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The provenance of the rawmaterials used to produce ordinary ceramic vessel of the Aguada Culture (4th to 12th
c. AC) from the Ambato Valley (Catamarca, Argentina) has been evaluated. Since there are no commercial clay
deposits in the area, local clayish sources were selected as possible candidates. Samples were collected from Pre-
cambrian to Low Paleozoic metapelites, clays from fault gouges derived from crystalline basement rocks,
epiclastic rocks and Quaternary loessic sediments that filled the valley and crop out close to the archaeological
sites. The pottery sherds were found at Piedras Blancas highly hierarchical site. Mineralogical and geochemical
studies were conducted by XRD and FE-SEM-EDS on both the pot sherds and the possible source materials.
The latter were also preliminary evaluated on basic physical and technological properties; test specimens were
heated at different temperatures (800, 900 and 1000 °C) to study their thermal behavior and their mineralogical
and textural transformations. The physical properties of the metapelites, the clay gouges and the loessic sedi-
ments suggest that they are suitable for ceramic production. The epiclastic rocks are mostly bentonitic and
could have been used as additives to improve the plasticity and other properties of other claymaterials. Themin-
eralogy of the sherds is quite homogeneous with no significant differences between technological classes E and
D;most of them bear either phlogopite, hornblende and/or hypersthene and high temperature phases (diopside,
spinel, mullite and cristobalite) also found in some clays under natural conditions or after firing at 1000 °C. Com-
monly used provenance geochemical ratios are relatively similar in all pottery samples and in the selected source
rocks and comparable with typical UCC. Hence, according to those values, all samples are related to each other
and indistinguishable except for one sample (B30) highly enriched in REE. Nearly all rawmaterials and ceramics
are either enriched in Cs, Bi, Sb or in any of these elements. The trend of using local materials for the pottery is
suggested by the mineralogy and the geochemistry.
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1. Introduction

The provenance of the rawmaterials used for ancient ceramics is an
issue of great importance in archaeological studies as it may provide
crucial information on the management of natural resources, trading
and technology (Rice, 1987). The question of whether raw materials
were or not local has been widely discussed in the literature (Druc,
2013). It is not an easymatter to solve since the choicesmade by ancient
potters (Arnold, 2005, 2006, 2011) respond to social, cultural, symbolic
and religious or other principles which are not fully understood
(Bertolino et al., 2010). Interdisciplinary approaches are needed to
characterize the archaeological artifacts and to identify the sources of
raw materials. In the last decades there has been a notorious increase
on investigations where different measurements techniques are
. Universitaria, 5000 Córdoba,

tolino).
combined (e.g. Tschegg et al., 2009; Bertolino et al., 2009a, 2009b;
Szilágyi et al., 2012; Zimmermann et al., 2015).

This work intends to contribute with mineralogical, geochemical
and other geological tools to the archaeological approach on the study
of the provenance of clay sources for the ordinary ceramics of the Agua-
da Culture (Fig. 1) in northern Argentina. The pottery sherdswere found
in a stratigraphic excavation at Piedras Blancas site (Fig. 3). There are no
commercial clay deposits in the valley thus the track of possible clay
sources was based on geological and ethnoarchaeological criteria.

The results of such a study will not only contribute to the better
understanding of the technological processes and the origin of the
used materials but also to assist in establishing a database of Aguada
ceramic pastes and rawmaterials. Moreover, it will help to comprehend
the role of the ceramic objects in this new society, the organization of
good´s production, the consumption, management and selection of
commodities and the access to natural resources by this culture active
at Ambato Valley. Previous provenance studies of class A1 (black incise)
Aguada ceramic from Ambato were based on clay samples selected by
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Fig. 1. A. Technological classes of ordinary pottery at PB. Class E vessel (Rosso Collection). B. Examples of classes E1, E2, E4 and E6 sherds, Scale = 5 cm.
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ethnoarchaeological criteria (Laguens et al., 2007) but the results were
not conclusive. Bertolino and Zimmermann (2013) reported the
preliminary results on Piedras Blancas ceramics and pigments suggest-
ing the possible localities of the rawmaterials. This work continues the
archaeometric and methodological research carried out in the last
fifteen years on ceramics and pigments from Catamarca province
(Bertolino and Fabra, 2003; Bertolino and Zimmermann, 2013;
Bertolino et al., 2009a, 2009b, 2011; Galván et al., 2010, Galván Josa,
2012, Galván Josa et al., 2009, 2010a, 2010b, 2013), applying X-ray
diffraction (XRD) and scanning electron microscopy (SEM) combined
with energy-dispersive spectrometry (EDX) analytical techniques.
Fig. 2. Location and geologic map of sampled sources (squares) and PB site (circle) at the Am
2) Carboniferous San Ignacio-Los Pinos adamellitic granite; 3) Cambrian monzogranites of El
Cambrian migmatites, syntectonic intrusives and pegmatites (Geology based on Dal Molin et a
2. Archaeological background and sites

In the 4th–5th c. AC, important changes in theway of living occurred
at the Ambato valley (Fig. 2) in Northwestern Argentina (NOA)
(Laguens, 2006a, 2006b). A new society emerged with a different and
unprecedented power configuration.

This new cultural complex is known as the Aguada Culture
(González 1961–1964, 1998; Pérez Gollán, 1991) which was the most
important in the NOA and contemporary to the central Andean Cultures
of Tiwanaku and Wari (González, 1979, 1998). Its influence spread re-
gionally, encompassingmost of theNOA. Therewas a common ideology
bato Valley. The lithology is as follow: 1) Holocene aeolian to fluvio-aeolian sediments.;
Alto Formation; 4) Precambrian to Cambrian quartz-banded phyllites; 5) Precambrian to
l., 2003).
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with the preeminence of a solar cult, long distance exchange of luxury
and symbolic goods and the establishment of hereditary social hierar-
chies (Pérez Gollán, 1991). This culture developed during the Regional
Integration Period (300–1000 AC). A precise chronology is still under
discussion; based on radiocarbon dating, Marconetto et al. (2014) con-
firmed that the occupation at Piedras Blancas site lasted from 469–574
AC to 1225–1270 AC. The abandonment of the site is coincident with a
series of field fires along the valley which remained unsettled until
later times.

Numerous studies focused on the understanding of the degree and
extent of these changes at the Ambato Valley where more than 300
sites were identified (Assandri, 2007; Figueroa et al., 2010).

The ceramic technology reflected the most significant changes
(Bertolino and Fabra, 2003; Fabra, 2008; Gastaldi, 2010) with craft
specialization, development of standardized pottery production (Juez
and Laguens, 1999) and the reduction (from 44 to 17) of technological
classes used in the previous Formative Period by Ciénaga and
Condorhuasi Cultures. Two classes gained wide popularity, Classes E
(ordinary) and A1 (black incise). The ceramic objects had new social
meanings. Gastaldi (2010) pointed out that the class E pieces (Fig. 1)
served for different practices like fermenting beverages (chicha), cooking
(including human and camelid meats, associated to anthropophagic
practices), storage of food, pigments and paint, etc.

Under this new social context, questions rise like: What kind of
choices made the potters regarding the raw material? Were the same
choices made to produce different ceramic classes and styles? Were
the clay sources local?

The compositional analysis of ceramics combined with the evalua-
tion of technological classes, function, style, etc. aswell as the identifica-
tion and characterization of the possible clay sources are crucial to
better understand their meaning. The present work will contribute
with significant information to answer these questions.

Piedras Blancas (PB) is located at 100 m from the Los Puestos River,
on its second terrace. PB is one of the sites with higher hierarchy and
complexity (based on the size, building complexity and other features
that reflect the social status of the inhabitants, Assandri, 2007, Fig. 3a).
It has been extensively investigated, and the archaeological contexts
have been defined in detail (Gastaldi, 2013). PB is a large site (100 m
Fig. 3. a) Sketch of Piedras Blancas site; b) sketch of compound H showing the location of clay
deposited on the pit´s wall are clearly distinguished.
by 80 m) with two sectors: Sector I -to the west- comprising an eleva-
tion called the Dump; a transitional depressed area, and Sector II
where several compounds (B, C, E, F, H, I, J) and three open spaces or pa-
tios (A, D, G) were identified (Caro, 2002). The architectural features
refer to a possible multifunctional place for communal tasks involving
several families. Compound H (workroom) was a semi-opened room
where several artisanal activities took place (Fig. 3b): metal annealing,
handling and firing of pigments, ceramic grounding (to add to the
pastes), and objects recycling (plates or other objectsmade frombroken
vessels). In a lower stratigraphic level it a pit was found with signs of
having had clay-water pulp (Fig. 3c) and two other smaller pits with
coarse sand, quartz and micas ground at different sizes probably used
to prepare the temper for the ceramic pastes (Gastaldi, 2010). There
were also three infant’ burials beneath the walls and floor. The Dump
is a 3 m high mound resulting from the progressive and continuous ac-
cumulation of wastes from rooms and patios of PB, thus represents all
actions achieved by their inhabitants. The Dump formation started at
the Formative period and continued up to the abandonment of the
site. Compound H was built over former rooms from that previous
period (Fig. 3b); Since most studied pot sherds come from compound
H and the Dump, it is possible that some of them belong to the Forma-
tive period (1st c. BC to 4th c. AC).

3. Geological setting

The Ambato Valley (Fig. 2) locates between the Ambato-Humaya
(west) and Balcosna (east) mountain belts, which are faulted and tilted
blocks related to the continental megastructure of Ambato, one of the
northeast-southwest lineament within the Pampean Ranges System
(Caminos, 1979; Dal Molin et al., 2003).

The basement rocks (Sosic, 1972; González Bonorino, 1978; Dal
Molin et al., 2003) are Proterozoic-Lower Cambrian metamorphic
units of: i) quartz-rich banded phyllites on the western flank of the
valley; ii) micaschists, mica-garnet schists, quartz-feldspatic gneises,
mostly occurring on the eastern flank of the valley but also in the
western slope of Humaya Range; iii) syntectonic mylonitic granites
(quartz-microcline-oligoclase-white micas); iv) migmatitic tonalites
(quartz-oligoclase-micas) on the west and central part of Humaya
, sand and gravel pits; c) photograph of the clay pit, the succession of layers of clay pulp
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Range and at the northern part of the valley and v) pegmatites, which
affect all the basement rocks but are particularly frequent on the
Humaya Range and composed of quartz, microcline (or albite),
muscovite and tourmaline. Younger granitoids and granites of Cambri-
an, Ordovician and Carboniferous, like the San Ignacio-Los Pinos
batholith, occur in the eastern and northeastern slope of Balcozna
range, they are composed of microcline (kaolinized), quartz, muscovite,
biotite and accessory hornblende, apatite and Fe-oxides. There are few
low-grade metamorphic metapelite and metasandstone units
associatedwith these basement rocks are, which are possibly equivalent
of the Puncoviscana Formation s.s. (Zimmermann, 2008). The
Puncoviscana Formation is a widespread sedimentary succession in
the region affected by very low grade metamorphism (Zimmermann,
2005). The clastic material had been recycled in several Paleozoic
successions in the northwest of Argentina (Zimmermann et al., 2002;
Zimmermann and Bahlburg, 2005) and its thickness as well as abun-
dance implicates this formation as themajor supplier for clasticmaterial
in northwest Argentina (Zimmermann, 2005). Generally, the petro-
graphic data (Qt60-80, F15-35, L5-20, P/F 0.2-0.4, Lv/L = 0) show a
composition comparable to foreland-basin successions. Lithoclasts are
of metamorphic and metasedimentary origin. Framework clasts are
sub-angular to sub-rounded, and the rocks are poorly sorted. Thematrix
is rich in phyllosilicates, quartz and feldspar, and mainly consists of
weathered and dissolved lithoclasts. Alteration affected the feldspars
intensely, commonly causing sericitisation and sometimes calcification.
In exposures of the region related to this contribution the rocks of the
Puncoviscana Formation contain besides polycrystalline and ondulose
quartz, mainly alkalifeldspar, few plagioclase, rarely sanidine, albite,
muscovite, biotite, zircon, apatite, hematite, ilmenite, chlorite, illite,
montmorillionite, rutile, pyrite and epidote. The grains aremostly angu-
lar and seldom rounded. The rocks show a moderate to high Chemical
Index of Alteration (56–77). Trace element geochemistry is comparable
to those of model upper continental crust (UCC). The uniform mineral-
ogical and geochemical composition reflects supra-crustal source(s) for
the entire basin, including significant metamorphic rock debris.

Finally, Quaternary (Holocene) fluvio-aeolian loessic sediment units,
alluvial gravels and sands and eventual landslide deposits fill the inter-
mountain valley. Relicts of Eocene grayish tuffaceous sandstones, with
intercalated bentonite clay and tuff banks of the Aconquija Formation
are described on the northeast part of the valley, containing plagioclase,
hornblende, apatite, biotite, muscovite, clinopyroxene and glass
cementing the grains (Dal Molin et al., 2003). They are possibly also
exposed between Los Castillos and La Aguada (Los Escobales, Fig. 2).
These sedimentary units are not well described in the area.

There are no industrial mineral deposits mentioned in the valley
besides muscovite, which was temporary mined in pegmatites
(Galliski, 1999). The local inhabitants recall the extraction of clays for
different purposes: the bentonitic clays cropping out in Los Escobales
area (Fig. 2) to be used on an earth dam, the loessic sediments from La
Aguada for adobe preparation and the red clays from Los Escobales
used as pigment in wall paint.

4. Materials and methods

This research is based on the mineralogical and chemical analysis of
25 potsherds, and 24 selected local clay sources.

4.1. Local clay sources

All sampled raw materials locate at the Ambato Valley (Fig. 2),
except the Andalgalá sample. The sampling points are from north to
south, as follow (Table 1):

Andalgalá (AND, 66 km NW of PB, on the western slope of the Ambato
Range): green metapelites; equivalent of the Puncoviscana Formation.

Humaya (HU, 20 km NW of PB): red (HU1 and HU4) and ocher (HU2
and HU5) clay gouge. Cataclastic rocks formed inmigmatites, mylonites
and granitoids. They form two parallel sub vertical bands of 1.70 to 2 m
thick each (the red and the ocher sections).

Los Varela (LV1; 9.50 km North of PB): Quaternary sediments of
possible fluvio-aeolian origin; 0.5–1 m thick dark brown sediments
are exposed in the southern entrance of Los Varela village.

Los Escobales (LE, 5 km NE of PB): 1) Dark red clay gouge is a
cataclastic rocks formed mainly in granitoids, but also in migmatites
and mylonites. It comprises the footwall of a major sub vertical reverse
fault. The rock is heterogeneous, with clay-rich bands parallel to the
fault; the total thickness of the cataclastic brecchia and the clay gouge
is about 8 to 10 m. Local people has recently used it for wall painting.
Several samples were collected.R3 and R9 reported by Bertolino and
Fabra (2003) were also collected from this outcrop. 2) Off-white clay
(LE3, LE6, LE2km9): epiclastic rocks and interbedded bentonites (possi-
bly equivalent to the tuffs and tuffaceous sandstone of the Aconquija
Formation of Eocene age). These rocksmake up the hangingwall in con-
tact with the fault gouge. The total thickness of this section is unknown
but it could reach several hundred meters. Bertolino and Fabra (2003)
already reported results on sample OW11. 3) Reddish sedimentary
clays (LE2 km 1): Quaternary massive sediment are exposed on an 8
to 10 m height wall at Los Escobales ravine.

La Aguada (LAg1; 4.30 km NE of PB): Quaternary sediments of possi-
blefluvio-aeolian origin exposed by the road at the La Aguada locality; it
is currently used for adobe.

El Rodeo (ER; 2.70 km N of PB): 6 to 7 m of Quaternary sediments of
possiblefluvio-aeolian origin are exposed at thede los Puestos River ter-
race near the road to Los Castillos. At this locality, both, the sandy levels
from the riverbed (ER1: sand and ER3: gravel) and the loessic sediments
from the terrace cuts were sampled (ER2).

Cerco de Palos (CP65b1, CP65b2; 900m North of PB): Quaternary sed-
iments of possible fluvio-aeolian origin, which are exposed at the Los
Puestos River terrace in the vicinity of sites 065 and 040. The section is
about 6 m thick with a faint stratification. Two levels were sampled
(composed samples) because of their higher clay content. Similar sedi-
ments fill the valley and are exposed few to several hundred meters
from the sites.

The selection of Los Escobales 1 and 2, Humaya and Andalgalá relied
upon ethnoarchaeological criteria based on referrals of local potters and
inhabitants. The Ambato Project staff from the Museo de Antropología
(Facultad de Filosofía y Humanidades, Univesidad Nacional de Córdoba,
Argentina) provided samples R3, R9, OW11, HU1, HU2 and AND. The
other selection of sources relied upon geological criteria. Field observa-
tions suggested that the red and ocher clays at Los Escobales and
Humaya were related to the main reverse faults (clay gouges) and
both possible affected by hydrothermal alteration.

4.2. Ceramics

The ceramic pieceswere foundat CompoundHand theDump. Those
fromCompoundH came from stratigraphic units associated to the aban-
donment of the site (the final occupation phase). The studied ceramic
sherds (Table 2) belong to themost popular classes of ordinary vessels:
E (ordinary, rough, Fig. 1), and D (light brown/red smoothed).

Class E (Gastaldi, 2010) vessels usually had up to 250 l of capacity
depending on the shape. They characterized by thick walls of a coarse-
grainedpaste rich in coarse sand inclusions of quartz and mica with
abundant medium to small voids. Several paste mixture types were
macroscopically identified by Gastaldi (2010), Mixture 1 (E1, E4):
with coarse temper; Mixture 2 (E3) variable sized inclusions; Mixture
4 (E5, E6): small to medium sized inclusions; Mixture 5 (E2): medium
to small inclusions; high mica content. Class D (Fabra, 2008) comprised
domestic cooking wares and food or liquid containers made of a
coarse-grained, brittle paste, with abundant coarse sand inclusions;
the external face is polished and painted with Condorhuasi motifs and
the inner face is smoothed. Both classes were fired under oxidizing
conditions.



Table 1
Compilation of general data for representative samples of the selected local clay sources (Soil Survey Division Staff, 1993). The mineralogy of sample R9 and OW11 is as reported by
Bertolino and Fabra (2003). Mineralogical estimation was based on the relative intensities of XRD peak. Themainmineralogical changes after firing are listed in the last column: themin-
erals that disappear are strikethrough and the new phases are in bold.

Location Lithology Sample USD Class Grit %
b44 μm

Clay %
b2 μm

Possible use Mineralogy Mineralogical changes
after firing at 1000 °C

Andalgalá Metapelite
(Puncoviscana F.)

AND n.d. n.d. Paste and/or Temper Bulk: QzNNNMs, ChlN Ab
b2 μm: I, Chl, Qz

Spl, Mul

Red fault gouge HU1 n.d. n.d. Paste Bulk: QzNNNclaysNCalNAnk, tr. Hem
b2 μm: INKaol, sc. Hem

Humaya HU4 Clay 22.68 44.24 Paste Bulk: QzNNCal, clays, AnkNNGth, Hem
b2 μm: INKaol, sc. Hem

Spl, Mll, Hem,
Mul

Ocher fault gouge HU2 n.d. n.d. Paste Bulk: QzNNCal, clays tr. Hem
b2 μm: INKaol, sc. irr. I-Sm

HU5 Clay 33.25 40.69 Paste Bulk: QzNNNAnkNclays, tr. Gth, Hem,
b2 μm: IN Kaol, sc. irr. I-Sm

Spl, Mll, Hem

Los Varela Quaternary
loessic sediment

LV1 n.d. n.d. Not appropriate Bulk: QzNNAbNMicas NKfs, tr. Hem
b2 μm: INNirr. I-Sm, Chl-Sm, Chl,
Kaol, Gp

1-Red fault gouge LE2 km7 n.d. n.d. Paste Bulk: QzNNNAbNNCrs, Micas, clays,
Hemb2 μm: SmN I, Kaol, sc. Qz

LE2 km6b n.d. n.d. Paste Bulk: AbNQz, Kfs, clays NMicas
b2 μm: Sm (nontronite), I, Kaol

R9 Clay loam 25.90 38.40 Paste Bulk: QzNNAbNNKfs, HemNMicas,
clays
b2 μm: SmN I, Kaol, sc. Qz

Micas decrease
Spl, Hem, Mul,
Crs

Los Escobales 2-Epiclastic rocks
& bentonites

LE3 n.d. n.d. Additive Bulk: Qz NNAbN FspNclaysNMicas
2 μm: Sm, sc. I, Pl

LE6 n.d. n.d. Additive Bulk: QzNNFspNCrs, Micas, Cal, Hbl,
clays N Hyp, Ilm
b2 μm: Sm, minor I

LE2 km9 n.d. n.d. Additive Bulk: QzNNFspNMicas, clays, Cpt-Heu
b2 μm: Sm, minor I

OW11 Sandy clay loam 66.93 20.65 Additive Bulk: QzNFspNMicas, clays, Opl-C,
Cpt-Hul, Hbl, Hyp
2 μm: Sm, tr. I, Pl

Micas decrease
An, Crs, Px, Spl,
Hem, Mul, sc.Ol,
Di

3-Red sedimentary
clay

LE2 km1 Silty clay
loam

16.70 35.15 Paste Bulk: QzNAb, KfsNMicas, AnlNNHyp, Hem
2 μm: Sm NNI, sc. Kaol, I-Sm

Ol, Spl, Hem,
Crs, Mul

La Aguada Quaternary loessic
sediment

LAg1 Silty loam 25.41 15.75 Paste, low
quality

Bulk: QzNNAb, Kfs, Micas, CalNChl,
Hem, tr. Hbl, Hyp
2 μm: I, irr. I-Sm, sc. Chl-Sm, Chl, Kaol

Micas decrease
Aug, Mll, Mul,
Hem, Spl, Di

El Rodeo Riverbed sand ER1 n.d. n.d. Temper Bulk: QzNNAbNMicasNKfs
Quaternary loessic
sediment

ER2 n.d. n.d. Paste Bulk: QzNNNAbNMicasNKfsNHbl,
Kaol, Hem, Hyp
b2 μm: I, irr. I-Sm, tr. Kaol

Riverbed gravel ER3 n.d. n.d. Temper Bulk: Qz, Micas, Fsp
Cerco de Palos Quaternary loessic

sediment
CP65b1 Silty loam 18.62 23.37 Paste, low quality,

not appropriate
Bulk: QzNAbNCal, Micas, Hbl, Kaol,
Hyp, Ilm, tr. Chl
b2 μm: INirr. I-Sm, Chl-Sm, Kaol

CP65b2 Silty clay
loam

19.18 28.31 Paste Bulk: QzNNAb, Micas, Cal, Kaol,
Anl, Hbl, Hyp, Cpt-Heu, tr. Chl,
b2 μm: INirr. I-Sm, Chl-Sm,
Kaol-Sm, Kaol

Micas decrease
Crs, Mul, Aug,
Spl, Sa, Hem

Abbreviations (after Whitney and Evans, 2010): Ab: albite, An: anorthite, Anl: analcime, Ank: ankerite, Aug: augite, Cal: calcite, Chl: chlorite, Cpt-Hul: clinoptilolite-heulandite, Crs:
cristobalite, Di: diopside, Fsp: feldspars, Gp: gypsum, Gth: goethite, Hem: hematite, Hbl: hornblende, Hyp: hypersthene, I: illite, Ilm: ilmenite, I-Sm: illite/smectite, Kaol: kaolinite, Kfs: po-
tassium feldspars, Mll: melilite group, Ms: muscovite, Mul: mullite, Ol: olivine, Opl-C: opal-C, Phyll: phyllosilicates, Pl: plagioclase, Px: pyroxene, Py: pyrite, Qz: quartz, Sa: sanidine, Sm:
smectite, Spl: spinel, irr: irregular, n.d.: not determined, sc.: scarse, tr.: traces.
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4.3. Experimental techniques

The experimental techniques applied formineralogical and chemical
analyses were: optical methods (using both, petrographic and stereo
microscope); X-ray diffraction (XRD) on the bulk (random mounts)
and the b2 μm fraction (air dried, glycolated and heated at 375 °C and
550 °C, in oriented mounts) using a Philips X'Pert PRO PW 3040/60
and a PW1710 BASED diffractometers with Cu Kα X-ray radiation at
40 kVand30mA, and 36 kV and20mA, Simonochromator, 1° divergent
slit, 0.2 mm receiving slit, soller slits 0.04 Rad in X´Pert PRO, scan at ~1°/
minute and step size of 0.02° 2θ. In most cases, samples were mount on
a Si holder of low backgroundwere small amounts (fewmilligrams) can
be studied. Mineralogical identification was made with PANalytical
High Score Plus® identification software package (Degen et al., 2014)
from Philips. XRD was also applied to identify certain minerals separat-
ed by hand under the stereo microscope.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spec-
troscopic (EDS) analyses were performed on natural fragments of sam-
ples coated with Au or Pd and analyzed with a FE-SEM Carl Zeiss Sigma
scanning microscope coupled with Oxford X-Max 80 energy dispersive
spectrometers at the Laboratorio de Microscopía Electrónica y Análisis
por Rayos X (LAMARX, UNC, Argentina) and with a Zeiss Supra 35VP
field emission SEM coupledwith an EDAXGenesis EDS at the University
of Stavanger (Norway). Measurements were done in high vacuum
mode with an accelerating voltage of 20 to 15 kV and 0.5 mA
(Bertolino et al., 2009a).

Whole rock chemical analyses of major, minor, trace and rare earth
elementswere performed by combined lithiummetaborate/tetraborate



Table 2
General description (classification, location and mineralogy) of the ceramic samples. Semi-quantitative mineralogical estimation is based on relative intensities of XRD peaks. Mzn:
monacite. Other mineral abbreviations are as in Table 1.

Sample Class Location Fragment Mineralogy

B38 E1 PB-dump Body QzNNNAb, Micas NCrs, Mul, tr. Hem
B51⁎ E1 PB-dump Body Ab, QzNNNNMul, Micas, Kfs, Hem, Px, Spl, tr. Hbl Mnz, Ilm
B49⁎ E1 PB-dump Body AbNNNQzNKfsNMicas, Mul
B64 E1 PB-compound H Mouth QzNAbNMicasNKfsN Hbl, tr. Hem
B2 E2 PB-compound H Mouth QzNAbNMicasNKfs, Crs, tr. Hem, Hbl
B5⁎ E2 PB-compound H Mouth QzNAb, KfsN Mul, CrsNNNMicas, tr. Hem, Spl, Px
B30 E2 PB-compound H Body QzNNAbNMicasNNNKfs, Hem, Px
B33 E2 PB-dump Body QzNAbNNNKfs, MicasNMul, Crs, tr. Hem, Hbl
B39 E2 PB-dump Body AbNNNQzNMicasNHem
B66 E2 PB-compound H Body QzNAbNMicasNKfs, Crs, Px, Chl tr. Hem
B17⁎ E4 PB-compound H Body QzNNAbNNNKfs, Micas, Px, tr. Hem
B22n⁎ E4 PB-compound H QzNNAbNKfsNNDiNMicas, Px, tr. Hbl, Crs
B27⁎ E4 PB-compound H AbNQz, KfsNNNMicas, Spl
B34⁎ E4 PB-dump Mouth AbNNNQzNNMulNNMicas, DiNGth, Hem
B35⁎ E4 PB-dump Body AbNNNQz, KfsNMulNMicas, Hem
B37⁎ E4 PB-dump Body AbNQzNNNKfsNMul
B42 E4 PB-dump Body AbNQzNNNKfsN Micas, Hem, Mul
B44⁎ E4 PB-dump Body QzNNAbNNNMulN Micas, Px
B45⁎ E4 PB-dump Body QzNAb, AnNKfs, CrsNNMicas, Hem, Spl, Mul, tr.Hbl
B50⁎ E4 PB-dump Body QzNNNNAbNNMicas, KfsN Hem, Px tr. Hbl,
B67⁎ E4 PB-compound H Qz≥Ab≥KfsNMicasNCrs, Mul, Hem
B61 E6 PB-compound H QzNNAb, Kfs, Ol, Micas tr. Hem
B14 D PB-compound H Mouth QzNNNAbNKfs, Micas, tr. Hem
B12 D PB-compound H QzNNNKfs, Ab, Micas, Crs, Mul, tr. Hbl, Di
B53 D PB-dump QzNKfs≥AnNMicasNCrs, tr. Hbl

⁎ Sherds fired at high temperature.
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fusion ICP and trace element ICP/MS method (details of the procedures
are found in www.actlabs.com) at Activation Laboratories LTD Canada,
and at ACME Laboratories (Vancouver, Canada). Samples at the latter
were processed and pulverized to very fine mesh (b2 μm) in an
ultraclean agate mill and the geochemical data were obtained using
ICP-MS and for total C and S analysis by the Leco method. Detection
limits are given in Table 3. Details for the analytical method and
processing can be found in http://acmelab.com.

When sufficient amount of sample was available, basic physical and
technological properties of selected clayish materials were preliminary
evaluated. This was possible on samples HU4, HU5, R9, OW11,
LE2Km1, LAg1, CP65b1, CP65b2; sample ER1 (sand)was taken as a pos-
sible temper and added in 10% to CP65b2. Tests consisted on determina-
tions of grain size distribution by wet sieving (ASTM #18, #230 and
#325) for the grit (N44 μm) fraction and by sedimentation (Stokes’s
law) for the b44 μm. Square tiles of 1 cm × 4 cm × 4 cmwere prepared
as test specimens and fired on a muffle INDEC 134 at 800 °C, 900 °C and
1000 °C, with a heating rate of 2.5 °C/min and a cooling rate of 1.5 °C/
min, under oxidizing conditions on air atmosphere to study their ther-
mal behavior. Sample AND from Andalgalá was too small to perform
all analyses, only a small fragment has been fired.

5. Results

5.1. Clay resources

5.1.1. Physical properties
Table 1 shows the grit (N44 μm) and clay (b2 μm) percentages and

the USDA (Soil Survey Division Staff, 1993) classification determined
on selected samples. After the preliminary physical analyses, all test
specimens exhibited low (b4%) linear shrinkage after firing at 1000 °C
(except OW11); CP65b1 exhibited cracks when drying. This specimen
was also too fragile and thus rejected as possible candidate for the ce-
ramic paste. The rest of the samples were hard to very hard after firing.

5.1.2. Mineralogy
Table 1 summarizes the mineralogical composition of the sampled

source materials determined on the bulk and the clay fraction
(b2 μm) by X-ray powder diffraction. Figs. 4 and 5 show XRD patterns
of the bulk and the b2 μm fractions respectively.

AND is composed of the typical paragenesis of low-grade metamor-
phic rocks (Fig. 4), with a clay suite of well crystallized illite and chlorite
(ferroan clinoclore) (Fig. 5).

Samples from both clay gouge at HU and LE do not have the same
mineralogy but kaolinite is present in both cases. At HU, both the red
and the ocher clays are composed of quartz, calcite, ankerite, micas (il-
lite), goethite and kaolinite and minor hematite. At LE they contain
quartz, albite, potassium feldspars (mostly microcline), micas (musco-
vite, biotite) smectite, illite and kaolinite. This mineralogy resembles
that reported by Bertolino and Fabra (2003) for R9 and R3 (R3 bears
more kaolinite than R9).

The epiclastic clays from LE are characterized by quartz, oligoclase-
andesine, sanidine, smectite, biotite, amphiboles (hornblende), minor
muscovite, opal-C, hyperthene, zeolites (clinoptilolite-heulandite),
traces of ilmenite, along with smectite and minor or traces of illite,
and plagioclase in the clay fraction (similar to OW11 reported by
Bertolino and Fabra, 2003).

The sedimentary clays partially reflect the mineralogy of other
clay materials (Table 1, Figs. 4 and 5). LV1 contains quartz, feldspars
and micas (muscovite, biotite and phlogopite) with a poorly crystal-
line clay suite of illite, scarce chlorite and minor irregular I-Sm,
Chl-Sm and Kaol-Sm. LE2km1 consist of a mixture of quartz, micas
(the same as LV1), feldspars (mainly albite and anorthoclase),
minor hyperthene, hematite and smectite, minor illite, I-Sm and
traces of kaolinite in the clay fraction. LAg1 is composed of mainly
quartz, plagioclase, calcite, micas (the same as LV1), potassium feld-
spar, minor chlorite and hematite and a clay assemblage of poorly
crystalline I-Sm, illite, chlorite and Chl-Sm. At ER, the mineralogy of
the loessic sediments ER2 is quartz, albite, micas (the same as LV1),
potassium feldspars, minor hornblende, hypersthene, hematite and
a clay suite of illite, I-Sm and scarce kaolinite. The sand and the gravel
from ER contain quartz, feldspars and micas (the same as LV1).
Finally, at CP65 the sediments are composed of quartz, K-feldspars,
plagioclase, micas (the same as LV1), calcite, hornblende, hypersthene,
kaolinite and hematite. CP65b1 in addition contains ilmetite while
CP65b2, zeolites and larger proportions of hornblende and hypersthene.



Ta
bl
e
3

G
eo

ch
em

ic
al

da
ta

fo
r
al
ls
am

pl
es

us
ed

in
th
is
st
ud

y.
In

gr
ey

,s
am

pl
es

m
ea
su
re
d
at

A
CM

E-
la
b
w
it
h
IC
P-
M
S.
D
et
ec
ti
on

lim
it
s
ar
e
gi
ve

n
A
bb

re
vi
at
io
ns

:U
CC

:t
yp

ic
al

un
re
cy
cl
ed

U
pp

er
Co

nt
in
en

ta
lC

ru
st

af
te
r
Ta

yl
or

an
d
M
cL
en

na
n
(1
98

5)
an

d
M
cL
en

na
n

et
al
.(
20

06
);
PA

S
(p

os
t-
A
rc
he

an
av

er
ag

e
sh

al
e)

in
cl
ud

es
PA

A
S
(p

os
t-
A
rc
he

an
A
us

tr
al
ia
n
av

er
ag

e
sh

al
e)

fo
rr
ar
e
ea

rt
h
el
em

en
ts
an

d
ar
e
he

re
ta
ke

n
fr
om

M
cL
en

na
n
(2
00

1)
;M

cL
en

na
n
et

al
.(
20

06
)
co

m
bi
ne

d
w
it
h
Ru

dn
ic
k
an

d
G
ao

(2
00

3)
m
ar
ke

d
w
it
h

‘*’
;%

=
w
ei
gh

tp
er
ce
nt
;p

pm
=

pa
rt
s
pe

r
m
ill
io
n;

n.
d.

=
no

td
et
er
m
in
ed

;b
.l.
=

be
lo
w

de
te
ct
io
n
lim

it
;L

O
I=

lo
ss

on
ig
ni
ti
on

;‘
N
’=

an
no

ta
te
s
no

rm
al
iz
at
io
n
to

ch
on

dr
it
ic
va

lu
es

af
te
r
Ta

yl
or

an
d
M
cL
en

na
n
(1
98

5)
;T

O
C
=

to
ta
lc
ar
bo

n;
TO

S
=

to
ta
l

su
lfu

r.

164 S.R. Bertolino et al. / Applied Clay Science 131 (2016) 158–174
The clayminerals are poorly crystalline illite, irregular I-Sm and Chl-Sm
and kaolinite.

Quartz is the dominant mineral in almost all samples (except for
LE2km6b). Phlogopite (trioctahedral golden mica) was hand separated
and identified by XRD. It was found in clayey and sandy sedimentary
sources (LV1, Lag1, ER and CP65), this mineral has a wide size range,
and it is even seen with naked eye. Hornblende and hypersthene
minerals were found in the epiclastic rocks associated to Los Escobales
clay deposits, but are also present in the sedimentary units that filled
the valley and are exposed at the river´s terraces close to the sites (ER,
CP65 and LAg).

Fig. 6 shows the XRD patterns of test specimens fired at 1000 °C.
Under the SEM-EDS all fired test specimens showed new phase after
heating at 900 and 1000 °C and significant vitrification (Fig. 7a and b).
As expected, the XRD peaks of clay minerals disappeared at 1000 °C as
did those of hornblende and other amphiboles. Micas still remained in
samples where they occurred in large grains but the intensities of
their peakswere considerably lower than in theunfired samples. Hema-
tite was formed in all fired samples. The new phases are a mixture of
minute crystals in voids and eventually on large areas (Fig. 7a) which
in most of the cases could not be identified by XRD because of their
complexity and incipient development. The compositions of these
new phases vary according to the composition of each sample but in
general are Ca and/or Fe, Mg oxides or Ca, Fe and/or Mg, Al and Ti
silicates (Fig. 7a and b). After firing at 800 °C, test specimens from
Humaya with initial high clay content and calcite or ankerite contain
very fine grains of Ca and Fe oxides detected by SEM-EDS. Those phases
are interpreted as mixtures of hematite and CaO although the latter
could not be detected by XRD. After firing at 1000 °C this mineral
mixture evolved to minerals of the melilite group and hematite
(Fig. 7b, EDS 4). In the composition of the vitrified areas very varied
proportions of Si, Al, K, Ca, Ti, Mg and Fe could be detected (Fig. 7b
EDS 2 and 3). Bertolino and Fabra (2003) reported that fired at
1000 °C temperature spinel and hematite formed in R9, while olivine,
cristobalite and hematite in OW11. Due to the firing of sample
LE2km1, olivine, cristobalite and minor mullite developed at 1000 °C.
In sample CP65b2, where the initial proportion of hornblende was
high, clinopyroxene (augite) was formed (recognized by both, SEM
and XRD), along with cristobalite and minor mullite and sanidine. The
specimen made with 90% CP65b2 and 10% ER1 fired at 1000 °C resem-
bles CP65b2 at 1000 °C butwith less proportions of cristobalite. Surpris-
ingly, CP65b2 at 1000 °C did not show vitrification but the development
of submicron to nanocrystals (100 nm) of clinopyroxene (Fig.7a, EDS 1).

5.1.3. Geochemistry
The source material is not very homogeneous in its major but in

most of its trace element composition (Table 3). There is a larger spread
in concentrations of SiO2 (59.4 to 76.3 %), CaO (0.33 to 5.82 %) and LOI
(Table 3) due to their different origins. The samples are more homoge-
neous in regard of their K2O,MnOand P2O5 contents, andwith some ex-
ceptions, concerning their Fe2O3T (ER1 with low abundances), Na2O
(HU1, HU2 and AND with low abundances), MgO (ER1 with the lower
and LE2Km9 with the highest concentrations) and TiO2 concentration
(ER1 with lower abundance).

The sampled materials are embedded in the local geology dominat-
ed by Precambrian to Lower Paleozoic rock successions including
metasedimentary rocks (Puncoviscana Complex s. Zimmermann,
2005), gneisses, micaschists, meta-igneous and igneous rocks. The
sources as well as the dominant lithology are, in terms of the trace ele-
ments, quite comparable with typical unrecycled upper continental
crust (UCC according toMcLennan et al., 2006) and geochemically rath-
er similar to the exposed Puncoviscana Complex (Zimmermann, 2005).
The rocks of the Puncoviscana Formation is this region are characterized
by trace element ratios of Zr/Sc between 10 and 34, Th/Sc ranges from
0.85 and 1.6 and La/Sc varying from 1.8 to 7. Only few samples are
affected by reworking as most of the detritus had been transported



Fig. 4. XRD patterns of bulk samples of local clays. Mineral abbreviations are as in Tables 1 and 2.
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only a short distance, hence the rocks are comparable to low recycled
typical upper continental crust, which is typical for large foreland basins
(see Zimmermann, 2005). The samples do not show any remarkable en-
richment or depletion in commonly used compatible trace elements for
petrogenetic modeling (like Ti, Nb, Ta, Cr, V, Ni, Co, Sc; Table 3). Using
different trace element ratios often applied to discriminate the geo-
chemical composition of sediments, it is not possible to expose any sig-
nificant differences among the sampled source materials (Fig. 8). Only
four samples (OW11, LEkm9, LAg1, LV1) differ with slightly higher
Nb/Y ratios than all other samples, but not in Zr/Ti abundances
(Table 3). The two former samples are tuffaceous sediments and there-
fore, rather similar in their geochemical compositions and slightly more
alkaline than all other samples, pointing to the nature of the volcanic
component. Using Th/Sc and Zr/Sc ratios, they do not differ (Fig. 8a),
neither when using La/Sc and Ti/Zr ratios (Table 3).

Rare earth element (REE) abundances (Table 3; Fig. 8b) are again
very homogeneous throughout nearly all samples. The two alkaline tuff-
aceous sediments (OW11 and LE2km9) have lower abundances
(ΣREE b 120 ppm) than all other samples besides ER1, which is depleted
in nearly all trace elements because of its silica-rich nature (Table 3).



Fig. 5. XRD patterns of the clay fraction (b2 μm) of local clays, glicolated. Mineral abbreviations are as in Tables 1 and 2.
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The REE patterns are typical for UCC with La/Yb(N) values reflecting a
typical fractionation between light and heavy REE. The same accounts
for Eu/Eu* values (Table 3).

Three major and interesting exceptions are the element distribu-
tions of Cs, Sb and Bi. Nearly all samples are either enriched in the
three or in two of them (except LE2km9 and ER1), which is peculiar
and outstanding (Table 3, Fig. 8c). Cs is extremely enriched in samples
R9, HU1, HU2 and AND and only slightly in LE2km7, compared to UCC
but not to PAS (post-Archean average shale after McLennan, 2001;
McLennan et al., 2006; Rudnick and Gao, 2003, see Table 3). This has
also been observed in the rocks of the Puncoviscana Complex of that re-
gion (Zimmermann, 2005). Sb is enriched in the samples HU1, HU2 and
AND, while Bi is abundant in R9 and OW11. The samples R9, HU1, HU2
and AND, are also slightly enriched in Cu and Pb in comparison to all
other samples. One sample is definitely different from all others (ER1),
it is depleted in nearly all trace elements and enriched in SiO2, which di-
lutes the trace element composition. This is also reflected in the total
sum of REE with only 76 ppm.

The sample AND does not match exactly any other primary sub-
stance but stands out with high silica, Cs and Sb (Table 3). Samples



Fig. 6. XRD patterns of local clays fired at 1000 °C. Mineral abbreviations are as in Tables 1 and 2.
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from the fault gouge at Los Escobales (Table 3) are similar to each other,
R9 and LE2km7 are strongly enriched in Cs but the latter is depleted in
Bi. Sample OW11 (a reworked tuff) is strongly enriched in Bi, moreover,
it contains less REE and silica. The samples from Humaya (fault gouge)
are partly similar to those from Los Escobales being both slightly
enriched in Sb and extremely enriched in Cs. However, compared to
PAAS HU1 has lower ΣREE, with c. 30% less REE (184 ppm; Taylor and
McLennan, 1985) and HU2 is slightly enriched. Hence, although the
XRD did not show significant differences, HU2 is somewhat differently
composed of phases that affect the REE budget. Samples from the silty
sediments of Cerco de Palos match typical UCC but do have lower Cs
concentration than samples above discussed (Table 3). The other two
single samples from La Aguada and Los Varelamatch as well UCC values
(Fig. 8; Table 3) and are, therefore comparable and geochemically indis-
tinguishable from those of Cerco de Palos. Sample ER2 is depleted in Cs
compared to typical UCC and contains low Bi and Sb concentrations.



Fig. 7. FE-SEM images and EDS spectra of the clay matrix of local clays after firing at 1000 °C: a: CP65b2, detail of microgranular new phases (augite), EDS 1 shows their composition. b:
HU4. Thematrixwas extendly vitrified andnewphases formed in voids. EDS2 and3 show the compositional variability of the resulting vitrifiedmatrix. EDS 4 shows the composition of the
new phases dominated by the melilite group; the high Fe content suggests that some hematite is also present in that area.
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5.2. Ceramics

5.2.1. Mineralogy
The mineralogical composition of pastes is quite homogeneous

mostly differing on proportions of phases (Table 2, Fig. 9). Quartz,
micas, plagioclases (mostly a calcian albite but anorthite may also
occur), microcline (occasionally sanidine) and hematite are always
present along with lithoclasts of mostly metamorphic, igneous and
possibly volcaniclastic rocks (observed under optical microscope).
Phlogopite was typically found in most pieces, this mineral occurred
on a wide size range (seen with naked eye) on ceramics´ surfaces and
in the paste; it is usually the dominantmica, accompanied bymuscovite
and biotite. It is thus presumed that the golden mica identified in the
paste is not only the fired biotite but also phlogopite as suggested by
the XRD patterns. XRD peaks of mica have lower intensities in samples
B22n, B27, B34, B35, B42, B44, B45, B50, B51. Accessory hornblende
(magnesium rich) occur in class E samples B2, B22n, B33, B45 (observed
under polarizing microscope), B50, B51, B64 and class D B12 and B53,
and mullite in samples B5, B33, B35, B37, B38, B34, B42, B44, B45, B49,
B51, B67 and in class D sample B12; mullite concentrates in the clay
fraction. Other minerals occasionally found by XRD are cristobalite,
Mg, Al (e.g. B27) and Mn, Fe, Ti (e.g. B5 and B45) spinels, and
diopside (B22n, B34 and traces in B12). Monazite and ilmenite are
minor accessory minerals identified in B51 on thin section by EDS
analysis. Bertolino et al. (2009a) reported the mineralogical composi-
tion of B53.

The observations under the polarizing microscope revealed that
lithoclasts (mostly metamorphic), quartz, micas and feldspars are the
dominant inclusions of the paste of B5, B17, B22n, B27, B38, B39, B45
and B51 sherds. B5 and B51 also contained scarce grog. The inclusions
are angular to subangular with a polymodal size distribution, they
have all features of intentionally added temper.

Textures observed under the SEM in most cases showed highly ve-
sicular areas (Fig. 10a and b) on thematrix. This phenomenon appeared
usually in patches (B38, B53) but sometimes (e.g. B44, B50, B51) in the
whole paste. Those are all vitrification features suggesting high firing
temperatures. On the contrary, samples B30, B39 (Fig. 10c) do not
exhibit those features and the clay flakes could still be distinguished in
the fine matrix. The clay flakes occassionally even show crenulated
edgesas having some expandable layers.



Fig. 8. a) Zr/Sc versus Th/Sc diagram for further details on the chemical composition of the
samples (afterMcLennan et al., 1990). All samples are relatively similar and comparable to
typical UCC (Table 3). b) Chondritic normalized rare earth element patterns for all
samples. The shaded areas frame the entire variation in the group of ceramics and
sampled proposed materials. Both match typical average shale (PAAS, post-Archean
Australian average shale after Taylor and McLennan, 1985). Chondritic normalization is
after Taylor and McLennan (1985). c) Selected trace elements are normalized to typical
UCC (Table 3) to show the extreme enrichment in Bi and Sb andmoderate concentrations
in Cs. Only those samples have been usedwith increased values (compare Table 3 and see
text). Grey field enveloped the ceramic samples; the field surrounded by the stippled line
is for the raw materials. Note the logarithmic scale.
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In all cases, the matrix either vitrified or not, has a similar composi-
tion of high Si, Al and minor Fe, K, Mg, Ca and Ti content as detected by
EDS (Fig. 10a, EDS 1).
5.2.2. Geochemistry
In regard of their major element composition, pottery samples are

relatively homogeneous besides TiO2 and Al2O3, which have the widest
scattering. Sample B39 with high Fe2O3T concentrations (7.07 %) alike
B34 (8.61 %) (both with high hematite content), or some sherds have
low Na2O content (B38, B30, B44, B53, Table 3). Silica concentrations
vary slightly as do CaO and K2O possibly depending on slightly more
felsic material used. CaO correlates with Sr and TOC.
For trace element compositions there is no significant trendbetween
all the different sample groups beside E1 and one extraordinary sample
of class E2 (B30, strongly enriched in REE). The ratios of Nb/Y and Zr/Ti
show that nearly all samples are similar and similar to the here sampled
source material samples (Table 3). Th/Sc and Zr/Sc ratios (Fig. 8a) are
likely to show any extraordinary input of material (detritus) into a sed-
iment (McLennan et al., 1990). However, again nearly all ceramic sam-
ples are extremely close to each other and similar to the proposed
source material (Fig. 8a). As these ratios do not include REE, sample
B30 plots in the main cloud of samples and source material. B30 is re-
markable as it contains several % (!) of REE (Table 3). When using La/
Sc and Ti/Zr ratios the trend is the same, nearly all samples have similar
values (except B30with extremely high La concentration) including the
source material samples and match typical UCC (Table 3).

REE patterns are shown together with those of the proposed source
materials in Fig. 8c. It is visible that all ceramic samples (except B30)
match the source materials and typical average shale (PAAS, after
Taylor and McLennan, 1985). Sample B30 is spectacular as it contains
N 4% (!!) REE. This is absolutely outstanding and the pattern is as well
different from other samples as La/Yb(N) is very high and the sample
does not show a Eu anomaly (Table 3; Fig. 8b).

However, like in the source materials, Cs, Bi and Sb seem to be the
most indicative.

In class E1, both samples are strongly enriched in Bi and Sb but not in
Cs and possibly slightly enriched ΣREE compared to UCC. The three
samples of class E2 are different from E1, only one sample has higher
concentrations of Sb (B30). Cs concentrations are slightly elevated for
UCC but typical for PAS. In class E4 some samples are enriched in Cs
and Sb (B44) or Sb and Bi (B50) or in Bi (B17, B45). B53 represents
class D and extremely enriched in Sb and Bi but not in Cs. The sample
is also slightly enriched in Cu, Pb, Zn as well as As.

The unusual composition in some ceramic samples for Cs, Bi and Sb
is demonstrated in Fig. 8b where the values are normalized to typical
upper crustal.
6. Discussion

When selecting the possible clay sources for the common ceramics,
it was considered not only deposits highly enriched in clay minerals
such as the clays of Andalgalá, Humaya, Los Escobales or the epiclastic
rocks, but also the clayish loessic sediments that filled the valley
(such as CP65b1 and 2, LAg1 and LE2km1 or LV1). Those sediments
looked like common materials usually used to produce structural clay
products; they are wide spread within the valley and exposed at the
river terraces close to the production sites having many and easy
accesses along the valley.

Arnold (2005, 2006, 2011) proposed a model for threshold walking
distances from production sites to the clay sources at 7 km, but
commonly at 1 km,which could be largerwith othermeans of transpor-
tation (e.g. animals). Based on this, the author defines the “resource
area” (“the area in which the potters obtain their resources to make
pottery”, Arnold, 2005, p.17) represented by a circle around the
potter´s community that has for radius the threshold walking distance.
Except for Andalgalá (66 km), Humaya (20 km) and Los Varela
(9.50 km) all other deposits fall within a resource area centered in
Piedras Blancas of 5 to 5.5 km radius, being the CP65 sampling point
at b1 km. They match Arnold´s model so those are good candidates as
clay sources; if Humaya or Andalgalá clays were used, it is likely that
the artisans prioritized other reasons for the use of these sources.

The finding of the pits with clay pulp (Fig. 3c), sand and crushed
quartz, feldspars andmicas in CompoundH reduces the speculations re-
garding themanufacturing of these vessels regarding the use of temper.
The features of the inclusions observed under the polarizingmicroscope
also confirmed that he inclusions were intentionally added to the clay
pulp, Still, we do not know if the used temper was compositionally or



Fig. 9. XRD patterns of representative sherds; mineral abbreviations are as in Table 2.
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lithologically associated with the clay material (since they could use a
material naturally tempered).

The physical, mineralogical (Table 1) and geochemical (Table 3)
results suggest that, with the exception of LV1 or the epiclastic benton-
itic clays (OW11, LE2km9), all here discussed samples have suitable
properties to be used in the ceramic production. LV1 is mostly silty
and not plastic enough while the epiclastic clays since they are mostly
smectitic (montmorillonite) have excessive shrinkage and dry too
slow among other negative features for this purpose. Still, the epiclastic
clays could be added in minor proportions to improve the plasticity of
some of other materials with lower clay content like those from Cerco
de Palos or La Aguada.
Test specimens were fired at various temperatures to evaluate the
phase transformations and compare them with the phases found in
the sherds. It is not possible to reproduce the firing conditions used by
artisans and not only the mineralogical composition but also the pro-
cessing techniques (shaping, firing time) and grain size greatly affect
the resulting microstructure (Riccardi et al., 1999; Carretero et al.,
2002). Nevertheless, XRD patterns and SEM-EDS showed clear phase
changes (Figs. 4, 6 and 7) and the development of microgranular phases
with compositions close to those found in the sherds. In general,
phyllosilicates (small mica flakes and clay minerals), hornblende and
hypersthene tend to disappear over 1000 °C. Hematite, cristobalite
and mullite usually formed as well as Ca and/or Fe, Mg oxides and/or



Fig. 10. FE-SEM images of sherds. a: B50, vitrified paste, EDS 1 shows its composition; b: B51, detail of the highly vesicular and vitrified paste, temper grains of plagioclase, quartz andmica
are distinguished, as well as microgranular new phases (white arrow); c: B30, detail of the matrix, with no evidence of vitrification, clay flakes are clearly identified.
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silicates of Ca, Fe and/or Mg, Al and Ti. Spinel formed at 900–1000 °C
along with other new phases, undetermined because of their incipient
development. Diopside was formed in OW11 and LAg1 and olivine in
OW11 and LE2km1. When calcite and/or ankerite were present in the
raw clay, like in HU4, melilite is formed (Figs. 6 and 7 EDS 4).

Phlogopite, hornblende and pyroxenes (diopside, occasionally hy-
persthene) were identified in the selected sources (both the raw and
the fired samples, Table 1, Figs. 4 and 6) and in some sherds (Table 2,
Fig. 9) Hornblende is present in B51 and B64 of class E1, B2, and B33
of class E2, in B22n, B45 and B50 of class E4 of class E6, and B12 and
B53 of class D. Diopside and other pyroxenes were found in B51 of
class E1, B5, B30 and B66 of class E2, B17, B22n, B34, B44 and B50 of
class E4 and B12 of class D. Hornblende and pyroxenes (hypersthene
and diopside) were also found in some sherds of class A from PB
(Bertolino et al., 2014) and in 8 out of 9 adobes from PB and CP065
sites (Bertolino and Gastaldi, 2014). Phlogopite occurs in all sherds.
These minerals are usual components in all the quaternary sediments
that filled the valley and crop out close to the sites like Cerco de Palos
(CP65b1 and CP65b2), La Aguada (LAg1), Los Escobales (LE2km1) and
Los Varela (LV1). Some sherds exhibited high vitrification and the de-
velopment of new phases (Fig. 10a and b) with compositions very
close to those resulting from the firing experiment on test specimens
of raw materials (Fig. 7b). Evaluation of firing temperatures are still
under discussion but in some cases typical features of having reached
or even overpassed 900–1000 °C were observed by XRD as previously
reported by Bertolino et al. (2008). It is supported by the here presented
XRD measurements (Fig. 9) by the occurrence of spinel, mullite, anor-
thite, diopside, very low intensities of micas diffraction peaks (i.e. class
E4 B22n, B27, B34, B44 and B50 and class E1 B51 in Fig. 9). In addition,
SEM studies (Fig. 10) also prove this temperature range based on the oc-
currence of vitrified areas and of Fe-rich and Ca-Si-rich micro-granular
phases in voids. The matrix of both the sherds and the fired specimens
of source clays with high Si, Al and minor Fe, K, Mg, Ca and Ti content
(Fig. 10a, EDS 1) are also similar to the compositions reported by
Bertolino and Fabra (2003) on sherds from other classes and styles.
Most of those sherds (B49, B5, B17, B27, B32, B35, B37, B44, B45, B50
and B67, Table 2) did not have hornblende but contained mullite,
diopside and spinel (Table 2). Because hornblende and hyperthene
decreased or even desappeared in the test specimens after firing at
1000 °C, it is suspected that the ceramics with features of having been
fired at high temperatures do not have or have little hornblende
because of the firing temperature and that those minerals could have
been present in the unfired pastes.

There are no mineralogical or chemical compositional correlation
when considering the technological classes (E or D) suggesting that
the choices of raw materials to manufacture these wares were in
terms of the temper rather than in the clay. The use of the local red
clays has been suggested also by Bertolino et al. (2014) after identifying
similar minerals (kaolinite, calcite, phlogopite and hematite) in some
red pigments from PB like in the red clays found in the valley at Los
Escobales and Humaya.

In comparison with other studies (Zimmermann et al., 2015) typical
provenance diagrams for pottery are not even capable to identify
differences among samples or to identify typical source compositions.
As Table 3 and Fig. 8 show, most of the robust provenance ratios are
relatively similar in all pottery samples and in the here selected raw
materials. Variations are only small and cannot be used for a systematic
differentiation. Few samples do show a different character but they do
not point to a trend rather an individual variation like sample B30
with its high REE concentrations, which would be extraordinary in a
provenance diagram using La/Sc ratios (Table 3). Expectedly, some
ceramic and some sampled potential materials do not show any other
characteristic than unrecycled typical UCC (Table 3) because of the
supracrustal nature of the raw materials. Some sherds are slightly
enriched in clays and therefore in ΣREE but these differences are so
small that heterogeneity of the sampled materials cannot be excluded.
Hence, conventional trace element values cannot be used here as
distinguishing criteria.

However, both ceramic and source materials show partly unusual
enrichments in Sb, Bi and Cs. Almost all the pottery and source samples
have moderately high Cs concentrations, which matches often PAAS
values or are even higher (Table 3). The source materials found at Los
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Escobales (R9), Humaya (HU1 and HU2) and the sample AND do
contain high concentrations in Cs only matched by the ceramic sample
B44 (Table 3). Interestingly, there is only one well-studied rock
succession in the regional geology with such high Cs concentrations,
which is the metasedimentary Puncoviscana Complex (Zimmermann
and Bahlburg, 2003; Zimmermann, 2005, 2008; unpublished data Zim-
mermann). Anomalies of Bi and Sb are extremely rare in supracrustal
rocks and unknown in conventional provenance publications or
sediment-geochemical studies innorthwest of Argentina. However, in
the area locations of Cs, Bi, Sb and polymetallic mineralizations were
identified (Márquez and Galliski, 2007). In class E1 samples B51 and
B38 are both enriched in Bi and Sb with Cs concentrations above typical
UCC but similar to typical PAS (Table 3). There is no sample among the
collected raw materials which enriched similarly in these two trace ele-
ments. If the sampled material is the source for the pottery mixing is re-
quired. To match the values of the ceramic of class E1 only AND would
supply sufficient Sb and OW11 and R9 the necessary amount of Bi, but
then the ceramic should be higher enriched in Cs. Samples of class E2
are moderately enriched in Cs compared to UCC and comparable to PAS
(Table 3) and only sample B30 is enriched in Sb. Nearly all rawmaterials
(R9, OW11, HU1, HU2, AND and ER1s, the latter because of its depletion
in Cs) would then be candidates for the ceramic, besides B30. In class
E4, two samples are only enriched in Sb (B22e, B44), one in Bi and Sb
(B50) and two in Bi only (B17, B45), with Cs compositions comparable
to PAS for all ceramic samples (Table 3). Similarly to B30, AND is the
only raw material with sufficiently high Sb concentrations for B44 and
B22e. B50 falls in the same category as those samples from E1 and re-
quires a mixing of two different raw materials (Table 3). The three sam-
ples without any enrichment for the two base metals Bi and Sb (B22n,
B27, B34) can be related to the raw material for class E2. This implies
that the sampled raw materials do have partly similarly unusual enrich-
ments in Cs, Bi and Sb, as some ceramic samples and reflect therefore a
very unusual anomaly in their chemical compositions. This alone allow
in speculating that major source for most of the ceramic is local. Ceramic
sampleswithout a significant anomaly in these elements are also covered
by the sampled rawmaterials, as their composition is comparable to typ-
ical unrecycled UCC or PAS, which is not surprising as the raw materials
are composed of supracrustal geologicalmaterials. Some ceramic samples
are only enriched in Bi (B17, B45). Only OW11 would match this charac-
teristic, but because of the physical properties of this clay it is unlikely
that it was used alone, but added as a plasticity corrector material. B45
contains lithoclasts with hornblende crystals and significant proportions
of anorthite, spinel, hematite, cristobalite andmullite, like the fired piece
of OW11 (see Fig. 6 and Table 2). B17 hasminor olivine but not anorthite.
B5 is slightly enriched in Bi (0.4 ppm) and has minor mullite, cristobalite
and traces of spinel and pyroxenes. B30 is solely enriched in Sb (Table 3).

Finally, a last group of ceramic is enriched in Bi and Sb (B51, B38,
B50, B53) and show also moderated to elevated Cs concentrations.
None of the sampled source materials have similar characteristic
(Table 3). However, since the source materials enriched in Sb and Bi
have very high Cs (HU, AND), to match these ceramics from the source
materials requires the dilution of Cs. This could be done by adding silica-
richmaterial to dilute the clays in the sample, for example by using ER1
or a similar material.

B30 is spectacular withmore than 4% REE, but otherwise the sample
is as typical as all other samples with enrichment in Sb (Table 3). Mon-
azite contains very high concentrations in REE (Taylor and McLennan,
1985) as well as high Th. However, the concentration of the latter is
comparable to all other samples (Table 3) thus,monazite can be exclud-
ed as the REE bearing mineral (McLennan, 1989). The extremely high
La/Yb(N) (where ‘N’ denotes normalization to chondritic values after
McLennan, 1989) value of 36.9 combined with LaN (2918) points to
the possibility of an extreme enrichment of fluorapatite or allanite
(epidote) in the range of far more than 100% (according to
McLennan, 1989). None of these minerals has been identified by
XRD, but c. 1-2 % of allanite (beyond the detection limit of XRD)
would be sufficient to reach the REE concentrations. It is well
established that fluorapatite is quite common in local granites and
water drained through these geological formations (Zimmermann
et al., 2005). Besides the high REE, B30 is totally similar to all source
materials in terms of trace element ratios and can be easily modeled
with the given source materials.
7. Conclusions

This study tracked down the clay resources used by ancient Aguada
Culture artisans to manufacture ordinary vessels (classes E and D) at
Piedras Blancas’s site. The preliminary evaluation of the physical
properties on selected clay materials suggests that they are suitable for
pottery making either used alone like those from Andalgalá, Humaya,
Los Escobales red clays and the sedimentary units from Los Escobales
and Cerco de Palos, or as additives to improve the quality and plasticity
like the epiclastic clays from Los Escobales. Though nowadays there is
no record of clay deposits, it appears to be a wide availability of rawma-
terial resources in the valley for the production of ceramics. Restrictions
that may have existed could have been more linked to the quality of
raw material than to the limitations of the clay supply.

The mineralogy and the geochemistry supported this idea of using
local materials for the pottery. Fingerprinting minerals (phlogopite,
hornblende and hypersthene) were found in many ceramics and in
the quaternary sediments that filled the valley. Hornblende and hyper-
sthene are in the epiclastic rocks. Several newphases (mullite, hematite,
pyroxenes, diopside and/or cristobalite) which formed in the test spec-
imens of rawmaterials after firing at 1000 °Cwere also identified in the
sherds with features of having been fired at high temperatures. Most of
the ceramic and sourcematerials show similar geochemical characteris-
tics (major and incompatible trace element distributions) close to
typical unrecycled UCC and are indistinguishable one from another
except for B30 (with N4% of REE).

Some raw material and ceramic samples are enriched in the very
rare trace elements Bi and Sb.These elements can be associated with
local mineralizations (Márquez and Galliski, 2007). This allows to spec-
ulate about a common origin and would point to local sources of raw
materials for some of the ceramic. Cs is enriched in some local sedimen-
tary formations as in some samples rawmaterials too. All ceramic sam-
ples have enriched values compared to typical UCC and are comparable
to PAS or even higher. This trend in some ceramic samplesmight also be
a local characteristic of the geochemical composition, but further
studies are needed to establish a possible systematic relationship.

The geochemical study is not conclusive enough to differentiate
among the sampled local clayey materials and to interpret fully the
provenance of the ceramics. The results obtained by combining the geo-
chemistry with the evaluation of themineralogy suggest that the use of
the local clays was possible although the individual source could not be
identified. It can also be confirmed that the inclusions found in the
pastes were intentionally added. No significant differences were found
among the technological classes.
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