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The salt dome in Jizan, southwestern Saudi Arabia, has caused several problems related to underground dissolution, particularly in the old part of the city. Examples of these problems include surface collapse, building failure, fracturing, tilting, and road cracking. Analysis of the salt dome using X-ray diffraction (XRD) revealed the dominance of gypsum, anhydrite, and halite. This study evaluates the damage assessment using multitemporal high spatial resolution data of the GeoEye-1, and QuickBird-2 sensors. Change detection technique, textural analysis, and visual interpretation were applied to these data. Analysis of the data recorded before and after a particular damage event revealed that three neighborhoods located above the Jizan salt dome—Al-Ashaima, Shamiya, and Aljabal—were affected to the greatest extent. The entire residential neighborhood of Al-Ashaima was evacuated, and the buildings located in it were demolished. Several buildings in the Shamiya and Aljabal neighborhoods were also demolished. Therefore, high spatial remote sensing data are effective in assessing building damage and for anticipating future damage, thus benefiting decision making for the affected cities.
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INTRODUCTION
Building destruction is one of the most serious issues in the developing world's unplanned settlements. For an effective response and reconstruction effort, information on the location, severity, and type of damage is critical. High spatial remote sensing data of satellites such as Ikonos, QuickBird-2, GeoEye-1, and WorldView-1 and -2 have been used by several authors to estimate building damage caused by geohazards and natural disasters (Saito et al., 2004; Rathje et al., 2005; Yamazaki et al., 2005; Eguchi et al., 2008; Sissakian and Abdul Jabbar, 2009; Sissakian et al., 2011, Behnia et al., 2012; Aguilar et al., 2012). Sissakian et al. (2011) reported that an integration of data from remote sensing, geographic information systems (GIS), and other geological analysis is essential for detecting various types of geohazards. Visual analysis and change detection based on both pre- and post-event remote sensing images are the most widely used techniques for assessing building damage. Optical and Synthetic Aperture Radar (SAR) can also benefit from change detection techniques as well as their combination, LiDAR data, and ancillary data and maps (GSC, 2000).
Damage assessment by the salt dome in Jizan was investigated by several authors (Al-Muhaidib, 2002; Youssef et al., 2012; Abdelrahman et al., 2021). Erol and Dhowian (1988) found severe and widespread damage in Jizan that was related to sinkholes and linear depressions associated with solution channels in the salt dome. The geological hazards in the city have been evaluated by Youssef et al. (2012) using multispectral remote sensing data such as Landsat-7 and QuickBird-2. The results of their analysis reveal that sabkha soil, salt dome, loess soil, and sand dune/drift have a severe impact on the ongoing development of activities in the Jizan area. Abdelrahman et al. (2021) evaluated the kinetic moduli and the soil competence scale in Jizan area. Their results demonstrated that extensive variation in topsoil profiles in terms of lithology and dynamic and geotechnical properties can cause engineering problems in new or renovated buildings, roads, and infrastructure. Pankratz et al. (2021) used integrated Interferometric Synthetic Aperture Radar datasets, local gravity surveys, and passive seismic data, to assess the environmental hazards associated with salt diapir in Jazan city, and identified the associated risks in the immediate surroundings. Ibrahim et al. (2021) investigated the subsurface extension of the salt diapir and deformation in Jizan city using gravity data. Edge-detection gravity indicated the presence of NW–SE and NE–SW trending fault systems which control the extent of the salt diapir in the area. Ground subsidence due rock dissolution in the area have been reported by a few workers (Ghazali et al., 1985; Fatani and Khan 1993). Alhumimidi (2020) carried out a geotechnical assessment of the near surface sediments in Jizan city and concluded that the city could be differentiated into two structurally weak zones that is the Jizan salt dome in the west and sabkha deposits in the east.
On the basis of the results presented in the literature, the present study uses the multitemporal high spatial remote sensing data of the GeoEye-1, and QuickBird-2 sensors to assess building damage attributed to land subsidence caused by the salt dome in Jizan. Change detection techniques and visual interpretation were applied to the aforementioned data to demonstrate the effects of the land subsidence on building damage before and after a particular damage event.
Area of Study and Geologic Setting
As shown in Figure 1, Jizan city is located in the southwestern part of Saudi Arabia between 42°38′–42°32′ latitude and 16°56′–16°49′ longitude (Abd El-Hamid et al., 2019). Jizan has a total area is 13.500 km2 and includes 13 counties, 29 historic districts, and nearly 4,000 villages. The city has an elevation of 19 m above sea level and is divided geographically into four areas: the coastal plains, highland region, Sarawat Mountains, and Frasan Islands.
[image: Figure 1]FIGURE 1 | Location map of the study area.
The climate is characterized by extreme summer temperatures and mild winters that tend to be warm. The average highest temperatures are 38.5°C during the summer and 30°C during the winter, whereas the average lowest temperatures are 29°C during the summer and 21°C during the winter. The relative humidity reaches 74% in January and 66% in August, and the average relative humidity throughout the year is 68% (Abd El-Hamid et al., 2019).
A large part of Jizan is built on top of a salt dome, which is a unique physiographic feature in the region (Figure 2). The city's other half is built on a low-lying flat area along the Red Sea's edge. Deposits of sand and limestone from the Jurassic period alternately cover the coastal plain. These deposits are covered by a Tertiary continental series of salt deposits and marine calcareous rocks, resulting in a puffy surface known as “Sabkha”. Jizan's salt dome is positioned 10-50 m above the surrounding area. It forms rolling hilly terrain in the old city of Jizan (Pankratz et al., 2021). The salt dome is characterized by a thick evaporite succession at the bottom consisting of rock salt and gypsum. Halite makes up the dome's center, which is flanked by other evaporite minerals. The overlying layers have been folded, faulted, and deformed as a result of the diapiric motions of salt during the formation of the dome. Gray, red, and green siliceous and tuffaceous shale, sandstone, and limestone make up these layers.
[image: Figure 2]FIGURE 2 | Geologic map the study area where the geologic cross-section is drawn on the map (Alhumimidi, 2020).
Jizan is part of the Arabian Shield, which is a Precambrian crustal plate, and 101 is made up of igneous and metamorphic rocks (Figure 2). The dominant rocks are granite, basalt, diorite, gabbro, and mica-schist (Blank and Gettings, 1985; Basyoni and Aref, 2016; Abd El-Hamid et al., 2019). The Arabian shield was separated from the neighboring African Shield during the Tertiary period by a rift due to crustal extension occupied by the Red Sea.
The landforms in Jizan are primarily of an alluvial nature and formed as a result of the downward transportation of soil material from the highlands through the main valleys and drainage channels that drain into the sea. Furthermore, the study area embodies various type of landforms such as marshland, coastal plains, alluvial plains, and valleys (Chapman, 1978; Abd El-Hamid et al., 2019).
MATERIALS AND METHODS
Mineralogical Analysis
The composition of the collected samples from the study area was determined using X-ray diffraction (XRD). The investigated samples were crushed to a <200 mesh powder and were then illuminated with X-rays of a fixed wavelength. The intensity of the reflected radiation was determined using a goniometer. The diffraction peaks were converted to d-spacings, which were compared using standard reference patterns to identify the unknown minerals.
Spectral Analysis
The laboratory spectra of the samples were obtained in the visible to shortwave infrared regions of the electromagnetic spectrum (0.4–2.5 μm) using a GER3700 spectrometer. The spectrometer sensor was vertically positioned above the sample. The GER3700 spectrometer uses 640 bands between 0.315 and 2.519 μm and spectral sampling ranges from 0.0015 to 0.012 μm (Ghrefat et al., 2007). The samples were illuminated at an incident angle of 30° and reflectances are measured in a rectangular field of view of 1.5 by 7 cm. The spectral radiance (W/M2/sr/nm) of a standard whiteboard is used as a standard reference to measure the spectral radiance of samples. The reflectance of samples is calculated from the ratio of two by dividing the spectral radiance of the whiteboard by the measured target.
Remote Sensing Data
QuickBird-2 and GeoEye-1 data were used to assess the building damage caused by the salt dome in Jizan city. The pre-event QuickBird-2 image was acquired on July 13, 2005, whereas the post-event GeoEye-1 and QuickBird-2 images were recorded on August 17, 2008 and May 31, 2012, respectively.
Operated by DigitalGlobe, Inc., the Quickbird-2 satellite collects PAN and multispectral images at 0.61 and 2.5 m resolutions (Table 1), respectively, with blue at 0.45–0.52 µm, green at 0.52–0.60 µm, red at 0.63–0.69 µm, and near-infrared (NIR) at 0.76–0.90 µm (Yamazaki et al., 2005; Aguilar et al., 2012).
TABLE 1 | The spectral properties of GeoEye-1 and Quickbird-2 data.
[image: Table 1]GeoEye-1 has the ability to acquire image data at 0.46 m PAN (black and white) and 1.84 m multispectral resolutions (Table 1) (Aguilar et al., 2016). Moreover, it features a revisit time of less than three days and is capable of locating an object within 3 m of its physical location.
After the co-registration, the multispectral (MS) images of QuickBird-2, and GeoEye-1 were fused with a higher resolution PAN image using the Gram–Schmidt (GS) spectral sharpening method (Maurer, 2013; Nikolakopoulos, 2008; Pushparaj and Hegde, 2017). In this analysis, the change detection technique was used to distinguish changes in the state of an object or phenomenon by analyzing it at various times in relation to the damage event (Singh, 1989; Moran et al., 2004). Moreover, the textural analysis based on the gray-level co-occurrence matrix was applied to these data to detect the buildings damage. The ENVI 5.2 program was used to analyze the remote sensing data.
RESULTS AND DISCUSSION
Mineralogy of the Salt Dome
The analysis of XRD revealed the dominance of gypsum, anhydrite, and halite in the salt dome (Figure 3). The findings of the current study coincide with those of previous studies such as Youssef et al. (2012), Basyoni and Aref (2016), Abdelrahman et al. (2021), and Pankratz et al. (2021). Notably, gypsum and halite salts are active participants in land subsidence and have caused severe damage to buildings in different areas in the world (Romanoff, 1957; Johnson, 2008a; Johnson, 2008b).
[image: Figure 3]FIGURE 3 | XRD pattern of the salt dome.
Spectral Properties of the Salt Dome
Figure 4 shows the United States Geological Survey (USGS) (Clark et al., 1993) library and the GER 3700 spectroradiometer spectra of gypsum and halite. All of the spectral curves displayed an increase in reflectance with increasing wavelength in the 0.4–2.5 μm region. The spectrum of gypsum is characterized by diagnostic absorption features located at 1.2, 1.4, 1.6, 1.74, 1.9, and 2.2 µm. These absorptions are mainly located in the visible and near infrared (VNIR) and short-wave infrared (SWIR) regions and are due to OH and H2O (Hunt et al., 1971). The intensity of the absorption features in the spectrum of gypsum decrease, when gypsum is mixed with other salts (Lindberg and Smith, 1973; Howari et al., 2002). The spectral reflectance curve of halite is generally flat between 0.5 and 2.5 µm (Figure 4) (Hunt et al., 1972; Crowley, 1991). The presence of moisture and fluid inclusions in halite cause water absorption features at 1.4, 1.95, and 2.25 µm (Hunt et al., 1972; Crowley, 1991).
[image: Figure 4]FIGURE 4 | The USGS laboratory spectra of gypsum and halite (A) (Clark et al., 1993) and GER 3700 radiometer spectrum of gypsum mixed with halite (B).
Damage Assessment of the Salt Dome
Building damage can be detected using high spatial resolution remote sensing data because the reflective signatures of broken bricks and tiles, as well as other types of damage differ distinctively from undamaged intact buildings.
The characteristics of the damaged areas in the study area were examined in the high spatial resolution satellite images captured before and after the damage event. The visual interpretation of the images and the change detection technique based on the remote sensing data showed that the neighborhoods most affected by the salt dome in Jizan are Al-Ashaima, Shamiya, and Aljabal (Figures 5–7). All of the buildings in Al-Ashaima were evacuated and were subsequently demolished, becoming debris. Some of the buildings in Shamiya and Aljabal were also evacuated and demolished. Other neighborhoods were least affected and were away from the salt dome. Examples of collapsed buildings using QuickBird-2 and GeoEye-1 images are presented in Figure 5. Jazan is located on a salt dome surrounded by Sabkha that cause inclinations and cracks in buildings. The problems identified in the residential areas of Jizan include minor cracks, complete collapse, and substantial inclinations in some buildings as well as subsidence in sidewalks and roads (Figure 8) (Erol and Dhowian, 1988; Erol, 1989; Al-Muhaidib, 2002; Youssef et al., 2012; Youssef and Maerz, 2012). According to Erol (1989), the collapsed structures and cavities reported in areas of salt domes are mainly due to dissolution of salts by the action of rising groundwater that form an underground void. Sinkholes are also reported from some locations in Jizan where the subsurface formations of gypsum and halite has been dissolved naturally by the groundwater circulating through them.
[image: Figure 5]FIGURE 5 | The QuickBird-2 color composite images (R:3; G:2; B:1) showing pre-event (A), and = post-event (B) of Al-Shaima neighborhood.
[image: Figure 6]FIGURE 6 | Pan-sharpened natural color QuickBird-2 (A = pre-event and B = post-event), and grayscale GeoEye-1 (C) (post-event) images of Aljabal neighborhood. Grade 1 (G1) and Grade 5 (G5) buildings are also shown on the figure.
[image: Figure 7]FIGURE 7 | Pan-sharpened natural color QuickBird-2 (A = pre-event and B = post-event), and grayscale GeoEye-1 (C) (post-event) images of Shamiya neighborhood.
[image: Figure 8]FIGURE 8 | Examples of the damages caused by the salt dome.
The classes and categories of the buildings damage in the study area were examined using the EMS-98 scale (Grünthal, 1998), According to this scale, the buildings damage is classified into five categories. Grade 1 represents no and slight damage, moderate damage as Grade 2, heavy damage as Grade 3, very heavy damage as Grade 4, and Grade 5 is partial or total collapse. Only Grade 1 (G1) and Grade 5 (G5) buildings were detected in the study area using Quickbird-2 and GeoEye-1 data. No major differences were observed between the images of the G1 building (Figure 6). In the case of the G5 building, the buildings were completely destroyed (Figure 6). These results demonstrate the feasibility of using these images to identify building damage.
The image texture measures such as the average and homogeneity were used in the current study to differentiate between damaged and undamaged buildings. Also, the spectral information is of importance. In comparison to debris and streets, the buildings have higher digital number (DN) values ranging from 25 to 55 (Figure 9A). Two classes of buildings were identified in average image (Figure 8A). The demolished building debris in Jizan was differentiated from the streets and the damaged buildings by its rough textures. In the photos, the slightly and moderately damaged buildings have smooth and homogeneous texture features. The homogeneity index of these buildings is greater than 0.5 (Figure 9B). The debris area also shows larger homogeneity index because they are sensitive to the bright pixels in the debris. Figure 10 shows the spectral profiles of unaffected areas and collapsed areas. The results showed that collapsed zones are characterized by lower DN values compared to the unaffected zones.
[image: Figure 9]FIGURE 9 | The classification of buildings based on average (A) and homogeneity (B) images.
[image: Figure 10]FIGURE 10 | The spectral profiles for an affected (A), and damaged (B) areas. The profile is derived from QuickBird-2 data.
The accuracy of mapping the buildings damage using remote sensing data depends on several factors including co-rectification, radiometric correction, spatial resolution, and Sun angle/or Sun azimuth. In this study, the use of GeoEye-1 and QuickBird-2 were helpful and effective in assessing the damage caused by the salt dome in Jizan, and for anticipating the future damage in the area.
In June 2020, a field survey was conducted to map the areas impacted by the salt dome (Figure 11). The majority of the damage occurred in areas close to the dome and was rated as severe to very heavy damage, while buildings farther away suffered minor to moderate damage. The integration of high spatial resolution remote sensing data, image processing methods, mineralogical analyses, laboratory spectral measurements, and field observations was proven to be effective and critical for detecting and mapping building damage in a specific region. There was a good correspondence between remote sensing results and field survey.
[image: Figure 11]FIGURE 11 | GeoEye-1 image with 0.41 m resolution showing the damaged buildings in Jizan based on the field survey.
CONCLUSIONS
Gypsum, anhydrite, and halite salts dominate the Jizan salt dome which are easily dissolved by the circulating groundwater leading to several types of geotechnical problems such as surface collapse, building failure, fractures, tilting, and cracked roads. For evaluating building damage caused by this dome, high spatial resolution remote sensing data enabled by visual interpretation of quality high-resolution images taken before and after a disaster are useful. The current study successfully used change detection using both pre- and post-event remote sensing data to assess the salt dome's building-level damage in Jizan. Also, the spectral and textural information were helpful to differentiate between undamaged and damaged buildings. The satellite interpretation of damage assessment was also followed by ground check to establish the reliability of the technique. The damage is classified as minor to serious in the three related communities. A comparative assessment of the high-resolution imageries with previous imageries should be made on a yearly basis to find new areas which might be affected by ground subsidence due to mineral dissolution. The affected areas should be clearly demarcated to minimize construction activities. In certain cases construction may be allowed by proper engineering treatment of the soil prior to construction.
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