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Abstract. This paper is focused on the jointly use of satellite A multisensor and multiscale approach can be fruitfully
Quickbird (QB) images and Ground Probing Radar (GPR)used for the reconstruction of ancient landscape and for lo-
for assessing their capability in the detection of archaeolog-cating and mapping new archaeological features relating to
ical adobe structures (sun-dried earth material). Such dete@ncient buildings, roads, walls, land division (Kvamme et al.,
tion is particularly complex. due to the low contrast gen- 2006).
erally existing between the archaeological features and the The use of satellite and geophysical prospection is highly
background. Two significant test areas were investigated irdesirable, especially for enhancing subtle anomalies of ar-
the Ceremonial Centre of Cahuachi (in the Nasca territorychaeological interest.
Southern Peru) dating back to 6th century BC to 4th century In particular the application of such technologies to de-
AD. tect buried adobe structures is still an open issue (Linford,
Our results showed that both satellite and GPR data pro2006; Kvamme et al., 2006). This is mainly due to the rela-
vided valuable indications for unearthing precious ancient reively low geophysical parameter contrast between the buried
mains. Our preliminary analyses pointed out that the inte-adobe (sun-dried earth material) archaeological remains and
grated use of non destructive remote sensing techniques hde surrounding areas (Lascano et al., 2003).
high potentiality for its important scientific implications and ~ The high scientific, technical and archaeological interest
for its significant contributions to cultural resource manage-in this issue is driven from the fact that for several thousand
ment. years, adobe had been widely used in Middle East, North
Africa, Central and Southern America and a number of an-
cient population, still little known, used the adobe for build-
) ing their domestic, defence and religious settlements
1 Introduction This paper is focused on the evaluation of the capability
) .. of Very High Resolution (VHR) satellite images and GPR
The use of remote sensing technology for the detection, idengq, the igentification and mapping of archaeological adobe
tification, and interpretation of archaeological resources isgictures.
one of the most fascinating challenges to be addressed from g jnyestigations were performed for two significant test
the cultural, scientific and technical point of view. areas selected inside the Ceremonial Centre of Cahuachi, lo-
The integrated use of remote sensing technology angated in the drainage basin of Rio Nasca (Southern Peru),
methodologies besides its important scientific implications,yhere ongoing archaeological excavations have been un-

can contribute significantly to the preservation, monitoring earthing remarkable examples of adobe architecture of the
and management of cultural resources. Paracas and Nasca civilizations.
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which served as a place of pilgrimage for the population liv-
B Nascariver ing in the basin of Rio Grande. The archaeological evidences
spread out on a large desolate area sited on the left of Nasca
river, characterized by about forty mounds, along with 3 and
4-sided enclosures. It includes a cultivated strip around the
river and a desolate hill on the North. Since 1984 archaeo-
logical surveys have been in progress by an Italian-Peruvian
Mission directed by G. Orefici, which put in evidence that
the area of archaeological interest is around 25 sq km. In
particular, the archaeological surveys have been focused on
two sectors referred to as A (0.16 sq km) and B (0.10 sg km)
(Fig. 1). Up to now the excavations have been only con-
centrated on sector A considered to be the core of the entire
ceremonial settlement (Orefici, 1992; Orefici, 1993). Sector
B is sited at Nortwest of sector A and includes a certain num-
ber of mounds and a visible buried enclosure on the southern
side (Fig. 1).

Fig. 1. QuickBird RGB composition (R=red, G=green B=blue) of  yp to now, about half of the sector A has been brought
the investigated area, acquired on 25 March 2005. A and B denotg, light. The archaeological mission has completely un-

the sectors where the archaeological surveys have been perform%rthed and restored the so-called “la Grande Piramide (Or-
in the last forty years. The excavations and trials have been onlyefiCi 1993; see Al in Fig. 1), a huge asymmetrical Pyra-
focused on sector A and in particular in the Gran Piramide (Al), ! ’ 9- 1), 9 y y

Grande Templo (A2), Monticulo (A3), Piramide de Naranja (A4), mid. _Whereas’ a terraced tem_ple (Templo del Esca!onadO;
Templo del Escalonado (A5). A5, Fig. 1) and a smaller pyramid (Piramide de Naranja, A4,

Fig. 1) are in advanced state of excavation. Sector A also
includes another mound (Monticulo; A3 in Fig. 1), that has
been partially unearthed, and a terraced mound not still ex-
2 Study area cavated (Gran Templo; Fig. 1, A2).
i . o o The results of archaeological excavations allowed us to
The two test'srtes under |nvest|gat!on were selected '”S'd‘?dentifyfive building historical phases, during which changes
the Ceremonial Centre of Cahuachi, located close to Nascy 4rchitectural types, building characteristics, materials, ce-
southern Peru. _ ramics, stylistic and iconographical features were recorded.
Cahuachi is situated at an elevation of 365ma.s.l. on @ Tpese changes reflect the functional and cultural evolution
Pre-Montane desert formation in the drainage basin of Rigyf the site, which was at the beginning a sort of sanctuary
Grande (Southern Peru), characterized by a hot and arid clig; Huaca. Then it became a ceremonial centre and later the
mate with very little measurable rainfall recorded each year. Theocratic Capital of the Nasca state.
Geologically it is located on Quaternary sedimentary rock Each historical change was characterized by distinct archi-
formations (that are riverine and riverine alluvial) of a tec- tectural and building features.
tonic depression (Ica-Nasca Depression). A few kilometres The first phase (Paracas age: 400-200 BC) is character-
from the archaeological site are the Andean foothills, com-jzed by isolated structures built with conic shape elements
posed of Jurassic and Cretaceo formations (Montoya et algf adobe. The buildings are terraced structures. On the top,
1994). there were the quincha, construction systems, composed of
Cahuachi was built by the Nasca, one of the most impor-wood and cane framework, covered in mud and plaster.
tant and evolved precolombine civilizations, capable of real- The second phase reflects the existence of a consolidated
izing the “Nasca lines” inscribed in the UNESCO World Her- hierarchical social structure, in which the religious class was
itage List. The spatial extension and historical importance ofdominant. The spatial organization changed because of the
Cahuachi, makes it one of the most important cultural her-need for new and wider spaces for ritual ceremonies. The
itage sites of the ancient Peru. platform type was abandoned for more articulated and mon-
The drainage basin of Rio Grande has been populated bymental terraced temples, built with bread shape adobe el-
sedentary groups at least since the Formative Period (Iniements. To this aim, most of the pre-existent temples were
tial Period, 1800-800 BC; Paracas culture, 800-200 BC). Irenlarged according to reshaping procedures based on the fill-
the Early Intermediate Period (200 BC-600 AD) the regioning of walls and spaces between structures with soil, adobe,
flourished under the Nasca Culture, during which Cahuachivegetable mat and other materials, such as textiles and ce-
was founded and developed. ramics, which were broken with the explicit aim of sacrifice.
Cahuachi is believed to have been an important ceremo- The third phase of the sector A took place in the apogee of
nial centre (Silverman, 1993; Orefici, 1992; Orefici, 1993) the history of Cahuachi. In this period big terraced structures
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of adobe (The Gran Piramide and the Gran Templo) and then latitude. The panchromatic sensor collects information

enclosure were built. at the visible and near infrared wavelengths and has a band-
The building reshaping procedure, above described, wasvidth of 450-900 nm. The multispectral sensor acquires data
still used. in four spectral bands from blue to near infrared (NIR).

The fourth phase was characterized by the division of ar- The QB data used for this study (Catalog ID 90100100
chitectural spaces which were embellished by colonnades in53B9E00) were acquired on the 25th March 2005 at around
wood (algarrobo) and covered by clay and reeds. It was thes p.m. with an off nadir view angle of 11.9 degrees.
period of the beginning of the decadence of Cahuachi, prob- The identification of archaeological adobe structures is
ably also caused by an earthquake and flash floods, as proveghrticularly complex to perform using any type of remote
by the several collapsed structures unearthed and the geologensing technique. In fact, the presence of ancient re-

ical _studieg. _ mains could not produce any significant spatial anomalies

apandonment of the site and the covering of the monuments |, order to roughly characterize the presence of archaeo-
with desert sand. ) o logical marks from an aerial view the historical aerial pho-
Although over the years, important findings have been,g \ere analysed. In particular, the availability of a long
r.ecorded from archqeologlcal excavations, we sUIIknovyveryrunning time series of aerial images taken during the last
little about' the anglent Nasca cultgre and Cahuachi areatwenty years of archaeological excavations, allowed us to
Important information can be continuously extracted andgqmnare the archaeological features visible before the ex-
recorded and in such a context remote sensing techniques,yations with the real unearthed archaeological structures.
could be fruitfully adopted. This comparison puts in evidence three important facts: (i)
the subsurface adobe structures were generally not visible
from an aerial view; (ii) surface wall remains were more eas-
ily identified due to the high contrast in brightness between
the clay of the surface adobe walls and the surrounding al-

Being that the composition of adobe is quite similar to the luvial deposits which cover a large part of the mound; (iii)
earth material, the detection of archaeological features is &hallow walls were detectable thanks to the small shadow
challenge as difficult as it is engaging. The presence ofroduced on the ground (see Fig. 2a—b).

ancient remains could not produce any significant spatial The investigations were performed considering both single
anomalies detectable by using geophysical prospection ospectral channels and numerical combinations. All of them
from an aerial view. were first investigated individually and then combined by us-

This paper is focused on the assessment of the capabiliting a data fusion algorithm in order to integrate the geomet-
of satellite VHR-QB images and GPR for the identification ric detail of panchromatic and the spectral information of the
of archaeological adobe structures. To this aim two differ-multispectral images.
ent test sites were selected, one inside sector A, where the The benefits achievable from fusion algorithms have been
excavations are currently in progress; and the second insidassessed in a number of different application fields (see, for
sector B. GPR measurements were performed in a test sitexample, Ranchin et al., 2003) and also specifically in the
selected in sector A, to address the excavation and QB imease of satellite — based detection of archaeological remains
ages were employed to geo-reference the prospected are@.asaponara and Masini, 2006).

Whereas, for sector B, the investigations were performed us- The data fusion was performed by using an algo-
ing only QuickBird images. rithm based on least square method (Zhang, 2004).
Sections 4 and 5 describe respectively the active and pasfhis algorithm, has been adopted by Digital Globe

sive multiscale remote sensing techniques employed to suptttp://www.pcigeomatics.com/supparénter/tectpapers/
port the archaeological research. techpapersnain.php and it is also available in a PCI-
Geomatica routine.

In order to enhance the low contrast between the archae-
ological features and the surrounding area Principal Compo-
nent Analysis (PCA) was adopted.

PCA is a linear transformation which decorrelates multi-
QuickBird is the commercial satellite that provides the high- variate data by translating and/ or rotating the axes of the
est spatial resolution of multispectral images. It has panchroeriginal feature space (Richards, 1986). In this way the data
matic and multispectral sensors with resolutions of 61-72 cncan be represented without correlation in a new component
and 2.44-2.88 m, respectively, depending upon the off-nadispace. In order to do this, the process firstly computes the co-
viewing angle (0—25 degrees). It provides a good stereo gevariance (Unstandardized PCA) or the correlation (standard-
ometry and a high revisit frequency of 1-3.5 days dependingzed PCA) matrix among all input spectral channels. Then

3 Aims of the remote sensing approach to Cahuachi ar-
eas

4 Satellite based analysis

4.1 Satellite data and processing
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QuickBird date acquisition: 2005, March 25

Time: 15.00 AN
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Fig. 2. Types of archaeological marks.

4.2 Satellite based results

The processing of QB imagery was aimed at the enhance-
ment of features related to the borders of mounds, platforms
and enclosers. For the test site selected in sector B, all the
four bands (blue, green, red and near infrared) were anal-
ysed, in order to experience the multispectral capability of
QuickBird imagery for the identification of spatial anomalies
originated by buried adobe structures.

The comparative visual inspection of the available dataset

(panchromatic, multispectral channels and image fused im-

eigenvalues and eigenvectors are calculated in order to obages) puts in evidence the fact that the panchromatic provides
tain the new feature components. more and better quality information (see Fig. 3a—c).

The PCA transforms the input multispectral bands into |n the panchromatic image of Fig. 4a the most significant
new components whose number is equal to or less than thgsatures have been highlighted. In particular two rectangu-
input channels. The first component contains the major poriar platforms (6 and 7) with dimensions of about-d& m
tion of the variance, each successive component contains lesge well visible. The number 3 denotes a mound whose di-

of the total dataset variance. The first component provides @nensions are about 385 m, whereas 4 and 5 indicate other
sort of average of all the input channels, whereas the latefeatures possibly referable to mounds, as well.

components may reprgsent irjformation variance fo_r asmall 1 image shows also the presence of marks produced by
area or what is essentially noise. In the latter case it must b?)artially surfacing enclosure walls which border the south-

disregarded. o » ern, eastern and western sides of the complex of platforms
The PCA could make the identification of distinct features and mounds (with dimensions equal respectively to 326,

and surface type easier. This is a direct result of di1‘ferent68 and 130m). Other features could be related to another

facts: (i) only the meaningful low correlated data can be con-g e enclosure which seems to be connected to mounds 3
sidered, (ii) the effect of noise can be easily identified andand 5

strongly reduced because it is in the later components. More- Because of the low contrast of the features. in particular
over, the PCA can be used to obtain a new color enhancement res, in p
technique, “Decorrelation Stretching”, based on the follow- related to platfor_ms and some mouqu, .the images have been
ing steps: (i) PCA transformation, (ii) each PCA componentenhanced by using PCA, as shown in Fig. 4b_)'

is contrast stretched, (iii) stretched components are rotated Among the computed components, the first (PC1) pro-

back using the inverse PCA transformation (iv) finally, the Vided the best performance. This is in perfect accordance
resulting components are shown in RGB. with the fact that the first PCA substantially provides an av-

erage of all the input spectral channels, e.g. a map very close
to the brightness of the scene quite similar to the panchro-
matic image.

Fig. 3. Zooms of the sector B which put in evidence the best per-
formance of the panchromatic ima¢g respect to redb) and NIR
data fusion product&).
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Fig. 5. Sector B: platforms 6 and 7 and detail of the enclosure (re-
spectively in a, b and c) observed by the panchromatic (left) and
Fig. 4. Sector B: panchromatic imaga) and PCA1 produc). PC1 (right). The comparative visual inspection puts in evidence
a significant improvement obtained by PC1 for the shadow marks
which mainly characterize the platforms.

In particular, the comparative visual inspection puts in ev-
idence a significant improvement obtained by PC1 for the

shadow marks linked to shallow structures which mainly latter originated by the differences in height of the same

characterize the platforms (see Fig. 5a—b). Whereas the soil  structures. Figure 2, right side, shows the combined ef-
marks which reveal the surface clayed walls of the enclosure  fect of soil and shadow-marks.

are well visible both in the panchromatic and the PC1 map
(Fig. 5c¢).
Finally, results from ground survey clearly showed thats GPR prospections
two different types of spatial anomalies were detected and
they were linked to two types of archaeological features: 5.1 Field data acquisition and processing

(i) shadow marks originated by the differences in height of
very shallow walls covered by a layer of sand and cob-
bles and other incoherent material of alluvial origin. In
Fig. 2, left side, the shadow marks are shown with the
height of the sun specifically computed for the acquisi-

tion time of the satellite data (25 March 2005 at 3 p.m.) (Fig. 6). . . o
The relatively low geophysical parameters (resistivity and

(i) soil and shadow marks: the former caused by partiallydielectric constant) contrast between the buried archaeologi-
surface structures, whose prevailing clayey compositioncal walls (adobe clay structure) and the sandy and clayey ma-
make them brighter than the darker alluvial deposits; theterial which characterises the subsurface geology was the key

The GPR technique has been applied in sector A on the NW
of Gran Piramide. The aim of prospections was the detection
of potential connection structures between the Gran Piramide
and the Piramide de Naranja, by estimating shape and depth

www.adv-geosci.net/19/75/2008/ Adv. Geosci., 19,85-2008
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which covers the archaeological objects will be higher, in fact
the hyperbola analysis estimated a value around 0.15m/ns.
Therefore, by exploiting the estimated em velocity, for the
400 MHz antenna, the time range of 30 ns corresponds to a
maximum investigated depth around to 2 m.

5.2 Results

In this paper, GPR profiles carried out in the area of Fig. 6b
will be presented and discussed. The investigated area is be-
tween the Piramide de Naranja, and a square (plaza undida).

The aim of georadar prospections was to find possible
structures which connect the temple with the square.

The area of investigation was defined by a grid of
20mx10m. 21 parallel profiles were carried out using a
step-size of 1 m but of different lengths (Fig. 6b) though re-
maining between the survey lines.

The GPR profiles of the investigated area show the same
kind of reflections which could be associated which buried
walls, floors, archaeological objects and geological forma-
tions. Herein, we focus on some specific profiles highly rep-
resentative of the final results. The parallel profiles in Fig. 7
are the profiles R13 and R14, which are 10 m long, have an
interval distance of 1 m and an investigation depth of around
2m (with v=0.15m/ns). The GPR profiles point out several
reflections up to 15ns (about 1 m). In detail two mean re-
flections are visible in profile R13: one between3 m and
problem for illuminating the geometry of the buried struc- ;-4 m at a depth of around 10 ns (about 0.75m) and one dip
tures (for the acquisition methodology, see Chianese et alyanyveenr=4 m andx=6.5m at a depth of between 0.55m
2004; Rizzo et al., 2005) and 0.30 m. The same results are visible in profile R14 but

In correspondence to a number of areas, we carried oudll of them have shifted betweerr4 m andx=7.5m. The
several GPR profiles, using the Subsurface Interface Radamaller reflection on the left part could be associated with
(SIR) 3000 manufactured by Geophysical Survey Systemsthe presence of a buried wall. The dip reflection could be as-
The SIR 3000 consists of a digital control unit with key- sociated with a geological layer which covers the buried wall
pad, VGA video screen and connector panel. The unit isor a floor behind the wall at the external part of the pyramid.
backpack portable, requiring one or two operators, and the Moreover, several hyperbolas are visible in profile R13,
antenna used was the 400 MHz (by GSSI) which is a monoswhich could be associated with stones or buried archaeolog-
tatic type. The GPR acquisitions were on in continuous modecal objects.
with a two-way time range of 40ns, and an interval band  The GPR investigations were confirmed by the presence
pass filter of 100-800 ns. The survey was acquired withoubf a wall which was unearthed during the excavations carried
a “wheel accessory”, so that a speed variation could occurout two weeks later, thus providing valuable information on
However, a reference metre rule was located along each prahe connecting structures between the Gran Piramide and the
file and marked at each meter, and this has allowed us t®iramide de Naranja (Fig. 8).
adopt a distance normalization (DN) to mitigate uncertainties
on the antenna positions. The ReflexW software (Sandmeier,

2000) has been used to process the data. The high quality & Conclusions

the traces requires only standard analysis techniques for data

processing and reducing the background noise (normalizaThe use and development of remote sensing data integration
tion, zero time correction, background removal processing)methods for supporting archaeological prospection is highly
In order to estimate the average electromagnetic wave veloadesirable and this can be particularly effective for enhanc-
ity, a wall of known thickness fitted with a metallic plate was ing subtle anomalies such as those linked to the presence of
used to gain a maximum reflection of em waves. A veloc-buried adobe structures.

ity of about 0.1 m/ns has been estimated observing the half In this paper, both satellite Quickbird (QB) images and
two-travel time of the corresponding metallic plate reflec- Ground Probing Radar (GPR) have been analysed in order
tion. Therefore, the em velocity of the geological material to assess their capability in detecting buried archaeological

Fig. 6. The investigated area by GPR.
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Fig. 7. GPR profiles R13 and R14.

adobe structures. Such an assessment was performed fc
two significant test areas selected from within the Ceremo- _
nial Centre of Cahuachi in Southern Peru.

Our preliminary results pointed out the feasibility of VHR
satellite and GPR data for identifying buried, shallow and
surface adobe walls.

Results from the ground survey clearly showed that two
different types of spatial anomalies were detected and thagig g (lefty GPR data acquisition: on the background the Gran
they were linked to two types of archaeological features:  piramide; (right) detail of the wall unearthed by the archaeologists.

— shadow marks originated by the differences in height
of very shallow walls covered by a layer of sand and
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