
remote sensing  

Article

Beyond Site Detection: The Role of Satellite Remote
Sensing in Analysing Archaeological Problems.
A Case Study in Lithic Resource Procurement in the
Atacama Desert, Northern Chile

César Borie 1,* , César Parcero-Oubiña 2, Youngsang Kwon 3 , Diego Salazar 4,
Carola Flores 5 , Laura Olguín 6 and Pedro Andrade 7

1 Programa de Doctorado en Antropología UCN-UTA, Universidad Católica del Norte, Calle R.P. Gustavo Le
Paige 380, San Pedro de Atacama, 1410000 Antofagasta, Chile. CONICYT-PCHA/Doctorado
Nacional/2015-21150953. FONDECYT 1151203

2 Instituto de Ciencias del Patrimonio (Incipit), Consejo Superior de Investigaciones Científicas (CSIC),
Av. de Vigo, 15705 Santiago de Compostela, Spain; cesar.parcero-oubina@incipit.csic.es

3 Earth Sciences Department, University of Memphis, Memphis, 109 Johnson Hall, Memphis, TN 38152, USA;
ykwon@memphis.edu

4 Departamento de Antropología, Facultad de Ciencias Sociales, Universidad de Chile, Ignacio Carrera Pinto
1045, Núñoa, 7800284 Santiago, Chile. FONDECYT 1151203; dsalazar@uchile.cl

5 Centro de Estudios Avanzados en Zonas Áridas (CEAZA), Ossandón 877, 1781681 Coquimbo, Chile.
FONDECYT 3170913, 1151203; carola.flores@ceaza.cl

6 Programa de Doctorado en Antropología UCN-UTA, Universidad Católica del Norte, Calle R.P. Gustavo Le
Paige 380, San Pedro de Atacama, 1410000 Antofagasta, Chile. FONDECYT 1151203;
olguinlaura.o@gmail.com

7 Carrera de Antropología, Universidad de Concepción, Víctor Lamas 1290, 4070386 Concepción, Chile.
FONDECYT 1151203; pandradem@udec.cl

* Correspondence: cbc032@alumnos.ucn.cl

Received: 28 February 2019; Accepted: 5 April 2019; Published: 10 April 2019
����������
�������

Abstract: Remote sensing archaeology in recent years has emphasized the use of high-precision
and high-accuracy tools to achieve the detailed documentation of archaeological elements (drones,
LIDAR, etc.). Satellite remote sensing has also benefited from an increase in the spatial and spectral
resolution of the sensors, which is enabling the discovery and documentation of new archaeological
features and sites worldwide. While there can be no doubt that a great deal is being gained via
such “site detection” approaches, there still remains the possibility of further exploring remote
sensing methods to analyse archaeological problems. In this paper, this issue is discussed by
focusing on one common archaeological topic: the mapping of environmental resources used in the
past and, in particular, the procurement of lithic raw material by hunter-gatherer groups. This is
illustrated by showing how the combined use of Landsat 8 images and “ground-truthing” via focused
field studies has allowed the identification of a number of potential chert sources, the major lithic
resource used by coastal groups between 11,500–1,500 cal. BP, in a vast area of the Atacama Desert
covering 22,500 km2. Besides discussing the case study, the strength of remote sensing techniques in
addressing archaeological questions comprising large spatial scales is highlighted, stressing the key
role they can play in the detection and study of specific environmental resources within challenging
physical settings.

Keywords: archaeology; arid environments; satellite remote sensing; lithological mapping;
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1. Introduction

Remote sensing in archaeology has grown into a large and varied field. In particular,
satellite remote sensing has benefited from an increase in the spatial and spectral resolution of the
sensors, an improvement which has enabled the discovery and documentation of new archaeological
features and sites worldwide [1–3]. While there can be no doubt that a great deal can be gained
from these “site detection” approaches, there is still potential to be explored in using remote sensing
methods as tools to analyse archaeological problems, especially on large geographical scales. In this
paper, this potential is discussed by focusing on one common archaeological topic: the mapping of
environmental resources used in the past, and in particular, the procurement of lithic raw material by
ancient hunter-gatherer groups.

Since the 1970s, geological studies have tested the capacity of satellite remote sensing for
lithological mapping in different environmental contexts, highlighting the ability of spectral analysis
to discriminate between diverse rock and soil units, thus complementing and improving the accuracy
of the data provided by conventional geological maps [4–9]. On the other hand, archaeologists
have long emphasized the technological and social importance of high-quality rocks for prehistoric
hunter-gatherer societies [10–14]. The large geographical ranges involved in the direct or indirect
procurement of such rocks and their consistent use over long time spans imply that approaches on
regional or landscape-based scales are especially well-suited for tackling these questions [15–18].
There seems to be a “natural” point of convergence here between the capabilities of satellite remote
sensing and the research questions raised by some archaeological approaches. However, so far,
these techniques have not received much attention from archaeologists concerned with the procurement
of lithic resources in the past, despite the remarkable advantages they represent for addressing this
problem on large spatial scales [19–22].

In this paper, following the trend of previous research [22], it is argued that satellite remote
sensing in archaeology holds a great potential beyond the common (and indeed useful) aims of site
detection. In particular, the suitability of remote sensing to overcome some of the major limitations of
traditional archaeological methodologies is stressed. This is illustrated via a case study that shows
how the combined use of freely accessible satellite images and “ground-truthing” through focused
field studies has allowed the identification of a number of primary and secondary sources of chert
in a vast area of the Atacama Desert covering 22,500 km2. This is a large-scale approach that takes
full advantage of the natural conditions of the study area and also of the information contained in the
“grey literature” provided by spatially discrete and dispersed CRM reports, offering a cost-effective
methodology which can easily be replicated in other contexts.

The benefits and drawbacks of the methodology will be assessed, stressing the need for higher
spectral resolution satellite imagery and “ground-truthing” via Visible Near-Infrared (VIS/NIR) and
Fourier Transform Infrared (FTIR) reflectance spectroscopy for further refinement of the remote sensing
approach, and also the need to conduct lithic provenance studies with a high level of geographical
and geological resolution [23]. Finally, the strength of remote sensing techniques in addressing
archaeological questions that comprise large spatial scales is discussed, and attention is drawn to the
key role which they can play in the detection and study of specific environmental resources, such as
lithic source areas, within challenging and poorly studied physical settings.

2. Satellite Remote Sensing in Problem-Oriented Research

Broadly speaking, and without any pretensions of being exhaustive, it could be argued that
satellite images are used in archaeology in two possible ways: as exploratory tools (aimed at
prospecting the landscape in order to find new sites or features of archaeological interest) or as
part of problem-oriented research (as tools to answer explicit questions about the past). Although this
broad-brush distinction is by no means new [22,24], it is not very clear: finding new archaeological
places of interest can be problem-oriented research in itself, for instance, in the case of heritage
management bodies, whose purpose is precisely to identify and document the highest number of
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archaeological elements in any given area or region [25]. The difference does not imply any hierarchy
at all; both approaches are equally useful and productive, at different levels and with different impacts.
However, they usually imply a different approach to the use of satellite images and involve different
methods and skills.

Exploratory analysis is commonly a general-purpose task, aimed at finding any elements of
potential archaeological interest in a region. Consequently, the traces that are to be detected are
equally varied (crop marks, soil marks, topographical anomalies, etc.). It follows almost naturally
that general-purpose methods, such as visual photointerpretation, which do not require sophisticated
processing of the remote sensing data to provide broad, and rather generic, results, are the best suited
to such applications; on the contrary, any methods tailored to find certain specific proxies using more
sophisticated image processing methods are typically not very good candidates for this [26,27].

It is by no means implied that all the aforementioned general-purpose applications do not
involve any kind of expertise or skills [28]. The point to be noticed here is that, within these
exploratory approaches, satellite images are typically used just like other types of aerial photos,
for visual interpretation. Until recently, the medium to coarse spatial resolution of satellite imagery
(especially when compared with aerial photos) strongly limited its use for visual prospection. Even now,
despite the increasing availability of images with a higher spatial resolution (even those freely accessible
through Google Maps, Bing Maps, and similar sites), it is still true that “satellite reconnaissance is
better suited for mapping large-scale and broad landscape features such as paleochannels or detecting
upstanding monuments in semi-arid environments, while airborne imaging remains the preferred
approach for a detailed study of past geo-cultural activity” [29] (p.5).

In this paper, the focus is placed on the other main use of satellite imagery; spectral analysis.
There are two main reasons which have limited the use of satellite spectral analysis in archaeology.
Firstly, there is, again, an issue with the spatial resolution of most satellite imagery, which is insufficient
to single out the marks of many individual archaeological features. The development of high-spatial
resolution sensors has alleviated this limitation to some extent, although the limited spectral resolution
of these spatially detailed sensors comes as an unavoidable drawback [22]. Secondly, and perhaps
more importantly, there are no general-purpose methods for analysing the spectral information of
satellite imagery, because this task is highly dependent on the characteristics of the specific target
elements and on the characteristics of the surrounding landscape.

In any case, there are some good examples that prove that, when the conditions are right, remote
sensing can fill relevant gaps in archaeological research. It is not surprising that the best examples of
this synergy are those related to the delimitation of environmental variables which can be informative
of economic or social practices in the past, especially those related to geological and soil mapping.
As B. Vining pointed out a few years ago that “while environmental mapping was one of the earliest
applications of archaeological remote sensing, the focus on site detection has shifted attention away
from this area. Using spectral data to delimit environmental variables is the strong suite of remote
sensing” [22] (p. 493). Different examples prove the usefulness of using satellite imagery for the
analysis of environmental factors in relation to archaeological problems, such as the development of
early agricultural practices [30]; the identification of patterns of settlements and paths [31]; or, similar
to our case study, the detection of sources of raw stone material [32].

While such approaches might be equally feasible in any context, the existence of a good state
of preservation and visibility of the archaeological evidence is always a factor that increases the
chances of a successful remote sensing approach. In this respect, arid regions typically rank very high,
since the absence of dense vegetation allows for a more direct observation of the properties of the
soils. A first obvious benefit comes when satellite imagery is used for visual interpretation [33,34].
However, spectral analysis also benefits from the absence of dense vegetation. South America, or at
least those large parts of it occupied by arid or semi-arid landscapes, represents a geographical
context which can be especially suited to these kinds of approaches: the existence of large areas with
very low population densities, both in the present and in historical times, implies a low amount of
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human-induced alteration of the landscape, thus resulting in a reduced level of “noise” detectable
through satellite images. Furthermore, many of these areas are geomorphologically very stable,
an aspect which also increases the value of remote observation for the interpretation of past patterns.
Finally, and more importantly, these largely unpopulated areas usually pose significant difficulties for
traditional archaeological recognition due to their vastness, difficult access, and poor communication
(which, for instance, limits the use of GPS and similar devices). All this suggests that spectral analysis
of satellite imagery has great potential to be applied in many areas of arid and semi-arid South
America, but at the moment, there are few examples of its application in the region [35], particularly if
only those cases that go beyond the not-so-uncommon visual interpretation of satellite imagery are
considered [36,37].

The increasing availability of free imagery represents a good opportunity to move forward and
take advantage of the potential benefits of a problem-oriented use of satellite remote sensing in this
region. The case study presented in the following sections attempts to illustrate this in practice.

3. Introduction to the Case Study: Research Problem and Background

3.1. Lithic Procurement Strategies in Hunter-Gatherer Societies

Land-use patterns and, particularly, lithic procurement strategies, have long been major
topics in the archaeological research of ancient hunter-gatherer societies [11–14,38,39]. In particular,
the procurement of high-quality stone (the concept of high quality rocks, as it is used here, stands for the
ease of a given lithic raw material for controlled knapping [14], and also for the functional requirements
that the artefacts made of such raw material have to meet to achieve their intended use, for instance,
in terms of edge strength, requirements that usually prompted the selection of cryptocrystalline
toolstone like chert, chalcedony, flint, and jasper in prehistoric times [10,40]) has been considered a
key aspect in the technological organization of these kinds of groups and an activity that affected,
in diverse and complex ways, the configuration of their settlement and mobility patterns [13,39–41].

The geological occurrence of the most suitable rocks for tool manufacturing is manifested unevenly
across the landscape, and there is normally a strong discordance between the spatial distribution
of critical subsistence resources and these natural deposits of raw material [10,13,14,39]. Therefore,
hunter-gatherer societies had to develop strategies to ensure the availability of adequate toolstone raw
materials in the locations where they were required for subsistence activities [13,42,43], investing, in
some cases, considerable time and effort in their procurement [12,13,44].

In desert areas such as the Atacama, this discordance is manifested as a stark contrast between the
coastal environments, rich in biotic resources, where local hunter-gatherer-fisher communities settled,
and the vast barren landscape of the Central Depression, profuse in high-quality lithic resources,
where only ephemeral occupations were possible [45–50]. The technological organization of those
communities relied heavily on high-quality non-local chert, which comprises between 83% and 95%
of the coastal lithic assemblages documented for the period 11,500–1,500 cal. BP [51]. To sustain that,
these groups had to organize forays taking them between 40–115 km away from their settlement areas
into the hyper-arid core of the Atacama Desert [45,46,48,52–54].

Material evidence for these logistic forays is abundant but widely dispersed in the Atacama
Central Depression, just like the chert-bearing geological formations [46,48,53,54]. This scenario
imposes challenges for traditional archaeological methodologies, mainly due to the cost in time and
human resources that the systematic study of these contexts demands and the extremely complex
practical conditions for fieldwork.

In order to deal with these limitations, different research techniques need to be integrated in
innovative ways, providing access to the cumulative and continuous expression of the lithic record
across space on an appropriate geographical scale [15–18,40,42].

The Atacama Desert, and particularly its hyper-arid Central Depression, has been geologically
stable since the end of the Pliocene [55–58]. In exchange for its challenging fieldwork conditions,
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this stable, bare earth landscape, offers exceptional conditions for archaeological visibility and
preservation, thus making it an ideal setting for the use of satellite remote sensing techniques [53].

3.2. Satellite Imagery and the Mapping of Lithic Source Areas

Among the multispectral satellite images available with global coverage and free access,
those captured by the Landsat program sensors are among the most widely used in geology and
archeology for lithological mapping [9]. Satellites from NASA’s Landsat program have been in
sun-synchronous orbit since 1972, capturing scenes from the earth’s surface with a coverage of
185 × 185 km per single image (USGS). Their sensors provide a moderate spatial and radiometric
resolution, covering the visible and near-infrared (VNIR) range with a resolution of 15 to 60 m and
also, from the Landsat 4-5 mission onwards, the Thermal Infrared (TIR) range with resolutions of 60 to
120 m.

The wide distribution of their bands in the electromagnetic spectrum makes Landsat images one of
the most versatile tools for remote sensing studies in diverse landscape conditions [59]. The geological
remote sensing community makes use of them extensively for lithological and mineralogical mapping,
especially since the advent of the Landsat Thematic Mapper (TM) sensor [9], following the precept
that reflectance characteristics of the different lithological classes (rocks or soil types) are primarily
derived from the presence and relative proportion of their mineral components [60,61].

For lithological discrimination, specifically in zones with mineralogical alteration, Landsat bands
are commonly combined in RGB composites and are subject to digital enhancement techniques, such as
band-ratioing, principal component analysis (PCA), and supervised classification [9]. In general,
bands within the visible to SWIR (or VNIR) range (0.4–2.3 µm) are selected for these tasks, due to the
presence of diagnostic spectral features of certain minerals, such as clays, carbonates, and iron oxides,
which allow zones with hydrothermally altered rocks to be differentiated from those with unaltered
rocks [7,9,62].

Archaeological studies on local and regional scales have successfully exploited some of these
enhancement techniques in Landsat images for the detection of ancient lithic source areas. A few
examples can illustrate this. Carr and Turner [19], in a pioneering study within this line of
research, combined field studies, laboratory analysis, and satellite remote sensing on Landsat 5 TM
images to locate prehistoric quarries in the Horse Prairie region, in the southwest of Montana,
United States. Using “ground truth” data provided by reflective spectroscopic analysis of field
samples, these researchers identified distinctive spectral profiles for chert weathered outcrops and
soils with dispersions of rocks extracted from these outcrops. The spectral data was incorporated into a
supervised classification within which the adjacency of pixels assigned to these two types of deposition
contexts proved to be indicative of the location of ancient chert quarries, which had previously been
unknown [19].

More than a decade later, Rosendahl (2010) used Landsat 7 ETM+ VNIR bands for a principal
component analysis, in conjunction with pedestrian surveys in the Troodos foothills, Cyprus, as training
data for a supervised classification. This work identified potential chert-bearing areas within the
Lefkara geological formation and was used for the design of targeted pedestrian surveys.

A more recent example is that of Cattáneo, et al. [63] who demonstrated the succesfull
identification of potential prehistoric lithic sources using Landsat 7 VNIR bands in the northeast
of the Province of Santa Cruz, in Argentina.

The aforementioned references seek to highlight the relevance and potential of the integration
of satellite remote sensing tools for lithic landscape archaeological research. In the following section,
the guidelines of a multidisciplinary research strategy benefitting from this integration for the
reconstruction of the Southern Atacama prehistoric lithic landscape are detailed.
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4. Study Area: Physical and Archaeological Setting

The study area extends between 24.6◦ and 26◦ S, comprising the southern part of the Atacama
Desert, and stretches from the Pacific coast to the foothills of the Andes, a transect of ca. 150 km.
This area of 22,500 km2 lays within the southern portion of the Antofagasta region, Chile, and is
characterized by a complete lack of perennial streams and great altitudinal contrast (Figure 1).Remote Sens. 2019, 11, x FOR PEER REVIEW 6 of 28 
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higher-level Andes and the Altiplano [64]. 

On the coast, facing the rich and diverse marine ecosystems of the Pacific [65], dense fogs 
sustain isolated plant communities of the lomas formation, which attract minor fauna species [66]. 
Fresh water is available from small springs along the litoral platform and in the neighboring coastal 
range, fed by occasional coastal rains related to ENSO events [67,68]. The cliff-like Cordillera de la 
Costa, with peaks of 2,000 m.a.s.l., blocks the eastward advance of the coastal fogs and, together with 
the cold oceanic Humbold Current and the rain-shadow effect of the Andes, intensifies the 
hyper-arid conditions of the Central Depression [55,69]. In this 70 km wide Central Valley, with its 
vast plains, isolated hills, and low-altitude ranges, rainfall averages less than 1 mm per year, solar 
radiation is extremely high, and strong thermal oscillations occur throughout the day [56,69]. Plant 
and animal communities are minimal here and are restricted to the scarce and widely scattered 
locations around groundwater outcrops [70]. To the east, the streams and wetlands of the Cordillera 
de Domeyko and the upper Andes offer a relative abundance of water resources, animals, and plants 
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The extreme and long-standing aridity of the Central Depression [55,56,69,71], except during 
phases of relatively more humid conditions [72–76], has always hindered stable human occupation. 

Figure 1. (a) Map of South America, red box indicates the extent of (b) altitudinal map showing
the location of the absolute desert in northern Chile (hatched polygon), main cities (black dots), and
perennial streams (blue lines). Red box in (b) corresponds to the map of study area (c) with the main
topographic features and occasional streams (dashed blue lines); (d) panoramic view of the coastal
platform and cliffs; (e) panoramic view of the absolute desert of Taltal.

The main relief features correspond to, from west to east, a narrow litoral platform, a steep coastal
range (Cordillera de la Costa), a longitudinal central valley or Central Depression, the foothills of the
Andes (represented in the area by the Cordillera de Domeyko) and, finally, the higher-level Andes and
the Altiplano [64].

On the coast, facing the rich and diverse marine ecosystems of the Pacific [65], dense fogs sustain
isolated plant communities of the lomas formation, which attract minor fauna species [66]. Fresh water
is available from small springs along the litoral platform and in the neighboring coastal range, fed by
occasional coastal rains related to ENSO events [67,68]. The cliff-like Cordillera de la Costa, with peaks
of 2,000 m.a.s.l., blocks the eastward advance of the coastal fogs and, together with the cold oceanic
Humbold Current and the rain-shadow effect of the Andes, intensifies the hyper-arid conditions of
the Central Depression [55,69]. In this 70 km wide Central Valley, with its vast plains, isolated hills,
and low-altitude ranges, rainfall averages less than 1 mm per year, solar radiation is extremely high,
and strong thermal oscillations occur throughout the day [56,69]. Plant and animal communities are
minimal here and are restricted to the scarce and widely scattered locations around groundwater
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outcrops [70]. To the east, the streams and wetlands of the Cordillera de Domeyko and the upper
Andes offer a relative abundance of water resources, animals, and plants [70].

The extreme and long-standing aridity of the Central Depression [55,56,69,71], except during
phases of relatively more humid conditions [72–76], has always hindered stable human occupation.
Accordingly, settlement patterns have historically been anchored to the coastal environments, which are
richer in biotic resources [45,47,50,77,78].

Nevertheless, the vast wealth of high-quality rock in the Central Valley has attracted
sporadic, but recurrent, occupations by the coastal inhabitants of the Atacama for over 10,000
years [45–48,52–54,78]. The abundance of sedimentary microcrystalline and cryptocrystalline silicates,
or chert [79], throughout the area is explained by the presence of several spatially restricted
hydrothermal alteration zones, which mainly developed in rocks of the Chile-Alemania Formation,
part of a continental volcanic chain of the Palaeocene-Middle Eocene age [80]. Igneous rocks intrude
this Formation (e.g., quartziferous, tonalitic, and granodioritic porphyries) and, due to the action of
geothermal systems, they have gone through silicification, argillization, and propylitization processes
of variable intensity and extension [80,81] (Figure 2).
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Figure 2. (a) Map of the study area showing the main geological formations within the Central
Depression (dashed blue lines), hydrothermally-altered zones (black hatched polygons), and chert
source areas (yellow squares), data from 1:1,000,000 geological map [82]; (b) and (c) source area of
Pampa Yolanda Norte (b) and Pampa Altamira (c), showing associated geological formations and
hydrothermally-altered zones (pink dotted polygons), data from 1:250,000 geological maps [80,81];
(d) and (e) panoramic views of Pampa Yolanda Norte and Pampa Altamira, respectively.
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Chert source areas occur in the Central Depression as outcrops in hydrothermal alteration zones
predominantly associated with the Chile-Alemania Formation, but also as secondary geological
deposits in the overlying Gravas de Atacama Formation (Oligocene-Miocene) and in modern
(Pleistocene/Holocene) alluvium and colluvium deposits [80,81]. The detritus flows of the latter
formations fill low reliefs covering large areas in the Central Valley, where chert nodules carried from
different outcrops abound [53,54].

The very low deposition rates documented in the area for the last 10 ka [55,56,69] and the very
limited erosion processes during post-Pliocene times [83,84] define a mostly stable landscape in
which primary and secondary deposits of chert, as well as evidence of their prehistoric exploitation,
are exceptionally well-preserved in old and continuously exposed surfaces (the erosion and incision
processes related to rain episodes during post-Pliocene humid phases have been limited to fluvial and
alluvial features of a small scale [56,58,83]. Thus, the major geomorphological features between the
foothills of the Andes and the coastal range, and the archaeological evidence located on them, have
remained mostly unchanged [58,64,84]). This offers a perfect setting for the archaeological research of
ancient lithic procurement systems through distributional large-scale approaches.

5. Materials and Methods

The methodological strategy proposed by this study integrates techniques from archaeology,
geography, and geology. In order to reach its full potential, this approach requires the implementation
of a series of linked work stages and specialized analysis techniques. In the following sections,
the stages executed to date are presented sequentially, while those that are still in progress will be
considered in the Discussion and Conclusions sections.

5.1. Construction of a Georeferenced Database

As an initial step, a baseline georeferenced database was constructed in QGIS®. This database
included cartographic baseline data at a 1:50,000 scale, acquired from the Military Geographic Institute
of Chile (IGM), and freely accessible hydrology, ecology, and topography (ASTER GDEM) geospatial
data. The geological maps available for the area at a 1:250,000 scale [80,81] were also digitized and
georeferenced in this GIS database.

Using online search tools from the Chilean Environmental Assessment Service (SEA) website,
the existing CRM reports containing archaeological data for the interior desert (the area between the
coastal range cliffs and the Andean foothills) were identified. The information they contained regarding
prehistoric sites and finds was organized and standardized using a tabular database including the
following data fields:

• UTM coordinates (WGS84 datum)
• site category
• horizontal extension (area)
• type and number of lithic artefacts recorded
• type of lithic raw materials recorded

This database also included the archaeological findings made by the research team in preliminary
inspections of the area (see Figure 3 in Section 6.1. Details of the different datasets used in this research
are presented in Supplementary Table S1).

5.2. Satellite Image Analysis

The second stage involved the acquisition, pre-processing, and study of Landsat 8 multispectral
satellite images using QGIS. Four scenes were needed to cover the study area. These scenes were
downloaded with minimum cloud cover (less than 3%) and pre-processed using the Semi-Automatic
Classification Plugin (SCP, version 6) in QGIS. The pre-processing operations included atmospheric
correction, application of the DOS1 method to the blue and green bands, and conversion to surface
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reflectance values of the six spectral bands (bands 2 to 7) of the Landsat 8 OLI sensor, corresponding to
a spectral range between the VIS and SWIR (0.45 and 2.35 µm).

After pre-processing, the Landsat scenes were assembled in a mosaic, from which a polygon of
22,500 km2 (ca. 150 × 150 km) of the study area was extracted as a subset. This subset, with a 30 m
spatial resolution and six spectral bands, constituted the base dataset on which the subsequent analyses
were conducted by applying basic image enhancement techniques for their visual interpretation.

False-color RGB composites were generated using different band combinations to highlight
geological features. This first approach sought to produce a color image with optimal conditions for
geological interpretation at a regional scale, by testing various combinations of Landsat SWIR, NIR,
and VIS bands, which included RGB composites suggested by other studies to highlight geological
features in arid and semi-arid environments [7,85,86].

Band-rationing techniques were used to suppress variations in the reflectance of the scenes
due to topography and grain-size variations, emphasizing differences in the spectral reflectance
curves which favor the discrimination of mineral clusters that cannot be seen clearly in single-band
examination [6,8,87,88]. Different Landsat band ratios recognized for their utility in mapping
hydrothermal alteration zones [7,9,85,86] were tested in RGB false-color composites to enhance the
visual discrimination of chert primary and secondary deposits associated with this kind of alteration
zone. Finally, a third processed image was obtained from a PCA, with the aim of (1) reducing the
redundant spectral data contained in the different Landsat bands to a limited set of new uncorrelated
principal components (or PCs) [89] and (2) enhancing the subtle spectral information of new principal
component images related to characteristics of lithic raw material that may not be noticeable in original
bands’ composition. The eigenvalues and eigenvector matrix of the PCA were examined and, together
with the generated PCs, various RGB combinations of principal components were tested to identify
potential chert-bearing geological formations.

5.3. Archaeological Fieldwork

Integration of the data from the two previous stages allowed us to (a) identify certain trends
in the spatial organization of the archaeological record and the geology of the area, and (b) define
spatially restricted zones of interest for targeted pedestrian surveys. To facilitate the detailed study
of these zones, two polygons of 1 × 30 km were selected as sampling zones and placed in order to
cover two segments (the Western and Central Segments), which the baseline data signalled as relevant
for the lithic provisioning dynamics within the study area [53,54]. Both segments make up an almost
continuous altitudinal transect (with a gap of 10 km) covering the interior desert from 12 to 82 km
east of the coastline and rising from 930 meters above sea level, in the lower reaches of the Cascabeles
ravine, up to 2,275 meters above sea level in Pampa Flor de Chile, in the middle portion of the Central
Depression (see Figure 7 in Section 6.3).

This strategy sought to generate a cross-sectional view of the coastal lithic supply systems
deployed in the hyper-arid lands which extend between the coastal range and the western slopes
of the Cordillera de Domeyko. For this purpose, the Western Segment of the survey transect was
located in one of the main natural routes connecting the coastal platform with the Central Depression.
In turn, the Central Segment was placed in the core area of the Central Valley, an area highlighted
by preliminary studies as having a greater presence of actual and potential chert source areas [53,54].
The design of these segments avoided crossing areas heavily intervened by historic nitrate extraction
operations and excluded, as far as possible, areas which had already been subject to archaeological
survey by CRM projects.

The two survey polygons were traversed by parallel transects of west-east orientation,
regularly spaced at 100 m intervals (the distance of 100 m between transects responds to a compromise
between survey intensity and spatial coverage. This methodological decision considered the excellent
archaeological visibility of the interior desert, which is favored by the complete absence of vegetation
cover and the predominance of flat terrain.). The archaeological finds along these transects were
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positioned with handheld GPS devices and their main features recorded as field notes and by digital
photography. Additionally, specific archaeological studies were conducted in a targeted manner in
discrete areas outside of the survey segments, areas that had been signalled by the baseline data
previously collected as potential chert sources.

5.4. GIS Integration

This last stage involved updating the GIS database with the new archaeological field data
provided by the systematic pedestrian surveys. When integrated with the baseline information
gathered from the available sources and generated by satellite remote sensing techniques, this detailed
field data facilitated the assessment of the results of the remote sensing approach, in terms of both
the geological (discrimination of types of chert) and geographical (size and location of the sources
identified) resolution. All in all, this helped to gain a more thorough vision of the Southern Atacama
lithic landscape.

The capabilities of GIS for data integration were exploited in this stage specifically as a means for
assessing the accuracy of the remote sensing results by confronting them with the data provided by
the conventional 1:250,000 geological maps, in addition to the archaeological field data contained in
the “grey literature” and gathered during the aforementioned field studies.

Managing multiple information sources collected at different spatial resolutions is an unavoidable
task in the reconstruction of ancient lithic landscapes [18], and GIS have greatly assisted this process in
archaeological studies that range from local [90–92] and regional [18,93] to macro-regional scales [94].

6. Results

6.1. From the “Grey Literature” to the GIS Database

The review of the SEA database found 15 reports containing data of prehistoric archaeological
findings within the interior desert. These findings were identified through systematic surveys in
various patches of land comprising an area of ca. 390 km2 [54]. The 1,193 records obtained from these
sources were complemented by 37 new archaeological sites detected during preliminary inspection of
the main ravines that dissect the Central Depression and the coastal range.

These 1,230 points of archaeological interest were systematized and integrated into the GIS
geo-referenced database. All of them consist of locations with surface lithic scatters, only occasionally
(3.3% of the records) associated with the remains of circular stone structures of very low architectural
investment. The lithic categories reported in these locations are nodules, cores, hammerstones, flakes,
and debris. Macroscopically diverse chert varieties, described as flint, chalcedonies, jaspers, and
quartz, are the dominant raw materials (97.8% of records). Non-siliceous and coarse-grained silicified
raw materials (quartzite, andesite, basalt, and tuff) are markedly less represented, occurring at a low
frequency in assemblages with chert (in only 12 locations) and in 24 locations exclusively (2.2% of
records) (Figure 3).
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Figure 3. DEM of the study area showing the points of archaeological interest of the interior desert
(green dots), the limits of the Central Depression (orange lines), and occasional streams (blue lines);
(b) to (f) material assemblages of ephemeral prehistoric occupations in the core of the Atacama Desert.

The baseline data recovered from the “grey literature” and our initial inspections of the area
allowed us to obtain an overview of the archaeological record of the interior desert. These georeferenced
data, when incorporated into the GIS database with other thematic layers, provided key information
for evaluating the potential of satellite remote sensing techniques, as will be described below.
GIS integration of the results of these different lines of work was crucial for the planning of systematic
fieldwork focused on specific areas of interest, the main results of which are presented in Section 6.3.

6.2. Satellite Remote Sensing the Lithic Landscape

In this subsection, the main results of the spectral analysis techniques applied to Landsat 8
multispectral imagery are summarized. More details about this preliminary analysis, including the use
of complementary techniques of digital interpretation (material mapping and supervised classification),
can be consulted in [53].

6.2.1. Band Combinations

Different band combinations were tested with the pre-processed Landsat 8 image of the study
area, with the false-color composite of 7-6-2 (RGB) providing a greater visual contrast of the actual and
potential chert-bearing geological formations. These formations are highlighted in light green, showing
spatial correspondence with hydrothermal alteration zones registered in the geological 1: 250,000
charts [80,81], as well as with the two source areas of this raw material detected in preliminary field
inspections (Pampa Yolanda Norte and Pampa Altamira). Meanwhile, the surrounding environment
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is dominated by two other shades: blue, mainly in the area of mountains and plains of the Central
Depression, and yellow, which generally coincide with the mountain ranges of both the coastal range
in the west and the Cordillera de Domeyko in the east (Figure 4).
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Figure 4. Landsat 8, bands 7-6-2 (RGB) false-color composite. Potential and actual chert source areas
are highlighted in light green, and hydrothermally-altered zones are shown as black hatched polygons.

This first composite allowed us to observe a pattern of grouping of potential chert-bearing
lithological units within the Central Depression, which broadly coincide with the location of the main
hydrothermal alteration zones mapped on the geological charts. In the northern section of the Central
Depression, the somewhat dispersed group formed by Cerro Punta Amarilla (Pampa Yolanda Norte),
Pampa José Antonio Moreno, and the Inesperado and Buenos Aires hills stands out. In the southern
section, the Veraguas, Guanaco, and Morros Blancos hills, together with Pampa Altamira, form a more
compact grouping of extensive areas with the possible presence of chert-bearing deposits, together
with other minor hydrothermal alteration zones towards the east.

6.2.2. Band Ratios

Band ratios reported as informative in identifying hydrothermal alteration zones with Landsat
scenes [6,7,9,85,86] were calculated and manipulated in the RGB guns of QGIS to determine the most
appropriate combinations to effectively distinguish the lithological units of interest. The composite
of ratios that best highlighted the spectral features of the different soil covers of the study area was
R = 4/2, G = 6/7, B = 5 [9,86] (Figure 5).
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Figure 5. Landsat 8, band ratio 4/2-6/7-5 (RGB) false-color composite. Potential and actual chert
source areas are highlighted in light green, and hydrothermally-altered zones are shown as black
hatched polygons.

The band ratios generated improved the results obtained with band combinations. By accentuating
differences of reflectance indicative of certain mineral groupings, the main geological formations of
the Central Depression and the chert deposits that occur in this specific sector of Southern Atacama
stand out. Ratio 4/2 (red) foregrounds continental volcanic sequences, which in the case of the
Central Depression, are mainly represented by the Chile-Alemania Formation. Band 5 (blue) targets
the calcareous and saline soils that form part of modern alluvial and colluvial deposits. The older
alluvial/colluvial deposits of the Gravas de Atacama Formation appear in magenta, as they are mainly
composed of detritus flows which carry clasts from the underlying Chile-Alemania Formation [80]
and are mixed, when reaching lower grounds, with modern alluvial/colluvial deposits. Finally,
ratio 6/7 highlights potential and actual chert-bearing deposits, which are clearly contrasted in a light
green color against the predominantly magenta and blue background (further details under Section 7.
Discussion).

6.2.3. PCA

The third, and final, processed image was obtained from a PCA. PC 1 comprises 99.99% of the
variance, which suggests that most of the variability in the Landsat scene is common to all the bands.
The other subsequent components, although they represent only the remaining 0.00006% of variance
in the data, enhance subtle spectral features of the original scene, which are useful for the mapping of
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chert-bearing formations. The selection of PCs was made by examining the eigenvector matrix (Table 1),
which showed contrasting relations between original bands and PCs. In this case, the combination of
PC 5, 4, and 2 in the RGB guns turned out to be the most suitable for differentiating the lithological
units of interest, contrasting strongly in intense magenta the actual and potential chert source areas on
a background dominated by green and light green tones (Figure 6).

Table 1. Eigenvector matrix of Landsat 8 VNIR bands PCA.

Eigenvector/PC PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

Eigenvector 1 0.170988 −0.451865 −0.62058 0.0738699 0.521468 0.322607
Eigenvector 2 0.277532 −0.446888 −0.314157 −0.111879 −0.43326 −0.651415
Eigenvector 3 0.374354 −0.396037 0.301608 −0.0688847 −0.478003 0.61548
Eigenvector 4 0.44429 −0.246103 0.60082 0.115229 0.526232 −0.301425
Eigenvector 5 0.574989 0.480726 −0.166831 −0.63249 0.0927344 0.0425876
Eigenvector 6 0.474966 0.384187 −0.190792 0.750972 −0.162328 0.00979504
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The PCA image yielded information which conforms with the band combination and band ratio
RGB composites, in terms of the location of potential chert-bearing geological formations within the
study area, a fact that is consistent with the archaeological and geological baseline data.

The integrated results of all these spectral analyses and the fieldwork detailed below, will be
addressed in the Discussion section.
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6.3. Stepping Inside the Core of the Atacama Desert

The pedestrian surveys covered 77 km2 (39 km2 in the Western Segment and 38 km2 in the
Central Segment) and resulted in the identification of a total of 1,517 points of archaeological
interest. These correspond to locations with superficial lithic scatters, ranging from bounded and
small low-density loci to large and diffuse areas composed of several lithic foci with a variable
density. The lithic assemblages of these contexts reflect different stages of the reduction sequence of
macroscopically diverse types of chert, the dominant raw material in 97.5% of the cases, and the only
material documented in 85.5% of the cases. In turn, non-siliceous and coarse-grained silicified rocks
(andesite, basalt, ignimbrite, sandstone, quartz, rhyolite, and tuff) comprise the only raw material in
only 2.6% of the points.

In the Central Segment, with very few exceptions, only evidence of the primary processing of
chert nodules was identified, including the production of bifacial cores and matrices (2.6% of the
records). The intermediate and advanced stages of these raw material reduction sequences were
predominantly documented in the Western Segment. This is consistent with the presence in the Central
Segment of chert source areas and with the availability of a natural corridor (the Cascabeles and
Portezuelo ravines) in the Western Segment, through which the reduction of chert pieces from the
Central Depression sources to the coastal base and task camps took place (Figure 7).
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Figure 7. DEM of the study area showing the occasional streams (blue lines) and the locations with lithic
scatters (yellow dots) recorded in the Western Segment (pink polygon) and Central Segment (light blue
polygon) during systematic pedestrian surveys in the interior desert. Red box in (a) corresponds to a
natural color composite (b) showing the Western Segment (pink polygon) and the archaeological finds
(black circles) with their density per hectare. Blue box in (a) corresponds to a natural color composite
(c) showing the Central Segment (light blue polygon); the archaeological finds (black circles) with their
density per hectare; and the chert source areas Pampa Flor de Chile West, Center, and East (red circles).
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In Pampa Flor de Chile (Central Segment), three new chert source areas were identified,
which were named Pampa Flor de Chile West, Center, and East (PFC-W, PFC-C, and PFC-E). In the
Western Segment, no source areas of this raw material were recorded, only low-density scatters of
macrocrystalline quartz at the headwaters of the Portezuelo ravine.

The three chert sources in Pampa Flor de Chile can be added to those previously recorded in
Pampa Yolanda Norte (PYN) and Pampa Altamira (PA), and to another chert source signalled by CRM
reports and confirmed by the targeted field inspections (Arbiodo West or ARB-W), making a total of six
main chert source areas. Focused archaeological and geological studies were conducted to characterize
all these lithic sources and to collect “ground-truth” data for further studies, which are introduced as
ongoing research lines in the following sections.

7. Discussion

The GIS integration of the data generated by the aforementioned analytical stages enabled us
to obtain, with a low level of investment in terms of time and resources, an overview of the lithic
landscape of this inland and little-studied portion of Southern Atacama. Although this is a preliminary
and still coarse-grained approach, it has allowed us to corroborate certain aspects of interest, referred to
in previous archaeological and geological studies, and to design strategies for systematic and focused
fieldwork in a vast and harsh study area.

The different lines of evidence condensed in this investigation indicate that chert source areas
are clearly clustered in the Central Depression, at linear distances between 40 and 80 km away from
the modern coastline. None of these lithic procurement areas are found on the western flank of the
study area (coastal platform and coastal range), with the exception of some of the deposits which
comprise the large source of Pampa Yolanda Norte, a source located on the border between the coastal
range and the Central Valley. On the eastern flank of the study area, which includes a portion of the
western foothills of the Andes (Cordillera de Domeyko), chert only seems to be available in smaller
and scattered deposits.

The absence of high-quality chert in the coastal platform and in the coastal range is consistent
with the results of geological, petrographic, and geochemical studies, which report a predominance of
intrusive rocks and, to a lesser extent, metasedimentary rocks in the coastal range between Taltal and
Paposo [95]. This is a trend that characterizes the geology of this relief feature throughout the study
area [80,81].

In the Andean foothills, as in the coastal range, hydrothermally-altered zones are scarce and
widely scattered [80]. This is in line with the results of the remote sensing techniques deployed in this
study, which show only faint traces of potential chert-bearing formations in both areas.

The spatial organization referred to above for the chert source areas is coherent with the
archaeological record available for different sectors of the Southern Atacama, which points to
a concentration in the Central Depression of the deposits of siliceous rocks accessed by local
hunter-gatherer-fisher groups [46,48,50,53]. It has been suggested that this spatial configuration
of the Southern Atacama lithic landscape was part of a broader regional pattern, within which
the siliceous deposits, located at an average distance of 80 km from the coast, form an extensive
system of approximately 800 km throughout northern Chile’s Central Valley [48]. Techno-functional
and lithic reduction sequence analyses carried out in both coastal and interior prehistoric contexts
support this idea, by signaling the presence of primary exploitations of chert nodules in the Central
Depression and a marked predominance of small-sized flakes, mostly with no cortex, in the coastal
assemblages [46–48,50,52,96].

Chert source areas in the Central Depression of the study area comprise primary and, especially,
secondary, geological deposits. The outcrops are found, in most cases, in direct spatial association
with (or close proximity to) hydrothermal alteration zones, mapped in the geological charts as part
of the volcanic sequences of the Chile-Alemania Formation [80,81]. Nodules from these outcrops are
carried by alluvial/colluvial deposits to distances of up to 15 km. [53,54]. It is in these large detritus
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flows that locations of chert primary exploitation are most commonly recorded across the Southern
Atacama [46,52–54].

The analysis of the multispectral Landsat images provides a significant advantage over the
conventional 1:250,000 geological charts [80,81]: they do not only allow the main areas of hydrothermal
alteration within the study area to be clearly highlighted, but they also bring about the possibility
of distinguishing smaller areas with either primary or secondary deposits of this lithic raw material.
This point will be demonstrated with three examples that compare the geological and geographical
resolution of the 1:250,000 geological charts with the one obtained by remote sensing techniques.
When available, the location of archaeological finds documented in CRM reports and by the preliminary
inspections and systematic surveys conducted as part of this study, are included to show the
aforementioned spatial relation of prehistoric lithic processing contexts and the chert deposits detected.

The first case (previously unknown primary deposits of chert) is illustrated by the Pampa Altamira
source area, a single and relatively discrete primary outcrop (ca. 2.7 × 1.5 km), the nuclear area of which
covers lands assigned in the geological charts to the Gravas de Atacama Formation [82]. This deposit,
despite being located not far from a hydrothermal alteration zone mapped in the geological charts, is
not identified as such. Band combination 7-6-2, as well as the band ratio composite and PCA image,
are able to clearly show it as a chert-bearing lithological deposit (Figure 8a,b).
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Figure 8. Comparison of 1:250,000 geological maps (a,c) [80,81] and processed satellite images: (b) 7-6-2
(RGB), and (d) PCs 5-4-2 (RGB), showing the geographical setting of chert source areas: (a,b) Pampa
Altamira; (c,d) Pampa Yolanda Norte and Arbiodo West.
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A good example of the second case (previously unknown secondary deposits of chert) can be
found in the sources of Pampa Yolanda Norte and Arbiodo West, whose extensive secondary deposits
are included in the geological charts as part of modern alluvial/colluvial deposits [80,81]. The spectral
analysis of the Landsat scenes made it possible to detect both the primary and secondary deposits of
these source areas, with Pampa Yolanda Norte standing out with a higher contrast (Figure 8c,d).

Another example worth mentioning is that of the Pampa Flor Chile East source areas, included in
the geological charts within the Oligocene-Miocene detrital flows which constitute the Gravas de
Atacama Formation [80]. The association of this chert-bearing secondary deposit to its primary source
is not as direct, nor as clear, as in the previous cases. However, the analysis of the satellite images
allows us not only to identify it as a secondary chert deposit, but also to infer a possible connection with
the hydrothermal alteration zones registered 10 km to the northeast, in Cerro Inesperado (Figure 9a,b).
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Figure 9. Comparison of 1:250,000 geologic map (a,c) [80] and band ratio 4/2-6/7-5 (RGB) false-color
composite (c,d), showing the geographical setting of chert source areas: (a,b) Pampa Flor de Chile East;
(c,d) Pampa Flor de Chile West and Pampa Flor de Chile Center.

Finally, the source areas of Pampa Flor de Chile West and Pampa Flor de Chile Centre present a
more complex scenario for the interpretation of the processed satellite images. The spectral analysis
only shows a very subtle sign of altered rocks in the secondary deposits of Pampa Flor de Chile
West, assigned in the geological charts to the Gravas de Atacama Formation [80]. Meanwhile, in the
area where the small outcrops of Pampa Flor de Chile Center are located, only traces of possible
hydrothermal alteration zones are detected, which extend over land assigned to the Chile-Alemania
and Gravas de Atacama formations. The low performance of remote sensing techniques to clearly map
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these source areas may have to do with the brief lateral extension of the Pampa Flor de Chile Centre
outcrops (averaging less than 0.5 × 0.3 km) and their location on the boundary of two geological
formations. Furthermore, Pampa Flor de Chile West chert deposits are presumed to be residual,
meaning that the bedrock that originally housed them has been completely eroded [79]. This could
explain the low spectral signal of these secondary deposits, which are thought to be relatively older
and/or more heavily reworked than any others (Figure 9c,d).

The ability to map the chert carrier lithological units shown by the satellite remote sensing
approach adopted in this study is derived from the presence of diagnostic spectral features of hydrous
minerals in the VNIR range (0.3–2.5 um), which can be used as an indicator of hydrothermal alteration
zones [5,6,9]. These hydrous minerals have high reflectance in the 1.55–1.75 um range and high
absorption at 2.08–2.35 um, a fact that explains the sharp contrast achieved by using the SWIR Landsat
bands 6 and 7 in the RGB band ratio composite 4/2-6/7-5 (Figure 10).Remote Sens. 2019, 11, x FOR PEER REVIEW 19 of 28 
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Figure 10. Comparison of: (a) 1:250.,000 geologic map [83]; and (b) 4/2, 6/7, 5 Landsat 8 RGB band
ratio composite for a section in the northeastern portion of the study area. The hydrothermally-altered
zone (green area) corresponds to the Buenos Aires hill.

The near-infrared band 5 helped, in the absence of vegetation cover [97], to highlight
the aforementioned contrast by showing the saline (nitrate-rich) and evaporitic soils, modern
alluvial/colluvial deposits, and the more recently exposed calcareous soils of the hyper-arid Central
Depression in blue. Meanwhile, the 4/2 ratio has the capacity to detect the presence of iron oxide-rich
soils, which can be found in hydrothermal alteration zones [5,6,9], but which also have occurrences
unrelated to them, such as in sedimentary red beds, volcanic rocks, and weathered alluvium [5].

The latter seems to be the case in our study area, where the 4/2 ratio highlights not only the
hydrothermally-altered zones (due to the hydrothermal iron minerals), but also the iron oxide-rich
volcanic sequences of the Central Depression (Chile-Alemania and Augusta Victoria Formations),
which are shown in reddish shades in the band ratio composite. In correspondence to this, the magenta
color in the processed image is presumed to be marking the erosive deposits that originated from those
volcanic sequences, the mantling gravels of the Gravas de Atacama Formation, deposits that become
progressively mixed with modern alluvial/colluvial detrital flows as they approach the flatlands of
the Central Valley.

The inspection of the PCA eigenvector matrix supports the aforementioned results, since principal
components 4 and 2, used in the PCA false color composite, account for differences between bands 6
and 7, and of these SWIR bands with bands 1 to 5, respectively (Table 1).

The capacity of Landsat VNIR bands to map prehistoric chert source areas is based on their ability
to target alteration minerals which are spectrally active within this range due to the presence of water,
carbonate, sulfate, and hydroxyl groups [6,9,58]. These alteration minerals can be found in the core
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area of hydrothermally-altered zones, which are related to highly silicified chert outcrops in our study
area. However, they can also be traced in the coarse-grained fraction represented by scattered lithic
debris that remains on the surface surrounding ancient chert quarry areas [19]. Even in a low relative
proportion, these freshly exposed rocks can provide a characteristic spectral signal which is useful
for satellite remote sensing studies [19], making the mapping of extensive chert-bearing secondary
deposits possible, as the results here presented show.

Although the visual and digital analysis of Landsat VNIR bands stands out as a great tool for
the initial lithological mapping of a large and understudied area, its scope is limited to providing a
broad-brush pattern of hydrothermal alteration, pointing out geological deposits of possible interest [7].
If a higher degree of geographical and geological resolution is desired, a combined use of VNIR and
thermal (TIR) bands could provide a more detailed approach. This is suggested by recent studies using
Landsat 8 TIR bands (10 and 11) along with VNIR bands to map alteration zones [98] and, especially,
by research projects that take advantage of the SWIR and TIR bands of the ASTER sensor for this same
purpose [99,100].

The greater number and narrower bandwidth of ASTER SWIR and TIR bands when compared to
the ones captured by Landsat sensors offer the possibility of discriminating between minerals that are
associated with phyllic, argillic, and propylitic alteration zones in the SWIR range [100,101], and to
target chert and other siliceous and silicified rock types according to variations in terms of their content
of SiO2 and the crystal structure of silicate minerals, which are reflected in shifts in spectral features
within the 7 to 14 µm TIR range [7,102]. These capacities of ASTER images allow researchers to move
from mapping alteration indices (with Landsat), to the generation of mineral indices, which can be
used in the study of alteration zones, differentiating them by their associated mineral assemblages and
alteration intensity [9].

The procurement, processing, transport, and use of chert in the Southern Atacama configured a
vast and complex lithic landscape. Multiple source areas bearing diverse chert types with overlapping
macroscopic features were exploited across large extensions of land and over long time spans. To cope
with this challenging scenario, the mapping of the potential source areas of the widest possible range
of chert types and the study of the differential distribution of these toolstone varieties in the lithic
assemblages of local base and task camps are considered critical steps [18]. In order to address this,
the accumulated variation within and between the chert types present in the archaeological and
geological contexts of the study area must be examined [79,103–105].

Accordingly, this project’s ongoing research includes the systematic recovery and VNIR and FTIR
reflective spectroscopic analysis [23] of geological chert samples collected in the six chert sources
currently known for the study area, and of chert artefacts (unmodified flakes) selected from two types
of locations: on the one hand, lithic assemblages of five coastal settlements with stratigraphic deposits
dated between 11,500 and 1,500 cal. BP; and, on the other hand, assemblages from surface lithic scatters
of six processing locations recorded during pedestrian surveys conducted by the research team in the
interior desert [53,54]. This approach will enable us not only to confidently source those archaeological
artefacts which fall within the range of variation documented in the six source areas already located,
but also to explore the use of the detailed spectral “ground truth” data provided by the VNIR and
FTIR analysis of these prehistoric chert samples in the remote detection of new potential chert sources
via the digital processing of ASTER L1B images.

To address the interpretation of the Southern Atacama interior desert’s archaeological record
diachronically is a complex task. The very low deposition rates of the area normally prevent the burial
and preservation of organic materials that could be dated with traditional methods. Thus, lithic surface
assemblages are the main, and usually the only, evidence from which archaeological inferences about
the human occupational history of this landscape can be grounded. This fact, together with a static
conception of the paleoenvironmental conditions of this part of the Atacama Desert, has reinforced a
monolithic vision of the area as a geographical barrier and or a territory exclusively used for inter-zonal
mobility and the provisioning of high-quality lithic resources [54].
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In order to challenge the aforementioned vision, the different paleoenvironmental and social
scenarios that could have promoted or restricted more stable and/or intense human occupation in the
core of the Atacama Desert, must be evaluated [54,75,76].

Consequently, the aforementioned approach via VNIR and FTIR reflective spectroscopic analysis
selected artefacts of macroscopically diverse chert types from archaic coastal basecamps for provenance
studies, targeting radiocarbon-dated deposits that represent the six main periods in which the
prehistoric chrono-cultural sequence of the area has been analytically divided [50].

The coastal chert artefacts’ spectral data are currently subject to statistical analysis in order
to assess if their origin corresponds to one of the six source areas under study. Complementarily,
their spectral signature will inform targeted remote sensing techniques to locate previously unknown
potential chert source areas.

On the other hand, technological and morpho-functional analysis of chert artefacts recovered from
the interior desert lithic assemblages will provide valuable information in terms of lithic reduction
sequences and transport strategies to assess technological strategies and site function. Spectroscopic
analysis of these artefacts will yield “ground truth” data to establish hypothetical connections between
the coastal contexts and the interior desert’s chert source areas, connections that will be further explored
by the generation of GIS mobility models.

To complement the abovementioned lines of evidence, the geological and archaeological data
systematically collected in the chert source areas under study, in terms of abundance, distribution,
quality, and size of the “packages” available [18,106], will be incorporated. This final integration
will grant the assessment of shifts in lithic procurement strategies, such as differential access to
the sources, exploitation intensity, raw material selectivity, core reduction, and blank and or tool
production techniques, which can be correlated with changes in the settlement pattern, subsistence,
and technological organization documented along the archaic sequence for the hunter-gatherer
communities of the Southern Atacama coast [45,47,50].

Preliminary results indicate that the archaeological record of the interior desert, in general terms,
conforms to the lithic provisioning models proposed for Atacama [46,48]. A vast dominance of
primary chert processing contexts is recorded in the Central Depression, located to a great extent
in spatial correspondence with chert-bearing alluvial/colluvial deposits. Moving towards the coast,
progressively advanced stages of the reduction of this raw material are found in ephemeral sites
located along the dry valleys of the area, relief features used as natural corridors by local prehistoric
groups. Nevertheless, evidence of other kinds of activities has also been detected in the area, such
as hunting and processing gear (unifacial and bifacial lithic instruments), coastal cobbles with red
pigment, and rock art in small rock panels along the Portezuelo ravine [54,107].

Although recorded in small frequency, this other evidence is added to differences in terms of
architectural investment (e.g. number of circular structures) and artefactual and ecofactual content of
the sites (sea shells and fish bones from the Pacific Ocean, terrestrial faunal remains, and vegetal fibers
from higher Andean floors), to configure a more diverse and dynamic prehistoric setting that needs to
be discussed considering social and ecological processes at a regional scale.

8. Conclusions

The purpose of our case study was to illustrate the capacity of a GIS-based remote sensing
approach to delimit, in an informed and effective manner, the areas of higher potential interest in the
analysis of lithic provisioning systems in extensive and understudied desert landscapes.

The systematization of georeferenced archaeological data contained in the “grey literature” of
CRM projects and its GIS integration with basic, and easily accessible, thematic layers, can make
it possible to gain a panoramic view of the archaeological record of a study area. Complementary,
basic techniques of image manipulation applied to freely accessible multispectral satellite scenes of
a moderate spatial and spectral resolution can contribute towards a rapid acquisition of a general



Remote Sens. 2019, 11, 869 22 of 27

knowledge of the area in terms of the distribution of geological formations potentially carrying lithic
resources of interest.

The large swath width of the Landsat sensors offers the possibility to cover vast extensions of land
by handling only a small number of scenes. This greatly facilitates pre-processing and mosaicking of
Landsat VNIR bands, which can be done with user-friendly tools and plugins in open source software,
such as QGIS. This same software allows for the visualization and analysis of multispectral images,
easily integrating satellite remote sensing data in a georeferenced database with different thematic
layers. The coarse-grain pattern of lithic resource availability that this GIS-based approach provides
helps to target spatially restricted areas of interest for archaeological fieldwork and, also, informs about
the type and number of additional satellite images with a higher spatial and or spectral resolution that
could be purchased, if the mapping of geological deposits bearing more specific types of lithic raw
materials is a desired goal.

This case study illustrates the usefulness of satellite remote sensing analysis of Landsat images
to complement the information available in basic geological charts with data of a finer and more
appropriate spatial resolution. This can be used for the mapping of lithic resources, such as
chert, which were of great relevance in the technological organization of prehistoric hunter-gatherer
populations in different parts of the world.

The research strategy deployed provides new data regarding the availability and distribution
of high-quality primary and secondary chert deposits in a large portion of the Southern Atacama.
Such data offers a solid basis when facing the complex task of reconstructing the archaic lithic landscape
of the area.

Other lines of research are currently being developed in order to access higher levels of geological
and geographical resolution in the survey of the regional structure of lithic resources, and to link the
data obtained in the different chert source areas studied with the large bulk of archaeological evidence
gathered for the interior desert and the arheic coast of the Atacama in this, and previous, research.

Provenance studies using VNIR and FTIR reflective spectroscopic analysis will make it possible
to trace the source areas of chert artefacts from archaic coastal deposits and superficial hinterland
contexts. More sophisticated remote sensing techniques, applied to the higher spectral resolution
ASTER satellite images, will assist in refining the lithological mapping of the study area and tracking
new potential chert sources. Furthermore, GIS models will be explored to model the main mobility
basins through which archaic coastal settlements were connected with the chert source areas of the
Central Depression. Finally, the processing of geological and archaeological data systematically
recovered from the six source areas studied up to now, will enable a more thorough evaluation of
the socio-ecological factors which may have influenced differential access to the chert sources of the
Southern Atacama in prehistoric times.

To sum up, the reconstruction of the lithic landscape requires the innovative integration of
analytical techniques developed by different disciplines. This integration is fundamental in establishing
solid grounds for the archaeological study of the material patterns of human behavior, the traces
of which are accumulated in locations widely scattered in space, but recurrently occupied during
extensive chronological sequences. This scenario is not exclusive to our area of study, but is transversal
to different environmental and cultural contexts, as it is an inherent dimension of lithic production
systems. Their study on a landscape scale and over broad time spans is a necessary task, and the
methodological strategy presented here has the potential to significantly facilitate this endeavor, both in
the desert lands of northern Chile and in arid and semi-arid environments of other latitudes.
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