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Sea Level Changes and Coastal Evolution

Past Records and Future Perspectives

Nils-Axel Morner

Paper presented at the Sea Level Seminarium in Porto, September 19, 2005

About the speaker: He has worked with sea level problems for 40 years. As

head

of the unit on Paleogeophysics & Geodynamics at Stockholm University

Sweden, he worked with many different geological problems in different parts of
the globe. He was president for the INQUA Commision on Neotectonics 1981-
1989 and president of the Commission on Sea Level Changes and Coastal
Evolution 1999-2003. In 2000, he launched an international research project in
the Maldives.

Below follow some notes as to his contribution sea level research

1969

1971

1971

1976

1986
1988

1995
1996
1996
1999

2000

2003

2004

Note

presented a new eustatic curve (by “solving” the inter-relationship between
glacial isostasy and eustas).

comparing sites all over the globe with respect to eustasy and local
tectonics

(Paleo3, 9; 153-181).

presenting the observation that sea level cannot have been parallel during
the last 8000 years with respect to the present ocean surface (Geol. en
Mijnbouw, 50: 699-702; GSA Bull., 82: 787-788).

presenting the novel paradigm that the geoid must have changed with time
(J. Geol., 84: 123-151) implying that there is no global eustatic curve and
that every region must present its own “regional eustatic curve” such as
his NW European regional eustatic curve (Paleo3, 19: 63-85; 29: 281-300).
redefining the concept of eustasy (J. Coastal Res., SI(1): 49-51).

presenting the theory of redistribution of ocean water due to surface
current changes in response to variations in the Earth’s rate of rotation (in:
“Long Term Changes in Marine Fish Population”, Vigo, 3-19; in: “Secular
Solar and Geomagnetic Variations”, Kluwer, 455-478).

further development of the rotation theory (GeoJournal, 37: 419-430).
summarising available data (Z.Geomorphology N.F., 102: 223-232).
observing that Solar Minima corresponds to increased rates of Earth’s
rotation affecting sea level (An. Brazilian Acad. Si., 68,Supl.1: 77-94).
presenting the special Baltic concept of changes in run-off gradient in sea
level changes (Quaternary International, 60: 75-82).

starting the Maldives Sea Level Project indicating that sea level is not in a
rising mode today as generally claimed (Global Planet. Change, 40: 49-54
and 177-182) with a prediction for year 2100 of +5 cm +15 cm.

reporting (INTAS project) at EGU-AGU-EGS meeting in Nice that we
around 2040-2050 will be in a new Solar Minimum.

summarising Mediterranean (and global) sea level problems (Paper 1
attached) and debating future sea level changes (Paper 2 attached).

also, his books on Earth Rheology, Isostasy and Eustasy (1980), Climatic

changes on a Yearly to Millennial basis (1984) and Paleoseismicity of Sweden — a
novel paradigm (2003).
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Paper 1: from Z. Geomorph. N.F.. Suppl-Vol. 137, 91-102, 2005.

Sea level changes and crustal movements
with special aspects on the Eastern Mediterranean

Nils-Axel Morner
Paleogeophysics & Geodynamics, Stockholm University, Sweden

with 8 figurs

Abstract

Eustasy, defined as “changes in oceanic level”, is driven by five main factors controlling;
water volume, basin volume, geoid topography, sea surface topography and rotational
distribution of water. In the last 5000 years, the redistribution of oceanic water masses has
been the dominant factor. No signs of any significant on-going rise in sea level are found, on
the contrary, the flooding-scenario of IPCC is strongly contradicted. The changes in sea level
in the Mediterranean are predominantly caused by local and regional tectonic factors and
regional eustatic changes. The eustatic component in the Eastern Mediterranean is sensitively
responding to variations in regional evaporation and precipitation; at present as well as in the
past.

1. Sea level changes
The word “eustasy” has, by tradition, been used to denote changes in the oceanic level as
opposed to changes in the crustal level. Originally, it was assumed that changes in the ocean
level were identical all over the globe. Hence, eustasy was defined as ’simultaneous changes
in global sea level” (e.g. Fairbridge, 1961). Later, it was understood that changes in the ocean
level are not simultaneous and similar over the globe, but differential and sometimes even
opposed (Morner, 1976a, 2000). Therefore, Morner (1986) proposed a redefinition of the term
“eustasy” to denote “changes in ocean level (regardless of causation)”.

Fig. 1 illustrates the five main eustatic factors: (1) glacial eustasy, (2) tectono eustasy, (3)
geoidal eustasy, (4) dynamic changes, and (5) rotation eustasy. Each parameter may be
quantified as to rate, amount and time-application (Mdrner, 1996a).

1.1. The loading models

It has been proposed that global sea level can be both reconstructed and predicted by means of
a geophysical global loading model (e.g. Peltier, 1998; Lambeck, 1996). The basic
assumption of these models is that the loading and deloading by the waxing and vanning ice
caps of the Ice Ages generate a global isostatic adjustment of coasts and sea-floors all around
globe (Fig. 2A). This is only possible, however, if the Earth has a linear viscosity profile in
the mantle. The reality and efficiency of the model can be easily tested in (1) the near-field,
and (2) in the far-field with respect to the ice caps. If actual observational data are used, the
test fails in the near-field (at least in Fennoscandia) and in the far field (the Indian Ocean and
the Pacific).

In Fennoscandia and surrounding areas, all available facts speak for the existence of a
low-viscosity asthenospheric channel (Fig. 2B), where the loading and deloading was fully
compensated by regional horizontal flow (e.g. Morner, 1979; Fjeldskaar & Cathles, 1991).
Besides, the input data used in the models do not concur with available field evidence. This
lead Morner (2003a) to conclude: “As long as the global modelling does not consider these
facts, they are bound to be unrealistic”.
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Fig. 1. Main eustatic variables with some quantification added. The glacial eustasy in the Quaternary
has a sea level rang of about 100-130 m. Tectono eustasy is a very slow process, of negligible
significance in the Holocene, with a maximum rate of 0.06 mm/year. The geoid has a maximum
present topographic relief of 180 m. The changes in the geoid relief seem to have amounted to about
+30 m at 20 ka and some 5-10 in the last 8000 years. The sea surface topography has, in the low
harmonics, a relief of about 2 m. At major currents, like the Gulf Stream, it may amount to a few to 5
m. The El Nifio signal is typically +0.3 m. Rotation causes a very large bulge difference between the
polar and equatorial plane of 21,385 m. The relation between spin rate and sea level height is about 15
ms spin rate to 1 m sea level. Decadal changes in the Earth’s rate of rotation have a potential to
redistribute oceanic water masses rising and lowering regional sea level in to order of 1.0 to 0.1 m
(known as “Super-ENSO events”).
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Fig. 2. Global loading versus regional loading. A: In the global loading models, the glacial
loading/deloading will be transferred through the mantle and affect the coasts and sea floors all around
the globe. This precludes a linear viscosity in the mantle. B: Alternatively the glacial
loading/deloading is fully compensated regionally via a low-viscosity asthenosphere. Observational
data from Fennoscandia and surrounding areas are consistent only with a regional loading model
where compensation takes place via a low-viscosity channel flow (Morner, 1979; Fjeldskaar &
Cathles, 1991).

The loading models predict high Mid-Holocene sea levels in the Pacific and Indian
Ocean. This does not concur with observational facts, either in the Indian Ocean or in the
Pacific. The new sea level curve of the Maldives (Fig. 3), exhibits a long term base-curve not
above present sea level and a number of rapid oscillations caused by dynamic forces (factors 4
and 5 in Fig. 1). In the Pacific, observed short and rapid fluctuations in sea level (Pirazzoli et
al, 1988; Nunn, 1995, 1999) do not concur with the loading model but represent high-
frequency dynamic sea surface changes. Grossman et al. (1998) reconstructed the spatial
distribution of Mid to Late Holocene sea level changes in the Pacific. Their reconstruction
does not concur with the prediction from the loading models, but with geoid deformation
and/or changes in sea surface topography.

—+1.0m

Sea Level

time in 103 C14-years BP
4 S 2 '! P

1 e =

Fig. 3. The new sea level curve of the Maldives consists of short and rapid sea level peaks caused by
dynamic variables of Super-ENSO-type, superimposed on a mean base-curve (dark grey line) that
differs significantly from all predictions by the global loading models. This implies that the far-filed
test fails for the Indian Ocean. The same applies for most of the Pacific records.

Seminario Sea Level Changes - Porto, Auditorio UP, 19/Set/2005
4



5

Therefore, one should be very careful in the application of model reconstruction and

prediction. This is, of course, especially true in an area like the Mediterranean dominated by
tectonics and orogenic processes.
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Fig. 4. Five sea level curves from different parts of the globe (Morner, 1995, 1996b). Up to 5000—-6000
Cl4-years BP, they are all dominated by a general rise of glacial eustatic origin. Thereafter, however,
they are all dominated by the redistribution of oceanic water masses.
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6
1.2. The last S000 years
Up to 5000-6000 C14-years BP, the sea level changes were dominated by a general rise of
glacial eustatic origin. After some 5000 C14-years BP (when the glacial eustatic factor had
ceased), the situation changed to a dominance of redistribution of the water masses over the
globe. This is illustrated in Fig. 4 (Mdrner, 1996b). The main driving forces for this
redistribution of water over the globe seem to be the interchange of angular momentum
between the solid Earth and the hydrosphere (Morner, 1995) driving and controlling ocean
surface circulation in some sort of Super-ENSO/Super-non-ENSO variability (rotational
eustasy in Fig. 1).

1.3. The present

I have recently discussed the present general sea level trend with respect to past records and
future expectations (Morner, 2003b, 2004). It will not be repeated here again. For the last
decade, satellite altimetry has become an important new tool. In my previous papers (op. cit.),
I showed the observational raw-data for the period 1992-2000. The extension up to 2003 can
be found on internet (NASA/CNES), but with a significant change; now the original data set
has been “corrected” so that it has assumed a tilting trend. When the new curve is calibrated
back to its original (“uncorrected”) observational values, a curve is given (Fig. 5) that lack
sings of any rising trend. A number of ENSO-events are recorded super-imposed on a mean
trend around zero. This implies a total lack of signs of an on-going sea level rise, and certainly
not any recent sea level acceleration, as claimed in the IPCC scenario (IPCC, 2001).
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Fig. 5. The original satellite altimetry data up to early 2000 were presented on the web-site of
NASA/CNES as given in Fig. 2 of Morner (2004). In early 2003, the extended web-site data had
assumed new tilt, however (and the data set was labelled “corrected”). In this figure, the 2003 data-set
has been tilted back to the original, early 2000, level (i.e. the position of the raw data). Now the sea
level rise is gone. The curve show variations around a zero-line (possibly there could be slight rise of
maximum 0.5 mm/year as shown by a thin line). A number of ENSO-events are seen as annual peaks.

2. The Mediterranean

Geodynamically, the Mediterranean is a high-active region. It is crossed by a highly active
seismic zone. It is bounded to the north by the Alpine orogenic belt. It is crossed by the active
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7
plate boundary between Africa and Europe. Major shear zones cross the area. The Nile delta
induces subsidence. The Tyrrenian Sea is an area of rapid Pliocene-Quaternary subsidence.

Some of these structures lead their origin at great depths in the lower lithosphere and
upper mantle. Therefore, it seems very unlikely that these long-term forces and processes
would suddenly become over-printed and even reversed by loading forces transferred via the
mantle from Fennoscandia (and North America) as claimed in the global loading models (e.g.
Peltier, 1998; Lambeck, 1996).

No doubts, the changes in sea level within the Mediterranean region are predominantly
affected by local to regional tectonism in combination with regional eustatic changes in sea
level.

2.1. The eustatic component

A regional eustatic curve has been presented for Northwestern Europe (Morner, 1976b, 1980).
It has been tested for the North Sea region by Shennan (1987) and for the Baltic by Harff et
al. 2001). For the Mediterranean, there does not exist any regional eustatic solution. Sea level
curves from the north-western Mediterranean have been presented by Labeyrie et al. (1976)
and Dubar (1987). For Eastern Mediterranean, the situation is still quite confused, and it
seems fair to conclude that we are still lacking a reliable eustatic solution for the Eastern
Mediterranean region.

2.2. The tectonic component

In the main parts of eastern Mediterranean, the tectonic factor seems to be the dominant factor
behind recorded sea level changes in the last 5000-6000 C14-years BP (e.g. Pirazzoli, 1991).
Besides seismo-tectonics, there are down-warping from sediment loading of the Nile delta
(sedimento-isostasy), plate-boundary uplift, orogenic uplift, coastal warping, basin subsidence
and related phenomena. Many authors have tried to relate their observations to predictions
from the loading models of Lambeck (1996) and Peltier (1998). Understanding the basic
problems with these models both in the near-field and in the far-field (above), and the
exceptionally heterogeneous conditions of the lithosphere and upper mantle in this region, one
must be very sceptical of any such model predictions for the Mediterranean region.

It seems, at least to me, much more realistic to work with the interaction of eustasy and
tectonics. Below follow a few examples.

At Heraion on the Perachora Peninsula, there are a number of elevated notches explained
in terms of co-seismic uplift (Priazzoli et al., 1994; Stiros & Pirazzoli, 1998). In Fig. 6, I have
tried to test how this can be reconstructed by interaction of eustasy and seismotectonics. As
eustatic component I have used the regional NW European eustatic curve of mine (Mdrner,
1976b, 1980). The Fig. 6 test shows that all four notches can be perfectly well simulated, if
the eustatic curve is cut by three major co-seismic uplift events; viz. ~4.5 m at ~5500 BP,
~2.0 m at ~3500 BP and ~1.0 m at ~1300 BP. The picture can be improved with a eustatic
factor better fitted to the Mediterranean conditions. Still, it provides a more realistic picture
than previous simple box-like diagrams (Stiros & Pirazzoli, 1998, Fig. 20).

From Mavra Litharia at the southern coast of the Gulf of Corinth, there are 11 dates of
elevated marine species (Stiros & Pirazzoli, 1998, Table 1). The dates range all the way back
to 10,000 BP. The Holocene Marine Limit (ML) is at +9.3 m. It seems primarily to have been
cut by the sea at the transgression peak at 7000 C14-years BP. The “normal” eustatic depth of
the 7000-level is at —10 m. One might advocate an uplift of 19 m in 7000 C14-years or 2.7
mm per year (~2.4 mm/yr in calibrated age). Pirazzoli talks about “avarage uplift rates
between 1.7 and 2.5 mm/yr” (Stiros & Pirazzoli, 1998, p. 32) whilst Stewart & Vita-Finzi
(1996) give a mean rate of 1.5 mm/yr. I think the available data can only be understood in
terms of multiple co-seismic uplift events. Fig. 7 provides a test of the interaction between
eustasy (same curve used as in Fig. 6) and seismotectonics. In order to explain available data
in a meaningful way, the eustatic component has to be cut up by 9 co-seismic uplift events of
~12m, ~10 m, ~7 m, ~9 m, ~1.5 m, ~3 m, ~2.5 m, ~2 m and ~1 m, respectively. According
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8
to this simulation, the sea level data are a function of the interaction between eustasy and
multiple co-seismic uplift events.

Figs. 6 and 7 illustrate that it is much more fruitful to work with the interaction of eustasy
and tectonics than referring to loading model predictions. It is the regional eustatic factor that
is in urgent need of definition, and this can only be done by an extended observational data-
base.

time in 10° C14-years BP

7 6 5 4 3 2 1
| I | | | | | -5m

Fig. 6. The Heraion site with its four notches (black dots with elevation heights) simulated by the
interchange of a eustatic curve cut by three co-seismic uplift events.
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Fig. 7. Mavra Litharia site with its Marine Limit (ML) at +9.3 m and 11 dates of elevated marine
species (black dots) simulated by the interchange of eustasy and nine co-seismic uplift events (black
lines with arrows at the side).

2.3. The climatic components
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Climatic factors is another major component behind recorded sea level changes in the last
5000 years and at present. Increased evaporation during warm periods and draughts will lower
the sea surface, whilst periods of high precipitation will rise the sea level.
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Fig. 8. Present sea level changes in the Mediterranean from satellite altimetry. A: spatial variations
with high values in the Black Sea and down in a band over the Aegean Sea to the north African coast,
and a marked low in the central lonian Sea. B: East—West profile (on a relative scale) recording the
high values in the east and the low point in the Ionian Sea. At the base, the main parameters
controlling the changes in sea level. Whilst lateral interchange of water seems to de dominant for the
Western Mediterranean, changes in precipitation and evaporation are the main controlling factors in
the Eastern Mediterranean.

This can be observed in our present-day distribution of water in the Mediterranean and
the Black Sea as recorded by satellite altimetry (Fig. 8). In the Black Sea and in Eastern
Mediterranean, sea level is presently rising. In the central Ionian Sea, on the other hand, there
is a point of significant sea level lowering. The present changes in sea level in the Western
Mediterranean are driven by the interchanges of inflow of Atlantic water and outflow of
Mediterranean water, and other regional dynamic factors. In the Eastern Mediterranean, the
situation seems more variable. Obviously, the main controlling factor is the balance between
evaporation and precipitation. In the satellite altimetry data of Fig. 8, the highest values are in
the Black Sea and in the Aegean Sea. This seems to indicate that increased precipitation over
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East Europe is now causing sea level to rise in a broad band over the Aegean Sea via Crete
down to coast around Tobruk. An increase in evaporation over the Eastern Mediterranean and
surrounding coasts would cause a lowering of the sea surface in the Eastern Mediterranean. If
we are able to detect this in the micro-scale of the last decade, it should be identifiable in our
past records, too.

Because there have been significant changes in precipitation and evaporation in the past,
one would expect to see related changes in sea level in our sea level records. It seems urgent
to focus future sea level research on this topic. It is interesting that the Eastern Mediterranean,
via the Black Sea and the Bosporus-Dardanelles, is affected by changes in precipitation over
the East European area surrounding the Black Sea, i.e. an area not directly bordering the
Eastern Mediterranean. Changes in evaporation, on the other hand, are much more restricted
to the Eastern Mediterranean area itself.

3. Summary and conclusions

The changes in oceanic sea level are driven by five main factors as illustrated in Fig. 1. Global
loading models are seriously questioned as a tool for understanding local and regional
changes in sea level. In the last 5000 years, global sea level has been dominated by the
redistribution of oceanic water masses as a function of changes in rotation and dynamic
climatic-oceanographic variables. The last centuries record a significant rise in the period
1850-1930. In the last decade, there are no traces of any significant rise, however, and
certainly not of any alarming “acceleration” as claimed in the [PCC-scenario.

The sea level changes in the Mediterranean, a region of very complex crustal-dynamics,
is generally dominated by tectonic factors. No reliable regional eustati solution has yet been
presented. The application of loading model simulations (Lambeck, 1996) is considered
untenable. The Heraion and Mavra Litharia sites at the Gulf of Corinth are re-visited with
respect to a test of the simple interaction of eustasy and tectonics. The field data seem well
expressed in terms of eustatic changes in sea level cut by 3 and 9 co-seismic events of uplift,
respectively.

The Eastern Mediterranean changes in eustatic sea level seem sensitively affected by
changes in evaporation and precipitation; at present as well as in the past. Whilst increased
evaporation and general draught will lead to a lowering of regional eustatic sea level,
increased precipitation will lead to a rise in sea level.
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Paper 2: from “ To the House of Lords Economic Affairs Committee”, 6 pp, 2005

Facts and Fiction about Sea Level Change

May low-lying islands and coastal areas
be freed from the condemnation to become flooded in the near-future

Nils-Axel Morner

Head of Paleogeophysics & Geodynamics, Stockholm University, Sweden
President (1999-2003) of the INQUA Commission on Sea Level Changes and Coastal Evolution
Leader of the Maldives Sea Level Project

Climate is becoming increasingly warmer we hear almost every day. This is what has
become known as Global Warming. The driving idea is that there is a linear relationship
between CO, increase in the atmosphere and global temperature. The fact, however, is
that temperature has constantly gone up and down. From 1850 to 1970, we see an almost
linear relationship with Solar variability; not CO,. For the last 30 years, our data sets are
so contaminated by personal interpretations and personal choices that it is almost
impossible to sort up the mess in reliable and unreliable data.

Most remarkable in the record of climatic changes during the last 600 years are the
cold periods around 1450, 1690 and 1815 and their correlation with periods of Solar
Minima (the Sporer, Maunder and Dalton Solar Minima). The driving cyclic solar forces
can easily be extrapolated into the future. This would call for a new cold period or “Little
Ice Age” to occur at around 2040-2050. Still, we hear nothing about this. It is as if IPCC
and the Kyoto Protocol enthusiasts want to “switch off the Sun itself”. Let us take this, at
least, as a piece of information to rise our awareness and curiosity.

Arctic Ocean

Melting
from ACIA
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0.2|7
D.D|-—
Arctic Ice Fig. 1. The main Solar cycle in the
02 . . Expansion last 600 years and its expected
B A\ ’ at 2040-2050 . .
8’ Solar Minimum extension into the future.

al Y o [ L | i At Solar minima NW Europe, the
1400 | 1500 1600 (1700 1800 | 1900 2000 | 2100 North Atlantic and the Arctic have
' experienced cold phases known as

“Little Ice Ages”.

By year 20040-2050, a new Solar
Minimum is to be expected, and
hence a new cold phase.
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In the global warming concept, it has been constantly claimed that there will be a
causal rise in sea level; a rise that already is in the accelerating mode, in the near future to
cause extensive and disastrous flooding of low-lying coastal areas and islands. “It will be
the death of our nation”, says the President of the Maldives, and the people of Tuvalu in
the Pacific claim that the flooding has already commenced.

Is this facts or fiction? It is true that we are flooded by this information. But what
lies behind this idea? And, especially, what do the true international specialists think?

The recording and understanding of past changes in sea level, and its relation to
other changes (climate, glacial volume, gravity potential variations, rotational changes,
ocean current variability, evaporation/precipitation changes, etc.) is the key to sound
estimates of future changes in sea level.

The international organisations hosting the true specialists on sea level changes are
to be found with the INQUA commission on sea level changes and the IGCP special
projects on sea level changes. When I was president of the INQUA Commission on Sea
Level Changes and Coastal Evolution, 1999-2003, we paid special attention just to this
question; i.e. proposed rise in sea level and its relation to observational reality. We
discussed the issue at five international meetings and by Webb-networking. Our opinion
is illustrated in Fig. 2. In view of the Fig. 1 prediction, I have later revised the estimate
for year 2100 to: +5 cm +15 cm.
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Fig. 2. The sea level rise by year 2100 according to IPCC and its evaluation by INQUA.

Prior to 5000—6000 BP, all sea level curves are dominated by a general rise in sea
level in true glacial eustatic response to the melting of continental ice caps. In the last
5000 years, global mean sea level has been dominated by the redistribution of water
masses over the globe. In the last 300 years, sea level has been oscillating close to the
present level, with peak rates in the period 1890-1930 (Fig. 3).

It is true that sea level rose in the order of 10-11 em from 1850 to 1940 as a
function of Solar variability and related changes in global temperature and glacial
volume. From 1940 to 1970, it stopped rising, maybe even fell a little. In the last 10-15
years, we see no true signs of any rise or, especially, accelerating rise (as claimed by
IPCC), only a variability around zero. This is illustrated in Fig. 3.
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(from Morner 2004a).

With the TOPEX/POSEIDON satellite mission in 1992, we now have new means of
recording actual sea level changes. The record from 1992 to early 2000 (Fig. 4) lacks any
sign of a sea level rise; it records variability around zero plus a major ENSO even in year
1997.
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Fig. 4. Satellite altimetry of TOPEX/POSEIDON (from Morner, 2004a).

When we three years later have the same record extended into year 2003 on the
Webb, a tilt has been introduced. This tilt does not originate from the satellite altimetry
readings, however, but represents an inferred factor from tide-gauge interpretations. In
order to get back to true satellite data, we have to tilt the whole record back to its original
data of Fig. 4. When this is done, there is no sea level rise to be seen — only a variability
around zero plus a number of high-amplitude ENSO oscillations (Fig. 5). This is why I in
Fig. 3 conclude that the sea level remained stationary at around zero for the last 10-15
years (as further discussed in Morner, 2004a and 2005).

The tide-gauge introduced into the satellite data on the Webb seems to violate
observational facts at sites spread all over the globe; not least our NW European data
covering both uplifted areas (Fennoscandia, Scotland) as subsiding areas (the North Sea).
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~Zero long-term trend (+ENSO events)
1992-2003

Fig. 5. Satellite altimetry data of TOPEX/POSEIDON tilted back to original level (excluding the
tide-gauge factor) providing a variability around zero plus ENSO events (from Morner, 2005).

From 2000 to the present, we have run a special international sea level project in the
Maldives including six field sessions and numerous radiocarbon dates. Our record for the
last 1200 years is given in Fig. 6. There are no signs of any on-going sea level rise. It
seems all to be a myth.
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Fig. 6. Our sea level record from the Maldives (see Morner et al., 2004).
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Tuvalu in the Pacific is often said already to be in the flooding mode. The tide-
gauge record (Fig. 7) for the last 25 years does not show any rise, however. The truth
seems to be that a Japanese pineapple industry had subtracted too much freshwater by
that forcing saltwater to invade the subsurface.
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Fig. 7. The Tuvalu tide-gauge record 1978-2003 showing stability around a zero level plus three
negative ENSO events (from Mdrner, 2004c¢).

Venice is notorious for its flooding problems. It lies on a delta area subjected to
subsidence. Therefore, the sea level variations are superposed on a long-term subsidence
trend (Fig. 8). Any rise in sea level would immediately worsen the situation. The last 30
years lack signs of any rise or accelerated rise, on the contrary sea level fell (partly as a
function of engineering work).
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Fig. 8. Observes sea level changes (purple) superposed on a long-term subsidence trend (blue).
At 1970 (green arrow), there is a marked change in tendency, partly due to engineering work, but
certainly seriously contradicting a sea level rise and especially an accelerated sea level rise.
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In conclusion; observational data do not support the sea level rise scenario. On
the contrary, they seriously contradict it. Therefore, we should free the world from
the condemnation of becoming extensively flooded in the near future.

There are more urgent natural problems to consider on Planet Earth like
tsunamis, earthquakes, volcanic eruptions, etc.
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Coastal change in the NW Spain:
long to short timescales factors since the last interglacial.
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1. Introduction. The coast of the NW of Spain

The coast of NW Spain, mainly that corresponding with Galicia (Spain), can be
characterized by its lithological diversity and marked tectonic structure, giving a very
irregular planform, with numerous indentations at various scales, from the great rias of the
south-atlantic coast, to small inlets. Many rocky sectors alternate with sedimentary complex,
usually not too long, but comprising a variety of environments: beaches, lagoons, intertidal
flats, dune complex, etc. This irregular form and the presence of coastal mountains, up to 600
m high, helped to create a very special morphogenic conditions in the southwestern atlantic
Europe. The intensity of cold processes during the last glacial sea-level regresion generated an
extensive sedimentation over abandoned coastal landforms. The sequence of fossilization and
exhumation of coastal landforms established a paraglacial or para-periglacial dynamics in
which inheritance it is one of the major factors in recent, present and future behaviour.

2.- Inheritance in slow rate coastal changes

The differences in rates of coastal change between sedimentary and rocky coasts implies
that, to try to understand the whole behaviour of this type of coastal systems, long and
medium time-scales factors must be considered. Coasts are very complex environments, the
interface within seas, continents and atmosphere, in which the memory of the system arises as
a basic element (Cowell and Thom, 1994). In rocky coastal sectors many landforms are in
part inherited, relict or poligenetic, it is difficult to acquire cuantitative data on them, given
the wide range of time and space scales in which processes operates (Trenhaile, 1997, 2002).
To know more about the morphodynamics of slow changing coasts, and their response to
environmental changes in the past it’s of great importance to forecast what will happen in the
future, and how we can response to coatal changes.

3.- The last Interglacial in the NW Iberian Peninsula: stability vs unstability

It is well know that interglacial sea-level was lower than in the present for most of the
Pleistocene, whereas was similar to today during Isotopic Stages 11, 9 and at least the
substage 5e (Shackleton and Opdyke, 1973). Recently, these relative sea-levels are being
revised, and probably there were more interglacial periods with sea-level close or higher than
today in the Early and Middle Pleistocene, as well as during substages of the last interglacial
always assumed as lower sea-levels as the 5S¢ (Zao, 1999).

The rocky sectors studied, most of them associated to regressive continental deposits,
revealed that landforms shaped during a sea-level 2-3 m higher than today and prior to the
glacial period are at their original position, as well as high energy coastal deposits as boulder
beaches (Blanco Chao et al, 2002; 2003). Present evidences suggest a stable tectonic
behaviour in the coast of Galicia, at least since the last interglacial. The references to the
relative position of coastal landforms and deposits dated as corresponding to the last
interglacial suggests that there have been no significant tectonic or isostatic activity at least
since the last interglacial. Figure 2 shows the occurrence of uplifting movements on the
spanish north coast and Portuguese coast after the last interglacial, which diminishes in
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intensity westwards and probably, but in a more complex way, northwards. Thus, the Galician
coast would have remained stable, being the NW of the Iberian Peninsula a sort of pivotal
axis, wich allowed the coastal landforms to remain in their original place (Pérez Alberti et al.,
2000).

During the last interglacial highstands, coasts of Galicia were probably subjected to intense
erosion, given the existence of inherited erosive landforms: shore platforms, cliffs, sea caves
and coarse-grained beaches with abundance of angular clasts.

4.- Cold processes during the marine regression

During the last glaciation, three main cold phases, stand out as responsible for a significant
slope unstability (Valcarcel Diaz, 1999). The first phase, prior to 31ky BP was very humid,
with a decrease in the mean annual air temperature (MAAT) of about 6°C as to compare with
present average annual temperature values. The second cold period coinciding with the
maximum glacial stage, recorded a descend in MAAT of about —12°. The last phase presents
two episodes, the first around 16-13 ky BP, with a temperature decrease of up to 6-7°C and
the second in 11-10 ky BP, with a 4°C decrease in MAAT.

The indented coast and the existence of coastal mountains, sets up a very favourable context
for the creation of a morphogenetic environment dominated by cold processes, which resulted
in a high unstability of the slopes. From 38 ky BP to the Late-Glacial (10 ky BP) thick
deposits were formed on the abandoned Eemian coastlines. The thickness and facies of such
deposits are controlled by their position, source materials and distance to the source area
(Pérez Alberti et al, 1998; Costa Casais et al., 1996).

5.- The Holocene transgression and paraglacial dynamics

The Holocene transgression represents the beginning of a paraglacial dynamic, in which the
continental deposits that fossilized the Eemian coastline were eroded. Given the diffrences in
extension, thickness, facies and settings of the deposits, the retreat was irregular both in space
and time, and was controlled by the volume and nature of the sediments, the energetic
environment and the exhumation of fossilized landforms.

Unfortunately, there is no a detailed sea-level curve for the Holocene for the coast of
Galicia. Nevertheless, many authors suggest that sea-level reached its present position around
3000 BP, although many coastal systems began to develop before, around 5000 BP,
coinciding with the deceleration of the sea-level rise (Dias et al, 2000; Delgado et al, 2003;
Freitas et al, 2003, Leorri and Cearreta, 2004; ). The erosion of the deposits conditioned the
recent evolution of the coastal dynamics, and there are evidences of phases of coastal retreat
until very recent times (CITAS). These phases of coastal retreat are not directly caused by
sea-level oscilations, but by the availability of sediments in cliff deposits. The role of human
activity also arises as a very important factor in sedimentation, especially in the last 1000-500
yr (Santos et al, 2001; Pérez-Arlucea et al, 2004).

6. Present environment and responses to future environmental changes

Today, many processes are still controlled by the combination of inherited landforms and
the disposal of sediments in periglacial cliff deposits. Many cliff profiles, shore platforms and
beaches (especially coarse-grained) attained equilibrium with present sea-level and wave
conditions recently. This equilibrium is still fragile, and a change in present conditions could
lead to significant environmental changes. In some places sea-level changes of a few
centimetres could have less effects than an enhanced wave energy caused by a increase in
storm frequency and intensity.
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Abstract

This work is focused in the factors controlling the stability of sedimentary cliffs in the Galician
coast, specially those related with inherited processes. The analysis of three sectors allows to
conclude that the main factors controlling their stability are the facies, extents and thickness of
the deposits, the exposition to wave action, the existence of exhumated Eemian landforms and
the existence of boulder beaches developed during the Holocene erosion of the deposits.
Knowing the basis of the present dynamics of this settings, and the strong influence of the in-
herited processes, is possible to predict their response in a scenery of rising sea level.

1. INTRODUCTION

Given their relative fast rates of erosion, the most
of the research carried out in sedimentary cliffs
are constrained to time-scales in which the use of
monitoring systems are possible. In this paper we
analyze the stability of sedimentary cliffs in the
coast of the NW Iberian Peninsula, defining them
as those developed on non consolidated sediments
deposited during the middle and Late Weich-
selian. The presence of that cliff deposits leads to
consider their morphodynamics in medium to
long timescales.

One of the most important characteristics of the
Galician coast is the existence of thick deposits
sedimented over the abandoned Eemian coastline
during the glacial regression (Pérez Alberti et al.
1998, 2000). The very indented outline of the
coastline and the presence of mountains close to
the coast, of up 600 m of altitude, were important
factors for the formation of such deposits.
Periglacial and snow-melt processes were the
dominant, resulting in a great variety of facies,
with a high amount of coarse debris.

The altitude, gradient, aspect and distance from
the source area have had a strong control in the
facies, thickness and extent of the deposits (Costa
Casais et al. 1996; Pérez Alberti et al. 1998;
Trenhaile et al., 1999). The Holocene transgres-
sion established a paraglaciar dynamics, charac-
terized by the erosion of the ancient deposits and
the exhumation of the Eemian coastal landforms
(Blanco Chao et al. 2002; Pérez Alberti et al.
2000).

The remnants of that deposits are today coastal
cliffs, being their morphodynamics strongly con-
trolled by the inheritances of the evolution during
the Holocene marine transgression.

2. STUDY AREA

We have selected three different places: Area
Longa beach in the north coast, Arnela de
Lourido in the Atlantic coast and Oia in the
southwest (Figure 1). The three settings repre-
sents different coastal environments, in which the
balance between subaerial and marine processes,
the distribution of wave energy, the variety of
sedimentary facies and the exhumation of ancient
landforms are the main factors for their stability.

Waves of Galicia are between 1 and 2.5 m in
height for about 80 % of the year, coming from
NW, W and SW, being the most of the waves
higher than 3 m generated by Atlantic low pres-
sure in winter. The tidal environment is semi-
diurnal with a mean tidal range of 2.5 m, and
spring tidal range of between 3.75 and 4 m.

Area Longa

Arnela
de Lourido

Figure 1. Location of the three study areas.
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2.1 Area Longa beach

The beach plan runs SE-NW with a slightly con-
cave plan, about 850 m in length and 60 m wide
at low tides. A rocky point divides the beach in
two sectors: the northwestern, sandy and with a
dissipative profile, and the southeastern, more
reflective given the higher amount of shingle and
cobbles.

The response to high energy wave action is
mainly the sweep of sand to subtidal levels, which
is reposed to high tidal levels during fair weather
periods. The geology of the area are stratified
schists and quartzite dipping 20° to the SE.

The sedimentary cliffs at the back of the beach
diminishes their elevation from 8 m in the
southeast to 5 m in the northwest. In the southeast
beach the cliffs are composed of sands, with some
stone and gravel layers, and, at a few places,
coarse clastic periglacial facies.

At the south side of the rocky point an ancient
shore platform and a cobble beach is fossilized by
sands and gravels. In the northwestern sector, the
base of the deposit are composed of a cohesive
rich-organic layer and a gray clay layer. Over the
clay, the sediments are poorly ordered sands with
angular gravels. In the decade of 70's, a protection
wall of concrete was built trying to stop the
retreat of the cliff. The wall was destroyed after
several severe storm and the fragments are today
at a mean distance of 2 m from the cliff (Figure
2).

Figure 2. Northwest sector of Area Longa cliffs.

2.2 Arnela de Lourido

This is a narrow funnel-shaped embayment, as-
sociated to a north-south running fracture, in
which the valley of a short river was opened. The
embayment is around 800 m in length and be-
tween 600 and 50 m wide in the mouth and the
bottom respectively. In plan, it shows an asym-
metric shape, being the western flank more
straight. The surrounding topography has alti-
tudes of 174 and 162 m in the east and west
slopes, being the gradient of the first steeper than
the western one. Both slopes are regularized by
coarse periglacial slope deposits with abundant
blocks of up 1 m of diameter.

The geology of the area are granitic rocks with
a dense joint pattern. In the mouth of the embay-
ment the deposits that fossilizes the slopes re-
mains hanged over a rock sea cliff, in a typical
slope-over-wall profile. In the internal section, the
sediments has been eroded developing cliffs
fronted by a irregular intertidal rocky surface of
about 5 m wide, covered at the upper levels by an
accumulation of blocks. In the flanks the cliffs
deposits are between 2 and 4 m of poorly ordered,
heterometric material, with a great volume of
blocks, gravels and cobbles, with some sand lay-
ers. The cliffs have a vertical profile with a dense
cover of terrestrial vegetation. At the bottom of
the embayment the cliff has 8 m of thickness; the
base of the deposit is a rich-organic clay layer,
covered by 5 m of sand and angular gravels and 2
m of angular sands with gravel and pebble lenses
(Figure 3).

Figure 3. East (a) and west (b) sides of the Arnela em-
bayment. The flat surface with meadows are the top of
the sediments infilling the valley.
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At both ends of the beach the sediments are
coarser, given the proximity to the slopes and the
dominance of periglacial and slope processes
during their deposition.

The bottom cliff section is fronted by a narrow
sand beach, with well rounded boulders at both
sides. At the back of the cliff in the bottom of the
embayment, there is a gentle surface extending
200 m landwards, which corresponds with the
fluvial, fine sediments that infilled the valley.

2.3 Oia

This is a nearly straight, low rocky coast running
north to south in the southwestern coast of
Galicia, at the foot of the A Groba mountains
(663 m). Between the steep slopes of the moun-
tains and the coastline a wide and gentle surface
extends. The substrate are fractured granitic
rocks, with many quartz dyques and a few out-
crops of metamorphic rocks in the slopes. The
selected place is a small and shallow inlet, in
which a sedimentary cliff was developed, fronted
by a irregular shore platform with a maximum
width of 50 m and composed of two segments,
with 3° and 2.5° of gradient in the upper and
lower respectively. The upper segment of the
platform is covered by a boulder beach 20 wide
with a mean gradient of 9°. The cliff deposit are
the remnants of the extensive sediments that fos-
silized the coastline during the glacial regression.
The cliff has between 8 and 10 m of cobbles and
blocks alternating with sand and gravel lenses,
result of snow-melt processes during the last gla-
cial period (Costa Casais 2001). The basal layer is
a rich-organic layer, with an erosive contact with
the upper gravel and cobble sediments. The upper
section are sand layers alternating with sub-
rounded cobbles and block layers (Figure 4).

-/,-

Figure 4. The cliff deposit, shore platform and boulder
beach at Oia.

3. STABILITY OF SEDIMENTARY CLIFFS
Given the differences in the three morphologi-
cal settings, the type and rate of cliff recession
has significative variations, ranging from very
active mass movements to a complete stability.
In Area Longa Beach the cliffs shows evi-

dences of previous rotational and planar slides
along the cliff face. In the southeast sector the
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front of the cliffs are stabilized by terrestrial
vegetation, except at the north end beside the
rocky point dividing the beach, where the cliff
maintains a steep profile and is common the oc-
currence of slumps. In the northwest sector the
existence of rotational slides can be identified by
the bowl-shaped scar, and the tilting of the peat
and clay layers. The wide sandy beach has a dis-
sipative profile, with the beach-cliff junction at
the spring high tide level, in a way that the waves
only attacks the base of the cliffs during the
maximum high tides, and only with significant
energy during the most severe storms. The exis-
tence of a platform developed on the organic and
clay layers, normally underlying the sand, but
usually exposed at the back of the broken wall,
reveals that even with the low energy of the
waves reaching the cliff, the sand act as an abra-
sive tool to erode the peat and clay layers, a proc-
ess that has been confirmed as an important factor
in the erosion of cohesive sediments (Kamphuis
1990; Kamphuis and Asce 1987; Davidson and
Ollerhead 1995). The wave action is not the only
process responsible of the instability of the sedi-
mentary cliffs in Area Longa. The impermeability
of the clay layers at the base is a favorable condi-
tion to develop a shear plane for rotational and
planar slides induced by rainfall and seepage. The
alternance of periods of active retreat by waves
are interrupted by periods during which debris
protect the cliff base, in a cyclical behavior com-
mon on tall cliffs (Quigley et al. 1977).

In Arnela, the degree of stability changes from
the sides to the bottom of the embayment, as a
result of differences in sedimentary facies and
wave action. The incoming waves entering the
embayment are refracted maintaining a higher
velocity and wave energy at the center, where the
deep of water allows them to reach the sandy
beach and the fine-sediment cliff. At the flanks,
the intertidal rocky surface and the block accumu-
lation dissipates the most of the energy of waves
before they reach the cliff. Consequently, the
retreat due to subaerial processes is the dominant
in the coarser sediments of the flanks, and the
wave action at the bottom, where the sand gives
an abrasive tool for erode the cohesive organic
layers. During periods of strong wave action the
surficial sediment of the beach may be swept,
lowering the beach profile and exhumating the
platform shaped on the organic layer. This reduc-
tion of the beach sediment thickness results in the
reactivation of abrasion on the plastic platform
(Davidson and Ollerhead 1995). Given the re-
duced volume of the beach the sand swept don’t
develops a wider dissipative profile, allowing the
waves to reach the cliff base more frequently.

At the east side of the beach the erosion of the
coarser sediments supplied the material for a
small boulder beach, which protects the cliff from
wave action. At the west end, the presence of a
rocky point causes a higher turbulence and ero-
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sive capacity of the waves on the periglacial fa-
cies.

In the sector of Oia the Holocene erosion of the
continental sediments that fossilized the Eemian
coastline exhumated the rocky shore platform,
and supplied the material for the development of
the boulder beach (Blanco Chao 1999; Blanco
Chao et al. 2002). The high wave energy of the
coastal sector allows an intense abrasive work on
the shore platform at the seaward end of the boul-
der beach. Nevertheless, the dissipation of the
wave energy over the platform and specially over
the boulder beach prevents the cliff to be eroded
by waves. The dense terrestrial vegetation that
covers the cliff face and the upper segment of the
boulder beach are the evidence of the high degree
of stability, result of an state of equilibrium be-
tween the present wave regime and a boulder
beach without nourishment.

In the three settings, the ancient deposits are the
only source of sediments, being almost exhausted
during the Holocene transgression. In a sea level
rising scenario, the behavior of each system will
be different: in Oia, the reactivation of the cliff
erosion could release a high amount of coarse
debris, meanwhile the shore platform and the
existent boulder beach will continue with their
protective role. In Arnela, the volume of sediment
available at the flanks could exhumate the rock,
becoming to a slope-over-wall profile, meanwhile
at the bottom there is still a huge volume of fine
sediments. Since the Arnela embayment is a
closed sedimentary cell, the increase in sand and
gravel supply will increase the volume of sand at
the beach, countering the cliff retreat. In Area
Longa, the scarce capability of the embayment to
store sand would lead to an intense phase of cliff
retreat, more severe since they are today the most
unstable of the three places studied. Today, the
retreat of the cliff by active rotational slides had
affected a secondary road, but if the rate of ero-
sion increase a railway and a first order road
would be affected.

4. CONCLUSIONS

The sedimentary cliffs in the coast of Galicia
are the result of the erosion of the sediments de-
posited on the abandoned Eemian coastline be-
tween the Middle and Late Weichselian.

In the coast of Galicia the factors accepted as
major controls in the erosion of sedimentary
cliffs, i.e. wave action, strength of the sediments,
and the presence of beaches fronting the cliffs are
consequence of inherited landforms and proc-
esses.

The most significative is the existence of ex-
humated ancient landforms as the shore plat-
forms, in which the energy of waves are ex-
pended.
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The beaches and their sedimentary characteris-
tics are also determined by the characteristics of
the ancient deposits.

The possibility of a sea level rise will lead to
the almost exhaustion of sediment supplies to the
systems since the ancient deposits are the only
sedimentary source.
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Abstract

The coastal zone of northwest Portugal can be subdivided into two main
geomorphological sectors, Espinho being the boundary between both (Granja 1999).

In the first sector, between the Minho River and the town of Espinho, the coastal
segments are narrow and consist of estuaries, sand- and shingle beaches with rocky
outcrops, and generally poorly developed dune systems (foredunes, parabolic and some
migrating dunes associated to blow-outs). The estuaries and the foredunes in particular
are very degraded by human activities. Although today no lagoons are present, with the
exception of the residual lagoon of Apulia, a large palacolagoon system was present in
the sector during the Holocene.

The second sector, between Espinho and the Mondego Cape, consists of wider segments,
coastal lagoons, and Holocene dune systems (foredunes, parabolic and transverse dunes).
The two sectors have had different histories at the macro- and mesoscale, conditioned by
their main geomorphological features and to their relative exposition to the main forcing
factors, leading to different responses.

At the macroscale, i.e. 100-1000 years, sea-level changes and neotectonic activity were
the main forcing factors, while at the mesoscale, i.e. 1-100 years, climate fluctuations
were.

Macroscale sea-level changes and neotectonic activity seem to have played a dominant
role in the (palaeo-)environmental evolution of the coastal zone since the Late
Pleistocene. The mesoscale role of climate is still difficult to assess at the present stage of
knowledge. However, dispersed field data point to climatic changes, some of them also
referred to in historical documents. This is the case of e.g. the environmental changes on
estuarine saltmarsh (Cavado) and lagoon (Torrdo do Lameiro) evolution that point to
changes in storminess, as does also the burying of 20th century human settlements by
acolian sands (Bonanga, Esmoriz). The development of Medieval dune systems in both
sectors is attributed to the Little Ice Age, and thus to climatic changes, as does the
overwashing of some palaeolagoons during high medieval times (at Esposende, Torreira,
and Tocha).

Sediment starvation on the shoreface is postulated to be one of the major causes for
coastal erosion since at least the 15th century. Investigations in the coastal area of
Northwest Portugal show evidence of changing patterns of sediment supply during the
Quaternary.
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Sector north of Espinho

In this segment several geomorphological units and correlative deposits were found.
From east to west: 1) an older abandoned cliff of uncertain Quaternary age, associated
with 2) a higher platform, 40-0 m high, with relict Pleistocene (?) marine deposits, 3) a
younger abandoned cliff cut into this higher platform, associated with 4) a lower
platform, consisting of two sub-units, one between 30 and 10m high with Pleistocene
(52500+640 OSL) deposits on the landward side of the platform, and one less than 10m
high, with Holocene lagoonal deposits (3250100 to 360+40 yr BP) on the seaward side,
extending till the sub-tidal area. The lower platform in turn, is covered to seaward by 5)
dune systems of Medieval to sub-recent ages.

Sector south of Espinho

Three main outcrops of different ages and history, characterise this sector: the S. Pedro da
Maceda Beach, the Cortegaca Beach, and the Silvalde-Paramos Beach.

S. Pedro da Maceda Beach has a history of alternating dry and wet aeolian Pleniglacial
environments (Granja et al., in prep) sometimes draped by thin soils, one containing trunk
remains of Pinus sylvestris nigrita (27150+£250 to 19910+260 yr BP). The base of this
sequence, on the bedrock, can have still another origin (fluvio-lacustrine).

At Cortegaga beach, another history is revealed. The outcrops point to a Holocene barrier
environment in which top a podzol was formed (3490+100 to 950+80 yr BP). This
podzol would have been flooded (15th century) before the initiation of the dune systems
(19th century) that are the main feature of the present landscape. The Cortegaca deposits
are lying over those of Maceda, through an apparent (temporal) unconformity.

At Silvalde-Paramos Beach, outcrops have shown a Holocene environment over the
bedrock, a lagoonal brackish environment that silted up till a wet environment where
trees (species still not determined) grew (1180+45 to 1020+£80 yr BP). A core near
Paramos, yielded the whole sedimentary succession (4920+105 to 440+60 yr BP). This
lagoonal deposit is in unconformity with the Cortegaga and Maceda deposits, being
partially contemporaneous with the formation of the podzol.

To reconstruct the sedimentary environments and distribution patterns of the second
sector (south of Espinho), cored boreholes, supplemented by a counter-flushed extension,
and geophysical data, have been analysed in order to fill the knowledge gap concerning
the subsurface.

Grain-size data obtained from sediment samples in the cored parts of the boreholes, were
statistically analysed, confirming the interpretation of the coastal outcrops and pointing to
a wet aeolian dune and interdune environmental setting. OSL and '*C dates obtained from
the eroded cliff faces on the beach, indicate Pleniglacial to Late Glacial ages. The
counter-flushed extensions of the boreholes show more pebble-rich beds, which may
correspond to interglacial marine highstands (Granja et al, in prep).

Some of these pebble-rich beds could be contemporaneous with those found north of the
Céavado River (in the first sector) in deposits over the bedrock, on the lower platform
(sub-unit of 30-10 m) (e.g. Cepaes).

The wet aeolian palaeo-environments of the sector south of Espinho do not have
equivalents (or at least, not found till now) in the northern sector.

The Holocene lagoonal deposits of Silvalde-Paramos could correspond to a similar
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palaeoenvironment set in in the northern sector. Meanwhile, in the northern sector the
lagoonal beds do not contain shells as the southern deposits do.
Ongoing research could answer some of the main questions that still arose.
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Abstract

The plotting of relative sea level variations for several stations belonging to the Iberian
Peninsula shows different trends. These trends seem to be related with the diastrophism
affecting more intensely the Northern and Southern fagcade of the Peninsula.

Porto is located on the riverside of Douro, the most plentiful river in the Iberian
Peninsula, which is deeply entrenched on the littoral platform, close to its mouth. This
littoral platform is a quite common feature at Portuguese coastline, surrounding it almost
in all its length.

At Porto area the littoral platform contains several outcrops of cenozoic deposits and it is
limited to the interior by a generally step relief (marginal relief) which is probably a fault
scarp acting mostly after the earlier deposits had been formed

A careful study of those deposits showed up that they are not at all primarily marine as its
situation, facing the Atlantic could make us suppose: the marine deposits are disposed
only in a narrow fringe lower than 40 m high. The upper deposits have a clear fluvial
origin, they go up until 130m and they are clearly disturbed by tectonics.

Apparently, a sub-meridian accident produced the subsidence of the narrow fringe (1-
2km maximum width) where the marine deposits are lying. This seems to indicate that
the sea retouched this lower block when it subsided along that sub-meridian fault (fig. 1).
The newer, marine deposits can be assigned to at least three levels (around 30m, 20m and
from 10 to recent sea level) distinguished by sedimentary criteria. They are not
everywhere at the same altitude, but they are disposed in a irregular up and down pattern,
with a general trend indicating a subsidence towards the meso-cenozoic basin that
evolved like an aulacogen during meso-cenozoic times, and begins at Espinho, 15km
south of Porto (Lusitanian basin).

We will focus on the tectonic style and regional tectonic framework that created the
differences between 2 places, one of them appears at the north and the other at the south
of Porto area.

A aeolian sandstone lying upon a marine deposit (Labruge beach, 15 km north of Douro
river mouth, 5Sm above mean sea level) was TL dated, with a result of 84kaBP. Therefore,
the underlying marine deposit must be from last interglacial. In addition, it is possible to
correlate other iron-cemented sandstones covering old marine platforms with a similar
position, found at several places in this coastline, with the same interglacial.

Admitting the sedimentology-based correlation of marine deposits at the North of
Espinho they seem to be balanced to south, in the direction of Lusitanian basin (fig. 2).

At Aguda beach, some 12 km south of Porto the last interglacial marine deposit is laying
at a lower altitude, Im above mean sea, level fossilizing a wide marine platform. Upon
it, we found some lagoon deposits. The upper part of them (around 4-5m above msl) was
TL dated with a result of ca. 8ka BP.

So, this lagoon deposits are a testimony of continental conditions during last glaciation
and/or flandrian transgression.
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The lagoon deposit is covered by another marine sandstone, about 5 m above msl.
Therefore, in this area, there are clear evidences of two marine sea levels with about 120
ka difference of age lying at quite similar altitudes (fig. 3).

In this coastal area, generally the marine deposits dispose themselves in a staircase
fashion, the older ones at higher altitudes and the more recent at lower altitudes - which is
typical of a slow uplifting area (Cabral, 1995). However, at Aguda, near Espinho, the last
interglacial marine deposit is superposed by a flandrian one — and this disposition
suggests that the uplifting trend prevailing in the north is replaced by a subsiding one.

At the south of Espinho the marine deposits seem to vanished — may be they are simply
buried under the fini-Wirmian and Holocene aeolian sands that cover the western part of
the littoral platform in that area.

These aeolian sands include a podzol cemented old dune, which seems balanced to the
north towards Esmoriz lagoon (see a development at Arafjo, 2002 in the next pages).

In conclusion, the marine deposits at the North of Espinho and the wiirmian/holocene
deposits at the South of this city show opposite tectonic trends that seems to define a
tectonic depression corresponding approximately to the localisation of Esmoriz lagoon.
At Espinho, coastal erosion began in the middle of nineteen century. We think that the
rising of sea level that began after the end of Little Ice Age, together with a possible
subsiding trend, may be responsible for the severe erosion endured by this area.
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Abstract

The plotting of relative sea level for several stations belonging to the Iberian Peninsula shows
different trends. These trends seem to be related with the diastrophism affecting more intensely
the Northern and Southern fagade of the Peninsula. The marine terraces (Pleistocene) at the
North of Espinho (NW coast of Portugal) and the wiirmian/holocene deposits at the South of
this city show opposite tectonic trends that seems to define a tectonic depression correspond-
ing approximately to the localisation of Esmoriz lagoon. At Espinho, coastal erosion began in
the middle of nineteen century. We think that the contemporary rising of sea level that began
after the end of Little Ice Age, together with a possible subsiding trend, may be responsible for

the severe erosion endured by this area.

1. INTRODUCTION

The understanding of coastal dynamics lies, ulti-
mately, on the relationship between relative sea
level and sediment supply to the coastline.

Relative sea level depends on several kinds of
data that can be resumed in the simple diagram of
R. Paskoff (1985).

Eustatic variations have a global character. On
the contrary, the movements that take place in the
continent are spatially localised. Generally, land
movements have a slower rate than the eustatic
variations. However, they must not be neglected,
as eustatic variations can be reduced or amplified
by the land movements, which have a much
bigger duration in time. So, the net sea level
variations must be understood as a resultant of the
interference between sea-level changes and land
movements. That’s why we must always speak
about “relative sea-level”. Obviously this
resultant can be different in adjacent areas if its
diastrophism has a different rate or a different
sense.

Diastrophic eustatism
Glacio-eustatism
Gedidal eustatism
Sedimentary eustatism
Thermo-eustatism
Halo-eustatism
Hidro-isostasy

CONTINENTS Glacial isostasy
Erosional isostasy
Tectonic movments
Compactation

OCEANS

RELATIVE VARIATIONS OF SEA LEVEL

Figure 1: Phenomena interfering with long time varia-
tion of sea level (R. Paskoft, 1985)

2. SOME DATA AND ITS DISCUSSION
The permanent service for mean sea level
(PSMSL) presents the data of more than 1000 sea

level stations. The complete data set can be found
at:

http://www.pol.ac.uk/psmsl/psmsl_individual stations.h
tml

Figure 2: Localisation of the stations discussed in the
text

This data allows us to plot the recent sea level
variations for 31 places within the Iberian Penin-
sula. The length of the series varies greatly. Only
20 stations have series of, at least, 10 years. So,
the study of its variation is not equally reliable for
all the 31 stations. That’s why we only present the
ones that seem more reliable. The chosen stations
are localised in figure 2.

Within these 20 stations, we can see different
kinds of relative sea-level plots: in most of the
cases, the relative sea level is rising. However,
sometimes, like in the case of Santander, the 2
stations (Santander I and Santander II, figures 3
and 4) have opposite trends, even if they are geo-
graphically quite close (only 2’ of distance in
longitude).
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Santander 1

Figure 3: Monthly sea level variations at Santander |
(1944-2000)
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Figure 4: Monthly sea level variations at Santander 11
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Figure 5: Monthly sea level variations at Leixdes
(1956-1985)
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Figure 6: Monthly sea level variations at Aveiro
(1975-1996)
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To the South of the Peninsula, at Cadiz, we find
again 2 stations quite closely situated (Cadiz II
and Céadiz IIT) with opposite trends.

Most of the plots we made for the Portuguese
coast show some sea-level rise. However, at
Aveiro, there is a slight trend to a sea level drop.

Cascais has the longer series of the Iberian
Peninsula (95 years) and one of the longest in
Europe. Another long series correspond to Lagos
(63 years), at Algarve.

At figure 11 (at the end of the paper) we plotted
the trends of all the PSMSL stations in the Iberian
Peninsula. Of course, the reliability of sea-level
curves depends very much on the length of the
series. That’s why we also plot the number of
years used to calculate the trends.

We can see that most of the stations have a
positive trend. This means that at those stations
the sea level is going up. However, the amount of
sea level rise can be quite different from one
place to another. And there are also some stations
where the sea level is descending.

At figure 12 we can see the global sea level rise
that took place after the end of Little Ice Age. The
subsequent climate warming is the main cause of
a slight a sea level of about 12 c¢cm in 140 years
(according to Morner, 1973). This should mean a
“global” trend of about 1mm/year.

Recent data is slightly higher. According to J.
M. A. Dias (1990), the global sea level rise
should be around 1,5mm/year.

Of course, the sea level variations that are
clearly out of this “medium” range may be as-
signed to other phenomena (see figure 1).

The figure 11 shows that the trends at the
western coast of Iberian Peninsula have a low
variation.

However, when we approach the Northern and
Southern coast, we have stronger variations and
several cases of dropping sea level. We think that
the only explication for this phenomena is the
tectonic background of this areas, which represent
the newer orogenic belts (Pirinéus at the North,
Béticas at the SE coast) or the collision front
between Eurasia and Africa (Southern coast west
of Gibraltar).

3. TECTONIC BACKGROUND OF THE LIT-
TORAL PLATFORM NEAR PORTO

We have made some attempts to analyse the dis-
tribution of marine terraces in the area between
Vila do Conde and Espinho (fig. 13; Araujo,
1991, 1997, 2000 and 2001). Based on sedimen-
tological criteria, we ranged the marine deposits
in 3 different levels (the referred altitudes were
find at Lavadores, where our staircase model has
been defined):

e Level I (the highest, around 30m and the old-
est); level II (between 18-15m); level III
(from 10m till 5m; Araujo, 1991).
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Figure 7: Monthly sea level variation for Cascais
(1882-1992)

Figure 8: Monthly sea level variation for Lagos
(1909-1985)
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Figure 10: Monthly sea levelvariation for Cadiz 111
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Figure 12: Eustatic sea level changes during the past
250 years (after Morner, 1973).
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Figure 13: Localisation of studied area

The trendlines for marine deposits (fig.
show they have lower altitudes at the South of
studied area (in the direction of Espinho).

14)
the

These general trends don’t mean a regular sub-
sidence: the height variation of marine terraces
along the coastline is quite irregular and seems to
define a puzzle of small blocks which may un-

dergo different tectonic movements.
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Figure 11: The trends of sea level variation at the Iberian Peninsula (data from Permanent Service for Mean Sea level:
PSMSL).
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4. POSSIBLE NEOTECTONICS AT THE
SOUTH OF ESPINHO.

The area to the South of Espinho is a low area,
covered with several dune systems.

The retreat of the coastline has carved cliffs
upon the dune systems, allowing us to see the
fini-pleistocene and holocene deposits that lay
beneath recent sand dunes and beaches.

Since 1986 (Araujo, 1986) these deposits have
been monitored and the first ideas we had about
them have been reviewed (Araujo, 1991).

After that, several papers have been produced
on this subject (Carvalho & Granja, 1995, Granja,
& Groot, 1996, Granja et. al., 1999).

At Esmoriz, very close to its breakwater and
because of the beach erosion due to its construc-
tion, we could see (around 1980), an aeolian
sandstone with an irregular surface, forming
ridges and grooves (fig.15), covered by a black
layer of peat. This deposit appeared around mean
sea level and, to our knowledge, was never seen
again.

This sandstone with the curious ridges and
grooves is quite conspicuous in that area and it
appears 1,75km to the South, at Cortegaga beach
as a part (Bsh, spodic horizon) of a podzolic soil.

The aeolian sandstone is about 1,5m thick. On
the top of it we found some pieces of coal, for
which we obtained a datation of 5885+75 BP
(Niedersdachsisches Landesamt fiir Bodenfor-
schung, Hannover).

Beneath it there is a greenish-gray silty layer
for which, at the same Hannover lab, we obtained
a datation of 13810+380 BP. These silty layers
are recurrent. Recently (May 2002), at Maceda
beach, we count 4 of these layers (fig. 16). They
seem to be the remain of ponds installed in the
troughs between dune ridges, and probably each
one represent a moment of a wetter climate dur-
ing Wiirm and Tardiglaciar.

At Cortegaga and Maceda beaches the spodic
horizon that appeared at mean sea level near Es-
moriz lagoon (fig. 15) was considerably higher
(respectively 5m and 7m: fig. 17).

Figure 17 represents the difference in altitudes
of the brown spodic horizon and the lower green-
ish layer from Esmoriz beach till S. Pedro de
Maceda beach.

On the contrary of the dipping to the South
trend we assumed for the marine pleistocene de-
posits at the North of Espinho, the spodic horizon
and the lower greenish layer seem to have a North
dipping trend.

So, it seems that the depressed character of the
area between Espinho and Esmoriz may have
something to do with this tectonic trends.

Littoral 2002, The Changing Coast
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Figure 14: The height of marine deposits outcrops and
its evolution along the studied coastline

5. SOME CONCLUSIONS: POSSIBLE
CAUSES OF COASTLINE EROSION AT
ESPINHO

Espinho has suffered from severe erosion since
1869 (Ferreira Diniz, 1909). The occidental part
of the city of Espinho was destroyed around 1909
(fig. 18).

The construction of Leixdes harbour began in
1884. The fundamental issues are two large “L”
shaped breakwaters. The Northern breakwater is
1.579m long. The Southern breakwater is 1.147m
long. They were ready at February 1895 (APDL
site: http://www.apdl.pt).

So, at 1889 when a part of the city of Espinho
was already destroyed (figure 18) Leixdes break-
waters were not ready yet.

A contemporary testimony (Ferreira Diniz,
1909) concludes that the cause for the erosion at
Espinho can not be the building of Leixdes har-
bour because the coastal retreat began before that
its construction was ready.

The same conclusion can be see at G. Soares de
Carvalho (1999), where much older “sea inva-
sions” are referred to have happened at 1834,
1869, 1871 and 1874.

For the 1889 “sea invasion” we don’t know if
the breakwaters were enough long at that time to
produce a serious influence on littoral drift, which
is prevalent from the North. But we can imagine
that, as Leixdes stays at the North of Douro
mouth, its breakwaters will stop the sand coming
from the Northern (and less important rivers,
Mota-Oliveira, 1990) and its influence is not
much relevant at Espinho sedimentary budget.
The hypothesis (G. Soares de Carvalho (1999) of
an inversion of littoral drift at the area of Leixdes
harbour (from the general direction North to
South to South-North) goes in the same direction.

But even if there is some influence of Leixdes
harbour to the Espinho erosion, the non-
coincidence of dates seems quite impressing.
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That brings we back to the Momer curve for
sea level evolution. Apparently, the lowest point
of sea level was reached at 1830. Than, the sea
level began to rise, slowly but continuously.

According to Brunn principle (Paskoff, 1985)
for each mm of sea level rise the coastal variation
in the horizontal direction will be 100 times big-
ger.

According to the same principle, the rate as-
sumed in the Morner curve (around lmm/year)
should produce a coastal retreat of 10cm/year.

Even if it is a slow rate, the cumulative effect
from 1830 to 2000 (170 years) could mean 170m
of coastal erosion, and this is already meaningful.
This issue is surely responsible for some of the
coastal retreat that happens at 70% of the coast-
lines in the world (Bird, 1993).

However, the sea level rise is only one of the
causes of beach erosion. According to A. Dias
(1990) sea level rise is responsible for only 10%
of the beach erosion problem.

Other reasons can be pointed out:

o The sedimentary deficit of the rivers, due to
dam construction (the sand supply to the
coast by the Douro river is actually only 20%
of its “natural” conditions (Mota-Oliveira,
1990);

e The impact of coastal constructions (the
breakwaters of Leixdes, for instance);

» Another interesting idea pointed out by Pas-
koff (1985) and G. Soares de Carvalho
(1999) is the hypothesis that because of the
end of flandriana transgression the sediment
supply to the coastline has been slowed
down. This, together with the other referred
facts, could create a sedimentary deficit and
the consequent coastal erosion.

Now we must come back to the tectonic trends
we inferred from the distribution of marine ter-
races and the heights of podzolic soils.

If those trends are confirmed, the area between
Espinho and Esmoriz corresponds to a tectonic
depression. This could explain why we have a
small lagoon in Esmoriz (fig. 13).

This could also explain why the coastal erosion
began before the construction of the breakwaters
at Leixdes: the small rising of sea level that began
after the end of Little Ice Age, acting upon soft
pleistocene and holocene deposits was increased
by a possible subsidence of Espinho-Esmoriz
area.

Although no movement is objectively referred
at that area in Neotectonic map of Portugal
(Ribeiro and Cabral, 1988), there is a “lineament”
that can be prolonged from Gerés Mountain till
the area of Ovar. Like the other strike-slip faults
of NNE direction, this one is probably an active
fault, with neotectonic movement.

Another meaningful lineament of NNE-WSW
direction crosses the coastline just where its direc-
tion changes from NNW to NNE, precisely at the
place of Espinho.

Figure 15: The aeolian sandstone covered by peat at
Esmoriz

T o

Figure 16: At Maceda beach the Bhs horizon appears at
about 7m above msl (mean sea level).

As we have seen before (figs 3-10) the land
movements does have some influence on relative
sea level variation. May be this is the reason why
coastal erosion has been so fast and devastating at
Espinho.
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Figure 17: Height variation of podzolic soils and la-
gunar deposits between Esmoriz and Maceda beaches

Figure 18: The sea invasion at Espinho from 1889 till
1909 (After Ferreira Diniz, 1909).
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Figure 19: Fragment of the Neotectonic map of Portugal (after Cabral & Ribeiro, 1988)
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Tsunamis gerados por deslizamentos insulares — o exemplo de La Palma

(Tsunami generated by island landslides — the example of La Palma)

P.P. Cunha

Dep. de Ciéncias da Terra, Centro de Geociéncias, Univ. de Coimbra, 3000-272 Coimbra; pcunha@dct.uc.pt

A teoria de que enormes tsunamis podem ser gerados por deslizamentos em ilhas
oceanicas resultou de estudos dos fundos marinhos no Hawaii. Foi Moore (1964) quem
primeiro identificou restos de colapsos dos flancos destas ilhas do Pacifico. No registo
geologico recente, o estudo destes depdsitos permitiu avaliar da sua abundancia, magnitude
(até 5000 km® de material), extensdo (até 300 km comprimento) e velocidade (deslocagio
na agua atingindo 140 m/s). O registo historico descreve tsunamis destruidores gerados a
partir de distantes pequenos colapsos de estrato-vulcdes insulares (Johnson, 1987; Satake
& Kato, 2001). A erupcdo explosiva do vulcao de St. Helens (Pacifico), ocorrida a 18 de
Maio de 1980, permitiu a observagdo da geragio de um deslizamento (3 km?).

No seguimento do tsunami gerado pelo sismo de 26 de Dezembro de 2004 que
devastou o sudeste asidtico, cientistas britdnicos voltaram a alertar para o perigo de um
fenomeno semelhante vir a ocorrer Atlantico. Neste oceano pode ser importante o risco de
tsunami por colapso, devido ao grande nimero de ilhas activas e as recentes propostas
(Day et al., 1999a, b) de que alguns destes vulcdes (ex. La Palma e Ferro, nas Canarias;
Fogo, no arquipélago de Cabo Verde) evidenciam instabilidade.

Nas Candrias, os depositos de deslizamento documentam que nos vulcdes ocorreram
cerca de uma duzia de grandes colapsos nos ultimos milhdes de anos (Fig. 1). La Palma ¢
uma ilha vulcanica recente, ainda activa. Para sul e a partir dos cerca de 2000 m de
altitude, a cumeada montanhosa de Cumbre Nueva torna-se numa cadeia de vulcdes
alinhada N-S (Cumbre Vieja) (Fig. 2). Os depésitos sedimentares no fundo do mar
evidenciam véarios colapsos laterais dos flancos da ilha de La Palma. Do mais recente
(cerca de 566 mil anos) ainda se observam restos no Cumbre Nueva (Carracedo, 1994; Day
et al., 1999a). A possibilidade de um futuro colapso do Cumbre Vieja é favorecida por nos
ultimos 125 mil anos o Cumbre Vieja (2426 m) ser o vulcdo mais activo nas Canarias
(Carracedo et al., 1999) e por a parte subaérea do Cumbre Vieja, que forma o tergo sul da
ilha, atingir 2 km acima do mar com declives médios de 15° a 20°.
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Fig. 1 — Localizago da ilha de La Palma, onde se situa o vulcdo de Cumbre Vieja (Ward & Day, 2001). Os
depdsitos submarinos evidenciam que os vulcdes tiveram uma duizia de grandes colapsos nos tltimos milhdes
de anos.

Day et al. (1999a) concluiram que nesta montanha, nos ultimos milhares de anos, a
distribui¢do e orientacao da rede de fildes mudou de uma configuracdo em triplo rifte para
uma consistindo de um rifte N-S com uma rede de fendas estendendo-se para oeste. Esta
alteracdo foi por eles interpretada como resultando do desenvolvimento de um
descolamento no flanco oeste do vulcdo. Na mais recente erup¢do do Cumbre Vieja, em
1949 (Bonelli Rubio, 1950), gerou-se uma falha normal na crista do vulcdo, estendendo-se
4 km, com um rejogo vertical de 4 m, que poderd ser a expressao superficial do
descolamento. O exame pormenorizado desta ruptura no periodo 1994-98 indicou que esta
falha tem estado inactiva (Moss et al., 1999). Contudo, esta inactividade ndo ¢ de estranhar
dado que a instabilidade da vertente pode s6 ser desencadeada pela implantacao distensiva
de diques ou pela pressurizagdo de dgua subterranea confinada (Elsworth & Voight, 1995)
numa futura fase eruptiva.
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Fig. 2 — MDT de La Palma. O centro da ilha é formado pela Caldeira de Taburiente, com 8 km de largura e
1,5 km de profundidade, ligada ao mar pelo Barranco de Las Angustias. Para sul destaca-se a imponente
paleo-escarpa do deslizamento de Cumbre Nueva e a recente cadeia de vulcdes de Cumbre Vieja.
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Day et al. (1999a) estimaram que o bloco instavel acima do provavel descolamento
apresenta 15-20 km de largura, 15-25 km de comprimento e espessura média de 1-2 km,
correspondendo a um volume de 150-500 km’. Num tanque de ondas foi construido um
modelo fisico da ilha de La Palma e numa camara de alta velocidade foi registado o
colapso e sucessiva onda que a escala real atingiria 650 m de altura. Além disso, Ward &
Day (2001) modelaram em computador o pior “cendrio” possivel: rapido deslizamento
(100m/s) em 60 km de um grande bloco rochoso com 500 m’ (ou 150 km®), que permanece
intacto até atingir a dgua. O modelo previu que as ondas geradas atinjam as costas
atlanticas com 5-25 m (ou 3-8 m) de altura.

Wynn & Masson (2003) estudaram os mais recentes deslizamentos nas Canarias: o El
Golfo (cerca de 15 mil anos ou >120 mil anos ?, na ilha El Hierro) e o Icod (cerca de 170
mil anos, em Tenerife). A cartografia submarina indica que ambos os deslizamentos ja
estavam bastante desagregados no momento em que se depositaram e o estudo dos
depositos turbiditicos com eles relacionados sugeriu que os deslizamentos apresentaram
multiplas fases, o que reduz significativamente o potencial risco de tsunami.

Uma monitoriza¢do do vulcdo de Cumbre Vieja e da recente falha associada pode
providenciar um aviso antecedendo o desastre em algumas semanas. Contudo, muitas
erupcdes podem ocorrer até que se dé o suposto colapso lateral da ilha. Nao obstante, os
governos devem ter em conta o risco de tsunami e desenvolver estratégias de proteccdo e
aviso das populagdes costeiras, pois sd0 varios os processos que podem gerar importantes
tsunamis.

Portugal esta préximo de um limite de placas que apresenta significativa sismicidade
— a Zona de factura Agores-Gibraltar. Nesta zona ocorreu a 1 de Novembro de 1755 um
sismo com magnitude provavel de 8,7-9,0 que gerou um tsunami que atingiu o litoral
portugués com altura talvez atingindo cerca de 15 m (Algarve) a 6 m (Lisboa), também
com efeitos muito destruidores no SW de Espanha e W de Marrocos. A ocupagdo do litoral
nas ultimas décadas aumentou o risco face a tsunami, principalmente nos trogos de litoral
arenoso baixo como os do leste Algarvio, Figueira da Foz-Aveiro e nas areas marginais aos
estuarios. Por isso, a ocupacdo da zona costeira deve ser adequadamente ordenada e
planeada (zonamento de usos) tendo em conta os varios tipos de varia¢des do nivel do mar.
Algum investimento na monitorizacdo, em sistemas de aviso ¢ na implementacdo de
procedimentos de evacuagao/socorro também seria util.
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Sea level changes and neotectonics:
some examples in Portugal (Arrabida and Southwest).

Ana Ramos Pereira
Centro de Estudos Geograficos
Universidade de Lisboa

Introdution

In Portugal mainland, the landscape is characterized by a heritage landform — the so call
coastal platform. This platform is related to relative sea level changes and their influence
on coastal landforms and deposits (fig.1). The continuous flattened landform is slightly
sloping towards the sea and can be found at different heights. Near Aveiro the coastal

platform is almost at sea level while in other places of the western front can reach 150m of

altitude, showing several steps,.

Landward limit isn’t always clear,

however the regular presence of tectonic
scarps makes the transition to continental /
relief’s often abrupt.

Coastal platform can be erosion or
accumulation dominant (fig. 1)'. In the
first case, the razing took place
independently of the local or regional
lithostructural setting.

The continental shelf morphology is &

similar to the coastal platform (fig.1) and

1z

Fig. 1 — Coastal platform and continental shelf
geomorphology. 1 — Sandy littoral; 2 — Cliff <
50m; 3 — CIiff > 50m; 4 — Paleocliff; 5 —
Erosion edge; 6 — Tectonic edge; 7 —
Progradation edge; 8 — Aggradation edge; 9 —
Regradation edge; 10 — Erosion dominant
coastal platform and continental shelf; 11 —
Accumulation dominant coastal platform and
continental shelf; 12 — Progradation dominant
continental shelf; 13 — Prominent relief’s in
10; 14 — Profluvial delta; 15 — Coastal drift
direction. Av — Aveiro; F — Faro; La — Lagos;
L — Lisboa; P — Porto; PS — Peninsula de
Setbal; S — Sines; SB — Serra da Boa Viagem.
(after Pereira, 2004).
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' The expression coastal or littoral platform is use in a morphologic/physiographic sense and never in a
genetic one.
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its western boundary is a structural one — the continental slope -in the transition from the

continental to the marine lithosphere.

1. The sea level change indicators and the main problems to assess them

The analysis of the nearly 940km of Portuguese West and South coastline show different
sedimentary balance. Associated with Douro, Tejo and Guadiana Rivers, regions Al, A2,
A4 and the Eastern sector of region B (fig. 1) have a positive sedimentary balance
(Pereira, 1992). On the contrary, regions A3 and AS have a negative one. These regions
are in the south side of two important morpho-tectonic structures, the Nazaré and Lisboa
Canyons, which stop coastal drift sediment bypassing.

The present-day different coastal systems are related to the sediment supply by the main
rivers and the longshore drift and its continuity (as well as human management of the
coast). Its interruption is related to two major faults that already exist along all the
Quaternary. It means that, in the past the coast was as diversify as today with sandy plains
with beach-dune systems, barrier systems, cliffs with or without rock platforms at its
bottom, estuaries, marine terraces (elements of the coastal platform).

Landforms and sediments are the main indicators of sea level change.

However: (i) correlative deposits locally change in facies as happens today (from beach to
dune sediments, for example); (ii) the genetic sediments environment of the Quaternary
deposits has change and they have been remixed and eroded by Pliocene and Quaternary
shoreline fluctuations; (ii1) the neoctectonic activity have been recognized in several
places along the Portuguese coastal platform, destroying or tilting the main features and
faulting sediments, so genesis generalizations are not to be made and sometimes
chronological correlations are difficult to establish.

In what concerns the erosional landforms (ii) the cliffs with notches and the rock
platforms have been submitted to Quaternary evolution since they were generated, namely
by mass movements, and their features are difficult to recognize. Another difficulty
must be pointed out: most of the scarps between the coastal platform and the inland are
considered to be scarp faults with Quaternary activity.

The chronological correlation between several deposits and landforms present along the
coastal platform is not easy. The absence of recognized fauna or flora in the sediments
of Late Quaternary are also a major problem. The lack of this kind of data can be the

result of the incipient research carried out about this subject.
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2. The balance between tectonic and sea level changes: two examples

2.1.The Arrabida coast

The Arrébida ridge, South of Lisbon, is a small limestone mountain uplifted, faulted and
tilted during Quaternary. The south front is a complex structural feature. The major coastal
landforms are: a cliff that can reach more than one hundred meters, in some places with
three steps related to sea level fluctuations, one of them submerged.

The higher level at 40m has no marine sediments and it is covered by colluvial material.
Below it, cliffs with a notch and a rock platform have been recognized. It represents the
most continuous level and it is covered in some places by a discontinuous coarse sand
beach deposit, sometimes with boulders (Pereira & Regnauld, 1994). This level show the
same trend as the mountain tectonic deformation, i. e., faulted and tilted to the West, from
10m to 7m above m.s.l. This episode is understood to be Eemian but no fauna were
recorded. The beach deposit is covered by an aeolianite. The cement and the shells have
been dated by '*C and give an age of 36 786 cal BP (32 040 {+ 1410 /- 1190 BP}, (36
786 BP, is the position of the interception point of the calibration curve; CalPal, 2004;
Pereira & Angelucci, 2004). This date is related to a low sea level (about 30 to 45meters
below m.s.l.) but when the coastline was not far from the present one, about 4km south,
when Mousterian inhabited an eastern grotto in correlation with this level. The continental
fauna recorded in the archaeological horizon show a fresh environment at about
30 930 = 700 BP (ICEN-387; Antunes, 1991).

A lower level were recognize at —7m (Equipe ERLIDES, 1992), represented by a narrow
discontinuous step, without dating elements. The authors proposed then a probable age of
5000 years taking into account what was known in the continental shelf. This
interpretation agrees with the new data and conclusions about rising sea level in the Sado

estuary (Psuty e Moreira, 2000).

2.2. The Southwest coast.

The major landforms are: the littoral platform bordered by small hills corresponding to a
hemi-horst in the northern middle half area and by several grabens developed N-S, in the
southern area. The littoral platform has a complex genesis, both fluvial and marine, has
been faulted, uplifted and downlifted since the Pliocene. Nine types of deposits were
recognized: marine deposits, beach deposits, acolian deposits (some of them carbonate)

and alluvial fan deposits, from the Miocene to the Holocene (Pereira, 1990). Its evolution
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was highlighted in the area near Vila Nova de Milfontes, where 6 correlative deposits are
better preserved (Pereira, 1990).

In this section, the platform is a well-preserved feature, no major river exists, exception
made to the Mira River. However, this monotonous landform hides a leveled but faulted
Paleozoic bedrock (Cambric schist and greywakes), where different types of deposits are

still preserved (fig. 1).
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The detailed study of the morphology, the outcrops and the sedimentological analysis of
the deposits and its lateral variations show:

(1) Over the faulted bedrock, the Red Formation of Foro (FVF) or simply Red Formation,
a sandstone formation, with a pebble layer at the bottom. The pebbles, sometimes
boulders, and the sands are rounded and bright. These beach deposits changes to a fluvial
one and then to a red aeolinite inland at the bottom of Serra do Cercal (fig. 2, log D6, D5,
G2 and Al). The fluvial facies appears again at the top of the Serra, with iron layers. The
landscape was then a large alluvial plain near the sea, where the FVF was deposited. There
was a sandy coastline with dunes and non-entrenched rivers drained the plain. The Serra

do Cercal did not exist (fig. 3-1).
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(i) An enormous change in the landscape was produced afterwards with the uplift of the
Serra do Cercal. This tectonic episode is probably correlative of a climatic change because
the plain was invaded by alluvial fans (LAI). Debris and mudflows were only episodic and
locally reached the present day coastline; they are well preserved at the bottom slope of
the Serra and also inside the small valleys, near the scarp (fig. 2, log D3 and D5). The
deposits have a sandy-mud matrix and pebbles not only from the bedrock but also of the
iron bands of the FVF (fig. 3-2). During this episode, the so-called littoral platform was

created.

FORTE DE
PORTO COVO

FORO
"2m

Fig. 2 — Logs of the deposits preserved on the littoral platform north of Vila Nova de Milfontes
(Pereira, 1990).

(ii1)) The next episode registered in the platform was a marine invasion, leaving well-
calibrated sands, with marine shells and Fe-Mg sand layers. This deposit, the Aivados-
Bugalheira Formation (FAB, fig. 2, log G2 and D5) penetrates 11km inland from the
present day coastline in a subsided area, where the sea creates a small bay (fig. 4-3). In
this area, this Formation decreases in altitude from 50m to present day sea level in a
stretch less than 10km wide. These indications as well as the visible liquefaction marks

suggest that they have been submitted to tectonic strain.
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| littoral plain

Fig. 3 — The evolution of the littoral platform dominated by Serra do Cercal during the Pliocene (1) and the
Plio-Quaternary transition (2) (Pereira, 1999). 1 - the littoral plain bathed by the sea, with beach and dunes
(d); 2 — littoral gravel plain (p.l.), with alluvial fans (l.a.), bathed by the sea and dominated by Serra do
Cercal (legend in fig. 11.5).

(iv) A sea retreat allowed the establishment of small rivers, which reworked the sands of
FAB, and the aeolian mobilization. A big sand field - Malhdo dune field (M in fig..4-4) -
cutting into cliff today and penetrating 3km inland was built up by N to WSW winds (it
occupies today 20km?). This dune field is still preserved because it was stabilized by
vegetation and then submitted to carbonation (fig. 2, AdM in log G2 and D5). In the
outcrops the CaCOj can reach 80% and is the result of the shells dissolution (there is no
CaCO;s in the bedrock). The aeolianite of this dune field is also faulted near the sea and a
scarp is still visible. The western tectonic compartment subsides and was invaded by the
sea leaving a characteristic morphology of platforme a vasques and sand and small
rounded pebbles (Monte Figueira Formation).

(v) Another sea retreat was registered and a new dune field — Aivados dune field, was built
and then submitted to carbonation. Only the eastern leeward of the dune field is still
preserved. It is cut into the cliff, but it is still recognized in the internal continental shelf,
where it creates islands, like the Pessegueiro Island (P in fig.5). The dunes were built by
NW till SW winds.

(vi) The latter evolution of the platform is related to the establishment of the drainage

network and the transgressive dune field (figs. 5).
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Fig. 4 - The evolution of the littoral platform dominated by Serra do Cercal during the Lower and Middle
Plistocene (?). 3 - e — scarp fault, a — cliff cut into the alluvial fans, A — Aivados, F — Fort). 4 - littoral
platform covered by a large dune field (M — Malhao), after a sea retreat. (Pereira, 2000). (Legend in fig. 1.5).

Om

Fig. 11.5 - Present day landscape (P — Pessegueiro Island). Deposits from the oldest to the youngest: FV —
Red Formation (FVF); LA — alluvial fan; FAB — Aivados-Bugalheira Formation; AdM — Malhdo aeolianite;
AdA- Aivados aeolinite (Pereira, 1999).

In all the deposits mentioned before there are no fossils. After establishing the succession
several correlations have been made not only with this section of the coast but also inland
and to the south. Pereira (1990) gives a Pliocene age to The Red Formation (Zanclian or
Placencian), in relation to the establishment of the exoreic drainage network. The climate
was probably warmer and wetter than in the present day, with contrasting seasons toward

conditions of increasing dryness. The aridity increased more during the tectonic episode
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and the related alluvial fan. This episode took place in the transition between the Pliocene

and the Quaternary. It can belong to the Ibero-Manchega II phase.

Therefore, the southwest littoral platform is the result of the morphotectonic

differentiation of an old Tertiary surface.

The table 1 synthesises the latter sequence and the uncertainties.

Table 1

Sequence of geomorphological episodes from the Lower Plistocene to Holocene

(based on Pereira, 1990 and Pereira a & Angelluci, 2004)

Geomorphological feature | Sedimentological unit Environment Probable Age
Aivados beach (old) Aivados-Bugalheira Formation Littoral - sandy coast Lower Plistocene ?
Fluvial rework of Aivados- Fluvial Middle Plistocene?
Bugalheira Formation
(1) aeolian sand accumulation
Malhdo dune field (ii) vegetation settling Aeolian Middle Plistocene
(iii) carbonation (OIS67?)
(iv) Malhio aeolianite
Monte Figueira (i) Monte Figueira Formation Littoral —beach /rocky | OIS 5
beach/rocky platform platform
Malhao fault scarp Regional tectonic deformation, faulting of the Malhdo dune 0IS5 -4 79
field and tilting of Monte Figueira rocky platform
Acolian sand Aecolian OIS4-37
Valleys Turf /Psammit palaeosoil Fluvial/ Lacustrine / 42519 + 1263°
Pedogenetic OIS 3? BP
(1) aeolian sand accumulation
Aivados dune field (i) vegetation settling Aeolian OIS 3-2?
(iii) carbonation
(iv) Aivados aeolianite
Transgressive dune field Acolian sands Acolian Holocénico - OIS 1
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Variac¢oes Holocénicas do Nivel Médio do Mar: Precisdo e Compatibilidade de
Dados

J. Alveirinho Dias (jdias@ualg.pt)

Universidade do Algarve

A deteccao de variagdes holocénicas do nivel médio do mar ¢ tarefa de grande relevancia
cientifica que, entre outras consequéncias com aplicacdo sécio-econdémica, se revela
fundamental na determina¢do da vulnerabilidade das zonas costeiras e do risco a que a
ocupacao humana dessas zonas esté sujeita. Porém, a deteccdo de varia¢des aludidas nao
¢, normalmente, facil, sendo imprescindivel adoptar posicdo bastante critica sobre a
validade dos resultados.

Verifica-se que, com frequéncia, surgem na literatura cientifica resultados cuja precisdo ¢é
incompativel com a qualidade dos dados utilizados e até, nalguns casos, incoeréncias ou
erros derivados de incorrecta interpretacdo de dados cronoldgicos.

Este ultimo aspecto ¢ particularmente importante. Por um lado, ¢ extremamente arriscado
misturar métodos de datacdo diferentes e ndo devidamente calibrados (por exemplo,
utilizar em conjunto e acriticamente determinacdes de idade obtidas por radiocarbono,
por termoluminescéncia, por racemiza¢ao de aminodacidos, etc.). Por outro lado, mesmo
os dados obtidos pelo método do Carbono 14 carecem de conhecimentos sobre a sua
validade e significado, por forma a evitar misturar, como por vezes se verifica, idades
calibradas com idades ndo calibradas, e idades corrigidas com diferentes efeitos de
reservatorio.

No que se refere aos indicadores do nivel médio do mar, ¢ dificil obter materiais para
datagdo que estejam in situ, que tenham condi¢des convenientes para o efeito. E
principalmente no que se refere a estes indicadores do nivel médio do mar que a
precaucado e o criticismo do investigador devem ser aplicados de forma rigorosa. Como se
referiu, ¢ muito dificil encontrar indicadores directos do nivel médio do mar. Na
realidade, ndo sdo muitos os organismos que vivem na faixa entre-marés e que
apresentam condigdes de preservacdo. Face a esta dificuldade, recorre-se, com
frequéncia, a conchas de animais cuja profundidade normal de distribui¢ao é conhecida.
As conchas de ostra tém sido bastante utilizadas, embora haja polémica no meio
cientifico sobre a precisao dos dados assim obtidos.

Com frequéncia, também, utiliza-se material proveniente de paleo-sapais atravessados
por sondagens de prospec¢do. E, também, uma via de conhecimento bastante ftil,
embora, como sempre, seja necessario ser bastante critico sobre os resultados.
Efectivamente, a distribuigdo altimétrica dos sapais ¢ significativamente maior do que a
variagdo da maré no litoral ocednico, e ¢ dificil conhecer a compactacdo a que os
sedimentos foram sujeitos.

Provavelmente os melhores indicadores sdo determinadas formas costeiras (plataformas
de abrasdo marinha, sapas de arribas, etc.). Todavia, também estes casos ndo sdo isentos
de problemas, porquanto ha caracteristicas estruturais das rochas e fenomenos de
recorréncia de ocupacdo que € preciso considerar.
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