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Abstract

The capability of satellite QuickBird imagery for the identification of archaeological crop marks is herein presented and discussed for two test
sites located in the South of Italy. The selected sites, dating back to Middle Ages, were buried under surfaces covered by herbaceous plants
characterized by a different phenological status (dry/green) when the satellite data were acquired.

The methodological approach adopted for the enhancement and extraction of crop marks is mainly based on the use of data fusion and edge
detection algorithm. The main remarkable differences found for the two archaeological sites can be suitably linked to the different state of veg-
etation that caused a different spectral response. In particular, near infrared (NIR) spectral channel was able to better enhance crop marks ob-
served for dry vegetation; whereas, Normalized Difference Vegetation Index (NDVI) was found to be more capable to better enhance crop marks

observed for green vegetation.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last century, aerial photos have been the most
common remote sensing data source used in the field of ar-
chaeological investigations. Both oblique and vertical aerial
photography have been used extensively for the identification
of marks linked to the presence of buried archaeological re-
mains [4—7,26]. The different marks are generally known as
soil, shadow and crop marks. Their characteristics strongly de-
pend on vegetation cover and/or soil types. As an example, soil
marks can appear as changes of color or texture; whereas
shadow marks can be seen in the presence of micro-topo-
graphic relief variations that can be made visible by shadow-
ing in low sunlight angle conditions. For crop areas, soil and
moisture changes within near-surface archaeological deposits
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can influence surface vegetation patterns creating marks of
various kinds. They can appear as differences of height or
color in crops which are under stress due to lack of water or
deficiencies in other nutrients. Crop marks can be formed
both as negative marks above wall foundations and as positive
marks above damp and nutritious soil of buried pits and
ditches [7,26].

Crop and soil marks are more difficult to detect with certainty
on the basis of aerial photography [8]. In particular, the visibility
of crop marks often depends on many factors, such as, vegetation
type and status, soil conditions, sun-sensor geometry and film
sensitivity. So, it is really difficult to obtain photographs taken
under optimal conditions. Satellite multispectral data can ad-
dress some of these problems. In fact, satellite sensors provide
information at a wide range of different wavelengths, many of
which are more sensitive to vegetation status and soil composi-
tions [1,10]. Nevertheless, the low spatial resolution of early sat-
ellite sensors, such as Landsat Temathic Mapper (30 m),
pancromathic Spot (10 m), ASTER (from 15 m for VNIR chan-
nels to 90 m of thermal channels) did not provide sufficient
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precision for the identification and inspection of archaeological
sites. Thus, restricting the application of satellite imagery to pa-
leogeographic environment studies [9,18,19,25] or to human
ecology and landscape archaeology investigations [5,21,22].

The recent availability of Very High Resolution (VHR) sat-
ellite images, such as IKONOS (1999) and QuickBird (2001),
may be able to furnish a valuable data source for archaeolog-
ical investigations [13].

This paper presents and discusses the results obtained from
the processing of satellite QuickBird imagery performed for
two archaeological sites, dating back to Middle Ages, buried
under surfaces covered by herbaceous plants characterized
by a different status of the vegetation (dry/green) when the sat-
ellite data were acquired.

2. QuickBird satellite data

QuickBird offers panchromatic and multispectral imagery
with the highest spatial resolution currently available within
the satellite sensors. The QuickBird satellite has panchromatic
and multispectral sensors with resolutions at 61—72 cm and
2.44—2.88 m, respectively, depending upon the off-nadir view-
ing angle (0—25°).

The sensor has a coverage of 16.5—19 km in the across-
track direction. In addition, the along-track and across-track
capabilities provide a good stereo geometry and a high revisit
frequency of 1—3.5 days depending on latitude. The reader is
referred to technical notes available on line at the web site
http://www.digitalglobe.com/product/product_docs.shtml.

The panchromatic sensor collects information at the visible
and near infrared wavelengths and has a bandwidth of
450—900 nm. The multispectral sensor acquires data in four
spectral bands from blue to near infrared (NIR). Both panchro-
matic and multispectral sensors offer 11 bit (2,048 grey levels)
resolution. The QuickBird imagery products are available at
different processing levels (basic, standard, and ortho) serving
the needs of different users.

The QuickBird data used for this study are listed in Table 1.

3. Rational basis and tools
3.1. Parameter selection

In order to experience the multispectral capability of
QuickBird imagery for the identification of archaeological

Table 1

Image metadata of Iure Vetere and Irsi

Site Ture Vetere Irsi
Acquisition date 2004-06-11 2004-07-04
Acquisition time 9:38.49 9:45:06

Cloud cover 5% 2%

Catalog id 1010010003025A01 101001000313CA02
Pan resolution 0.64 m 0.61 m

Multi resolution 2.56 m 246 m
Environmental quality 70 — good 90 — excellent
Off-nadir 14° 0°

marks all the four bands (blue, green, red and near infrared)
have to be considered. Of these four bands, the near infrared
(NIR) should be the most useful for the detection of crop
marks [10,11] as shown by Fig. 1, that draws the spectral sig-
natures observed for three different status of a given type of
vegetation. In particular, green and healthy plants tend to ex-
hibit the spectral behaviour drawn by the green line. Whereas,
vegetation under stress, due to lack of water or nutrient defi-
ciencies, is generally characterized by different patterns de-
pending on the level of disease. As an example, yellow and
brown curves, drawn in the left part of Fig. 1, are related to
stressed and severely stressed plants, respectively. The Quick-
Bird Red and NIR bands are indicated by vertical red lines;
thus, showing that the NIR offers a larger spectral separability
than Red band. This should make the NIR band ideal for iden-
tifying archaeological crop marks linked to variations in veg-
etation growth and/or color in comparison to the surrounding
area (see, right part of Fig. 1). Additionally, on the basis of
remotely sensed data, crop marks may be suitably identified
by exploiting vegetation indices that are spectral combinations
of different bands. Such indices are quantitative measures,
based on vegetation spectral properties, that attempt to mea-
sure biomass or vegetative vigor. Vegetation indices are
mainly derived from reflectance data from the Red and near
infrared (NIR) bands. They operate by contrasting intense
chlorophyll pigment absorption in the red against the high re-
flectance of leaf mesophyll in the near infrared. The simplest
form of vegetation index is the ratio between two digital
values from the red and near infrared spectral bands. The
most widely used index is the well-known Normalized Differ-
ence Vegetation Index (NDVI) obtained by using the follow-
ing formula:

NDVI = [NIR — Red]/[NIR + Red]

The normalization of the NDVI reduces the effects of
variations caused by atmospheric contaminations. NDVI is
indicative of plant photosynthetic activity and has been
found to be related to the green leaf area index and the frac-
tion of photosynthetically active radiation absorbed by veg-
etation. High (low) values of the vegetation index identify
pixels covered by substantial proportions of healthy (disease
or stressed) vegetation. It is expected that crop marks cre-
ated by vegetation patterns should be emphasized by using
NDVI.

3.2. Satellite data processing

3.2.1. Data fusion

The idea underlying our analysis is that archaeological
features could be enhanced and efficiently studied by exploit-
ing the high spatial resolution of satellite QuickBird panchro-
matic data and the multispectral properties of the four
spectral channels. The methodological approach (shown in
Fig. 2) adopted for the enhancement and extraction of crop
marks is mainly based on the use of data fusion and edge de-
tection algorithms.
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Fig. 1. On the left of the figure spectral reflectances observed for different status of a given vegetation type; red lines indicate QuickBird band widths for Red and
NIR channels. On the right a detail of the typical crop marks caused by the presence of buried structures.

Data fusion refers the process of combining multiple im-
ages of a scene to obtain a single composite image. The differ-
ent images to be fused can come from different sensors of the
same basic type or they may come from different types of sen-
sors. The composite image should contain a more useful de-
scription of the scene than provided by any of the individual
source images. In the current cases under investigations the
QuickBird pancromathic and multispectral images were fused
by using a data fusion algorithm that was specifically
developed for VHR satellite images [27]. This algorithm
was adopted by Digital Globe [http://www.pcigeomatics.com/

support_center/tech_papers/techpapers_main.php] and it is
also available in a PCI-Geomatica routine.

3.2.2. Edge detection

In order to emphasize the marks arising from the presence
of buried structures, an edge detection algorithm was applied
to both QuickBird single images and data fusion products.
Among the traditional edge detection procedures we selected a
multiscale algorithm for its versatility and reliability [15,16].
The edge detection was performed by applying a multiscale
approach based on the scale-space theory [14] that uses
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Fig. 2. Flow chart of the procedure adopted for the identification of archaeological marks.


http://www.pcigeomatics.com/support_center/tech_papers/techpapers_main.php
http://www.pcigeomatics.com/support_center/tech_papers/techpapers_main.php

R. Lasaponara, N. Masini | Journal of Archaeological Science 34 (2007) 214—221 217

Gaussian smoothing kernels. The selection of scale was
performed by keeping in mind that, in our case it was neces-
sary to focus on structures having small sizes and signal am-
plitudes as expected in the case of crop marks due to buried
structures.

3.2.3. Line extraction

Using visual inspection, only features with regular patterns
were considered. This choice was performed mainly because
the presence of geometric features, being quite rare in nature,
generally provides useful information for the identification of
signs indicating ancient human activities.

Finally, the last step of the adopted procedure is the recon-
naissance and interpretation of marks. This is a very important
task that is performed also using ancillary information, such as
the traditional cartography, field surveys, geophysical prospec-
tions, etc. This allows for eliminating or at least reducing the
potential coarse errors linked to modern human activity, such
as, the presence of road networks, bridges, pipeline, etc. that
can be selected by the edge identification procedure.

4. Reconnaissance of archaeological crop marks: results
and discussion

The investigations were performed for two archaeological
sites, Monte Irsi and Iure Vetere, dating back to Middle
Ages, located in the South of Italy (Fig. 3). These test sites
are characterized by a different status of vegetation when
the satellite data were acquired. For the first site (Monte
Irsi) the vegetation cover was completely dry; whereas, for
the second (Iure Vetere) the vegetation cover was green and
healthy.

Fig. 3. Location in the Southern Italy of the two archaeological sites.

4.1. Monte Irsi study case

4.1.1. Study site description

The first test site is located close to the border between the
Basilicata and Apulia Regions (see Fig. 3). Monte Irsi is a hilly
plateau (Fig. 4a), near the confluence of the Bradano and
Basentello rivers. The investigated area is characterized by
the presence of vegetation made up of herbaceous plants
that were dry when the satellite data were acquired.

The strategic location of Monte Irsi favored a long and
intensive human activity from Paleolithic to Middle Ages, as
testified by archaeological remains [23,24]. As regards the
Middle Ages, documentary sources state the existence of a vil-
lage (Yrsum) and a monastery [12]. The village achieved its
maximum expansion between the 12th and 13th centuries
and was abandoned in the 15th century, whereas the monastery
was destroyed around 1370 [12].

Today, the only building preserved is a church belonging to
the monastery (see letter a in Fig. 5). Archaeological remains
referable to a roman villa (letter b in Fig. 5) are visible near to
the church. At the highest part of the hill, a buried medieval
settlement, built on preexistent structures dating back to the
Late Iron Age, was found by Small [24]. Just the medieval set-
tlement is the object of our investigation.

4.1.2. Satellite-based identification of crop marks

The reconnaissance of marks referable to buried structures
was performed by analyzing the results obtained from the edge
detection algorithm applied both to single channel and data fu-
sion products.

The single channel processed at their own spatial resolution
(2.80 m) did not allow to detect marks linked to buried remains.
This fact was mainly due to their low spatial resolution. Better
results were obtained from the processing of data fusion prod-
ucts (0.70 m). In particular, a small number of geometric fea-
tures was visible from blue, green and red (Fig. 6¢). Improved
results were obtained from NDVI map (Fig. 6f). Nevertheless,
a more detailed morphological reconstruction of the medieval
buried remains was obtained from the processing of panchro-
matic image and NIR data fusion product (see Fig. 6b and f).

The fact that, in this case, the NIR channel is more capable
than other spectral channels to better enhance the surface anom-
alies is mainly due to the sensitiveness of the NIR band to the
vegetation status. In fact, vegetation reflectance is a function
of a number of bio-parameters such as density, height, biomass,
leaf area, chlorophyll, water content, etc. Variations in plant pa-
rameters cause reflectance spectra changes. Stress factors, such
as lack of nutrient and/or water, cause significant variations of
plant reflectance [17] because of their affect on chlorophyll con-
tent, biomass amount, etc. Shortage of nutrition and/or water
causes an immediate change in both leave signatures and vege-
tation structure. In particular, variations in vegetation water con-
tent further influence the overall heights of response curves
beyond the chlorophyll absorption band at 0.65 um [2]. There-
fore, on the basis of QuickBird spectral channels, the crop marks
observed in presence of dry vegetation are strongly enhanced by
the NIR spectral band.
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Fig. 4. Panoramic views of Monte Irsi (a) and Iure Vetere (b). The arrows indicate the location of the study areas.

4.2. lure Vetere study case

4.2.1. Study site description

The site is Iure Vetere where the first monastery of Florense
Order was founded by Gioacchino da Fiore at the end of the
12th century. It is located on the ridge of a hilly plateau that
faces the watershed between the basins of the Arco river and
its affluent, in the Sila territory (Calabria Region) (see Figs.
3 and 4b). The archaeological area is characterized by the
presence of vegetation composed of dense herbaceous plants
that were green and healthy when the satellite data were ac-
quired. From a geological point of view Iure Vetere is within
the Monte Garigliano unit made up of igneous rocks, such as
graniodiorites and magmatites. The soils are mainly composed
of siliceous sands, products of the chemical and mechanical al-
teration of acid igneous rocks, with a minor part of clays made
up of kaolins and vermiculites [20].

Before starting archaeological excavations (2002—2004)
preliminary investigations based on aerial photos (1998—1999)
and geophysical prospections (1999) were performed [19].
The results obtained allowed the identification of the highest
probable location of buried remains.

Such results were confirmed by the excavation campaigns
that unearthed a large structure related to a church; but the lo-
cation of the rest of the medieval monastery was still un-
known. For this reason, the archaeologists enlarged the study
area to the whole plateau. This coupled with the physical char-
acteristics of the area suggested the integration of the aerial
photo data set with VHR and multispectral satellite imagery
such as QuickBird.

4.2.2. Satellite-based identification of crop marks

The reconnaissance of crop marks was performed by ana-
lyzing the results obtained from the edge detection algorithm
applied both to single channel and data fusion products.

Fig. 7a—f show the QuickBird imagery for the investigated
area. A visual inspection of Fig. 7a—c, e) puts in evidence the
presence of potential anomalies in the south part of the area.
Such anomalies are more visible in the NIR (Fig. 7b) and
NDVI (Fig. 7c, e) than panchromatic (Fig. 7a). Blue, green
and red spectral channels are not shown because they did
not exhibit any visible marks.

The processing of NDVI map showed the presence of crop
marks having a rectilinear morphology (Fig. 7d) that compose
a quadrangular shape of about 45 x 100 m. These features
could be referable to underlying remains of the monastery as
expected by the archaeologists [19].

In this case, the results obtained from the edge detection ex-
traction applied to data fusion products (Fig. 7f) substantially
agree with those found from the NDVI map at 2.80 m spatial
resolution (Fig. 7d). The main advantage of using data fusion
products was the increased spatial resolution that provided
a more accurate localization of the crop marks. This was
very helpful during the last geophysical prospection campaign
(July 2005) which confirmed the presence of the linear fea-
tures detected by using QuickBird data [3].

The capability of QuickBird NDVI to better enhance spatial
anomalies for surfaces covered by green and healthy herbaceous
plants is due to the fact that the NDVI is related to plant photo-
synthetic activity and to the green leaf area index. In Ture Vetere
case, crop marks are highly visible in the NDVI map due to dif-
ferential growth patterns caused by underlying archaeological
deposits that tend to impede stunt or delay growth of vegetation.
A growing plant lacking certain nutrients tends to produce less
chlorophyll so causing decreases in NDVI values.

5. Final remarks

Satellite QuickBird imagery were used in order to assess
their capability to detect crop marks. The analyses were

Fig. 5. Monte Irsi QuickBird RGB (R =red data fusion; G = NIR data fusion;
B = panchromatic). Letters (a)—(c) denote the location of the church (a), ar-
chaeological remains of a roman villa (b), and the medieval settlement (c).
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performed for two test cases, dating back to Middle Ages, bur-
ied under surfaces characterized by a different status of vege-
tation (dry/green) when the satellite data were acquired.
Results from our investigations showed that the multispectral
VHR satellite data provide valuable information for vegetated
areas, where the use of aerial photos can be limited since the
visibility of crop marks strongly depends on many factors such
as, vegetation type and status, soil conditions, sun-sensor ge-
ometry and film sensitivity. So, it is really difficult to obtain
photographs taken under optimal conditions. Satellite multi-
spectral data can address some of these problems.

One of the main advantages of VHR satellite is the possi-
bility of combining multispectral and pancromathic data to

achieve improved accuracies and better inference about the
surface characteristics of the single sensor. In particular, the
data fusion allows the enhancement of spatial anomalies
linked to the presence of archaeological marks; thus, making
their recognition and extraction easier.

Compared to aerial photo the QuickBird imagery can be
promptly geo-referenced and offer a very large coverage.
This makes them ideal for investigations on regional scale as
well as for researches performed in areas where aerial photog-
raphy is restricted because of military or political reasons.

Nevertheless, there are also some considerable drawbacks.
Although, the use of data fusion allowed the identification of
features with the spatial detail of pancromathic (0.6 m) instead

Fig. 6. Monte Irsi QuickBird images: (a) panchromatic; (b) panchromatic with location of marks of archaeological interest; (c) red channel data fusion product; (d)
NIR channel data fusion product; (e) NDVI map; and (f) NIR channel data fusion product with location of marks of archaeological interest.
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Fig. 7. Iure Vetere QuickBird images: (a) panchromatic image; (b) NIR channel data fusion product; (c) NDVI map (2.80 m); (d) results from NDVI map processed
according to the flow chart in Fig. 2; (e) NDVI data fusion map; (f) results from NDVI data fusion map processed according to the flow chart in Fig. 2. The arrows

in (d) and (f) denote the location of marks of archaeological interest.

of multispectral (2.40 m) this spatial resolution is still lower
than those obtained from aerial photo. Thus could be a limita-
tion for the identification of small features.

The current cost of archived satellite QuickBird pancro-
mathic plus multispectral images data is 18.20 euro/km?,

whereas it is 22.75 euro/km? for new data acquisitions. Dis-
counts at around 20% are generally offered for University
and research Institution (the reader is referred to information
available on line at the web site http://www.digitalglobe.
com/product/product_docs.shtml). Currently, the cost of
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QuickBird imagery is still higher than oblique aerial photos
costs, but it is lower than the aerial photogrammetry.

In conclusion, the main findings of the performed investiga-
tion can be summarized as follows:

(1) the use of data fusion and edge detection procedures im-
proves the identification of crop marks linked to the pres-
ence of buried archaeological remains;

(2) the integration of results obtained from panchromatic and
image fusion products provides valuable information for
a detailed physical and geometrical characterisation of
the archaeological site, as required prior to any excavation
work;

(3) the use of NDVI allowed to better enhance crop marks ob-
served for surfaces covered by green and healthy herba-
ceous plants;

(4) the use of NIR channel was able to better enhance crop
marks observed for surfaces covered by dry herbaceous
plants;

(5) the QuickBird products are still more expensive than obli-
que aerial photos costs, but they are cheaper than aerial
photogrammetric images;

(6) the spatial resolution of VHR satellite imagery is still
lower than those obtained from aerial photo, thus should
limit the identification of small features.
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