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The analysis of archaeological ceramics has rapidly evolved over the last decades by the
application of new analytical techniques. An emerging analytical proposal to fully
characterise archaeological ceramics using automated SEM mineralogy is presented. A
case study is provided of sets of ceramics from the San Pedro de Atacama oases in the
Atacama Desert, northern Chile. Ceramic fragments of different typologies (i.e., Los
Morros, Loa Café Alisado and San Pedro Negro Pulido) found in the Ghatchi
archaeological sites are analysed. Our results include automated mineralogical maps,
which are used to define the components that form the ceramic pastes, i.e., clay matrix and
non-plastic inclusions, as well as grain size and mineral abundance information. We show
that the pastes that define the studied ceramic types are more complex than previously
suggested. The overall composition for these pastes corresponds to clay mineral-rich
matrices containing non-plastic inclusions, such as mineral grains, crushed ceramic
fragments, and sedimentary to igneous rock fragments, that may vary in composition,
size, and abundance among the studied ceramic types. This mineralogical information
allows us to discuss possible sources of raw materials by comparing these paste
components with geological information. Here we interpret Los Morros and Loa Café
Alisado as foreign ceramic types to Ghatchi, whereas the San Pedro Negro Pulido
fragments found in this site agree well with the pottery paste recipe typically
recognised in the San Pedro de Atacama oases. The petrographic-approach
employed here supports the automated SEM mineralogy as a valid option for
archaeometric studies of ceramic pastes since includes precise quantitative data
formulated from the chemical composition of each component of the paste, which
may provide valuable evidence into raw materials and technological styles.

Keywords: automated SEM mineralogy, petrography, archaeometry, archaeological ceramics, Atacama Desert

Edited by:
Duncan Pirrie,

University of South Wales,
United Kingdom

Reviewed by:
Wayne Powell,

Brooklyn College (CUNY),
United States
Patrick Quinn,

University College London,
United Kingdom

*Correspondence:
Camila Riera-Soto

rrscam001@myuct.ac.za

Specialty section:
This article was submitted to
Earth and Planetary Materials,

a section of the journal
Frontiers in Earth Science

Received: 02 November 2021
Accepted: 26 May 2022
Published: 29 June 2022

Citation:
Riera-Soto C, Agüero C,

González-Maurel O, Uribe M and
Menzies A (2022) Automated SEM

Mineralogy and Archaeological
Ceramics: Applications in Formative

Period Pottery From the
Atacama Desert.

Front. Earth Sci. 10:807865.
doi: 10.3389/feart.2022.807865

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8078651

ORIGINAL RESEARCH
published: 29 June 2022

doi: 10.3389/feart.2022.807865

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.807865&domain=pdf&date_stamp=2022-06-29
https://www.frontiersin.org/articles/10.3389/feart.2022.807865/full
https://www.frontiersin.org/articles/10.3389/feart.2022.807865/full
https://www.frontiersin.org/articles/10.3389/feart.2022.807865/full
https://www.frontiersin.org/articles/10.3389/feart.2022.807865/full
http://creativecommons.org/licenses/by/4.0/
mailto:rrscam001@myuct.ac.za
https://doi.org/10.3389/feart.2022.807865
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.807865


1 INTRODUCTION

The petrographic description of pottery vessels, commonly in a
fragmented state, has allowed modern society to have
information about the geological source of raw materials in
prehistory. In addition to the review of complete pieces,
archaeological and ethnographical sources, further enable us to
understand the pottery traditions of the past (Lechtman 1977;
Lemonnier 1986). It is believed that petrographic
characterisations reflect the different technological choices
made by the potters of the past according to the available
resources and their cultural traditions. Indeed, analysis of
ceramic pastes combined with morphological and decorative
studies have provided significant information about the social
dimension of ancient societies (e.g., Shepard 1956; Rye 1981; Rice
1987; Sinopoli 1991). The analysis of archaeological ceramics has
been enriched over the last decades by the application of new
analytical techniques, which determine the elemental and
mineralogical composition of the ceramics (e.g., Quinn 2013;
Rice 2015; Hunt 2017; Druc and Velde 2021). These data-sets has
made it possible to expand the knowledge about the technological
processes employed to create the ceramics (e.g., raw material
selection, firing conditions, decoration, etc.), which is crucial to
interpret spheres of circulation of human groups (e.g., Hodder,
1982; Shanks and Tilley, 1987; Latour, 1996; Soja, 1997; Lazzari,
1999; Latour, 2005; Albero Santacreu, 2016).

A pilot automated mineralogical study was performed by
Knappett et al. (2011) on Bronze Age pottery from Crete
(Akrotiri site), which offers a novel quantitative approach to
describe archaeological ceramics. Based on automated SEM-EDS
using QEMSCAN® technology, they obtained detailed
compositional information (mineral identification and
quantification, modal abundance) of the ceramics through
mineralogical maps. This method has also been tested in
different archaeological contexts to gain new insights into
ceramic composition and technology (e.g., Menzies et al.,
2015; Hilditch et al., 2016). More recently, some petrographic
studies based on standard optical petrography have contrasted
and successfully complemented with automated mineralogical
analyses (e.g., Frigolé et al., 2019; Acevedo et al., 2020; Ogalde
et al., 2020). In addition, Ward et al. (2018) used automated
mineralogy to determine petrographic constraints of
archaeological sediments and soils. Automated mineralogy
thus appears to offer exciting innovation to perform accurate
petrographic descriptions as offers robust information about the
texture in ceramics, including matrix, non-plastic inclusion size
distribution and porosity.

The arrangement of non-plastic inclusions, matrix or porosity
distribution in the paste is what can be called texture. Texture
gives an idea of the amount and type of effort which has gone into
producing the paste for the ceramic (Druc and Velde 2021). The
ceramic paste texture may vary between different cultures, even
from geographically connected areas, and therefore may provide
valuable information about cross-cultural knowledge circulation,
which is further demonstrated in different studies made in the
South Central Andes (including the Andean Circumpuna, after
Núñez 1984), (e.g., Sanhueza 2004; Uribe 2006; Puente 2012;

Stovel et al., 2013; Falabella et al., 2015; Pereyra Domingorena,
2015; Stovel and Echenique 2015; Uribe and Vidal 2015; Druc
and Uribe 2018; Correa et al., 2019; Uribe et al., 2019). These
studies have mainly described macroscopic and microscopic
characteristics, such as type, shape, decoration, and paste, as
well as functionality, and making statistical comparisons of
ceramics to establish more significant occurrence and/or
cultural origin. A remarkable typological heterogeneity of
ceramics is found in different archaeological sites around San
Pedro de Atacama (Chile), (e.g., Tarragó 1968; Uribe 2006; Stovel
et al., 2013). Even though previous studies identified this
variability, more detailed information about the paste of
certain ceramic types is still unknown at present due to the
limitations inherent in macroscopic petrographic approaches
(e.g., Tarragó 1968, 1989; Uribe 2006). In order to filling the
gaps in the knowledge about raw materials in ceramics from the
Andean Circumpuna, we determine the paste composition of
ceramic fragments collected from Formative Period domestic
sites of Ghatchi in San Pedro de Atacama. This study
incorporates the use of automated SEM mineralogy as an
emerging tool to obtain critical new insights into the
petrographic composition and mineralogical characteristics of
archaeological ceramics. To emphasize, this is the first SEM-based
automated mineralogical data of ceramic fragments found in
domestic sites near San Pedro de Atacama, such an archaeological
area has been largely studied during the last several decades due to
its high relevance to the Andean archaeology.

2 ARCHAEOLOGICAL SETTING

2.1 Study Area
From an archaeological perspective, the South Central Andean area
comprises several subareas defined by ecological and cultural criteria,
which include the Valles Occidentales (southern Peru to
northernmost Chile), Circumtiticaca (Titicaca Lake, Peru-Bolivia),
Valluna (eastern Bolivia), the Altiplano Meridional (Uyuni Salar,
southwestern Bolivia), and Circumpuna (southwesternmost Bolivia,
northwestern Argentina and the Atacama Desert in northern Chile),
(Núñez 1984, 1991). The Atacama Desert of northern Chile, the
driest non-polar desert on Earth, is included within the Circumpuna
area, which is characterised by a notable scarcity of vegetation due to
the hyperarid climate of the region (Latorre et al., 2005). In the
Antofagasta Region, archaeologically relevant oases are situated in
the Preandean basins between 2,400 and 2,800m above sea level
(m.a.s.l), such as Calama, San Francisco de Chiu-Chiu, and San
Pedro de Atacama. The oases of San Pedro de Atacama (22°55′S;
68°12′W) are in the proximity of the active volcanic front at
2,408 m.a.s.l. This area comprises a very complex geology, which
includes a wide range of rocks, including volcanic and sedimentary
rocks. This area also includes very low-to low flow rivers (e.g.,
Vilama and San Pedro rivers) and extensive evaporite deposits (Salar
de Atacama). During the pre-Hispanic and Historic periods, the
mobility was the adaptive strategy that linked the different Andean
cultural groups, connecting the Circumpuna with the San Pedro de
Atacama oases. During the Formative Period (1200 BC—500 AD),
the human groups that circulated around San Pedro de Atacama
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practised pastoralism, hunting wild animals, agriculture, and
gathering fruits and tubers, thus obtaining essential food for their
diet (Agüero and Uribe 2011). The need for storage led to develop
ceramic technologies, both domestic and ceremonial (Uribe 2006).
Diversity in the production of goods and surpluses was the basis that
sustained the circulation of goods and the construction of intra and
intercommunal life (Castro et al., 2016).

2.2 Pottery Studies in San Pedro de
Atacama
The study of ceramics fromSanPedrodeAtacama isfirst recordedwith
the excavations and collections of Le Paige (1964). Sinclaire et al. (1997)
studied local ceramic fragments and suggested the “Loa Café Alisado”
and “SanPedroNegroPulido” as a local ceramic type, whereasOrellana
(1968) andThomas et al. (1989)mention the “LosMorros” as foreign to
San Pedro de Atacama. This interpretation was further supported by
Uribe (2006). Tarragó (1989) investigated funerary ceramics from San
Pedro deAtacama and classified themaccording to their decorative and
macroscopic characteristics. This work proposed a chronological
seriation of the local pottery and defined the “Negro Pulido”
ceramic type and its variants. Based on macroscopic characteristics
from local vessels, this sequence was more recently expanded by Stovel
(2002) and included the “San Pedro Negro Pulido” type as typical from
San Pedro de Atacama.

Near to San Pedro de Atacama oases are the Ghatchi
archaeological sites in the Vilama River. Ghatchi is located
northeast of San Pedro de Atacama and covers an extensive
area of 28 km long and 4 km wide (Figure 1). Human settlement
in this area has spanned several periods, from the Late Archaic to
the Early Formative, indeed several domestic sites have been
recognised within Ghatchi (Agüero 2005). The characteristic

structures of Ghatchi are stone shelters (Figure 1), where
lithic material, bone remains and ceramic fragments are
common in the surface and excavation sites (e.g., Agüero and
Uribe 2011).

2.3 Petrography of Ceramic Fragments from
Ghatchi
Uribe (2006) studied Formative Period (1200 BC to 400 AD)
ceramic fragments found in excavation sites at Ghatchi. This
study identified several ceramic types with the “Los Morros”
(LMS), “Loa Café Alisado” (LCA) and “San Pedro Negro
Pulido” (NP1) being the most common styles at many sites
(Figure 2). Uribe (2006) subdivided the LMS type into three
main petrographic variants: LMS-A, LMS-B1 and LMS-B2.
LMS-A is defined as a volcanic paste with very coarse
(3–10 mm) and tabular dark grey non-plastic inclusions.
LMS-B1 is composed by a granitic paste with very coarse
(4–5 mm) white non-plastic inclusions of quartz and micas,
whereas LMS-B2 is a fine-grained variant. The LMS-type
pastes normally show high degrees of porosity due to the
remotion of coarse inclusions. LCA fragments are
characterised by sandy pastes with abundant white non-
inclusions (e.g., Sinclaire et al., 1997). NP1 is constituted by
granitic pastes with non-plastic inclusions of quartz (e.g.,
Tarragó 1989).

3 MATERIALS AND METHODS

In this study, we analysed twelve (12) ceramic fragments
representative of the most common typologies found in

FIGURE 1 | Study area. (A)Map of the Central Andes between 21°20′ to 24°S showing the location of the study area. Map created using the “GeoMapApp” (www.
geomapapp.org, Ryan et al., 2009). Photographs showing a panoramic view of the Ghatchi archaeological sites in the Vilama River (B) and local Formative Period
domestic structures (C).
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excavation sites at Ghatchi (Table 1, Uribe 2006). To fully
characterise the mineralogical properties of these fragments,
we employed automated mineralogical analysis using the
QEMSCAN® technology. Sample preparation, analysis and
data processing was carried out at the Maini Scientific
Equipment Unit at Universidad Católica del Norte (UCN).

3.1 Sample Preparation
The samples were mounted in 30 mm circular mounts using
epoxy resin (Figure 3). We placed either one ceramic fragment
(up to 25 mm long) or two smaller fragments in a single mount,
optimising time and resources for preparation and further
analysis (Figure 3). The mounts were cut and polished to
expose a cross-section of the ceramic fragment, and then
carbon coated (Figure 3). Prior to automated mineralogical
analysis, we obtained high-resolution photos of each mount
from a Bruker M4 Tornado (X-ray Microfluorescence) to

compare the “fresh paste” with mineralogical maps obtained
from automated mineralogical analysis.

3.2 Petrographic Analysis by Automated
Mineralogy
Automatedmineralogical analysis weremade using the QEMSCAN®,
the English acronym for Quantitative Evaluation of Minerals by
SCANning Electron Microscopy. QEMSCAN® is a system
configured to measure mineralogical variability from chemical
information on a micrometric scale, originally developed to
provide fast, automated, and fully quantitative mineralogical data
for themining andmineral processing industry (e.g., Pirrie et al., 2004,
2009; Goodall et al., 2005; Goodall and Scales 2007; Knappett et al.,
2011). We performed our analysis in a QEMSCAN® model E430,
which is based on a ZEISS EVO 50 SEM combined with Bruker Series
4 EDS detectors at the Maini Scientific Equipment Unit, UCN. As a

FIGURE 2 | Representative photographs and automated mineralogical maps of the studied sample types: (A) Los Morros (LMS), (B) Loa Café Alisado (LCA) and
(C) San Pedro Negro Pulido (NP1). Upper and middle and lower panels show examples of fresh pastes (after Uribe 2006), ceramic fragments and automated
mineralogical maps, respectively. Thermoluminescence dating from Uribe (2006) and Agüero and Uribe (2011).

TABLE 1 | Excavation information of the samples collected from the Ghatchi archaeological sites.

Sample ID Site Type Precinct Unit Layer Depth (cm)

17-G2B Ghatchi 2B LMS - B1 4 1 8 35–40
18-G2B Ghatchi 2B LMS - B1 4 1 7 30–35
24-G2B Ghatchi 2B LMS - B1 6 1 9 40–45
26-G2B Ghatchi 2B LMS - A 23 1 6 25–30
28-G2B Ghatchi 2B LMS - B2 23 1 7 —

2-G1A Ghatchi 1A LCA 12 1 10 45–50
5-G1B Ghatchi 1B LCA 4 1 5 20–25
12-G1A Ghatchi 1A LCA 4 1 6B 25–30
29-G2B Ghatchi 2B LCA 23 1 3 10–15
30-G1A Ghatchi 1A NP1 12 1 9 40–45
31-G1A Ghatchi 1A NP1 12 1 9 40–45
37-G1B Ghatchi 1B NP1 4 W Sector 1 0–40
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result of this technique, 2D and false-colour images are obtained for
each studied sample, where each pixel preserves its elemental
composition and brightness information (BSE), which thus
facilitates the subsequent processing of the measurement data.
Measurements were performed using iMeasure v5.3.2 and
compositionally mapped in the “Fieldscan” operating mode at a
field size of 1,500 μm (approximate magnification of ×50) or
2,500 μm (approximate magnification of ×30), (Figure 4). For data
reduction, we used the iDiscover v5.3.2 software, which allows the
construction of customised filters to quantify mineral abundances
represented in mineralogical maps and to classify grains according to
size criteria. The outputs used are both visual and numerical and
include mineralogical maps, modal mineralogy, and grading tables,
which are described in the following sections. Further details of the
QEMSCAN® theory and analytical modes are given in Gottlieb et al.
(2000) and Pirrie et al. (2004).

3.2.1 Mineralogical Maps
This represents the total open area of the ceramic fragment on the
mount and maintains the shape of a cross-section to a ceramic
fragment exposed on the surface. It is a “false colour” map, which
will represent each preferredmineral or chemical group (Figure 5A).
The fields read by the SEMare combined in amosaic to build a single
image that will represent the total area analysed. The original
mineralogical map list can be modified to better visualise a single
mineral or mineral groups, e.g., the constituents of the silt-clay

matrix (Figure 5B). The customisable mineral colour list is kept
constant from sample to sample to aid in comparisons. The
mineralogical grouping used in this work is shown in Table 2.

3.2.2 Modal Mineralogy
The obtained data can be interpreted from numeric data tables or
diagrams. These data can be presented as mass% or area%. In this
work, the area% was used so that the porosity can be included and
evaluated. We set the porosity on the Pre-processor setting by
including the “injection” filter to determine porosity as a
quantifiable component (Figure 5C).

3.2.3 Grading Tables
This allows to separate grains according to a granulometric
fraction (grain size) vs. mineralogical composition, facilitating
the granulometric and morphological analysis of the non-plastic
inclusions set in the paste (Figure 5D). This additionally permit
to recognise very small grains present in the silt-clay matrix, as
well as porosity size and distribution (Figure 5E).

4 RESULTS

4.1 Ceramic Petrography
In the same way that petrography is done in geology, the
“appearance” or set of textures in ceramics is as vital for the

FIGURE 3 | Visual scheme of the employed sample preparation methodology. Ceramic fragments (up to 25 mm in size) were mounted in low-volatile epoxy and
placed in 30 mm circular mounts. Each sample mount was polished flat, and then carbon coated prior SEM analysis.
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archaeological analyses, since the interpretations of
archaeological materials imply decisions about raw materials
used, manufacturing processes chosen, ceramic circulation and

use, and thus represent the technological choices of the potters
and time period (Lechtman, 1977). For this reason, the first filter
used for classification are mineralogical maps, where the visual

FIGURE 4 | Schematic illustration of the FieldScan measurement mode for data reduction.

FIGURE 5 | iDiscover filters used for automated mineralogical analysis. Sample2-G1A: (A)Mineralogical map of the ceramic fragment; (B)Mineralogical map of the
paste components; (C) modal mineralogy; and grading tables for mineral grains (D) and porosity (E).
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relationship between clay matrix, mineral inclusions and porosity
can be observed. Grain size is described using the Wentworth
scale (Wentworth 1922). Modal abundance (%) is presented as
area%.

4.2 Los Morros
Five samples were analysed: 17-G2B, 18-G2B, 24-G2B, 26-G2B
and 28-G2B. Samples 17-G2B and 18-G2B are classified as LMS-
B1 by Uribe (2006), and present similar petrography among them
(Figure 6). They are characterised by coarse sand-sized pastes.
17-G2B and 18-G2B have a clay matrix with an abundance of 50
and 49%, respectively, mainly composed of clay minerals and
micas (muscovite > biotite > chlorite), (Table 3; Figure 6). Non-
plastic inclusions are in abundance of 37 and 40%, with a size
range between fine to very coarse sand, reaching in some cases the
size of fine gravel. Their shapes range from subangular to
rounded, with poor to moderate selection and distribution.
Four types of non-plastic inclusions were found: 1) volcanic
origin characterised by the presence of plagioclase and
pyroxene and possibly glass in the groundmass; 2)
sedimentary origin composed by biotite, muscovite, and clay
minerals; 3) plagioclase and quartz grains; and 4) crushed
ceramic fragment inclusions can be identified. The ceramic
fragment inclusions appear white-ish with darker small
angular grains in the fresh paste photograph, whereas they are
compositionally uniform on the mineralogical map (Figure 6).
Furthermore, the sample 17-G2B, a border-shaped ceramic
fragment is observed (Figure 6). The porosity in the samples
17-G2B and 18-G2B is moderate, with percentages close to 13 and
11%, respectively, and with planar and elongated shapes

surrounding the larger clasts (i.e., secondary porosity, cf. Druc
and Velde 2021).

Sample 24-G2B, variant LMS-B1 (Uribe 2006), presents a
coarse to very coarse granulometry. This sample has a clay
matrix with an abundance of 58%, composed of clay minerals,
quartz, and micas (quartz > biotite), (Figure 6). The non-
plastic inclusions are of subangular to sub-rounded shapes,
with poor selection and distribution, being in an abundance of
35% with a size ranging from fine to very coarse sand (Table 3).
Most of these inclusions are fine sedimentary rock
fragments—some rich in clay minerals (similar to the
matrix), and others rich in quartz and plagioclase and
subordinate clay minerals. The porosity is moderate (7%)
with planar to irregular shapes.

Sample 26-G2B, variant LMS-A (Uribe 2006), shows coarse
to very coarse non-plastic inclusions, subangular to rounded
shape, moderate to low selection, and a good to moderate
distribution. They present a clay matrix with an abundance of
50%, composed of clay minerals, quartz and micas (quartz =
biotite > muscovite > chlorite), (Figure 6). The non-plastic
inclusions have an abundance of 40% (Table 3), they range in
size from fine to very coarse sand, and in some cases, they reach
the size of fine gravel. Most of these inclusions are sedimentary
rock fragments and quartz grains (Figure 6). The rock
fragments present iron and titanium oxides, apatite,
amphiboles, pyroxenes, and olivine as accessory minerals.
The porosity in this sample is 10%, mainly elongated flat to
irregular in shape.

Sample 28-G2B, variant LMS-B2 (Uribe 2006), shows a
granulometry of non-plastic inclusions of very fine to coarse

TABLE 2 | Summary of the mineralogical list used in the iDiscover software. The selected mineral groups correspond to rock-forming silicates and representative Cu-rich,
sulphide and evaporite minerals found frequently in igneous, sedimentary, and metamorphic rocks in the Central Andes.

Mineral groups Mineral group description

Porosity Software modification to recognize the cavities within the studied area. In this way, the software can provide data on the
porosity’s abundance, shape, and size

Clay Minerals Vermiculite, nontronite, talc, kaolinite, illite and smectite
Quartz Silica group minerals and mineraloids: Quartz, opal, cristobalite, tridymite
Plagioclase Calcium to sodium feldspars: Anorthite, bytownite, labradorite, andesine, oligoclase and albite
K-feldspars Potassium feldspars: Microcline, orthoclase, anorthoclase and sanidine
Biotite Biotite with different Fe:Mg ratios, and phlogopite
Muscovite Muscovite with different Fe:Mg ratios
Amphibole Amphibole group: Tremolite, actinolite, ferro-hornblende, hornblende, magnesio-hornblende and hedenbergite
Chlorite Chlorite, chamosite y clinochlore with variable Mg, Fe, Cu and As concentrations
Pyroxene Pyroxene group: Diopside, augite, enstatite, orthopyroxene (with different enstatite proportions), hypersthene, aegirine,

jadeite and omphacite
Olivine Fayalite, forsterite, olivine, and olivine with variable forsterite contents
Epidote Epidote group: Epidote, pumpellyite and prehnite
Ti-Oxides Rutile, ilmenite, Mn-ilmenite, leucoxene, ulvospinel and Ti-magnetite
Zircon Zircon
Titanite Titanite
Fe-oxides Magnetite, siderite, goethite, chromite-magnetite, hematite, other Fe-oxides rich in Cu and As
Apatite Apatite
Calcite Calcite
Evaporites Jarosite, alunite, anhydrite, iodates, borates, halite, sylvite, chlorates, K and Na nitrates, barites
Cu-minerals Native copper, tennantite, tetrahedrite, chrysocolla, chalcostibite, digenite, covellite, chalcocite, chalcopyrite, bornite,

enargite, carrollite, cuprite, azurite, brochantite, malachite, turquoise, pentlandite, Cu-oxides
Sulphides Sphalerite, arsenopyrite, pyrite, pyrrhotite, galena, molybdenite
Other Other mineralogical phases that are not considered in the previous groups
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sand. These inclusions are in an abundance of 36%, with
subangular to rounded shapes, with a poor selection and a
moderate distribution. They are composed of crystals of
plagioclase, quartz, biotite, muscovite and iron and titanium
oxides (Figure 6; Table 3), as well as coarse sand-sized
granitic rock fragments. The matrix is clay-micaceous
(muscovite-biotite > chlorite with a 59% in abundance
(Figure 6; Table 3). The porosity is low with abundance of
5%, and irregular to planar shapes.

4.3 Loa Café Alisado
Four samples were analysed: 2-G1A, 5-G1A, 12-G1B and 29-
G1B. These fragments were classified as LCA by Uribe (2006). 2-
G1A, 5-G1A and 12-G1B show similar petrography. The clay
matrix, with abundance between 50 and 52% (Table 3), is
composed of clay minerals, clay-sized micas (generally
muscovite > biotite > chlorite) and quartz (Figure 7). These
samples are characterised by coarse sand-sized non-plastic
inclusions set in a fine to medium sand pastes. The inclusions

FIGURE 6 | Fresh pastes (left), mineralogical maps (middle), and modal mineralogy (right) of the studied Los Morros (LMS) ceramic samples.

TABLE 3 | Automated mineralogy data for the studied ceramic samples. Data is presented as area%.

Ceramic
type

Los Morros Loa Café Alisado San Pedro Negro Pulido

Sample 17-G2B 18-G2B 24-G2B 26-G2B 28-G2B 2-G1A 5-G1B 12-G1A 29-G2B 30-G1A 31-G1A 37-G1B

Mineral groups
Porosity 13.3 11.2 7.2 9.6 5.3 11.3 10.5 10.8 6.3 6.1 5.5 7.4
Clay Minerals 41.7 36.6 48.8 42.5 37.9 32.4 32.5 39.9 41.3 47 47 44.9
Quartz 12.2 16 18 19.7 10.3 15.7 16.7 15 2.9 6.5 6.7 11.9
Plagioclase 15.3 13.9 3.1 4.1 16.5 4.8 8.9 6.4 12.7 10.3 10.9 13.4
K Feldspar 5.2 5.5 1.1 1.9 1.3 14.3 9.9 12.5 19.3 5.9 6.1 7.3
Biotite 2.7 2.6 9.3 9.5 11.3 3.4 4.6 3.5 3.1 4.1 4.1 4.6
Muscovite 4.8 8.8 7.7 8.7 9.1 8.3 8.4 6.4 0.6 16.3 15.4 7
Chlorite 0.4 0.9 0 0.1 1 5.9 4.7 2 1.1 1 1.3 1.2
Amphibole 0.9 0.5 1.8 1.4 4.3 0.4 0.1 0.5 5 1.1 1.2 1.1
Pyroxene 0.5 0.7 0 0 0 0 0 0.1 2 0.1 0.1 0.2
Olivine 0 0 0 0 0 0 0 0 0.1 0 0 0
Epidote 0.1 0 0 0 0 0.1 0.3 0.2 1 0 0 0
Ti-Oxides 0.6 0.6 0.1 0.3 0.3 0.1 0.1 0.1 0.6 0.2 0.3 0.1
Fe-Oxides 0.5 0.5 0.6 0.3 0.6 0.4 0.1 0.3 0.5 0.2 0.3 0.2
Zircon 0 0 0 0 0 0 0 0 0 0 0 0
Apatite 0 0.1 0 0 0 0 0 0 0.2 0.1 0.1 0.1
Titanite 0 0 0 0 0.1 0.2 0.1 0.1 0.2 0 0 0.1
Calcite 0 0 0 0 0 0 0 0 0 0 0 0
Evaporites 0 0 0 0 0 0 0 0 0 0.3 0.3 0
Cu-Minerals 0 0 0 0 0 0 0 0 0 0 0 0
Sulphides 0 0 0 0 0 0 0 0 0 0 0 0
Others 2 2.2 2.2 1.8 1.9 2.7 3.1 2.3 3.1 0.7 0.7 0.5
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show subangular to rounded shapes, of good quality moderate
selection and distribution, with abundance between 37 and 40%.
The inclusions are mainly of granitic rock fragments, which are
made of K-feldspar, quartz, and plagioclase (Table 3). As
accessory minerals, iron and titanium oxides, amphiboles, and
epidote are observed. The porosity is moderate, ca. 10%, and
mainly irregular or planar in shape, and to a lesser extent,
elongated.

Sample 29-G2B is composed by a clay matrix (49%), very fine
to medium sand in size, of clay minerals, K-feldspar, chlorite and
biotite grains and very low proportions of quartz and muscovite
(Figure 7). The non-plastic inclusions are 45% in abundance
(Table 3), with subangular to sub-rounded shapes and a
moderate selection and distribution (Figure 7). They are
andesitic volcanic rock fragments, which are made of
plagioclase microlite-rich groundmass. Non-plastic inclusions
of K-feldspar and plagioclase grains are also observed within
the paste. Epidote, amphibole, iron and titanium oxides, pyroxene
and apatite are found as accessory minerals. The porosity is
moderate (6%), with irregular shapes.

4.4 San Pedro Negro Pulido
Three samples were analysed: 30-G1A, 31-G1A and 37-G1B.
These samples were classified as NP1 by Uribe 2006. All these
fragments have similar petrography. They are composed of fine to
very fine pastes. The clay matrix with an abundance between 68
and 58% (Table 3) is composed of clay mineral and clay-sized
micas (muscovite > biotite >> chlorite), (Figure 8). The non-
plastic inclusions have a size range between very fine to coarse
sand, with an abundance between 26 and 35% (Table 3), with
subangular to rounded shapes, good selection and moderate to
good distribution. These inclusions are composed of plagioclase
and quartz grains and volcanic rock fragments. The rock
fragments are made of phenocrysts of plagioclase, quartz and
amphibole set in a partially devitrified groundmass. Amphibole,
K-feldspar, biotite, iron and titanium oxides appear as accessory
minerals. The porosity of these samples is moderate (6–7%) with
irregular to elongated shapes.

5 DISCUSSION

5. 1 Automated SEMMineralogy and Pottery
Automated SEM mineralogy was used as the basis for our
petrographic approach of ceramic fragments (cf. Knappett
et al., 2011; Hilditch et al., 2016). The most significant
advantage is the quality of the data obtained, precise
quantitative data formulated from the chemical composition of
each component of the paste, i.e., clay matrix and non-plastic
inclusions, which are calculated employing standard parameters
for each mineral composition. As the studied ceramic fragments
were sourced from an archaeological site located in a volcanic
environment, they may also contain volcanic glass and rock
fragments. Volcanic glass does not have a specific chemical
composition (i.e., non-stoichiometric behaviour, Knappett
et al., 2011), and thus it must be adjusted for each case study.
To incorporate glass in our mineralogical maps, we built a test
mineral list on the iDiscover software including the average
composition of volcanic glass previously used for automated
SEM mineralogy in Central Andean lavas (González-Maurel
et al., 2019). However, the compositional data obtained
revealed large internal differences and differed from the glass
data obtained by González-Maurel et al. (2019). Given that our
studied ceramic samples reveal a wide compositional
heterogeneity (Table 3), a representative glass composition
was not possible to calibrate in our mineralogical list.
Consequently, possible volcanic glass grains set in the matrix
or as non-plastic inclusions were not distinguished and the
volcanic glass is thus not discussed further in this study. In
the case of the rock fragment inclusions, they were not
automatically identified by employing SEM analysis. On the
iDiscover software, we tested a new filter to facilitate their
automated recognition by separating rock fragments from
mineral inclusions when delivering mineral abundance
percentages, however, as with volcanic glass, must be adjusted
for each case study. Although automated classification of
polymineralic geological materials seems not yet possible with
automated SEM systems, rock fragment compositions can be

FIGURE 7 | Fresh pastes (left), mineralogical maps (middle), and modal mineralogy (right) of the studied Loa Café Alisado (LCA) ceramic samples.
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interpreted from the obtained mineralogical data and therefore
are discussed thoroughly in the following sections.

5.2 Archaeological Ceramic Fragments
From Ghatchi
The studied ceramic fragments from Ghatchi reveal a wide range
of petrographic variability, which is in agreement with previous
macroscopic descriptions made for these fragments (Uribe 2006).
Notably, this heterogeneity is more evident when pastes,
including their components, are analysed microscopically
(Figure 2). Here, we include new inter-grain scale information
for the ceramic types recognised by Uribe (2006). In addition, we
discuss possible sources of raw materials by comparing the paste
components with existing lithological information from local
geological maps published by the Chilean Geological Survey
(SERNAGEOMIN). This in turn allow us to evaluate the
technological styles related to raw material availability and/or
cultural traditions (e.g., Lechtman 1977; Sillar and Tite 2000;
Quinn 2013) around the San Pedro de Atacama oases.

5.2.1 Los Morros
Our sample set included the three variants for Los Morros
ceramic type from Ghatchi, i.e., 26-G2B as LMS-A; 17-G2B,
18-G2B and 24-G2B as LMS-B1; and 28-G2B as LMS-B2
(after Uribe 2006). The clay matrix, mainly composed by clay
minerals, quartz, and micas, is relatively similar for all the studied
samples. However, the non-plastic inclusions contained in these
samples reveal a large variability in abundance and composition,
especially in rock and crushed ceramic fragments. The samples
26-G2B and 24-G2B contain very similar non-plastic inclusions
of plagioclase and quartz grains and sedimentary rock fragments
(Figure 6). Although these samples represent two distinct
macroscopic types (e.g., LMS-A and LMS-B1), they appear to
share common origin. Plagioclase and quartz are two of the most
common mineral phases in igneous, sedimentary, and
metamorphic rocks in northern Chile and elsewhere, and thus
they cannot be used as tracer for potential sources. In contrast,
sedimentary outcrops are less frequent in northern Chile, but
many located around the San Pedro de Atacama oases (e.g., San
Pedro and Vilama formations). Sedimentary rocks from the San
Pedro Formation (Brüggen 1942) are mostly sandstones and
siltstones rich in evaporite minerals, whereas Vilama
Formation (Moraga et al., 1974) is composed by fossiliferous
mudstones, calcareous sandstones and volcanosedimentary rocks
(Henríquez et al., 2014). These lithologies however do not
reconcile with the sedimentary rock fragments contained in
24-G2B and 26-G2B, which we interpret as claystone and
siltstone of plagioclase, quartz, and muscovite (Figure 6). This
implies that the raw materials are not found in the geological
landscape and thus may represent a foreign type of pottery.
Similar, the samples 17-G2B and 18-G2B include non-plastic
inclusions of, in order of decreasing abundance, volcanic rock
fragments, sedimentary rock fragments, plagioclase and quartz
grains, and crushed ceramic fragments. We interpret these
volcanic rock fragments as andesitic to dacitic lavas, which
could be potentially sourced from volcanic lava fields erupted

from volcanoes close to San Pedro de Atacama (e.g., Putana,
Sairecabur, Licancabur, Lascar). However, the sedimentary rock
fragments found in 17-G2B and 18-G2B are not entirely
consistent with the sedimentary rocks found in local rock
formations (i.e., San Pedro and Vilama, Henríquez et al.,
2014). In addition, crushed ceramic fragments does not match
with any ceramic type found in Ghatchi archaeological sites
(i.e., LMS, LCA and NP1). Therefore, as with samples 24-G2B
and 26-G2B, most of the raw material for 17-G2B and 18-G2B
seems to be foreign to San Pedro de Atacama. Similar, the sample
28-G2B contains abundant fine mineral grains and granitic rock
fragments, the latter usually associated to felsic plutonic
complexes located in the Andean Precordillera to the south of
the Salar de Atacama (Ramírez and Gardeweg, 1982) and would
reflect other type of foreign raw material. The variability revealed
by the non-plastic inclusion compositional data thus appears to
indicate that the LMS ceramic type is sourced via circulation of
objects rather than represents local pottery. This agrees well with
previous archaeological constraints for LMS fragments found in
other archaeological sites between the Loa River basin (~22°25′S;
68°47′W) and the Salar de Atacama (~23°29′S; 68°19′W),
(Orellana 1968, 1989; Benavente 1981; Thomas et al., 1989;
Sinclaire et al., 1997; Uribe 2006).

5.2.2 Loa Café Alisado
The samples 2-G1A, 5-G1B, 12-G1A and 29-G1B from Ghatchi
were classified macroscopically as the LCA ceramic type (after Uribe
2006). The sample 29-G1B, however, differs in composition with the
other LCA samples. The clay matrix of the samples 2-G1A, 5-G1B
and 12-G1A is composed by clay minerals, muscovite, biotite,
chlorite, and quartz, whereas the clay matrix of the sample 29-
G1B contains clay minerals, K-felspar, chlorite and biotite and very
small proportions of quartz and muscovite. Similar, the samples 2-
G1A, 5-G1B and 12-G1A are characterised for K-feldspar-quartz-
plagioclase granite rock fragments and, in order of decreasing
abundance, quartz, K-feldspar and minor plagioclase grain
inclusions, in contrast to the sample 29-G1B that contains
andesitic rock fragments and mineral grain inclusions of, in order
of decreasing abundance, plagioclase, K-feldspar, amphibole and
pyroxene (Figure 7). The recurrent appearance of granite inclusions
within a homogeneous clay matrix, such as observed in the samples
2-G1A, 5-G1B and 12-G1A, constitutes a characteristic feature for
the LCA ceramic type in the Atacama Desert (e.g., Uribe and Vidal
2012, 2015; Riera-Soto et al., 2020). This implies the potters used a
specific supply source of raw materials, which does not vary during
the Formative Period. Since volcanic and sedimentary rock deposits
form the landscapes around the San Pedro de Atacama oases
(Henríquez et al., 2014), a possible granite source would be
related to the well-exposed plutonic complexes (e.g., Limón
Verde, Chuquicamata) outcropping in the Andean Precordillera
(e.g., Ramírez and Gardeweg, 1982; Marinovic and Lahsen, 1984;
Tomlinson et al., 2010), which is further consistent with previous
studies in LCA fragments (e.g., Sinclaire et al., 1997; Uribe and Vidal,
2015; Riera-Soto, 2019). Although the samples 2-G1A, 5-G1B and
12-G1A appear to be representative of the LCA ceramic type, the
sample 29-G1B is manufactured with different raw material (e.g.,
andesitic rock fragments, low quartz abundance) and thus suggesting
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a different origin, e.g., from volcanic fields near to San Pedro de
Atacama. However, macroscopic observations show similar textures
for all LCA samples (Figure 7), whichwould indicate a homogenised
recipe with variable raw materials as part of a specialised knowledge,
that seems to be foreign toGhatchi, andmaybe being part of the Loa-
Tarapacá circulation (Sinclaire et al., 1997; Uribe 2006; Uribe and
Vidal 2015).

5.2.3 San Pedro Negro Pulido
The samples 30-G1A, 31-G1A and 37-G1B were classified
macroscopically as NP1 by Uribe (2006). These ceramic
fragments present similar clay matrix compositions (Figure 8).
The non-plastic inclusions are also similar in all the samples
studied, which are made of plagioclase, quartz, biotite, and
amphibole grains and volcanic rock fragments (Figure 8). We
interpret the volcanic rock fragments as andesitic to dacitic lavas
or ignimbrites, which could be sourced from volcanic fields
surrounding San Pedro de Atacama (Salisbury et al., 2010;
Henríquez et al., 2014). It is also worth noting that the Vilama
River have its origin near the foot of the volcanoes and are fed by
various tributaries that cross different volcanic fields. This implies
that the volcanic rock fragments could be collected either from a
local volcanic deposit or downstream at Ghatchi as eroded material.
Since we have not found any other type of non-plastic inclusion in
the studied NP1 fragments from Ghatchi and considering the local
geological framework, we suggest that the NP1 ceramic type might
represent local pottery. This interpretation agrees well with recent
findings from Echenique et al. (2018) on NP1 ceramic fragments
from the Aldea de Coyo archaeological site also located in San Pedro
de Atacama. For the NP1 ceramics, we may suggest that the potters
resorted to a known geological environment, which possibly
remained constant during the Formative Period, and allowed
them to collect the raw material from the same source(s) to
produce the first most representative pottery from the San Pedro
de Atacama oases.

6 CONCLUSION

The ceramic fragments used in this study were collected from
excavations at the Ghatchi archaeological sites in the Vilama

River, northeast of San Pedro de Atacama. Previous petrographic
studies recognised three ceramic types in this site: Los Morros
(LMS), Loa Café Alisado (LCA) and San Pedro Negro Pulido
(NP1). Here we employed automated mineralogical analyses to
fully characterise representative ceramic fragments of these
typologies. The proposed methodology provided robust data to
identify textural and compositional variations in the paste and its
components. The clay matrix compositions are distinct for each
ceramic type, which may suggest a specialised local knowledge to
produce a particular type of pottery. These variations combined
with non-plastic inclusions mineralogical information, and
together with macroscopic observations, showed evidence
about the technological choices made by the potters during
the Formative Period according to their cultural traditions and
the available resources in their territories or around. Overall, the
LMS ceramic type from Ghatchi is characterised by a clay
mineral-quartz-mica-rich matrix with variants made of
mineral, sedimentary and volcanic rock fragment and/or
crushed ceramic inclusions; LCA type by a clay mineral-mica-
rich matrix with mineral and granitic rock fragment inclusions;
and NP1 type by a clay mineral-mica-rich matrix with mineral
and andesitic to dacitic rock fragment inclusions. LMS and LCA
are demonstrated to be foreign to Ghatchi, and likely being part of
inter-regional pottery circulation. The NP1 ceramic fragments,
on the other hand, are interpreted as autochthonous since
resembles the typical ceramic type produced in the San Pedro
de Atacama oases.

To emphasize, the archaeometric-focused approach employed
here contribute to the search for possible methodological
combinations that allow effective and efficient research on raw
materials and ceramic circulation in different archaeological
contexts. Indeed, a detailed petrographic study on ceramic pastes
is a tool that, together with e.g., chemical, morphological and
decorative studies, will lead research groups to reach major social
and cultural dimensions (technological styles) of archaeological
pottery. This study in turn contributes to an interdisciplinary
understanding of the analytical data obtained from archaeological
materials. Similar studies should always be approached from a joint
professional workflow, which allows the correct application of an
analytical technique to archaeological materials suitable for the
chosen technique.

FIGURE 8 | Fresh pastes (left), mineralogical maps (middle), and modal mineralogy (right) of the studied San Pedro Negro Pulido (NP1) ceramic samples.
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