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Abstract

Local sea-level curves re¯ect global eustatic changes, regional isostatic adjustments of the crust to changing ice and ocean

volumes and tectonically controlled crustal movements. In this study, we evaluate the relative contribution of each of these

factors to the Holocene sea-level curve of the Mediterranean coast of Israel. We use archaeological data as constraints on palaeo

sea levels and we then compare the observational limits with isostatic models for sea-level change across the region. The

isostatic model includes the contribution arising from the relative minor increase in ocean volumes for the past 6000 years due

to residual melting of ice sheets, the effect of the changing shape of the ocean basin, the time dependence of shorelines as sea-

level changes and the changing surface area occupied by ice sheets. Differences, if signi®cant, between the observed and

predicted change are interpreted as being of tectonic origin. The archaeological observations and the model sea-level curve,

along the Mediterranean coast of Israel were found to be generally consistent and any discrepancies lie within the uncertainties

of both values. Our model predicted that 8000 years ago sea level at the Israel coast was at about 213.5 ^ 2 m, whereas the

archaeological data place it at 216.5 ^ 1 m. By 7000 BP the predicted level has risen to about 27 ^ 1 m consistent with the

archaeological evidences. According to both observations and predictions sea level was still lower than 23 to 24.5 m at

6000 BP and remained below its present level until about 3000±2000 BP. The comparison between the model sea-level curve

and the archaeological observations also enable to conclude that the average rate of vertical tectonic movement for the last 8000

years, at the Carmel coast, Israel, has been less than 0.2 mm/year. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Studies of sea-level positions through time show

major differences among curves for different locations

in the world as summarized, for example, by Piraz-

zolli (1991), underscoring the importance of regional

factors in shaping sea-level change. Local sea-level

curves (e.g. Van Andel and Shackleton, 1982) re¯ect

global eustatic changes, regional isostatic adjustments

of the crust to changing ice and ocean volumes and

regional, tectonically controlled, crustal movement.

In this study, we evaluate the relative contribution

of each of these factors to the Holocene sea-level

curve of the Mediterranean coast of Israel. For this

purpose, we use archaeological data as constraints

on palaeo sea levels and, we then compare the obser-

vational limits with isostatic models for sea-level
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change across the region. Differences, if signi®cant,

between the observed and predicted change are then

interpreted as being of tectonic origin. (We refer to all

non-glacio±hydro-isostatic displacements of the crust

as the tectonic contribution. Thus, this term may

include vertical displacements associated with plate

tectonic forces, with offshore sediment loading, as

well as any local displacements caused by, for exam-

ple, sediment compaction.)

Underwater and coastal archaeological research

conducted along the Mediterranean coast of Israel

(Fig. 1) reveals signi®cant evidence of sea-level change

during the Holocene. Submerged prehistoric sites from

Late Pre-Pottery Neolithic (,8000 BP) to Late Chalco-

lithic (,5200 BP), as well as younger remains of man-

made structures and shipwrecks from Middle Bronze

age (,4000 to ,3500 BP) and later, suggest that a

rapidly rising sea advanced over the coastal shelf,

covered and ¯ooded prehistorical settlements and

buried the sites under sand (Galili et al., 1988; Galili

and Weinstein-Evron, 1985). In recent decades, inten-

sive erosion of the immediate offshore sediments has led

to the exposure of the underwater archaeological sites.

Underwater and coastal surveys and excavations of

these newly exposed relicts provided new data for

reconstructions of palaeo sea levels. Three types of

underwater archaeological ®nds are used in this research

as indicators for sea-level change: (i) submerged prehis-

toric settlements; (ii) water-wells; and (iii) assemblages

of shipwrecks. On land there are waterfront man-made

structures that bear a well-de®ned relation to sea level

such as slipways, ¯ushing channels, piscinas, salinas

and coastal wells. In this research, we use only well-

dated archaeological data and consider them as either

upper or lower bounds of the inferred sea-level change

(Tables 1 and 2).
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Fig. 1. Location maps: (a) The East Mediterranean region. (b) Archaeological sites mentioned along the Mediterranean coast of Israel. (c) Sites

along the Carmel coast relevant to palaeo sea-level studies.



Previous studies of some of this evidence for the

past 8000 years have shown that the sea level along

the Mediterranean coast of Israel (Fig. 2), rose rapidly

until about 7500 BP (Galili and Nir, 1993) and

perhaps up to 6000 BP (Galili et al., 1988), followed

by a less rapid rise up to the present. However, some

studies suggest that at about 3500 years ago sea level

may have been higher than today (Sneh and Klein,

1984; Raban and Galili, 1985; Raban, 1995), but

most research points to sea level lower than present,

during historical periods.

In relatively tectonically stable areas far from

former ice sheets the primary reason for ¯uctuations

of sea level throughout the last 20,000 years has been

the exchange of mass between the ice sheets and the

oceans; as the Late Pleistocene ice sheets melted,

water was added to the oceans and global rise in

sea-level occurred. This is the eustatic component.

But in response to the changing surface loads of ice

and water, the crust responds by uplift under the

formerly ice-loaded areas, and by subsidence where

the ocean load increases. Thus the total sea-level

change is the sum of these eustatic and isostatic

contributions. Near the centers of the former ice

sheets the crust is uplifted at a rate that is faster than

the eustatic rise and here the sea retreats from the

land, even when the overall volume of the ocean is

increasing and global sea level is rising. Immediately

beyond the areas of glaciation, the crust subsides and

Holocene sea-level change tends to be greater than the
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Table 1

Underwater archaeological constraints on palaeo sea level from submerged prehistoric settlements of early Holocene age, Carmel coast, Israel

(all ages are 14C uncalibrated dates)

Site Age (BP)

(14C years)

Dated material Upper bound

(m)

Lower bound

(m)

Remarks

Atlit Yam 8140 ^ 120 Charcoal 2 14 Underwater

2 14.5 Pre-Pottery Neolithic dwelling, at 28 to 212 m

8000 ^ 90 2 16.5 Well base at 215.5 m

Kefar Samir 6830 ^ 60 Wooden beam 2 6 2 8 Two wood samples from water well. The well base is at 27 m

6830 ^ 80

7540 ^ 370 Wood Two wooden courses of a pit whose top is at 25 m

7380 ^ 310

Megadim 6310 ^ 70 Mandible 2 5.5 A mandible from a pit at 23.5 m

7060 ^ 70 Clay 2 5.5 Organic clay from a depth of 10 cm near the pit

Neve Yam 6860 ^ 60 Charcoal 2 7 The site extends up to 25 m

Tel Hreiz 6270 ^ 50 Wood 2 4.5 Wooden fence at 22.5 m

Table 2

Typological dating of land and underwater sites, shipwrecks and inland water-wells as constraints on Late Holocene sea level, Israel (stone

anchors of Late Bronze to Hellenistic period (3200±2000 BP), from many sites along the Israel coast, imply that sea level cannot be lower than

23 m during this period)

Site Age (BP) Upper bound

(m)

Lower bound

(m)

Remarks

Tel Nami 4000±3750 1 0.3 2 1.7 The MB2 well base is at 20.7 m

Dor 3200±3000 2 0.4 2 1 LB2 quays their bases are at 20.4 m

1 0.6 2 1.4 LB2 well base at 20.4 m

2300±2200 2 0.2 2 1.5 Hellenistic ¯ushing channel, base at 21.6 m and erosive notch at 20.2 m

Michmoret 2600±2300 2 0.4 2 2.4 The Persian well base is at 21.4 m

Yavne Yam 2300±2000 1 0.3 2 1.7 The Hellenistic well base is at 20.7 m
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Fig. 2. Three examples of archaeological sea-level indicators. (a) Living ¯oors provide upper bound. In this research, palaeo sea level is

assumed to have stood at least 2 m below the ¯oor levels so as to be beyond the swash zone. (b) Ancient wells provide upper and lower bounds

on sea level. Coastal wells have to be dug to a minimal depth in order to avoid salinization but they still have to be effective at the lowest water

levels. The inferred bottom depth of ancient coastal wells along the Israeli coast was 0.3±0.4 m below the water table (in order to draw clear

water when using jars). This implies that the base of the well was about 0.1±0.2 m above mean sea level at the usage period. For lower bound

we adopt a level of 1 m below sea level. (c) The dispersion line of shipwrecks and heavy objects from the wreckage approximates the palaeo-

coastline. Analogous to modern observations, we assume that approximately 1.5±2 m of sand covered the wrecked objects and their present

dispersion at water depths not shallower than 23 m, imply that palaeo sea level at the time of the wreckage, was close to present level.



eustatic change. Much further away again, the depar-

tures from eustasy are controlled mainly by the unload-

ing and loading of the sea¯oor as a result of water

volume changes. This is the hydro-isostatic component.

The sea-level change in Israel and the surrounding

region falls into this category (see below).

High-resolution numerical models that represent

the spatial and temporal variability of sea-level

change and shoreline evolution have been developed

over recent years that give good representations of

sea-level change in the Mediterranean region and

which have been used to separate the tectonic contri-

butions from the eustatic±isostatic factor (Lambeck,

1995, 1996a; Lambeck and Bard, 2000).

In this study, we compare predictions based on

these models with the observed trends of sea level

for the coast of Israel. This should determine whether

the glacio±hydro-isostatic models are adequate for

this region or whether other tectonic movements

have been signi®cant along this section of the

Mediterranean coast. The working hypothesis is that

the parameters de®ning the isostatic model for Israel

are adequately determined by similar studies from

other tectonically stable areas and that any signi®cant

discrepancies between predictions and observations

re¯ect mainly the tectonic movement. The resulting

estimates may contribute to the controversial issue of

the vertical movement rates along the Israeli coast

(Kafri, 1969, 1996; Kafri et al., 1983; Neev et al.,

1987).

2. Observations

Most of the observations used in this analysis are

from submerged archaeological sites, with a few land

observations of mainly water-front man-made

structures and wells located up to 100 m from the

coastline. Underwater archaeological sites include

living ¯oors and wells associated with submerged

settlements (Plate 1a and b), and assemblages of ship-

wrecks (Plate 1c). In these now submerged settle-

ments underwater archaeologists have discovered

paved ¯oors, stone-wall foundations wooden fences
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Plate 1. (a) Foundation walls at the underwater site of Atlit Yam

provides an upper bound for palaeo sea level (photographed by E.

Galili). (b) The submerged water well at Atlit-Yam with its top at

210 m and its base at 215.5 m provides upper and lower bounds on

ancient sea-level (photographed by E. Galili). (c) Assemblage of

stone anchors, Neve Yam. The present dispersion line of heavy

objects from wreckage time represents palaeo sea level that was

close to the present one. (photographed by E. Galili).
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and various installations such as hearths and pits that

all identify an upper limit to sea-level at the time of

their construction and habitation. Wells that are found

today either below or above present sea level bear

information about the palaeo-watertable at the time

of their use and this provides an indirect measurement

of the sea-level position. On land, numerous man-

made installations are also indicative of sea-level

change. These include relicts of anchorages, slipways,

piscinas or rock-cut pools with drainage channels and

quarried ponds (Flemming et al., 1978; Raban, 1981,

1995; Raban and Galili, 1985; Galili and Sharvit,

1998; Sivan and Galili, 1999). Although previous

studies along the Israeli coast have used land archaeol-

ogy ®nds for reconstructing sea-level curves in histor-

ical periods (Wreschner, 1983; Sneh and Klein, 1984;

Raban and Galili, 1985; Galili et al., 1988; Galili and

Nir, 1993), we exclude part of these indicators here

because of dating inaccuracies. Dating by using cultural

terms, like ªBronze Ageº cover hundreds to thousands

of years and thus treated in this research as not accurate

enough. We use only underwater and land archaeologi-

cal indicators for palaeo sea-level, dated by means of

Carbon-14 (Table 1), or precise typology. All dates are

uncalibrated, based on the existing radiocarbon chron-

ology of the Levant (Gopher and Gophena, 1993;

Gopher, 1993). For the Early Holocene (8150±

6200 BP), all ages have been obtained by radiocarbon

dating of relicts found in the underwater sites (Table 1).

Thus, all observational data corresponding to radiocar-

bon years is consistent with the ice models and time

constant of the Earth's response (Lambeck, 1998).

Table 2 summarizes the acceptable Late Holocene

ages obtained by typological dating of underwater and

lands sites. In places, the construction elements of

land and underwater wells include wooden beams or

organic contents that can be radiocarbon dated. In

other cases, the base of the wells was paved with

pottery sherds to prevent silting of the water, and

these sherds provide the typological dating tool for

the usage period of the well (Nir and Eldar, 1986,

1987). All observations used in this study are older

than 2000 years.

2.1. Underwater archaeological indicators

The oldest underwater archaeological site on the

Mediterranean shelf of Israel is the Atlit-Yam (Fig. 1

and Table 1). The site is a submerged Pre-Pottery

Neolithic village covering an area of 40,000 m2 and

located at a water depth of 8±12 m. Underwater

archaeologists have found house foundations, straight

walls, hearths, round installations and paved ¯oors.

The ®nds include charcoal and waterlogged plant

remains (grains, branches and pollen), animal bones

and human burials (Galili and Nir, 1993). The site is

ascribed to the end of the Pre-Pottery Neolithic period

(8140±7550 BP). Radiocarbon dates for charcoal

from hearths gave 8140 ^ 120 and 8000 ^ 90 BP

(Galili and Weinstein-Evron, 1985; Galili et al.,

1988) consistent with the typological date. A

submerged water well with its top at 210 m and its

base at 215.5 m also provides a signi®cant limiting

value on the sea-level position at this time.

Late Pottery Neolithic (,6600±7000 BP) under-

water sites occur along the Carmel coast, including

Kefar Samir, Megadim Neve-Yam and Tel Hreiz

(Fig. 1 and Table 1). The Kefar Samir site is located

10±200 m from the present coastline, at depths of

0.5±5.5 m. The site contains paved ¯oors and numer-

ous 0.6±1 m diameter pits excavated in the

submerged clay; some of which have been inlaid

with undressed stone and others have been

constructed of wood branches and stones. The pits

contain soft clay, ¯int artifacts, potsherds and water-

logged and charcoal plant remains (olive stones, mat

fragments and wooden bowls (Galili et al., 1989;

Galili and Schick, 1990; Galili et al., 1997). One of

the pits, with an opening located at 25 m, was exca-

vated and cleaned to 27 m without reaching the origi-

nal bottom. The pit apparently served as a water-well;

it is built of alternating courses of wooden branches

and stone pebbles. Two wood samples give radiocar-

bon dates of 6830 ^ 60 and 6830 ^ 80 BP (Galili and

Weinstein-Evron, 1985). A different set of samples, in

water depths that differ from each by about 1 m

(Table 1), were 14C dated at 7540 and 7380 BP

(reported as 5540 ^ 370 and 5380 ^ 310 BC by

Raban and Galili, 1985).

At the Megadim site (Fig. 1 and Table 1), 100 m

offshore and at about 3.5 m below sea level, three pits

located 50 m apart from each other were found. The

southern pit was partly excavated and contained ¯int

¯akes, botanical remains and a predator mandible that

has been 14C-dated as 6310 ^ 70 BP. A sample of

organic clay taken from a depth of 10 cm near the
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pit, yielded a 14C age of 7060 ^ 70 BP (Galili and

Weinstein-Evron, 1985). About 25 additional pits

were found at various locations from Kefar Samir in

the north to Neve-Yam in the south (Fig. 1). These pits

are typologically dated as Late Pottery Neolithic

(Galili and Weinstein-Evron, 1985).

A Late Pottery Neolithic site south of Atlit, at

Neve-Yam (Fig. 1 and Table 1), extends from the

present shoreline to a water depth of 5 m. Evidence

include rectangular houses, silos, storage pits and

hearths, ¯int tools, stone artifacts, animal bones,

plant remains, and pottery sherds, that were found in

dark clay (Raban, 1983; Galili and Weinstein-Evron,

1985; Galili et al., 1988). Charcoal plant remains

yielded a 14C date of 6860 ^ 60 BP (Wreschner,

1983). A cemetery with seven graves built of calcar-

eous sandstone slabs that contain human skeletons has

also been exposed. The ceramic material as the ¯int

tools, are all characteristic of Late Pottery Neolithic

period (Galili et al., 1998).

At the site of Tel Hreiz (Fig. 1 and Table 1), a wooden

fence made of vertical branches was found at a water

depth of 2.5 m (Galili et al., 1988). Some of the

branches have been preserved up to 0.6±0.7 m above

the surface of the sea-bottom (Raban and Galili, 1985)

and have been dated as 6270 ^ 50 14C BP (Galili

et al., 1988).

The submerged settlements from about 8100 to

about 6300 BP are always found embedded in dark

clay. In contrast, shipwreck assemblages from histor-

ical times (from Middle and Late Bronze age to the

Hellenistic period, ,4000±2100 14CBP) lie invari-

ably above the clay layer. Along the Carmel coast,

shipwreck assemblages usually occur at water depths

of 5±3 m. (Galili et al., 1988). Further south, stone

anchors of Late Bronze, Persian and Hellenistic ages

have been found at Ashkelon (Galili and Sharvit,

1996; Sharvit and Galili, 1998;), Yavne-Yam

(Raban and Galili, 1985; Galili and Sharvit, 1991,

2000; Galili et al., 1993) and Tel Ridan (in Gaza

strip, unpublished data). At the southern as well as

at the northern sites, the easternmost dispersion line

of anchors and heavy objects originated from ship-

wreck occurs at a depth of 3 m.

2.2. Land archaeological indicators

Along the Israeli coast, several wells older than

2000 years, have been dated using typological criteria

(Table 2). The functioning period of the well is repre-

sented by pottery sherds, commonly found in a dark

clay layer at the bottom of the well, since it was

common practice to pave the bottom of the well

with sherds in order to prevent the mixing of mud

and drinking water. Along the Israeli coast, such

wells occur in Tel Nami and Tel Dor in the north,

Tel Michmoret in the central coast and Yavne Yam

in the south (Fig. 1 and Table 2).

The Tel Nami site on the Carmel coast (Fig. 1 and

Table 2) contains several well-dated indicators for sea

level. Excavations revealed that the site was inhabited

from Middle Bronze 2a (MB2a) to Late Bronze 2b

(LB2b), dated to 4000±3750 14C BP. The principal

indicator for ancient sea level is from the MB2a

well, situated about 100 m inland from the coastline.

This well is constructed of local sandstone and its

lowest course lies at 20.7 m. The date of the well is

inferred from MB2a pottery found in the dark clay

layer at the bottom and in the sandy clay layers

above that postdate the operation of this well (Marcus,

1991).

Tel Dor (Fig. 1 and Table 2) is one of the largest

and richest Tels containing archaeological features

that are indicative of palaeo sea-levels along the

Israeli coast. Flushing channels in the northern bay,

systems of feeding sea-water into the industrial area

and slipways in the western part, are tools for recon-

structing palaeo sea-levels, but most of them are not

dated accurately enough. In the northern bay, there is

a ¯ushing channel, with its deepest bottom at 21.6 m

providing a lower bound for sea level, and a solution

notch at 20.2 m indicating an upper limit. The chan-

nel was dated to the Hellenistic period by sherds and

lead net-weights that were found on the channel

bottom. In the southern part of Tel Dor, the archae-

ological complex provides relatively better dated indi-

cators of sea levels for the period around 3200±

3000 BP. In this area, there are phases of pavements

constructed of huge adjacent blocks (their original

dimensions were as much as 4.5 m long by 1.5 m

wide), running E±W almost parallel to the present

water-line, and which may have served as quays

(Raban, 1995). One of the most ancient lines of blocks

is dated to the end of the 13th century BC (about

3250 BP) and the base of its best preserved block lies

at 20.4 m. Another pavement that probably functioned
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as a quay is dated to around 1200 BC (about

3200 BP), Its regular ¯at slabs with their shorter

sides facing the sea front. The base of this pavement

is also at 20.4 m. The best evidence for palaeo sea

levels from Tel Dor occurs from a well whose quar-

ried bedrock is at 20.42 m. Three phases of well

construction have been identi®ed, each one higher

by two courses of stone work, with each stage

surrounded by a ¯oor at levels of 11.04, 11.57 and

12.43 m, indicating human response to rising sea

level. The few sherds that were found on the ¯oor of

the ®rst phase were dated to the late 13th century BC

(about 3200 BP) whereas the pottery assemblage of

the third phase is of the 11th century BC (about

3100 BP).

At Michmoret, located in the central coast of Israel

(Fig. 1 and Table 2), a well was excavated 25 m inland

from the present coast. The bottom of the well is at

21.4 m and contains clay and sand mixed with

Persian and Hellenistic (,2600±2100 BP) pot sherds

(Nir and Eldar, 1986). Another ancient well was exca-

vated at a site approximately 25 m inland in Yavne

Yam (Fig. 1 and Table 2). The bottom of this well is at

20.7 m and the lower layer contains clay with many

Hellenistic pottery sherds (Nir and Eldar, 1986).

3. The archaeologically determined constraints on
sea level

Three criteria have been used here to bracket the

palaeo sea levels at different time periods for the last

8000 years:

1. Coastal water-front man-made structures and habi-

tation surfaces of underwater sites provide both

upper and lower constraints. On land, man-made

structures that can be directly related to sea-level

position, such as the ¯ushing channels and slip-

ways of Tel Dor, give a relatively accurate indica-

tion of palaeo sea level. Living ¯oors of underwater

sites provide upper bounds only and under the

assumption that the living quarters were above

the sea spray level (Galili et al., 1988), the sea-

level is assumed to have stood at least 2 m below

these ¯oor levels (Fig. 2a and Plate 1a).

2. Ancient wells, both from underwater and on-land

coastal sites, provide upper and lower bounds on

sea-level (Galili and Nir, 1993). The present water-

table in wells up to 150 m inland along the Israel's

coastline is at 0 to 10.5 m elevation. Coastal wells

have to be dug to a minimal depth in order to avoid

salinization but they still have to be effective at the

lowest water level corresponding to either seasonal

low levels or to extreme low tides. Archaeologists

assume that at least 30±40 cm of water depth was

needed in ancient times to draw clear water from

the well when using jars. Thus, the inferred depth

for all ancient coastal water wells is 0.3±0.4 m

below the watertable, which implies that the

upper limit of the well base was about 0.1±0.2 m

above mean sea-level at the usage period of the

well. For a lower bound we adopt a level of 1 m

below sea level (Fig. 2b and Plate 1b).

3. Wreckage assemblages now scattered on the

shallow shelf provide a relatively reliable estimate

of palaeo sea level. Observations of recent ship-

wrecks show that heavy objects, such as cargo,

anchors, etc. are scattered in the surf zone in very

shallow water close to the coastline. Thus, the

dispersion line of the heavy objects from ship-

wrecks represents more or less the palaeo-coast-

line. The ancient shipwrecks have been preserved

because they were covered by sand soon after they

were wrecked, while heavy objects sink through

the sandy layer until they reach harder clay or

rock substrata. Like the situation today, we assume

that approximately 1.5±2 m of sand covered these

objects at the time of wreckage (Galili et al., 1988),

and the presence of stone anchors of Late Bronze to

Hellenistic period at water depths not shallower

than 23 m imply that sea level during this period

was close to the present one. Thus, sea level from

Late Bronze age on can be reconstructed to 21 m

up to the present level, but cannot be lower than

23 m. Shipwrecks of Late Bronze to Hellenistic

age occur at the same water depths along the north-

ern and southern Israeli coast, and therefore are

indicative of similar sea-level ¯uctuations along

the entire coast (Fig. 2c and Plate 1c).

Fig. 3 summarizes the data from Tables 1 and 2.

Upper and lower limits are indicated. The evidence

points to a rapid rise in sea level between about 8000

and 6000 yr BP and a much-reduced rate for the

period 4000±2000 yr BP. The absence of evidence
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between 6000 and 4000 years prevents an assessment

to be made on the timing of the change in rate and new

data for this interval would be most desirable.

4. Predicted sea-level change

The main causes for relative sea-level change

during the Holocene are: (i) the increasing ocean

volume resulting from the late melting stages of the

ice sheets and the concomitant isostatic adjustments

of the crust; the glacio±hydro-isostatic effects; and (ii)

vertical tectonic movements of the crust of a non-

glacio±hydro-isostatic nature. The former can be

modeled with high resolution and can be tested

against observations of sea-level change from tecto-

nically stable regions around the world. Parameters

constraining the model-mantle rheology and ice

sheet can be estimated from this analysis and the

result is a predicted model of the spatial and temporal

variability of sea-level change around the world. The

mathematical model used here has been described in

Nakada and Lambeck (1987) and Johnston (1993)

with subsequent re®nements by Drs P. Johnston and

G. Kaufmann at ANU. The predictions have been

extensively tested for different regions around the

world and the resulting earth-model and ice-models

parameters yield consistent agreement between

models and observations (Nakada and Lambeck,

1988; Lambeck and Nakada, 1990; Lambeck,

1996a,b; Lambeck et al., 1996, 1998). These models

appear to be suf®ciently robust that when applied to

regions of tectonic activity, they permit a separation to

be made of tectonic and isostatic contributions to rela-

tive sea-level change (Lambeck, 1995).

One assumption made in these models is that the
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Earth's response is spherically symmetric whereas

lateral rheological structure is known to occur in the

mantle. Such variations, however, appear to be unim-

portant in the rebound modeling because of trade-off

that occur in the response function between effective

lithospheric thickness and effective upper-mantle

viscosity (Lambeck, 1995; Lambeck et al., 1996).

The mantle parameters used here for these two layers,

as well as for the lower mantle viscosity, found to give

a good representation of the isostatic response, are

summarized in Table 3.

The ice models used include contributions from

Fennoscandia, the Barents Sea, Laurentia and Antarc-

tica. Their combined ice volume and equivalent sea-

level function corresponds to that given by Fleming et

al. (1998). It includes a small increase in ocean

volume for the past 6000 years due to residual melting

of distant ice sheets, possibly from Antarctica or

possibly from temperate mountain glaciers (Nakada

and Lambeck, 1988), such that sea-level have risen

globally by 3 m since that time. Analysis of Holocene

sea level from other tectonically stable regions indi-

cate the need for such a contribution (e.g. Fleming et

al., 1998; Lambeck et al., 1996, 1998).

The isostatic model includes the contribution aris-

ing from the changing ocean volumes as the ice sheets

melt, the effect of the changing shape of the ocean

basin as the sea ¯oor deforms in response to the

surface loading, the time dependence of shorelines

as sea-level changes, and the changing surface area

occupied by ice sheets that are grounded in shallow

water.

For the eastern Mediterranean, the isostatic contri-

butions to the sea-level change in Holocene time are

the competing effects of the glacio and hydro-isostatic

factors. Here, the ®rst results in a slowly rising sea

level in Late Holocene time due primary to the crustal

subsidence as mantle material ¯ows back beneath the

formally glaciated region of Scandinavia. The hydro-

isostatic contribution is one of falling sea level along

the Israeli coast in response to the loading of the

Mediterranean by the meltwater and the ¯ow of mate-

rial from beneath the oceanic lithosphere to beneath

the continental lithosphere (cf. Lambeck, 1996a,b, for

analogous results in the Aegean and Persian Gulf

regions).

Fig. 4a illustrates the predicted sea-level for a

coastal site near Tel Aviv that is representative of

the coastal zone as a whole. In this preliminary result

all melting is assumed to have been completed by

6000 years and the small highstand of about 1 m indi-

cates that the hydro-isostatic term at this time domi-

nates over the glacio-isostatic contribution. Fig. 4b,

curve 1, illustrates the nominal equivalent sea-level

function adopted, along with the function proposed by

Fleming et al. (1998) in which ocean volumes
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Table 3

Earth model parameters for a three-layer mantle model. E0 is the

preferred model and models E1 to E6 represent the range of para-

meters that are broadly consistent with observed sea-level change

across northern and western Europe. Hl is the effective lithospheric

thickness, h um is the effective upper-mantle viscosity and h lm is the

effective lower-mantle viscosity

Model Hl (km) h um (Pa s) h lm (Pa s)

E0 65 4 £ 1020 1022

E1 50 4 £ 1020 1022

E2 100 4 £ 1020 1022

E3 65 3 £ 1020 1022

E4 65 5 £ 1020 1022

E5 65 4 £ 1020 5 £ 1021

E6 65 4 £ 1020 5 £ 1022

Fig. 4. Predicted sea levels based on different model assumptions. (a) At a coastal location near Tel Aviv for the nominal earth model E0,

Scandinavian ice model SCAN-2 and nominal North American and Antarctic ice models, and the nominal equivalent sea-level (esl) function

(curve 1 in (b)). The inset illustrates the mid-Holocene highstand on an expanded scale. (b) The nominal equivalent ice function (esl) (curve 1)

and the modi®ed function (curve 2) after Fleming et al. (1998). (The esl represents the globally averaged change in sea level that is a

consequence of the change in the shelf-grounded and land-based ice sheets.) (c) The predicted sea level at Tel Aviv for the same earth-

and ice-model parameters as in (a) but with the modi®ed esl function of (b). (d) Earth model dependence for the same site and ice sheet

conditions as in (a) for the six earth models identi®ed in Table 3. The major dependence occurs for the lower mantle viscosity (curves E5 and E6

in the inset, corresponding to the same-named models in Table 3). (e) The Scandinavian ice model dependence of the predictions for the same

conditions for other variables as in (a). Ice models SCAN-1 and SCAN-2 differ in their distribution of ice within the Scandinavian ice sheet

whereas SCAN-2 contains about 50% more ice than the other two models (see Lambeck et al. 1998). (f) The predicted sea level for Tel Aviv

(solid line) for the same sites as (a) with the upper and lower limits (dashed lines) based on the uncertainties introduced from the earth- and ice-

model parameters and the esl function.
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continue to increase into more recent times (curve 2).

Now the predicted sea level is one of a slowly rising

level throughout the past 6000 years (Fig. 4c); the

small increase in ocean volume being largely suf®-

cient to negate the hydro-isostatic contribution.

The above predictions are based on the nominal earth

model E0 de®ned in Table 3 and the nominal melting

model with zero melting over the last 6000 years. The

consequence of uncertainties in these parameters is illu-

strated in Fig. 4d in which the range of earth-models

encompass the uncertainties in the three mantle para-

meters (see Table 3). Within this range of parameters,

predictions for the Holocene differ by amounts that are

less than the observational accuracies and the model E0

can be considered to yield representative results. Of note

is that the greatest uncertainty comes from the choice of

lower mantle viscosity with the models E5 and E6 show-

ing the greatest departure from the nominal model E0

(Fig. 4d). This is consistent with other studies for the

Mediterranean (Lambeck and Bard, 2000; Lambeck,

1995) that indicate that high accuracy sea-level

data from these regions may lead to improved

constraints on this least-well determined parameter

of the earth-rheology model. Some uncertainty in the

predictions may also arise from the choice of ice

models. The Scandinavian ice model is most signi®-

cant for this region and the adopted model (SCAN-2)

is one in which the ice was relatively thin over the

southern and southeastern areas during the late glacial

stages (Lambeck et al., 1998). The comparison with a

steeply-domed ice model (SCAN-1), with a similar

ice volume to SCAN-2, but in which the ice thickness

is distributed more symmetrically between the

western and the eastern regions, indicate that the

details of the distant ice sheets are not important

provided that the ice volumes, constrained by the

equivalent sea-level function are approximately

correct. For a much larger ice, Scandinavian ice

sheet (SCAN-0), steeply domed and with a maximum

ice thickness in excess of 3000 m and a volume that is

50% greater than that of SCAN-1, the amplitude of the

highstand is reduced because the negative glacio-

isostatic contribution is magni®ed but the conse-

quence for the Israel predictions remains small (Fig.

4e). Fig. 4f illustrates the predicted sea level at the Tel

Aviv locality based on the complete model based on

the earth-parameters E0, the SCAN-2 ice model and

associated North American and Antarctic ice models

(see Lambeck et al. 1998), and the equivalent sea-

level function of Fleming et al. (1998). The upper

and lower estimates of the predicted values are

based on the square root of the sum of the squares

of the uncertainties from: (i) the earth-model para-

meters; (ii) the Scandinavian ice sheet; and (iii) the

equivalent sea-level function. For the interval for

which observational evidence is available the range

of predictions at any time step does not exceed 3 m

and is of a similar magnitude or smaller than the

observational uncertainties of much of the data.

Some variation in sea-level is predicted to occur

along the 150 km sector of coastline covered by the

observational evidence, as is illustrated in Fig. 5a and

b for four localities, Haifa (curve 1), Michmoret (curve

2), Tel Aviv (curve 3) and Tel Ridan (curve 4) (see Fig. 1

for locations). This spatial variability is, however,

mostly less than the observational uncertainties and

data from different coastal locations can be combined

into a single sea-level curve without introducing uncer-

tainties that are greater than the other prediction and

observation errors. Only if a high density of high-accu-

racy observation points were available from the differ-

ent sections of the coast, would it be constructive to

consider separate sea-level curves for, for example,

the Carmel or Central coasts. The predicted variation

in the sea-level signal for a section orthogonal to the

coastline through the site of Dor is illustrated in

Fig. 5c. Curve 2 is for the coastal site, curve 1 is for a

site 10 km inland and sites 3 and 4 are 10 and 20 km

offshore, respectively. All observational data sites lie

well within this distance range of the present shore

line and this spatial variability is also small over the

distance at which evidence of sea-level change is

currently available. Thus, for present purposes, data

from localities at different distances from the present

shoreline can also be combined into a single sea-level

curve that will be representative of that part of the

Israel coast under consideration here to within the

level of observation and prediction uncertainties.

5. Discussion

5.1. Sea-level variations Ð observations versus

predictions

Most of the observational evidence for sea-level
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change comes from the Carmel coast (Fig. 1) and the

predicted levels for this locality are illustrated in

Fig. 6. These are based on the same preferred model

parameters as used in Fig. 4f and the error estimates

are based on the model uncertainties to which have

been added the contribution from the small spatial

variability that is predicted (Fig. 4a and b) between

the observation sites. The observed estimates of sea

level are also indicated and where the observations

permit both upper and lower limits to be inferred

from the ®eld evidence, the mean value has been

adopted and the associated error bars correspond to

the limiting values. The typical magnitude of the

observational accuracies is about ^2 m (Lambeck,

1997). Agreement between the observed and the

predicted estimates is broadly satisfactory and any

discrepancies generally lie within the combined

uncertainties of the observations and predictions.

Our model predictions for 8000 BP indicate that sea

level was at about 213.5 ^ 2 m whereas the observed
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Fig. 5. Predicted sea levels for different locations along the Israel coast. Curve 1, Haifa; curve 2, Michmoret; curve 3, Tel Aviv; curve 4, Tel

Ridan (see Fig. 1b for locations). (a) The same model parameters as in Fig. 4a. (b) The Late Holocene part of the record on an expanded scale

and for the parameters corresponding to the equivalent sea-level function of Fleming et al. (1998) (curve 2 Fig. 4a). (c) and (d) Predicted sea

levels along a section orthogonal to the coast through Dor on the Carmel coast. Curve 3 (d) corresponds to the coastal location; curves 1 and 2

correspond to locations 20 and 10 km offshore, respectively, and curve 4 corresponds to a site 10 km inland. Predictions are for the same

equivalent sea-level function as in (b).



from Atlit Yam place it at 2 16.5 ^ 1 m and the

difference is not signi®cant. By 7000 BP the

predicted level has risen to about 27 ^ 1 m, consis-

tent with the archaeological evidence from Mega-

dim, Kefar Samir and Neve Yam, although the

upper limit estimates from Kefar Samir indicate

that the pits were well above sea-level at the time

of their construction. The two upper limit estimates

from Tel Hreiz and Megadim at about 6300 BP lie

at the lower limit of the predicted value. Possibly

the predicted level at this epoch is too high and,

within the framework of zero tectonics, it may

re¯ect an underestimation of the volume of the ice

melting since about this time, as is suggested by

some regional analysis of sea-level for the Late

Holocene period (e.g. Lambeck, 1997). Alterna-

tively, the wooden fence at 22.5 m was closer to

sea-level at the time of its construction than assumed

(Table 1).

The evidence from Tel Nami at 4000 BP is consis-

tent with model predictions of levels at 1±2 m below

present, and indicates that the initially quit (typo) rapid

rise in sea level slowed down between about 6000 and

4000 BP. More observational evidence for this interval

is, however, clearly desirable. After 4000 BP agree-

ment between observations and predictions is also

satisfactory with both showing no evidence for levels

having been above present ones during this interval and

with only a slowly rising sea-level during the Late

Bronze to Iron ages (late 13th to 11th century BC).

This later trend is consistent with the evidence at Tel

Dor of the repeated renewal and higher elevation of

successive wells and associated ¯oors during this

interval. Both predictions and observations for the
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Fig. 6. Upper and lower limits of sea-level change predicted for the Carmel coast of northern Israel based on the same parameters as used to

construct the Tel Aviv result in Fig. 4f. Observational data points are shown. Open circles with two-sided error bars correspond to the mean and

range where upper and lower limits have been established. The solid circles without vertical error bars correspond to upper limits only. The time

scale is in radiocarbon years.
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Hellenistic period at 2400±2000 BP (from Tel Dor and

Yavne Yam) indicate that present sea levels were

reached by this time.

5.2. Vertical crustal movements

The broad agreement between the observations and

predictions for the Israeli coast is similar to that obtained

for most other localities in the Mediterranean and else-

where and, without further and higher accuracy obser-

vational results, any discrepancies probably do not

warrant special interpretations. Thus, within the model-

ing and observational accuracies, the comparison indi-

cates that local vertical tectonic movements have not

been signi®cant in this region or, if they have, they

have not led to a systematic displacement of the land

relative to the sea over the last 8000 years. In the interval

8000±6000 BP the observed sea-level values tend to lie

near the lower limit of the predictions and, if signi®cant,

this would place an upper limit to tectonic subsidence of

about ^0.2 mm/year.

The above estimate of subsidence can be tested

against the position of the shoreline during the last

interglacial, the marine oxygen isotope 5e (OIS 5e).

Away from areas of former glaciation, this shoreline is

usually found at a few meters above present sea-level,

consistent with models of hydro-isostasy in which ice

volumes during the preceding glacial stage 6 were

similar to those of the Last Glacial Maximum.

Along the Israel coast, the Yasaf member in the Gali-

lee (Sivan, 1996; Sivan et al., 1999) and the Herzeliya

member in the central and southern coastal plain

(Gvirtzman et al., 1984) serve as chrono-stratigraphic

markers of the OIS 5e. The base of this unit, a shallow

marine sediment deposited on a relatively regular

topography, does occur at different altitudes being 0

to 15 m along the Galilee coastal plain (Sivan, 1996),

212 m at the Carmel coastal plain (Michelson, 1970),

and 290 m in the central coast (Gvirtzman et al.,

1984). Because the units are believed to have formed

in water depths of not more than 30 m (Reiss and

Issar, 1961), this is indicative of some differential

tectonic behavior of different sections of the Israel

coast. Thus the Carmel coastal plain has experienced

little vertical tectonic movement since OIS 5e, consis-

tent with the evidence for the past 8000 years, whereas

the evidence for the central coast, suggests a mini-

mum subsidence of about 60 m since OIS 5e, at a

minimum rate of about 0.5 mm/year. The one Late

Holocene observation from this section of coast, from

Yavne-Yam, occurs at about 2 ka and the expected

tectonic subsidence would be about 1 m or more but

less than the observational accuracy. More Holocene

evidence from this part of the coast is clearly!

6. Conclusions

The main conclusions of this study are:

1. The archaeological observations and the model

predictions for Holocene sea-level change along

the Mediterranean coast of Israel are generally

consistent. The comparison indicates that at 8000

years ago sea level was not higher than 213.5 to

216.5 m. By 7000 BP, sea level had risen but still

was not higher than about 27. According to both

the archaeological observations and the model

predictions sea level was still lower than 23 to

24.5 m at 6000 BP and remained below its present

level until about 3000±2000 BP. High frequency

sea-level ¯uctuations during the last 4000 years

were relatively minor, ¯uctuating by less than 1 m.

2. By comparing the model sea-level curve to the

archaeological observations, we are able to estab-

lish some constraint on the local tectonic contribu-

tion to the palaeo sea-level rise. Thus, we show that

the average rate of vertical tectonic movement in

the Carmel coast for the last 8000 years has been

less than 0.2 mm/year. This is consistent with the

geologically determined rate of 0.1 mm/year, in

this area, for the last 120,000 years. Thus, the three

lines of evidence Ð mathematical modeling, archae-

ological constraints and geological data Ð indicate

that the principal factors in¯uencing Holocene sea-

level variations along the Mediterranean coast of

Israel are eustatic and associated glacio±hydro-

isostatic effect. Vertical tectonic movements in this

area acted at much lower rates and their in¯uence on

local Holocene sea level is insigni®cant.
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