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ABSTRACT

Prediction of relative sea level change at each point on the Mediterranean
coast over the next 50-100 years requires an estimate of the global change of
absolute sea level which may be caused by climate change, and the local vertical
displacement of the level of the land at each point on the coast relative to
absolute co-ordinates. This paper 1is concerned with the vertical land
movements. Two methods. of prediction are discussed, firstly archaeological data
for past earth movements over 100 to 2000 years; secondly tide gauge data for
vertical earth movements over 10-100 years. Good archaeological data are
available from 335 archaeological sites, but only 32 tide gauge records. The
tide gauge data are the most accurate, and refer to the appropriate timescale
for extrapolation into the future. However, data on earth movements can only be
interpolated laterally for a few tens of km between data sites, and thus the
tide gauge data can only be used to indicate expected earth movements in very
limited regions along a total coast of 45,000km length. By comparing known
tide-gauge and archaeological data at those sites where they coincide, or can be
applied to averages of groups of sites, a correction rule is derived to
compensate for the aliasing which occurs when averaging over periods of various
lengths. As a result it is possible to suggest statistically probable estimates
for the rate of vertical movement to be expected in the next 50-100 years for
most sectors of the Mediterranean coast.

In order to obtain the most probable net change of sea Tevel at each site,
the data given in this paper should be added, with correct regard to sign, to
predicted changes of sea level from climatic causes.

Field data from archaeological sites suggest that many sites are
experiencing rapid erosion. Submerged ruins represent a unique record of
ancient maritime technology, and are being destroyed by wave action and human
activities, with marked collapse and scattering of structures observable over
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1<10 years. Assuming that most sites cannot be protected, they should at Teast
bes surveyed and photographed as accurately as possible before it is too late.
‘Plder sites from the Neolithic and Palaeolithic are usually in deeper water,
§-30m, and so are protected from wave action.

NOTE

This paper is designed to be read in conjunction with the two annex papers,
Flemming and Webb (1986), and Flemming and Woodworth (1988). Both papers are
attached and reproduced by permission of the respective publishers. Reference
should also be made to the decumentation and summary print-out of the MEDSITE
database, (available on request to the Author).

INTRODUCTION

The tidal amplitude throughout most of the Mediterranean is of the order of
20-30cms, with the exception of the immediate region of Gibraltar, where it is
approximately t.0m. Wind forcing and variations in barometric pressure cause
fluctuations in level of the order of 30cms over periods of several days, and
10-12cms during the year (Striem 1974, Rickards 1985). Structures built close
to the water such as jetties, landing docks, boat slipways, etc., are naturally
designed to resist the local wave conditions, but are not designed to resist a
sea level change of more than 50cms extreme, and in practice the expected annual

“~change is of the order of 30cms. Similarly, natural coastal processes, the
formation of stable beach gradients, marshes and wetlands, deltaic alluviation,
etc., are adjusted to a near constant sea level which fluctuates by only
30-50cms.

Anthropogenic climate change caused by the release of so-called greenhouse
gases is at present predicted to cause a global rise in sea level of the order
of 20-140cms in the next 50 years. Even at the lower estimate, such a change
would bring wave action consistently into contact each year with structures or
natural shoreline features which had never previously been exposed to wave
forces. The upper estimate would cause massive inundation of Tow-lying
structures and coastal landforms in many parts of the Mediterranean. However,
no general prediction can be made for the Mediterranean coast because Tocal
vertical earth movements are of approximately the same magnitude,



10-50cm/century (Flemming 1978; F1emmin§ and Webb 1986; Pirazzodi 1976a; 1976b;
1987; Flemming and Woodworth 1988). Tectonic earth movements may be: verticadly
up or down, and thus in some places. the relative rise of sea level aver the mext
100 years may be almost twice the absolute rise of sea level, whereas -in.:othears
it may be much less, or the local relative sea level may even drop. From the
point of view of planning defensive action, it is important to know where the
areas of maximum and minimum relative rises of sea level are Tikely to bel 7"

METHOD AT

The Mediterranean lies across a major global plate tectonic boundary (Le
Pichon and Angelier 1981; Dewey et. al. 1973; McKenzie 1972; 1978) and many
. parts of the coast are subject to regular earthquake activity. Volcanism is
also active in south west Italy, the Lipari Islands, Sicily, and the central
Aegean.' These processes cause sections of the coast to be displaced vertically
at varying rates (Vita Finzi and King 1985; Schmiedt 1972; Flemming 1969; 1972;
1978; Flemming and Webb 1986, Pirazzoli 1976.a, b,; 1987; Flemming and Woodworth
1988). Although parts of the Pacific rim, Indonesia, Japan, and Alaska, have
higher rates of movement, it is reasonable to say that the Mediterranean coast
is amongst the most active in the world.

In addition to the up-and-down displacements due to tectonism and
volcanism, the coast is liable to downwards movement due to the accumulation:of
alluvium in coastal plains, and on deltas. The net subsidence may be caused
both by the isostatic response to the weight of the alluvium, and by compaction
within the sediment column. Several areas of such subsidence have been
documented both by identification of archaeological remains, and through coring
(Venice, Pirazzoli 1877a; Messenia, Kraft et. al. 1975, Kraft and Aschenbrenner
1977; Larnaca, Gifford 1978).

In the most active regions of the Mediterranean sites separated by only
10-20km can show different directions and rates of vertical movement. In the
western Mediterraean, the variability is less pronounced. Nevertheless, the
mechanisms which are being proposed for the tectonic movements in the crust -
suggest that spatial variability on the scale of 10km-20km would be expected. A
description of the vertical movements to be expected in the future on the coast
of the Mediterranean would ideally therefore be based on a data set which
provided reliable data at 10km-20km intervals along the whole coast length of
45,000km.



n %ﬁch'a data set is plainly unobtaiﬁab]e. Possible sources of data include
tide gauges, erosional and solution formations, biological formations such as
vermetjd terraces or lithodomus borings, sedimentary accumulations with layers
contafﬁing organic carbon which can be dated by radiocarbon methods, or

~archaeological structures on the coast (van der Plaasche 1986).

A11 the above types of data can be obtained for the last 2,000 years in
some parts of the Mediterranean coast, but the most widely spread data type is
the archaeological, which provides sea level estimates at 335 locations,
(Flemming and Webb 1986). Other data sources could be integrated with the
archaeological data over the same time scale of 100-2000 years, but the present
author does not have experience of the errors and corrections which would need
to be applied to create a homogeneous data set. For the moment it seems better
to rely on the internally consistent archaeological data for the timespan longer

_than that of tide guages.

For periods of a few decades, tide gauges are extremely accurate, provided
that the calibration and reference datum of the instrument is properly
maintained. Standards for this procedure are maintained by the Permanent
Service for Mean Sea Level (PSMSL), and the data referred to in this study have
been obtained by various authors from the PSMSL. Pirazzoli (198%) studied 22
tide gauge records within the MAP area of which 16 provide reliable records;
Flemming and Woodworth (1988) studied 16 sites in Greece. Emery and Aubrey
(1985, p.250) deduce rates of earth movement for northern and north west Europe
adjacent to the present study area.

Tide gauge accuracy is of the order of mm (Pugh 1987; Rossiter 1967; Emery et.
al 1988; and others). The principal source of errors arises from undocumented
changes in datum, or corrections or adjustments to the instrument calibration.
Additionally, data may be 'corrected' by authors before they are published to
allow for presumed local earth movements. If this has occurred it is pointless
“to try and detect earth movements by studying the differences between adjacent
jtide gauges, which is the principal method. Various methods have been used to
separate global or regional sea level change from earth movements on the basis
of statistical treatment of large numbers of tide gauge records (Graaf 1980;
Pirazzoli 1987b; Emery and Aubrey 1985; Gornitz et al 1982; Emery et. al. 1988)
including regression analysis and eigenanalysis. It is not the purpose of this
ﬁaper to discuss the virtues of the different methods. Suffice it to say that
“there is no reservation about the capability of modern well-maintained tide



gauges to produce excellent records: the problem is simply that there are not

sufficient instruments in the Mediterranean to give an accurate picturé'bf the
tectonic variability of the complex coastline. Furthermore, in the abséhdg of
existing records of a decade or more at a desired location, an instrumept i
installed now will only provide a suitable time series in 10-20 years t?ﬁé.;v‘
Several hundred tide gauges would be needed to show the true land movement at a
sufficient number of sites.

1Ce

Archaeological methods

Site selection

The deduction of relative land/sea level changes at a number of
archaeological sites, was attempted by several 18th and 19th century author§
(Flemming 1969). Gnirs was the first author to attempt a complete synthesis for
the whole Mediterranean, (Gnirs 1908). He used field data from 8 sites;
referenced data on a further 34 sites; and- made very rough generalisations for a
further 25 sites based only on inspection of charts. The total data set was 67
sites. Observations and deductions were based on the assumption that there were
no earth movements. Very little attempt was made to estimate errors, and the
probable errors at the sites where data were observed were of the order of
0.5-1.0m or more. There was a strong tendency to force data into the simple
mode]l of constant rate of eustatic change. Data were concentrated in the
Adriatic and Aegean.

A problem with early works is that the authors searched for "submerged
ruins", and found them. It is a simple matter to Tist over 100 sites in the
Mediterranean where masonry can be found to a depth of 1.0m or more. The
masonry may be part of a harbour wall built at that depth, but before the
invention of cheap diving equipment, that was difficult to ascertain. On the
principle of "no smoke without a fire", authors naturally assumed that the only
question at stake was the measurement of the size of the sea level change since
Roman times, which was assumed to be at least 2m. Hafemann (1960) Tists we11j
known submerged sites, and makes calculations accordingly. ii

Lehman-Hartleben (1923) provides an inventory of 303 sites in the
Mediterranean, with descriptions of harbours derived from classical literature
and archaeological sources. There is no estimate of sea level change, but ;éﬁb



useful site maps. In some studies the authors have tried to separate stable and
unstable coastal areas, and use the 'stable' areas to measure eustatic sea level
change. Schmiedt (1972) in a series of brilliant observations on fish tanks on
the west Italian coast deliberately avoids the areas around Napies and Mount
Etna. And yet most of the Italian coast is Tiable to some seismic activity, and
it is arbitrary as to what Jevel of Tow seismicity can be classified as stable.

The present study is designed to measure earth movements, and therefore all
possible sites with good data are included. The data set includes all valid
sites, whether the data show relative submergence, constant relative sea level,

vor relative uplift. When this method is used (Flemming 1968; 1969; 1972; 1978;
Flemming et al. 1973; 1978) it is apparent that a Targe number of sites are
relatively stable or uplifted, and that the samples used in the papers prior to
1969 were biased towards selection of submerged sites.

Pre-1969 studies also assumed that the objective was to measure the sea
level at a specific time in the past, namely 2000 BP. This assumption was also
made by Flemming (1969). This results in a partial data set, since many sites
will provide data for the Mediaeval, Norman, Arab, Byzantine, Minoan, and other
periods, but not the classical Roman. Given the limitations of computer
statistics available to most researchers in the mid-1960s, earlier workers did
not attempt to analyse the general problem assuming random earth movements, and
eustatic sea level change, utilising a data set dispersed in space and time.
However, by the early 1970s suitable statistical packages were available and
this generalised method has been used by the author since 1972 (Flemming 1972).

To construct the MEDSITE database all known sites were identified from the
multi~site sources already quoted, together with reports and data on single
sites from the archaeological literature and atlases. So far as possible all
sites were labelled with an ancient name and a modern name, and recorded with
their Jlatitude and Tongitude. A mid-19th Century folio of Admiralty
Mediterranean charts was used to locate many of the ruins which have not been
visited, since early chart-surveyors were well-versed in classical geography,
and noted the existence of ruins with accuracy and detail. Of the sites Tisted
by Lehman-Hartleben (1923) {8 named sites could not be Tocated on any chart, and
there has not been time to check the early German archaeological references
which would be needed to locate the sites. Some discrepancy may be due to
variations in spelling.

Of the 1053 sites, sea Tevel estimates and age were derived at 335,



(Table 1) and Annex 3. The sites for which data were not obtained constitute an
unexploited reservoir of data which could be utilised to extend or improve the
present study.

Large scale site maps exist for most sites with data, and most sites are-
documented with land and underwater photographs. These files can be accessed

separately from the MEDSITE database.

Obseryationa1 methods

Field observations use echo sounding, snorkel diving, scuba diving, wading,
aerial photography, underwater photography, and a wide range of simple and
sophisticated survey methods depending upon time and budget available. Methods
and accuracy are discussed fully by Flemming 1969; 1978; 1979; Blackman 1973;
Schmiedt 1972; and Guery et al. 1981). During the preparation of Flemming
(1969) it became clear that certain ancient structures such as ship slipways,
mooring bollards and mooring rings, fish cultivation tanks, salt pans, docks,
quays, sluice gates, etc., could provide a link to the sea level at the time of
construction with greater accuracy than previously obtained.

Data for over 270 of the present sites with conclusive data are based on
field surveys by the principal author. For the majority of the other sites
employed in the calculations, the present paper uses the same estimate of
relative sea Tevel changes as cited by the original authors. However, the data
of other published authors has been used as data only, and the conclusions with
regard to eustatic or tectonic change may be different in the present paper.
Additionally, the present data base contains estimates of the accuracy of data,
defined by a probable error bar. The error bar has been defined on the basis of
the type of sea level indicators used, and the inherent Tlimits on accuracy
described in the next section.

In the Bronze Age, (5,000-3,000 BP), and later archaeological periods,
specialised structures were built in relation to the contemporary sea levels.
In earlier periods there do not appear to be identifiable waterline structures,
although Aghios Petros (964) (site number in Table 2 and MEDSITE database) is a
neolithic village facing directly onto a small estuary which was probably a
harbour, and the data from the submerged site at Franchthi Cave (965) also
suggest a waterside dwelling area. In general, data earlier than 5,000 BP only
indicate that an occupation site was dry land at a given date, but the sea level



may have been several metres lower, unless geomorphological evidence can be

found for 1inking shoreline features and human artifacts into a contemporaneous

assemblage. Sites which can be dated by artifacts, but can only be proven to be

above sea level, are termed "one-sided" in the present study. In statistical
25tudies the "one-sided" data points were sometimes included and sometimes

excluded in order to test different hypotheses. There are !4 one-sided sites,
“vall older than 5000 BP.

The method of observing solution notches and comparing the present notch
with higher or Tlower notches, has been used by many authors {(e.g. Spratt 1865;
Glnther 1903a; 1903b; Hafemann 1965; Pirazzoli et al. 1981; Flemming et al.
1973). In the open sea a solution notch is often 0.5-1.0m in height, and the
mean sea level point can only be determined to an accuracy of about 0.2-0.3m.
Even in sheltered bays, the error is of the order of 0.2m. Notches occasionally
cut across structures, as at the Roman gquays in Marseille (32), the harbour
entrance at Phalasarna (365), or the Casa degli Spiriti at Posilipo (75).
Because of wave exposure and unevenness of the substrate the width of the notch
is such as to leave uncertainty of exact mean sea level of the order of 0.2m,
(Guery et al. 1981).

A rock-cut storage tank or fish tank can act as a stilling pool, with the
long entrance channel acting as a filter to remove wave action. This occurs at
Dor (199), Lambousa (382), and Caesarea, [srael (203/1058) where the tanks are
not submerged below the level of the outer walls. In these circumstances the
flat water surface combined with the tidal range of 20-30cms results in a double
solution notch, with a smail indentation at mean high tide, and a second at mean
low tide. The W~-shaped indentation has a profile which can be matched very
precisely as between ancient and modern notch system, with an accuracy of 0.!m.
Since the notch system records mean sea level averaged over several decades,
this observation requires no correction for seasonal or barometric factors,
provided that there is a similar double notch at present sea level.

Limits to Accuracy

Once the accuracy of individual observation approaches 0.3-0.2m further
Timitations occur. Assuming that the tidal cycle is measured or known, the
relative change of level can be corrected; but often the state of the tide is



not known in relation to the time and date of observation. The Mediterranean
tides are of the order of 0.2-0.5m, and so are not regarded as important for:
shipping and navigation. The only reliable way to obtain tidal data is to
install a tide gauge during the period of measurement, and very few observers
have done this. Seasonal and barometric variation of sea level is of the order
of 0.3m (Flemming 1978, Flemming et al. 1978, Schmiedt 1972; Striem 1974;
Rickards 1985). We know of no case where this factor has been taken fully into
account, although Flemming (1983, unpublished report) recorded fluctuations of
daily mean sea level of 0.4m during a 6-day study of Tel Qatif (225).

So far as is known to the present author, the only sites at which
observations: were corrected by on-site measurement of the state of the tide are
the data reported by Schmiedt (1972), and Lambousa (382), Salamis Cyprus (392),
Kenchreai (244), Tel Qatif (225), Aghios Petros (964), Tel Nami (195), Dor
(199), Caesarea (203/1058), and Pavlo Petri (970).

The most accurately observed data set assembled so far is that published by
Schmiedt (1972). Schmiedt (1972) observed numerous fish tanks along the west
coast of Italy, and made hundreds of measurements at each tank, defining the
height of the boundary walls, depth of floor, height of internal dividing walls,
level of sills and sluice gates, level of channels, etc. He refers all
measurements to mean sea level, but does not state how mean sea level was
established locally. If it was the true annual mean sea level, then correction
factors should have béen introduced to allow for the season with the highest or
Towest monthly mean sea level. Conversely, if the mean sea level used as a
reference was the mean level at the time of observation, then there is an
uncorrected factor for barometric effects at that time, and the seasonal
difference between that season and the highest and lowest monthly mean sea
levels. The need for these corrections is acknowledged in Schmiedt (1972), and
analysed in the appendices to Schmiedt (1972), but the application of the
corrections to the data is not shown.

The previous paragraph does not detract from the briliiant observational
detail of Schmiedt's work. However, the table of measured sea Tevel changes
(Schmiedt 1972, p.213) Tists the estimates to the nearest 0.0lm, with no
estimate of errors. From the present analysis it must be implicit that there
are unresolved errors of the order of 0.2m.

Since many structures were in use for 2 centuries or more, and since
expected relative rates of sea level change are of the order of 0.05-0.im per
century, a time error bar of 2 centuries is equivalent to a vertical error bar
of 0.1-0.2m.
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Granted the seasonal, interannual, storm, and barometric changes of sea
Tevel which may endure for days or months, or result in mean sea Tlevel being on
average higher one year than the previous year, uncertainty arises from our lack
of knowledge about acceptable frequencies of flooding or drying out of
structures. When a particularly useful type of building-stone can be obtained
conveniently by quarrying on the shore directly into a cliff, would the quarry-
master find it acceptable to have the quarry floor flooded once a year? for the
whole of one month during each year? or never? It is an observable fact that
quarries were cut down in almost every case very close to sea level: but were
they cut to highest spring high tide, mean spring high tide, mean sea Tevel, or
what? Even if we add a constant wave exposure factor, the uncertain range
remains.

Good observation and instrumental methods result in an accuracy of the
order of +0.2-0.3m in the best cases, but refinement beyond this point would
require full tidal, storm, barometric, and seasonal correction at every site,
combined with subjective estimates of permissible frequency of flooding. No
site has yet been observed in such detail.

In addition to those artifacts or structures which produce precise data,
many other features can be classified as to whether they must have been dry
(e.g. a road surface, mosaic floor, tomb, etc.); part in the water and part out
(e.g. mole, quay, slipway, etc.); or wholly submerged (e.g. floor of an entrance
channel to a harbour, floor of a fish tank). If many structures exist at a
single site, the assemblage may provide a very accurate bracket. Flemming and
Webb (1986, Figure 1.) show an idealised cross-section of a site with structures
which indicate sea level. At some sites (e.g. Atlit, 193; Dor, 199) structures
from different archaeological periods provide a relative sea level time curve.

In reassessment of early data by the present author (especially Flemming
1968; 1969; 1972) derivations of sea level and error bars have been revised in
some cases on the basis of subsequent experience, and further data on the site.

The accuracy of vertical displacement and time estimates may not be
symmetrical. For exampie, a site may have been built at a known date, or
destroyed at a known date, but not both. The date error bar is therefore firmly
limited on one side, but extends with diminished probability in the other.
Similarly, a key structure such as a mole foundation may place a lowest possible
level on sea level, but there may be no data to Tlimit the highest estimate. The
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method for allocating probability histograms to such dat- i. given in Flemming
(1972); Flemming et al. (1973). In the present paper, since many of the sites
have not been personally visited by the author, a more conventional estimate of
errors. is used, based on symmetrical error bars.

INTERPRETATION OF ARCHAEOLOGICAL RESULTS

The present author has been most directly concerned with the analysis of
archaeological data, and these will be described before the tide gauge data.
The principal results have been summarised by Flemming and Webb (1986) which is
attached as an annex to this report. (Annex 1)

The principal result which can be deduced from the archaeological sea level
indicators after statistical analysis is that the mean sea level for each 200
year period has varied by less than 30cms during the last 2000 years, and that
each coastal region has a characteristic mean rate of vertical displacement,
combined with very different local variability. The mean and standard deviation
of vertical earth movement for each region in the study are shown in Fig. !.
These are the statistics of the raw data, (not after separation of eustatic
factors, and computation of smoothed cotoured surfaces showing rates of earth
movement as functio of location).

The following discussion refers to Figures {1 and 12 taken from Flemming
and Webb (1986) and reproduced here as Figures 2 and 3.

For the long narrow regions in Fig. 1| the predicted pattern of mean earth
movements is shown in Fig. 3. There are no data south of Naples in [taly so
that the data from this volcanic region severely distorts the plot for West
Italy. At this highly smoothed level, with a wavelength of 100s of km, the
effects of local faulting are concealed, and these show up as high residuals.
The most obvious effects are the broad subsidence of the Golfe de Lions-RhGne
Delta region, the uplift in Tunisia, and the slight uplift in Syria. These
phenomena are not altered, relatively speaking, by the application of small
corrections from the eustatic curves, (see Flemming and Webb 1986 for details of
the corrections).

The highest residuals, and/or rates of earth movement, are concentrated
around Caesarea in Algeria, Naples, SW Crete, the gesme Peninsula of west
Turkey, the Kekova-Ka§ region in south Turkey, and Caesarea-Acco in Israel.
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Regional patterns of earth movement have been plotted previously for the
equiaxial Regions 10, 11, 14, and {5 in Fig. !, (Flemming 1978). The techniques
used in the present study are similar to those used previously for these
regions, although the computer software was different. Plots from the present
study have been compared with the earlier results, and are very consistent.
Since the earlier work contained more detailed considerations than can be set
out in the present work, the curves from Flemming (1978) are reproduced in Fig.
3.

The pattern of earth movements may be correlated with any of the following
factors: plate boundaries in general; subduction zones; strike~slip faults;
shallow seismicity; deep seismicity; volcanism; continental shelf
width/narrowness; continental marginal tilting; sedimentary isostatic loading;
sediment compaction; aseismic warping. The factors listed above will be
discussed briefly after the methods and results have been compared with those of
other researchers.

Other Methodologies

Other field methods reveal sea level data for the same time span as
archaeological data. These include study of alluvial sediments (Kraft et al.
1975; Kraft et al. 1980; Gifford 1978; for example); study of solution notches
(e.g. Hafemann 1965; Guery et al. 1981; Pirazzoli et al. 198!; Flemming 1978;
Higgins 1980); vermettus reefs and trottoir (Sanlaville 1977; Paskoff et al.
1981; Paskoff and Sanlaville 1983) and the study of organic materials dateable
by C14 (Richards and Vita-Finzi 1982); and the study of low level raised erosion
terraces (e.g. Peters 1985; Angelier 1976; Le Pichon and Angelier 198!).

Even if each of these methods is perfectable, and produces internally
consistent results, there is no reason why all the methodologies should
calibrate identically with each other until proven. In the present study the
only non-archaeological data used are when solution notches can be traced on
cliffs between archaeological sites, and can be identified at some point
intersecting archaeological structures with a before/after indication. All
other types of indicator have been cmitted. This may seem to be an arbitrary
rejection of valid data: but in the present circumstances it is preferabie to
demonstrate that the restricted archaeological data set produces consistent
results with a measurable error, and the merging of different data types can be
carried out later when calibration is sure.
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The different data types each have a bias towards certain sites of
occurrence. Solution notches only occur on massive calcareous rocks; vermettus

shelves only occur in the south east Mediterranean; alluvial accumulations are
strictly local forms. As an example of the relative bias which this can
produce, one can cite the differences between most of the data reported in this
paper, and that cited by Kraft and Aschenbrenner (1977). The present data set
is restricted almost entirely to archaeological remains which can be seen with
the naked eye, whether above or below present sea level, and without excavation.
This tends to exclude material buried in recent sediments, or even visible data
-separated from the present shoreline by prograding sediments, since there is
seldom opportunity to level accurately across miles of marsh. The present data
set is therefore biased slightly by the omission of such data, probably
amounting to a few percent of the total number of sites (e.g. Oeniadae, (541)
and Ephesus (270) etc).

Conversely, Kraft et al. (1975), Kraft and Aschenbrenner (1977) and Rapp
and Kraft (1978) gather data almost exclusively from sites in alluvial and
prograding areas. These zones in the Mediterranean are likely to occur in
structural depressions which are themselves active grabens; the sediment may be
liable to compaction. Data from these areas would be expected to plot
consistently below the data observed by (Flemming 1968, 1978, Flemming et al.
1973), and this is indeed the case. With regard to their own data, Kraft and
Aschenbrenner (1977, p.39) state "Note the problem of the overwhelming variable
tectonic effect". The purpose of this comparison is not to show that one or
other method is incorrect, but to draw attention to systematic bias inherent in
most sampling procedures which are dictated by methodology.

Correlation with plate boundaries

Figure 4 is a simplified diagram representing the location of plate
boundaries in the Mediterranean, derived from various authors.

The most extensive quiet zones revealed by the present study, Gibraltar to
Genoa (Region 1) and Antalya to Iskenderun (Region 17) are both far from active
plate boundaries. The Gulf of Sirte (Region 8) is probably also guiet, but
there is insufficient data to be sure. Cyrenaica (Region 16) appears to be
anomalous in view of its active depression, reversal of direction at Apollonia
(949) and distance from the Hellenic subduction zone. However, it is probable
that the compressive forces caused by the Mediterranean Ridge, and the
subduction process, extend to the African foreland, causing tectonic activity,
(Biju Duval, 1974).
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Plate boundaries extend through northern Algeria, central Italy, and the
Jugoslav coast, all of which show some vertical activity. In general there is a
broad correlation between proximity of a plate boundary, and degree of vertical
tectonic motion averaged over several thousand years.

Correlation with subduction zones

There are two major arcuate subduction zones in the Mediterranean, the
Calabrian Arc (Caputo 1983; Ghisetti and Vezzani 1982), and the Hellenic Arc (Le
Pichon and Angelier 1981; Angelier 1976; 1977; Galanopoulos 1973; Dewey and
Sengdr 1979; Peters 1985). Neither arc is a simple subduction zone in the
Pacific sense, since the radius of curvature is too sharp to allow for a
coherent descending slab of lithosphere, and the proximity of approaching
continents forces the back-arc area to develop anomalously (Dewey and Sengér
1979; McKenzie 1978). Notwithstanding these anomalies, the two areas do appear
to be the principal zones of recent crustal consumption, and will be discussed
as such.

The Hellenic Arc is associated with consistent evidence for rapid uplift on
the outermost islands (Antikythera, Crete, Karpathos, and Rhodes), with the most
rapid rates of movement observed anywhere in the Mediterranean, (9.5m in 2000
years, SW Crete). Pirazzoli et al. (1981) proposes that the notches observed in
these locations were formed during a progressive descent, followed by a single
massive uplift. Whilst the present author doubts this model, it may be
confirmed, and this would establish the association of arc tectonics and rapid
vertical movement even more clearly. Flemming (1978) tested computer fitted
regression surfaces to the data for Crete and Antikythera considered both as a
continuous unit, or as separate units. The residuals are much lower when the
islands are considered separately, and it is therefore logical to consider them
as de-coupled by the active faulting in the Antikythera Channel (see McKenzie
(1972) for evidence of recent seismicity).

One concludes that the islands of the Hellenic Arc are broken into coherent
slabs of typical dimension 50-100km, which are tilting as monolithic de~coupled
units in response to the underthrusting of the subduction zone. Peters (1985,
p.208) reports similar tilting on the Quaternary timescale for the eastern
region of Crete.
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The evidence for the Calabrian Arc is less clear. Apart from the Messina
earthguake- of 1908, and the obvious volcanism of the Lipari Islands and the Bay
of Naples, the majority of archaeological sites in the area fail to produce
data. The Bay of Naples shows the greatest range of vertical movement, after SW
Crete, but this is associated with volcanism rather than the immediate effects.
of subduction (GUnther 1903a; Flemming 1969).

The incidences of most rapid upward movement of the Mediterranean coast are
thus from the arc areas, with rates of the order of S5m/ka.

Correlation with strike slip plate boundaries

The two major strike-slip plate boundaries are the Anatolian fault, running
east-west across northern Turkey, and the Dead Sea fault running N-S through the
Gulf of Eilat/Aqaba and the Dead Sea. Neither fault is immediately adjacént to
the Mediterranean coast, and the present survey has not included data from the
Black Sea which might be helpful. The coast of [srael is moderately active with
vertical movements of 5m at Caesarea (203/1058) and possibly 2m at Dor (199} and
1.0m at Acco (182). But these movements seem to be localised around the
Carmel-Qishon Graben, rather than being direct effects of the plate boundary.

Correlation with local faulting

The southern and central Aegean should probably be regarded as an intensely
faulted region, criss-crossed with normal extensional faults forming multiple
horst-and-graben features, (Le Pichon and Angelier 1981; Dewey and Sengdr 1979;
Flemming 1978; Rotstein 1985). The same model, in very broad terms, extends
into the Gulf of Corinth, (Vita-Finzi and King 1985; Brooks and Ferentinos
1984), where vertical movements at rates of 1-3m per 1000 years are recorded for
upward motion within 10km of sites which are submerging at similar rates.
Unfortunately the present survey has revealed insufficient reliable data for the
Aegean area to construct a good model, and such data would be valuable. One
would expect to find upward and downward vertical displacement on adjacent
islands, or on adjacent blocks separated by normal faults within an island.
Flemming (unpublished field report) noted a fault in the cliff at Vurgunda,
Karpathos (site 426) with a throw of Im, dislocating solution notches which were
post-Roman. Similar but smailer faults can be seen in cliffs on Crete.
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Other locations where vertical site displacement is associated with known
faulting are Caesarea (203/1058), Dor (199) and Acco (182) near the Qishon
Graben; probably Apollonia in Cyrenaica (949); Ruspina (127); south Turkey,
Fethiye (289) to Kekova (302); Nora (160) southern Sardinia. King and
Vita-Finzi (1981) analyse the fault structure associated with a modern seismic
event near the coast of Algeria, just inland from Caesarea (151), which has the
highest rate of subsidence in Region 3. 1In all cases the observed data indicate
submergence, with the exception of one period at Dor. Vita-Finzi and King
(1985, p.383) note that submergence is more easily detected than emergence even
by contemporary observers of an earthquake event, and the same phenomenon is
true of historical and archaeological data. Except for gross examples of
uplifted harbour-works, uplift can go unreported. Nevertheless, the existing
data do show a correlation of submergence with local faulting, although this may
require further interpretation.

Correlation with modern and historical seismicity

Seismicity is associated with active faulting, plate boundaries, and
volcanism, so is not independent of the other factors under discussion. The
association is not exact in terms of the surface expression of these phenomena,
and so direct evidence of seismicity should be reviewed.

The British Geological Survey provided a computer print-out map of modern
seismicity of the Mediterranean showing earthquake events classified in terms of
depth and magnitude. It is theoretically possible to compute the total number
of large and small earthquakes expected over a prolonged period on the basis of
recorded events over a few decades (Main and Burton 1984), and hence to typify
areas in terms of total energy release. Similar generalisation can be obtained
from assessment of slip rates (North 1974). For the present analysis,
correlation was made subjectively with the BGS plots. It should be borne in
mind that the seismicity refers only to the recent decades, and the distribution
is not necessarily identical with the average over several thousand years.

Subjectively the correlation is evident. In the eastern Mediterranean
southern Turkey and northern Cyprus are aseismic, and correlate with vertical
stability. The Levant coast and Cyrenaica are moderate on both counts. The
Hellenic Arc shows dramatically high rates of seismicity, with the greatest
concentrations of large events in Rhodes and SW Crete, where the highest rates
of vertical movement are measured. We do not have sea level data for the Ionian
islands and Achaia, where similar seismicity is recorded. The vertical activity
of the Gulf of Corinth correlates with that of high current seismicity.
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As noted above, the data for the Calabrian Arc are not good enough to
provide sure correlation, though this may be partly due to the occurrence of
most epicentres offshore between the Lipari Islands and Naples. A belt of
seismicity cuts across. Tunisia and Algeria, intersecting the coast in the
neighbourhood of the submerged sites of Sullectum (1027) and Caesarea (151).
There is no recorded seismicity relating to the faults in southern Sardinia
close to Nora (160), whilst the seismicity of south east Spain is not correlated
by data for vertical movement.

Although the present data set is not complete in some of the most
interesting areas, there is strong indication that observed relative vertical
displacements are correlated with local seismicity during recent years.
Flemming (1978, p.444) showed that the data for the NE Mediterranean correlate
with the evidence from Ambraseys (1970) for historic seismicity. Historical
seismicity for France (Vogt 1979; Gagnepain-Beyneix et al. 1982; p.274), and
Italy (ENEL 1977) provide source material for further historical comparisons.

Correlation with modern volcanism

Active volcanoes exist at Lipari [slands, Naples, Etna, and Santorini.
There are other extinct or dormant volcanoces, including submarine locations. No
adequate data have been obtained from the Lipari Islands, or Santorini, in spite
of efforts on site. Naples correlates with one of the highest observed rates of
vertical movement, and this is directly related to the eruption of Monte Nuovo
in 1538 (see references cited in (Flemming 1969)). No displaced site has been
recorded close to Etna, but there is submergence both at Messina (93) and
Thapsus (97) to north and south.

Correlation with continental shelf characteristics

The Mediterranean continental shelf is in general very narrow, with the
exception of the Golfe du Lions, the northern Adriatic, and the Gulf of Sirte.
The narrowest shelf and deepest water are associated with the Hellenic Arc on
the south side, and, in this location, with high rates of vertical movements.
In contrast, the very steep shelf off the French Cote d'Azur is associated with
vertical stability.

The wide shelf of the Golfe du Lions is apparently subsiding; the Gulf of
Sirte, at least in the region of Gabes, is associated with uplift; whilst the
Adriatic is associated with submergence. Thus there is no general correlation.
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The possibility that continental shelves and margins are tiiting about an
axis parallel to the shore introduces serious problems in interpretation of
data. There is evidence that the relief of the Mediterranean area is
increasing, and so such tilting, down-warping, or down-faulting of the shelf
relative to the hinterland is, on average, probable. The result is that high
sea level data indicators inland of the present shoreline will tend to show
greater rates of uplift than the present data set; indicators for Tow sea levels
will occur offshore relative to the present shoreline, and will tend to show
greater rates of submergence than the present data set. On crenelated
coastlines, such as the west coast of Cyprus, the headlands will tend to show
submergence (or at least Tower rates of uplift) relative to the backs of the
bays, (Richards, 1984, field report). Contamination of the data due to coastal
and shelf tilting is Tiable to introduce an average bias into sea level studies,
especially over periods Tlonger than 5000 years. Many of the present data values
may be determined by their location landward or seaward relative to a
near-coastal axis of tiit.

The possible bias towards tilting of the continental margin is shown in
some regions by the rapid subsidence of the outer end of the Cesme peninsula
(sites 262 and 266); the subsidence of the headlands of western Cyprus
(Richards, field report); subsidence and tilting of the shelf off Atlit (193)
AdTer (1985); and the general doming pattern of the Peloponnese (Fig. 3).

Correlation with sedimentary isostatic loading

Sedimentary isostasy and sediment compaction would both tend to occur on
large deltas, and the large alluvial infilling of re-entrant bays and graben
valleys. In Tocations where valid sites occur the correlation is confirmed,
with depression below average eustatic curve in the Rhone Delta (sites 30, 31,
971, 978), Po Delta (sites 588, 773, 1125, 1128). It is difficult to separate
isostasy from compaction, but the data exist in some cases. For example, some
Roman quarries in the Rhone area are on bedrock, where an isostatic factor might
be detected independently of compaction. Sites in the Golife de Lions (25, 969,
1006) are also submerged more than the adjacent coasts, which is compatible with
long term sediment accumulation and aseismic subsidence.
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ANALYSIS OF TIDE GAUGE DATA

Tide gauge data has been used to estimate earth movements in Europe and the
Mediterranean by Emery and Aubrey (1985), Pirazzoli (1987G) and Flemming and
Woodworth (1988). The last-mentioned paper is attached to this report as an
annex (2).

Tide gauge data provided by the Hellenic Navy (Flemming and Woodworth 1988)
show that the residual trend of earth movements, after removal of seasonal and
interannual variability, is of the order of 5-20mm/year at 15 Greek ports, with
movement of the coast as likely to be up as down. Pirazzoli (1987, Table 5.1)
provides data for 16 tide gauges in the Western Mediterranean and Adriatic,
showing rates of sea level change over 50-100 years averaging 0.3 to 2.3mm/year,
all showing relative subsidence of the coast, with one exception. These data
have not been corrected to separate earth movements from eustatic sea level
change.

Pirazzoli (19875, p.175) points out that the rate of rise indicated by the
tide gauge at Marseille is much higher than the average over the last 2000
years, and that similarly the rate of rise indicated by two closely dated
archaeological features at Marseille approximately 2000 years ago is also higher
than the average.

This effect is probably caused by aliasing, and was studied explicitly by
Flemming and Woodworth (1988). The problem is illustrated diagramatically in
Fig. 5. [If the observed relative time series of sea level change at a point on
the coast consists of an irregular series of oscillations, with many different
frequencies present, the average rate of movement measured over different
time-spans will tend to decrease with increased time of averaging, but will
usually be of the same sign. Fig. 5 shows that the apparent direction of
average movement may reverse without in any way indicating that the general
nature of the movements has changed over time.

Flemming and Woodworth (op cit) show that, in general, rates of vertical
earth movement in the Aegean averaged over 2000 years are 1/6 x the rate of
those measured at the same sites by tide gauges over 10-20 years. From this a
general equation can be deduced for the region. A table showing this
correlation is shown in Table 3.



Emery and Aubrey (1985) deduce a rate of vertical movement from tide gauges
on the Scottish coast which is twice that based on Carbon-14 dating of beach
deposits over several thousand years (Flemming 1981). This suggests that the
spectrum of variability of earth movements is much less noisy, and has fewer
high-frequency components for this region which is dominated by isostatic
recovery. The process of isostatic post-glacial rebound is also probably
slowing down.

The aliasing ratio for different regions gives a general indication of the
reliability of trying to extrapolate from short records to longer periods. The
more high frequency components present, the higher the ratio. Large tectonic
events separated by time spans of the order of 500-1000 years would be very
difficult to detect or predict.

Table 3A shows the ratios which would be expected by comparing tide gauge
records of several decades with archaeological periods of 1000 years or 2000
years, if the equation for the Aegean were applied to all data. The ratios
range from a minimum of 2.5 when 100 year tide gauge data is compared to 1000
year archaeological data, through to 4.36 when 50 year data is compared with
2000 year data; and a maximum of 8.3 when 10 year data is compared with 2000
year data.

There is no region outside the Aegean where so many tide gauges can be
accurately compared with co-located archaeological sea level data. We are
therefore reduced to comparing the average rate of displacement of regions over
two time periods.

Region (1) from Flemming and Webb (1986) contains 7 tide gauges listed by
Pirazzoli (1987). The average length of tide gauge records is 76 years, and the
average relative displacement is 0.685mm/year relative rise of sea level. The
archaeological data is based on an average age of about 2000 years, and shows a
relative subsidence of 0.23mm/year. The ratio is 2.978, or almost exactly 3.0.
Table 3 shows that the aliasing ratio from 80 years to 2000 years would be 3.61
if the area were as active as the Aegean, which it is not.

Examination of the data from Pirazzoli (1987b) show that there are no other
regions in which even this crude average comparison can be made with confidence.
Region 5 contains only two reliable tide gauge records, and region 3 contains 4.
None of the available tide gauges co-locates exactly with an archaeological sea
level indicator site, and the distances of approximation become unacceptable.
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The paper by Emery et. al. (1988} on Mediterranean tide gauge data appeared
as the present report was being completed. The data suggest that the analysis
discussed above could be extended to show similar correlations for parts of the
coasts of Israel, Turkey, and Italy.

PREDICTIONS OF FUTURE COASTAL EARTH MOVEMENTS

The concept of a spectrum of rates of earth movement, with the nature of
the spectrum varying from region to region, suggests a way of predicting the
probable rate of earth movements in the next 50-100 years. Where there is a
tide gauge record itself extending over 50-100 years, then that record is the
most accurate basis on which to make a prediction of local earth movements, with
the justification of extending that estimate prediction for 10-20km along the
coast on either side.

The method of prediction, and the certainty, depends upon the type of data

available locally, and the known characteristics of the spectrum of earth

movements in time and space. The different conditions of data availability are
as follows:

i)  Tide gauge data with 50-100 years of accurate well-calibrated data at the
study site.

ii) Tide gauge data with 50-100 years of accurate well-calibrated data
available at a site within 10-20km of the study site.

iii) Tide gauge data with 10-20 years of well-calibrated data at the study site.

iv) Tide gauge data with 10-20 years of modern well-calibrated data within
10-20km of the study site.

v) Archaeological estimate of relative sea level change and deduced earth
movements over 1000-2000 years available at the study site.

vi) Archaeological estimate of relative sea level change and deduced earth
movements over 1000-2000 years within 10-20km of the study site.

vii) No tide gauge or archaeological data within 10-20km of the study site.



Each condition above will be considered in turn:

i)

A typical tide gauge record of annual mean sea level shows fluctuations
which may be due to inter-annual variations in absolute mean sea level, or
faster and slower changes of land level. In order to determine the earth
movement component, the global mean sea level change over the same time
scale should be subtracted. The best estimate of this is subject to some
debate (Gornitz et al. 1982; Barnet 1984). In this paper I do not intend
to recommend a best estimate, and in any case, the estimate will probably
be revised slightly in future years. The residual earth movement can then,
with reasonable confidence, be extrapolated for the same period into the
future.

Various cross-checks should be applied. If the area is tectonically
active, and if archaeological data suggests that the Tong term rate of
change is faster than would be suggested by the general 1/TO'4 aliasing
relationship, then some allowance should be made for the probability that
rapid rates of movement may occur from time to time which have not
manifested themselves in the Tlast 100 years, but may occur in the next 100.

In all cases of tectonic movement it is possible for the direction of
movement to reverse for periods of decades to centuries. Flemming and
Woodworth (1988) show that for co-occurring pairs of tide gauges and
archaeological data sites the direction of movement is the same in every
case. However, this is a small sample, and reversal manifestly could
occur. The probability of reversal would be increased if the
archaeological record provides clear evidence of reversals in the past (eg.
Matala (347), Caesarea (203/105!), Zimbule (416), or if the average rate of
movement is significantly less over the archaeological timescale than would
be suggested by applying the aliasing factor to the tide gauge data.

If the cause of earth movement at a site is sediment compaction or
isostatic subsidence under sediment loading, this will probably proceed at
a more even and steady rate than tectonic subsidence. On the other hand,
deltaic sediments may actually slump on rare occasions.



ii)

iii)

If there is no long tide gauge record at a site, but one exists within
10-20km, then the prediction can be extended laterally with reasonable
confidence, but some caveats. The lack of coherence between nearby sites
is of course more marked in areas of extreme tectonism, than in areas which
are aseismic. The data provided by Flemming (1969), Pirazzoli (1976b),
Flemming (1978) and Flemming and Webb (1986) show that there are regions of
the Mediterranean coast which are stable and laterally coherent (eg.
southern Turkey from Antalya to Iskenderun); regions which are moderately
stable and coherent, (eg. Spain and southern France); regions which are
inherently noisy and laterally incoherent, (eg. much of Greece and the
Aegean coast}); and finally regions which are unstable, but tilting or
warping in coherent blocks, which can be contoured for trends in rate of
vertical movement, (eg. Crete).

The factors mentioned above, together with knowledge of local geology,
should be used to see if it is justifiable to extrapolate the predicted
rate of earth movements from the site of a known tide gauge for a distance
of 10, 20 or 30km along the coast. Knowledge of Tlocal faulting, presence
of alluvium, settlement of sediments in deltas etc., should be taken into
account on the basis of immediately local geological data.

A tide gauge record of Tless than 20 years is relevant, but prediction from
such a record for 50-100 years into the future is statistically less
certain than with a longer record. The short record may exaggerate the
rate of movement through aliasing, or fail to reveal movement if it is
periodic with a period Tonger than the record. If a consistent rate of
movement of the earth is detected over a period of the order of 10 years,
it is likely to be an over-estimate of the rate of movement to be expected
over 50 years by a factor of 2, and an over-estimate of the rate to be
expected over 100 years by a factor of 2.5. (see table 3B). These ratios
apply to tectonically active areas such as the Aegean, and probably the
coast of Jugoslavia and Albania, and parts of I[taly, and Algeria. In areas
of subsidence and sediment Tloading, the over-estimate from short tide gauge
records is probably less exaggerated.

A short tide gauge record should be cross checked against co-located or
nearby archaeological data if possible. (see below).



iv)

vi)

vii)
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If there is neither short term nor long term tide gauge records availablie
on site, but a short term tide gauge record within 10-20km, then further
approximations must be adopted. Archaeological and geological data permits
the region to be characterised in terms of local lateral coherence as in
(i) above. The short term tide gauge estimate of the vertical rate of
movement of the coast should be corrected for the extrapolation in time on
site, and then for the extrapolation laterally along the coast.
Archaeological data should be used wherever possible to cross check the
tide gauge prediction, using appropriate correction factors from table 3.

If there is archaeological data on site, then a fairly accurate assessment
should be available of the vertical rate of earth movement averaged over
1000-2000 years. This average figure will, in some cases, be accurate to
better than 0.2mm per year. The problem is that the average can be a
severe underestimate of possible short term movements, and therefore the
archaeologically indicated rate should be increased by a conversion factor,
as shown in table 3. The conversion factor is derived from the Aegean, and
should therefore be conservatively safe for other areas.

If there is no archaeological data available at the site, but such data
exist within 10-20km, then the regional pattern should be studied, as in
(ii) above. Flemming (1972; 1978) and Flemming and Webb {1986) show
pronounced regional patterns in crustal tilting, so that the rates of
vertical movement can be interpolated with some confidence between sites in
some areas. The interpolated values should then be corrected for aliasing,
as in (v) above.

If there are no tide gauge data and no archaeological indicators of sea
level within 10-20km of a site, the prediction becomes much more
subjective, and less certain. This is however the most general case.
Examination of regional geological data, seismicity, faults, alluvium, etc,
provides a general view of the expected level of vertical movement in the
region within say 100-200km of the site. Archaeological sea level data
within the region, cross-checked with tide-gauge data where possible, will
confirm the general picture. Publications by Vita Finzi and King (1985);
Le Pichon and Angelier (198!); Flemming and Webb (1986); Sanlaville (1977);
Paskoff and San1av111e(1981)and others provide general information on the
regional rates of crustal deformation, tiit, faulting, etc.
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CONCLUSIONS AND RECOMMENDATIONS

1)

2)

3)

6)

Tide gauge data are the most accurate source of information on vertical
coastal land movements, but a record of at least 10-20 years is needed
before a reasonable prediction on the 50-100 year timescale can be made,
and the record should preferably be of the order of 50-100 years. There
are only 16 published long records in the MAP area, and 15 short records,
with adequate quality control.

Because of the lateral variability in coastal earth movements, data at one
site can only be interpolated or extrapolated laterally for a distance of
the order of 10-20km. If a large number of data sites are available for a
region, then deduction of trends, tilts, general stability, etc., enables
more certain prediction between data points, but even then, local anomalies
cannot be ruled out.

There are 335 good estimates of sea level change based on archaeological
data over the 1000-2000 year timescale, with an average spacing for the
whole MAP area of 134km. In practice the regions with archaeological data
are much more densely sampled with good data, and some regions are almost
totally without data. If the coasts of Jugoslavia, Albania, Egypt, and the
North and Central Aegean are excluded, the published archaeological data
provides a sampling density of one site per 75km of coast. This is getting
quite close to an adequate sample.

If a predictive study is needed urgently to cover the whole coast of the
MAP area, the following steps are recommended:

Obtain further tide gauge data from ports where records exist, but where
they have not been published, e.g. Ashdod, Haifa, and others.

Calculate the ratios of rates of movement for co-located tide gauge and
archaeological data for other regions than Greece, so as to find the
correction ratios to be applied in different regions.
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7) Obtain archaeological-historical data for the poorly documented regions. A
regional study of a national coastline several hundred km long can be
conducted in one or two years, and is not expensive. Although the data are
not as accurate as tide gauge data, they are available almost immediately,
whereas a tide gauge installed now will have to be maintained for at Teast
ten years before it provides valid data on coastal earth movements.

8) The methodology suggested in this paper has been worked out rather quickly,
and could be considerably refined. The data sets available for each region
should be carefully assessed, and the best regional principles derived for
prediction of the vertical rate of movement predicted over the next 50-100
years, with confidence limits.

9) The precise gradient of the shore at each point should be recorded in a
database so that the extent of land flooded can be calculated for each
additional 10cm rise of relative sea level, summed for eustatic and earth
movement causes.

GENERAL NOTE

The present author has worked personally on over 300 coastal archaeological
sites during the last 30 years. Several sites have been revisited at intervals
during that period. The rate of destruction of coastal and submerged
archaeological sites from both natural and human causes is considerable. Whilst
some sites are probably well protected for natural reasons, and have remained
unchanged for centuries, others have been seriously damaged in 1-10 years. The
submerged classical city of Apollonia in Libya was severely damaged by one
winter of storms between 1958 and 1959; the Bronze Age walls and Classical
Theatre at Plitra-Asopos in Greece were destroyed by wave action between 1968
and 1979. Neolithic remains near Atlit, Israel, are exposed by natural sand
movements each year on the sea bed, and organic materials are damaged whilst
exposed. In other areas, classical slipways, harbour works, and buildings in
shallow water have been damaged or destroyed by the construction of coastal
roads, yacht marinas, and land reclamation.



If the unique record of the origins: of marine technology in the
Mediterranean is to be preserved for humanity, it is recommended that those
sites which are most threatened should be identified, and a decision taken as to
whether they should be protected, or whether detailed surveys and records should
be made.
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Table 3

Assume equation Rate-T (T )0'4

= )
Rate-0 (T )

Where T = period of time over which rate of vertical movement is
averaged, many tens to thousands of years; T_ = short period of years
over which rate is measured by tide-gauge; Rate-T = rate of vertical
movement averaged over time T; Rate-O = rate of vertical movement
averaged over a short period of years.

3A. Ratios linking Tide-gauge timescales to Archaeological timescales

Tb years T years Ratio = Rate-0/Rate-T
100 1000 2.51

100 2000 3.31

80 1000 2.73

80 - 2000 3.61

50 1000 3.31

50 2000 4.36

10 1000 6.3

10 2000 8.3

3B. Ratios linking short Tide-gauge timescales to future multi-decade
sea level changes

To years T years Ratio = Rate-O/Rate-T
10 40 1.74
10 50 1.90
10 60 2.04
10 70 2.18
10 80 2.30
10 90 2.41

10 100 2.51



~ 4L -

ANNEX 1

Z. Geomorph. N.F. | Suppl-Bd.62 | 1-29 | Berlin - Sturggart | Dezember 1986 |

Tectonic and Eustatic Coastal Changes During the last 10,000 Years
Derived From Archaeological Data

by
N. C. FLEMMING and C. O. WEBB, Godalming, England

with 13 figures and 4 rables

Summary. Dam for 1053 coasral archaeological sites in the Mediterranean are analysed for age and
relative verrical displacement. 335 sites produce accurate daca from several periods, creating a reliable
dara set of 406 records for the: last 10.000 years and with a verrical range from -1l m 0 +85 m
relative o present sea level. The variance of rate of displacement is closely related to geographical
location. The best fit eusratic curves for each region, after removal of the geographical component,
are combined into a single best tit curve for the whole Mediterranean. The geographical variations
are correlated with modern setsmicity, historical seismicity, and sedimentary processes.

The highest tates of uplift or subsidence bear on coastal protection, navigarional draughr in
harbours. and long-term seismic risk.

Introduction

Archaeological remains on the coast of the Mediterranean from which relative changes of
land and sea level can be deduced include buildings and struccures for the more recent
archaeoiogical periods, and caves, bones, middens, and stone tools for the older sites. The
time range of the dara used in this paper is aboutr 8000 BC to AD 1920. Over 1000 sites
have been identified which could produce dara, and of these 335 do provide indications of
sea level at dates in the past. Some sites produce multiple estimates for several different
dares, and the toral number of records with valid estimartes for both age and displacement
1s 406 (table 1).

The dara for 1053 identified sites were entered onto a2 Daragem Database operated on
a BBC microcompurter. A complete printout of the geophysically relevant dara and bibli-
ographic references can be obtained from the aurhors. The numerical dara from the
Daragem file were transferred to 2 Honeywell 66 computer, and analysed using the BMDP
statistical package. The precise argument for the deduction of relative change of land/sea
level at each site can be obrained from the references, including those for which short
codes are listed in Annex 1, and unpublished expedition repores by YORKE & DAVIDSON

0044-2798/86/0062-0001 S 7.25
© 1986 Gebriider Bornrraeger, D-1000 Berlin - D-7000 Srutcgart
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(1969), YORKE et al. (1973), and CLARIS & COLLINSON (1977). These publications and
reports provide daca on 300 sites, with numerous references to substanciate each site.

There is a need to reassess the conclusions of all papers prior to about 1965/70, so as
to re-interpret the dara within the modern scructure of geophysical knowledge. The pres-
ent archaeological dara set provides 406 estimates of relative land/sea level throughout the
Mediterranean, mostly dating from the lasc 5000 years. The technique is accurate to ap-
proximately 0.2-0.5 m veruaally (F2, F5, F7, S1), and to abour 100—200 years in age for
the last 3000 years. (For assessment of errors see F5.) Previous publications by various
authors have been based on different criteria, with different assumptions of eustaric and
tectonic theories, and using different statistical methods, if any.

This paper is more nearly complete than previous publications, bur inevitably many
sites have been omitted. With regard to sites of the classical period (broadly
25001600 BP) the site list is more or less finite, since ports and harbours of the Greek,
Roman, and Phoenician cultures were comparable in scale and distribution to modern
cities. However, even within this period (S1) has shown that numerous individual scruc-
tures can be idenrified between major cities. For more recent periods castles, slipways,
moles, etc., of Norman, Portuguese, Byzantine, Genoese, Turkish, Armenian, and other
civilisations occur in a sporadic, but very useful way, thoughout the Mediterranean area.
For older pertods. Iron Age, Bronze Age, and Neolithic sites are now being discovered in
considerable numbers (FM 1), and even some Palaeolithic sites (F7, FM1). Cave sites,
Neolithic villages, and Palaeolithic kill sites throughour the area of the continenral shelf
extend the technique potentiallv in time and space, and increase the possible number of
sites into many thousands.

Methods and accuracy

To construct the MEDSITE database all known sites were identified from the multi-sice
sources, together with reports and data on single sites from the archaeological literature
and aclases. So far as possible all sites were labelled with an ancient name and a modern
name, and recorded with their lacitude and longitude. Of the 1053 sites, sea level es-
timates and age were derived at 335 (rable 1). Dara for over 270 of che present sites are
based on field surveys by che principal author. For the majority of the other sites em-
ployed in the calculations, the present paper uses the same estimate of relative sea level
changes as cited by the original authors. However, the data of other published authors has
been used as dara only, and the conclusions with regard to eustatic or tectonic change may
be different in the present paper. Additionally, the present dara base contains estimartes of
the accuracy of dara, defined by a probable error bar on the basis of the type of sea level
indicarors used, and the inherent limits on accuracy described in the next section.

In general, data earlier than 5000 BP only indicate that an occupation site was dry land
at a given date, burt the sea level may have been several metres lower, unless geomorpho-
logical evidence can be found for linking shoreline features and human artifacts into a con-
temporaneous assemblage. Sites which can be dated by arrifacts, but can only be proven to
be above sea level, are termed “one-sided” in the present study. In sratistical studies the
“one-sided” dara points were sometimes included and sometimes excluded in order to test
different hypotheses. There are 14 one-sided sites, all older than 5000 BP.
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4 N. C. FLEMMING and C. O. WEBB

By observing solution notches and comparing the present notch with higher or lower
notches (e.g. SPRATT 1865; GU1, H2, P4, F4). Mean sea level in the open sea can only
be determined to an accuracy of about 0.2-0.3 m. Even in sheltered bays, the error is of
the order of 0.2 m. Notches occasionally cut across structures, as at che Roman quays in
Marseille (32), che harbour entrance ar Phalasarna (365), or the Casa degli Spiriri at
Posilipo (75).

A rock-cur storage tank or fish rank can act as a stilling pool, wirh the long entrance
channel acting as a filter to remove wave action, as at Dor (199), Lambousa (382), and
Caesarea, Israel (203/10%8) where the tanks are not submerged below the level of the
outer walls. In these circumstances the flar water surface combined with the tidal range of
20-30 cms resulrs in a double solution notch, with a small indentation at mean high tide,
and a second at mean low rde. The W-shaped indentation has a profile which can b:
matched very precisely between ancienc and modern notch system, with an accuracy ef
0.1 m. Since the notch system records mean sea level averaged over several decades, this
observation requires no correction for seasonal or barometric factors, provided thar chere
is a similar double notch ar present sea level.

Ad‘umy

Once the accuracy of individual observation approaches 0.3-0.2 m further limitations oc-
cur. Assuming that the cdal cycle is measured or known, the relative change of level can
be corrected; but often the state of the tide is not known in relation to the time and date
of observation. The Mediterranean rides are of the order of 0.2-0.5 m, and so are not re-
garded as importanc for shipping and navigation. The only reliably way to obrain tidal
daa is to install a tide gauge during the period of measurement, and very few observers
have done this. Seasonal and barometric variation of sea level is of the order of 0.3 m (F,
Fé, S1, STRIEM 1974; RICKARDS 1985). We know of no case where this factor has bee:
taken fully into account, although FLEMMING (1983, unpublished report) recorded flucru-
arions of daily mean sea level of 0.4 m during a 6-day study of Tel Qacif (225).

So far as is known to the present authors, the only sites at which observarions were
corrected by on-site measurement of the srate of the tide are the dara reported by (S1) and
Lambousa (382), Salamis Cyprus (392), Kenchreai (244), Tel Qarif (225), Aghios Petros
(964), Tel Nami (195}, Dor (199), Caesarea (203/1058), and Pavlo Petri (970).

The most accurately observed dara set assembled so far is chac published by
SCHMIEDT (S1), but as he does not state how mean sea level was established locally, it
must be implicit that there are unresolved errors of the order of 0.2 m.

Since many structures were in use for 2 centuries or more, and since expected relative
rates of sea level change are of the order of 0.05~0.1 m per cenrury, a time error bar of 2
centuries is equivalent to a vertical error bar of 0.1-0.2 m.

In addition, uncertainty arises from our lack of knowledge about acceprable frequen-
cies of flooding or drying our of scrucrures. In short, good observarion and insrrumencal
methods results in an accuracy of the order of 30.2-0.3 m in the best cases, bur refine-
ment beyond this point would require full tidal, storm, barometric, and seasoaal cor-
rection at every site, combined with subjective estimates of permissible frequency of flood-
ing. No site has yet been observed in such derail.

In addition ro those artifacts or structures which produce precise dara, many other
fearures can be classified as w0 whether they must have been dry (e.g. a road surface,
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Fig. 1. Synthetic composite profile of a classical harbour site illuscrating cthe archicectural features
and structures which indicate sea level: (a) above contemporarv sea level, 1) house foundations. 2)
tombs. 3) road. 4) quay upper surface with buildings; (b) partly above and partly below con-
temporarv sea levei, 5) quay and wall on top of breakwarter. 6) lighthouse foundations. 7) storage
tanks. silos, salt pans. 8) quay wall with steps and mooring bollards. 9) tubble bteakwater. 10)
working surface of slipwavs. 11) upper part of fish tanks: (c) below contemporary sea level. 12) base
of quayv wall, 13) Hoor ot harbour channel. 14) bottom end of slipway. 15) tloor of tish canks.
(Horizontal scale arbitrarv}.

mosaic floor. tomb, etc.); part in the water and part out (e.g. mole, quay, slipway, etc.); or
whollv submerged (eg. floor of an entrance channel to a harbour, floor of a fish tank). I
many strucrures exist at a single site, the assemblage may provide a very accurate brackct
Figure 1 shows an idealised cross-section of a site with strucrures which indicate sea level.
At some sites (e.g. Atlit, 193; Dor, 199) structures from different archaeological periods
provide a rejative sea level time curve.

In reassessment of early dara by the principal auchor (especially F1, F2, F3) deri-
vations of sea level and error bars have been revised in some cases on the basis of sub-
sequenr experience. and further data on the site.

The accuracy of vertical displacement and time estimates may not be symmerrical. For
example, a site may have been built ar a known date, or destroved at a known date. but
not both. The date error bar is therefore firmly limited on one side. but extends with di-
minished probability in the other. Similarly, a kev structure such as a mole foundation
may place a lowest possible level on sea level, but there may be no dara to limit the high-
est estimate. The method for allocating probability histograms ro such daw is given in
(F3, F4). In the present paper, since many of the sites have not been personally visited by

the principal author, a more conventional estimate of errors is used, based on symmetrical
error bars.

Choice of reference level

The standard reference level for a survey concerned with precise vertical levelling is usually
the ordnance survey datum for the countrv concerned, or the national benchmark for
mean sea level. The only site known to the present authors for which this has been done is
Marseille (32) which is a standard port with a major tide gauge installation (P 3, p. 17).
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The alcernative choice of reference level is the present observable sea level at the site
itself. There is some logical benetit from this. and some disadvantage. The logical benefic
arises because the purpose of the study is to find evidence for change of relative sea level
at thar site.

The disadvanrage is that mean sea level still must be determined at each site by direcr
measurement. Since there are few Mediterranean ports wich tide gauges (see PSMSL 1976)
and few calculations indicating the relevant time and amplitude of tides in bays and re-
entrants. it is not usually possible to make short term measurements, and cthen use these
to compute the tides relative to a principal port. Any measurements made at a site have to
be regarded as self-sufficient. so far as they go.

Figure 2 shows the boundaries of the regions within which the data are analysed. The
structure of the dara set will be described in terms of the toral dara set and each region
separately. Regions 1 and 3 overlap, but in the present analysis data in the overlap zone are
counted in Region 3. A valid site is a site where at least one estimate of sea level change
and date is recorded. An invalid site is one where no conclusion has been reached on an
estimate of sea level change for any date span. A valid site may be described by several
valid records, and several invalid records. The invalid records in this case refer to periods
in the history of the site for which some data are available but not enough to reach a
conclusion for that period.

Table 1 shows that regions 2, 4, 6, 7, 8, 9, 12, 13, 16, 19, and 21 each contain so few
valid data sites chac full stacistical treatment is not feasible. Regions 2, 4 and 7 are small,
and the available dara can be analvsed in simple machematical terms and by visual in-
spection. Regions 6, 9, 12, and 13, have a great number of inconclusive sites, and starisi-
cal analysis ts not justified on the basis of the very small sample available. chxons 8, 16,
and 19 are large, buc have a low density of settlemencs per km of coast. These regions will
only be analysed in simple tetms.

Figure 3 shows the distribution of dara in time, with mean age, rangc and mean er-
rors for each region. Figure 4 shows a histogram of frequency of occurrence of sites of
different ages.

Figure 4 shows that the dara are heavily concentrated in the last 4.0 ka with a peak
occurrence at 2.0 ka. This peak is a real reflection of the high development of harbour
building during the late Roman Republic and early Imperial years. One-sided estimates
are all earlier cthan 5 ka.

Figure 2 shows a dot map of the distribution of valid sites. On this scale it is not
possible to insert the site numbers. The spacing of valid sites along the coastline, and the
average area conraining one site for each region are’shown in table 1. The vertical error
tange of each dara point was converted into a weight value, and used in the BMDP sra-
tistical tests. See Figure S for the frequencv of occurrence of errors, and the related
weights.

Data analysis
General principles

On theorerical predictions (CLARK & LINGLE 1978: 281, 295 & 296) the eustatic factor in
the Mediterranean may either produce a slight rise above present sea level abour 2000
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Fig. 5. Histogram of frequency of occurrence of errors in estimates of vertical displacement for each
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10 N. C. FLEMMING and C. O. WEBB

years ago, followed by a gradual fall, or it may produce a gradual rise from 1.0 m below
present sea level 4000 years ago, steadily up to present sea level. (F5). NEWMAN et al.
(1980) and other authors have shown thar eusrartic sea level fluctuations of the order of
0.5-1.0 m during the last 5000 years are difficulr to separate statistically from local tec-
tonic and isostatic deformations of coastal regions. No assumprions can therefore be made
abour stable and unstable zones, the type of relative sea level curves to be found in each
region. or the type of absolute common sea level curve which we may deduce for the
whole Mediterranean after removal of tectonic, isostatic, and compaction effects.

A scatter diagram of verrical displacement against age for all valid sites emphasises
the problem (fig. 6). The existence of vertical earch movements is manifest.

[deally the measurement of verrical earth movements and sea level changes would be
based on the same number of dara points in each vertical interval. Figure 7 shows that the
actual distribution of dara is far from ideal. The modal frequency, with 204 occurrences, is
in the verrical inrerval 0.0 to —0.60 m. This mode is largely accounted for by Roman and
Greek ports of age approximarely 2.0 ka. The overall form of the distribution is approxi-

100 -
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Fig. 6. Scatter plot showing the relationship berween vertical displacement (Z) and age (T) for all
valid records. Note the massive concentration of data trending slightly below the axis to 2 ka, and
the bifurcation of the scatter into relatively uplifred and submerged site records.
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mately normal, due to the occurrence of highly uplifted sites in Crete and Rhodes on the
one hand, and the occurrence of a small number of deep water Neolithic sites at the op-
posite end of the scale.

The histogram of frequency of occurrence of rates of verrical change (fig. 8) shows a
pronounced peak ar the range 0.0 to —0.30 m/ka. The mean rate of submergence is
-0.262 m/ka. This implies thar a large number of sites have been submerged at this rate
for at least 2.0 ka. These simple sratistics of the whole dara set confirm, and put on a
broader basis. the proposals of (S1) and (P2) to the effect thar there has probably been a
net average relative sea level change in the Mediterranean of abour 0.4—0.5 m since 2000
vears ago. This rate is also consistent with the regional results for SW Turkey (F3) and
Israel (FG6). However, ﬁg. 8 also shows that the rate of displacement varies from -5.7 to
+4.5 m/ka. Although some of the extreme rates could be rejected as obviously associated
with tectonism, more derailed analysis is required to identify the components of relative
change which can be attributed to eustatic causes and earth movements in such a way as
to explainall the dara.

The dara for verrical displacement and rates of displacement are grouped by region in
fig. 9. Regions show significant differences in mean displacement and mean rates of dis-
placement. The extreme value for the Adriatic is caused by the fact that the only dara for
the region come from a few sites close o the Po delta. The regions also differ in that
some have a2 narrow range ot displacement and rates of displacement, whilst others are
more noisy, with wide ranges. Of the regions with a significant number of daca points,
East Turkcv is quietest on every count. Morocco-Tunisia comes second. Crete, West [raly,
and the Adriatic have the greatest variety in rates of dlsplaccmcnr

The previous discussion is based on simple bulk statistics on the whole dara set and
regions. No distinction has been made between one-sided and two-sided sites, and no al-
lowance has been made for the inclusion of a small number of sites older than 5 ka, from a
period when eusrartic rates of change were probably of the order of 5~10 m/ka. Table 2
shows the effect on the bulk means of including all known dara for a given variable, re-
stricting analysis to valid sites only, and to valid 2-sided sites only. Since the 1-sided sites
are all older than 5 ka, removal of these from the dara set reduces the mean age slightly,
mean displacement, and the mean rate of submergence. The changes are small, and expli-
cable. but do nor alter the previous generalisations.

[t is not possible to apply contoured best fit surfaces to the distribution of earth
movements for the whole Mediterranean. since the analysis of site distribution shows thart
the grouping of sites only justifies extrapolation or interpolation over distances of the or-
der of 50 km. Even that is nisky in the Aegean area where tectonic de-coupling and horst-
and-graben features may occur over distances of the order of 20 km. NEWMAN etal.
(1980) and MARCUS & NEWMAN (1983) have shown thatr valuable results can be ob-
rained applying a spline technique on a continental basis, but in the context of rhe present
study it is not reasonable to suggest that dara on che coastlines measured with an accuracy
of 20—40 cm are going to provide predictions of any comparable value which are appli-
cable to the central Mediterranean sea floor, or the central Anatolian Plateau.

Fitting a polynomial surface, or any ocher analytical surface, to a set of data, is equiv-
alent ro testing a physical hypothesis for rhe explanation of the dara. Thus a planar surface
ficted to the uplifted sites of western Crete is equivalent to saying that western Crete is
tilting as a rigid block (FS, p. 430). An exponential decay fitted to a model of glacial iso-
static recoverv is staring assumptions about the rheology of the mantle and lithosphere

2 Zeitschrift fiir Geomorphologie IN. F. Suppi.-Bd. 62
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Fig. 7. Histogram of the frequency of occurrence
of values of vertcal displacement (Z) in metres.
q The interval width is 0.6 m: records in each in-
terval have g value equal o or less than the label.
All valid records are included.
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14 N. C. FLEMMING and C. O. YWEBB

Table 2. Effect of inclusion of differenc data points on mean values.
All sices A+ B A —only, A, - 2-sided only
1+ 2-sided

Mean Age (ka) 2.381 2.294 2.222

Mean Displacement (m) -0.535 -0.564 -0.436

Mean Rate (m/la) n.a. -0.262 -0.233%

Toral no, of Records 1147 - -

Records of Age - 477 408 - 391

Records of Displacement 409 406 39

Dara records are not complete for all siwes. Some sites have no dara. some have only age data or only
displacement dara, all classified as (B); some have both age and dispiacemnent data (A). Valid (A)
sites may coniain dara records which have displacement indicarors providing accurate estimaces (2-
sided}, or only an upper limit (1-sided). The mean values of various parameters are calculated using
different sections of the toral data ser.

(see discussions in MORNER 1980). In contrast, a conrouring package which joins a series
of cubic splines in order to obrtain a represenration of the dara of arbitrary smoochncss is
not testing a physical hypothesis, ic is depicting the dara graphically for subsequent analy-
sis. In the present case we have chosen to test a wide range of analytical surfaces and
curves on regional subsets of the data. This requires justification.

Firscly, the choice of analytical surfaces is deliberace, since this tests the physical na-
ture of processes at work. Secondly, the choice of long narrow coastal strips for analysis
reduces the dimensionality of the problem. Thirdly, the bunching of the data wichin nar-
row coastal strips more or less dictates such 2 choice, since there is no justification for
bridging large dara gaps over either land or warer. (Highly crenelated coastlines and archi-
pelagos such as Yugosiavia and the Aegean require trearment in more equiaxial regions. )
Finally, fitting an analytical curve by regression results in an objective measure of the
magnitude of residuals in comparison with the explained variance of the dara. Different
hypotheses and models can thus be compared for goodness of fit, and the simplest model
selected which explains most of the dara.

The choice of region boundaries is necessarily somewhar subjective. Very small nar-
row recrangles would be possible, but each one would conain very few dara points, and
statistical tests would be invalid. To fit analycical surfaces and curves of cubic or quartic
degree will require several tens of valid points per region. The larger equiaxial regions
were defined first (fig. 2, regions 6, 7, 10, 12, 13, 14, 16). Then the smaller islands were
given discrete regions (2, 4, 21),

The final criterion was to make the remaining regions as long and s narrow as pos-
sible, and to terminate a region boundary when a change in orientation of the coast would
result in 2 broadening of the region so that sire-to-site inrerpolation would become un-
justified across open spaces of land or sea. The most obvious junction of this kind occurs
at Genoa, at the junction of Regions 1 and $.

Within each region the analyis is based on the following principles. The local regional
sea level curve common ro all sites within the region is assumed to have an analyrical
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form with two or three turning points, expressible as an equation in displacement, Z, and
age, T, only. The earth movements atr each poinr are assumed to occur at a consrant rate
(up or down) averaged over 5001000 vears. Tectonic events are often periodic in nature
(AMBRASEYS 1971; (F9); VITA-FINZI & KING 1985) so that one cannot assume a li-
terally constant velocity. Reversals of a stick- -slip nature may also occur (F5). Never-
theless, a constant rate over the periods of the otder of 500 5000 years is reasonable.

At some sites the assumprion of a constant rate and direction is clearly wrong. (F2)
decribes major reversals of direction in the Naples region. (FS) describes reversals of
movement in southern Crere, and northern Rhodes. (P4) deduces major reversals of direc-
tion in Crete. In the present dara set there is additional evidence for reversal of direction at
least tor shorr periods at Dor (199), Sidon (939), Arvad (931), though the apparent re-
versal could be due to either tecronic or eusrartic factors. At Caesarea (203/1058) there is
evidence thar tectonic activity or local slumping caused half of the city to subside into the
sea. There are thus two dara points of identical dare, and almost identical location, bur
with different altitudes. As a first method all the dara will be treated ac face value, and
these anomalies will presumably resulr in large local residuals. For analysis the location of
each sirte is defined with reference to the corners of the region. Rectangular co-ordinates
X. Y, parallel to the boundaries of the region. are measured in kilomerers.

Results
Regression of displacement on age only

The regions with sufficient data were tested for the dependence of vertical displacement of
sites on age, using a cubic equation. The mean square residuals are shown in table 3. Ad-
ditionally, the regions with the most dara points, 5 and 20, were tested using a quartic
equation. Not surprisingly, residuals were highest for the tegions with obvious tectonic
activity, and lowest for eastern Turkey, which is almost completely stable with respect to
present sea level. Mean square residuals are generally in the range 0.2 to 2.4 m.

The curves for each region, and the mean curve for all the dara, show extreme diversi-

tv (fig. 10). Whilst it may be obvious thar some regions ate more affected by tectonic
activitv than others, the diversity of curves in fig. 10 goes at least some way to explain
why different authors working in different parts of the Mediterranean have obrtained dif-
ferent estimared eustatic curves. The curve for the whole dara set is generally plausible as
an estimate of the eustaric curve for the Mediterranean, suggesting thar, with the very
large data sample, the range of tectonic and sediment-subsidence tactors are distributed
normally, and partially cancel out. The form of the curve for the whole dara ser, and the
scale of the residuals, indicates that curves of 3rd or 4th degree may be adequate models
for the eusratic component of relative change of land/sea level.

Regression of displacement on location

To model the spatial variation it is desirable to allow for doming, tilting, and saddle-point
topographic deformations, requiring cubic or quartic equations in X and Y. A quartic
equation would have 14 terms, which together with the terms (cubic or quartic) relating
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Fig. 10. Best fir curves showing rhe relarionship Z=f(T"), for sire records for each region and the
whole dara set, where Z=verrical displacement in merres; T=age of each site record in ka. Equa-
tions are 3rd or 4th degree depending upon the number of valid records. Valid 2-sided records are

included. Geographically dependent earth movements have not been subtracted from the dara.
Numbers indicate regions.

to age, would make the equation too large to be correlated with any but the largest re-
gional dara sets. In order to reduce the number of terms, the long narrow regions (1, 3, 5,
17 and 20) are analysed principally in terms of the along coast distance, X, using a cubic
or quartic equation. They were then tested for an onshore-offshore component by includ-
ing a linear term in Y. The more equiaxial regions (7, 10, 14, 15, and 18) were analysed in
terms of quadrartic and cubic expressions in X and Y, and Crete (11), quartic.

Since rate of displacement by earth movement is assumed to be constant at each lo-
cation, the observed displacement at a poinr is the product of that rate, and the age of the
site. It is therefore the rate of displacement which must be correlated with location. Since
the mean age of sites is 2.2 ka, residuals based on rate should be approximately doubled
for comparison with the residuals of displacement from the regression on age. The re-
siduals obtained for narrow regions by a regression of rate of displacement on distance
along the coast, using a cubic equation, and on geographical location in terms of X and Y
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for the more equiaxial regions, suggesr chat the variability of the observed dara is ex-
plained at least as much by location as by age.

Regression on age and location combined

The previous analyses suggest that a combined equation should be ar least cubic in age,
and cubic or quartic in locarional co-ordinates, provided that there are sufficient dara. The
general equation is of the form:

Z=TX{(XY)+{T

where f and " are unknown polynomials of degree 2. 3, or 4. In order to reduce the corre-
lation between terms, and improve the efficiency of the regression analysis, it is desirable

to remove the common factor of T from the right hand side of the equation, which then
becomes:

Rate=Z/T=t(XY)+{'T.

For each region variations of this equation were tested, until minimum square re-
siduals were achieved (Table 3). For the linear regions Spain-France shows a reduction of

Table 3. Mean Square Residuals.
A B C D
Region ZXT (1) Z/T x X3 Z/Tx X T ZiITEX Y, T
Whole 3.54 - e -
Linear
1 0.7123 0.2196 0.2048 0.1936
3 0.1814 0.0299 0.0344 0.0371
9 2.3508 1.288 0.1922 0.1608
17 0.0008 0.0002 0.0001 0.0001
20 0.6407 0.2141 0.1947 0.1938
ZoxTm Z/Tx X", Y" (2) Z/T xX"Y"T? (2)
Equiaxial
7 0.4375 0.0456 n.a.
10 4.4280 0.2741 0.2769
11 9.281 0.2042 0.1879
14 0.4832 0.3315 0.2476
15 1.6247 0.1708 0.1356
18 0.9290 0.1490 0.1284

Notes: (1) n=3 or4; (2) n=2, 3, 4 depending on number of data points.

The table shows the mean square residuals for each dara region, and for each tvpe of polvnomial
equation tested. The upper part of the table refers to the linear narrow regions: the lower parr to the
more equi-axial regions. All dara sets utilised valid A dara. 2-sided only. For discussion see text.
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23% when a tactor for offshore tilt is included, and Syria—Israel shows a reduction of 0.5%.
The other linear regions are not improved by including a tilt component. Of the equiaxial
regions, Sicily does not have enough valid points to make a useful test. The Peloponnese
fic remains almost unchanged by inclusion of the eustatic term. For Crete, the highly com-
plex tectonics are well-modelled by the combined equation, and the final residual is very
low. SW Turkey, Rhodes, and Cyprus, all show minimum residuals with the combined
equations.

Eustatic curve in last 5 ka. after removal of earth movements

The regression coefficients of the terms in T, and the constant term, from the best fit
equations, were used to generate polynomial equations for displacement in terms of age
only for each region.

The attempre to solve the equations simultaneously for sea level changes and earth
movements has failed for Regions 1 and 5. For both regions the reason is a lack of dara in
the last 1 ka from relatively stable areas (see fig. 11 A).

Long narrow regions

z 10.0 A
N Spain 1
Morocco 3
W.ltaly 5
- E.Turkey 17
5.0 5 Syria-israel 20
= Y WHOLE X
-
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Fig. 11. Best fit curves showing the relationship Z=f(T"), for site records for each region, after
removal of geographically dependent components representing earth movements. Z=verrtical dis-
placement in mertres: T=age in ka. A=curves for long narrow regions, uncorrected for transfer of
linear component of rate of change between eusraric factor and earth movements; B=equi-axial re-
gions, uncorrected for transfer of linear component of rate of change between eustatic factor and
earth movement; C=all curves from A and B after correction by transfer of linear components of
rate of change to or from carth movements. Numbers indicate regions. In each plor the original
mean plot of Z against T for the whole dara set is reproduced for comparison. The dotted section of
the final curve in C is based on the inclusion of 1-sided dara.
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The curves for Morocco, E. Turkey, and Syria-Israel show similar form, including a
slight oscillation which is lacking from the broad average curve. Morocco shows a slight
low in the last few centuries, and then an apparent rise to + 0.4 m ac 4.0 ka. E. Turkey
shows a low of a few mm during the last few cenruries, levelling out around 2 ka, and
then dropping to -0.1 m at 2.25 ka. Syria~Israel shows a low of -0.22 m at 1.5 ka, a high
of +0.15 m ac 4.5 ka, and then dropping to —0.3 m at 0.6 ka, with a progressive drop for
earlier dates.

The curves for the equiaxial regions have the following characteristics. For the Pe-
loponnese the curve drops fairly steeply, with a point of inflection around 1-2 ka. For
Crete, the curve appears to drop sreeply wich very lictle sinuosiy. For SW Turkey the
curve is quite sinuous, with a point of inflection at 1-2 ka, but the whole curve rising
more steeply than the average. The curve for Rhodes and Karpathos shows a low at
1-2 ka, and a slight high at 4-5 ka. For Cyprus, the curve drops more steeply than
average.

In the regional curves shown in fig. 11a and 11b all the linear component of the type
Z=kT from the combined equations has been included as eusratic. (It would have been
equally logical, as a first assumption, to class the linear component as purely earth move-
ment.)

The regional curves can logically be made more like each other by transferring a linear
component in age to or from the earth movement equations. The resulting curves are
shown in fig. 11 c. The curve for SW Turkey is very similar to that obtained in (F5), and
that for Israel is similar to the curve obrained by cruder methods in (F6).

The analysis suggest that mean sea level relarive to the coast of the Mediterranean has
been very nearly stable for the last 5 ka to within 0.2-0.4 m. The first estimate curves for
Regions 1 and 20 suggest a possibility of a high sea level of the order of +0.2-0.4 m at
around 4 ka, which would be compatible with a climatic optimum, or a relative high sea
level predicted by CLARK & LINGLE (1978) curve type III.

All the acceprable curves suggest a shallow S-form, with a relative low within che last
2 ka, a slight high at 3-4 ka, and then low levels at earlier dates. These variations may
appear only as inflection points on an otherwise rising sea level.

The predicted curve of earth movement for Region 3 (fig. 12) shows a slight subsid-
ence throughout most of the length of the coast with uplift at the eastern end in Tunisia.
If the correction factor of 0.22 m/ka is applied. the average tectonic displacement is
brought very close to zero, which is acceprable. The correction for E. Turkey would imply
an earth movement in the same sense, since the nert rate of relative change of level is zero
(see fig. 12). It is not unreasonable to suggest an aseismic uplift of this coast at 0.18 m/
ka, in view of its location in an area of convergence behind subduction zones, but it is
equally reasonable to suggest that, since none of the sites on this coast is older than
2.5 ka, and many are much younger, the submergence due to an eustatic rise of the order
of 0.1 to 0.2 m during the last millenium has not been detected. The first estimate of
carth movements along the Israel-Syria coast suggests subsidence of -0.2 m/ka in the

.
-

Fig. 12. Plots of regional earth movements, after removal of the eustatic component. For the long
narrow regions the mean rate of displacement in m/ka is plocted along the coasr as a function of
distance in hundreds of km. Disrance is measured along the X-axis of the Region. For the equi-axial
regions, plots are shown as contours of rates of verrical movements in m/ka.
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south. most of the coast very nearlv setable. and uplift ot the order ot 0.1 m/ka in Svria.
The suggested correction would reduce the subsidence in the south and increase che uplift
in the north.

Eustatic curve before 5 ka

Most data older than 5 ka is 1-sided. The mean curve in fig. 10 is based on 2-sided dara,
and the one-sided points suggest that the curve should be considerably lower. The scatter
at this age is considerable, and the number of points very few, scattered between Israel.
the Aegean. and the Srraits of Gibraltar. Whilst the mean curve in fig. 10 does not sug-
gest a steep enough curve based on other evidence (MARCUS & NEWMAN 1983) the data
set, including the 1-sided points, is compatibie with a much steeper curve, dropping to
about —10 m at 7 ka. This section of the curve has been added 1s a dotted line in fig. 11c.

Earth movements

For the long narrow regions the predicted pattern of mean earth movements is shown in
fig. 12a. There are no data south of Naples so that the dara from this volcanic region se-
verely distorts the plot for West Iraly. The most probable corrections to be applied have
been discussed in the context of the eustatic curves. At this highly smoothed levei, with a
wavelength of 100s of km, the effects of local faulting are concealed, and these show up as
high residuals. The most obvious effects are the broad subsidence of the Golfe de Lions-
Rhone Delra region, the uplift in Tunisia, and the slight uplift in Syria. These phenomena
are not altered, relatively speaking, by the application of the small correcuons from the
eustatic curves.

The highest residuals, and/or rates of earth movement, are conccntratcd around
Caesarea in Algeria. Naples, SW Crete, the Cesme Peninsula of west Turkey, the Kekova-
Kas region in south Turkey, and Caesarea-Acco in Israel.

Regional patterns of earth movement have been plotted previously for the equiaxial
Regions 10, 11, 14 and 15, (F5). The techniques used in the present study are similar to
those used previously for these regions. aithough the computer software was different.
Plots trom the present study have been compared with the earlier resules, and are very
consistent. Since the earlier work contained more detailed considerations than can be set
out in the present work, the curves from (F5) are reproduced in fig. 12 b.

I

Discussion

The vertical relative displacements identified in the present study are relevant to the his-
tory of earth movements in the Mediterranean, and to the regional eustaric sea level curve
for the area. The curve is described as regional because of the continental-scale variation
predicted by CLARK et al. (1978).

The number of dara points used in the present survey is 406, located at 335 separate
locations. The spatial distribution has already been discussed. Previous authors using
archaeological methods have studied the numbers of sites shown in table 4. Each author
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Table 4.
Region Sea level estimates and accuracy stated by authors
Aegean only NEGRIS 1904 18 sites  -3.0 m at 2000 BP
-3.5 mac 2500 BP
—-5.0 m at 4000 BP
Whole Mediterranean GNIRS 1908 67 sites —-1.75 m*£0.3 m ar 2000 BP
Whole Mediterranean HAFEMANN 1960 57 sites -2.0m 0.3 m at 2000 BP;
-2.6m *0.2 m at 2500 BP
Whole Mediterranean FAIRBRIDGE 1961 -2.0 m at 2000 BP
West Mediterranean FLEMMING 1969 54 sites 0.0 m £ 0.5 m at 2000 BP
W. Italy coast SCHMIEDT 1970 19 sites  -0.65 m £0.25 at 2000 BP
and rising at 1.4 m/ka.
S.W. Turkey FLEMMING 1972 32 sites  —0.3 m£0.3 m ar 2000 BP
Whole Mediterranean PIRAZZOLI 1976 121 sites -0.4 m X 0.1 m at 2000 BP
N.E. Mediterranean FLEMMING 1978 202 sites  -0.3 m 03 m at 2000 BP
Israel coasc FLEMMING et al. 1978 54 sites —0.5 m£0.3 m at 2000 BP

Previous authors have usually stated their results with upper and lower bounds, rather than esti-
mates of etrors at individual sites. These estimates have been taken at face value and listed in
Table 4. Sources of errors in the early works are discussed in the text. The estimated eustatic change
of sea level in the Mediterranean in the lasr 2000 Years has changed from 3.0 m at the tum of the
century to about 0.4 m in recent years.

* has tended to use the dara of previous authors in each region. The present survey has used
dara from almost twice as many sites as any other analysis. Of the 335 locations cited, over
270 have been surveyed in the field by the principal author.

Comparison of eustatic curves

The best fit eusratic curve for all regions (fig. 11¢) in the present survey shows a low-of
~0.2-0.7 m at 1000 BP; a point of inflection or a high of -0.2-0.5 m at 3000-4000 BP;
and a steady rise from 7000 to 5000 BP. At no time did the sea level rise above present sea
level to within the accuracy of the present study. That is, no eustartic oscillation occurred
above present sea level with an amplitude greater than 30 cms, and a duration greater than
about 400 years, in the Mediterranean area. The curve therefore conforms to CLARK &
LINGLE type IV, which is consistent with their predictions.

The present results, with quantified error estimates, are consistent with those of other
authors published since 1969, fill in the curve with a grear deal more derail through the
last 2000 years, and extend it with considerable reliability to 5000 BP, and some prob-
ability to abour 7000 BP. At thar age other methods begin to take over. The evidence of
the present data provides a more accurate estimate of the eustatic curve for the ares,
separated from the contamination of earth movements, and makes it extremely unlikely
that chere have been eusratic fluctuations of the order of 0.5 m or more.

(P1, P2) based in patt on the dara of (S1) suggests thar thete is evidence for a pro-
gressive rise of sea level by 30 cms berween 2300 BP and 1900 BP. The evidence of the
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present anaiysis shows that cthe curve for West Iraly based on age onlv (fig. 10} contirms
this crend in the Italian data. The trend is apparent independently of the extreme values
around Naples. This curve stands out as an anomaly in fig. 10, and is not typical for the
whole Mediterranean.

GORNITZ eral. (1982) use tide gruge data from 193 stations worldwide to deduce
that global eustaric sea level has risen 0.1 m during the last 100 yeass. This is deduced as
being the consequence of the heating of the upper layer of the ocean above the ther-
mocline. with consequent expansion of that warer mass. The compurcd sea level-time
curve is highly correlated with the mean air temperature with a time lag of 18 years. This
model of cause and effect is more responsive to short term temperature changes and cli-
matic flucruations than a model based on glacial eustatic control. However. the roral
magnitude of the effect can only amount ro a few tens of cms. On the assumption that
the climate has been fluctuating abour a constant temperature for the last 5000 years the
thermal expansion factor should not have contributed to any net rise of sea level since
5000 BP. On the other hand, medium term fluctuations such as the "Litcle Ice Age”
would have resuited in both a small glacial eustatic drop and a thermal drop in sez level.
The results of the present analysis show a low at abour 0.5-1.0 ka for several regions.
although this may onlv be manifested as a reduction in the gradual rise of sea level. The
magnitude of the fluctuation is of the order of 10-20 ¢ms over 1000 years.

The rate of change of sea level indicated by GORNITZ et al. (1982) of 0.1 m per 100
years is not sufficient to introduce any detectable alteration in the observarions due to the
cacliest and latest dare of fieldwork cited, largely because errors in the early work were of
the order of 0.5 m in most cases. However, if the results of the present survey were to be
compared with field data in 50 years time, 2 change might be derecred.

Correlation with plate boundaries

Figure 13 is a simplified dizgram representing the locarion of plate boundares in the
Mediterranean, derived from various authors.

The most extensive quier zones revealed by the present study, Gibraltar to Genoa
(Region 1) and Antalya to Iskenderun (Region 17) are both far from active plate bound-
aries. In genéral there is a broad correlation berween proximity of a plate boundary, and
degree of vertical tectonic morion averaged over several thousand years.

The Hellenic Arc is associated with consistent evidence for rapid uplift on the outer-
most islands {Antikythera, Crete, Karpathos, and Rhodes), with the most rapid rates of
movement observed anywhere in the Mediterranean (9.5 m in 2000 years, SW Crete).
(P4) proposes that the notches observed in these locations were formed during a pro-
gressive descent, followed by 2 single massive uplift. Whilst the present authors doubr
this model, it may be confirmed, and this would establish the association of arc tectonics
and rapid vertical movement even more clearly. (F5) tested computer ficted regression
surfaces to the darta for Crete and Anrtikythera considered both as a conrinuous unit, or as
separate units. The residuals are much lower when the islands are considered separately,
and it is therefore logical to consider them as de-coupled by the active faulting in the
Antikythera Channel (see MCKENZIE (1972) for evidence of recent seismicity).

One concludes that the islands of the Hellenic Arc are broken into coherent slabs of
typical dimension 50-100 km, which are clting as monolithic de-coupled units in re-
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Fig. 13. Plate boundaries, simplified from PETERS (1985).

sponse to the underthrusting of the subduction zone. PETERS (1985: 208) reports similar
tilting on the Quaternary timescale for the eastern region of Crete.

The evidence for the Calabrian Arc is less clear. Apart from the Messina carthquake of
1908, and the obvious volcanism of the Lipari [slands and the Bay of Naples, the majority
of archaeological sites in the area fail o produce data. The Bay of Naples shows the
greatest range of vertical movement, aftet SW Crete, but this is associated with volcanism
rather than the immediate effects of subduction (GU 1; F2).

The incidences of most rapid upward movement of the Mediterranean coast are thus
from the arc areas, with rates of the order of 5 m/ka. The coast of Israel is moderately
active with vertical movements of 5 m at Caesarea (203/1058) and possibly 2 m at Dor
(199) and 1.0 m at Acco (182). Bur these movements seem to be localised around the
Carmel-Qishon Graben, rather than being direct effects of the plate boundary. The exist-

ing dara do show a correlation of submergence with local faulting, although’this may re-
quire furcher inrerpretation.

Correlation with modern and historical seismicity

[n the eastern Mediterranean southern Turkey and northern Cyprus are aseismic, and
cotrelate with vertical stability. The Levant coast and Cyrenaica are moderate on both
counts. The Hellenic Arc shows dramatically high rates of seismicity, with the greatest
concentrations of large events in Rhodes and SW Crete, where the highest rates of verrical
movement are measured. We do not have data for the [onian islands and Achaia, where
similar seismicity is recorded. The vertical activicy of the Gulf of Corinth correlates wich
that of high current seismiciry.

Although the present dara set is not complete in some of the most interesting areas,
there is strong indication that observed relative verrical displacements are correlated with
local seismicity during recent years. (FS, p.444) showed that the data for the NE
Mediterranean correlate with the evidence from AMBRASEYS (1971) for historic seis-
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micity. Hisrorical seismicity for France (VOGT 1979; GAGNEPAIN-BEYNEIX er. al. 1982:
274), and [ralv (ENEL 1977) provide source material for further historical comparisons.

Conclusions

1. The best estimate of the eustaric sea level curve which can be derived from archaco-
loglcal dara in the Mediterranean is shown in fig. 11c. The curve is probably accurare to
+0.3 m up ro 2.0 ka: and £0.5 m ar 5 ka. For ages from 5.0~ 10.0 ka the curve is based on
too few dara poinrs to be reliable, and should probably be considerably lower. The evi-
dence of 1-sided dara points confirms this, but does not generare an accurate curve.

2. The 10 regions discussed in this paper with sufficient valid dara can be categorised
in terms of their partern of tecronic activity and subsidence due to sedimentary accumu-
lations, isostasy, ot compaction. These characteristics are summarised in fig. 12.

3. Vertical tectonic movements in the 10 regions over several ka correlate closely wich
plate boundaries. seismicity, voicanism, and acrive faulting.

4. Aseismic subsidence occurs in the Golfe de Lions area, emphasised by isostatic
loading of sediments on the continental shelf from the various rivers, especially the
Rhone.

5. The Scraits of Gibraltar have been vertically stable to within £0.3 m for the fast
2.5 ka, and there is no evidence for verrical acrivity in the previous period back to 10 ka.

6. Previous published estimates of eustatic curves for the Mediterranean have been
based on parual or regional data sers. Some have, by judicious sampling, produced es-
timares of speczﬁc sea levels ar given dates which are close to the present results. Others
have chosen regions or samples which have produced estimates of eustatic curves which
differ from the present results, These differences can be accounted for largely by the rec-
tonic patterns of each region, and by the comparative regression curves shown in fig. 10.

7. Ten regions produced insufficient dara for full analysis. The existing dara from
these cegions does not conflict with the present models, but further dara would 2dd to the
understanding of Mediterranean tecronics. In particular, dara would be very useful for the
Adriatic, North and South Aegean, and the coast of Egypt. There are ample potential data
sires in these regions {see table 1).

8. The present estimated sea level curve is reliable to within the limits scated. for the
Mediterranean. for the last S ka. It can therefore be used to derive earth movements at
new sires at which displaced sea level indicators are discovered, to within these limics. in
the Mediterranean. '

9. The best estimare eusratic curve conforms to Type IV according to the classifi-
cation proposed by CLARK eral. (1978) and CLARK & LINGLE (1978). Although the
maps published by these authors are not precise abour the type of curve to be expecred in
the Mediterranean, the present resulr is consistent wich che prediction that the curve
should be of Type 111 or IV.

10. The regional curves, and the best composite curve, suggest 2 rapid rise of sea level
up to abour 5~6 ka, with a maximum or point of inflexion ar abour 4 ka, followed by 2
slight lowering of sea level or 2 reduction in the rare of rise between 2 ka and 1 ka, fol-
lowed by a rise to present sea level. The low, or reduced rate of rise, around 1-2 ka may
possibly be correlated with climaric fluctuation, superimposed on the CLARK & LINGLE
(1978) Type 1V curve, or mav be 2 component of Type I1l.
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11. The present methods identify long-term trends with temporal periodicity of the
order of 500 vears. and spatial periodicity of the otder of 100 km. Features with shorter
wavelengths appear as high residuals. Local studies with reliable rime series in a small area
may reveal relatively short-term on-lap and off-lap sequences, or may indicate morte oscil-
lations in the telative sea level curve, and these can be genuine features. However, it is not
possible to detect whether they are earth movements or eustartic oscillations. Ultimarely
the tesolution of smaller features can only be obrained by time series of 20 or more re-
liable dates and depths for the last 5 ka at each of hundreds of locations, implying a dara
set of many thousands of data points.

12. The regional contour partterns of rates of vertical displacement represent smooched
models of the net effects of tectonic and isostatic processes. Local faulting, discontinuities.
grabens, etc., are not modelled individually by this process. These can be analysed at least
in part by study of residuals. There has been no space to analyse residuals in the presenc
paper, but in future work these will be correlated with local geophysical and sedimentary
facrors.

13. The method could be extended more effectively into the time range 6 ka—10 ka by
gathering data from the large number of Neolithic sites which probably exist on the
Mediterranean continental shelf. RENFREW (1972) and MELLAART (1975) plot large num-
bers of coastal and island sites of this period. and sufficient discoveries underwater have
been made in the last decade to suggest that many more will be made.

14. The extensional normal faulting of the Aegean may be associated with complex
patterns of rotation on listric faults. The data potentially available in the Aegean from ar-
chaeological sites not yet measured for vertical change could be used to check this model.

15. The distribution of earth movements derived from the present dara can be used in
the planning of coastal defences and coastal construction projects with a time span of S0
years or more in the Mediterranean.

References

AMBRASEYS, N. N. (1971): Value of historical records of earthquakes. — Narure 232: 375-379.

BLACKMAN. D. J. (1973): Evidence of sea level change in ancient harbours and coastal installations.
~ Colston Pap. 23:114-137.

- (1982): Ancient harbours in the Mediterranean. Part. 1. - Int. Jout. Naut. Arch. 11: 79-104.

- (1982): Ancient harbours in the Mediterranean. Parr 2. - [nt. Jour. Naur. Arch. 11:185-212.

CLARIS, P. & P. O. COLLINSON (1977): The Cambridge expedition to Gemili and Kekova. — Ex-
pedition report. 17 pp.

CLARK, J. A., W. E. FARRELL & W. R. PELTIER (1978): Global changes in postglacial sea level: A
numerical calculation. — Quart. Res. 9: 265-287.

CLARK, J. A. & C.S. LINGLE (1978): Predicted relative sea-level changes (18.000 years BP to pres-
ent) caused by late glacial retreac of the Anrarctic ice sheet. — Quar. Res. [1: 279-298.

ENEL (1977): Caralogue of [talian earthquakes from the vear 1000 through 1975. in ape form (cit-
ed by CAPUTO 1981. q.v.).

FAIRBRIDGE, R. V. (1961): Eusratic changes in sea level. — Physics and Chemsitry of the Earth,
Pergamon Press. London 4: 99-185.

FLEMMING, N. C. (1968): Holocene earth movements and eustaric sea level in the Peloponnese. -
Nature 217: 1031-1032.

- (1969): Archaeclogical evidence for eustatic changes of sea level and earth movements in the
Western Mediterranezn in the last 2000 vears. — Spec. Pap. Geol. Soc. Am. 109: 1~125.

3 Zeiuchrift fiie Geomorphologie N. F. Suppl.-Bd. 62



28 N. C. FLEMMING ahd C. O. WeEBB

- (1972): Eustaric and tecronic facrors in the reiative verrical displacement of the Aegean coast. —

In D. ). STANLEY {ed.): The Mediterrangan Sez. Dowden. Hurchinson. & Ross. Stroudsburg
. 189-201.

FLEME;AING‘ N.C.. N. M. G. CZARTORYSKA & P. M. HUNTER (1973): Archaeological evidence tor
eustatic and tecronic components of relative sea level change in the South Aegean. ~ Colston
Pap. 23: 1-63.

- (1978): Holocene eusrtaric changes and coastal tectonics in the northeast Mediterranezn: impli-
cations for models of crustal consumption. ~ Phil. Trans. Roy. Soc. London. A. 289: 405 —438.

FLEMMING, N.C.. A. RABAN & C. GOETSCHEL (1978): Tecronic and eustatic changes on the
Medirerranean coast of Israel in the last 9000 vears. — Progr. Underwater Sci. 3: 33-93.

~  (1979): Archaeological indicators of sea level. — Oceants 5: 149166,

FROST. H. (1972): Ancient harbours and anchorages in che eascern Mediterranean. ~ In: Underwater
Archaeology, a Nascent Discipline, UNESCO, Paris: 95-114.

GAGNEPAIN-BEYNEIX. J., H. HABsSLER & T. MODIANO (1982): The Pyrencan earthquake of
February 29, 1980: an example of complex faulting. — Tectonophvsics 85: 273 -290.

GNIRS, A. (1908): Beobachrung iiber den Fortschrite einer sikularen Niveauschwankung des Meeres
wihrend der lerzten zwet Jahrrausende. ~ Geogr. Ges. Wien Mitr. 51: 1~56.

GORNITZ. V.. S. LEBEDEFF & J. HANSEN (1982): Global sea level wrend in the past century. ~ Sci-
ence 215; 16111614,

GUERY, R.. P. A. PIRAZZOL! & P. TROUSSET (1981): Les variations du niveau de la mer depuis Ian-
tiquité & Marseiile et 2 l2 Couronne. —~ Histoire et Archéologie 50: 8~ 27.

GOUNTHER. R. T. (1903): Earth movemencs in the Bay of Naples. - Geogr. J. 22: 121-269.

HAFEMANN, D, (1960): Anstieg des Meerespiegels in geschichdlicher Zeit. - Umschau 60:
193~196.

~  (1963): Die Niveauverinderungen an den Kiisten Kreras seit dem Alcerrum. - Abh. math.-
naturw. KI. Akad. Wiss. Mainz 12: 608-688.

LE GALL. J. (ed.) {1981): Ports er villes engloutis, — Histoire et Archéologie 50: 5 -87.

LEHMAN-HARTLEBEN, K. (1923): Die antiken Hafenanlagen des Mittelmeers. — Klio. Monograph.
14.

McKENZIE, D, P. (1972): Active tectonics of the Mediterranean region. — Geophys. J. R. Astr. Soc.
30: 109~185.

MaRrcus, L. F. & W.S. NEWMAN {1983): Hominid migracions and the eusratic sea level paradigm:
a critique, — In MASTERS, P. M. & N, C. FLEMMING (c¢ds.) Quaternary Coastlines and Marine
Archacology, Academic Press. London: 63-85.

MASTERS, P. M. & N. C. FLEMMING (eds.) (1983): Quaternary coastlines and marine archaeology. —
Academic Press. London, 641 pp.

MORNER, N. A. {ed.) (1980): Earth Rheology, [sostasy and Eustasy, — Wiley. New York. 599 pp.

NEGRIS. P. (1904): Vestiges antiques submergées. — Athenischer Mitt. 29: 230~ 363.

NEWMAN, W. S. F. MARCUS, R. R. PARDI, J. A. PACCIONE & S. M. TOMACEK (1980): Eustasy and
deformation of the geoid: 1000-6000 radiocarbon vears BP. In MORNER, N. A. (ed.), Earch
Rheology, Isostasy and Eustasy. Wilev, New York, pp. 555 ~561.

PASKOFE. R.. P. TROUSSET & R. DALONGEVILLE (1981): Sur les cdtes de Tunisie, la montée des
ezux depuis 2000 ans. ~ Histoire et Archéologie 50: 52 -59.

PASKOFF, R. & P. SANLAVILLE (1983): Les cotes de la Tunisie. variations du niveau marin depuis le
Tyrrhénien. - Maison de 'Orient Mediterranéen, Lyon, 192 pp.

PETERS, J. M. (1989): Neogene and Quaternary vertical tecconics in the south Helienic 2rc and cheir
effect on concurrent sedimencation processes. — GUA Pap. Geol., Ser. 1. No. 23. Drukkerij
Elinkwijk BV, Utrechr, 247 pp.

P1rAZzOUL P. A. (19762): Sea level variation in the Northwest Mediterranean during Roman dmes.
- Saience 194: 519-521.

~  {1976b): Les variations du niveau mann depuis 2000 ans. — Mem. Lab. Géomorph. Ecole
Pratique Haures Ecudes 30: 1-421.



o

Tectonic and Eustaric Coastal Changes 29

PIRAZzOLIL. P. A.. Y. THOMMERET, J. LABOREL & L. F. MONTAGGIONI (1981): Les rivages emerges
d’Antikythera (Cerigotro): correlations avec la Créte occidentale et implicarions cinématiques
et géodvnamiques. - CNRS Univ. Paris, Inst. Géog.: 49-65.

PSMSL (1976): Monthly and annual mean heights of sea level. — Permanent Service for Mean Sea
Level, UNESCO-FAGS. Inst. Oceanog. Sci. Bidston, England. 1000 pp.

RABAN, A. (1981): Recent maritime archaeological research in Israel. — Int. Jour. Naut. Arch. 10:
287-308.

—  (1983): Submerged prehistoric sites off the Mediterranean coast of Israel. — In MASTERS, P. M.
& N. C. FLEMMING (eds.), Quaternary Coastlines and Marine Archaeology, Academic Press,
London. pp. 215-232.

RICKARDS, L.J. (1985): Report on sea level dara collected during the MEDALPEX experiment

from Lst Seprember 1981 to 30th September 1982. — Intergovernmental Oceanographic Com-
mission, UNESCO. Paris, 170 pp.

SCHMIEDT, G. (1972): 1l livello antico del mar Tirreno. — Leo Olschki, Firenze, 323 pp.

SPRATT, T. A. B. (1965): Travels and Researches in Crete. | and 2, J. van Vorst, London.

STRIEM, H. L. (1974): Storm surges and unusual sea levels on [srael’s Mediterranean coast. — Inc.
Hydrogr. Rev. 51: 59-70.

VITA-FINZI, C. & G. C. P. KING (1985): The setsmicity, geomorphology and structural evolution
of the Corinch area of Greece. — Phil. Trans. R. Soc. Lond. A. 314: 379-407.

VOGT, J. (1979): Les tremblements de terre en France. -~ Mem. Bur. Rech. Geol. Min. 96.

YORKE, R. A. & D. P. DAVIDSON (1969): Roman harbours of Algeria. — Maghreb Project 1968,
Expedition report, 42 pp.

YORKE, R. A., D. P. DAVIDSON & J. H. LITTLE (1973): Penrapolis Project 1972: A survev of anci-
ent harbours in Cyrenaica, Libva. - Expedition report. 12 pp.

Annex 1: Abbreviarions for references used in cexr.

B1, BLACKMAN 1973 FM1, MASTERS & FLEMMING 1983  P1, PIRAZZOLI 19762

B2, BLACKMAN 1982 a,b. FR1.FROST 1972 P2, PIRAZZOLI 1976 b

F1, FLEMMING 1968 GN1, GNIRS 1908 P3, GUERY et al. 1981

F2, FLEMMING 1969 GU1. GUNTHER 1903 P4, PIRAZZOLI er al. 1981

F3, FLEMMING 1972 H1, HAFEMANN 1960 PAl. PASKOFF & SANIAVILLE
F4. FLEMMING et al. 1973 H2, HAFEMANN 1965 1983

FS. FLEMMING 1978 LG1. LE GALL 1981 PA2, PASKOFF et al. 1981

FG, FLEMMING et al. 1978 LH1. LEHMAN-HARTLEBEN 1923 R1, RABAN 1981

F7, FLEMMING 1979 N1, NEGRIS 1904 R2, RABAN 1983

S1, SCHMIEDT 1972

Address of the authors: Dr. N. C. FLEMMING and Dr. C. O. WEBB, Institute of Oceanographic
Sciences, Brook Road, Wormlev, Godalming, Surrev GU8 5UB, U.K.






sNNEXZ 2

Tectonophysics, 148 (1988) 59-72 59
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

Monthly mean sea levels in Greece during 1969-1983
compared to relative vertical land movements
measured over different timescales

N.C. FLEMMING ! and P.L WOODWORTH *

! Institute of Oceanographic Sciences Deacon Laboratory, Brook Road, Wormiey, Surrey GU8 SUB (Great Britain)
2 Proudmon Oceanographic Laboratory, Bidston Ohservatary, Birkenhead, Merseyside L43 7RA (Great Britain}

(Receaived August 11, 1987; revised version accepted November 9, 1987)

Abstract

Flemming, N.C. and Waodworth. P.L., 1988. Monthly mean sea levels in Greece duning 1969-1983 compared to
relative vertical land movements measured over different timescales. Tecsonophysics, 148:59~72.

Sea levet data from 16 tide gauge stations in Greece have been used in an analysis of the seasonal cycie of mean sea
level in Greek waters together with an investigation of the interannual variability of sea level in the region for the
period 1969-1983. The recorded seasonal cycle is found to vary considerably across the area and to agree well with sea
level observations from neighbouring coastlines. The Greek data result in knowledge of the mean sea level seasonal
cycle being now available from throughout the northeastern Mediterranean. An overall drop of sea levels is observed
during the mid-1970’s, while the larger peaks and dips in the records are found to be coherent over the whole area and,
on several occasions, to be generai to the entire northern Mediterranean.

The tide gauge data set has also provided measurements of the secular trends in relative mean sea levels over the
same 15-year period. A wide geographical variation of sea level trends is observed spanning a range from +21 to —11
mm/yr (measured relative to sea levels at Katakolon). After inversion. these measurements provide estimates of
relative vertical land movements of the present epoch which can be compared to those obtained from archaeological
and geological sources, i.e. changes over timescales of thousands, tens of thousands and tens of millions of years.
Differences in the sign and magnitude of the relative vertical land movements of this geologically complicated region
obtained from the different data sets are discussed in detail. It is shown that the direction of vertical movement
recorded by the tide gauges correlates well with that observed over longer periods and that, with relatively few
exceptions, sites which are uplifting (submerging) relatively rapidly over one Limescale are uplifting (submerging)
relatively rapidly at all timescaies. While the rate of vertical movement throughout the Aegean and southern Greece
usually preserves the same sign at a given site over timescales of 10! -107 yrs, its magnitude decreases approximately by
a factor (1/T)%4, where T is the measurement averaging period.

Introduction

The measurement of sea levels at sixteen sites
in Greece over the period 1969-1983 by the Hel-
lenic Navy has enabled a determination of the
average seasonal cycle of mean sea level in Greek
waters, a description of the interannual variability
of sea levels over the 15-year period and an inves-
tigation of the current rates of relative vertical
land movements between sites. The latter, a mea-
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sure of movements over decadal timescales, has
been included in a comparison to measurements
of vertical land movements observed over time
scales of 10? to 107 years from archaeological and
geological sources.

In this article we first present the results of the
analysis of the seasonal and interannual variations
in Greek sea levels, as a demonstration of the
quality of the data and its regional coherence.
There then follows a comparison of the rates of
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relative sea level trends and vertical land move-
ments determined from the data sets of sea level
changes over different timescales.

The Greek tide gauge data set

Monthly and annual mean values of sea level
from sixteen stations in Greece over the period
1969-1983 were obtained from the Permanent
Service for Mean Sea Level (PSMSL), Bidston
Observatory, U.K. These data had in turn been
suppiied to the PSMSL by the Hydrographer of
the Helleriic Navy. Short records of sea level mea-
surements also exist for Greece prior to 1969
(Pugh et al.. 1987) but the earlier records in the
main do not contain controlled benchmark datum
stability and are. therefore. not suitable for studies
of sea level trends. The sixteen 15-year records
provide a unique data set of sea level changes
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Fig. 1. Locations of the Greek tide gauges.

across the largest network of gauges in the eastern
Mediterranean (Fig. 1).

Sea levels at each site were measured with
respect to a single fixed local benchmark on land;
no information is available from geodetic methods
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Fig- 2. Monthly values of sea level at each station relative to that at Katakolon. Note that an arbitrary vertical offset has been applied
to each time series for plotting purposes. The arrows indicate the changeover from tide pole to stilling well gauges (no arrow implies
continuous stilling well operation). Katakolon itseif switched over in November 1979.
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which would enable sea levels at one site to be
related to those at other sites. Most measurements
were obtained from gauges recording hourly
heights and employing stilling wells, although for
the majority of stations the stilling well technique
has only been in operation since the mid-1970’s
when it replaced tide pole measurements. The
arrows shown with the time series of Fig. 2 indi-
cate when the changes took place; in each case
there appears to have been no systemmatic shift in
sea level due to the changeover.

The analyses described below make use of the
entire 1969-1983 data set as obtained from the
PSMSL with two exceptions:

(1) Data from Kavalla (northern Aegean) were
not used, reducing the number of stations to fif-
teen. The sea level record at Kavaila is consider-
ably more variable than those of the other stations
and exhibits little coherence with neighbouring
station records.

(2) Data from Levkas for 1979-1980, which
appear anomalous and which may be associated
with the tide pole to stilling well conversion, were
not used in the analysis.

All the time series contain many short gaps, the
record from Katakolon being the most complete

Number of monthly mean values of sea level available from each station for the period 1969-1983; number of complete years of data
(Jan-Dec) during 1969-1983; amplitude (mm) and peak month (from the beginning of the year) of the observed annual and
semi-annual cycles of sea level; rates of change of sea level (in mm/yr) relative to that at Katakolon *

Station No. of No. of Annuaj cycle Semi-annual cycle Relative
monthly compliete m amp peak trend
means years

Preveza 96 2 - - - - -56+1.1

Levkas 120 6 58 11.5 9 4.5 34+1.1

Posidhonia 133 7 17 83 10 04 ~-341x12

Patrai 139 7 37 110 7 49 213+13

Katakolon 166 8 4?2 10.3 13 21 -

Kalamai 136 4 55 10.0 11 11 57+1.0

Piraievs 137 8 38 8.8 26 0.7 ~04+0.8

Khalkis north 139 6 23 103 19 0.3 -24+13

Thessaloniki 156 10 32 7.6 11 0.0 1.0+£09

Alexandroupolis 145 3 - - - - -17+1.1

Khios 148 5 26 10.9 19 0.2 42+1.0

Siros 147 7 53 7.6 25 0.7 -11.2+13

Leros 115 3 - - - - -09+09

Rodhos 146 6 18 8.4 9 14 ~59+12

Soudhas 163 8 46 8.1 5 .20 ~-55+08

* See the text for a discussion of errors on the trends
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while that from Preveza contains measurements
from little more than half the total number of
months. Table 1 shows the number of monthly
means of sea level available from each station.

Average seasonal cycle of mean sea level

The 15~vear Greek sea leve! data set enables an
accurate assessment of the average seasonal ¢ycle
of mean sea level in lonian and Aegean waters,
These estimates can be used as a comparison to
oceanographic computations of the seasonal varia-
tions in water density and meteorological forcing
(Pattuflo et al., 1955: Woodworth. 1984). In ad-
dition. the average seasonal cycle can in principle
be employed. along with tidal and barometric
terms. as a small correction factor to estimates of
current sea levels. relative 10 historical sea levels.
obtained during short archasciogical and geologi-
ca] field surveys {Flemming and Webb. 1986).

The seasonal cycle of mean sea level in Greece
has a peak-to-peak swing of the order of a deci-
metre with a maximum in lzte summer (approxi-
mately August) in the Aegean or Crete. and a
maximutm in the latter months of the year along
the [onian coast. Figure 3 shows the seasonal cycle
for the seven stations with the largest number of
complete vears of data (i.e. Jan-Dec).

Each observed seasonal cycle can be described
as the sum of an annual cycle. a semi-anaual cycle
and higher harmonics. Table 1 lists the parameters
describing the annual and semi-annual cycles for
those stations containing at least 4 complete years
of data, The four stations on the loman coast
(Levkas, Patrai, Katakolon and Kalamai. see Fig.
1) all show large annual amplitudes with a peak in
early December for the two northernmost and
early November for the two southernmost. How-
ever, their semi-annual cycles can be seen to be
very different with all amplitudes around a deci-
metre but with a peak in May (and November) for
Levkas and Patrai in the north., March for
Katakolon and February for Kalamai. The ob-
served phases of the northemn siations are con-
firmed by inspection of neighbouring Adriatic data
{(Woodworth, 1984)., At Split in Yugoslavia the
annual cycle was found from two separate data
sets to have an amplitude of approximately 50 mm
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Fig. 3. Average seasonal cyce of mean sea level at the seven
stations with the largest number of compiete vears of data.

peaking in mid-December and a semi-annual cycle
of approximately 25 mm amplitude peaking at the
start of June, There is, therefore, a clear phase
progression of the seasomal cycle from north to
south along the Adriatic-Ionian coast as one goes
from a typical eastern Adriatic cycle (annual peak
in December, semi-annual peak in June) to a
typical Aegean~Mediterranean cycle (annual peak
in late sumner, semi-annual peak around January)

In the Aegean, the annual cycle is observed to
mostly peak in August or September, although
Khalkis North and Khios in mid-Aegean show
evidence for an annual peak i November.
Meanwhile. the semi-annual cycle can be seen to
be more comparable in ampilitude to the annual
cycle than is the case for the Ionian siations, and
to peak very early in the year. Woodworth (1984)
also includes neighbouring data from [zmir.
Turkey which show similarly an annual cycle of 36
mm amplitude peaking in {ate August and a semi-
annual cycle of 21 mm amplitude peaking in



January. Interestingly, Posidhonia, in the Gulf of
Corinth on the Ionian side of Greece, has a sea-
sonal cycle more typical of Aegean than Ionian
stations.

We make no attempt here to explain the distri-
bution of the seasonal cycle of mean sea level in
terms’ of meteorological and oceanographic
forcings, but merely present the observations as a
demonstration of the quality of the data, as a
potential source of correction factors to other
studies of Greek sea levels, and as an important
contributor to the varability in the sea level time
series which has to be parameterised in the trend
calculations described below.

Interannual variability of Greek Sea levels
(1969-1983)

Figure 4 shows the time series of montly mean
values of sea level from the longest record,
Katakolon. A strong seasonal cycle in the record
can be clearly seem, as discussed above, together
with a small average trend (2.1 + 2.1 mm/yr
calculated from “quasi-annual” means, see below).
In addition, occasional peaks and dips, untypical
of the average seasonal cycle, appear in the
Katakolon and most of the other time series.
Some of these anomalies are confined to individ-
ual records. However, the majority are seen
throughout the region. For example, the peak ob-
served in the December 1981 mean value can be
seen in the records for most northern Mediter-
ranean stations east of Almeria, Spain (Rickards,
1985). Figure 4 shows Katakolon sea levels to be
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Fig. 4. Time series of montly mean vaiues of sea level at
Katakolon.
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generally lower in the mid-1970’s than at the
beginning or end of the record.

The coherent fraction of Greek sea level inter-
annual varnability has been studied by means of a
principal components analysis (PCA) of detrended
‘“quasi-annual” mean sea levet values for the five
stations (Katakolon, Thessaloniki, Alexandroupo-
lis, Khios and Siros) which have the largest num-
ber of acceptable quasi-annual means and which
provide a representative distribution of sea level
measurements across the region.

The quasi-annual means were calculated in the
following way, in order to make maximum use of
time series with many small gaps. At each station
the average seasonal cycle was computed using
complete years of data only, as described in the
previous section. Monthly anomalies were thereby
defined as the observed monthly mean minus the
value for that month from the average seasonal
cycle. In turn, quasi-annual anomalies were com-
puted as the average of the monthly anomalies for
those years which contained at least 6 monthly
mean values. The PCA employed detrended
quasi-annual mean values in order to isolate the
coherent interannual (i.e. timescales of years to
decades) fluctuations in sea level rather than the
low-frequency changes primarily associated in this
region with land movements. Note, however, that
the detrending will omit from the analysis any
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annual” mean values of sea level at five tide gauge stations
(arbitrary units). There are no data for 1980.
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‘eustasc’. or real low-frequency. changes in the
regional sea level.

Figure 5 shows the 1si. principal component of
a PCA of the quasi-annual means for the five
stations using a2 PCA technique similar to that of
Bamett (1983} which employs the correlation
rather than the coherence matrix, The five time
series in fact show a large degree of coherence and
87% of the total varnance is describable by the 1st.
principal component. A general drop in Greek sea
levels is observed in Fig. 5 during the mid-1970’s,
as can also be seen from Fig. 4. and as has been
commented on previously by Maroukian et al.
(1986). Again. no attempt has been made in this
analysis to model these fluctuations in terms of
meteorological or oceanographic forcings. Rather.
the results of this section are presented as a dem-
onstration of the coherence of the sea level data
set in this part of the frequency spectrum,

Secular (rends in relative sea levels

We now turn to a discussion of the secular
trends (i.e. low-frequency variaiions which c¢an be
approximated by a linear trend) in relative sea
levels between stations as cbserved in the tide
gauge data, These trends are believed to be
dominated by vertical land movements as any
slow *eustatic” sea level change would be ex-
pected to be considerably smaller than the land
movements and to be coherent over a regiou the
size of the northeast Mediterranean. The resolu-
tion of the ambiguity of eustatic changes and
absolute vertical land movements. and the decou-
pling of ocean and land changes in the tide gauge
records. has to await the deployment of advanced
geodetic methods for determining land movements
at each tide gauge site (IAPSO, 1985). In the
present analysis, the use of relative sea levels
avoids the necessity for considering the magnitude
of any eustatic change.

Figure 2 shows the monthiy values of sea level
at each tide gauge measured with respect to those
at Katakolon. For each time series a relative sea
level trend has been computed by making a least
squares fit to the monthly values of sea-level-dif-
ference in terms of the linear trend together with
an annual and semi-annual cycle to describe the
seasonal-cycle-difference. The trend values so

;e
Fig. 6. Geographical distribution of observed sea level changes
relative to that at Katakolon.

caiculated are shown in Fig. 6 and Table 1. No
meteorological or oceanographic corrections have
been applied 10 these resuits; secular trends in air
pressure and spatial air pressure gradient around
Greece during 1969-1983 were found to be con-
sistent with zero (using a data set of northem
hemisphere air pressures supplied by the U.K.
Meteorological Office).

It is useful to employ monthly rather than
annual means in the determination of the relative
trends in order to maximise the amount of infor-
mation frgm records which contain many short
gaps. However. this can result in the under-estima-
tion of the standard errors on the trends. com-
pared to the siandard errors obtained using an-
nual mean values, if the residuals from the linear
trend are oot normally-distributed; the worst case
would be a factor V12 under-estimation of the
standard error on the computed trend. This
under-estitnation has been investigated in the pre-
sent case by also computing trends from quasi-an-
nual means of sea-level-difference (see the previ-
ous section for the definition of “gquasi-annual™).
In general. the standard errors on the trend from
quasi-annual means are less than a factor 1.5
larger than those from monthly means, with the
excepuons of Levkas, Posidhoria, Kalamar and
Soudhas which are approximately twice as large,
and Khalkis North which is approximaiely 2.5
times as large. One concludes, therefore. that the
standard errors on the trends shown in Table 1 are
reasonably weil estimated, except for the excep-



tions named above whose errors should conserva-
tively be increased by approximately a factor of 2.

If there were no gaps in the records, then the
replacement of Katakolon by a new reference
station would leave the overall pattern of relative
sea level changes shown in Fig. 6 unchanged.
Conversely, the replacement of Katakolon by one
of the stations with many gaps might alter the
pattern to some extent as a different data-selec-
tion is implied in the sea-level-difference calcula-
tion. The stability of the pattern of relative sea
level changes shown in Fig. 6 has been investi-
gated by replacing Katakolon by the three next-
longest records (Soudhas, Thessaloniki and Khios)
which have gaps in different parts of their time
series. The overall pattern was found to be the
same to within +1.5 mm/yr which constitutes a
systemmatic error estimate which should be con-
sidered in addition to the statistical standard er-
rors on the trends of Table 1, if the overall pattern
of Fig. 6 is to be compared to evidence of land
movements from different data sets. An alterna-
tive approach to the employment of reference
stations would be the use of a PCA which at-
tempts to handle gaps in the data (eg. that of
Aubrey and Emery, 1986), although in the present
case as the records are on average almost 80%
complete wvirtually the same pattern would be ob-
tained.

Relative vertical land movements over different
timescales

The analysis of the tide gauge data has shown
that there is a residual relative vertical change
between land sites at each location which can be
approximated as a linear trend over the decade or
more of recording. Since the direction and magni-
tude of this trend varies from site to site, there is
necessarily a component due to local earth move-
ments, of whatever cause.

There is no evidence for vertical displacement
of any of the tide gauges due to short term earth-
quake events during the period of observation,
even though several large seismic events did occur
in Greece (Drakopoulos and Ekonomides, 1972;
McKenzie, 1978; Dewey and Sengor. 1979;
Mercier et al., 1979; Vita-Finzi and King, 1985).
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The evidence in this respect is inconclusive, since
major seismic events may have occurred far from
the tide-gauges, or at times such that they coin-
cided with data gaps in the recording. We have
not made a complete check to establish this possi-
bility. Whatever the explanation, there are no sud-
den jumps in the records which might correlate
with almost instantaneous earth movements.

Vertical earth movements in the Mediterranean
have been studied by several researchers over peri-
ods from a few hundred to several million years.
We shall concentrate only on those works which
seek directly to quantify the magnitude and rate
of vertical movements. On a time scale of 102-10*
yrs, these studies include the works of Schrniedt
(1972); Kraft et al. (1975); Pirazzoli (1976); Flem-
ming (1978) and Paskoff and Sanlaville (1983). On
a time scale of 10%-103-% yrs, the tectonics of the
Aegean have been studied by Angelier (1976); Le
Pichon and Angelier (1981); Peters (1985); Vita-
Finzi and King (1985) and others. On a timescale
of 10°-107 yrs, we shall refer to data from Le
Pichon and Angelier (1981).

Earth movements tend to be episodic and irreg-
ular. Thus a location may be stable or aseismic for
hundreds of years between sudden movements
(Ambraseys, 1971) or a point may move slowly
and aseismically in one direction between sudden
short movements in the opposite sense (Scholz,
1972). It is presumably possible for seismic events
to result in movements in the opposite sense on
successive occasions at the same location. al-
though examples of this have not been docu-
mented in the present study. In consequence, it 1s
not necessary that the relative vertical movement
at one site observed over a short period should be
similar in either magnitude or direction to the
observed magnitude and direction measured over
a similar short period at a different date, or over a
longer period. In this context a decade is a short
period.

Given the probability of long periods of quies-
cence and possible reversals of direction, the

cumulative averaged rate of vertical movement at

any one point will generally be less than the rate
measured over a short period. If the secular trends
of the relative tide gauge data can be integrated as
reliable indicators of earth movements, it is im-
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portant to see whether the observed short term
trend correlates with the longer term trends from
other data types, and in what way. Poor correla-
tion, or total lack of correlation, would indicate
that data gathered over one decade are very poor
indicators of the long term trend.

Decade 10 millenium timescales

The data obtained from the tide gauges are
shown in Table 1. Flemming and Webb (1986)
correlated archaeological and historical data from
over 300 sites on the Mediterranean coast, and
computed local and regional earth movements.
These calculations showed that there was vanabil-
ity of rates of earth movement on a lateral scale of
10-20 km. especially in the Aegean area. If data
are to be compared from different sources. data
sites must therefore be closer than this. As a
result, only eight stations are found with suffi-
ciently close spacing, and these are listed in Table
2. together with the data from the tide gauges.

TABLE 2
Cocmparison of tide gauge and archaeoiogical daia *

Sea level studies conventionally report a rise of
sea level as positive data, whilst geological and
archaeological studies report a rise in the land as
positive data. In terms of relative change at the
shoreline, these events are physically opposite. Ta-
ble 2 shows the data from each source in terms of
its own convention. The data sets show no obvious
correspondence. The tide gauge data are presented
relative to the annual sea level at Katakolon as
zero; the geological data are presented relative to
mean sea level in the mid-19705-1980s, with an
error of +£20-30 cm. If Katakolon itself is not
tectonically stable, there is no reason to suppose
that the figures would correspond, since their zero
is different. For example, if Katakolon is actuaily
rising rapidly in relation to present sea level,
another site might be rising slowly relative to
mean sea level, but subsiding relative to Katako-
lon.

There is no absolute method for determining
the rate of vertical movement of any of the tide
gauges relative to the centre of the earth, in the

Stason Relauve Adjusted Nearest Earth Ratio
trend trend, archaeological movement, X/Y
() X (b) site T Y (¢) (d)

Preveza ~56 -21 -

Levkas 34 6.9 -

Posidhonia -34 0.1 Lechaeum -0.35 0.28

Patrai 21.3 24.8 -

Kalamai 5.7 9.2 Akovitika ~0.71 13.1

Piraievs -04 31 Phalgron -0.5 6.2

Khalkis north -24 1.1 Anthedon -0.13 8.46

Thessaloniki 1.0 4.5 -

Alexandroupolis -1.7 1.8 -

Khios 42 7.7 Cesme -20 3.85

Siros -11.2 -17 s

Leros -09 24 e

Rodhos =59 ~-24 Rhodos 0.35 6.86

Soughas ~5.5 -20 Marathi 0.68 2.94

Katakoion 0 3.5 Katakoion—Pheia -0.5 7.0

* Notes: (a) displacement in mm/yr is shown as positive for rising sea level, negative for falling sea level, relative to the ude gauge at
Katakolon. as shown in Table 1; (b) the bascline for the tide gauge data has been altered so as to maximise the correlation with the
archaeological data. Empirically, this requires assuming that Katakolon is submerging at 3.5 mm/yr; (c) uplift of land is showa as
positive. submergeace of land negative. in m/ka; (d) the sign conventions for the tide gauge data and the archaeological data have
been made consistent in calculating the ratio, so that a positive ratio indicates the same direction of movement of the land as

derived from both sources.



absence of suitable geodetic methods. The strategy,
therefore, is-to add or subtract an arbitrary rate of
movement to the tide gauge data, uniformly at all
sites, so as to produce a revised data set in which
all data points have at least the same sign as the
geologicai data.

Table 2 shows the adjusted data set, with the
tide gauge data adjusted by 3.5 mm/yr. This
figure is reasonable on general grounds, being
small compared to the average rates of movement
for several of the sites with tide gauge data, and
consistent with the absolute relative sea level
trend for Katakolon of 2.1 +2.1 mm/yr for
1969-1983 reported above. Geologically, the west
coast of the Peloponnesos is warped steeply down
to seawards, with uplift inland. and stability of the
Katakolon tide gauge would depend critically as
to whether it were landward or seaward of the
hinge line (Flemming, 1972 (p. 193); Le Pichon
and Angelier, 1981). Hall (1969) shows that the
ancient site of Pheia immediately adjacent to
Katakolon is submerged, and Flemming (1973, p.
22) estimates this submergence at 1.0 + 0.5 m over
2000 yrs. Thus there is corroborative evidence that
Katakolon is submerging on the longer timescale.
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The data from Table 2 are plotted in Fig. 7.
This shows an approximately linear correlation
between the rate of secular trend determined by
the tide gauges, and that determined on archaeo-
logical evidence. A least squares linear approxima-
tion indicates that the rate of movement over a
decade timescale is six times the rate of movement
over the millenium timescale (with a correlation
coefficient of 0.82). This is inherently reasonable,
but, for reasons already given. is partly chance.
One or two sites might have been moving in
opposite senses over the two time periods, and,
given the small number of data points, this would
have undermined the correlation.

Millenium 1o million year timescales

The goodness of fit at the millentum scale
suggests that the technique might be extended to a
greater part of the temporal spectrum of vertical
earth movements. The number of well-controlled
data sets available is limited, but there are just
enough data from the central-Aegean area to make
the attempt feasible (Fig. 8).

Further data on altitudes of fossil beaches and
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TABLE 3

Site numbers, aames and displacement data for uplift/ submergence comparison over different timescales ©

Noa. Age Rate Originator Nearest location
(yrs) (mm yr =)

1 10 -0.1 PLW Posidhonia

2 10 -9.2 PLW Kalamai

3 10 -3.1 PLW Piraievs

4 10 -1.1 PLW Khalkis

S 10 -1 PLW Khios

6 10 24 PLW Rhodos

7 10 20 PLW Soudhas

8 10 1.7 PLW Siros

9 10 =24 PLW Leros
10 10 ~3.5 PLW Katakolon
11 2000 -0.35 NCF Lechasum
12 2800 -0.7 NCF Akovitika 2
13 5000 -22 NCF Akovitika 1
14 4000 -0.5 NCF Phalerura
15 1.5K -0.13 NCF Anthedon
16 100 =2.0 NCF Cesme
17 5K 0.35 NCF Rhodos
18 22K 0.68 NCF Marathi
19 2K -0.5 NCF Katakolon
20 33K 0.68 C.V-F Corinth area
21 32K 0.63 C.V-F Corinth area
22 32K 0.24 C.V-F Corinth ares
23 6.9K 0.24 C.V-F Corinth area
24 32K 0.73 C.V-F Corinth area
25 36K 0.20 C.V-F Corinth area
26 38K 0.31 C.V-F Corinth area
i 36K 0.01 C.V-F Connth area
28 36K 0.68 C.V-F Corinth area
29 32K 0.79 C.V-F Corinth area
30 31K 0.84 C.V-F Corinth area
3 31K 0.32 C.V-F Posidoahia
32 31K 293 C.V-F Corinth area
33 32K 2.83 CV-F Corinth area
34 35K 201 C.V-F Corinth area
35 0.1-02M 0.019 X.LeP Katakolon
36 0.1-0.2M ~0.007 X LeP (Patrai) (Far)
37 0.1-0.2M 0.010 X.LeP Posidoahia
38 0.1-0.2M -0.006 X LeP Kalamai
39 0.1-0.2M 0.012 X.LeP Rhodos
40 0.1-0.2M 0.019 X.LeP Souchas
41 0.1-0.2M —0.005 X.LeP (Siros) (Far)
42 0.1-02M 0.01 X.LeP (Leros) (Far)
43 12-13M 0.022 X.LeP Patrai
4 12-13M 0.026 X.LeP Rhbodos
45 12-13M -0.021 X.LeP (Leros) (Far)
46 12-13M 0.032 X.LeP Soudhas
47 12--13M -0.020 X.LeP Kios

“ All rates of displacement are shown as land uplift positive: PLW = dawa from tide gauges. this paper; NCF = dawa from Flemming
and Webb (1986); C.V-F = data from Vita-Finzi and King (1985); X.LeP = data from Le Pichon and Angelier (1981). The locations
shown with brackets (far) indicate that the data are not geographically very close to the named sites.
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shorelines, and vertical rates of movement, were
obtained from Le Pichon and Angelier (1981),
Vita-Finzi and King (1985) and Flemming and
Webb (1986). In each case data points were
selected, so far as possible, close to the original
tide gauge locations of Fig. 1. Table 3 details the
site locations and the rates of vertical land move-
ments derived from the various data sources of
Fig. 8. (No arbitrary overail rates of movement
have been applied to the different data sets other
than the adjustment to the tide gauge data
described in the previous section.)

Fig. 8. Map of the South Aegean area showing the location of
data paints listed in Table 3.

On the assumption that the rates of vertical
movement averaged over longer periods would
progressively decrease, the data were plotted on

LAND UPUFT
S B | © | D
y | | “‘:‘ |
104 *\N.‘ l el ‘
i | T~y [
z N
| N/ \'
F AN
ooy
| / T e
001+ 6 A8 1000 10000 oM

0019

RATE OF LAND MOVEMENT RELATIWE TO SEA-LEVEL /mmy *

10+
"

LANO
SLBAMEAGENCE

L ee®
“
PY 3a

|
| \E/\j;?
/

TOME/Yours B.P

Fig. 9. Data indicating vertical displacement of coastal land plotted from different sources: 4 —tide gauge data from Greece. this

paper; B—archacological data from Flemming and Webb

(1986); C—'C beach data from Vita-Finzi and King (1985);

D—Quaternary terrace data from Le Pichon and Angelier (1981). Numbers refer to sites shown in Fig. 8 and Table 3. The sloping
lines join observations which describe the same site, or closely adjacent sites, over different time periods. Note the log-log scales.
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log-log axes, as shown in Fig. 9. Adjacent data
sources are shown connected by *site-time lines”.
With the older data, derived from published
sources, it is difficult to be sure that horizontal
proximity is really being maintained from period
to period. Data used by one author. and used to
create a regional average, may originate from a
structural block only a few kilometres away from
data used by another author. and moving at a
different rate, or in the opposite sense. Notwith-
standing this source of possible error, the wends
shown in Fig. 9 are consistent. The fine lines track
identical, or closely similar points, from period to
period. Several factors stand out. The rate-period
diagram is almost identical for uplift and subsi-
dence. in that the upper and lower segments of the
diagram are mirror images of each other. Sites
which are uplifting on one timescale are generaily
uplifting on all timescales. Similarly for subsi-
dence. There are certain sites which appear to
change sign. These include 1-11-31-37 around
Posidhonia (Corinth isthmus) with Katakolon
(10-19-35) changing sign between 2 x 10° and
2 x 10° years ago.

Relatively few site-time lines cross over. That is
to say, a fast site tends to remain fast; and a slow
one tends to remain slow. The principal anomaly
is 1-11-31~37 again.

The relationship between period over which
displacement is averaged and the resuiting average
rate of vertical displacement can be given ap-
proximately as follows. Let Z be the displacement
in metres for an archaeological or geological site
over time T, where T is measured in thousands of
years. Then the rate of displacement on this time
scale is R=Z/T. Let RO be the rate of displace-
ment over a short time of the order of a decade,
T0. Then descriptively:

log (R) —log (RO) = k(log (70) —log (T))

or (R/R0) = (T0/T)*.

From Fig. 9, k can be seen to be of the order of
0.4, indicating that the rate of vertical earth move-
ment measured over a period of time decreases
approximately as (1/7)%¢, where T is the mea-
surement averaging period.

Figure 9 shows a reasonably consistent correla-
tion, with the exception of some of the data de-

rived from Vita-Finzi and King (1985). These
data-points are alf of closely similar age, but show
very dilferent rates of movement within horizontat
distances of a few kilometres to a few tens of
kilometres. The purpose of the study by Vita-Finzi
and King (ibid) was to study the processes of
tiling on listric fauits, and the mechaaisms of
multiple normal faults and graben-like features in
the neighbourhood of the Gulf of Corinth and the
Bay of Salamis. The lower rates produced by that
study are consistent with the trends shown in Fig.
9, but the higher rates appear as anomaious. The
shores of the Gulif of Corinth may, however, be an
area where very rapid processes of vertical move-
ment are indeed taking place. The rate of submer-
gence of Patrai measured as 24.8 mm/yr from the
tide gauge appears at first sight to be extraordin-
arily high. However, there are good reasons for
accepting this value as correct. The log-log scale of
Fig. 9 is such that the value would plot only
slightly below the data points already shown. That
is, the inclusion of Patrai wouid not singificantly
alter the scatter of data already accepted. Sec-
ondly, the high rate of submergence of Patrai can
logically be correlated with the high rates of uplift
found by Vita-Finzi and King (1985) in the same
region of the Gulf of Cornth. It is indeed a very
uastable area.

Conclusions

The recording of sea levels at sixteen tide gauge
stations in Greece by the Hellenic Navy over the
period 1969-1983 has allowed the computation of
the average seasonal cycle of mean sea level
throughout the region. These resuits can be subse-
quently employed in oceanographic comparisons
of seasonal variations in water density and
meteorological forcing in the area, and as correc-
tion factors to archaeological and geological field
survey data. The interannual varability of Greek
sea levels in this fifteen year period has been
found to have been composed of a general drop of
levels during the mid-1970’s, and spatially coher-
ent peaks and dips in the records. A principal
components analysis has shown that 87% of the
total variance of interannual variability in the sea
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levels of the area can be described by the 1st.
principal component (i.e. is coherent).

Calculations of the secular trends in sea levels
at each tide gauge station, measured relative to sea
levels at a reference station such as Katakolon,
have provided a good description of the large
geographical variability in vertical land move-
ments in progress during the period 1969-1983.
These in turn have been compared to measure-
ments obtained from previously published data-
sets of vertical land movements averaged over
timescales from 107 to 107 yrs. The four major
conclusions from this comparison have been found
to be:

(1) Although there are many reasons for sus-
pecting that observations of secular trends of
vertical earth movements over short periods of the
order of a decade may not correlate with longer
periods of observation, the tide gauge data in the
present study do show a good correlation for most
sites in terms of direction of movement.

(2) With relatively few exceptions, sites which
are uplifting relatively quickly averaged over one
timescale, are observed to rise relatively quickly at
all timescales from 10! to 107 yrs. The same is true
of subsidence.

(3) There seems to be an area of exceptionally
high rates of uplift and subsidence on the flanks
of the Gulf of Corinth at timescales of both 10!
and 107 yrs.

(4) The rate of vertical movement in the Aegean
and southern Greece usually preserves the same
sign for a given point over timescales 10® to 10’
yrs but reduces by a factor of (1,/7)%*, where T is
the period over which the observed net movement
is averaged.

Acknowledgement

We wish to thank the Hydrographer of the
Hellenic Navy for making the tide gauge data
available to us through the Perrnanent Service for
Mean Sea Level.

References

Ambraseys, N.N.,, 1971. Value of historical records of earth-
quakes. Nature, 232: 375-379.

Angelier, J., 1976. La néotectonique casante et sa place dans
un arc insulaire: I'arc Egéen mendional. Bull. Soc. Géol.
Fr., (7), 18: 1257-~1265.

Aubrey, D.G. and Emery, K.O., 1986. Relative sea levels of
Japan from tide-gauge records. Geol. Soc Am. Bull. 97:
194-205.

Bamnett, T.P., 1983. Recent changes in sea level and their
possible causes. Clim. Change, 5: 15-38.

Dewey, J.F. and Sengor. AM.C., 1979. Aegean and surround-
ing regions: complex multiplate and continuum tectonics in
a covergent zone. Geol. Soc. Am. Bull, 90: 84-92.

Drakopoulos, J.C. and Ekonomides, A.C., 1972. Aftershocks of
February 19, 1968 earthquake in northern Aegean Sea and
related problems. Pure Appl. Geophys., 95: 100-115.

Flemming, N.C., 1972. Eustatic and tectonic factors in the
relative vertical displac=ment of the Aegean coast. In: DJ.
Stanley (Editor), The Mediterranean Sea. Dowden,
Hutchinson and Ross. Stroudsberg, pp. 189-201.

Flemming, N.C., 1973. Archaeological evidence for eustatic
and tectonic components of relative sea level change in the
South Aegean Coiston Pap., 23: 1-66.

Flemming, N.C.. 1978. Holocene eustatic changes and coastal
tectonics in the northeast Mediterranean: implications for
models of crustai consumption. Philos. Trans. R. Soc.
London, Ser. A, 289: 405-458.

Flemming, N.C. and Webb, C.O., 1986. Tectonic and eustatic
coastal changes during the last 10,000 years derived from
archaeological data. Z. Geomorphol., 62: 1-29.

Hall, J.E., 1969. Ancient underwater city. Oceans, 1{4): 48-51.

TAPSO, 1985. Changes in relative mean sea level. Working
Party Report of the International Association for the Physi-
cal Sciences of the Ocean Advisory Committee on Tides
and Mean Sea Level (Chairman: D.E. Cartwright). Eos,
Trans. Am. Geophys. Union, 66: 754-756.

Kraft, J.C., Rapp, G. and Aschenbrenner. S.E., 1975. Late
Holocene paleogeography of the coastal plain of the Gulf
of Messenia, Greece, and its relationship to archaeological
setungs and coastal change. Geol. Soc. Am Bull, 86:
1191-1208.

Le Pichon, X, and Angelier. J., 1981. The Aegean Seca. Philos.
Trans. R Soc. London, Ser. A, 300: 357-372.

Maroukian, H., Zamani, A. and Zoi-Morou. A., 1986. Sea level
changes in Greece from 1969 to 1983. (Abstract only,
private commun.).

McKenzie, D, 1978. Active tectonics in the Alpine~Himalayan
belt: the Aegean Sea and surrounding regions. Geophys. J.
R Astron. Soc., 55: 217-254.

Mercier. J.L., Mouyaris, N., Simeakis, C.. Roundoyanais. T.
and Angelidhis, C., 1979. Intra-plate deformation: a
quantitative study of the fauits activated by the 1978 Thes-
saloniki earthquakes. Nature, 278: 45-48.

Paskoff, R_ and Sanlaville, P., 1983. Les Cbtes de la Tunisie.
variations du Niveau marin depuis le Tyrrhénian. Maison
de I'Orient Mediterranéen, Lyon. 192 pp.

Pattullo, J.G., Munk, W.H.. Revelle. R. and Strong, E.. 1955.
The seasonal oscillation in sea level. J. Mar. Res, 14:
88--155.



72

Peters, J.M.. 1985. Neogene and Quaternary vertical tectonics
in the south Hellenic arc and their effect on concurrent
sedimentation processes. Ph. D. Thesis, Univ. of Amster-
dam. GUA Pap. Geol. Ser. 1(23): 247 pp. +chart.

Pirazzoli, P.A.. 1976. Les vanations du niveau mann depuis
2000 ans. Mém. Lab. Géomorphol. Ecole Prat. Hautes
Etd., 30: 421 pp.

Pugh. D.T., Spencer. N.E. and Woodworth, P.L., 1987. Dawa
holdings of the Permanent Service for Mean Sea Level.
Bidston Observatory, Birkenhead: Permanent Service for
Mean Sea Level. 156 pp.

Rickards, LJ.. 1985. Report on sea level data collected during
the MEDALPEX experiment from September 1981-Sep-
tember 1982 last. Oceanogr. Sai. Rep.. 209: 170 pp.

Schmiedt, G., 1972 {I Livello Antco del Mar Tirreno. Sanzoni
(Leo Olchi) Firenze, 323 pp.

Scholz. C.H., 1972. Crustal movements in tectonic areas.
Tectonophysies, 14: 201-217.

Vita-Finzi. C. and King, G.C.P.. 1985. The seismicity, geomor-
phology and structural evolution of the Codnth area of
Greece. Philos. Trans. R Soc London, Ser. A, 314:
379-407.

Woodworth, P.L.. 1984. The worldwide distribution of - the
seasonal cycle of mean sea level. Inst. Oceanogr. Sai.. Rep.
190: 94 pp.



TABLE 2 = ANNEX 3

1 Belo L 2.00 0.00 131 Caesarea 2.00 -1.00
3 Carteia 1 2.00 D,00 160 Nara 2.40 ~4.50
13 Hemeroskopeion 1 2.50 Q.00 164 Neapolis - 2.00 -1.00
17 Tarraco 1 2,00 0. 00 168 Turris LibBisonis, 2.00 -1,00
2! Emporiae 1 2.00 1.00 174 Rosh Hannigra ' 1.50 =0.850
29 Lauxos 1 7.00 =10.00 175 Ach=zib 3.30 0.00
26 Narbo 1 2.00 0.00 173 Achzib 2.00 G.00
27 Agathe 1 2.60 0. 00 176 Achzib, Islands 2.70 -0.40
29 Artemis 1 2,50 —1.00 176 Ros.Han’'gra Isle 2.390 =-0.30
30 Arelate 1 2.00 ~1.00 179 Shavei Zion (N} 2.00 Q.00
31 Faossae Marinae 1 1.80 =4.00 L8O Shavei Zion (8) 2.00 0.00
32 Massilia 1 1.30  =0,40 181 Yassif River 2.00 0.00
37 Qlbia 1 2.40 Q.00 182 Acco 2.70 =-0.50
38 Forum Iulii 1 2,00 0. 00 182 Acco 0.80 -0.S0
39 Insula Lero 1 2.00 =0.30 188 Tell Abu Hawam 3.30 0.00
40 Antipolis 1 2,00 0. 00 120 Pat Galim 2.00 ~0.40
N 43 Albintimilium 1 2,00 0. 00 191 Tell Shikmona 2.00 ®.00
49 Luna 1 2.10 =-1.00 193 Atlit 10.00 -10.00
S1 Populonia 1 2.00 =2.00 193 Atlit &.00 2,50
%9 Cosa 1 2.20 —~1.00 193 Atlit 3.80 0,00
&0. Alsium 1 2.00 0.00 193 Atlit 3.40 0. 00
62 Antium 1 1.90 —-0,30 193 Atlit 2.70 .00
64 Astura 1 2,00 —0.60 193 Atlit 1.90 0,00
&S Circeii 1 2,00 ~1.00 193 Atlit 0.80 0,00
&6 Tarracina 1 1,80 O.D0 194 Newe Yam 6.00 =2.00
&8 Farmiae 1 2,00 ~0,50 175 Tell Nami 3.80 -0Q.S0
71 Misenum I3 y 178 Tell Nami Z.40 <0.50
72 Raiae 1 1?27 Tell Nami (8) 0.80 -0,30

72 Baiae 198 Dor (N) 2.00 Q.50
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\. 73 Puteoli i1 179 Dar (Tantura) 3.2 -0,80
73 Puteoli 2 199 Dor 2.80 =0.90 -

74 Nesis 1 -4, OO 199 Dar 2.60 -=0.50

7S Pausilypon 2 4,80 199 Dor 2.30 -0.40

75 Pausilypon 1 2.00 -4,00 199 Dor 2.40 -0.30

77 Herculaneum 1 2.00  =2.00 199 Dar 2.20 -0.,10

80 Surrentum 1 =2.00 199 Dor 1.90 0.20

84 Velea 1 Q.00 199 Dor 1.30 0.380

?3 Zankle 1 ~0 .50 199 Dar 1.30 0. S0

?46 Megara Hyblaea 1 —-1.70 199 Dor 0.80 -1.00

?7 Thapsos 1 ~Q .90 L29 Dar 0.60 -1.00

= 98 Siracusa "1 0. 00 199 Doar 0D.20 =0.20
4 104 Selinunte L 000 199 Dar ®.10 -0.10
5 10S Mazara 1 2,00 0.00 200 Nahal .Dalia 6.00 =-4.00
106 Lilybaeum 1 2.320 0.00 201 Magan Mikhael 1.90 0.00

107 Motya 1 2.30 0.00 202 Crocodilopolis 2.20 -0.30

115 Leptis Magna L 2.00 0.00 207 Caesarea 2.00 =35.00

117 Sabrata 1 2.480 0. 00 203 Caesarea 0.80 =-1.00

121 Thaenae t 2,00 0,00 205 Mikhmoret 3.30 .00

124 Alipota (Africa) 1 2.60 O.00 207 Apollonia 1.90 0.00

125 Thapsus 1 2.00 0. 00 207 Apollonia 0.80 0.00

126 Leptis Minar 1 2,00 0.00 215 Falmachim 3.40 0.00

‘e 127 Ruspina 1 2,00  -0.30 213 Falmachim 2.70 0.00
* 128 Hadrumentum 1 2,00 0.00 218 Falmachim 1.90 0.00
; 129 Heraklea 1 2.00 ~-0,20 215 Falmachim 1.0 0.00
g 136 Carthago 1 ~1.00Q 218 Tel Mor (Ashdad) 3.80 0.00
: 136 Carthago 2 -1.30 218 Tel Mor (Ashdod) 3.40 0.00
136 Carthago 3 -0.15 220 Asthdod-Yam 1.40 0.00

137 ‘Utica i 1.00 221 Ashkelon 3.80 0.00

148 Rasguniae 1 2,00 —1 .00 221 Ashkelon 0,80 Q.00

1830 Tipasa 1 2,00 =050 22T Gaza Maiumas 1.350 Q.00
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