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Abstract

This paper presents and analyzes paleo-liquefaction features found in the State of Kuwait.
The features are cemented sand and gravel-filled dikes of Pleisto—-Holocene age with
appearance and composition similar to typical “sandstone pipes.” The significant age dif-
ference between the cemented dikes and the surrounding loose sand, the size and spatial
distribution of the dikes, and the local geologic and hydrologic setting all suggest that the
feature probably results from a single large event of seismic origin. Likely hypotheses
include shaking during large earthquakes or seiching of tsunami-like waves. Additional
research is needed to identify the exact cause of these dike formations, which is important
for the purpose of improving seismic risk and vulnerability assessment of the Arabian Gulf
countries. The search may also help explain the disappearance of an ancient civilization
that lived in the same region approximately seven thousand years ago.

Keywords Liquefaction - Seismic risk - Kuwait

1 Introduction

The purpose of this paper is to document field evidence at Jal-Az-Zor, Kuwait, of paleo-
liquefaction, as a result of either shaking associated with a large prehistorical earthquake,
or inundation during a possible tsunami. This observation casts a new light on the long-
term potential for seismic hazard in the State of Kuwait.

With an area of about 17,818 kmz, the State of Kuwait is located at the NW end of
the Arabian Gulf (Fig. 1), to the SW of the Zagros Fold Belt, an active collisional plate
boundary between the Arabian plate and the Iranian part of the Eurasian one (Fox 1959;
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Fig. 1 Sketch of global tectonic features for Kuwait and surrounding area, after Bou-Rabee and VanMarcke
(2001)

Bou-Rabee 1986). The topography of Kuwait is controlled by the relatively distant, but
intense, folding of the Zagros Orogeny, characterized by SW-NE convergence.

We focus in this paper on the area of the Subbiya Peninsula, located across Kuwait Bay
from Kuwait City (Fig. 2), which has been earmarked for the planned development of the
“City of Silk” (Madinat al-Hareer). This longstanding project, initially approved by the
Government of Kuwait on 26 October 2010, and reaffirmed in June 2014, is still in plan-
ning stages with a possible completion date around 2030-2035. It would feature a 1001-m
tall skyscraper (Burj Mubarak al-Kabir), a new airport and a huge new seaport on Bubi-
yan Island, to be linked with Kuwait City by the 26-km Jaber Causeway, presently under
construction.

The Subbiya area is transgressed by a mosaic of orthogonal geomorphologic lineaments
oriented northeast and northwest, the most conspicuous one being Jal-Az-Zor, which con-
stitutes a “lineament zone” about 25 km in width, extending from Subbiya across Bubiyan
Island, offshore into the Arabian Gulf; it is further believed to be associated with differ-
ential movement and subsidence of the Northern part of the island (Al-Sarawi 1982). As
such, the proposed site of the City of Silk may feature a significant seismic risk, but its
distance from active fault lines across the area remains unknown.

Yet, to the authors’ best knowledge, the possibility of large earthquakes has not been
considered in the structural design of the City of Silk, due to the lack of awareness of the
relevant seismic hazards; equally lacking is sufficient knowledge about the local differential
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Fig.2 GoogleEarth view of Kuwait Bay, identifying Jal-Az-Zor escarpment with archeological site H3
(Carter 2002), and location of liquefaction features and dug trenches (blue asterisk). Also shown are Sub-
biya, the proposed site of the “City of Silk,” and to the North, Bubiyan Island

motion affecting its upper crustal layers. These circumstances warrant an urgent need to
improve the assessment of seismic risk and vulnerability of Kuwait.

In this general context, we first review the potential for seismic and tsunami hazard in
the State of Kuwait.

1.1 Local seismicity

If based solely on recent seismic records, Kuwait may be considered as an area of moderate
seismicity. Bou-Rabee (1999) described the Kuwait National Seismic Network (KNSN)
established at the Kuwait Institute for Scientific Research (KISR). In operation since March
1997, the network has recorded regional earthquakes originating along the Zagros fold belt
as well as local events. The resulting seismicity map of Kuwait shown in Fig. 3 reveals
that these local events occur principally in two main clusters, the first one around the Al-
Minagish and Umm Gudair oil field zone to the SSW of Kuwait City, and the second one
around the Ar-Raudhatain and Sabriyah oil fields, to the NNW. The spatial correlation
between earthquake epicenters and oil fields suggests that this seismic activity is induced
by oil production (Bou-Rabee 1986, 1994; Bou-Rabee and Nur 2002).
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Fig.3 Map of the seismicity detected within the State of Kuwait by the Kuwait National Seismic Network.
Note significant clustering around oil fields (shown as pink patches)

The largest earthquake recorded in Kuwait (m,, = 4.7) occurred on 02 June 1993 in the
Minagish area, southwest of Kuwait City and was followed by numerous aftershocks. Bou-
Rabee and Nur (2002) have suggested that this event was induced by the burning of the oil
fields during the 1990-1991 invasion of Kuwait by Iraq. Despite its modest magnitude, the
earthquake was widely felt and caused panic in Kuwait City (Bou-Rabee 1999).

Two other moderate earthquakes took place in the Minagish area on 18 September and
30 December 1997 and were also felt in Kuwait City. There were given local magnitudes
of 3.9 and 4.1, respectively, by the KNSN, and body-wave magnitudes m,, of 4.6 and 4.4 by
the USGS (4.3 and 4.1, respectively, by the ISC).

More recently, two significant earthquakes occurred on 21 March 2015 (M,, = 4.5) and
18 August 2015 (M,, = 4.1) in the Southern and Northern oil/gas fields, respectively, and
were felt all across Kuwait. For both events, Gu et al. (2017) determined focal mechanisms
in general agreement with SW—-NE compression and shallow source depths of 1 to 4 km.

Additional seismicity is present in the Arabian Gulf, immediately offshore of Kuwait,
where five earthquakes are documented since 1960, with a maximum published magnitude
my, = 4.5 on 14 December 1996. We relocated earthquakes predating the digital era, from
travel times listed in the International Seismological Summary (1960, 1962) or the Bulletin
of the International Seismological Centre (1976), using the interactive iterative algorithm
of Wysession et al. (1991), with results displayed in Fig. 4 and listed in Table 1. While the
epicenters of the 23 June 1962 and 02 January 1976, events are essentially confirmed, the
1960 earthquake relocates to the Iranian shore of the Gulf and hence to the Zagros seismic
belt. Similarly, the event reported by the USGS on 27 September 1976, in Southern Kuwait
near Juleia (m;, = 3.8) relocates to Southern Iran, in agreement with the ISC solution, even
though the latter’s hypocentral depth (152 + 8 km) is probably excessive.
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Table 1 Significant earthquakes in and around Kuwait

Date Origin time Epicenter Depth Magnitude Notes
DM@J)Y GMT (°’N) (°E) (km)
14 MAR (074) 1960 20:14:44.3 29.67 50.39 10 Relocates to Iranian shore
23 JUN (174) 1962  05:04:56.1 29.64 4931 10 Offshore
02 JAN (002) 1976  04:30:28.5 28.39 4897 43 4.1 m, Offshore
27 SEP (271) 1976 02:24:13.5 30.39 49.73 100 3.8 my, Relocates inside Iran, probably
deep
02 JUN (153) 1993  22:01:48.2 28.94 47.61 10 4.7m, Largest event measured in Kuwait
14 DEC (349) 1996  19:49:51.3 28.45 49.63 10 4.5m, Offshore
18 SEP (261) 1997  20:24:46.3 28.99 47.44 10 4.6 m, Felt in Kuwait City
30 DEC (364) 1997 18:18:31.6  28.78 47.50 10 4.4 m, Felt in Kuwait City
02 AUG (213) 2008  20:45:17.0 2943 49.15 25 3.8 my, Offshore
21 MAR (080) 2015 11:23:35.7 28.99 47.48 15 45M, Southern oil field (Gu et al. 2017)
18 AUG (230) 2015 11:26:20.8 29.67 47.68 15 41M, Northern oil field (Gu et al. 2017)
14 MAR 1960 23 JUN 1962 02 JAN 1976
27 SEP 1976 02 AUG 2008
47° 48° 49° 50° 51°

Fig.4 Map of individually color-coded significant earthquakes teleseismically reported around Kuwait (see
Table 1). For predigital events, the result of our relocation is shown as a solid dot, with associated Monte
Carlo ellipse. Upward triangles denote USGS/NEIC epicenters, downward triangles ISC solutions (if dif-
ferent), and solid squares epicenters from other agencies (when available). The 1996 and 2008 events were
not relocated. For reference, the open diamonds symbolize the Northern (Ar-Raudhatain) and Southern
(Minagish) oil fields, where the 2015 earthquakes studied by Gu et al. (2017) took place
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The case of the event of 02 January 1976 is interesting, since it locates in the vicinity of
the Khafji oil field (see Fig. 3) and could thus represent induced seismicity. However, both
the ISC solution and ours give it a significant depth (56 + 14 km, and 43 km, respectively),
which makes this interpretation unlikely.

1.2 Regional seismicity

Magnitude 5 earthquakes in the nearby Zagros Mountains are frequent, and at least two
magnitude 7 events were recorded instrumentally, the Farsinaj (Kermanshah) earthquake of
13 December 1957, which featured an average M, = 6.8, but was assigned an unspecified
magnitude of 7.1 by Ambraseys et al. (1973) and a “Pasadena” magnitude of 741_1’ and the
recent Halabjah earthquake at the border of Iraq and Iran, on 12 November 2017 (34.91° N,
45.96° E; M,, = 7.2). The former had a mesoseismal area extending mostly to the North-
east, and as such was not felt in Kuwait, at a distance of 550 km; the latter was felt around
MMI IV in Kuwait City, at a distance of 630 km, and all the way to Tehran, 1000 km away.
Focal mechanisms for both the Farsinaj event (¢p = 6°, 6 = 52°, 4 = 126° (Shirokova 1962;
McKenzie 1972)) and the Halabjah event (¢ = 351°, 6 = 16°, 4 = 137°) express thrust-
ing across the Zagros range. By contrast, the nearby smaller Sarpol-e-Zahab earthquake
of 25 November 2018 (34.30° N, 45.74° E; M,, = 6.3) featured a strike-slip mechanism
(¢p =121°,6 = 83°, 4 = 11°); it was felt in Baghdad and Kuwait.

It is important to stress that the Halabjah earthquake took place in an area where no
comparable seismicity was documented in historical times, although the formation of Lake
Zaribar, only 40 km to the North, was due to a landslide itself probably triggered by a
major prehistorical earthquake (Ambraseys and Melville 1982). In this context, it remains
uncertain how close to the Gulf (and hence to the State of Kuwait) the Zagros seismic belt
may feature large seismicity reaching magnitude 6.5 to 7. We note in particular the poten-
tial for strong events on the Gulf’s Northern shore, as evidenced by the historical earth-
quakes of A.D. 978 and 1008, reported to have caused the demise of the port city of Siraf,
Iran (Ambraseys and Melville 1982; Tofighian 2014), and possibly in 1871 near Bushehr,
Iran (Bou-Rabee and VanMarcke 2001).

1.3 More distant mega-events and tsunami risk

The Southern end of the main Zagros thrust complex is connected to the Makran sub-
duction zone, where the oceanic lithosphere of the Gulf of Oman subducts beneath the
coastal ranges of Pakistan and Iran. Historical records indicate at least 28 great earthquakes
(M > 7) in the Makran since A.D. 1668 (Ambraseys and Bilham 2003; Pararas-Carayannis
2006), but most of the documented seismicity is limited to its Eastern part (Byrne and
Sykes 1992). The most recent event (M,, = 8.1), on 27 November 1945, generated a cata-
strophic tsunami which ran up to heights of 10 m in Eastern Iran and 15 m in Pasni (Okal
et al. 2015; Heidarzadeh and Satake 2015). No large-magnitude instrumental seismicity is
documented to the West of the 1945 event, but historical accounts mention a probably tsu-
namigenic earthquake in 1864 around the present border between Iran and Pakistan (~ 62°
E), and a possible event farther West (58°-60° E) in 1483, which may also have been felt
in Oman, but whose location has not been verified, in a region featuring only very sparse
seismicity (Ambraseys and Melville 1982). This latter event remains controversial and may
involve separate shocks in Iran and Oman (Musson 2009; Deif et al. 2017).

@ Springer



Natural Hazards (2020) 103:799-813 805

In this context, the tectonics of the Western Makran could be interpreted under several
models, where convergence could be either entirely taken up by onland orogeny; or largely
accommodated by aseismic creep along the subduction zone; or released during very large
but infrequent thrust earthquakes, with the subduction zone presently locked since the
last such event, which could be the 1483 earthquake (Mokhtari et al. 2008); note that this
situation is reminiscent of the uncertainty regarding the tectonic regime of the Cascadia
subduction zone, in the Pacific Northwest province of the USA, which prevailed prior to
the documentation of the 1700 mega-earthquake (Atwater et al. 2005). The latter model is
preferred on account of Late Holocene marine terraces along both the Eastern and West-
ern Makran, suggesting that the Western segment is also capable of producing large plate
boundary earthquakes with tsunami potential (Byrne and Sykes 1992), and of significant
residual GPS motion between Oman and coastal Iran (Masson et al. 2007). Under a worst
case scenario inspired by Ando’s (1975) paradigm for laterally fragmented subduction
zones, Okal et al. (2015) have suggested that the coeval rupture of the whole Makran sub-
duction zone along a 1000-km-long fault could release a magnitude 9 earthquake whose
tsunami might conceivably penetrate the Gulf through the straits of Hormuz (Al-Salem and
Al-Enezi 2018).

In addition, tsunamis originating in the Arabian Gulf have been documented, notably
during the A.D. 978 and 1008 earthquakes in Siraf, Iran (Ambraseys and Melville 1982),
and more recently in September 1871, an event which Bou-Rabee and VanMarcke (2001)
have proposed to associate with an earthquake in the vicinity of Bushehr, Iran. In addition,
we recall that a quantitative reinterpretation of the phenomenon observed by Nearchus of
Greece in 325-324 B.C., based on the updated chronicle by Arrian of Nicomedia (1983),
suggests that his fleet encountered a tsunami-like phenomenon in the vicinity of the straits
of Hormuz, and quite possibly inside the Arabian Gulf (Okal et al. 2015). Finally, in the
recent case of the Bandar Dayyer, Iran, tsunami of 19 March 2017, Salaree et al. (2018)
have proposed a meteorological origin, which however may not be directly applicable at
the Northern extremity of the Gulf.

Under such scenarios, tsunami waves sweeping the shores of the Gulf, including in
Kuwait, could potentially lead to soil failure (including liquefaction) in inundated coastal
areas, resulting in a significant loss of lives and property.

In conclusion, a review of documented local and regional seismic and tsunami sources
suggests possible frameworks for soil liquefaction in Kuwait, triggered by either agent.

2 Paleo-liquefaction evidence found in Jal-Az-Zor

In order to strengthen the assessment of the seismic risk and vulnerability of Kuwait and
other Arabian Gulf countries, and considering the lack of written records prior to the 1950s
as well as the long return periods of great earthquakes, we must seek evidence of such
major events in the geologic record. In this context, a search for paleo-liquefaction features
in Kuwait was initiated in 2003, mainly in the Jal-Az-Zor escarpment area (see Fig. 2). In
this area, as in most of Kuwait, the potential for liquefaction hazard is high because of shal-
low groundwater and sandy, poorly consolidated deposits (Al-Bakri et al. 1988).

Because of the high seismic shaking threshold required to induce liquefaction, paleo-
liquefaction studies can help document the occurrence of historical events of high intensity
for which no other evidence is available, and as such are of considerable interest to engi-
neers and planners. Worldwide data on historic earthquakes show that liquefaction effects
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can develop at earthquake magnitudes as low as about 5, but that a magnitude of 5.5 to 6 is
the lower limit at which they become relatively common (Ambraseys 1998). Liquefaction
caused by earthquake shaking most commonly originates at a depth ranging from a few to
about 10 m, in areas where the sediment is nearly fully saturated. The extent of the zone
liquefying during shaking depends on the relationship between the cyclic shear stresses
generated by the earthquake and the stress required to initiate liquefaction in the sediment.

Liquefaction can also result from excess pore water pressure induced in sedimentary
material by transient loads, upon violent inundation caused by tsunami waves, which in the
case of Kuwait, could emanate from either a mega earthquake in the Makran subduction
zone or a large one in the Gulf itself; a review of wave-induced liquefaction can be found
in Jeng (2003). Excess pore water pressure build-up, causing partial fluidization of the top
soil at the end of a tsunami ebbing phase near the coastal region, has also been numerically
demonstrated (Young et al. 2009, 2010; Xiao et al. 2010a; Xiao et al. 2010b; Olsen et al.
2012). In addition to tsunamis, the downdraw following an extreme storm surge can also
cause liquefaction of coastal sandy deposits, as suggested by Robertson et al. (2007), Xiao
et al. (2010a), Xiao et al. (2010b) and Young et al. (2009, 2010).

One of the most commonly observed manifestations of soil liquefaction is the occur-
rence of sand boils along the ground surface. These volcano-like features are typically
associated with liquefaction caused by generation of excess pore water pressure within a
nearly saturated soil deposit, induced by intense ground shaking or rapid decompression
due to sudden changes in water level. The resultant flow of the pore water, apt to concen-
trate in channels of relatively higher permeability (due to soil inhomogeneity), eventually
erupts to the surface in the form of a sand boil (El-Gamal et al. 1993). The outflowing
water typically carries sediments from the liquefied overlying layers. It should be noted
that similar volcano-like features of sand boils were found and documented in the context
of the 2010 Chilean earthquake and tsunami (Olsen et al. 2012).

To assess the risk of large earthquakes and tsunamis in Kuwait, we began the search for
paleo-liquefaction features in 2003, focusing on the Jal-Az-Zor escarpment area which lies
a few kilometers inland from the northwest and north shore of Kuwait Bay (Fig. 2). The
Jal-Az-Zor escarpment has a remarkably straight trend, and the maximum local relief is
145 m [e.g., Fig. 3 of Al-Sarawi (1995]. The escarpment is Oligocene to Holocene in age
and appears to reflect subsurface structures. The straightness of the escarpment suggests an
origin related to faulting (Al-Sarawi 1982; Bou-Rabee 1986). The structural map of the Jal-
Az-Zor area presented by Al-Sarawi (1982) shows two en-échelon faults located beneath
Kuwait Bay, with a downward movement of 50-70 m and interpreted as a growth fault.

The geologic section of the Jal-Az-Zor escarpment contains, from toe to top, sand,
clays, limestone and gravels (Al-Bakri et al. 1988). The toe of the escarpment is covered by
a thin mantle of colluvium. The scarp face, nearly vertical and sharp, has many horizontal
and vertical fractures that can be traced behind the escarpment face, indicative of active
erosional processes (Al-Sarawi 1995).

Virtually all the evidence we found for paleo-liquefaction is located and distributed on
the eastern sector of the Jal-Az-Zor escarpment (see Fig. 5). The features, shown in Fig. 6,
are cemented sand and gravel-filled dikes that are nearly vertical and connect to a sediment
source at depth. This location is 12 km from, and 112 m above, the present shore line. Sed-
iment has vented from the dikes at many places to form sand blows, but many of them have
since been eroded. As shown in Fig. 6, the dikes are linear in plan view and exhibit strong
parallel alignment in the NNE-SSW direction. The size and abundance of the dikes along
the eastern sector of Jal-Az-Zor escarpment generally decrease with increasing distance
from a central region of large dikes.
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Fig.5 a Map of paleo-liquefactions sites documented along the Jal-Az-Zor escarpment, Kuwait. The loca-
tion of the trenches dug as part of this study is shown as the blue asterisk. The name H3 refers to one of
the sites where the British Archeological Expedition to Kuwait identified archeological remains from ca.
7000 years ago [e.g., Al-Sarawi (1982)]. b View of Jal-Az-Zor escarpment [adapted from Behbehani et al.
(2019)]. The cars on the top of the cliff provide a scale. The local height of the escarpment is approximately
50 m

Hand-dug trenches at two sites, distant ~ 5 m from each other, were excavated during
March and April of 2007, at the location (29°37.614' N; 48°01.217' E) shown as an aster-
isk in Fig. 5. Samples from those trenches were collected at a depth of one meter. Each of
the trenches exposed a fine- to medium-grained sand with some clay clasts. The surficial
sand deposit was connected to numerous vertical sand dikes that range in diameter from
a few centimeters to about one meter. These dikes seem to have been injected from the
source sand that is in some places buried under a few meters of loose sand, while in other
places it is exposed at the surface. Where the source sand is exposed, one can clearly see
that the dikes were ejected from it.
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Fig.6 Photographs of sand boils found near the Jazirat Dubaij site, at the Jal-Az-Zor escarpment, Kuwait

Optically stimulated luminescence (OSL) dating was conducted on four samples from
two locations in the study area, owing to the lack of organic material in the deposited sand.
The application of this technique to geological problems has been reviewed, e.g., by Rho-
des (2011). Two samples were collected from the cemented dikes and two from the loose
sand surrounding the dikes. The main goal of this dating was to determine the difference
in age, if any, between the dikes and the loose surrounding sand, in order to shed light on
the mechanism that caused these features. Results from the OSL data are shown in Table 2.
The average age of the loose sand (pipe samples) is about 125 kilo-annum (ka), while the
average age of the cemented dikes (block samples) is 93 ka. A schematic vertical section of
one of the sampled dikes is shown in Fig. 7. The older age of the loose sand suggests that
the dikes intruded through the older loose sand from below, forming typical sand blows at
the surface; this could not have happened without the generation of excessive pore water
pressure.

We interpret the dikes and sand blows found in the eastern sector of Jal-Az-Zor as hav-
ing been caused by a single large event of seismic origin because:

e This area, as most of Kuwait, has high liquefaction susceptibility due to the shallow
ground water and the sandy, poorly consolidated deposits.

e The discovered dikes widen downward or have walls that are parallel to, and cut across,
the layered sedimentary rocks. Some are concentric layered and others look like craters
filled with sand finer in size than the surrounding rock.

The dikes vented large quantities of sandy sediment to the surface as sand blows.

The size and abundance of the dikes along the eastern sector of Jal-Az-Zor escarp-
ment generally decrease with increasing distance from a central region hosting the large
dikes.
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Table 2 Quartz blue-light OSL ages for Samples 1 and 2 (Stop 8) at the slope of the cliff, close to the
Northern end of the escarpment (Fig. 4;29°37.614' N; 48°01.217' E)

Sample information Sample 1, stop 8 Sample 2, stop 8

Loose sand Cemented dikes Loose sand Cemented dikes
Water content (%)* 1(31) - 1(25)
Potassium, K (%)° 0.84 +0.01 - 0.96 = 0.02
Thorium, Th (ppm)® 1.71 +0.10 - 1.74 +0.10
Uranium, U (ppm)® 0.50 +0.05 - 0.56 +0.04
Cosmic dose® additions (Gy/ka) 0.183 +£0.01 - 0.83 +0.01 -
Total dose® rate (Gy/ka) 1.11 +0.03 - 1.13+0.03 -
Equivalent dose (Gy) 150+ 11 110+3 141 +5 109 +2
nd 4(5) 25 (30) 16 (18) 26 (29)
Age (ka)® 135+ 10 98.7+3 115+5 883+3

*Field moisture, with figures in parentheses indicating the complete sample saturation in percent. Ages cal-
culated using 15-10% moisture value, halfway between the field and saturation moistures. Block moisture
content estimated from loose sand due to later cementing.

®Analyses obtained using laboratory Gamma spectrometry (low-resolution Nal detector). Loose sand and
block sediment mixed for sample.

“Cosmic doses and attenuation with depth were calculated using the methods of Prescott and Hutton (1994).

INumber of replicated equivalent dose (De) estimates used to calculate the mean. Figures in parentheses
indicate total number of measurements made including failed runs with unusable data.

°Dose rate and age for fine-grained 250-180 pm quartz sand. Linear and exponential fit used on age; errors
given as 1—o

Fig.7 Schematic vertical cross
section of a typical sandboil
formation in the eastern sector
of the Jal-Az-Zor escarpment,
showing the general characteris-
tics of a subvertical gravelly sand
dike. It is interpreted as having a
seismically induced liquefaction
origin

Lamination
with core

Sidewall

Calcareous grits 4
material

with finer detriti

All of these features indicate that the groundwater setting of this area was suddenly
affected by strong hydraulic forces of short duration; this could not reasonably be expected
other than from earthquake-induced shaking or sudden decompression caused by rapid
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withdrawal of a large column of seawater due to tsunami downdraw or seiching of large tsu-
nami-like waves (e.g., extreme storm surge) from the Arabian Gulf. In short, the presence,
abundance, and spatial distribution of these paleo-liquefaction features (which include sand
dikes, cylinders, and sand blows) indicate that they were caused by a single large event of
seismic origin (strong earthquake shaking or an earthquake-induced tsunami) with high
enough intensity to potentially damage man-made facilities.

At the liquefaction site, the thicknesses of the Calcareous grits and of the gravelly sands
in the large dikes range between 1.4 and 1.6 m. Since the gravelly sand has a larger particle
size, its permeability is expected to be higher than that of the Calcareous grit. Hence, a
build-up of pore pressure in the Calcareous grit layer due to low permeability will push the
gravelly sand layer up; this scenario will happen during the ebbing phase of a tsunami, fol-
lowing the large build-up of pore pressure from the runup, and the sudden decrease in over-
burden hydrostatic pressure during the downdraw (Young et al. 2009; Xiao et al. 2010b).

Given the large ages suggested by the OSL results, we caution that the interpretation of
the documented liquefaction as due to a tsunami requires that this event take place during
an episode of deglaciation. It is easily verified that at maximum glaciation, the world’s
oceans were as much as 200 m below their present level, several times the maximum depth
of the Gulf, which therefore did not exist as a water mass (Lambeck 1996).

The observed paleo-liquefaction features in the eastern sector of Jal-Az-Zor are signifi-
cant because they are at considerable distance from areas of presently recorded seismic
activity. If the liquefaction features are indeed caused by earthquake-induced shaking, then
the implications are serious as they require either a local earthquake source not previously
recognized, or an earthquake in currently active zones (e.g., the Zagros belt), significantly
larger than documented since the advent of instrumental seismology. On the other hand,
if the liquefaction features are caused by wave activity (tsunami or seiche) in the Arabian
Gulf, the implications are also serious since they point out to a form of hazard not recog-
nized in this region, emanating from poorly understood sources (either a mega earthquake
in the Western Makran subduction zone, or unsuspected major faults within the Gulf itself).

3 Archeological evidence of prehistoric settlement in Jal-Az-Zor

The discovery of liquefaction features at Jal-Az-Zor is intriguing, in the context of studies
by the British Archaeological Expedition to Kuwait (BAEK), which suggest that a rela-
tively advanced civilization existed in this region seven thousand years ago. Archeologi-
cal remains were found by BAEK at a site known as H3 As-Sabiyah in the Jazirat Dubaij
peninsula, separated from the present shoreline by a ~ 5-km sabkha, and shown in Fig. 5
(Carter et al. 1999; Carter and Crawford 2001, 2002). This location constitutes an ancient
beach ridge, where marine mollusk samples have been dated to 5000-3500 yr b.p. (Rein-
ink-Smith 2015). There is evidence of prehistoric boat travel between the Arabian Pen-
insula and Southern Mesopotamia, where people from the two regions met and traded
exotic stone and painted ceramics (Lawler 2002). A stretch of the coastline of Kuwait, now
deserted, supported a cosmopolitan and industrious community at this time. The people
lived in villages and built houses using stones (Carter 2002). Today the site’s surround-
ings appear empty and poor in vegetation, but there is evidence that the climate was wetter
when the site was occupied (Sanlaville 1992), and fresh water wells can be found that are
now abandoned. The demise of this community is unexplained, and one can reasonably
speculate that it may have been precipitated by a major natural disaster.
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While the seismicity map of Kuwait (Fig. 3) shows only moderate earthquake activity
at the Jal-Az-Zor escarpment, our identification of paleo-liquefaction features in the same
zone suggests prehistoric damage by large earthquakes or tsunami-like waves. Hence, it is
a viable hypothesis that the civilization that existed in this region seven thousand years ago
may have been destroyed by a large earthquake and/or tsunami. We note however an order
of magnitude discrepancy between the age of the settlement at H3 and the OSL ages for
samples recovered in the present study, which could conceivably be reconciled under the
scenario of a much larger event giving rise to the liquefaction features, and a smaller one
affecting the archeological sites.

In this context, the disappearance of the ancient civilization that lived in the same
region where we document paleo-liquification features can be regarded as an indication of
the continuity of catastrophic hazard, probably earthquake activity, in that area. There is no
reason to believe that this activity should have stopped in the present era.

4 Implications for the future of Kuwait and the other Arabian Gulf
Countries

Preliminary results from fieldwork, mapping, and hand-dug trenching in the Jal-Az-Zor
escarpment in Kuwait have yielded important information, including the evidence of paleo-
liquefaction attributable to large earthquake-induced ground motion or inundation by a tsu-
nami, which itself would most probably have been generated by a large earthquake. Such
features are distributed over the eastern sector of Jal-Az-Zor escarpment; they consist of
cemented sand and gravel dikes that are nearly vertical and connected to a sediment source
at depth. Additional research is needed to identify the exact source and sequence of events
that led to these dike formations.

We recognize that our results may be meager, but we think that they should reawaken
the question of seismic risk in Kuwait. In itself, our documentation of liquefaction events
strongly suggests a significant undersampling of local or regional seismicity, and more
generally of seismic hazard for Kuwait, not only by catalogues derived from the relatively
recent operation of the KNSN, but also over the entire period of instrumental seismicity,
amounting to the last 120 years.

While this result is in itself not totally surprising, such evidence documents the vulner-
ability of Kuwaiti coastal environments to natural hazards which had remained hitherto
unsuspected. As such, the documentation of liquefaction features at Jal-Az-Zor becomes
critical, as it mandates a reassessment of seismic risk for coastal Kuwait, in particular in
the context of the City of Silk project, whose infrastructure would be directly threatened
during a repetition of the natural agent (earthquake or tsunami) which triggered the lig-
uefaction event identified in the present study. Incidentally, such hazard is not limited to
Kuwait, but should also be extended to the neighboring Arabian Gulf countries.

Only through a program of natural-hazard risk assessment can we make informed deci-
sions about protection, mitigation, or emergency response strategies aimed at reducing
human suffering and the economical impact of future natural disasters. Additional paleo-
deposit studies are also necessary to determine the cause—plausibly related to the geo-
logic features described in this paper—of the disappearance of an ancient civilization that
existed seven thousand years ago in Kuwait.

Acknowledgements The authors gratefully acknowledge funding by the National Science Foundation
through the George E. Brown, Jr. Network for Earthquake Engineering Simulation, and Civil Mechanical

@ Springer



812 Natural Hazards (2020) 103:799-813

and Fracturing Innovation Programs (Grants Nos. 0530759 and 0649155). We are grateful to Professor Erik
Vanmarcke for collaboration in the early stages of this research. We thank Dr. Sayed Behbehani for permis-
sion to adapt the photograph in Fig. 5b. The paper was improved through the constructive comments of two
anonymous reviewers.

References

Al-Bakri D, Kittaneh W, Shublag W (1988) Sedimentological characteristics of the surficial deposits of the
Jal Az-Zor area, Kuwait. Sediment Geol 59:295-306

Al-Salem K, Al-Enezi, A (2018) Evaluation of tsunami hazard along the Kuwaiti coastline due to possible
earthquakes and landslides. In: Proceedings of tenth Gulf Seismic Forum, Muscat, p 109 [abstract]

Al-Sarawi MA (1982) The origin of Jal-Az-Zor escarpment, Kuwait. J Univ Kuwait (Sci) 9:151-162

Al-Sarawi MA (1995) Surface geomorphology of Kuwait. GeoJournal 35:493-503

Ambraseys NN (1988) Engineering seismology. Earthq Eng Struct Dyn 17:1-105

Ambraseys NN, Bilham R (2003) Earthquakes and associated deformation in North Baluchistan, 1892—
2001. Bull Seismol Soc Am 93:1573-1605

Ambraseys NN, Melville CP (1982) A history of Persian earthquakes. Cambridge University Press, Cam-
bridge, pp 219

Ambraseys NN, Moinfar A, Peronaci F (1973) The seismicity of Iran: the Farsinaj (Kermanshah) earth-
quake of 13 December 1957. Ann Geophys 26:679-692

Ando M (1975) Source mechanism and tectonic significance of historical earthquakes along the Nankai
Trough, Japan. Tectonophysics 27:119-140

Arrian of Nicomedia (1983) Anabasis Alexandri, books V—VII: Indica. Harvard University Press, Cam-
bridge (trans: Brunt PA), 589 pp

Atwater BF, Musumi-Rokkaku S, Satake K, Tsujii Y, Ueda K, Yamaguchi DK (2005) The orphan tsunami
of 1700—Japanese clues to a parent earthquake in North America. U.S. Geological Survey profes-
sional paper 1707, 135 pp

Behbehani S, Hollis C, Holland G, Singh P, Edwards K (2019) A seismicially controlled seal breach in a
major hydrocarbon province: a study from the Mauddud Formation in the Bahrah field, Kuwait. Mar
Petrol Geol 107:155-277

Bou-Rabee F (1986) The geology and geophysics of Kuwait. Ph.D. Dissertation, University of South Caro-
lina, Columbia, SC

Bou-Rabee F (1994) Earthquake recurrence in Kuwait induced by oil and gas extraction. J Pet Geol
17:473-480

Bou-Rabee F (1999) Site selection for the field station of the Kuwait National Seismic Network. Seismol
Res Lett 70:712-716

Bou-Rabee F, Nur A (2002) The M = 4.7 Kuwait earthquake: induced by the burning of the oil fields,
Kuwait. J Sci Eng 29:155-163

Bou-Rabee F, VanMarcke E (2001) Seismic vulnerability of Kuwait and other Arabian Gulf countries:
information base and research needs. Soil Dyn Earthq Eng 21:181-186

Byrne DE, Sykes LR (1992) Great thrust earthquakes and aseismic slip along the plate boundary of the
Makran subduction zone. J Geophys Res 97:449-478

Carter R (2002) Ubaid-period boat remains from As-Sabiyah: excavations by the British Archaeological
Expedition to Kuwait. Proc Semin Arab Stud 32:13-30

Carter R, Crawford HEW (2001) The Kuwait-British archaeological expedition to As-Sabiyah: report on the
second season’s work. Iraq 63:1-20

Carter R, Crawford HEW (2002) The Kuwait-British archaeological expedition to As-Sabiyah: report on the
third season’s work. Iraq 64:1-13

Carter R, Crawford H, Mellalieu S, Barrett D (1999) The Kuwait-British archaeological expedition to As-
Sabiyah: report on the first season’s work. Iraq 61:43-58

Deif A, Al-Shijbi Y, El-Hussain I, Ezzelarab M, Mohamed AME (2017) Compiling an earthquake catalogue
for the Arabian plate, Western Asia. J Asian Earth Sci 147:345-357

El-Gamal A, Amer M, Adalier K (1993) Liquefaction during the October 12, 1992 Egyptian Dahshure
earthquake. In: Proceedings of third international conference on case histories in geotechnical engi-
neering, St. Louis, MO

Fox AE (1959) Some problems of petroleum geology in Kuwait. Inst Pet J 45:95-110

Gu C, Al-Jeri F, Al-Enezi A, Biiyiikoztiirk O, Toks6z MN (2017) Source mechanism study of local earth-
quakes in Kuwait. Seismol Res Lett 88:1465-1471

@ Springer



Natural Hazards (2020) 103:799-813 813

Heidarzadeh M, Satake K (2015) New insight into the source of the Makran tsunami of 27 November 1945
from tsunami waveforms and coastal deformation data. Pure Appl Geophys 172:621-640

Jeng DS (2003) Wave-induced sea floor dynamics. Appl Mech Rev 56:407-429

Lambeck K (1996) Shoreline reconstructions for the Persian Gulf since the last glacial maximum. Earth
Planet Sci Lett 142:43-57

Lawler A (2002) Report of oldest boat hints at early trade routes. Science 296:1791-1792

Masson F, Anvari M, Djamour Y, Walpersdorf A, Tavakoll F, Daigniéres M, Nankall H, Van Gorp S (2007)
Large-scale velocity field and strain tensor in Iran inferred from GPS measurement: new insight for the
present-day deformation pattern within NE Iran. Geophys J Int 170:436-440

McKenzie DP (1972) Active tectonics of the Mediterranean region. Geophys J R Astron Soc 30:109-185

Mokhtari M, Abdollahle I, Hessami K (2008) Structural elements of the Makran region, Oman Sea, and
their potential relevance to tsunamigenesis. Nat Hazards 47:185-199

Musson RMW (2009) Subduction in the Western Makran: the historian’s contribution. J Geol Soc Lond
166:387-391

Okal EA, Fritz HM, Hamzeh MA, Ghasemzadeh J (2015) Field survey of the 1945 Makran and 2004 Indian
Ocean tsunamis in Baluchistan, Iran. Pure Appl Geophys 172:3343-3356

Olsen MJ, Cheung KF, Yamazaki Y, Butcher Y, Garlock M, Yim SC, Piaskowy SA, McGarity S, Robertson
I, Burgos L, Young YL (2012) Damage assessment of the 2010 Chile earthquake and tsunami using
terrestrial laser scanning. Earthq Spectra 28:S179-S197

Pararas-Carayannis G (2006) Potential of tsunami generation along the Makran subduction zone in the
Northern Arabian Sea; case study: the earthquake and tsunami of November 28, 1945. In: Proceedings
of 3rd tsunami symposium, Tsunami Society, Honolulu

Reinink-Smith LM (2015) AMS-dated mollusks in beach ridges and berms document Holocene sea-level
and coastal changes in northeastern Kuwait Bay. Quat Res 84:200-213

Rhodes EJ (2011) Optically stimulated luminescence dating of sediments over the past 200,000 years. Annu
Rev Earth Planet Sci 39:461-468

Robertson IN, Riggs HR, Yim S, Young YL (2007) Lessons from Hurricane Katrina storm surge on bridges
and buildings. J] Waterw Port Coast Ocean Eng 133:463—483

Salaree A, Mansouri R, Okal EA (2018) The intriguing tsunami of 19 March 2017 at Bandar Dayyer, Iran:
field survey and simulations. Nat Hazards 90:1277-1307

Sanlaville P (1992) Changements climatiques dans la péninsule arabique durant le Pléistoceéne supérieur et
I’Holocene. Paléorient 18:5-26

Shirokova E (1967) General features in the orientation of principal stresses in earthquake foci in the Medi-
terranean-Asian seismic belt. Earth Phys 1:22-36

Tofighian H (2014) Architectural analysis of the coastal segment of the Port of Siraf through underwater
archeological studies. Archeol Stud 6:21-38

Wysession ME, Okal EA, Miller KL (1991) Intraplate seismicity of the Pacific Basin, 1913—1988. Pure
Appl Geophys 135:261-359

Xiao H, Young YL, Prévost JH (2010a) Runup hydro- and morpho-dynamic modeling of breaking solitary
waves over a fine sand beach. Part II: numerical modeling. Mar Geol 269:119-131

Xiao H, Young YL, Prévost JH (2010b) Parametric study of breaking solitary wave induced liquefaction of
coastal sandy slopes. Ocean Eng 37:1546-1553

Young YL, White J, Xiao H, Borja RI (2009) Tsunami-induced liquefaction failure of coastal slopes. Acta
Geotechnol 4:17-34

Young YL, Xiao H, Maddux T (2010) Hydro- and morpho-dynamic modeling of breaking solitary waves
over a fine sand beach. Part I: experimental study. Mar Geol 269:107-118

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Evidence of prehistoric liquefaction in Kuwait and implications for the seismic vulnerability of the Arabian Gulf Countries
	Abstract
	1 Introduction
	1.1 Local seismicity
	1.2 Regional seismicity
	1.3 More distant mega-events and tsunami risk

	2 Paleo-liquefaction evidence found in Jal-Az-Zor
	3 Archeological evidence of prehistoric settlement in Jal-Az-Zor
	4 Implications for the future of Kuwait and the other Arabian Gulf Countries
	Acknowledgements 
	References




