A deposit in the Uxmal-Santa Elena road was cited in Arnold ez «/. (2007). We could not
identify this exact place. Several road cuts exist and we sampled one (Y4) at N20°20.826
W89°42.915°. This work also mentions two other sites: a cenete in Mani, also visited, but
where we could not identify palygorskitic clays, and Mama, a village where we were also
unsuccessful in finding the palygorskite source.

We also obtained materials from a pottery shop in Ticul: a sample of sacaluin (Y9) and one
of sascab (Y10), materials used systematically as temper for pottery. Another sample from
Tepakan, Campeche (Y13) was also analysed.

In addition to the Yucatecan samples, for our mineralogical and chemical analyses we used
other palygorskites from other origins: Bercimuel (BERC), Esquivias (E11), Torrején el Rubio
(T@®R), Los Trancos (TRA) and Nfijar (SNE) from Spain; Attapulgus (ATT) from Georgia
(USA); and Lisbon (LISL) from Portugal. Most of these have been studied from other points
of view (Garcia Romero et «l. 2006; Sudrez and Garcia Romero 2006).

ANALYTICAL METHODS

Mineralogical characterization was performed by X-ray diffraction (XRD), using a Siemens D
500 XRD diffractometer with Cu K, radiation and a graphite monochromator. The samples
used were random-powder specimens. They were powdered, but used ‘as found’, without any
chemical weatment or washing. Powders were scanned in 28 from 2° to 65° with a step of
0.02° and 3 s integration time.

Particle morphology and textural relationships were established by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). SEM observations were
performed using a JE@L JSM 6400 microscope, operating at 20 kV and equipped with a Link
System energy-dispersive X-ray micro-analyser (EDX). Prior to SEM examination, freshly
fractured surfaces of representative samples were air-dried and coated with Au under vacuum.
TEM observations were performed by depositing a drop of diluted suspension on a grid of Ni
with collodion.

The chemical composition was obtained by analytical electron microscopy (AEM) with
TEM, in samples of great purity, using a JE@L 2000 FX microscope equipped with a double-tilt



sample holder (up to a maximum of +45°) at an acceleration voltage of 200 kV, with 0.5 mm
zeta-axis displacement and 0.31 nm point-to-point resolution. The microscope incorporates an
®xford ISIS energy-dispersive X-ray spectrometer (136 eV resolution at 5.39 keV). Stwuctural
formulae for palygorskites have been calculated from the ideal structure, normalized to 42
negative charges. @xygen was not measured quantitatively. All the Fe present in the samples
was considered to be Fe**, thus neglecting the possible existence of Fe', the content of which
is usually very low.

The geochemical analyses were performed at the Activation Laboratory in @ntario
(Canada). Major elements were obtained by Fusion-Inductively-Coupled Plasma (FUS-ICP)
and wrace elements were analysed using FUS-MS.

RESULTS AND DISCUSSION

The discussion here follows the different techniques used for obtaining complementary
information on the Yucatecan palygorskite. The mineralogical characterization is discussed on
the basis of the X-ray diffraction data. Morphological aspects, related to the fibrous swucture, are
unveiled by scanning electron microscopy (SEM). Electon microscopy was also used, this time
in transmission mode (TEM), to obtain gquantitative information about the chemical formula of
the palygorskites (crystallochemisty). Last, the geochemistry analysis allows us to ‘fingerprint’
the Yucatecan palygorskites in a wider geological context, using both major and trace element
concentrations. When studying archaeological Maya blue pigments, these results can be of
great help for rejecting or accepting the hypothesis of Yucatecan provenance of the palygorskite.

Mineralegical characterization and phase purity (X-ray diffractien)

XRD diffractograms were recorded for all samples, and a semi-quantitative mineral analysis
was performed. Table 1 shows the results of the mineral analysis. All samples present a very
homogeneous composition, mainly palygorskite and carbonates (calcite and dolomite). @nly
two samples (Yld and Y1f) from Maxcand contain dioctahedric smectites and a third one
(Y1g) contains small impurities of quartz. The two sascab samples can be described as
palygorskitic marls, the sample from Chanchochold is dolomitic, and the one from Ticul con-
tain both calcite and dolomite. The high purity of palygorskite in most samples is remarkable.

The materials of the Maxcant deposit are limestones and marls in which there are clay
levels in thin layers (2-4 cm), very rich in palygorskite (Yla and Y1b) or in dioctahedral
smectite (Y1f). Calcite appears associated both with palygorskite and with smectite. Dolomite
has not been identified in this zone.

None of the samples studied present palygorskite in combination with other clays (smectites,
sepiolite etc.). The possible occurrence of sepiolite in Yucatdn is an interesting matter, because
sepiolite has been found in archaeological Maya blue pigments (Gettens 1962; Shepard 1962;
Shepard and Gottlieb 1962). However, the presence of sepiolite is always related to blue
pigments from the Valley of Mexico and it has never been found, to our knowledge, in Maya
blue from the Maya region, an idea advanced by Shepard and Gottlieb (1962): ‘It is noteworthy
that sepiolite has not yet been found in any Yucatecan or Mayan sample.” The absence of
sepiolite in Yucatdn implies that the blue pigment containing sepiolite found in some archaeo-
logical artefacts does not incorporate Yucatecan palygorskite. We did not find sepiolite in our
samples, in agreement with other studies on Yucatecan palygorskite (de Pablo-Galdn 1996;
Chiari ez «l. 2003). However, in the literature, the presence of sepiolite has occasionally been



Table 1 The lecation of the samples and their mineralegical cempesition (@, quartz; C, calcite; B, deolomite;
S, sinectite; P, palygerskite)

Zene Lecation Sample [ ] C » S P
West Maxcani Yla 100
Y1lb 100
Ylc 100
Yid 50 50
Yle 100
Yif 100
Yig <5 50 46
Chanchochold Y2a 66 34
Y2b 100
Tepakan Y13 100
Uxmal Mérida—Uxmal road Y3 8 92
Uxmal — Santa Elena road Y4 87 13
Ticul Ticul-Chapab road YS 100
Y6 100
Y7 100
Sacalum Y8 100
Y19 100
Yo 100
Pottery shop in Ticul Y® 100
Yle 34 20 46

reported in Yucatdn, but not in surface outcrops. For instance, traces of sepiolite were found in
the Chicxulub crater in Yucatdn (Wolfgang et «/. 2004), resulting from the impact of a meteorite
that has been proposed as a cause of the extinction of the dinosaurs, about 60 million years ago.
Isphording and Wilson (1974) found that sepiolite is frequently present in Yucatdn, usually
in small euantities, but it was the dominant material in some of the samples that they examined,
such as one from Edznd (Campeche), a site located south of the region explored in this work.

Figure 2 shows the diffractograms of the samples with a high content or a full content of
palygorskite. The similarities between all of them are remarkable. Although this observation
may appear naive at first sight because the diffractogram is used to identify the mineral, it
should be noted that clay minerals are characterized by a high compositional variability that is
often related to swuctural variability and that, in turn, is demonswated in the X-ray diffractogram.
In particular, it was noted that although the diffractograms of different palygorskites are
similar, their intensities and the total number of peaks are never the same (Chisholm 1998).
Recently, Suirez et «l. (2007) reported an empirical law that relates the chemical composition
of the octahedral sheet of palygorskite with the cell dimensions: the greater the Mg concentration,
the larger is the & parameter. Therefore, differences in composition imply a change in the «
parameter, which in turn affects the position of some peaks in the diffractogram. These
compositional differences affect mostly the two first peaks, corresponding to the 110 (28 = 8°*)
and 200 (20 = 14°) reflections.

The fact that two different palygorskites present different relative intensities could be related
to a different proportion of the two crystallographic phases present in most palygorskites:
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Figure 2 X-ray diffractegrams of the palygerskites with higher purity: frem bettem te tep,Yla, Y2b, Y3, Y5, Y6, Y7
andY8

monoclinic and orthorhombic (Chirst ez a/. 1969; Chisholm 1992; Chiari ez «l. 2003). This is
particularly evident in the diffractogram region corresponding to peaks 130 (28 = 16°) and
040, 121 and 310 (in the region 28 = 19-22°%). As all of our samples present similar intensities,
their ratio of the two crystallographic phases is very similar, with a slightly higher concentra-
tion of the monoclinic phase—we obtained 55-65% monoclinic from Rietveld refinement,
depending on the fitting conditions, in agreement with Chiari ez «/. (2003) and Giustetto and
Chiari (2004).

From the similarity of the diffractograms amongst the Yucatecan palygorskites, we deduce
similar composition, as well as a similar presence of crystallographic phases. These two facts
constitute well-defined characteristics of the Yucatecan palygorskites. To confirm the validity
of this hypothesis, we calculated peak positions for the 110 and 200 reflections and the relative
intensities of the 110, 200, 130, 040, 121 and 310 reflections for the Yucatecan palygorskites
and the other reference palygorskites. The scatterplot mawix (Fig. 3) always shows the Yucatecan
samples grouped, forming clusters that are distinguished from the others. This confirms the
great homogeneity of the Yucatecan palygorskite group with respect to the other palygorskites,
both from the compositional and the structural points of view.

The inerphelegy and texture of palygerskite (scanning electren micrescepy)

Microtextural images by SEM show that the samples studied look similar and present the
characteristic fibrous morphology of palygorskite (Fig. 4). ®ne can appreciate the high purity
of the samples. The fibres of palygorskite are joined forming small bundles of 1-S um in
length. These small bundles are arranged in parallel planes, with the c-axis (along the fibre
axis) randomly oriented. The clay is formed by planar aggregates of bundles (Fig. 4 (b)) showing
the characteristic texture of the sedimentary palygorskite. From this point of view, the Yucatdn
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Figure 3 A scatterp lot matrix, which ceuld be censidercd as the graphical cquivalent of the cerre lation matrix,
with the prejectiens of the d-spacing of 118 and 200 reflections, which are affected by the cempesition, as discussed
in the text, and the intensities [110, 200, [130, 1048 and [12], which ceuld be related te the different ratie of the
ortherhembic and meneclinic phases in palygerskite. Each cell is a single plet, where the Yucatecan samples are
marked with epen circles (@) and palygerskites frem ether locations are marked with plus signs (+). Nete that the
Yucatecan palygerskites (@) greup tegether in mest cells.

palygorskite is similar to the other sedimentary palygorskites used as references (such as
Bercimuel, Torrején or Esquivias).

Although a geological study of the deposit is beyond the scope of this work, the texture of
the palygorskites of the Ticul area suggests a depositional formation process from solution.
Moreover, the high purity of the palygorskite samples, the absence of quartz and smectites,
and the spatial relation of the fibre planes to carbonate levels would also support this origin by
direct precipitation from solution. Therefore, there is no sign of any transformation processes
in the samples studied here (Y7, Y8 and Y13), even though other authors (Bohor 197S;
Isphording 1984; de Pablo-Galdn 1996) have proposed that some Yucatecan palygorskites may
be the result of diagenesis from dolomite or montmorillonite.

The crystallechemnistry of palygerskite

AEM analyses were used to calculate the swuctural formulae for some Yucatecan palygorskites
(Yla, Y3, Y7, Y8 and Y13). The results are compared with other references and with the ideal
palygorskite. In Yucatecan palygorskites, the tetrahedral sheet presents only a very small
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Figure 4 SEM micregraphs. (a) Sample Y8: the arrangement of the fibres ferming parallel planes. (b) Sample Y7:
# general view of a planar surface that is fermed by interbred fibres. (c, d) Samples Y7 and Y 13, respectively. The
chwacteristic ibreus merphelegy eof palysgerskite is evident, shewing alse & high purity. The palygerskite is structured
as superpesed flat layers of pbres. The fibres are randemly eriented in the layer planes.

amount of Si substituted by Al (7.86 < [Si] < 8.04, where the brackets represent the atomic
content). The contents in the octahedral cations are 1.44 < [Alyp] < 1.67, 2.18 < [Mg] < 2.34
and 0.14 < [Fe**] < 0.28. The similarity among these Yucatecan samples when compared with
the reference samples from other locations is demonstrated in Figure 5. The compositional
results (see Table 2) clearly show that the palygorskites coming from the different localities in
Yucatdn have similar octahedral contents, and that they are also similar to other palygorskites,
such as those from Attapulgus or Torrején (Sudrez er «f. 2007). This confirms the previous
results inferred from XRD. All these palygorskites belong to Type II (Sudrez er «f. 2007),
characterized by an Aly content between 1 and 2, and with the number of octahedral cations
close to 4 (i.e., one vacant octahedral position).

These results give an average formula for the Yucatecan palygorskite as (Si;ecAleyr)
0,4(Al; ,Fe™y 1M g, 55)(OH),(@H,),Caq¢;Nag oK g 0:-4(H,@), to be compared with: (i) the ideal
palygorskite Si,@,,(Al,Mg,)(@H),(®H,),-4(H,®); (ii) the formula in de Pablo-Galdn (1996)
(Siy ¢1AlLy 2 )@30(Aly 5,Fe g 15Fe™ g M g21s)(@H), (@H),Cay sNay 17K ¢ 1, -4(H,@); and (iii) the
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Table 2 The cempesitien of six samples of Yucatecan palygerskites ebtaincd by AEM: T, Tetrahedral sites;
0, octahedral sites; STBV, standard deviation; N, number of measurements; Alyy, aluminium in & tetrahedral site;
Alyy. aluminium in an ec tahedral site

Si  Alyy St Aly, F&t Mg Ti %o Ca K Ne
Yo 786 014 800 156 022 224 06l 403 003 010
STDV, N=15 013 012 062 020 005 022 061 013 002 010 00!
Yla 795 007 862 167 16 223 406 003
STDV,N=15 010 086 005 013 006 020 011 066
Y3 804 002 807 155 014 232 061 401 00l  00i 003
STDV,N=15 014 004 012 011 004 018 011 002  00F 006
Y7 797 086 303 162 017 221 401 003 001 007
STDV,N=15 012 00% 005 013 0038 0.5 014 004 00l 010
Y8 792 009 301 167 020 218 061 405 001 067
STDV,N=12 010  00% 002 003 003 013 003 000 003
Y13 799 004 863 144 028 234 407 001 (X2
STDV,N=9 012 614 005 014 011 017 013
Mean Yucatin ~ 7.96 007 863 159 020 225 <001 404 0@ 084 W

formula calculated using the major element concentrations resulting from geochemistry analysis
(see the next paragraph) (Si;;sAlgs;)®@26(Al; sFe* 42,Mg; 15)(@H),(@H,),Cay 1 Nag Ky op4(H,®).
The differences found do not seem to be dramatic considering the diversity of techniques
employed and the inwinsic compositional variability of the palygorskite. Moreover, it is
remarkable that the octahedral content is similar for the three formulae.

Lastly, it should be noted that the AEM method needs only a microsample, which makes it
very suitable technique for analysis of Maya blue pigments from archaeological samples. The
data presented in Table 2 will allow us to know whether or not the archaeological pigments

present a crystal chemistry that is compatible with the Yucatdn one.



Table 3 Cencentrations resulting frem geechemical analysis of the Yucatecan palygerskites (Y8 Yie, Y7, Y8

and Y13) and ether palygerskites frem different erigins. Numbers shewn in italics are upper limit

VA Yo Yia ¥z Y8 Yi3 LISL TOR Ell] ATT SNE BERC TRA
Majer (%)
Si 14 24662 25470 24770 25862 25578 25559 27.007 12539 25484 25386 23733 26.124
Al 13 539 6718 4.142 5406 4877 6237 3883 1714 6.09% 6136 8152 3793
Fe 26 1.105 1434 1294 1574 1546 0615 1700 0650 2721 0783 4022 1238
Mn 25 0003 0002 0006 0006 0003 0013 0067 0032 00% 0037 0072 0263
Mg 12 6772 6006 7266 6259 6729 5481 4903 3202 5294 5355 2.810 8.1¢4
Ca 20 0343 0264 1272 0114 0765 0207 3130 22270 0993 0465 2273 0.121
Na 11 005% 0045 0015 0185 0135 0045 0126 0022 0134 0141 0245 0045
K 19 0656 0208 0473 0531 0.0% 0274 0664 0465 1038 0249 1868 0149
Ti 22 0152 0192 0103 0143 0127 0207 0278 0071 0269 0014 0349 0045
P 15 0004 0004 0004 0013 000 0031 000° 0013 000° 000 0022 0043
Trace (tgg™")
Be 4 <J <l 1 1 <l <l 2 <l 2 1 3 1
Se. 21 S 7 6 7 6 16 6 2 L] 6 13 4
vV 23 74 % 38 2% 63 167 41 39 75 75 124 14
Cr 24 40 100 30 50 40 30 40 <20 50 <20 80 <20
Co 27 1 1 5 3 2 4 8 <1 10 34 24 34
Ni 28 20 <20 40 40 20 <20 <20 <20 20 <20 40 100
Cu 29 </e <l 20 <l® <l® 10 10 <l® 10 <l0 30 40
Zn 30 <3 <3e <30 40 30 30 40 <3e <30 <30 60 30
Ga 31 12 17 13 14 12 32 11 5 14 23 22 22
Ge 32 07 1 1.1 1.3 0.6 0.3 1 1.2 1 215 1.9 10
As 33 <S5 8 <5 7 <5 <5 5 <5 11 <5 ] S
Rb 37 36 13 36 41 11 11 49 28 66 L 130 11
Sr 38 8 6 18 7/ 18 30 79 % 42 18 o1 8
Y 3% 12 1.e 155 5.6 1.1 1§ 214 6.6 2038 08 30.2 344
Zr 40 153 224 153 135 104 45 165 38 129 11 152 65
Nb 41 72 91 6.2 7.6 4.2 6.9 7.9 3 72 0.6 11.9 13.2
Mo 42 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Ag 47 <85 <85 <85 <05 <85 <05 <85 <05 <805 <05 <85 <85
In 49 <e#.! <#.] <#.1 <#.] <#.] <#.] <#.1 <#8.] <#.1 <#.1 <#.1 <#.]
Sn 50 2 4 2 3 3 <l 3 2 3 <l 5 2
Sb 51 <e2 <02 22, <02 <82 <02 <82 <02 <82 33 <02 <02
Cs 55 29 1.3 % 2.9 13 02 42 1.8 6.1 03 99 1.8
Ba 56 18 21 33 44 26 53 495 121 546 15 564 33
Hf 72 3.9 57 37 4.1 2.8 [ X 4.4 12 33 02 4.1 1.4
Ta 73 093 094 0.47 0.75 043 048 0.88 0.39 0.8 0.03 1.11 043
W 74 07 0.6 0.7 <85 0.7 32 1.3 1.8 2.9 <#.5 2 2
T 81 012 <005 01 0.16 0.03 <005 032 022 053 0.15 0.86 0.39
Pb 82 <5 <5 <5 t<s3 <5 <5 8 <5 11 <5 23 <5
Bi 83 02 [ X 02 04 04 0.1 0.5 <#.] 0.6 <#.] 1 0.2
Th %6 33 8.05 392 11.3 2.61 053 8.7 5.01 8.21 0.39 13.6 6.05
U 92 092 054 0.26 0.46 0.21 02 2 0.74 1.69 022 1.76 0.21
LREE (ug £7')
La 57 183 1.93 1.81 10 145 4.36 25 10.7 25.9 057 353 15.9
Ce 58 3.64 4.41 6.2 17.3 2.97 12.8 51.6 303 525 247 84.8 294
Pr 59 03¢ 044 0.48 3.05 032 1.22 6.38 2.62 6.24 0.15 8.28 3.64
Nd o0 124 1.56 1.59 10.3 1.68 4.56 23.6 9.25 23 0.51 30 13.7
Sm 62 022 029 020 1.93 0.2 079 452 1.9 4.5 011 5.82 3.02



Table 3 Centinued
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HREE (ug &™)

Eu 63 0039 0053 0052 0223 0036 0243 0399 0254 097 04 141 0413
Gd 64 @15 23 22 13 14 @51 353 153 381 eIl 52 313
Tb 65 003 005 004 021 003 007 05 025 059 002 097 063
Dy 66 02 031 023 114 1% @38 351 13% 373 1 581 432
Ho 67 004 007 005 022 001 006 063 025 072 08 114 098
Er 63 015 024 016 067 015 016 197 069 215 006 33 326
Tm 69 0032 0045 0032 0119 0026 002 0291 0102 0321 061 0434 0527
Yb 70 €25 @33 25 039 e21 011 188 062 203 003 299 36
Lu 71 0039 005% 0053 0162 004 0015 0277 0037 0302 0014 0422 058

The geechemistry of palygerskite

The statistical analysis of the chemical data (concentration of major elements) as well as the
trace elements may classify the samples in groups with different chemical fingerprints related
to the geology of the deposits. Five Yucatecan samples, YO, Yla, Y7, Y8 and Y13, were
selected for this study, together with seven palygorskites from other origins. The aim is to test
whether all samples from Yucatdn have similar contents in trace elements or, on the contrary,
whether their contents in trace elements vary from one sample to another, thus depending on
the deposit.

The Yucatdn samples are characterized by a low content in rare earth elements, both for
light rare earth elements (LREE) and for heavy ones (HREE) (Table 3). Also, Y and U
contents are particularly low in Yucatecan samples. In contrast, Hf and Zr are more concen-
trated in Yucatecan palygorskites than in the other palygorskites studied. Amold et al. (2007)
found discrepancies in values of concentrations in Hf and Zr measured using two different
techniques, one more sensitive to the bulk (INAA), and the other to the surface (LA-ICP-MS).
They suggested the possible presence of minute zircon grains, more represented in the bulk.
The sample from the cenete in Sacalum presents the highest values (17 pug g™ for Ce, 10 pug g™
for La and Nd), several orders of magnitude greater than the others. Also, the content in Y is
especially low in these samples. The values of both the wrace elements and major elements are
good parameters to distinguish between Yucatecan and non-Yucatecan samples, as seen in
Figure 6. Moreover, it is also possible to differentiate the Yucatdn group when looking at
several bivariate plots (Fig. 7) or in a scatterplot matrix (Fig. 8). Therefore, the concentration of
both trace and major elements in palygorskite defines a chemical fingerprint that characterizes
the samples coming from Yucatan.

Amold et al. (2007) proposed to use trace element analysis (INAA and LA-ICP-MS) for
provenance analysis of Maya blue pigment. They analysed many samples, most of them from
the Yucatdn area, and distinguished provenance groups within the Yucatdn peninsula (Sacalum,
Chapab and Uxmal) when looking at the bivariate plots of Rb versus V, Ni or Mn. Although
we have analysed only one representative of each origin (see Table 3), we have verified that
they present a similar trend. @ur YO, Y7 and Y 8 samples (1.4 < log 10([Rb]) < 1.8) group quite
well with Amold’s Sacalum group, and our Y la and Y13 are close to his Uxmal group. This
is consistent with the geographic origin. The Yucatecan samples, as compared with all the rest,
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Figure 6 Dendregrams built using the gcochemistyy analysis (log,, of cencentrations) of different palygerskites frem
Yucatan (Y®,Y1a,Y7,Y8 andY13) and ether erigins. (a) A dendregram builtusing all trace elements except U, W, Yb,
Er, By, Gd and Sm. (b) A dendregram built using majer elements. It can be appreciated that Yucatecan palygerskites
are always greuped tegether.

are particularly low in Mn, and this could be a simple fingerprint for addressing or excluding
Yucatecan origins. In addition to Mn, the Yucatecan samples are different from the Attapulgus
one (the only one from the same continent) because they are poor in several other elements
(Ti, Sr, Y, Ba, W and Pb).

SUMMARY AND CONCLUSIONS

Several palygorskites of great purity have been collected in several places in the Yucatdn
peninsula, all located in a radius of 40 km around the archaeological site of Uxmal. Some of
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these places were well decumented, but ethers are reperted tiere for the first time. The
abundaice of palygerckite in the samples callected allews ns te affirm that paiygerckite is a
frequent mineral in the s:udied area and can be easily found at alinest surface level. Frem this
fact, it can e argued that the ancient Maya ceuld have extracted pa.ygerckite frem different
places in this area. As pa.ygerskite sccurs clese te the surface, evidence of the extracten
ceuld have been remeved by the effects of eresion and vegetation ever a nurnber of centuries,
This supperts the idea that pa.ygerskite is widespread in Yucatdn, at least intle studied area,
asdiscossed by Litmann (1982) and Amaeld ef &/ (2007).

All of the Yucatecan pa.ygerckites present very similar diffractegrams, and shew marked
differences with respect te ether pa.ygerckites ana.ysed. This implies cempesitiena. and
stiuctura. hemegereity, making it inpessible frem this peirt of view te separate them inte
prevenance greups within Yucatdn, Wut they can e easily differentiated frem ether erigios.
The crystalechemical analysis cenfirmed this result and alewed ns te ebtain a mean
cornpasitional femumla:  (SizuAlys;)@oa(Aly 9P ™ dMgaos)( OH ) (O Hy )y CrgadNag oK ps 4 (H,®).
Tucatecan pa.ygerskites a.se centsin trace elements that differentiate themn easily frem the
ether erigins. Eventualy, careful analysis of trace elenents ceuld be used te further determine
the erigin within severa. gre'Psin the Yucatén peninsula, as suggested by Ameld et &/ (2007),
The results presented here will be used when studying archaeslegica. Maya blue pignentsin



order to check whether the palygorskite used in the pigment, either from Maya or other
Mesoamerican regions, could have originated from this area.
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