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Foreword
The Ministry of Heritage and Tourism works on documenting the cultural and natural heritage of the
Sultanate of Oman in a number of publications, the most important of which is The Journal of Oman
Studies published annually by this ministry. The Journal has been publishing new original research
that is carefully selected through a rigorous academic review process. What characterizes the research
published in this Journal is that it presents the findings of fieldwork excavations carried out by a number
of archaeological missions operating in different regions of the Sultanate of Oman and presenting their
discoveries in the form of research papers exclusively submitted for this Journal.
Continuing these significant efforts, we are pleased to present to our readers the 22nd volume of the
Journal of Oman Studies, which includes eleven research articles covering a timeframe extending from
the Paleolithic to the Islamic periods. These research articles address various topics in the cultural heritage
of the Sultanate Oman, including the study of water history in Oman throughout the ages, in addition
to the study of the settlement landscape of the Early Bronze Age, and the burial practices of the Early,
Middle and Late Bronze Age (Hafit, Umm an-Nar, and Wadi Suq periods). The topics also include the
study of evidence on Iron Age settlements and tombs, ritual complexes from the Early Iron Age, and the
trilith monuments from the Iron Age, in addition to the aflaj system and the use of stars in the timing
of this system. The linguistic research as part of the cultural heritage of Oman focuses in this volume
on the current linguistic situation of the South Arabian Languages in southern Oman. The articles also
include the results of using the latest digital technologies in the field of archaeological investigation in the
Sultanate of Oman, such as the three-dimensional digital documentation of archaeological monuments.
It should be noted that these articles provide high quality visual illustrations which help the reader to
easily follow and understand the discussions and arguments. The research articles cover a wide range
of different geographical regions of Oman such as the archaeological sites in the governorates of Al
Dhahirah, North and South Al Batinah, Al Dakhiliyah, Dhofar, Al Wusta, and South Al Sharqiyah.
I hope that the general readers and specialist researchers will find this volume useful and the information
included therein about the cultural and natural heritage of the Sultanate of Oman beneficial. The Journal,
its editorial board and its support team deserve our thanks for their efforts in promoting this Journal and
achieving its vision and will continue to receive our fullest support.

Salem bin Mohammed Al Mahrouqi
Minister of Heritage and Tourism

xi

3D Digital Documentation of Archaeological
Features, A Powerful Tool for Research and
Dissemination. Case Studies from the Oasis of
Salūt (Sultanate of Oman).
Michele Degli Esposti, Filippo Brandolini & Andrea Zerboni
ABSTRACT:
In the last couple of decades, archaeological fieldwork has seen the increasing use of Structure-fromMotion (SfM) photogrammetric techniques to map and record archaeological evidence. These techniques
are particularly apt and efficient when sites or monuments located in areas of difficult access need to be
documented, or when constraints not directly connected with the archaeological investigation process itself
dictate short execution time. This note accounts for the application of SfM-photogrammetry to document
largely diverse archaeological features located in the area of the ancient oases of Salūt, in the central Sultanate
of Oman, aiming at illustrating the remarkable flexibility of this cost-effective method, which is bound to
become a standard tool not only for archaeological research but also for subsequent preservation, valorization,
and dissemination of the archaeological and historical heritage.

KEYWORDS: Structure-from-motion; Photogrammetry; 3D Model; Cultural Heritage Conservation; Salūt

. �أداة قوية للبحث والن�شر،توثيق رقمي ثالثي الأبعاد للمعامل الأثرية
.)درا�سة حاالت من واحة �سلوت (�سلطنة عمان
 و�أندريا زربوين، فيليبو براندوليني،ومي�شيل ديجلي �إ�سبو�ستي

:امللخ�ص

) وذلك لتحديدSfM( �شهد العمل امليداين الأثري يف العقدين الأخريين ا�ستخدام ًا متزايد ًا لتقنيات القيا�س الت�صويري للبناء من احلركة
ب�شكل خا�ص عندما تكون هناك حاجة �إىل توثيق املواقع �أو املعامل املوجودة يف
ٍ  وتعترب هذه التقنيات منا�سبة وفعالة.الأدلة الأثرية وت�سجيلها
ً
ً
 يتناول هذا.ب�شكل مبا�شر بعملية الدرا�سة الأثرية نف�سها وقتا ق�صريا للتنفيذ
ٍ  �أو عندما تفر�ض قيود غري مرتبطة،مناطق ي�صعب الو�صول �إليها
) لتوثيق ال�سمات الأثرية املتنوعة �إىل حدٍ كبري واملوجودة يف منطقة واحات �سلوتSfM( البحث تطبيق ًا للقيا�س الت�صويري للبناء من احلركة
 والتي ال بد و�أنها �ست�صبح �أداة، وذلك بهدف تو�ضيح املرونة امللحوظة لهذه الطريقة الفعالة من حيث التكلفة،القدمية يف و�سط �سلطنة عمان
. ولكن �أي�ضً ا حلفظ الرتاث الأثري والتاريخي وتقديره ون�شره،منوذجية لي�س فقط للبحث الأثري
 البناء من احلركة؛ القيا�س الت�صويري؛ منوذج ثالثي الأبعاد؛ �صون الرتاث الثقايف؛ �سلوت:الكلمات املفتاحية
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1. INTRODUCTION
Archaeological survey and documentation have
entered the digital era and new techniques are
rapidly being developed to help in the different
stages of the research, from the mapping of sites
to filing of context sheets or find analyses, not to
mention the various software for data analysis. The
documentation of archaeological sites, isolated
monuments, or evidence in general, has consistently
come a long way since the times (indeed not
so remote) of hand-made, almost naturalistic
representations which were undoubtedly of great
effect but sometimes lacked metric accuracy and
surely required a not negligible amount of time to
be realised.
As a result of these considerable developments,
digital heritage methodologies have become a crucial
tool for the study, protection, management, and
promotion of archaeological sites and monuments
(Law & Morgan, 2014). In particular, the possibility
for the fast recording of data thus allowed represents
a key factor to successfully deal with the challenges
archaeology and heritage science will be more and
more often forced to face, given the growing and
apparently unstoppable impact of urbanisation,
industrialisation, natural and human-induced
erosion, and intensive agriculture on the preservation
of archaeological features (Carvajal-Ramírez et. al.,
2019; Rayne et al., 2020; Zerboni et al., 2020).
Among the recently developed techniques,
Structure-from-Motion (SfM) photogrammetry
allows the accurate, 3D modelling of archaeological
features in a remarkably short time, entailing the
filing of a large amount of spatial and visual data
(e.g. Szeliski, 2010; Willis et al., 2016). These can
be extrapolated at any moment, shifting the time
of detailed measuring, plan and section drawing to
a later moment which can become separated from
that of the proper fieldwork. This also implies that
the robust data set stored within each 3D model can
become a fundamental resource not only for the
archaeological research but also for the preservation
and valorization of sites and monuments, for
example by providing the basis upon which stand-
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alone 3D reconstructions can be realised and
circulated among the wider public.
The other great advantage offered by SfM photogrammetry is the low cost and small dimensions
of the equipment, especially when compared with
other techniques requiring more expensive and less
manageable instruments such as 3D laser scanners,
although the latter admittedly provides a more robust data set (e.g. Wilkinson et al., 2016). Low-range
cameras nowadays have sufficient quality standards
to be used for documentation purposes, as do the
large majority of smartphones (Barbero-García et
al., 2017). Combined with the improvements in the
calibration methods for non-metric cameras, this
has widened the end-users base of photogrammetric
modelling to non-professional and semi-professional operators (Westoby et al., 2012) and led to the different applications of this technique in heritage studies, as witnessed by the growing number of recently
published research (e.g. Alby et al., 2013; Beltrami
et al., 2019; Brandolini and Patrucco, 2019; Carvajal-Ramírez et al., 2019; Guidi, Russo and Angheleddu, 2014; Howland, Kuester and Levy, 2014;
Jones & Church, 2020; Sapirstein, 2018).
One of the general constraints for the use of SfMphotogrammetry is the necessity to place Ground
Control Points (GCPs), and CheckPoint (CP),
required to georeference the topographic models,
refine the camera calibration parameters, and remove
artefacts of optical distortion. These reference points
are usually acquired using professional topographic
equipment which is often expensive and bulky,
unsuited for an archaeological survey. However,
the developments in photogrammetric tools now
allow the production of 3D models with acceptable
precision using only consumer-grade devices - i.e.,
portable scale bars - along with low-cost SfMphotogrammetry packages (Carbonneau & Dietrich,
2017) in “sub-optimal survey conditions” (Jaud et
al., 2016). Although a high-precision georeferencing
of the models cannot be obtained with this method,
with the advent of 1-meter precision GNSS satellite
constellations (eg. Galileo)1, low-budget portable
1 https://www.gsc-europa.eu/system-service-status/
constellation-information
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GPS tools or mobile phones themselves might
allow a sufficiently precise geolocalisation of the
surveyed features.
The combination of these aspects - fast execution
with great reliability, cost-efficiency, easy transport
- enables the implementation of this technique in
potentially all environments, including remote and
barely accessible areas.
To provide a concise overview of the
opportunities offered by SfM photogrammetry in

documenting a range of archaeological features
quite different from one another in terms of nature
and dimensions, a few case studies were selected,
all located in the area of the ancient oasis of
Salūt, near Bisya in central Oman (Fig. 1), an area
characterised by a rich archaeological landscape
which includes residential and funerary sites that
bear witness to human occupation from at least the
Mid-Late Holocene until modern times (e.g. Degli
Esposti, 2015).

Figure 1: The location of Salūt in central Oman (bottom left) and an aerial view of the archaeological park
showing the position of the sites discussed in the text.
2. THE ANCIENT OASIS OF SALŪT - CASE
STUDIES
Four case studies are discussed here, comprising
archaeological features that differ from one another
in terms of their nature and, more significantly,
dimensions: i) a massive Early Bronze Age “tower”
surrounded by a huge ditch site, Salūt-ST1; ii) a
semi-subterranean Wadi Suq grave, JS6_G1; iii) a
subterranean Late Iron Age grave, GP21; and iv)
a rock art panel engraved on a massive boulder,
site 11. Each one has specific issues to consider
during the collection and elaboration of pictures, as
summarised below. Cases i) and iv) were already
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presented elsewhere (Brandolini et al., 2020) but
are mentioned here to more fully highlight the
flexibility of the discussed technique.
In all cases, terrestrial photos were taken using a
Canon EOS 100D digital camera or a Canon EOS M3
digital camera (in the case of grave GP21). To allow
correct geometric processing of the images, several
scale bars were aptly placed in various positions on
the scene following the method proposed by Cultural
Heritage Imaging Company (CHI, 2021). Fundamental
for a good outcome of the photogrammetric process is
to achieve a good overlapping (at least 70%) between
contiguous images.
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For the present study, the acquired images were
processed using the photogrammetric commercial
software Agisoft Metashape (Agisoft, 2020), but
different software with similar potential exists
(e.g. Harrower et al., 2014), including opensource solutions (e.g. Moulon and Bezzi, 2012;
Falkingham, 2012). A more detailed description of
the workflow was provided elsewhere (Brandolini

et al., 2020). By way of a general point, it includes
four steps: i) aligning photos; ii) building the dense
cloud; iii) building the mesh; iv) building the model
texture. Table 1 reports the number of pictures,
the employed Agisoft Metashape settings and the
required time for photo acquisition and processing
for each case presented here.

Table 1. Agisoft Metashape settings implemented during the photogrammetric process, final ground resolution,
and working time required for the case studies discussed here,
Salūt-ST1

JS6_G1

GP21

Site 11

Pictures

820

92

41

156

Alignment accuracy

High

High

Medium

High

Dense Cloud accuracy

Medium

Medium

Medium

Ultra high

Mesh accuracy

Medium + Refine Mesh

Medium

Medium

Ultra high

Ground resolution

2.26 mm/pix

0.702 mm/pix

0.377 mm/pix

0.647 mm/pix

Images Acquisition time

≈ 1 hour

≈ 15 minutes

≈ 10 minutes

≈ 15 minutes

Images Processing time

≈ 9 hours

≈ 4 h 15 min.

≈ 20 minutes

≈ 17 hours

2.1 - Salūt-ST1
The Early Bronze Age site of Salūt-ST1 was
excavated between 2010 and 2015, revealing the
complete layout of the central round monument (socalled tower) and the huge surrounding ditch, 11 to
13 meters wide with an outer diameter of 58 m (Degli
Esposti, 2016). The site was occupied during the second
half of the 3rd millennium BC and again during the
Early Iron Age, as shown by the re-use of the central
well (Degli Esposti, 2011: 195-196, 2016: 669).
Salūt-ST1 represents, therefore, the ideal site to
test SfM-photogrammetry documentation for large
sites that would seem, at first, to require aerial views
to obtain representative images. A similar approach
was used recently to document a stone tower at
Safri 1 in Yanqul, further north in the Sultanate,
although in that case no outer ditch was recorded,
which considerably reduced the overall area to be
documented (Harrower et al., 2014).
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At ST1, a single operator initially photographed
the site walking along three concentric paths; closer
pictures of deep-cut features such as wells and ditches
were then added to achieve a uniform and high-detailed
overlapping (Fig. 2). The textured 3D model consists
of a 3D digital reproduction of the archaeological
monument with a centimetric precision (Fig. 2).
2.2 - JS6_G1
The plain of Salūt is framed to the northeast by low
rocky hills indicated as Jabal Hammah in the Geological
Map of Oman (1:250.000, sheet NF 4007 NAZWA).
The crest and slopes of these hills are scattered with
stone-built graves ranging in chronology from the third
to the second millennium BC with several examples of
later reuse in the Early and Late Iron Age (Condoluci
& Degli Esposti, 2015). Several clusters of graves are
easily distinguishable, and accurate Digital Elevation
Modelling reveals a much denser scatter. Some of
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Figure 2: 3D model of the Salūt-ST1 Tower. From the top: dense point cloud, solid mesh, textured model.

218

The Journal of Oman Studies | Vol. 22 |2021

Filippo Brandolini Et Al.

these clusters have been partially investigated between
2017 and 2019 by the Italian Mission to Oman, with
additional support in May 2019 by a team from the
University of Milan. The results are being prepared
for publication, and some are presented in this volume
(Degli Esposti et al., in this volume).
Grave JS6_G1 is one of the burials excavated
along the footings of Jabal Hammah and comprises
a subterranean chamber with stone-lined walls and

a central pillar that shapes the inner space into a
C-shaped corridor (Fig. 3). Its morphology and the
collected grave goods indicate a date for the grave
construction into the second millennium BC (Wadi
Suq period) and a long history of reuse until at
least the mid-first millennium BC (Early Iron Age).
The high-detailed model of the grave JS6_G1 was
achieved starting from photos taken walking along
the perimeter of the monument. (Fig. 4).

Figure 3: Grave JS6_G1 after restoration.
2.3 - GP 21
Another burial ground is located on the plain
between Jabal Hammah and the Iron Age site of
Salūt. Here, 39 graves dated to the Late Iron Age
period were discovered (for a first overview, see
Degli Esposti et al. 2019). All are subterranean
chamber graves, although it is possible that their
flat, large stone cover remained visible from the
surface. One of these graves, GP 21, was chosen
to test SfM photogrammetric documentation, with
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pictures collected, also in this case, simply by
walking around the monument and paying attention
to achieve a satisfactory overlapping between the
images. This case, however, slightly differs from
the others in that the grave was included in an
area of more extensive excavation. This allowed
for testing a particularly fast execution of the
photogrammetric process, as possible bugs could
have been amended later. While this approach is not
recommendable when dealing with features located
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Figure 4: 3D model of grave JS6_G1. From the top: dense point cloud, solid mesh, textured model.
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in remote areas, this example is illustrated here to
show how acceptable results can be achieved in a
very short time (Fig. 5). Recently, photogrammetric
recording was used to document an Iron Age, aboveground “hut” tomb in Jabal al-Salāylī, although
it was done taking pictures at different times and
days (Gaudiello and Yule, 2017). More systematic

use of this technique was made during the rescue
archaeology activities prompted by the construction
of the Batinah Express Highway Package 5, where
numerous graves were recorded, each requiring an
average shooting time of 10 minutes (Putzolu et al.,
2020: 409), thus consistent with what reported in
Table 1 for JS6_G1 and GP 21.

Figure 5: View from the textured model of grave GP 21.
2.4 - Rock art site 11
The rocky outcrops bordering or crossing the
ancient oasis of Salūt and the massive boulders
detached from them provided ideal surfaces for
the engraving of several petroglyphs. These can be
isolated or grouped in rock art panels and galleries
depicting a variety of themes that find numerous
parallels within the corpus of Arabian and South
East Arabian rock art (Degli Esposti et al., 2020).
A peculiar “man with halberd” motif is repeatedly
engraved on a large boulder standing on the
eastern slope of Jabal Hammah (listed as Site 11
in the rock art survey of the area). The presence
of an organic-content dark crust covering part of
the engravings allowed the radiocarbon dating of
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the crust, thus relevantly providing an absolute
date at 901-541 BC (95.8%) which represents a
terminus ante quem for the engravings (Zerboni
et al., 2021).
SfM-photogrammetry has already been tested
in rock art studies (Bea and Angás, 2017). It is
reckoned as the most appropriate solution for 3D
recording in the field and represents a valuable, costeffective alternative to Terrestrial Laser Scanner
(TLS) (Jalandoni et al., 2018), although the two
techniques are often applied together (Davis et al.,
2017; Jaillet et al., 2019). Markers of known length
were placed near the boulder at site 11, and the
resulting high-resolution 3D model (Fig. 6) allows
a very clear observation of the petroglyphs (Fig. 7).
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Figure 6: Sparse cloud points generated from the images of the rock art boulder (site 11) taken on the field.

Figure 7: Details of the petroglyphs at site 11 as visible on the 3D textured surface.
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3. FROM EFFICIENT DOCUMENTATION
TO ENGAGING DISSEMINATION.
CONCLUSIVE REMARKS
We believe that the four case studies presented
here constitute a significant sample of the many
different types of archaeological features that can
be reliably recorded through SfM-photogrammetry
and without the need for Unmanned Aerial Vehicles
(UAVs), which becomes necessary in the case
of very large monuments, entire settlements, or
landscape-oriented surveys (e.g. Mancini et al.,
2013). The discussed workflow can provide 3D
models within which a huge amount of data is
recorded in a remarkably short time, especially
when compared to traditional survey methods, a
point that becomes essential in rescue excavation
works. The equipment needed on the field can be
reduced to a digital camera (and/or a smartphone)
and portable scale bars, the latter being a low-cost
tool to rescale the 3D models. This technique is,
therefore, particularly apt also for archaeological
and heritage surveys in remote areas, overcoming
possible logistic hindrances with a cost-effective
approach (Brandolini et al., 2020). Portable GPS
devices, or smartphone themselves, can provide
sufficiently precise georeference data for the sake
of archaeological recording, although not achieving
the precision of more costly, yet less manageable,
instruments.
Moreover, the remarkably different size and
extension of the illustrated sites underlines the
flexibility and great potential of the method, which
can clearly be implemented for larger historical
monuments and objects as well (e.g. Sapirstein,
2018). In such situations when the only alternative
options for recording topographic data are handmade
sketches and field pictures, the centimetric accuracy
that can be obtained with this method is more than
acceptable and provides a robust dataset upon which
further study of the monuments can be based.
Problems connected to site accessibility and
light condition can be minimised by the careful
acquisition of the base photoset, combining different
perspectives, elevations, and, when possible,
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choosing the most convenient moment during the
day (e.g. Gaudiello and Yule, 2017: 52-53). On the
one hand, modern mobile devices are equipped with
software algorithms that can automatically correct
the image settings with no manual interference
- a readily available valuable tool for unskilled
photographers. On the other, DLSR digital
cameras allow an accurate manual setting of light
and exposure parameters to maximise the visual
rendition of acquired images.
Overall, SfM techniques are rising to the status
of “standard” documentation for archaeological and
heritage projects. It is clear from the above that little
training is required for an operator to become able
to achieve satisfactory results, although experience
provides invaluable insight into the best practice
of the different workflow phases. This means that
also non-professional operators can be successfully
involved both in the photo acquisition phase and
the semi-automated photogrammetric processes
entailed in the subsequent post-production which
generates the final, high-detailed 3D models.
One further step entails making the most of
such models in pursuing the two parallel goals of
research and dissemination. The metadata-rich
models, in fact, not only constitute the basis for the
detailed study of the archaeological or historical
monuments but also provide a high-potential tool
for the preservation, valorisation and dissemination
of cultural heritage.
In many instances, the recording (and 3D
modelling) of archaeological features with errors in
the range of few centimetres (as the ones presented
here) is perfectly adequate for research purposes
and surely represents an extremely more convenient
alternative to low-detail, time-consuming handmade
drawings - which can anyhow be realised in a second
moment based on the rectified orthophotographs that
can be obtained from the 3D models themselves.
Plans and profiles can be extrapolated from the dense
clouds obtained with the photogrammetric process,
and this often allows being able to survey also profile
lines that would have been hard to draw in the field.
In the case of structures being stratigraphically
removed to make space for development works, for
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which a 3D reconstruction is implemented for each
phase of the excavation (e.g. Putzolu et al., 2020),
cumulative sections can also be reconstructed by
simply extracting the profiles from every successive
model along the same section line.
Until a few years ago, before the remarkable
development of SfM-photogrammetry software,
it was a common opinion that photogrammetric
recording would need considerable financial
resources and trained staff, especially until the use
of TLS (Terrestrial Laser Scanners) was deemed as
necessary. This can indeed be true in those cases
where a model with sub-millimetric precision is
needed, a goal which, on the one side, is not really
necessary in archaeological practice and, on the
other side, is only technically feasible in specific
contexts and surely not during short-timed rescue
excavations nor preliminary surveys of vast and
remote areas.
Virtual models, however, enriched as they
are with cultural content, scientific information,
and data can also enhance the participation and
awareness of knowledge of the end-users and can
increase the interaction between the user and the
information (Bercigli, 2019).
Furthermore, the possibilities offered by 3D
models in terms of the diffusion and sharing of
‘virtual archaeological tours’ are manifold. While
this is true for any kind of ancient feature, be
it isolated or part of a clustered archaeological
landscape, the situation of an archaeological park
such as the one being finalized in the Bisya &
Salūt area allows some considerations to be made
regarding the accessibility of cultural centres,
fostered by the recent and not-yet-concluded
experience of the Covid-19 pandemic which
brought along restrictions never experienced before.
In fact, several tools for further processing of dense
point clouds are currently available in the form of
open-source software, which can be used to create
stand- alone three-dimensional reconstructions
of the main features of a site, if not the whole
site itself. These can be made available online to
a remarkably vast audience, reaching at the same
time people who would have never had the chance
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to physically visit the site but also people who have
a specific interest in it, strengthening this interest
and potentially increasing the public once normal
accessibility conditions are reestablished. After all,
a recent consultation meant to map the impact of the
pandemic on cultural heritage sites has underlined
how “cultural heritage appeared, more than ever,
as a crucial instrument to bring people together”
(Europa Nostra, 2020: 8), and other surveys
pointed out the substantial increase in the demand
for heritage virtual tours during the pandemic
(ICCROM, 2020).
To sum up, it is evident how fast data recording,
resulting in reliable metric products obtained
with low-cost and easily transportable equipment,
becomes vital when the archaeological features are
located in areas of difficult access or when other
constraints substantially limit the available time.
These two circumstances occur frequently in the
Sultanate of Oman, the former due to the amplitude
of scarcely - if at all - inhabited areas, where the
surveyor can often only go once, with no possibility
to return with larger equipment; the latter as a
consequence of the fast infrastructural development
in the country, which also led to the reinforcement
of rescue archaeology practice (e.g. Genchi, 2019a;
Genchi, 2019b; Laurenza, 2019; Loreto et al.,
2019; Putzolu et al., 2020; Saunders 2016). Several
regions, however, share the same characteristics,
not lastly several countries where cultural heritage
protection policies are still lacking or ineffective at
best, places where the techniques illustrated here
could remarkably improve the practice of heritage
preservation with costs that could be met even by
little-funded insitutions.
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