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ARTICLE INFO ABSTRACT

Keywords: This study aims to provide new insights into Europe’s largest known Bronze Age earthworks using open-access
Remote sensing archaeology and freely distributed medium resolution satellite images. The most extensive Bronze Age fortifications in
Crop mark i Europe, namely, the Cornesti-Iarcuri and Santana — Cetatea Veche sites, were investigated through the Sentinel 2
ezcg}::gffmal prospection and the newly launched Landsat 9 optical sensors. Image processing techniques were applied to both datasets,
Indices including vegetation indices, orthogonal spectral transformations, and pan-sharpening techniques. The final
Fortifications results revealed several known and unknown archaeological proxies by enhancing a number of linear and curved
Romania crop marks in the vicinity of the archaeological sites. Indeed, while previously implemented geophysical results

confirmed some of these archaeological proxies, new findings (crop marks) were also revealed, representing
archaeological structures that were unknown until now. The study’s overall findings indicate that medium
resolution satellite images can be used in appropriate areas with archaeological interest as a first step toward
better understanding the broader context of an area. The findings addressed in this study have a direct impact on
the non-invasive aspect of archaeology, as the methodology employed in this paper may be applied to various
types of sites in southwestern Romania and beyond and might serve as a solid starting point for any archaeo-
logical project. Finally, this is the first elaboration of Landsat 9 intended for archaeological research and our
study proves that its utility for archaeological and heritage purposes.

1. Introduction

Satellite observations can support archaeological research, allowing
many previously unknown sites to be discovered (Luo et al., 2019). At
the beginning of the 21st century, once satellite and high-resolution
images became widely available, archaeologists and archaeology en-
thusiasts began searching for ground anomalies, some of which have
been identified as archaeological sites and others which have remained a
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topic of contention. However, satellite remote sensing can provide more
than visual recognition of archaeological remains (Parcak, 2009). Space-
borne imagery may aid in comprehending a larger context or even prior
human actions. For example, researchers deduced from a series of sat-
ellite images what paths humans had used to move the megaliths of
Easter Island (Lipo and Hunt, 2005) and used satellite imagery to better
understand the impressive Nazca geoglyphs (Masini and Lasaponara,
2020).
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Fig. 1. The Bronze Age fortifications discussed in this paper (Background: ASTER GDEM v3 Worldwide Elevation Data 1 arc-second resolution; satellite image

screenshots for both of the sites: Google Earth captures).

Cornesti

Fig. 2. Cornesti-larcuri: a. Phase B of the first rampart construction (after
Szentmiklosi et al. 2011, Fig. 7); b. The profile of the defence ditch of the fourth
enclosure (after Szentmiklosi et al. 2016, Fig. 4.1); c. The plan of the internal
structure of the first rampart illustrates the two phases of construction (after
Szentmiklosi et al. 2011, Fig. 5); d. Aerial photography of the Cornesti-larcuri
fortification (after Szentmiklosi et al., 2011, Fig. 2).

Recent studies, indicate a continuous growth of remote sensing in
archaeological research. For instance, the integration of artificial intel-
ligence algorithms and big remote sensing data is considered a very
promising topic for the next century (Luo et al., 2022; Argyrou and
Agapiou 2022). Studies in the last years argue that the employment of
multi-platform remote sensing sensors can provide significant
improvement in the efficiency and accuracy for the detection of
archaeological sites (Luo et al., 2023; Opitz and Herrmann 2018).

There are various potential applications of remote sensing technol-
ogies, and archaeology has benefited from its more complex applica-
tions, resulting in the rapid, substantial growth of novel approaches,
primarily in landscape archaeology (Hritz, 2014; Yang et al., 2022).
Regardless if the sensor is passive or active or produces panchromatic or
multispectral datasets, in the last decades, remote sensing in archae-
ology has become more analytical, opening the way to what is now
known in the scientific literature as space or satellite-based archaeology
(Luo et al., 2019; Agapiou and Lysandrou, 2015). The free and almost
near real-time availability of optical and radar satellite imagery (i.e.,
Earth Explorer, Sentinel Hub) has increased the number of its applica-
tions in archaeology and cultural heritage (see examples in Chen et al.,
2015; Tapete and Cigna, 2018; Zanni and de Rosa, 2019; Abate and
Lasaponara, 2019; Fanti et al., 2013).

Vegetation and soil anomalies — as a result of buried archaeological
remains — can be detected through the processing of multispectral im-
ages. The so-called “crop mark” — a phenomenon of stressed vegetation
that overlays shallow buried archaeological features — has been exten-
sively explored through satellite and aerial sensors (Reid, 2016; Agapiou
et al., 2012; Calleja et al., 2018; Kirk et al., 2016; Holliday and Gartner,
2007). Buried archaeological remains may cause a long-term chemical
change in the soil, affecting plant growth in those locations (Holliday
and Gartner, 2007; Malhotra et al., 2018), so crop mark anomalies can
be detected. In most cases, the spectral difference between healthy
vegetation and crop marks needs to be enhanced using a different
spectrum beyond the visible one (i.e., the NIR part of the spectrum).

This image-based detection is usually applied through commercial
high- or very high-resolution imageries (Agapiou, 2017a) rather than
medium -and often freely distributed- images. As Abate et al. (2020)
argue, except for a few examples, the spatial resolution of medium
resolution sensors that provide freely distributed datasets is still chal-
lenging for archaeological purposes. Indeed, despite the open access
policy, the Sentinel and Landsat series were limitedly applied in the past
for detecting archaeological proxies (but see Tapete and Cigna, 2018;
Agapiou et al., 2014). This is also indicated in the literature as most
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Fig. 3. Santana - Cetatea Veche: a. Orthophoto map; b. LiDAR Digital Elevation Model (after Gogaltan et al., 2019, Fig. 11); c. Magnetic survey results (after

Gogaltan et al., 2019, Fig. 5).

Table 1

Images used in this study.
No. Satellite Product Name Acq. date Res. (m)
1. Landsat 9 LC09_L2SP_186028_20220319_20220323_02_T1 2022-03-19 30
2. Landsat 9 LC09_L1TP_186028_20220319_20220322_02_T1 2022-03-19 15
3. Sentinel 2B S2B_MSIL2A_20220322T093029_N0400_R136_T34TES_20220322T123322 2022-03-22 10
4. Sentinel 2B S2B_MSIL2A_20220325T094029_N0400_R036_T34TDR_20220325T132010 2022-03-25 10
5. Sentinel 2B S2B_MSIL2A_20220325T094029_N0400_R036_T34TDS_20220325T132010 2022-03-25 10
6. Sentinel 2A S2A_MSIL2A_20181014T093031_N0209_R136_T34TES_20181014T111722 2018-10-14 10
7. Sentinel 2B S2B_MSIL2A_20220210T093029_N0400_R136_T34TER_20220210T113151 2020-02-10 10
8. Sentinel 2B S2B_MSIL2A_20220312T093029_N0400_R136_T34TES_20220312T122913 2022-03-12 10

research activities are usually supported by higher resolution and, more
often, commercial satellite sensors such as those provided by the
WorldView, IKONOS, and Planet Dove constellations (Masini and
Lasaponara, 2020; Chen et al., 2015).

The aim of this study is therefore two-fold: on the one hand to
contribute to this open discussion regarding the potentials and limita-
tions of medium resolution sensors like those of the Sentinel 2 and the
newly launched Landsat 9 for archaeological research and, on the other
hand, to explore their potentials through a series of image processing
techniques for the detection of archaeological proxies.

2. Case study area

The study is focused on sites that have been thoroughly investigated
in the past using non-invasive methods and archaeological excavations.
These sites are part of long-term systematic archaeological in-
vestigations of the authors of this study, hence providing a unique
prospect to directly link the results of image analysis and archaeological
investigations. The largest fortifications of the European Bronze Age
were built after 1500 BCE in a small region of about 12,000 km? between
the confluence of the Tisza and Mures rivers (southeast of the Pannonian
Plain). Located in a low plain area (Fig. 1), they covered areas ranging

from fifteen to over 1700 ha (Gogaltan and Sava, 2010). A habitat-
friendly environment, where multi-layered settlements (tells) of the
Middle Bronze Age (ca. 2000/1900-1600/1500 BCE) had also thrived
50-100 years before, was thus exploited. The tells were much smaller
(about 1 ha) and rarely reached up to 8 ha with the so-called satellite
settlement (Sava and Gogaltan, 2022). Impressive ditches also sur-
rounded the tells.

The Bronze Age fortifications of this region can be labelled as mega-
forts, a term coined by Harding (2017) and which have only been
investigated in the last ten to fifteen years. Archaeological excavations
of mega-forts have been carried out in Cornesti (Szentmiklosi et al.,
2011) (Fig. 2), Santana (Gogaltan et al., 2019) (Fig. 3), and Munar (Sava
and Gogaltan, 2017) in Romania, Csanadpalota (Szeverényi et al., 2017)
and Mako — Rékos-Csaszar (Szeverényi et al., 2017) in Hungary, and
Gradiste Idjos in Serbia (Molloy et al., 2020).

3. Data and methodology
3.1. Data

For the purposes of the study, medium resolution multispectral im-
ages were used with a spatial resolution ranging between 10 and 30 m.
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Fig. 4. The overall methodology of the current study.

Table 2
Vegetation indices used in this study.

Vegetation Index Veg. Equation Reference equation

Name Index

Normalized NDVI (PNIR — Pred)/ Rouse et al. [eq. 2]
Difference (PNIR + Pred) (1974)

Vegetation Index

Green Normalized Green (PNIR — Pgreen)/ Gitelson et al. [eq. 3]
Difference NDVI (PNIR + Pgreen) (1996)

Vegetation Index

Soil Adjusted SAVI 1+ L)*(pnr — Huete (1988) [eq. 4]
Vegetation Index Pred)/(PNIR + Pred

+ L)

Transformed Soil TSAVI [o(PNIR-O PNIR — Baret and [eq. 5]
Adjusted b)1/[(Prea + « Guyot (1991)
Vegetation Index Pnr —ab + 0.08

1+
PNIR,s0il = @ Pred,
soil + b

Modified Soil MSAVI [2 pair + 1-[(2 Qi et al. [eq. 6]
Adjusted pu + 18Pk (1994)

Vegetation Index - Prea)1V?1/2

Perpendicular PVI (PNIR =% Prea — D)/ Richardson [eq. 7]
Vegetation Index 1 +ad and Wiegand

PNIR,s0il = & Pred, (1977)
soil + b

Visible VARI (PGreen — Pred)/ Gitelson et al. [eq. 8]
Atmospherically (PGreen + Pred - (2002)

Resistant Index PBlue)

Modified Triangular MTVI2 [1.5(1.2*(pNir — Haboudane [eq. 9]
Vegetation Index Pgreen) — 2.5(Pred et al. (2004)

~ Pgreen)]/[(2
par + 1)* - (6
PNIR — 5 Pgésd) -
0.51°°
Simple Ratio SR PNIR/Pred Jordan (1969)  [eq. 10]

We explored optical images from the Copernicus Sentinel-2 sensors (2A
and 2B) and images from the newly launched sensor from NASA and the
USGS, namely, the Landsat 9 sensor. As mentioned earlier, this is the
first time that this specific sensor (Landsat 9) has been analysed for
archaeological prospection purposes. The following images were used in
this study, as shown in Table 1.

Landsat 9 and Sentinel 2 images were obtained from the Earth-
Explorer and Sentinel Hub cloud platforms, respectively. The area of
interest was defined, while limits to cloud coverage (<10%) were
applied. The 30-m spatial resolution Landsat image was downloaded at
Level 2 (surface reflectance), minimising errors due to radiometric and
atmospheric conditions. For the same product, the panchromatic band of
the Landsat (band 8, 15-m resolution) was also acquired. Sentinel 2
images were acquired (Bottom-Of-Atmosphere products) with a spatial
resolution of 10 m (for the visible and NIR bands).

3.2. Methodology

The overall methodology of the study is presented in Fig. 4. Once the
images were downloaded, they were imported into the ArcGIS Pro
environment for further processing. Then, various pan-sharpening
methods were applied to the Landsat 9 multispectral bands in order to
be downscaled to 15-m resolution. This step included four different pan-
sharpening methods as follows: (a) the Gram-Schmidt method; (b) the
Brovey transformation; (c) the principal component analysis, in short
PCA, and (d) the hue-saturation-value (HSV) transformation.

The Gram-Schmidt algorithm is an image processing technique that
improves the spatial resolution of the multispectral bands using a higher
spatial resolution image (panchromatic). The Gram-Schmidt algorithm
is applied on the high-resolution band and multispectral spectral bands
(Laben and Brower, 2000). The Brovey transformation is a widely used
fusion technique proposed by Zhang (2004), which is a low-
computational process and easy to implement (Johnson et al., 2014).
The new pan-sharpened image combines only three spectral bands from
the input scene at a time. The Brovey transformation is given below in
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Fig. 5. (a) Landsat 9 30-m resolution over the archaeological site of Cornesti-Iarcuri. (b) Pan-sharpened Landsat image at 15-m resolution using the Brovey
transformation and (c) the Gramm-Schmidt transformation. Curved features (crop marks) are evident in both pan-sharpening techniques.

equation 1:

Red = High Resolution pap * LOW Red Band / (LOW Red Band + LOW Green
Band + LOW Blue Band)-

Green = High Resolution pap * LOW Green Band / (LOW Red Band + Low
Green Band + LOW Blue Band)-

Blue = ngh Resolution pay * LOW Blue Band / (LOW Red Band + LOW Green
Band + LOW Blue Band) [eq. 1].

Regarding the hue-saturation-value (HSV) fusion model, the first
component denotes the pure colour, while the second component de-
notes the level of saturation at a constant lightness. The last component
refers to its brightness. The RGB image is converted to HSV colour space
using the HSV method. At the same time, the value band is replaced with
a high-resolution image (Nikolakopoulos, 2008; Ehlers et al., 2010).

Finally, the so-called ESRI pan-sharpening method was applied. This
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Fig. 6. Various pseudo colour composites of the Sentinel 2 image at the Cornesti-Iarcuri archaeological site. (a) Natural colour composite (red, green, blue, bands 4,
3, 2). (b) Pseudo colour composite (red, green, coastal/aerosol, bands 4, 3, 1). (c) Pseudo colour composite (NIR, R, G, bands 8, 4, 3). (d) Agricultural pseudo colour
composite (shortwave IR-1, near-IR, blue, bands 11, 8, 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

method uses the Esri algorithm, a weighted average, and an additional
near-infrared band to create its pan-sharpened output bands. An
adjustment value (ADJ) is calculated based on the weighted average to
determine the output values. The weights for the multispectral bands are
defined by the overlap of the multispectral bands’ spectral sensitivity
curves with the panchromatic band, providing relative weights. There-
fore, a normalization procedure is needed. The multispectral band most
overlaps the panchromatic band and is given the most weight. In
contrast, a weight of zero is assigned to a multispectral band that does
not overlap with the panchromatic band (ArcGIS Pro, 2022).

Pan-sharpened 15-m resolution pseudo colour composites were
created for interpretation purposes. In addition, nine different vegeta-
tion indices, including those of the NDVI and the SR, were applied.
Equations for the vegetation indices used in the study are shown in
Table 2 (equations 2-10). Vegetation indices have also been applied to
the Sentinel 2 images.

Furthermore, the so-called orthogonal equations were applied to the
Landsat images, using the linear combinations proposed by Agapiou
et al. (2013,2015) for the Landsat 5 sensor. Since the Landsat 5 sensor
shares similar — nearly identical — spectral properties (spectral response
filters and wavelength range) with those of Landsat 9, the same equa-
tions can be adopted for the latest sensor. The linear equations are
shown in equation 11.

CC1 = -0.01* pgjye + 0.06* pgreen —0.01* pred + 1.00* pyig.

CC2 = -0.32* pplue — 0.74* PGreen + 0.58" PRred + 0.5 Pnir-

CC3 = -0.38* ppjye —0.45* PGreen —0.80* pred —0.02* pnir [eq. 11].

CC1 refers to vegetation, CC2 to soil, and CC3 to crop marks, while
PBlue> PGreen, Pred, and pig refer to the visible and near-infrared spectral
bands of the Landsat sensor (namely, the Bands 2-4 and Band 8) (Aga-
piou et al., 2015; Agapiou, 2017b).

The above products were then interpreted and cross-compared with
existing archaeological data and reports from ground remote sensing
investigation methods (geophysical campaigns).

4. Results
4.1. Pan-sharpened results

As mentioned earlier, four different pan-sharpened techniques were
applied to downscale the Landsat 9 multispectral images up to 15-m
resolution using the panchromatic band. Fig. 5 presents the results
after applying the Gramm-Schmidt and the Brovey transformations.
Despite the spectral distortion of the original multispectral image, the
pan-sharpening techniques can enhance archaeological proxies and
therefore support visual interpretation and other semi-automatic feature
extraction techniques. Fig. 5-a shows the original Landsat 9 image at 30-
m resolution over the archaeological site of Cornesti-Iarcuri, while
Fig. 5-b and -c show the pan-sharpened Landsat 9 image using the
Brovey and the Gramm-Schmidt techniques, respectively. As is evident,
the curved features of the site become visible in the pan-sharpened al-
gorithms, while the Gramm-Schmidt technique provides sharper results.

4.2. Pseudo colour composites

Pseudo colour composites using the different multispectral bands of
the Landsat and Sentinel 2 sensors were then generated. RGB combi-
nations can visualise three spectral bands at a time, assisting with the
image interpretation and detection procedure of crop marks. Fig. 6
presents an example of this investigation applied to a Sentinel 2 image.
Four different pseudo colour composites were generated using the



A. Agapiou et al.

International Journal of Applied Earth Observation and Geoinformation 118 (2023) 103239

Fig. 7. Vegetation indices applied at the Cornesti-larcuri archaeological site using the pan-sharpened Landsat image. (a) NDVI; (b) Green NDVI; (c) SAVI; (d) TSAVI;
(e) MSAVT; (f) PVI; (g) VARL (h) MTVI2, and (i) SR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

spectral bands of Sentinel 2. Fig. 6-a indicates the so-called natural
colour composite (red, green, blue, bands 4, 3, 2), while Fig. 6-b shows
another pseudo colour composite based on the R, G, and coastal/aerosol
spectral bands (4, 3, 1) of the sensor. Fig. 6-c indicates the NIR, R, G
pseudo colour composite (namely, the spectral bands 8, 4, 3), and
finally, Fig. 6-d shows the so-called agricultural pseudo colour com-
posite based on the shortwave IR-1, NIR, and B bands (bands 11, 8, 2).

In all the pseudo colour composites of Fig. 6, the boundaries of the
Cornesti-larcuri site are visible as they cross the different cultivated
areas of the region. The ramparts can be easily spotted in the different
spectral combinations. The contrast of these crop marks is quite strong
and they can be differentiated from the cultivated background, thus
allowing an almost complete understanding of the shape of the under-
ground features. Similar findings were observed in other areas of in-
terest, indicating the potential use of the medium resolution images
through simple visual interpretations.

4.3. Vegetation indices results

As mentioned earlier, vegetation indices were implemented in both
datasets. Fig. 7 presents the results for all indices applied at the Cornesti-
larcuri archaeological site, while Fig. 8 shows similar findings over the
Santana area. While comparable results were obtained from all indices,
it was evident that some of them could provide more detailed results of
archaeological proxies than others. For instance, the Perpendicular
Vegetation Index (PVI, Fig. 7-f) can enhance the crop mark features of
the area better than the Visible Atmospherically Resistant Index (VARI,
Fig. 7-g). Crop marks may discontinue from parcel to parcel due to
different cultivation techniques, agricultural practices, soil properties,
etc.

It should also be noted that in other areas, as in the cases of the
Santana and Cornesti-larcuri archaeological sites, findings might be
different. Indeed, in Fig. 8, we can observe that the Visible Atmo-
spherically Resistant Index (VARI, Fig. 8-g) and the Simple Ratio (Fig. 8-
i) can distinguish crop marks better than all the other vegetation indices
applied to the Landsat image.

This observation regarding the applicability of the vegetation indices
and their performance in various archaeological sites has already been
reported in the literature for other case studies. As also shown here,
aligned with the literature review, the NDVI index can sometimes be
problematic (see Fig. 8-a) in distinguishing crop marks compared to
other known vegetation indices Vegetation indices were also applied to
the 10-m resolution Sentinel 2 images. An example of applying the
Simple Ratio (SR) vegetation index to an image of the archaeological site
of Santana is depicted in Fig. 9. Fig. 9-a shows the NIR, R, G pseudo
colour composite, while Fig. 9-b presents the results after implementing
the SR index. Despite the improved spatial resolution of the Sentinel-2
image, the interpretation of crop marks in the SR image remains
difficult.

4.4. Orthogonal equations results

The so-called orthogonal equations were used to improve the overall
findings and further enhance any crop marks. This was also done to
investigate whether these equations could be adopted in areas outside
the Eastern Mediterranean region, where they were initially developed.
Orthogonal equations are designed to enhance the spectral distance
between three distinct spectral groups: healthy vegetation, soil, and crop
marks. Orthogonal equations are a result of a 3-D rotation of the PCA
eigenvectors of the spectral space of the image.
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L 1 1 1 1 1 1 1 Ikm

Fig. 8. Vegetation indices applied at the Santana archaeological site using the pan-sharpened Landsat image. (a) NDVI; (b) Green NDVI; (c) SAVI; (d) TSAVI (e)
MSAVI (f) PVI; (g) VARI; (h) MTVI2, and (i) SR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Examples from the areas of the Cornesti-larcuri and Santana
archaeological sites are depicted in Figs. 10 and 11, respectively. Fig. 10-
a shows the Landsat image over the Cornesti-larcuri site, while Fig. 10-b,
-c, and -d show the three components of the orthogonal equations after
implementing them, namely, the vegetation, soil, and crop mark com-
ponents, respectively. Fig. 10-e shows the RGB composite of the three
previously mentioned components, while Fig. 10-f shows the panchro-
matic band of the Landsat image. Fig. 11 demonstrates in a similar order
the results over the Santana area.

It was found that the application of the orthogonal equations, espe-
cially the “crop mark”, can enhance the overall signal of the image and,
therefore, support image interpretation. At the Santana archaeological
site, the crop mark component (Fig. 11-d) can reveal other crop marks in
the southern part of the site that were not detectable in the original pan-
sharpened Landsat image (Fig. 11-a) or the panchromatic band of the
same sensor (Fig. 11-f). Fig. 12 indicates the crop mark component of
both sites (i.e., Cornesti-larcuri and Santana) on a larger scale. The
defensive system is visible in both images.

5. Discussion
5.1. Evaluation of the results

Several broadband vegetation indices were applied to Sentinel 2 and
Landsat 9 images. As demonstrated above, vegetation indices were not
always successful in enhancing crop marks for the Cornesti-Iarcuri and
Santana sites. For instance, in Santana (Fig. 8), while most of the indices
tended to fail — including NDVI and Green NDVI — the VARI index was
able to discriminate linear and curved features. This observation con-
trasts with the findings of the Cornesti-larcuri area (Fig. 7). In this study,
the VARI index tended to oversaturate the spectral signal, while the
former two indices (NDVI and Green NDVI) were able to enhance the

crop marks.

The study’s outcomes are aligned with existing knowledge from the
literature. The findings highlight that some vegetation indices may be
used successfully to detect crop marks formed by buried archaeological
remains. However, at the same time, other vegetation indices may fail
and provide blurry outcomes. Indeed, as stated already in other studies
(Agapiou et al., 2012; Calleja et al., 2018), other, less known vegetation
indices - such as, in our case study, the VARI index - can assist in the
detection of crop marks. In addition to this, the PVI index (Figs. 7-f and
8-f) also demonstrated reliable performance in both areas. This
comment is aligned with results from other applications for detecting
crop marks (e.g., Pirowski et al., 2021).

The performance difference of the same vegetation indices in the two
different case studies (Cornesti-Iarcuri and Santana) can be explained by
the different phenological cycles of the crops cultivated on top of the
archaeological sites. Indeed, as both the Sentinel 2 and Landsat 9 images
were not taken on the same date, the crop growth was not identical for
both areas. Other parameters, like the different soil conditions and the
micro-climate of the areas, should also be considered (Abate et al.,
2019).

5.2. Fusion of data

It is therefore difficult to quantify the overall performance of the
individual sensors (i.e., Sentinel 2 and Landsat 9) and directly compare
the results generated from the different processing techniques. As the
spatial scope of satellite-based investigation methods is extensive (with
limited archaeological visibility), these studies are primarily designed to
fuse different sources of information for a better understanding of
particular landscapes. As the individual products from both the Sentinel
and Landsat sensors were presented in the previous section, here we
have attempted to combine the overall findings.
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Fig. 9. Vegetation indices applied at the Santana archaeological site using a Sentinel 2 image. NIR, R, G pseudo colour composite (a) and SR index (b).

For this reason, we have elaborated on some promising outcomes
from Landsat 9 and Sentinel 2 images, and specifically the crop mark
component of the pan-sharpened Landsat 9 image (see Fig. 12-b), the
panchromatic band of Landsat 9 (Fig. 11-f), and the Simple Ratio (SR)
index of the Sentinel 2 image over the Santana area (Fig. 9-b). For
further analysis, these results were rescaled with values between 0 and 1
(normalisation). A pseudo-colour composite of this combination is
shown in Fig. 13. The black arrows in the figure indicate linear and
curved features (known and unknown archaeological proxies — see next
section). A step forward from this simple combination of the three
different components (i.e., the crop mark of Landsat 9, the panchromatic
band of Landsat 9, and the SR index of the Sentinel 2) is the calculation
of the Principal Component Analysis (PCA) of this composite. As the
individual layers are normalised, the PCA can provide a new 3-D layer of
information with uncorrelated components. Indeed, as shown in Fig. 14,
the second principal component (PC2) from the PCA analysis of the

three components can further enhance the outlines of the Santana site,
based on the cumulative information of all components (crop mark,
panchromatic, and SR).

5.3. Confirmation of archaeological evidence and new anomalies

Even if using vegetation indices algorithms are not always satisfying,
specific information can be drawn when combined with archaeological
results. We successfully used archaeology as a proxy and linked most of
the anomalies to specific archaeological structures at both sites (Cor-
nesti-larcuri and Santana — Cetatea Veche). The fortification system of
the discussed sites is clearly visible on both Sentinel and Landsat images,
owing to the impressive sizes of these sites. As a result, extensive
geophysical results (magnetic surveys) and large archaeological exca-
vations at both sites confirm the fortification lines. Even the ramparts
and ditches that are highly levelled, such as the fourth fortification line
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Fig. 10. (a) Landsat 9 image over the Cornesti-larcuri area; (b) Vegetation component; (c¢) Soil component; (d) Crop mark component; (¢) RGB composite of

vegetation, soil, and crop mark components; and (f) panchromatic band.
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Fig. 11. (a) Landsat 9 image over the Santana area; (b) Vegetation component; (c) Soil component; (d) Crop mark component; (e) Pseudo colour RGB composite of

the vegetation, soil, and crop mark components; and (f) Panchromatic band.

at Cornesti-Iarcuri or the outer southern fortification line in Santana —
Cetatea Veche, are well individualized. The existence of the fortification
lines is not novel information as they had already been archaeologically
documented through remote sensing (Micle et al., 2006; Micle et al.,
2009) and excavations (Gogaltan and Sava, 2010; Szentmiklosi et al.,
2011, 2016).

However, a closer look at the Cornesti crop mark map indicates an
anomaly in front of the main gate on the second line of fortifications,
which could be another defence element to strengthen that fortifica-
tion’s entrance point (Fig. 15, green circle). Other geophysical discov-
ered structures can also be spotted in the investigated satellite images.
At Santana — Cetatea Veche, for example, the location of the so-called
megaron-type edifice and other dwellings can be clearly identified
(Fig. 16). Outside the main wall, several other rectangular structures can
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be seen. These are most likely other houses that were later reinforced
with an additional fortification line which is visible as a distinctive
linear crop mark (Fig. 14).

The most astounding outcomes of our investigation can be found in
Cornesti-larcuri (Fig. 15). Fortunately, the site benefited from an
intensive magnetic survey, which generated amazing results, which
were published previously (Szentmiklosi et al., 2011). Some of the fea-
tures are visible on satellite images as well. However, due to the site’s
scale, it was hard to forecast where the magnetic survey should be
disseminated to identify its most significant features. One of these re-
gions is located on two agricultural lots west of the main gate on the
second fortification line. A series of rectangular anomalies (Fig. 15, red
arrows), some of which are quite large, can be seen here. These struc-
tures are located between the third and fourth ramparts. Because of their
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Fig. 12. (a) Crop mark component over the Cornesti-Iarcuri area and (b) the crop mark component at the Santana area.

shape, we can assume that these anomalies are large dwellings or
important structures related to the fortification. In addition, next to the
fourth fortification line, another series of anomalies stand out in this
area (Fig. 15, blue circle). Closer inspection reveals a large rectangular
structure, most likely ditches, enclosing a series of minor anomalies that
could also be dwellings. The location of these anomalies suggests a
pattern of distribution. One of the archaeological excavations conducted
over the fourth fortification line in that area can also be seen. At the
moment, it is unclear whether this is related to the main Bronze Age
fortification, and only future archaeological surveys will be able to
establish the chronological and spatial relationships. However, the
findings of our investigation within this region of the site may prompt
archaeologists to take a closer look at these structures, confirming or
denying their existence in the field. Given that this is still a large area,
we believe that conducting a systematic magnetic survey within the
boundaries of the site could yield significant archaeological results.

11

Aside from the anomalies observed here, other regions with crop mark
anomalies could be noticed on the fortification’s eastern side (Fig. 15,
yellow circles).

The use of medium-resolution multispectral images in conjunction
with a combined and comparative remote-sensing approach to study
archaeological landscapes within and beyond the bronze age mega
fortifications could reveal important archaeological findings that would
otherwise be missed even by extensive field surveys. Based on the
findings of this work and another recent remote-sensing paper about the
megafort of Csanadpalota-Juhdsz T. tanya in Hungary (Agapiou et al.
2023), landscape archaeologists may apply similar approaches on a
larger scale. Other sites in southwestern Romania were explored (with
extremely good archaeological results) using satellite remote sensing
approaches (Dorogostaisky and Hegyi, 2017; Hegyi et al., 2020; Stavila
et al., 2020; Agapiou et al., 2023).
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Fig. 13. RGB composite over the Santana area, using the crop component of Landsat 9, the panchromatic band of Landsat 9, and the Simple Ratio (SR) index from the

Sentinel 2 image. Black arrows indicate archaeological proxies.

Fig. 14. The second principal component (PC2) over the Santana area, after the PCA analysis of the crop component of Landsat 9, the panchromatic band of Landsat
9, and the Simple Ratio (SR) index from the Sentinel 2 image. Yellow arrows indicate archaeological proxies. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
6. Conclusion

In this study, open-access and freely distributed medium resolution
satellite images, namely the Sentinel 2 and the newly launched Landsat
9 optical sensors were used to investigate potential archaeological
proxies. For this purpose Europe’s most extensive fortifications (Cor-
nesti-larcuri and Santana - Cetatea Veche sites) were used as case
studies. Different image techniques were applied such as vegetation
indices, orthogonal transformations, and pan-sharpening techniques.

The findings of this study indicate that medium-resolution satellite
images may be used for large archaeological sites to determine the area’s
broader context. Multispectral medium-resolution satellite images can
also assess potential locations for future non-invasive shallow-ground
geophysics research. While the resolution of these images is not always
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desirable, proper analysis can reveal structures that are not visible
through traditional visual inspections. The study indicated that even if
specific algorithms fail to uncover archaeological proxies, others will. Of
course the spatial resolution of the sensors always remain a critical
parameter that needs to be taken into consideration.

In the case of Cornesti-Iarcuri, our analyses identified a series of
possible overlooked archaeological features during the site’s non-
invasive research. These findings may encourage archaeologists to
pursue additional work in the indicated regions. In Santana — Cetatea
Veche, we correlated multispectral data anomalies with specific
archaeological structures identified during the geophysical survey. The
megaron-type structure which is currently being excavated was visible
on the Landsat and Sentinel data, as were other impressive structures
within the fortification.
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Fig. 15. Crop marks at Cornesti-Iarcuri: Red-outlined polygons with yellow fill: archaeological features identified by geophysical surveys (bottom right of the figure:
an edited screenshot of Fig. 11 from Szentmiklosi et al., 2011, highlighting the fortification system and other structures); Red arrows (zoom in: area west of the main
gate on the second fortification line) indicate possible archaeological features such as large buildings/dwellings; Blue circle: a large structure (possibly ditches)
enclosing a series of topographically organized features neighbouring the fourth line of fortification); Green circle: a structure on the third rampart, directly in front
of the main gate, on the second line of fortification — possibly an additional fortification element; Other regions with potential archaeological features such as
dwellings/houses or households are indicated by yellow circles/ellipses. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 16. Crop marks at Santana — Cetatea Veche: The magnetic survey results were used to cross-reference several visible anomalies. When compared to other fainter
anomalies indicating other dwellings, the megaron-type house (located in the first enclosure) produced a strong anomaly. Magnetic positive anomalies of low in-
tensity characterize the faint crop marks (magnetic map (edited) after Gogaltan et al., 2019, Fig. 5).

13
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Additionally, the study demonstrates how specific algorithms for
processing multispectral data can provide numerous benefits for
archaeological interpretation. For instance, pan-sharpening aids in
increasing the contrast between various archaeological features (ram-
parts, ditches, etc). Pan sharpening techniques are considered as a
necessary step for medium resolution image processing in archaeolog-
ical research, as with this approach the spatial resolution of the images
can be improved. It is also worth noting that using orthogonal equations
to define crop marks is beneficial for studying archaeological sites via
satellite remote sensing. Indeed, several crop marks were able to be
determined using this transformation.

The study documents the inability of vegetation algorithms to pro-
vide important archaeological information for large-scale sites that
encompass numerous agricultural plots with diverse plant cultures.
Finally, our study can facilitate archaeologists studying these sites by
providing future research directions.
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