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Abstract: Harrat Khaybar is an active monogenetic volcanic field in western Saudi Arabia that hosts
spectacular monogenetic volcanoes and a Holocene volcanic cone with extensive lava fields. The
volcanic region is a subject of intensive land use development, especially along tourism ventures,
where the volcanic features are the key elements to utilize for increasing visitation rates to the region.
The youngest eruption is suspected to be Holocene and occurred fewer than 5000 years ago based
on the cross-cutting relationship between the youngest lava flows and archaeological sites. Lava
flows are typical, from pahoehoe to ‘a‘a types with great diversity of transitional textural forms.
Here, we recorded typical transitional lava flow surface textures from the youngest flows identified
by digital-elevation-model-based terrain analysis, satellite imagery, and direct field observations.
We performed lava flow simulations using the Q-LavHA plug-in within the QGIS environment.
Lava flow simulations yielded satisfactory results if we applied eruptions along fissures, long
simulation distances, and ~5 m lava flow thickness. In these simulations, the upper flow regimes
were reconstructed well, but long individual lava flows were not possible to simulate, suggesting
that morphological steps likely promoted lava ponding, inflation, and sudden deflation by releasing
melts further along shallow syneruptive valley networks.

Keywords: pahoehoe; ‘a’a lava; spatter; lava tube; tumuli; scoria; pyroclastic; geodiversity;
geoconservation; geotourism

1. Introduction

Volcanic geoheritage is a recently recognized aspect of research to utilize volcanic
features for geoconservation, geohazard education, and geotourism [1]. Volcanoes fascinate
the public, and volcanism is of great interest among geological processes [2]. Volcanism
is also one of the graphic examples of geohazards. Due to the growing human popula-
tion, infrastructure, and urban expansion, geological processes have more direct impact
on our society [3-8]. While volcanism has strong dark geocultural aspects through its
destructive nature [9,10], it is also part of human civilization evolution as volcanoes pro-
vide good material to form valuable soil and become important regions for early human
settlements [11-14]. Altogether, this forms a very strong heritage that is defined as volcanic
geoheritage [15-19]. Volcanic geoheritage has also recently been treated, from volcano
geology aspects, to provide a systematic framework to evaluate their values, compare
their features, and see their geodiversity both from regional and global perspectives [20].
Volcanic geoheritage is clearly obvious in areas of active volcanism. The fascination with
volcanic processes makes lands with no current volcanic activity important for the use of
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old volcanic features or rocks to link them to active processes using this information in
geoeducation and geotourism [21]. It is commonly recognized that regions with no current
volcanic activity but located in volcanic terrain can form significant hubs for tourism and
geoeducation [22-25]. Placing volcanic lands into a geosystem services concept, besides
the obvious natural resource values that such volcanoes can offer (e.g., raw materials,
mineral resources), their geoheritage appreciates increasingly [26-30]. In this scientific
report, we explore the geoheritage aspects of a volcanic region in western Saudi Arabia
that evolved over a long time and is suspected to have produced volcanic eruptions in
the Holocene [31]. The main goal of this report, besides documenting the basic elements
of the volcanic geoheritage of this region, is to test lava flow hazards, utilizing lava flow
inundation modeling. Such modeling can provide a unique tool to incorporate in volcanic
hazard education for use as a centerfold of the geoeducation concepts of this region for
future geopark developments.

Saudi Arabia, in the past decade, has made significant investment to raise its tourism
portfolio [32,33]. The Royal Commission for Al Ula (https://www.rcu.gov.sa/en accessed
on 14 March 2023) is one of the flagship projects that is based on the cultural and natural
heritage of NW Saudi Arabia, as one of the main target areas to promote tourism. The first
attempt to estimate the geodiversity values of the major target areas within the Kingdom
yielded valuable results to use for geoconservation and geotourism [34-36].

Tourism is also a recent concept within Saudi Arabia. A Scopus resource survey
searching keywords such as “tourism” and “Saudi” returned 383 unique research papers.
Interestingly, the number of publications about tourism subjects started to increase dramat-
ically since 2012, indicating that tourism is, in general, a very new concept within Saudi
Arabia. Tourism in general is based on religious pilgrimages such as Hajj and Umrah,
primarily involving the region within the triangle of Al Madinah, Jeddah, and Makkah [37].
Saudi Arabia, similar to other parts of the world, has been hit strongly by COVID-19, and
pilgrimage-related tourism has just recently recovered; but the post-pandemic has also
created new opportunities to expand tourism activity beyond pilgrimage-related activi-
ties [38—40]. In current movements, tourism in Saudi Arabia is also promoted as a national
identity that is linked to the diverse nature of the Arabian Peninsula [41,42]. Recent stud-
ies also show that Saudi Arabia has a strong domestic tourism sector that is beyond the
common pilgrimage sector, and it is rapidly growing [43—45]. The general tourism is also
expanding to occupy sectors of cultural activities [32,46-49], suggesting a very rapidly
evolving sector of the Saudi society where niche tourism [50,51], hence geotourism, has a
great future. The tourism sector within Saudi Arabia also embraced new and advanced
approaches to explore the concept of tourism from very diverse aspects [52,53], which is
very practical for geotourism developments.

Research work to evaluate the geoheritage values of the volcanic region of Saudi
Arabia also culminated in various research reports and books that became widely used
to explore the geotourism potential of the region [17,54,55]. Recent tourism develop-
ment within the Kingdom has utilized the unique young volcanic landscapes of the
Harrat Khaybar region by establishing a luxury ecotourism site named Khaybar Vol-
cano Camp (https://www.experiencealula.com/en/discover-alula/Khaybar/khaybar-
heritage-tour /Khaybar-Volcano-Camp accessed on 14 March 2023). The project is a suc-
cessful venture bringing local and international visitors to a remote volcanic landscape
that has received significant publicity since its establishment in late 2022 (https:/ /www.
arabnews.com/node /2216726 /saudi-arabia, https:/ /www.arabnews.com/node/214163
1/saudi-arabia, https:/ /www.timeoutriyadh.com/hotels/khaybar-volcano-camp-opens-
alulam, https://www.thenationalnews.com/travel/hotels/2022 /12 /12 /khaybar-volcano-
camp-opens-in-saudi-arabia-surrounded-by-lava-fields/, https:/ /www.factmagazines.
com/saudi-arabia/thrill-seekers-can-now-stay-at-khaybar-volcano-camp-in-saudi-arabia,
https:/ /whatsonsaudiarabia.com /2022 /12 /settle-into-the-luxurious-khaybar-volcano-camp-
in-the-heart-of-lava-fields/, all accessed on 14 March 2023).
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While volcanoes are commonly viewed as long-lived conical geoforms that are active
over a long time, there are also small-volume, short-lived volcanoes forming volcanic
fields of monogenetic volcanoes [56]. Such monogenetic volcanic fields may be active
over millions of years; their individual volcanoes are short-lived and new vents are likely
to open in other places than where the last volcano formed. The Harrat Khaybar is one
of such long-lived mature monogenetic volcanic fields [31,57]; hence, it is considered
as an active volcanic field where young and well-preserved volcanic features make it a
perfect representative candidate to explore from a geoheritage perspective. In this process,
its youngest eruption site, Jabal Qidr, was nominated and then accepted as one of the
International Union of Geological Sciences (IUGS) First 100 Geological Heritage Sites (https:
/ /iugs-geoheritage.org/geoheritage_sites/historic-scoria-cone-of-the-jabal-qidr/ accessed
on 14 March 2023) [58]. Here, we explore the youngest volcanic features of this field and
justify its geoheritage value within its geodiversity of monogenetic volcanism. We simulate
first-time lava flow inundation in the region with an aim to provide key information for the
lava flow emplacement mechanism that is supported by direct field observations. Based
on this, we provide a comprehensive dataset that can be utilized within land use plans
for future geotourism and geoeducation developments. Here, we provide an overview of
the unique geosites of young lava fields and spectacular monogenetic silicic volcanoes to
justify their high geoheritage values and global significance that can be the base of future
geopark establishment.

2. Geological and Geoheritage Setting

Western Saudi Arabia is the home of at least nine distinct volcanic fields [55] that
are delineated by the concentration of their source vents and the extent of the lava fields
mapped with them. Among these volcanic fields—commonly referred to as harrats or black
lava fields—Harrat Khaybar is one of the large fields by volcano numbers and surface area
covered by lava flows (Figure 1). The two largest volcanic fields are located near the holy
city of Al Madinah.

35°E
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Figure 1. Microsoft Bing satellite image within QGIS shows the general landscape of the Arabian
Peninsula. Note the dark zones in the western margin of the peninsula that are post-Miocene
volcanic fields (harrats). Among them, Harrat Khaybar is located just north of Al Madinah city (red
rectangle), and it is considered one of the largest and probably more geologically complex fields within
the region.
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Just south of Al Madinah, the largest volcanic field of the Arabian Peninsula, Harrat
Rahat, is located. It consists of over 500 individual volcanoes such as typical scoria cones,
lava spatter cones, and some trachytic lava domes and explosion craters [59-61]. While the
field is dominated by basaltic volcanic products, trachytic lava domes and block-and-ash
fans are known from its central part [62]. Among these silicic eruption sites, there is one
dated to be about 4500 years old, concerning a young, Holocene, highly explosive and
hazardous volcano [59] that was formed just before the Middle Holocene—Late Holocene
subepochs boundary (4250 a b2k = 4250 years before the year 2000 (b2k) = 2250 BCE) and
likely falls into the Northgrippian age [63]. Harrat Rahat is also the home of the youngest
recorded eruptions within Saudi Arabia, which generated the 1256 CE Al Madinah eruption
site through a 2.3 km long fissure that fed lava flows which reached the sedimentary basin
where the city of Al Madinah is located today [64].

Just north of Al Madinah is the Harrat Khaybar, which is slightly smaller by surface
area than Harrat Rahat. The volcanic field was formed in a long time over millions of years.
The volcanic field hosts a larger number of silicic eruption sites than Harrat Rahat. Such
silicic volcanoes are located in its central region, ranging from benmoreite to mugearite to
potash rhyolites in composition [57]. The silicic volcanic landforms are tuff rings, single lava
domes, and some block-and-ash fans. The common characteristics of these silicic eruption
sites are their relatively simple stratigraphy framework, indicating relatively short-lived,
“one-shot” volcanic eruption styles responsible for their formation [31]. As they also
represent small volumes of eruptive products, they are monogenetic volcanoes, but are
fed by shallower and more evolved magmas. The youngest eruptive products of the field
form extensive lava fields, mainly in the central part of the field, with lava flows reaching
over 60 km in distance from their sources, mostly toward the west. These young lava flow
fields and their suspected source cone, Jabal Quidr, form the core of the geoheritage values
explored and investigated for geotourism and geoeducation purposes [31]. The region
has high geoheritage values as it hosts spectacular rare rhyolitic tuff rings and single lava
domes such as Jabal Bayda and Abyad [65].

Saudi Arabia has no formal geopark established yet. However, at the project level,
initial movements are clear and aim to establish geoparks in the Kingdom. As the vol-
canic fields, or harrats, are significant morphological elements of western Saudi Ara-
bian landscapes, these lava-dominated volcanic terrains were suggested on several oc-
casions to form the core conservation strategy and the geological basis of establishing
geoparks [17,31,55,66].

3. Materials and Methods

In this report, first, we analyzed the terrain of Harrat Khaybar, utilizing terrain anal-
ysis tools with the QGIS (https://www.qgis.org/en/site/ accessed on 28 January 2023)
environment. To achieve this, we accessed the ALOS-PALSAR digital elevation dataset via
the Alaska Satellite Facility (https://search.asf.alaska.edu/ accessed on 28 January 2023)
available for this region. These data provide 12.5 m resolution digital elevation information.

For identification of various generations of lava flows, we obtained Sentinel satellite
images available from the Sentinel-HUB server (https://www.sentinel-hub.com/ accessed
on 28 January 2023) in preprocessed, terrain-corrected, and georeferenced format in the
same coordinate and projection system as the DEM dataset. These maps are normally 13 m
in resolution, but for detailed testing, we utilized 9 m resolution datasets as well. As the
region is in an arid climate, it was easy to locate suitable views with zero cloud coverage,
maximizing the information available from such data. We selected recent images dated
15 December 2022 with zero cloud coverage.

For the terrain analysis, we used the inbuilt SAGA GIS Next Generation plugin to
perform basic terrain analysis. From the obtained data, we used the slope angle values to
demonstrate the terrain topographic features. In addition, we used the SAGA GIS Next
Generation (https:/ /saga-gis.sourceforge.io/en/index.html accessed on 4 February 2023)
plugin to determine the basic geomorphological features, geomorphons [67,68], using
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default parameters for the calculations as the field visually shows very low variations in
topographic features. Topographic variations were significant only where small-volume
volcanic landforms occurred in the central regions.

We mostly used the preprocessed shortwave infrared composite (SWIR) images based
on the 12, 8A, and 4 bands. SWIR data show if water is present in plants and soil, as water
absorbs SWIR wavelengths. In SWIR images, the vegetation appears in shades of green,
while soils and built-up areas appear in various shades of brown, and water appears black.
Newly burned or barren land reflects strongly in SWIR bands, making them valuable for
mapping fire damages or fresh lava flows. SWIR images show, very sensitively, the various
lava flow types, with areas that are fresh and basaltic in composition being very reflective.

In addition, we also checked the false color composite image that is based on the
8, 4, and 2 bands. A false color composite uses at least one nonvisible wavelength to
image Earth. The false color composite using near-infrared, red, and green bands is the
most common and is used to assess plant density and health, since plants reflect near-
infrared and green light, while they absorb red. Obviously, this is not the case for our
study area as it lacks vegetation; instead, the reflectance difference distinctly shows the
variation of young mafic lava flows and older lava surfaces, separating them sharply from
loose-ash-covered terrains.

We also find it useful to distinguish lava flows using the Normalized Difference
Moisture Index (NDMI), which is the ratio between the BSA-B11 values and B8A+B11 band
values. The NDMI is used to determine vegetation water content and to monitor droughts.
While the study area lacks vegetation, the variations recorded in such imagery reflect the
geological architecture of the region. Low values normally correspond to barren soil, while
higher values show more water. While this is, strictly speaking, relevant to vegetation
cover, of which our research area has none, the color variation reflects the freshness of hard
lava rock versus zones that are more granular, e.g., that already went through some desert
weathering and/or represent ash covers where water loss (or quick accumulation) can
be detected.

For the lava flow characterization of the youngest flows, we utilized the Microsoft Bing
Satellite Image Repository as well as Google Earth Pro to locate key archaeological sites
where human occupation features and desert kites are visible. We used this information
to constrain the relative age of the lava flows. Desert kites are typical hunting features
that are built as rock fences to divert wild game migration to a narrower flat area that is
easily accessible, where some trap system captures some of the passing animals [69-72].
While the exact operation and functionality of these desert kites are under debate, in recent
decades, thousands of such archaeological sites have been identified and described, from
Central Asia to the Middle East and the Sahara [73-81]. Here, we compared the location of
such desert kites in Harrat Khaybar with the lava flows associated nearby to them.

For the lava flow simulations, we utilized the Q-LavHA plugin of the QGIS software
(https:/ /we.vub.ac.be/en/g-lavha, accessed on 6 January 2023). Q-LavHA (Quantum-
Lava Hazard Assessment) is a QGIS (Quantum Geographic Information System) freeware
plugin which simulates ‘a’a lava flow invasion probability from one or more regularly
distributed eruptive vents on a digital elevation model. It combines existing probabilis-
tic and deterministic models [82,83] and proposes some improvements to calculate the
probability of lava flow spatial propagation and terminal length. The spatial spread is
constrained by the probabilistic steepest slope following the approach of Felpeto et al.
(2001). Corrective factors are included to allow the lava flow simulation to overcome small
topographical obstacles and fill pits. The terminal length of the lava flow simulation can
be determined based on fixed length values, a statistical length probability function, or
based on the thermorheological properties of an open-channel lava flow, following the
approach of the FLOWGO model [83]. As our study area is not strictly an ‘a‘a lava field
with channel-fed lava flows ideal for applying Q-LavHA [84,85], the simulation results
were treated as an indication of lava flow inundation proxy rather than a high-precision
modeling tool. The reason we opted to use this simulation tool is that it is simple and
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user-friendly, and it is incorporated in the QGIS freeware. In addition, it has also been
applied earlier in similar volcanic systems, such as Harrat Khaybar [86]. While Q-LavHA
indicates that it has been developed for ‘a‘a lava flow modeling, we consider our field has
such components, especially within the rubbly pahoehoe lava field areas and other chan-
nelized nature, which we outline later. It is also evident that lava flows simulated recently
by Q-LavHA are far more diverse than a sensu stricto ‘a’a lava, and, in many senses, share
common characteristics that we observed in our field. Within the toolbox of Q-LavHA,
we tried but have not taken into this report, FLOWGO as it requires numerus data inputs
of the lava’s estimated physical conditions that we can offer only in a highly speculative
way. As our field is also located on a gentle sloping terrain (<5 degrees), we find that the
best way to follow the simulation is to apply Euclidean simulation and long simulation
distances (e.g., 10 times more than the measured flow runout distances) similarly to what
was suggested in Paricutin, Mexico [87]. Though we have very limited direct information
about the lava flow thickness, based on direct field observations, we opted to use 5 m
average flow thickness with an extra 10 m buffer to allow the simulation to progress if the
topography became too flat, as the simulation otherwise would terminate too early. We
also acknowledge that our DEM has only 12.5 m resolution which limits the capture of
fine details of micro-ruggedness of the terrain. While this is probably an advantage in the
areas in proximal terrains where the complex lava accumulation zones created complex
micromorphology, in distal areas, this resolution is not good enough to pick distinct shallow
wadi networks that apparently capture thin (m range) lava flow lobes. Our null hypothesis
was that the simulations will likely provide acceptable results within the proximal and
medial settings, but further away, the reliability is expected to be pure. Based on these
boundary conditions, we performed lava simulations as vents opening on the western and
eastern sides of the summit region of the current Jabal Quidr cone. To perform this was an
important step as the cone current morphology highly affects the initiation direction for
any flow using any flow simulation packages. In addition, we performed point source flow
initiation north of the Jabal Quidr, where mapping and satellite imagery confirmed young
lava flow source regions. In addition, we used fissure simulations with 500 m eruption
point spacing over fissures up to 3 km. Finally, we modeled lava flows initiated along a
long fissure zone opening between Jabal Quidr and the northern emission zone, with the
same 500 m eruption point spacing. We discuss the resulting simulations in the context
of a volcanic hazard and hazard education perspective within the planned framework of
geopark development initiative.

4. Results
4.1. Terrain Analysis

The 12.5 m resolution ALOS-PALSAR DEM was good enough to characterize the
volcanic field morphology well. The generated contour map with 50 m contour density
with a combination of topography-enhanced DEM color maps over hill shade with five-
times exaggeration provided a good visual image of the entire field, highlighting its very
gentle morphology (Figure 2). This monotone landscape became more complex only in
the center part of the field (Figure 2). This is clearly visible in the generated east-to-west
and north-to-south cross-sections (Figure 3). The low slope angle is apparent in the cross-
sections in the distal part of the field, suggesting that the lava flow simulation within the
available map resolutions likely needs to be adjusted to flat terrains (e.g., using increased
simulation distances).

The slope angle map for the whole field showed very well that the region is flat, but
with a gentle sloping nature. The slope map in the central region of the field, however,
showed steep-sided fresh volcanic cones forming the core of the volcanic fields (Figure 4);
the steeper the slopes, the younger the volcanic landform appeared to be in the field.
Interestingly, within the steep cones, the terrain still showed a remarkably flat nature. The
intercone areas just dissected a very shallow gully network that is difficult to visualize
within the available DEM resolution.
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Figure 2. Digital terrain model based on the ALOS-PALSAR 12.5 m resolution elevation data over the
geological map of the region. Young lava flows are clearly visible in the underlying map. Note the
gentle sloping terrain and the dorsal-ridge-like feature upon which the volcanoes sit. Cross-section
lines are marked on the map, and cross-sections are shown in Figure 3.

North to South Cross-section

West to East Cross-section

Figure 3. Topographic cross-sections generated in QGIS along the two N-S and W-E transects shown
on Figure 2. Note the gentle sloping terrain and the near-steady-elevation dorsal range of vents.

Applying the geomorphon calculations, the above outlined terrain characteristics are
also evident. The dominant landform types of the central part of the field are “slopes”,
gently sloping (<2 degrees) but generally flat landforms (Figure 5). Hollows, foot-slopes,
valleys, or depressions were recognized only in the central areas, where the relative mor-
phology between cones and their bases was slightly more rugged (Figure 5). Along areas
in the western side of the central cone zone, slight steps can be recognized in the mor-
phology. Just east of this region, older and flatter lava flows tend to occupy the region
where the largest known lava tube in the field is located. It is interesting that geomorphon
calculation did not pick up characteristic valley networks even within those areas where
ephemeral fluvial networks are mapped and known. With the given 12.5 m resolution
DEM, the terrain analysis provided a gentle landscape for most of the volcanic field that
has a gentle dip away from its north—south-trending dorsal zone. To further explore the
terrain characteristics, satellite images were utilized.



Land 2023, 12, 705 8 of 29

39°42'E 39°48'E 399 40°0’E 40°6’E 40°12'E 40°18’E

25°42'N 25°48'N

25°36'N

3 t\ﬁ’ A

)
i
35 {ié |

rﬁ'gfg&?é%@&e

Qf; Cor 2
S

25°30'N

.

Nl e
A - Gt bsa" : ,-" E I
NeE T N ; :
39°42'E 39°48’E 39°54'E | 40°12'E 40°18'E
0 5 10 km
]

Figure 4. Slope angle map indicates a morphological step just west of the vent zones. Contour
intervals are 10 m. The arrow points to Jabal Quidr (green circle). The position of Umm Jirshan Cave
is marked by a red circle. The sealed road is a red line, while dirt roads are marked with black lines.
Temporal stream networks are shown with blue lines.
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Figure 5. Geomorphon map of the central part of the field, showing the gentle sloping region away
from the dorsal ridge of the vents in the central regions. Contour intervals are 10 m. The arrow points
to Jabal Quidr.
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4.2. Satellite Imagery

On the Sentinel SWIR image, the central part of the terrain distinctly shows the
younger lava flows (Figure 6). Loose ash and lapilli fields are normally shown differently,
reflecting their dry nature. On this image, the darkest lava flows are indistinguishable from
each other, suggesting their common age and textural features (Figure 6). The same pattern
can be observed within the moisture index map, highlighting the young nonweathered
lava surfaces distinct from the rest of the field. This image also indicates that most of the
young lavas represent a similar age and textural range (Figure 7).
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Figure 6. SWIR Sentinel satellite image showing the young lava flows clearly (dark) and their
separation from pyroclast-filled zones (pinkish). The arrow points to Jabal Quidr.
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Figure 7. Moisture index map based on a Sentinel image of the center part of the volcanic field. Dark
red/orange zones represent low moisture content (e.g., dry ash), while blue regions indicate smooth
and moist surfaces, such as young lava flow axes. An arrow points to the location of Jabal Quidr.
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4.3. Lava Flow Surface Texture

Lava flow surface textures were observed from helicopter flights and on the ground.
This dual approach was necessary, as on the ground, the location of various textural
boundaries were not as obvious as after a fly over.

In the proximal settings close to source vents, the lava flow was typically pahoehoe,
with thin layers of glassy but vesicle-rich surfaces. In the larger cones’ flanks, convoluted
lava flow channels commonly formed complex lava surface textures or regions where only
thin layers of lava were preserved, such as on the flank of Jabal Quidr (Figure 8). This
convoluted surface texture manifested well in rugged surface areas in the proximal areas,
especially where the steep cone flank facilitated lava flow movement promoting destruction
of initial colling surfaces. In these areas, the formation of a significant tube network, or
ponding, was not possible, as lava just cascaded down. The result of these cascaded ripped
flow crusts was the formation of some channelized zones right at the feet of the major cones
such as Jabal Quidr (Figures 8 and 9). Further away, ponding became more apparent, as in
the gentle sloping regions, flow movement must have slowed down to allow the formation
of chilled crust that showed up as shiny plates on the air photos (Figure 8).

Figure 8. Jabal Quidr’s eastern side with the complex lava flow field and the deep crater of the cone.
Lava flows were partially fed from overfill of the crater and some side fissures. Lava flow outpouring
and draining triggered crater floor collapse and the generation of the deep crater. The crater is about
250-300 m across.

Lava flows further away seemed to be captured in shallow morphological regions,
including wadis (dry valleys), where they formed flat-topped lava channels such as those
developed on the eastern side of the Jabal Quidr cone (Figure 9). Lava flow textural changes
are very clearly visible on the eastern side of Jabal Quidr, and provide vital information
to justify the model used for lava flow simulations (Figure 9). Along the eastern foothills
of Jabal Quidyr, the lava flows clearly form relatively thin (dm-scale) layers of lava that are
vesicular, and the vesicles form zones from the base to the top of the flows (Figure 10).
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Figure 9. The eastern zone of Jabal Quidr on a Sentinel satellite image with a characteristic lava
channel that transforms into a rubbly pahoehoe from the inflated tube-fed zones in the foothill area.
Lava is diverted toward the south to pass the pre-eruptive obstacles formed by older cones. An ash
plain covers the pre-eruptive landscape, indicating that the lava flow emplacement post-dates the
major explosive phase and scoria cone growth of Jabal Quidr.

Figure 10. The eastern foothill of Jabal Quidr (about 2.3 km from source) with inflated, vesicular
pahoehoe sheets.

The outer part of the lava flows is glassier, and smoother pahoehoe surface textures are
apparent in areas where the slope angle changes from the steep edifice part to the foothill
zones, suggesting temporal lava ponding where incoming lava forms convoluted wrinkle
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textures on the growing lava pond (Figure 10). In these areas, localized inflation features
generated uplifted convex upward zones such as embryonic tumuli [88] (Figure 10). In
the axis of the main flow paths, such tumuli suffered opening along dm- to meter-scale
long cleavages, promoting deflation and collapse of the relatively thin roof of the tumuli
(Figure 10).

In the proximity of lava spatter cones [89], the rapid accumulation of pyroclasts
generated clastogenic lavas that also intermingled with fresh flows initiated from the
fissures. These areas formed very complex lava surface textures characterized by pahoehoe
ropy lavas and thin chilled-crust-bounded dm to meters wide and several tens to hundreds
of meters long lava tubes (Figure 11). These features clearly form positive, concave-up
micromorphology, indicating rapid flow movement of low-viscosity melt developing thin
crusts that are gradually vesiculating but still holding the melt together as a deformable
skin/crust-bounded narrow channel (Figure 11).

Figure 11. Narrow, partially unroofed flow channel at the foot of a lava spatter cone. The channel is
about 2 m wide.

These narrow lava channels often appear to be unroofed in areas where the spatter
cone edifice of the fissure-fed zones is steep or where the slope angle of their accumulation
surface is changing as a reflection of the changes of velocity and dragging power of the
moving melt within the self-developing tube (Figure 11).

Similar unroofing is inferred in those areas where large volumes of magma ponded just
in the vicinity of the main feeding vents that are normally fissure-fed spatter cones. Where
large volumes of lava gushed out from the vent, their movement slowed down in areas
where slope angle reduced dramatically. Such morphological change prevented the lava
movement, further prompting lava ponding, inflation, and crust formation. In these zones,
thin but vesicular crust developed that did not produce shiny outer flow surface textures.
This is inferred to be caused by the combination of the active and intense degassing of
the incoming volatile-rich melt and its vigorous movement that placed mechanical stress
on the formation of these inflation zones. These zones are normally mapped about a few
hundreds of meters away from the source fissures and can be traced as rough-surface-
textured lava fields. These zones also exhibit broad areas where deflation took place that
is inferred to be driven by the sudden increased force of overinflated ponded lava that
then suddenly emptied. These deflation zones are commonly observed in areas where the
flow channel has some morphological steps. By reaching a critical ponded volume, the
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inflated zone breached, emptying the lava downflow. In these deflation zones, vesicular
lava crusts form a chaotic “clastic” zone of rubbly pahoehoe. Interestingly, in these zones,
the surface textures of each curved crust exhibit significant vesicular texture and lack of
smooth shiny pahoehoe surface forms, indicating the presence of still-active volatile-rich
lava to prevent the formation of smooth surfaces (Figure 12). The deflated and crumbled
flow surfaces also amalgamated with dm to meter wide tubes, indicating incoming fresh
flow, even at the time of deflation and roof collapse of these zones (Figure 12). Based on the
presence of only thin crusts (cm-scale), it can be inferred that the lava system must have
been very rapid-moving, changeable in incoming flow locations and places where breaches
initiated, not allowing time to settle and cool the main lava body to develop thicker crust
and more regular surface texture. This complexity indicates fresh volatile-rich magma
input, low-viscosity lava involvement, and high flux rate. Similar lava flow emplacement
and resulting surface textures were reported from recent lava flows that were created by
high-lava-flux fissure-dominated eruptions such as those in the Holuhraun lava field in
Iceland in 2014-2015 [90].

TolL

Figure 12. Thin, highly vesicular lava crusts in proximal settings forming a complex collapsed roof
zone of ponded lava. Individual lava crust plates are about a meter across.

In the medial flow fields, the lava flow surface texture commonly changes to more well-
defined shiny chilled-top flows to wide channel-like zones where rubbly pahoehoe form
flow fields resembling clastic rubble of fragmented lava crusts and completely abraded
cauliflower-shaped rugged cm to dm size fragments (Figure 13). It seems that these
rubble zones are similar to the main axis of flow movement as they exhibit complex
channel networks such as channelized lava flows of higher-viscosity intermediate flow
types (Figure 13). These flow channels are commonly encountered by smooth-topped zones
of lava with chilled crusts that are occasionally fractures due to the mechanical stress of
the flow propagation (Figure 13). While there is some general trend of the appearance
of these axial smooth-topped zones and the rubbly channelized flow paths, they are not
entirely systematic, such as has been observed in many large and long lava flows in Harrat
Rahat [91]. There are examples where the rubbly flow seemingly forms the distal lobes of
channelized and shallow wadi-captured lavas in the distal areas and the terminus of the
flow itself (Figure 9), smooth, tube-like flow channels are also observed in distal regions,
completely occupying the otherwise shallow (less than 5 m deep), localized, dry valleys,
with distinct inflated smooth-topped tubes that are only partially surrounded by some
eroded rip-up clasts of flow-topped plates (Figure 14). This is inferred to be the result of
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the complex interplay of lava flux, the dropping temperature of the flow, its heat retention,
and the very shallow valley network.
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Figure 13. Complex lava flow path in medial section of one of the youngest lava flows. Note the
complex rubble and shiny, shelly pahoehoe surfaces as well as the narrow, thin-crusted flow channels,
all indicating a dynamic lava flow emplacement environment where ponding, inflation, deflation,
and localized and general surface crust breach generate a complex lava flow surface texture.

It Is apparent, based on the surface textures of the youngest lava flows, that tube
formation is taking place mostly in those areas where slope angle changes of the emplace-
ment area dropped to promote lava flow ponding. Such ponding first occurred near the
source edifice foothills. Further ponding is recognized in the western regions just about a
few km from the main axis of the vents of the central part of the volcanic field. In these
areas, the lava flows tend to form thick piles that are perfect for retaining heat and keeping
lava molten for a long time. It seems that these ponded zones played a critical rule in the
final lava flow distribution and flow direction control at Harrat Khaybar, similar to what
was observed in the Icelandic 2014-2015 Holuhraun lava flow field evolution [90]. A fine
example for this region, where older lava flows are known to host large, long lava tubes, is
the Umm Jirsan, which is Saudi Arabia’s longest lava cave [92]. The cave is about 1500 m
long and 45 m wide, with a maximum height of 12 m [93] (Figure 15), and forms the core
tourist attraction of the region around geotouristic and geoeducation programs planned to
be built and incorporated in future geopark developments. This lava cave is clearly part
of a large lava tube, a main artery of lava flow transportation from its former source that
developed over the topographical step west of the main vent axis of the field, indicating
long-lasting stable conditions to maintain the formation of this large tube. Similar tubes are
expected to form in the youngest flow fields and likely acted as “secondary” flow initiation
points to effectively transfer melt to more distal regions of the field. This is vital information
for interpreting the lava flow simulations later.
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Figure 14. Tube-fed hummocky surfaced lava flow arm that is emplaced in a very shallow wadi
about 45 km away from its source from the fissure vents north of Jabal Quidr. Photo was taken from
a helicopter looking upflow toward the NE. Note the very flat, but gentle, sloping topography across
which the lava flow spreads. The narrow neck of the lava flows in the foreground is about 75 m wide,
and its location is 25°39'13" N 39°30'18" E.

Figure 15. Umm Jirsan (25°35'18” N 39°45'25” E), which is Saudi Arabia’s longest lava cave. It is
about 1500 m long and 45 m wide, with a maximum height of 12 m, and forms a major tourism
attraction site and a globally significant geosite.
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4.4. Desert Kites and Human Occupation Sites Constraining Holocene Volcanism

There are very limited and conflicting data available to determine the age of the
volcanism of Harrat Khaybar [31,57]. It is evident that the region must have had very
young eruptions producing long lava flows as they are distinctly different from other
lava features in any satellite imagery available. There are various arguments placing
these volcanic events in the Pleistocene or Holocene, but recent satellite image survey
and field visits indicate that one of the major, over 100 km long, lava flows with clear
young surface textures on satellite images is covering archaeological sites. Desert kites are
common archeological features of Harrat Khaybar [69]. While it is not evident what they
are, more evidence points to their role as ancient hunting traps. It is known that the Arabian
Peninsula experienced at least 21 pluvial periods since 1.1 Ma, when precipitation reached
the value of 300 mm/y [94]. While the Holocene is a dry period within this timeframe,
recent research provided vast evidence that the Arabian Peninsula was habitable between
9 and 7 ka, and with short dry spells, the region was likely wetter than today until about
5.4 ka, until the onset of the “dark millennia”, when population decline affected the entire
region, leaving behind no archaeological evidence of significant human occupation sites
in inland Arabia [95]. Works outlined that game migration in the region during a pluvial
climatic period followed vegetation zonation that was highly influenced by the former
fluvial networks formed within shallow valleys between smoothed and weathered older
Pleistocene lava flows [77]. Triangle-shaped (in map view) rows of stones of over a hundred
meters long built in flat and smooth areas that were open savannahs during pluvial times
guided game to specific locations where other trap mechanisms disoriented them, causing
them to fall off cliffs or just enabling simple ambush by hunters. In Harrat Khaybar, many of
such desert kites identified in the distal, low-lying areas of the volcanic field and located in
areas functioned as broad, soft, sand-filled valleys (Figure 16). These desert kites commonly
face their “mouth” toward broad open spaces, likely bordered with trees and partially
filled with streams (judging from the silt deposits associated with such zones). There are
desert kites that are partially covered by the young-surface-texture lava flows (Figure 16).
Alternatively, there are desert kites that are faced toward rugged fresh lava flow lobes along
the terminus of the lava flows (Figure 17) that are unlikely to be places any game migration
would progress. On other hand, the same locations prior to lava flow emplacement are
locations with broad, probably vegetated savannahs ideal for migrating game (Figure 17).
If we accept that the lava flows are younger than the archeological occupational sites, their
age could be as young as 4500 years based on the general settlement history of the region
over time. This is in good concert with the suspected eruption age of Jabal Quidr around
1000 CE, informally agreed upon by experts. The surface textures of the lava flow in satellite
images also indicate similar patterns, as has been documented from the nearby Harrat
Rahat where a historic eruption took place in 1256 CE, and other historic lava flows are
also determined to be Holocene in age. Harrat Khaybar, in this sense, is an active volcanic
field, and the current geopark development of the region needs to embrace this fact in their
geopark management, land, geoeducation, and geotourism strategies.

4.5. Lava Flow Simulation

For the lava flow simulations, we estimated 5 m lava flow thickness as an average
value. This is probably an overestimation in distal areas, while an underestimation in
proximal ponded zones. We adjusted the Q-LavHA with a 10 m thickness buffer to allow
the simulation progress in the very marginal values as recommended in the program
descriptions. The simulation distance (L) value was selected to be in the range of more than
10 times the measured flow length. In an extreme case, such as 100 km (100,000 m), this is
yielded to be in the range of hundreds of kilometers. We ran numerous simulations and
visually compared the results of the probability fields of lava inundation with the general
pattern of the youngest lava flow distribution patterns. We used every area where nonzero
probability of lava inundation was calculated to show the region where lava inundation is
expected without dealing with the actual probability values. In short, with this approach,
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we were able to delineate areas whereby, given the input parameters, we expect lava to be
covering the surface. In this way, we tested lava emission points and various fissures. In the
first set of simulations, we tested single point sources in the eastern summit region of the
Jabal Quidr cone (Figure 18). This simulation yielded lava-flow-covered areas significantly
smaller than what we experienced in the field by mapping the region lava flow coverage. In
a single simulation from a single point, it was not possible to recreate flow patterns visible
in this part of the cone; however, even a single simulation provided a good coverage and
trend of the flows observed. This indicates that, probably, multiple (but not large numbers)
flow emissions could successfully create the flow field we see preserved today in the case
of future eruptions.

A similar single point simulation just on the western side of the summit region of
Jabal Quidr yielded a good lava flow inundation pattern that fits well with the observed
lava flow distribution pattern (Figure 19). In these areas, longer simulation distances were
selected as young lava flows seemingly reach far from the source vent in the western
regions (Figure 19).
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Figure 16. Smooth-surfaced old surface surrounded by rugged fresh lava flows locking desert kites
in that are unlikely places to erect, as the enclosed areas are unlikely regions for free game migration
as they are blocked by the lava flows.

Interestingly, in this site, a single simulation generated a good match with the observed
flow pattern. To generate a better match, a few extra lava flow initiations would be required
within the same area. To generate the complex lava flow inundation in the west and east of
the current Jabal Quidr requires that flow is somehow able to pass the edifice, avoiding its
obstacle effect. This is inferred to be possible if the lava is initiated from the summit region
through fissures cutting through the edifice itself. During site observation, signs of such
facies architecture are noted as a possible scenario.

In either simulation, however, no lava inundation was simulated that would cover the
areas north of Jabal Quidr. To overcome this issue, we applied fissures as a main source
region to initiate lava flows in that area. These initial conditions are realistic, as field survey
confirmed that aligned fissures and associated lava spatter cones are typical in that area
and form a complex proximal vent—flow field. In this simulation, we used a fissure that
had the same orientation as the main vents in the dorsal range, and we applied about
2-3 km in length of fissures where the presence of vents is confirmed. Along this fissure,
we applied 500 m active vent spacing and up to 500 km simulation distances. The lava flow
inundation probability map showed a remarkably correct coverage of lava cover (Figure 20).
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Finally, we tested complex and long fissure behavior (Figure 21). We simulated lava flow
inundation along a long single fissure that connects the Jabal Quidr to the northern spatter
cone chain. This simulation used long simulation distances and 500 m vent spacing over a
fissure 20 km long. While this seems a very prominent feature, field observations justified
that it is feasible, as active young vents that represent high stratigraphy position (hence,
young age) are clearly traceable along this distance.
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Figure 17. Two desert kites closely facing toward the terminal zones of young lava flows are
unlikely places to set up game traps as the rugged surfaced lava flow is not a place where animal
migration is expected. This is indirect evidence that the lava flow was emplaced after the desert kites
were constructed.
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Figure 18. JQ1 vent (green dot just below the summit of Jabal Quidr marked by green dot) using
5 m (10 m) Euclidean simulation with 80 km simulation distance. Results overlay the SWIR satellite
image of the region. Red dots mark the Umm Jirsan lava tube. The stream network is marked in blue,
while a sealed road crossing the region is marked by a red line (data are from Open Street View).
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Figure 19. JQ2 (green dot just below the summit of Jabal Quidr, marked by purple dot and a white
arrow) using 5 m (10 m) Euclidean simulation with 500 km simulation distance. Results overlay the
SWIR satellite image of the region. Red dots mark the Umm Jirsan lava tube (data are from Open
Street View).

0241 030 036/ 042 o0/
39°24'E 39°30°E 39°36'E 39°42'E 3 SE o 4OJaba| Quidr

| Umm Jirshan Cave

Khaybar dirt roads

W Khaybar sealed secondary roads
% Khaybar streams

§ Contour 10m

39°24'E 39°30°E 39°36’E 39°42°E 39°48'E 39°54’E 40°0'E 40°6’E
0 7.5 15 km
|

Figure 20. JQ fissure simulation with the same lava thickness parameters and 500 km simulation
distances yielded a good match with the lava flow distribution pattern observed but failed to let the
lava flow inundate the distant areas. Lava flow inundation reached only those zones observed in the
field that acted as ponded regions. The green dot marks Jabal Quidr, while the red dot is the location
of the Umm Jirsan lava tube.
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Figure 21. A long fissure simulation that operated by connecting Jabal Quidr (arrow) and the northern
vents into a single long fissure, with eruption points spaced 500 m apart applying 500 km simulation
distances, provided a very convincing lava flow inundation probability in the proximal regions, but
again failed to offer inundation in distant regions.

5. Discussion

From our study, several important facts emerged that can be utilized for geoeducation
and geotouristic development of the future of establishing a geopark within the volcanic
field of Khaybar. Our terrain analysis and satellite image investigations revealed that the
region is far gentler sloping than generally considered, but not yet explored. This terrain
structure determines the lava flow emplacement nature. In the satellite images, long lava
flows can reach over 50 km from their source, and they emplace in remarkable flat-floored
stream valleys that are just several meters below the main eroded (weathered) old lava
flow fields. The connection between the lava flow distribution and the preexisting stream
valley network can be seen clearly in satellite images (Figure 22) in the distal regions.
Interestingly, even in distal regions, lava flows can be seen as thin (dm to meter) sheets
with micro-pahoehoe surface textures following the narrow shallow wadis (Figure 22). In
some cases, such pahoehoe-type lavas seemingly initiated from rubble (‘a’a-like channel-
ized flows (Figure 22)), indicating that some flow “veins” must have been successfully
tunneled through the otherwise rubbly piles of vesicular lava crust zones (Figure 22). This
emplacement mechanism somehow differs from the traditional inflation and lava tube
development model, and it is the likely indicator of specific conditions of steady supply
of fresh lava that can retain heat over long distances and still be able to move relatively
freely across the rubbly zones. This is not a typical emplacement mechanism associated
with the general channel-filling ‘a’a lava flow [85] or pahoehoe flow emplacement. This
transportation mechanism is inferred to operate by the ponding effect of melts in larger
intersections of shallow valleys, where the accumulating melt can retain heat and keep lava
ready to break out, forming its own skin that gradually moves into distal shallow stream
valleys. Thin lava outbreaks are also common in the mid-distance zone where occasional
faster moving and less viscous melt can be captured in side stream valleys that then can
reunite downflow to the mainstream of the flow (Figure 23). In these zones, also, the rubbly,
clastic flow channels coexist with more tube-like networks of melts (Figure 23). It was
also demonstrated in the Laki Fissure eruption, where rubbly pahoehoe flows commonly
developed where, based on their crystallinity, their estimated cooling rate yielded only
0.3 degrees C/km, indicating that rubbly surfaced flows can be as thermally efficient as
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tube-fed pahoehoe lavas [96] and be able to keep melt at least in the base of the flow sheets,
acting as a transport layer over a long time.
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Figure 22. Typical distal lava flow field on a Sentinel SWIR satellite image clearly showing the narrow
lava flow following a narrow and shallow dry valley within which it is captured. This narrow flow
seemingly initiated from a ponded rubble pahoehoe zone, suggesting ready squeeze-out flow to
be moved further. Note the large, chilled lava crusts (bluish shiny zones) partially fragmented and
rotated by the movement of the flow.
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Figure 23. Narrow lava-tube-filled flow zone at mid-distance from the source of the lava on a Sentinel
moisture index map. Note the less moist zones of the narrow lava flow, indicating some breakage of
the lava crust and developing rubbly pahoehoe that is reconnecting downflow with the main flow
zone. Flow direction is from top to bottom.

One of the most intriguing flow textures recognized from the field are those distal
narrow lava flows that are composed completely of rubbly pahoehoe and ‘a‘a-like abraded
vesicular fragments. Interestingly, these zones also form sheet-like flat-topped zones,
suggesting that the material moved within it more similar to a slow-moving mass flow.
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The lack of evidence of bulldozing movement within these flows indicates a laminar
transportation nature, keeping larger rubble intact and able to travel on the main body of
the mass, instead of the common caterpillar effect that ‘a’a lava displays (Figure 24).
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Figure 24. Gradually narrowing mass-flow-like lava flow terminus just east of the Jabal Quidr cone
that was captured in a shallow wadi, similar to those visible in the Sentinel satellite image nearby.

The rubbly lava flows show remarkably uniform flat tops within which only few
larger blocks are noted (Figure 25). Pressure ridges can be recognized as a reflection of the
movement of the flow body gradually forced to remain in the shallow valleys (Figure 25).

Figure 25. Completely clastic type of lava flow section in the distal section of a lava flow east of
Jabal Quidr. The lava flow left arm is about 300 m wide. It is very clear that the flow movement was
heavily affected by the position of the microtopography.
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Nearly all the observed medial or distal clastic lava flow zones formed flat-topped lava
systems that spread across the entire available shallow channel network of the syneruptive
topography. These flows are channelized and, by their emplacement, inferred to share
common natures similar to many ‘a‘a lavas. The rapid variation of the lava flow surface
textures is inferred to be influenced by the influx of fresh, volatile-rich lava from the source,
the microtopography, and the general slope angle of the terrain.

As Harrat Khaybar hosts large lava tubes, they are the proof that ponding and massive
artery-like tube development took place in the evolution of the lava fields of Khaybar.
This is very similar to those recorded from Jeju Island, South Korea, where large tubes
effectively transported melts over long distances, and these sites currently form the bases
of the Jeju Island UNESCO World Heritage Site [97]. Harrat Khaybar also shows similar
facies architecture to other large lava-dominated intracontinental volcanic provinces such
as those in southern Australia in the Newer Volcanics [98]. These regions also utilize their
lava flow field heritage as a core of geotourism and geoeducation programs [99].

While Holocene volcanism is widespread and manifests as various types, geotourism
that is structured or based on geopark programs is relatively rare. Volcanism and volcanic
features commonly form the centerfold of local and global geopark programs in dormant
or pre-Holocene volcanic terrains such as the monogenetic volcanic fields of western Ger-
many [100,101], Central Europe [102,103], Taiwan [104], India [105], or in NE China [106].
These regions function very well as knowledge hubs disseminating aspects of volcanism
and volcanic hazards. Among active volcanoes, or volcanoes known to have activity in
the Holocene and form geoparks or other protected volcanic landscapes, the Canary Is-
lands [107] provide excellent regions such as the El Hiero UNESCO Global Geopark [108]
or El Teide National park in Tenerife [109]. Recent development also recognized the global
significance of active volcanism beyond adventure tourism, and new proposals are emerg-
ing from regions previously not considered to demonstrate volcanic geodiversity, such as
those regions in Eastern Turkey. Areas such as the Galapagos Islands, where biodiversity
functions as a main magnet to drive tourism, are also increasingly utilizing the vast volcanic
geoheritage that the region offers [110]. Volcanism is also a fundamental aspect of to link
the natural environment to the society in regions where active volcanism is part of the life
of the people but also acts as a magnet to attract visitors, such as those regions in Central
America [111,112]. On active volcanoes, the volcanic hazard is an important aspect that
geotourism needs to deal with to avoid deadly disasters [113] such as the Whakaari (White
Island) 9 December 2019 eruption [114,115].

In addition, recently, the geoheritage values of dispersed or monogenetic volcanic
fields were revisited and suggested to be used for natural hazard resilience [116-118].
Geotrails, explanatory panels, and geoeducation centers were commonly suggested to be
developed to raise public awareness of volcanism in such volcanic fields [119-121].

Volcanic fields such as the studied Harrat Khaybar, with their long eruption frequency
(decades to millennia), however, clearly represent young volcanic terrains without the
common visuals and experiences of active processes. They are, rather, volcanic terrains
where fresh and young volcanic landforms can be viewed. In such terrains it is important
that volcanic hazards such as lava flow inundation are studied, but, at the same time, the
recorded information is directly fed into the geoeducation programs. Geoparks in such
terrains should, hence, function as a knowledge hub where volcanic hazard information and
eruptive product preservation (e.g., lava flow heritage) together form strong geoeducation
for locals and visitors alike. Our work clearly demonstrates this potential pathway and
provides valuable information for geopark developers in the region.

We also need to point out the limitations of our study. From the lava flow inundation
perspective, it is important to point out that the available DEM resolution is 12.5 m, which
is too coarse to truly model the lava flow moments at a fine scale. This is an important
limitation as our observations also demonstrate that lava flows can be very thin (m-scale)
in distal areas, and they tend to be very sensitive to microtopography at a scale of a few
meters’ elevation differences. Certainly, to capture lava flow movement and behavior at
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such scale requires higher-resolution DEMs such as LiDAR-derived datasets. This could
be an aim for future research. In addition, our work shows that the lava flows formed
recently are very complex, and to calibrate modeling parameters, we probably need to look
for simpler lava flows that future research will target. The lava flow inundation study can
form fundamental core knowledge that can be included in the geoeducation program of the
planned geopark of the region to demonstrate the lava flow behavior that we can expect in
future eruptions.

From the geoconservation perspective, it is important to recognize the value of keep-
ing these lava flows intact, as their preserved lava flow surface morphology is globally
unique, while, being in an arid environment, also very fragile. Proper protection status
and visitation management of the future geopark in the region should be coordinated with
volcano experts.

6. Conclusions

In this report, we outlined the type of terrain in which Harrat Khaybar formed and
released large volumes of lava. We demonstrated that lava flow emplacement in such gentle
sloping terrains requires high magma flux rates, low viscosity, and high-temperature melts.
We found that the lava flow simulations applying Q-LavHA produced good-probability
maps for potential lava flow inundations in the proximal to medial zones but were not able
to capture the full length of lava flows. We conclude that this might be the result of the
frequent lava ponding in a topography step just west of the main vent axis of the field. In
these areas, lava can accumulate and release more degassed melt further toward the distal
zones that can form localized tubes and generate rubble zones, where sudden microrelief
steps exist. Unfortunately, we must admit that the currently available DEM with 12.5 m
resolution is probably not good enough to further refine the lava flow simulations. We
found that the microreliefs that were able to control, divert, or repond lava were commonly
significantly smaller than what the current DEM can capture. We also conclude that the
identified lava flow textures and the Holocene eruption age of the fresh lava fields located
in the center of development plans for geopark investment can be used for volcanic hazard
education and would probably be a great attraction for geotourism ventures. As the
volcanic field is an active field, but any future eruptions might be several generations away,
the location can offer a very graphic picture of how volcanism occurred in the recent past
in western Saudi Arabia, and of what we can expect in future volcanic unrest.
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