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Abstract: Throughout the world, cultural heritage sites are under the direct threat of damage or
destruction due to developing environmental and anthropogenic hazards, such as urban expansion,
looting, and rising water levels. Exacerbating this problem is the fact that many of the most vulnerable
sites” exact locations and/or full spatial extents have yet to be uncovered, making any attempts
at their protection exceedingly difficult. However, the utilization of earth observation data has
recently emerged as an unmatched tool in the exploration and (digital) preservation of endangered
archaeological sites. The presented research employs very high-resolution WorldView-3 satellite
imagery (~30 cm) for identifying and delineating previously unknown subsurface archaeological
structures at the ancient Egyptian site of Hermopolis (el-Ashmunein). A particular emphasis is
placed on the application of spectral indices, specifically those looking at vegetation cropmarks
and iron oxide levels. Through this analysis, seven promising structures were identified, including
three elongated installations, which may have been utilized for storage purposes, and a potential
casemate foundation structure. As 2D outlines of structures are often difficult to visualize, the newly
identified archaeological features were expanded into a realistic, georeferenced 3D model using the
computer programs, SketchUp Pro and Chaos V-Ray. The goal of this 3D model is to ensure that
the results derived from this research are more accessible (and tangible) to a wider audience—the
scientific community and the public alike. The methodological scheme presented in this article is
highly adaptable and with some minor modifications can be replicated for other archaeological
sites worldwide.

Keywords: remote sensing archaeology; spectral enhancement; cropmarks; vegetation indices; iron
oxide index; edge detection; archaeological site; cultural heritage; 3D modeling

1. Introduction

Throughout the MENA (Middle East and North Africa) region, many ancient sites cur-
rently lie concealed beneath dense sand, vegetation growth, and a shifting anthropogenic
landscape (e.g., agricultural fields and urban pockets). It is due to these environmental fac-
tors that the exact location and/or full spatial extent of many archaeological sites around the
region remain largely undiscovered. While in most cases the use of traditional on-ground
investigations (e.g., archaeological excavations) have proven ineffective for quickly detect-
ing such unknown sites, earth observation data has recently emerged as an unparalleled
tool [1-3]. The rapid and widespread discovery of these previously undetected cultural
heritage sites is not only important from an intellectual standpoint, as archaeologists can
better piece together information about past societies, but it is also crucial for ensuring the
safety of such vulnerable areas. In other words, it is simply impossible to protect what one
does not know exists. As such, the use of high-resolution satellite imagery has permitted
cultural resource managers, policy holders, and urban planners, among others, to record,
evaluate, manage, and mitigate any environmental or man-made threats to these areas
before their possible destruction [4].

The application of remote sensing techniques for the exploration of archaeological sites
worldwide has facilitated the rapid (digital) preservation of highly threatened and vulnera-
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ble areas [5-8]. Since the declassification of various imaging reconnaissance satellites (e.g.,
CORONA and U2), as well as the advent of high-resolution spaceborne satellite data (e.g.,
QuickBird, WorldView, and Pléiades), archaeologists have been able to successfully locate,
identify, and digitally preserve thousands of cultural heritage sites [9-12]. The utilization
of these temporally continuous satellite images, especially multispectral data, to investigate
archaeological locations has proven to be increasingly effective because large spatial extents
can now be captured and analyzed at unprecedented speeds and accuracies. Furthermore,
as satellite data is both non-invasive and non-destructive, it is possible to analyze a site
safely from thousands of miles above the Earth’s surface, no matter how geographically or
politically inaccessible the study area is [13]. In fact, not only does one not have to step foot
on the site itself, but most importantly, there is little to no disturbance or destruction to the
archaeological area—a crucial component in the mission to safeguard these endangered
places.

A particularly useful application of remote sensing for archaeological prospection
comes in the form of assessing localized soil and vegetation changes across a site [14]. A
series of spectral-enhancement indices, such as the Normalized Difference Vegetation Index
(NDVI) and the Green Normalized Difference Vegetation Index (GNDVI), are often applied
to multispectral satellite imagery to measure the quantity and quality of photosynthetic
material in green vegetation [15,16]. From the use of such indices, vegetation marks known
as “cropmarks” can be identified. These cropmarks form as a result of the differential
growth and health of arable plants overlaying near-surface archaeological features [17].
As buried archaeological structures can impact the growth rate of crops in the soil above
them, a distinctive pattern between the healthy (above undisturbed soil) and stressed
(above an archaeological structure) vegetation starts to become apparent. For example,
previous studies in Europe have been able to identify many Roman-period ruins, such as
Roman forts, transitory camps, and roadways, through the detection of such cropmarks [18].
Similarly, recent projects in the Nile Delta (Egypt) have also uncovered settlement mounds
and ancient river courses using vegetation analysis [19]. It is important to note that many
of the studies dealing with vegetation changes as a proxy for archaeological presence have
relied solely on the use of relatively moderate resolution satellite imagery, such as Landsat
(30 m spatial resolution) and Sentinel-2 (10-20 m spatial resolution). However, very high-
resolution imagery, with a finer spatial resolution of ~30-50 cm, has been shown to be
much more reliable in both detecting cropmark anomalies and distinguishing small-scale
details [20,21].

In addition to the utilization of remote sensing techniques, archaeologists have also
recently started to turn to 3D modeling as a way to both study and share their results,
including data collected from field excavations or large-scale data derived using geospatial
technologies [22-24]. As we live in a three-dimensional world, 3D visual reconstructions
are imperative in conceptualizing the information that is often lost in 2D images (e.g., maps
and planimetric plans), such as shape, dimension, and physical consistency [25,26]. The
adoption of such 3D technologies has enabled the continued reusability of data by scientists
at a larger scale, fostering more collaborative efforts across disciplines [27]. However, 3D
modeling is not only crucial for making data more tangible and understandable to scientists
and the public alike, but it is also essential in ensuring the digital protection of cultural
heritage and the preservation of collective memory for future generations [26].

2. Research Aim

The aim of this article is two-fold. First, to present a methodological framework
for delineating previously unknown subsurface archaeological features using very high-
resolution satellite imagery (at a sub-meter scale). An emphasis is placed on the application
of edge-detection spatial filtering and spectral-enhancement indices, particularly those
looking at vegetation marks and iron oxide levels. Second, to construct a realistic georefer-
enced 3D model of the buried structures detected using remote sensing techniques. This
3D reconstruction is primarily intended to help scientists and the public to conceptualize
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what the buried structures may have looked like in antiquity. The present research is highly
interdisciplinary in nature, integrating various aspects of archaeology, geospatial sciences,
computer science, and earth science for one sole goal: to digitally conserve a threatened
cultural heritage site.

3. Study Area

The settlement of Hermopolis is situated near the small agricultural village of el-
Ashmunein, approximately 40 km south of the modern city of Minya (Figure 1A). Strate-
gically located at the confluence of Upper and Lower Egypt, Hermopolis functioned as
a central meeting point where several ancient cultures and traditions converged [28,29].
Often described as a “melting pot”, the city featured a unique blend of both Egyptian
and Greco-Roman cultures, best exemplified by the presence of sanctuaries dedicated to
Egyptian, Greek, and Roman deities [28]. Originally founded in the Old Kingdom Period
(c. 2686-2160 BCE), the settlement quickly rose to prominence, becoming the capital of the
important 15th Upper Egyptian nome, known as the Hare nome [30,31]. For millennia, Her-
mopolis held an influential role in the political, economic, and especially religious spheres
of Pharaonic and Greco-Roman Egypt. In fact, early on it was chosen as the principal cult
center of the Egyptian Ibis-headed god, Thoth, and as preserved in its ancient toponym—
“Hermopolis Magna” or the “Great City of Hermes”—it later became the religious center
of the Hellenistic deity, Hermes [32]. Unfortunately, much of this important site has yet
to be explored; however, projects by the German Hermopolis mission (1929-1939), British
Museum (1980-1990), and University of Alexandria (late 1940s and 1950s) have been able
to excavate small segments of the Pharaonic, Ptolemaic, and Christian city.
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Figure 1. Simplified map of Egypt showing the location of the study site, highlighted by the black box
(A). WorldView-3 satellite imagery displayed in true color for the archaeological area of Hermopolis.
The image shows the archaeological site delimited by urban clusters and agricultural fields (B).

Today, the archaeological site is characterized by a multi-period stratified mound,
which covers an area of 1.5 km? (1 by 1.5 km) (Figure 1B). As a result of the anthropogenic
and environmental developments in the area, only ~56.7% of the original tell, roughly
0.85 km? (0.85 by 1 km), is currently accessible [33]. With the archaeological remains
bounded by two small agricultural villages, el-Idara to the north and el-Ashmunein to the
south, as well as by agricultural fields to the east and west, rapid urban encroachment has
become a prime threat to the longevity of the archaeological remains. According to a study
by El-Bayomi and Ali (2015), the Minya Governorate (where Hermopolis is located) has one
of the highest population growths in Egypt, with a staggering ~3.1% annual increase and
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still rising [34]. In addition to this urban sprawl, the subsoil water table in the Delta and
lower Nile Valley areas has risen at an unprecedented rate [35]. Without the annual Nile
flood, which was halted by the construction of the Aswan High Dam in the 1960s, the salts
found in the soil are no longer naturally flushed out [36]. For this reason, agricultural fields
now need to be perennially irrigated. This has created two key problems; the water table
has risen exponentially, and the ground water now contains much higher concentrations
of salt. At Hermopolis, specifically, the agricultural lands bordering the site are irrigated
using canal-fed irrigation. This form of irrigation is particularly harmful, as it discharges a
considerable volume of water—more than needed for normal irrigation—which further
amplifies the water table level and the soil salinization problems [37]. In fact, most pre-New
Kingdom (prior to c.1550 BCE) occupation levels at Hermopolis are located below the
current ground water [32]. Furthermore, this combination of higher ground water and
increased salinization is detrimental to the ancient structures at the site, particularly those
made of stone and mudbrick. As the ground water percolates into the structures and
eventually evaporates, it leaves highly concentrated levels of salt in the stone/mudbrick,
which over time lead to the weakening and decaying of the monuments [38]. It is due to
these aforementioned anthropic and environmental progressions that the site of Hermopolis
is considered highly threatened and must be comprehensively explored and (digitally)
preserved for future generations.

4. Materials and Methods

The workflow for this research consisted of two main procedures: first, a spectral
analysis of sub-surface archaeological features using vegetation and iron oxide indices;
second, the creation of a georeferenced 3D model of the remotely sensed findings.

4.1. Pre-Processing of Multispectral Imagery

To conduct a comprehensive remote sensing analysis of the near-surface structures at
Hermopolis, WorldView-3 (WV-3) imagery was utilized. Originally launched in August
2014, WV-3 is an American Earth observation satellite that is part of the DigitalGlobe, Inc
satellite constellation. The images captured by this satellite consist of one panchromatic
band (450-800 nm) and eight multispectral channels: red, red edge, coastal, blue, green,
yellow, near-IR1, and near-IR2 (400-1040 nm). The WV-3 data used for the archaeological
site was acquired by the satellite on 20 June 2017 and was 100% cloud-free. The image was
obtained as a Level-2A product and was, therefore, geometrically corrected (orthorectified)
using the rational polynomial coefficient (RPC) model. The availability of the panchromatic
channel, in conjunction with the multispectral bands, provides the ability to create VHR
multispectral pan-sharpened imagery. The orthorectified scene was pan-sharpened by
means of the widely used Gram-Schmidt Pan Sharpening algorithm using the nearest
neighbor resampling method [39]. This sharpening algorithm relies primarily on the higher
spatial resolution panchromatic data to sharpen the multispectral data’s pixel resolution.
Through this process, the WorldView-3s spatial resolution improved by approximately
four-fold, from 1.24 m to 31 cm. The resulting pan-sharpened image held critical informa-
tion that improved the overall performance and accuracy of subsequent image analysis
algorithms [6,40].

Before starting to manipulate the imagery, the Forward Minimum Noise Fraction
(MNF) transform, a widely used pre-processing step, was first applied to the multispectral
image in order to denoise the data. The isolation of noise was performed using the filtration
of the eigenvalues and associated images. The resulting product included a cascading
principal component analysis (PCA) for the eight WV-3 spectral bands, thus allowing for
the identification of the “noisiest” bands (possessing the least amount of useable data) [41].
In addition to denoising, the MNF process can also help in lessening the computational
requirements necessary for later image processing algorithms [42]. Through this MNF
process, it was found that PCA bands 1 through 4 (the coastal, blue, green, and yellow
bands, respectively) contained the least noise and the most significant information for the



Remote Sens. 2022, 14,92

50f21

above-mentioned WV-3 image. These four MNF components were retained as the input
variables for use in the subsequent classification.

4.2. Satellite Image Classification

A pixel-based classification using the hard-clustering algorithm, K-Means Unsuper-
vised Classification, was performed in order to map the main land cover of the study site
and segregate vegetated areas from the rest of the surroundings. The classification utilized
the aforementioned MNF image, in order to focus on the bands containing the largest
quantity of data. All the pixels encompassing the study area of Hermopolis were classified
into clusters based on their spectral similarity to one another. The resulting image contained
two spectral categories: vegetated and non-vegetated areas. Using a total of 6200 pixels, an
accuracy assessment for the WV-3 derived classification resulted in an overall high level of
accuracy of 98.8%.

4.3. Satellite Spectral Analysis
4.3.1. Spectral Analysis of Vegetation

Since a dense layer of vegetation, primarily camel thorn and coarse grass, covers the
archaeological ruins of Hermopolis due to the high-water table (Figure 2), it was imperative
to explore in detail the general vegetation greenness and health at the site. Traditionally,
the flora growing atop an archaeological feature will be very stressed, while the vegetation
on an undistributed area will be much more robust and greener [43]. Previous studies
have found that the near-infrared (NIR) spectral channel is more effective in revealing the
robustness or stress of vegetation than the bands in the visible portion of the electromagnetic
spectrum [14]. Thus, the NIR spectral band is most frequently used for the prospection of
new archaeological features. In the infrareds (near and middle wavelengths), the pigments
found in healthy vegetation have a very high reflectance, while those in stressed vegetation
exhibit a much lower level of reflectance [44]. This variance in reflectance between healthy
and stressed vegetation is an instrumental tool for the detection and identification of
potential archaeological structures.

¥

Coarse grass

Figure 2. Different vegetation growth at the site of Hermopolis (photo taken by author).

By applying different vegetation indices to raw satellite data, scholars can extract
significant information such as vegetation type, quantity, and condition. The collection of
spectral-enhancement indices that analyze vegetation greenness and health is commonly
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known as the “Broadband Greenness Vegetation” indices. All the indices in this group
measure the amount and quality of photosynthetic material (chlorophyll) in vegetation. For
the present study, several spectral indices were employed, including the Normalized Dif-
ference Vegetation Index (NDVI), Green Normalized Difference Vegetation Index (GNDVI),
and the Infrared Percentage Vegetation Index (IPVI).

PpNIR — pRed
L )NIR T pRed pNIR + pRed = NbVI @
PpNIR — pGreen
L pNIR + pGreen GNDVI @
oNIR -
L PNIR + pRed 1PV ®)

By using the NIR and red/green spectral bands, subtle physical differences in stressed
versus healthy vegetation can be easily recognized. In the resulting processed image, the
stressed vegetation appears brighter than the neighboring pixels. This contrast in colors
allows for visual ease in detecting linear, circular, or rectilinear archaeological features. In
addition to qualitative information, the vegetation indices also produce important quanti-
tative information for categorizing the condition of the flora. The most vital information
produced is a value ranging from —1 or 0 to +1, which gives a numerical assessment of the
state of robustness of the vegetation. The closer to +1, the healthier the vegetation is, while
the closer to 0 (IPVI) or —1 (NDVI and GNDVI), the more stressed it is [45]. To further
enhance the results, a 3 x 3 ENVI directional filter mask at 45 degrees was applied to the
processed IPVI image. As an edge detector, directional filtering allows for the amplification
and/or enhancement of selective linear features, which is beneficial for a more detailed
analysis of the satellite imagery [46]. In addition, directional filtering can also be utilized as
a light source to generate a 3D-shaded relief-image effect, which, when merged with the
original processed satellite image (in this case, the IPVI image), allows for subtle features to
be easily recognized and delineated [46].

4.3.2. Spectral Analysis of Iron Oxide

Unfired mudbrick was the most common building material in ancient Egypt, with
Hermopolis being no exception (Figure 3). These mudbricks were utilized for the con-
struction of various domestic installations, in addition to some administrative and palatial
complexes [47]. Sun-dried mudbricks comprise large amounts of clay, of which ~5 to 6%
is the chemical compound iron oxide (Fe,O3) [48]. For this reason, studying the patterns
of presence/absence of iron oxide via satellite imagery could assist in the identification
of possible archaeological remnants. To conduct this study, the WorldView New Iron
Index (WV-II) was utilized. The WV-II is a geological index, which pinpoints pixels rich
in iron oxide, and can thus be indicative of subsurface mudbrick features. By using the
visible light portion of the electromagnetic spectrum, specifically the green, yellow, and
blue wavelengths, pixels with spectral signatures corresponding to that of iron oxide are
identified.

=WVII @)

Z:pGreen x pYellow
pBlue x pRed
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Mudbrick structures

Figure 3. Deteriorating remnants of mudbrick structures at Hermopolis (photo taken by author).

In the resulting WV-II processed image, the areas with higher levels of iron oxide
appear darker in their response than the rest of the background. Unlike the vegetation
indices, the spectral indices testing for certain geological substances are very rarely applied
to archaeological case studies. Therefore, this research strives to apply this often-unused
technique to delineate archaeological remains by exploring a certain geological component,
in this case, iron oxide. Similar to the spectral analysis of vegetation (4.3.1),a 3 x 3 ENVI
directional filter mask at 45 degrees was applied to the processed WV-II image in order to
enhance any linear features.

4.4. Satellite Spectral Analysis

As mapped 2D structures are often so difficult to visualize, the newly identified
archaeological features were expanded into a geo-referenced 3D model. This reconstruction
is intended to help archaeologists conceptualize what these structures may have looked
like in antiquity and, more generally, to give a tangible picture of the understudied eastern
section of Hermopolis. The final model was constructed in two main sections: First,
the architectural footprint of the structures was created, and then the materials/textures
were mapped using the 3D-modeling computer program, SketchUp Pro. Second, the
materials, textures, and landscape of the model were realistically rendered using the
powerful rendering and simulation software, Chaos V-Ray. It should be noted that while
SketchUp has been often utilized in archaeology for the creation of 3D models [49,50], the
use of Chaos V-Ray for rendering archaeological structures/features is still very new.

The fabrication of the 3D reconstruction started with determining the general parame-
ters of the model. The size parameters, the length (modelLength) and width (modelWidth),
of the entire area were first measured from the 2D model and then rendered in SketchUp
Pro. It should be emphasized that the exact height (modelHeight) is unknown, as remote
sensing analysis merely detects the foundations of a structure. However, similar surviving
structures in Egypt were used as the prototype for the model’s height (more in the Results
and Discussion section). Next, the roomLength and roomWidth of each individual room
within the structures was measured and mapped into the model. As the type of ceiling
of the uncovered structures is also unknown, extant examples from ancient Egypt were
utilized for this model. After the addition of the ceiling, realistic materials used in an-
cient Egyptian structures—mudbrick with both vegetal and non-vegetal inclusions—were
mapped on the exterior and interior surfaces. Grain plants and grass features were then
added around the structures to enhance the landscape of the model. Finally, the completed
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model was transferred to Chaos V-Ray and the geometry settings/presets for the model
were adjusted for the materials/texture and landscape features (e.g., grass) in order to
render them in the most realistic way possible.

5. Results and Discussion
5.1. Classification

As an initial step, the MNF-based K-Means classification permitted the extraction of
the land cover of the study site (Figure 4). The analysis showed that the study area of
Hermopolis (646,230 m?) comprises approximately 49.5% (320,115 m?) of non-vegetated
surface, whereas the remaining 50.5% (326,115 m?) of the area was covered with a variety
of flora. The derived classification layer had a high level of overall accuracy of 98.8%
and a kappa (k) coefficient of 0.97. This kappa coefficient value indicated that 97% of the
pixels were classified by means of the classifier, whereas the rest (3% of the pixels) were
classified randomly. The kappa coefficient accounted for the random distribution effects
and examined whether the result of the error matrix was significantly better than any
random classification pattern.

Figure 4. MNF-based K-Means classification showing vegetated versus non-vegetated (bare ground)
land cover.

5.2. Satellite Spectral Analysis

The use of spectral-enhancement indices (IPVI and WV-II) coupled with edge-detection
spatial filtering resulted in the identification of numerous potential archaeological features
that had yet to be recorded by any expedition in the eastern sector.

5.2.1. Spectral Analysis of Vegetation

By utilizing the IPVI, a dense subsurface network of urban structures was found
directly adjacent to the eastern section of the Dynasty 30 temple enclosure wall (Figure 5). In
the IPVI image, the detected linear cropmarks of possible buried structures exhibited a very
high IPVI value (~0.72) in comparison to the rest of the surrounding area, thus indicative of
a high level of plant vigor. Conventionally, as seen in studies on Roman ruins across Europe,
darker vegetation marks (higher NDVI or IPVI value) are indicative of the presence of
water or hollow features, such as ditches or ancient waterways. This is because the topsoil
extends farther down in these locations than in the rest of the surrounding areas [43,51]. In
this instance, the vegetation growing atop the filled-in ditches and waterways usually has
more nutrients and moisture and is, therefore, healthier and greener than the rest of the
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vegetation (Figure 6). On the other hand, vegetation that appears more stressed and paler
than the surroundings is most likely suggestive of the buried stone walls of buildings or
forts [43,51]. In this case, the topsoil is shallower with fewer nutrients and moisture than
the rest of the vegetation. However, it is important to note that in Egypt the opposite case is
true, as many structures are most often constructed of sun-dried mudbrick instead of stone.
The Nile clay found in the mudbrick, as well as the vegetal binding materials, such as chaff
or straw, act as a natural fertilizer that promotes vegetation growth instead of inhibiting
the plant’s development like stone. For this reason, in Egyptian case studies, vegetation
growing above (mudbrick) walls will usually exhibit higher IPVI or NDVI values, thus
mimicking the spectral signature of ditches and defunct waterways.

From the buried structures uncovered in the eastern sector of the archaeological
mound, the clearest installations that materialized were three long, narrow rectangular
structures with a general east-west orientation (Figure 7). As seen in Figure 7, a rectilinear
structure, named by the author “Installation A”, is approximately 30 m long and 17.5 m
wide and comprises six largely symmetrical rooms, which are each around 5-6 m wide. This
rectangular installation also appeared to have a symmetrical sister structure immediately
south of it (Installation B). The sister installation was not as well defined as Installation
A, as only four of the six rooms could be easily delineated from the linear cropmarks.
To the immediate west of Installations A and B is the analogous Installation C, which is
roughly the same length and width (~28-29 m by 17.5 m) of the other two and comprises
five rooms/galleries instead of six. While the purpose or function of these newly detected
structures is undetermined, they are evocative of a few comparable installations found
at other sites in Egypt. At first glance, the structures look increasingly like Pharaonic
storerooms. These long, narrow storage installations, similar to Installations A-C, were
found in connection with a number of mortuary temples and palaces of the New Kingdom
Period (c. 1550-1069 BCE). Specifically, this new architectural form (in association with
temples) can be seen at the mortuary temple of Ay/Horemheb, the Ramesseum, Medinet
Habu, Amenhotep III's palace at Malkata, and the Temple of Seti I at Abydos, in addition
to several other temples in Egypt and Nubia [52]. Typically, these standardized magazines
were very thick-walled to support the unbaked mudbrick arched roofing [53,54]. A variety
of commodities necessary for temple rituals and services were housed in these structures,
including perishable foodstuffs such as wine, oils, honey, grain, and incense [55]. Today,
the Ramesseum is one of the only (and best) preserved examples of such architecture—the
mortuary temple of Pharoah Ramesses II includes numerous mudbrick storage magazines
with partially preserved arched roofs (Figure 8).

In terms of the storage-like structures found at Hermopolis, the high-water table of
the site leads one to believe that they are most likely later period installations, since most
Pharaonic period structures (pre-New Kingdom), especially in the southeastern section of
the site, are under the current water table [32]. Nonetheless, the increasingly elongated
nature of the rooms points to these structures probably having some storage functionality,
potentially relating to or associated with the network of buildings (e.g., installations D-F,
more later) found to the immediate west of the three installations.

In terms of potential dating, these storage-like structures could be New Kingdom
storage magazines up to Roman horrea, based on what is known about the architectural
style and the fact that nearly all pre-New Kingdom (pre-1550 BCE) structures are destroyed
at the site. However, the architectural style of the Hermopolis storage installations is
most comparable in layout to those found at the Ramesseum, a New Kingdom period
temple complex. The particular storerooms found at the Ramesseum feature congruent
and symmetrical sets of vertical storage rooms (each room with a width of around 4.5-6 m)
facing one another, similar to the plan of Installations A and B at Hermopolis. It is important
to note that this is all careful speculation; excavations would be needed to definitively
confirm the purpose of these structures (and their period of origin).
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Figure 5. Infrared Percentage Vegetation Index (IPVI) for the entire study area with the detected
site highlighted in the black box (A). WV-3 true color image showing the area covered by surface
vegetation (B). Dense network of archaeological structures revealed by IPVI. The high IPVI value
(0.7) indicates enhanced vegetation health atop the sub-surface linear features (C). Linear features are
visible using edge-detection spatial filtering (D). IPVI overlaid onto the edge detection in order to

accentuate the buried linear structures (E).
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Healthy vegetation Stressed vegetation
growing over a ditch growing over a stone wall
(positive cropmark) (negative cropmark)

Figure 6. Diagram showing the difference between vegetation growth atop a ditch (healthy) versus a
stone wall (stressed).

= T

Figure 7. Seven structures (Installations A-G) that were mapped from IPVI spectral analysis. Instal-

lations A—C are believed to have had storage funcitonality. Note: solid lines indicate linear features
that are clearly visible, whereas dotted lines indicate partial features.
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(A)

Figure 8. Aerial photo of the Ramesseum, the mortuary temple of King Ramesses II, which includes
numerous mudbrick storerooms, pointed out with white arrows (source: Adobe Stock, WitR photos).
The remotely sensed structures (Installations A-C) at Hermopolis, shown in Figure 7, resemble
these storerooms (A). Photos taken of exterior (B) and interior (C) of the mudbrick storerooms at the
Ramesseum (photo taken by author).

In addition, a number of new linear features were also detected directly adjacent to
Installations A-C. Of interest are three large rectilinear structures, which have been named
“Installations D, E, and F” (Figure 7). Installation D is very closely located to Installation
C, with their walls nearly touching. Only part of the structure can be outlined—on the
eastern/western sides only fragments remain (~5 m), while the southern side is completely
undetected. The top of the structure, however, is clearly defined and is approximately
18 m long, in total. A wall runs down the middle of the building, dividing it into two
identical sections of 9 m each. To the south of Installation C is a medium sized rectilinear
structure (Installation E) partitioned into three disproportional zones. The structure itself is
around 28 m long and 15 m wide, with three sections divided as follows: 3.5 m, 17 m, and
7.5 m wide. Immediately south to Installation E is another partially detected rectangular
feature, Installation F. The northern facade of this feature is missing the center way but
is, in total, approximately 18 m long. The IPVI picked up more of the eastern segment of
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the structure, while only a small portion of the western section was identified. Around
Installation F, there appears to be a wall encompassing much of the structure. Identifying
this construction as a small enclosure wall for Installation F or an earlier (or later) structure
built on/around Installation F would be possible, but for now unreasonable without some
geophysical surveying or excavation. On the Deutschen Hermopolis-Expedition mission’s
final map of the sacred temple precinct, Giinther Roeder, the director of the project, sketched
a portion of the fragmentary building in the area in question [56]. There were no notes as
to whether the expedition excavated this structure (highly unlikely) or if this was simply a
structure seen above the surface (most likely). This finding is promising, as it corroborates
that the eastern quarter of the tell did indeed have some ancient human building activity,
be it domestic or industrial in nature. Ultimately, this is a form of validation for the results
derived from the remotely sensed analysis of the site.

While the Normalized Difference Vegetation Index (NDVI) is the most common spec-
tral index used for archaeological prospection [57], through the present study it was found
that the Infrared Percentage Vegetation Index (IPVI) was the most effective vegetation
index for exploring the site of Hermopolis, specifically. In this case, the different parameters
present at Hermopolis were simply much more receptive to the IPVI than to the NDVI or
GNDVI, demonstrating that certain vegetation indices are more conducive to particular
sites. This may be explained by the type of plant growth, as spectral signatures derived
from terrestrial photosynthetic activity differ greatly depending on the type and density of
the vegetation.

5.2.2. Spectral Analysis of Iron Oxide

By using the WV-II index, large sections of the ancient city’s known temple enclosure
wall were identified (Figure 9). This mudbrick wall, which is over 14 m wide and 2000 m
long, once encircled the sacred temple precinct of the ancient city. Originally constructed
during Dynasty 19, the monumental enclosure was later enlarged in Dynasty 30 [31]. This
expansion is supported by an inscription of Pharoah Nectanebo I on a stela found at the site,
which details the enlargement of the mudbrick wall as well as the whole sacred complex
within the wall [33]. While the full extent of the Dynasty 30 wall has been mostly identified
by archaeological work from previous excavations, the WV-II image was able to recognize
it rapidly and clearly. In the derived WV-II image, the 14 m wide wall displays high
WV-II values, demonstrating medium to high iron oxide content (Figure 9). The on-ground
validation of the wall by other missions is important in that it confirms the effectiveness of
remote sensing, especially the use of mineral indices, for archaeological prospection.

Additionally, through the use of the WV-II index, a clearly delineated structure (named
“Installation G”) located directly underneath the east-west Antinoe Street was uncovered
(Figure 9). Installation G is approximately 20 by 24 m and has well-defined north, east,
and west walls. Found in the interior are void-like areas, which may have been rooms or
chambers. In the final WV-II image, the outline of the structure exhibits much lower WV-II
index values (~0.44) than the surrounding area, which indicates the low content or absence
of iron oxide. Unlike the enclosure wall, which was mapped due to the high levels of
iron-oxide detected, Installation G was identified because of its low levels of the compound.
This is an instance in which the patterns of absence (versus just presence) are as effective
in the detection of a hidden feature. It should be noted that the walls of Installation G
are most likely constructed out of mudbrick, even though it appears to be negative for
iron oxide. Segments of the structure appear in two different indices, the IPVI and WV-IL
In IPVI, the walls can be delineated due to the lush, healthy vegetation growing atop it,
which is indicative of a mudbrick construction. On the other hand, in WV-II, due to the
obscurement of the high vegetation coverage, the analysis shows a very low component of
iron oxide—a negative signal versus the surrounding area.
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Figure 9. WorldView New Iron Index (WV-II) for the entire study area with the detected site
highlighted in the white box. The WV-II-identified lower section of the city’s known mudbrick
enclosure wall is also highlighted in white. The detection of this wall is due to the presence of mid to
high iron oxide content (A). WV-3 true color image showing the area covered by surface vegetation
(B). Installation G revealed by very low WV-II content (C). Linear feature visible using edge-detection
spatial filtering (D). WV-II overlaid onto the edge detection in order to accentuate the buried linear
structure (E).

While conclusions on the function or purpose of this installation cannot be made
merely through the use of remote sensing analysis, two architecturally similar structures to
Installation G can be found at Tell el-Balamun (northeastern Nile Delta; Figure 10). The
two structures at Tell el-Balamun were identified as Saite period casemate-type buildings
(one very large and one smaller) with numerous chambers compacted between thick divi-
sions/walls [58,59]. Traditionally, casemate foundations usually have numerous chambers
or cells that are filled with sand, earth, brick, or rubble [60]. It is important to mention
a theory that the casemate structures at Tell el-Balamun were, in fact, military forts used
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during the Saite Period (664-525 BCE), but for now this is simply speculation [58]. Likewise,
at the site of Naukratis (western Nile Delta), there is a comparable casemate building
(termed the “Great Mound”) located inside the southern half of the Great Temenos. This
building, like Installation G at Hermopolis, comprises numerous cells or what are described
as forty-one deep vertical “chambers” [61]. Most of the cells were filled solid with mud-
bricks, while others were filled with rubble from masons’ shops. Considering that cellular
or casemate constructions were common ancient Egyptian building styles, which were not
limited to military use [61], it is therefore difficult to deduce the function of Installation G
as having military, domestic, or administrative purposes solely based on the presences of
the cells/chambers.

Figure 10. Casemate structure at Tell el-Balamun detected using magnetic survey [59]. The re-
motely sensed structure (Installations G) at Hermopolis, shown in Figure 9, resembles the Tell
el-Balamun structure.

For the purpose of validation, a map with the previously detected structures from
earlier archaeological excavations of the site [32] was georeferenced and digitized in ArcGIS
(Figure 11). A clear match was found between the digitized (known) lower part of the
wall and those detected by remote sensing (IPVI and WV-II). From this map, it is apparent
that the newly identified structures in the eastern section of Hermopolis were previously
unmapped by earlier projects and are located outside the excavated areas of the site.
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Figure 11. The study area image in RGB, the digitized structures from previous excavations [32],
as well as the two newly detected sites in the eastern section of Hermopolis, located outside the
excavated zones.

5.3. Creation of 3D Model

To make the results more understandable, the linear vegetation marks of the best-
preserved structures, Installations A-C, were expanded into a 3D model. Figure 12 shows
the evolution of the model, from a simple 2D outline of the walls of the buildings, to a
rectangular closed structure, and lastly, to a completed Pharaonic storeroom with barrel
vault ceilings, as seen at the Ramesseum. To ensure the most accurate and realistic rendering
of Installations A-C, textures and materials that imitate those used for ancient Egyptian
construction were mapped onto the model (Figure 13). A sun-dried mudbrick material
that included small vegetal and non-vegetal inclusions was used for the exterior of the
buildings (Figure 8).

Figure 12. Process of constructing the 3D model for remotely sensed Installations A-C in
SketchUp Pro.
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Figure 13. Constructed 3D model of the remotely sensed Installations A-C. (A1-A4) show varying
angles of the structures generated via SketchUp Pro. (B1-B4) show the final product with rendered
materials and textures via the Chaos V-Ray software.

The mudbricks used in ancient Egypt were largely fabricated with clay and mud
obtained from riverine silts and sediments deposited by the Nile River. Vegetal binding
materials, such as rice chaff or chopped straw, were also added to the clay and mud
concoction [62,63]. The importance of these two extraneous tempers can be seen by a New
Kingdom model letter in which there was an official complaint about the lack of local straw
for making mudbrick [47]. Miscellaneous ingredients such as sand, ash, sherds, animal
dung, and fragments from stone working have also been detected in ancient mudbricks [47].
On the other hand, for the inside of the structure, including the top and bottom floors, a
lighter compressed dirt/clay material with small vegetal aggregates and inclusions was
used (Figure 8). The ancient Egyptians are known to have used a natural clay substance,
akin to mortar, to hold together the unfired mudbricks [64]. When rendered in Chaos V-Ray,
these above-mentioned materials were transformed into 3D textures with significant depth
(Figure 13). The key goal of expanding the remotely sensed structures to a georeferenced
3D model was to make such scientific results more understandable to the general public. In
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addition, it is meant to demonstrate how remote sensing can have a multifaceted outcome—
from first seeing nothing from the raw satellite image, to uncovering possible structures
using spectral indices, and finally rendering them into a more tangible format in the third
dimension.

6. Conclusions

Throughout the world, archaeological sites are under the direct threat of damage or
destruction due to developing environmental and anthropogenic hazards, such as rapid
urban intrusion. In many cases, these sites have either never been excavated or have only
been partially explored by archaeologists. With the damage of such sites, a remarkable
quantity of valuable archaeological information is permanently lost. The recent use of earth
observation data for rapid archaeological prospection and digital preservation, however,
has begun to change this. The present study reveals one of the many ways in which
remote sensing techniques, particularly spectral indices, can help “virtually” explore a
large swath of an endangered site. At Hermopolis, the spectral-enhancement indices
assessing vegetation health (IPVI) and iron oxide presence (WV-II) were able to uncover
more than seven unmapped urban features. A number of promising structures were
identified based on this analysis, including three elongated installations, which may have
been utilized for storage purposes, and a potential casemate foundation structure. In order
to make the 2D results more perceptible and immersive, 3D technologies were utilized
to create a realistic visual reconstruction of the best-preserved structures, the storage-like
installations. Three-dimensional reconstructions have profound implications for ensuring
that humankind’s cultural heritage remains in the collective memory of both present and
future generations.

As a validation tool, the layouts of previously mapped and/or excavated areas, such
as the Dynasty 30 temple enclosure wall, were confirmed by means of the same aforemen-
tioned remote sensing processing techniques. However, considering that remote sensing is
merely an exploratory tool, the plethora of linear and rectilinear features detected through
this study warrant future exploration (e.g., archaeological excavations and/or geophysical
survey). The results derived from this remotely sensed data will greatly assist those con-
ducting future excavation or geophysical work at Hermopolis, as a previously unknown
urban sector of the site has now been uncovered. It should be noted that the methodological
scheme presented in this article is highly adaptable and with some minor modifications
can be replicated on other archaeological sites, with similar environmental parameters as
that of Hermopolis. As the archaeological remains of Hermopolis and other sites around
the world continually come under threat from inordinate population growth and the rising
water table, immediate attention should be given to rapidly exploring and mapping these
highly vulnerable sites.
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