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Abstract. The Gulf of Agaba (Elat) is a developing rift at velopment of a gulf cutting through the surrounding high-
the southern end of the Dead Sea Transform system. Studyelevation terrain calls for substantial vertical tectonic mo-
ing fossil shorelines (coral reef terraces and beach rocks) wéons, and these are probably the dominant factors controlling
obtain constraints on the evolution of the gulf’s coastal mar-the shape of the gulf. On a finer spatial and temporal scale the
gin. Fossil reefs at the gulf indicate that during the past 6000shoreline is a result of various sedimentary processes such as
years sea level was relatively stable, and regional verticabediment transport to the gulf, transport of sediments along
tectonic movements were negligible. Nevertheless, south ofhe shores, growth of massive coral reefs, and cementation of
Elat (NW corner of the gulf) we find that the shoreline has beach sediments to form beachrocks. These latter processes
migrated seaward by more than 100 m, through accumulaare often affected by local climate and sea level changes.

tion of coarse clastic sediments. In the absence of a fluvial F|gods are the main agents transporting eroded material
feeder at the location of the migrating shoreline, we suggestrom the surrounding exposed crystalline basement into the
that long-shore processes transported the sediment. gulf in this arid region. At the mouths of catchment basins
Our observations include sedimentary structures from twog|juvial fans develop, and offshore from large Wadi mouths
trenches dug in beach sediments, buried and emerged fossjlibmarine fans shape the slope. Along the shoreline sedi-
reefs, and the local submarine slope morphology. We conments are transported by beach-drift driven by the dominant
sider the regional Holocene climate and Holocene vertical(95% of the time) north-wind driven waves oblique to the
displacements in the gulf, and infer that the eastward propashores, and by heavy southern storms that occur several times
gation of the shoreline reflects a delayed response to tectonig yeatr. Beachrocks are exposed a|ong many of the shores,
changes in coastal bathymetry or the result of climatic eventsforming 1-3m wide strips at the shoreline. They are ce-
mented by calcium carbonate and the clasts are similar to
the present-day loose beach sediments varying in size from
millimeter scale to a few centimeters. Beachrocks have also
been found buried by loose sediments at many construction

The Gulf of Agaba (Elat) occupies the southernmost 180 kmSItes along the shore at Elat.

of the Dead Sea transform system (Fig. 1). It is generally Since the Last Glacial Maximum-20 ka) global sea level
accepted that left lateral slip 6f105 km occurred across the rose rapidly, and by-7 ka most of the glacial water has been
Dead Sea plate boundary system since its initiatid8 Ma  discharged to the oceans (Shackleton and Opdyke, 1973;
(e.g. Joffe and Garfunkel, 1987; Girdler, 1990). Strike-slip Fairbanks, 1989; Nakada et al., 2000; Yokoyama et al.,
motions are recognized well into Quaternary and even h|S‘2000) Sea level indicators at locations around the world
torical times (Amit et al., 1999, Garfunkel, 1970; Ellenblum @nd glacio-hydro-isostatic models show that the pattern of
et a|_, 1998) The gu|f has existed, perhaps intermittent'y’relative sea level rise during the Middle and Late Holocene

during the past~7 Ma (Garfunkel et al., 1974). The de- Was not uniform in time and space, but rather depends on
the proximity to the melting ice sheets and local tectonics
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Fig. 1. Location map with approximate locations of uplifted fossil coral reefs. Tectonic model of the gulf after Ben-Avraham et al. (1979),
Ben-Avraham (1985). Map of the northwestern shore of the gulf and the northwestern slope. Shown are the locations of sediment trenches
(A-A, B-B’), borehole, and emerged and buried reefs discussed in the text. Location of the slope cross-section of Fig. 2. Deep slope
bathymetry from Ben-Avraham and Tibor (1993). Shallow high-resolution bathymetry collected by M. Reidenbach, D. Fong, A. Genin,
G. Yahel, Y. Shaked, A. Agnon (July 2000).
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Fig. 2. Cross section of the south-facing underwater slope off the MBL showing the transition from low angle slope of beachrock at shallow
depth to a high angle slope with outcropping beachrock slabs at greater depth.

Table 1. Percent of lithic components of beach sediments at MBL

Location chert lime- rhyolite granite schist/ marine others n
(clast size) stone gneiss  biogenic

fragments
back trough £2cm) 4 12 17 31 17 16 5 282
ridge front (~~5cm) 4 5 21 40 21 3 6 268
ridge front (~5cm) 4 12 21 40 19 2 2 341

et al., 1993). In places of complex crustal and tectonic set-of a fossil reef buried beneath the sediments provides further
ting such as the Gulf of Agaba, local sea-level indicatorsconstraints on the origin of this coastal peculiarity.

are especially needed to establish the sea level history. The
coral reefs along the shores of the Gulf of Agaba are excel-

lent sea level indicators. Numerous uplifted fossil reefs are

exposed near the shores of the gulf at the southern end o
Sinai, and the northeastern corner south of the town of Aqaba i ,
(Fig. 1). These are Pleistocene reefs that formed during seg'1 Setting of the present-day shoreline

level high stands and reached their present position as a re-

sult of sea level fluctuations and tectonic uplift (Al-Rifaiy The modern reef of Elat (Nature Reserve Reef, NRR)

and Cherif, 1988: Gvirtzman et al., 1992: El-Asmar, 1997: Stretches continuously along the shore for more than 1 km.
Strasser and Strohmenger, 1997). Uplifted Pleistocene reeft0 the south, the reef ends abruptly at the fan-like bulge of
are not found on the northwestern shores of the gulf, but "€ Elat underwater observatory (Fig. 1) that is not linked

fossil reef slightly above the sea level near Elat was dated by© @ny present day Wadi mouth. Where the southernmost
Friedman (1965) at 4.7 ka. Reefs of similar age are found apart of the NRR ends, the underwater slope of the fan-like
similar elevations along the southern coast of Sinai (Gvirtz-Pulge is steep (30 and is composed of uncemented terrige-

man et al., 1992; Gvirzman, 1994) and the coast of Agabd'0us cobbles and pebbles, and carbonate sands. There are no
(Al-Rifaiy and Cherif, 1988). beachrock outcrops on the shoreline of this stretch. South-

wards of the Marine biology Laboratory of Elat (MBL), the
In this study we investigate a stretch of the coast south ofsouth-facing part of the bulge is less steep) @nd is com-

Elat (Fig. 1), where clastic sediments have accumulated omposed of strips and patches of submerged beachrock over-
the shoreline with no apparent fluvial source. This sedimen-grown by corals to a depth of 22 m (Fig. 2). The edge of the
tary bulge seems to prevent the fringing reef of Elat from modern beachrock horizon lies at the top of this beachrock
developing to the south, indicating that it is a recent or still sequence. At present, the north-facing slope of the bulge
active feature. To determine the processes involved in the foraccumulates sediments, while the south-facing slope is un-
mation of the sedimentary bulge we examined the sub aeriatlergoing erosion. It seems likely that sediment instability
and underwater morphology at the site, and dug two longor accumulation at the north-facing slope limits the southern
trenches in the sediments, perpendicular to the sea. Evidenaevelopment of the modern reef.

Observations
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Fig. 3. Profile of the northern sediments trench at the MBL, with a 1:5 vertical exaggeration. Shown in detail are the depositional structures

of beach ridges, and the relations between bedding and the cemented horizon. At the bottom photo, a geological hammer is shown for scale
For location see A-A at Figs. 1 and 4.

2.2 Beachrocks and beach sediments ing more than 100 m landward from the present-day shore-
line. Beneath the upper loose sediment cover the trenches

revealed a horizontal beachrock layer stretching westward

We dug two trenchesy90 m and~40m long, on the north- 1314 from the shoreline. We found that the beachrocks
ern and southern edges of the MBL respectively (Fig. 1),¢ 5 continuous, slightly undulating horizontal layer, up

to study the sediments of the fan-like bulge. The sedimen—to 1m thick, under the topmost few meters of loose sedi-

tary pile at the MBL is composed mainly of terrigenous \ens (Fig. 4). The cemented horizon grades upward in the
crystalline and (fewer) sedimentary clasts, marine shells angyjq\ing order: indurated beachrock, weakly cemented sed-

coral fragments (Table 1). Structures within the pile in-jents “clasts coated by aragonite needles, and finally loose
clude beds dipping both seaward and landward, local feature§, e mented sediments. The indurated layer cuts across the

of cross-bedding and graded bedding of individual beds.segimentary structures of individual clastic beds with a de-
wedges of coarse pebbles within finer sediments, and 10y, itional dip of 4-12 (Fig. 3), indicating that a horizontal

cally flat imbricated pebbles (Fig. 3). This pile represents .omentation front was superposed over pre-existing deposi-
a coastal sequence of beach ridges and channels extend-
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Schematic cross section parallel to the northern trench
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Fig. 4. Schematic cross section of the northern sediment trench at the MBL. Profile showing cross cutting relations between beach sediments,
beachrocks, and the buried 4.9 ky reef. Eroding beachrock at the eastern edge is the exposed continuation of the subsurface beachrock plat

For location see A-A at Fig. 1. For details, A-A at Fig. 3.

tional structures. During high tide, water rises through thestretches of the coast north of the MBL and south of Agaba.
sediments and almost to the cementation front, and during he well-preserved aragonite composition of corals from the
low tide the water-table drops beneath the beachrock horiburied reef indicates that it was never elevated above the sea-
zon. Water salinity over the beachrock horizon within the water phreatic zone.

trenches decreases landward in high tide. Subtle water strat-

ification is observed, with water of slightly lower salinity . )

overlying more saline water. Two radiocarbon ages deter3 Discussion

mined on cements from the beachrock horizon are 3380

and 2705-40 yr BP. ?I'he' evidence reyealed by the trenches at the MBL imply t.hat
in-situ cementation of the beachrocks occurs at the intertidal
2.3 Buried Holocene reef level within the sedimentary pile after deposition. The in-

tertidal zone in the subsurface is characterized by mixing
Under the MBL beach sediments, 90-100m west of thebetween seawater and fresh groundwater, which seemingly
present shoreline, a fossil reef (Fig. 1) was discovered durprovides the conditions for cementation. This is supported
ing construction works. The reef was sampled by drilling by the hydrochemistry and petrography of the beachrocks
a borehole at the MBL (Fig. 4), and by collecting samples at the MBL (Cohen et al., 2000). Since beachrocks in Elat
from construction pits. It extends north of the MBL at least a form at the intertidal level they may be used as datum lines
few hundred meters as revealed by construction works. Thén studies of paleo-sea levels, but do not represent the posi-
fossil reef was dated by U-Th to be 4.9 ka (Enmar, 2000).tion of the paleo-shoreline (Cohen et al., 2000). On the con-
Radiocarbon ages ranging from 4450 to 5750 years BP wergrary: beachrocks are lithified within the sedimentary pile on
measured by Moustafa et al. (2000) on loose coral sampledand. Exposed beachrocks are found only where the over-
reported by them to be approximately 2 m above the preserlying sediments were removed by coastal erosion. The age
sea level. The reef is very well preserved mineralogically of the beachrock horizon shows that the sediments were de-
and texturally under the sedimentary cover even to the finesposited and stabilized at least 3 kyr ago. When considered to-
details such as the delicate septa of massive and branchegkther with the~5 ky old fossil coral reef buried beneath the
corals. This most probably indicates rapid burial of the reefbeachrocks, the data indicate rapid seaward advance of the
with virtually no submarine or sub aerial erosion. Precise ele-MBL shoreline during the Late Holocene to form a protrud-
vation determinations are not available, but the age of the reeiing fan-like bulge into the sea. The source of the sediments
and its presence above sea level correlate it with the emerged yet unknown, and the widespread outcrops of beachrocks
reefs at the present high tide level (exposed during low tidealong the Elat shoreline indicate that the present shore is sub-
and are covered by waves during high tide) found over longjected to erosion.
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Holocene sea level rose rapidly from LGM until 67 ka, that during the past5 ka the northwestern shore of the Gulf
when most of the continental ice sheets have melted (Nakadaf Agaba has not experienced significant regional vertical
et al., 2000). The presence ob ka emerged reefs at high tectonic displacements. During this time the sea level has
tide elevation at several locations along the shores of the gulbeen relatively stable, following a slight drop from a mid-
(e.g. Al-Rifaiy and Cherif, 1988, Gvirtzman et al., 1992) in- Holocene maximum. Nonetheless, the shoreline at the MBL
dicates that 5-6 ka Holocene sea level reached a maximurhas prograded by more than 100 m since that time, and fast-
of ~1 m above the present sea level. The widespread ocaccumulating sediments buried middle-Holocene coral reefs.
currence of the emerged reefs around the Gulf of Agaba in-The shoreline instability seems to have resulted from sedi-
dicates that vertical tectonic movements did not affect theirmentary processes driven by a mid-Holocene climatic change
vicinity during the past 5ka. Although there seems to haveor, perhaps, a response to earlier changes in shoreline geom-
been only minor sea level adjustments during that time,etry caused by tectonic displacements.
we have evidence that the shoreline at the MBL prograded
rapidly eastward (seaward) by more than 100m. We pro-Acknowledgementsie thank the Aims Biudeks Foundation and
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