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Abstract

Following the pioneering work of Schmiedt et al. (1972) on establishing the level of the Tyrrhenian Sea in Antiquity, a
number of studies have examined this evidence from Roman Period fish tanks but with significantly different outcomes
due primarily to different interpretations of the functional level of these pools at the time of their construction. As part of
a longer term project to understand the causes of sea-level change around the Italian coast, we have reexamined and resur-
veyed 12 well-documented fish tanks, all based on the same construction principles, from the Tyrrhenian coast (between
Formia and Orbetello) for which it can be established that they were in open contact with the sea at the time of operation.
The structural features that tidally control the exchange of water used to define the ancient local sea level are identified as
the channel thresholds, the sluice gate and sliding post positions, and the lowest level crepido. These are consistent for all
the tanks examined, permitting the local sea-level change over the past 2000 years to be established at each location with a
precision of +20 cm and against which other coastal archaeological features can be calibrated. We conclude that published
local sea levels that are based on the present-day elevations of the foundations of protective walls constructed around the
tanks and lie~50 cm above our inferred levels are inconsistent with the successful functioning of the water exchange and
have to be rejected. In one case, for Santa Liberata, we have been able to calibrate our interpretation against sedimentary
evidence from the nearby Orbetello Lagoon that confirm our interpretation of the functional control level of the tanks and
we conclude that the accuracy of our local sea levels is also +20 cm. The causes of sea-level change along this section of the
coast are several, including land motion driven by tectonic and glacio-isostatic processes and any change in ocean volume.
The individual estimates for the observed local sea levels range from —0.9 to — 1.5 m with a mean value of —1.22 +0.20 m.
These values show that the spatial variability of the local levels is small and consistent with model-inferences of the glacio-
isostatic process that indicate near-constant contributions for this section of coast and with tectonic inference from the
elevations of the Last Interglacial shoreline.
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1 Introduction

One of many important questions about climate change is
whether the present-day observed trends, recorded instru-
mentally in indicators such as global atmospheric tem-

This contribution is the written, peer-reviewed version of a paper

presented at the Conference “Satellite Geodetic Positioning for perature and sea level, can be extrapolated securely both

Geosciences”, held at the Accademia Nazionale dei Lincei in back into the past and forward into the future. After all, if

Rome on March 8, 2017.

< Marco Anzidei 3 Istituto Nazionale di Geofisica e Vulcanologia, Via di Vigna
marco.anzidei @ingv.it Murata 605, 00143 Rome, Italy

4 ENEA, via Anguillarese 301, S. Maria di Galeria,

Research School of Earth Sciences, The Australian National 0060 Rome, Ttaly

University, Canberra 0200, Australia

. . Rome, Ital
Departement des Geosciences, Ecole Normale Superieure, y

Paris, France

Published online: 04 June 2018 @ Springer


http://orcid.org/0000-0003-1935-1049
http://crossmark.crossref.org/dialog/?doi=10.1007/s12210-018-0715-6&domain=pdf

Rendiconti Lincei. Scienze Fisiche e Naturali

anthropogenic factors are important today, their origin will
lie in the onset of the industrial revolution which also corre-
sponds to the start of most global-scale instrumental obser-
vations and anthropogenic and background ‘natural’ factors
cannot be observationally separated. Hence, an important
focus of climate research has been on identifying proxies
of these changes for preinstrumental times, for example—
in the case of sea level—changes in oxygen isotope ratios
of sea water, or the positions of fossil corals with respect
to present-day sea-level. But often, other factors will also
influence the proxies used and it becomes important to find
means of calibration of these preinstrumental records when-
ever possible. We discuss here one such calibration, using an
observation pioneered by Michele Caputo (Schmiedt et al.
1972; Caputo and Pieri 1976): the use of inferences of past
sea levels from archaeological remains whose original con-
structions were closely linked to the sea level at their time.
We focus particularly on the fish tanks (piscinae) constructed
during the Roman Period between about 2100 and 1900 BP
for which the relationship between individual elements of
the pools and sea levels at the time of construction, that also
define the functional elevation, are well documented in the
historical literature of the epoch (see Sect. 3 for references).
These constructions are of near-uniform design in contrast
to other pools whose original purpose and relation to sea
level are less well understood. Many of these features have
been surveyed, thanks to the work initiated by Caputo in
collaboration with maritime archaeologists (Schmiedt et al.
1972), supplemented with recent reexamination of these and
additional structures (see Fig. 1 for the location of the inves-
tigated sites). For most, these piscinae occur today at levels
where they are no longer functional and the discrepancy pro-
vides a measure of the local relative sea-level change that
has occurred during the past 2000 years, a change that will
be the sum of land movements (with respect to the earth’s
center of mass) and of changes in ocean volume in this time
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interval. Features that make these pools important for geo-
physics include: (1) for successful functioning of the pool,
the water exchange between sea and pool is regulated by the
tides, and because of the small tidal amplitudes for much of
the Mediterranean coast, the pools form gauges of local sea
level with an accuracy better than the tidal amplitude; (2)
their age is well determined from historical records for the
sites; (3) they occur at many locations around the Mediter-
ranean and, therefore, provide a Mediterranean-wide bench-
mark for sea level at ~2000 years ago; (4) in most instances,
they have been carved into or built on rock, such that they
have not been subject to sediment compaction or slump-
ing and can, in most instances, be assumed to be in their
original position within the landscape; (5) in some cases,
independent geological sea-level observations also exist for
the same locality, such that an inter-calibration of the proxy
indicators become possible. However, their interest is not
restricted to geophysics alone, and for archaeology, they
provide a potentially important calibration for the function-
ing of other harbour and coastal structures. For example,
elevations of ancient piers, harbour quays, and bollards are
often a function of the dimensions of the predominant type
of ships that used the ports, and if a precise sea level can be
established from nearby fish tanks, such as at Ventotene, it
also becomes possible to establish the functional height of
these features. Or, if the relation between fish-tank levels
and the minimum levels of quarry excavations (as also is
possible at Ventotene) can be established, this information
can be transferred to comparable epoch quarry sites where
there are no benchmark fish tanks.

As noted above, the measure of sea-level change con-
tains the sum of two pieces of information; land movement,
and change in ocean volume to which must be added any
redistribution of water in the ocean due, for example, to
long-period changes in winds and ocean currents. The geo-
physical challenge is how to separate these various compo-
nents. To do this successfully requires geophysical models
of the processes at work, models that are quantified by a
minimum possible number of parameter that are estimated
from the observations themselves and from additional geo-
physical and geological data. This paper is part of a longer
term project (see Acknowledgements) to address these ques-
tions that will lead to an understanding of the causes of sea-
level change around the Italian coast, including a predictive
capability, (Antonioli et al. 2017; Anzidei et al. 2014, 2017,
Lambeck et al. 2004a, 2011). In Sect. 2, we briefly discuss
the causes for sea-level change in the Mediterranean over
recent millennia and attempt to quantify some of the more
important ones. In Sect. 3, we examine the key structures
that make the fish tanks an effective tide gauge; in Sect. 4,
we summarize new results from sites for which the structures
controlling the exchange of water between the open sea and
the tank interiors can be identified; in Sect. 5, we provide
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one example of a geological-archaeological intercompari-
son that demonstrates the validity of our interpretation of
the fish-tank data; in Sect. 6, we summarize the results and
address the whys and wherefores for future work.

2 Causes of sea-level change

Changing sea level is measured with respect to the land, a
surface that itself is a variant with respect to the planet’s
center of mass and only the satellite altimetry measurements
define the sea surface with respect to this absolute refer-
ence point. The measurement is a relative one and contains
information on changes in ocean volume, changes in the
configuration of ocean basins and redistribution of water
within these basins, and on coastal land movements. Usually,
all such changes occur in the geological and instrumental
records, and all need to be considered in successful sce-
narios for future change. Combined, they result in a com-
plex time and spatial spectrum of change from global scale
to local scale reflecting oceanographic (currents, thermal
expansion), atmospheric (winds, surface pressure), climatic
(glacial cycles), tectonic (coastal uplift and subsidence),
and global dynamic (changes in planetary gravity and rota-
tion including tides and including mantle convection and
mantle-lithospheric interactions) processes. The abundant
evidence throughout the geological record provides solid
evidence for all of these processes having occurred, since
the first oceans formed. The challenge is to derive a predic-
tive (both in foresight and in hindsight) capability of the
land-sea relationship through time that is consistent with
observational evidence and understood physical processes.

The time interval of interest here is from that of the gla-
cial cycles to years, being also the major part of the human
time scale, when the major contributions are from the
exchange of water between oceans and ice sheets, compli-
cated around the Mediterranean basin by vertical tectonics
associated within the African—European collision. Within
these limits of space and time, the contributions from the
former are largely predictable in their broad spatial and tem-
poral pattern that can be scaled by observational evidence if
sites can be identified that have been (relatively) free from
tectonic contributions. This interpolation is possible using
the theory of glacial isostatic adjustment that has been well
developed and well tested over many decades (O’Connell
1971; Peltier 1974; Cathles 1975; Nakada and Lambeck
1987; Mitrovica and Milne 2003; Lambeck et al. 2003). The
theory (generally referred to as glacial isostasy) includes
the changes in ocean volume as ice sheets grow or decay,
the deformation of the ‘solid’ planet under the changing ice
load in the areas of former glaciation (and areas of present
change), the redistribution of water in the ocean basins that
are deforming in response to the changing ice—water surface

load, and the changes in the planetary gravity field (includ-
ing changes in the centrifugal force) that ensure that the
ocean surface remains an equipotential surface. It rests on
physical assumptions about the rheology of the planet and
of past ice sheets, both parameterised in terms of known and
unknown parameters with the latter estimated from inver-
sions of observational evidence of the planet’s response
(Lambeck 2014). For the Mediterranean, the key glacial-
isostatic elements contributing to the sea-level change are:

1. The change in ocean-water volume, expressed as the ice-
volume equivalent sea level (ESL), the globally aver-
aged sea-level change due to a change in grounded ice
volume, with respect to today (defined in Lambeck et al.
2003). This is a function of time ¢.

2. The combined deformational and gravitational change
in the crustal and ocean surfaces is due to the changing

ice loads (... This is a function of # and position ¢.

3. The combined deformational and gravitational change
in the crustal and ocean surfaces is due to the changing

ice loads 8¢, @ function of both ¢ and ¢.

4. The consequences of the above changes on the planet’s
rotation and change in centrifugal force.

Figures 2, 3 show representative model-predicted
total sea-level change, assuming no tectonic (or other)
contributions:

ACrsl = Aé:esl(t) + 6§ice(¢9 t) + égwater(¢’ t)s (1)
for the Mediterranean basin near the end of the last maxi-
mum glaciation at #=20,000 years ago. The pattern (Fig. 2)
is one of a smoothed outlines of the shoreline geometry, the
result of 6> superimposed upon which is an approxi-
mately NNW-SSE gradient resulting from the 6, contri-
bution from the northern hemisphere ice sheets (including
an Alpine deglaciation). Departures from uniform A(, are

Fig.2 Predicted relative sea-level change since the late glacial maxi-
mum at~20,000 years ago for the Mediterranean region predicted for
nominal earth- and ice-model parameters [see Lambeck and Purcell
(2005)] for similar results for other epochs and for the breakdown into
the ;.. and (., contributions from the major ice sheets. For this
period, the nominal A, is — 127 m. Contour interval =10 m
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Fig.3 Representative time series for predicted relative sea-level
change at sites along an approximately north—south section across
the Mediterranean basin from Venice (Italy) to the Gulf of Gabes
(Tunisia). a From 25,000 years ago to the present. b For the past
8000 years. The predictions in this and Fig. 2 are ice- and earth-

from — 10 m near the centers of the basins to +30 m at
some present-day coastline locations. This spatial pattern of
change is preserved throughout the subsequent 20,000 years
up to the present. The time dependence is illustrated in Fig. 3
for five sites along an approximately north—south section.
This demonstrates the important variation in the local sea-
level function from one location to another, one that cannot
be adequately represented by a simple time-only dependent
function.

The parameters quantifying the earth response function
and any glaciological unknowns embedded in the predic-
tions through the three terms of (1) are evaluated primarily
from inversions of the sea-level evidence from areas that are
understood to be free of tectonic deformation which, for the
Mediterranean, we have defined as regions of low instrumen-
tal and historical seismicity and where the last interglacial
shorelines (from ~ 130,000 to 120,000 years before present)
are within a few meters of the present-day sea level. Large
sections of the Tyrrhenian coast and areas such as Sardinia
approximate these conditions (Antonioli et al. 2009; Ferranti
et al. 2006). These calibrated models are then to interpolate
and extrapolate sea-level change across the region to provide
a reference for vertical tectonic movements (Lambeck et al.
2004a). Here, we limit ourselves to the specific question of
calibration of the fish tank observations along this central
part of the Tyrrhenian coast, using geological information on
sea-level change from the wider area to quantify the model
predictions, and taking advantage of the model prediction
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model dependent whose parameters are estimated from sea-level
analyses from areas where vertical tectonic rates are low. Ice-model
parameters are from Lambeck et al. (Lambeck et al. 2014, 2017) and
earth parameters are from a preliminary ‘best fit’ analysis of Mediter-
ranean sea-level data

that along this section of coast the glacial-isostatic contribu-
tions are nearly constant. (Lambeck et al. 2004a, b).

3 The anatomy of the fish tanks

Roman fish tanks or piscinae were built mainly along Tyr-
rhenian coast of the Italian peninsula where they occurred
near large Roman villas, and less frequently in other areas
of the Mediterranean Roman Empire (Schmiedt et al. 1972;
Anzidei et al. 2014 and references therein). Plinius (Naturali
Historia, IX, 168) records that Sergio Orata was the first to
create vivarium (i.e., fish tanks) for oysters in Baia in the
first century B.C., and most subsequent constructions based
on similar functional principles were built in a restricted
interval between 100 B.C. and 100 A.D. As a consequence
of their high construction and maintenance costs, the build-
ing of new tanks ceased after the second century A.D. Of
those found beyond the Tyrrhenian coast many lack the
sophisticated design features of their Tyrrhenian counter-
parts and may have served different purposes.

The fish tanks may consist of a single tank or a number
of tanks inter-connected with channels to control the flow
between them and with the open sea. Their construction can
be classified into two types based on archaeological observa-
tions and the descriptions lefts by the Latin authors Colu-
mella and Varro: (1) excavated into bedrock (e.g., at Ponza)
or (2) built on the rocky shore using bricks and hydraulic
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mortar (e.g., at Torre Astura, Fig. 4). In some instances, a
combination of the two methods also occurs (e.g., at Ven-
totene). External walls surrounding the inner pools were
often built by a “box-like” technique creating a framework
of wooden poles and boards filled in with hydraulic mortar
and stones (Felici, 1993, 1998, 2004). As described by Plin-
ius, Columella, and Varro, the elevations of the channels,
sluicegates, and walking and working surfaces (the crepido)
were determined by the local mean sea level and tidal range
that controlled the inflow and outflow of sea water. Accord-
ing to the Latin author Varro (De Re Rustica III), a further
classification of the fish tanks is possible according to their
purpose: for fish culture—with a distinction for different
fish species; flat fish or others, for example, that required
less saline water during breeding—or as ‘water gardens’ to
embellish villas of wealthy Romans.

Fig.4 Two of the investigated fish tanks along the Tyrrhenian coast
of Italy. Top) Aerial view of Punta della Vipera with the submerged
pools and the three external vaulted channels. Bottom) Aerial view
of Torre Astura fish tank, with the submerged pools and the aqueduct
built to feed the pools with fresh water to make the aquatio. The outer
walls with intersecting channels and the inner walls between tanks
are among the typical features of these structures. The lowest level
crepido is often buried by debris below the present water level (photo
M.Anzidei)

The constructional features of the fish tanks that are of
interest are the channels, sluicegates, and crepido which,
where well-preserved, bear directly on mean sea level
at the time of construction and provide a precise meas-
ure of the local sea—land relationship. Contemporaneous
accounts by classical authors (including Plinius the Elder,
Columella, and Varro) define these features. Of most sig-
nificance for our investigation are the discussions of the
relationships of the various constructional features to sea
level at the time of use. According to Columella (De re
Rustica, XVII, 1, 3), the exchange of water inside the fish
tank is tidally controlled, to allow continuous exchange
with the sea and without stagnation or overheating inside
the basin. In addition to the principal pool being in contact
with the sea, the construction often included a fresh-water
tank and aqueduct at the back of the complex to produce
less saline environments (a technique called aquatio) to
attract certain fish species such as seabass and mullet.
In consequence, some fish tanks were constructed near
coastal springs or lakes such as on the Circeo promon-
tory south of Rome or even fed with fresh water from
aqueducts, like at Torre Astura (Fig. 4). To control the
freshwater input, these latter complexes contained addi-
tional features such as internal sluice gates at levels above
the local Roman mean sea level. Other than the design
elements, another relevant feature for dating the mari-
time structures is the building material used. To resist
mechanical erosion and chemical dissolution typical of
marine environments, the Romans used a hydraulic mor-
tar to build fish tanks, as well as for harbors and other
maritime structures, that consisted of a mixture of binder
(limestone and volcanic rocks) and aggregate (pozzolana,
a volcanic ash from the Roman city of Puteoli near Naples)
with enhanced mechanical and chemical properties relative
to the conventional concrete used for the construction of
terrestrial buildings at that time (McCann 1987; Mertens
et al. 2009; Marra et al. 2016). This was used only after
the first century B.C. (Felici 1993) and its occurrence pro-
vides a control on a lower limit of the age of construction
(Jackson et al. 2017). Despite the relatively large number
of such fish tanks found in the Mediterranean only a small
number, mainly located along the Italian coast, preserve
one or more precise sea-level markers.

The principal constructional markers that we use here
are (1) the channels and associated system for controlling
the water exchange within the basin and (2) the crepido or
narrow foot walks surrounding the inner basins. Of these,
the first are the most precise and include sluice gates, slid-
ing posts, and channel thresholds. These markers all have a
“functional elevation”, i.e., the elevation with respect to the
local mean sea level at the time of its construction, which
depends on the type of structure, its use, and on the local tide
amplitudes. These elements and their relation to sea level,

@ Springer
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in particular their minimum elevation above the local high-
est tides, are described in the historical sources of the Latin
authors Columella and Varro.

The foot walks (crepido) The foot walks bordering the
internal pools may occur at up to two or three levels, pos-
sibly depending on the function of the pool. Often, the low-
est levels of crepido are today buried by debris and have
not always been recognized or interpreted in earlier inves-
tigations. Lambeck et al. (2004b) consider the lowest level
crepido as significant sea-level markers, based on the fol-
lowing descriptions from the Latin authors Plinius the Elder,
Varro, and Juvenale: marginum eam partem, quae aquas
spectat (part of that margin that looks at the water, from
Naturalis Historia, Plinius the Elder, 23-79 A.D.); de lacu,
aut stagno, ubi servantur anates (the side of the lake or
pond where ducks sit, from De re rustica, Marcus Terentio
Varro, 116 B.C.-27 A.D.); locus editior, vel in ripa fluminis,
vel in portu maris, vel rectius ad latera viarum, and ubi
stare solent mendici stipem petituri (level placed on the bank
of the river, or the sea port, or on the roadside, where the
beggars are begging, from Juvenale 1992). It is, therefore,
reasonable to conclude that their lowest level was built to
remain at a small elevation above sea level, even during high
tides, to facilitate walking around the inner basins.

Channel systems The surrounding walls of the fish
tanks, the inner basins, and the crepido are all intersected
by channels, equipped with sluice gates, that permit tidally
controlled water exchange between the tanks and the open
sea. Often, these channels are covered by sand and have
not always been recognized or interpreted in the previous
investigations. A typical fish tank will include: (1) chan-
nels for water exchange within the basins; (2) channels for
water exchange with open sea; and (3) sluice gates (single
or multiple) within these channels, with sliding posts (see
below), and a threshold stone placed at the bottom of the
sluice gate itself. As previously noted, channels may occur
at different elevations to separate different levels of pools
within the fish tank complex, according to function and fish

Fig.5 Sketch of the channel
sluice gate with sliding posts,
threshold, and lowest level
crepido as viewed from within
the fish tank. The threshold
defines the lower limit estimate
and a level 20 cm below the
lowest foot walk defines the
upper limit estimate. The top of
the sluice gates coincides with
the elevation of the lowest level
foot walks and corresponds to a
position above the highest tide
(from Lambeck et al. 2004b)

Crepadine

Inner wall
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species kept. Examples are provided by the Torre Astura,
Tiberio, and Lucullo fish tanks (Schmiedt et al. 1972). The
first of these shows two levels of channels; a lower level
that provides the tidal control, and a higher level that would
have been above the tidal limit and which was connected
by pipe to the nearby freshwater aqueduct. The Tiberio fish
tank, near the Sperlonga promontory, is an exemplary case
of a still working tank for fresh-water species and was built
at about 3 m above sea level of 2 ka BP and is still fed by a
local spring upwelling from the limestone hills facing the
coast (Gazzetti et al. 2000). The third example, the Luc-
ullo fish tank at the Circeo promontory, is located along the
Torre Paola channel that connects the sea to the brackish
Paola lake (Chiappella 1965). The water level within this
fish tank was controlled by a combination of sea and fresh
waters (http://www.parcocirceo.it/ita_219_Piscina-di-Lucul
lo.html), the latter provided by groundwater from the nearby
limestone of Mt.Circeo (Gazzetti et al. 2000). Other than
these fish tanks, the remaining ones discussed in this paper
are mostly equipped with large water tanks at their back and
were most likely used for the aquatio (Columella). In all
cases, a complete description of the pool complex is required
to identify those features that relate directly to the local sea
level at time of construction.

Sluicegates and channel thresholds The sluice gates that
control the flow through the channels are placed mainly
where the channel enters the pool but also along their course
and between pools. These features, wholly consistent with
the descriptions left by Columella, are (Fig. 5):

e alower horizontal stone surface that defines the threshold
and is cut by a groove to receive the gate;

e the threshold slab coincides with the level of the base of
the channels;

e two vertical posts with grooves to guide the vertical
movement of the gate (our sliding posts). In some cases,
the gates have been built into the walls surrounding or
within the pools;

Posts with

sliding rooves —
\ Upperlimit

Crepidine

Fish tank

up to 2.7 m depth {Columella)
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® in some instances, an upper stone slab with a slot covers
the channel for extracting or inserting the gate in a verti-
cal position during fish tank maintenance;

e the top of the sluice gate coincides with the elevation of
the lowest level foot walk. To keep a safety margin above
sea level to protect the inner basins from sea waves and
storms, the tops correspond to a position above the high-
est tide level;

o the gate itself, built of stone or lead, has small holes (gen-
erally ~3 cm of diameter but up to ~9 cm, as in the fish
tank of Torre Valdaliga) to permit water exchange but to
prevent the escape of fish;

e in general, a height of between 60 and 90 cm (equal to
two or three roman feet), to be functional for the local
tidal ranges in the Mediterranean;

e a width of mostly 0.9 m (3 roman foot) although some-
times narrower, as in Israel (Anzidei et al. 2011);

From sites with complete preservation of sluice gates,
channels, and foot walks, we obtain relationships between
the heights of the various features. In particular, the lowest
level crepido occurred between the high tide level and about
20 cm higher, while the bottoms of the channels coincide
closely with the minimum lower tide level, but without pro-
ducing the drying of the basins (note that the bottoms of the
pools were always below this level and up to 2.7 m deep, as
reported by Columella). In the Tyrrhenian Sea, the mean
tidal range is mainly 45-50 cm and up to 75 cm for only a
few hours a year (Antonioli et al. 2015), from the analysis
of www.mareografico.it tidal data.

4 Results

During the last decades, several studies have reconstructed
past sea levels from coastal fish tanks in Italy (Schmiedt
et al. 1972; Caputo and Pieri 1976; Auriemma and Solinas
2009; Evelpidou et al. 2012; Antonioli et al. 2007; Aucelli
et al. 2017; Lambeck et al. 2004b; Anzidei et al. 2013; Pro-
fumo, 2007) with differences (Table 1) that can be attributed

to: (1) difficulty in the identification of the most precise sea-
level indicators available from these archaeological remains;
(2) different corrections for atmospheric pressure effects,
and (3) differences in the treatment of land movements of
tectonic and glacio-isostatic origin.

To examine the reasons for these differences and to estab-
lish the validity of the observational data and our interpreta-
tion of them, we have reviewed the evidence from fish tanks
built along the central Tyrrhenian coast of Italy (Fig. 1).
Table 2 and Fig. 6 summarize the results from our inves-
tigations of 15 Tyrrhenian fish-tank complexes, including
resurveys of those previously discussed in Lambeck et al.
(2004b), and 3 from the latter that have not yet been resur-
veyed. For all, one or more of the sea-level defining struc-
tural elements could be securely identified and all have been
reduced to a consistent interpretation of the local mean sea
level (Fig. 5). The relative sea-level estimates (last column)
have been reduced to present mean sea level, corrected for
tidal amplitudes and atmospheric pressure at the time of
survey (www.mareografico.it). Uncertainties include survey
errors and the uncertainties of the functional elevations of
the different constructional features. The mean value for all
sites is — 1.22 m with a standard deviation of 0.23 m, com-
parable to the a priori error estimates, suggesting that any
regional variation across this region is small. This is consist-
ent with a previous conclusion that the glacio-isostatic vari-
ability across the region is predicted to be of order +0.06 m
and that any variability in vertical tectonic displacement has
been equally small.

5 A geological calibration

As all the archaeological data refer to the same functional
level, this consistency between sites does not demonstrate
that the choice of the reference level is the correct one. For
this, we need to make direct comparisons between archaeo-
logical and geological indicators of past sea level, but so far,
this has been possible at only one locality, Santa Liberata
near Orbetello lagoon. This fish tank has been investigated

Table 1 RSLC results from different studies for Punta della Vipera fish tank

RSLC (m) at Punta della Vipera fish tank

Evelpidou et al. Lambeck et al. Leoni and Caputo and Pieri Pirazzoli (1976) Schmiedt et al. (1972) This paper
(2012) (2004b) Dai Pra (1976)
(1997)
—0.58+0.05m —1.28+0.20 m -032m —0.62 and 0.75 m —-045m —-0.65m —1.29420 m
Top of walls Channels, threshold Top of walls  Top of walls Top of walls Top of walls Channels,
and crepido sluice gate,
crepido

The lower row identifies the archaeological sea-level indicators used to estimate the relative sea-level change at this site. The last column corre-

sponds to the new estimates discussed below (Table 2)
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Table 2 Local relative sea-level change (RSLC) estimated at 12 resurveyed fish tanks of the Tyrrhenian coast of Central Italy and 3 (13-15)

additional results from Lambeck et al. (2004b)

A B C D E F
n. Site Age Survey date Archaeological indicator RSLC (cm)
1 Santa Liberata 1950+50 Lambeck et al. (2004b) Channels with threshold; top and bottom of channels; 104 +25
crepido; missing sluice gate
2 Torre Valdaliga 2000+50 Aug4,2013 External channel with sluice gate and posts; internal 87 +£20
channel with sluice gate and posts between pools
3 Punta della Vipera 2000+50 June 15,2013 Crepido; channels within the pool; channel with 128.6+20
June 8, 2013 fixed sluice gate; bottom of pool; external vaulted
June 9, 2013 channels
4 Fosso Guardiole A 2000+50 Aug6,2013 Crepido; bottom of channel; breakwater/pier around  Mean of the
Sept. 5, 2013 the pools two fish tanks
Fosso Guardiole B 2000450 July 5,2013 Channels; upper and lower levels of crepido; bottom 117.0+20
Aug 6, 2013 of channel; channel with sluice gate
5 Le Grottacce fish tank 2000+50  Sept 4, 2013 Lower crepido; channels with posts, sluice gates and  138.5+20
June 6, 2014 thresholds
6  Pirgy (Odescalchi) 2000450  June 22, 2013 Lower crepido 137.5+20
7  Castrum Novum (S.Marinella) 2000+50  Sept 26, 2013 Pavement; double thresholds of sluice gates; crepido; 106.5 +20
top and bottom of channels; channel with missing
fixed sluice gate
8  Astura La Saracca 2000+50 Aug 24,2013 Top and bottom of external channel; channels, posts; 93.5+20
crepido
9 Astura La Banca 2000+50 Aug7,2013 Upper and lower crepido; channel with sluice gate 109+20
and posts
10 Astura 2000+50 Aug 30,2013 Top and bottom of channels, thresholds; Lower 97.4+20
crepido; bottom of pools
11 Ponza indoor 2000+50  Sept 27,2013 Channels with posts and threshold; channel with 158 +20
fixed sluice gate and posts; lower, middle and upper
levels of crepido
12 Ponza outdoor 200050  Sept 27,2013 Channels with posts 137.2+20
13 Ventotene 2000+50 Dec 11,2013 Channels with threshold; top and bottom of channels; 154.5+20
crepido; missing sluice gate; fixed sluice gate
14 Serapo 1950+ 100 Lambeck et al. (2004b) Crepido 148 +20
15 Sarinola 1950+ 100 Lambeck et al. (2004b) Channels with threshold; top and bottom of channels; 108 +20

crepido; missing sluice gate

Marine observations have been corrected for tides at the time of surveys using tidal data retrieved from www.mareografico.it. Uncertainties
include survey errors and the functional elevation estimated from the constructional features. Mean RSLC is 122 +06 cm

A site number as in Fig. 6, B site name, C archaeological age, D survey date, E archaeological sea-level indicator, F relative sea-level change

by numerous investigators resulting in some significantly
different outcomes (Table 3), largely the consequence of
different interpretations of the archaeological measure-
ments. Of note is that the wall elevations yield results that
are 45-65 cm above the channel system and lowest crepido
estimate.

The analysis of a recently collected shallow core sam-
ple from the Orbetello lagoon (~3 km from the fish tank)
revealed the presence of marine and lagoonal species, such
as Hydrobia sp., Loripes lacteus, Abra sp., Cerastoderma
glaucum e Cerithium vulgatum that occur at the transi-
tion between zones III and IV of Guelorget and Perthuisot
(1983), including « mixed » species such as Loripes lacteus
and those typical of paralic environment such as Hydrobia
sp., Abra sp., and Cerastoderma glaucum (these predate

@ Springer

modifications resulting from an artificial channel opening
of the lagoon). Radiocarbon dates for a Loripes lacteus
specimen at — 1.37 m below mean sea level, within a sandy
lagoonal mud layer between ~ — 1.05 and — 1.40 m, yielded
the results as summarized in Table 4.

Within measurement uncertainties, this independ-
ent estimate of local sea level at Orbetello is consistent
with that of Lambeck et al. (2004b) based on the nearby
(~3 km) Santa Liberata fish-tank evidence inferred from
the channel and uncertainty estimates of both measure-
ments consistent with the fish tank result of —1.04 +0.25
at~2000 BP. This rules out the inferences drawn from the
elevation of the walls surrounding the pool by Schmiedt
et al. (1972) as well as those based on the other, not clearly
specified structural features. Neither observation is yet


http://www.mareografico.it

Rendiconti Lincei. Scienze Fisiche e Naturali

0.00

-0.20

-0.40

gy

@
&

laly

Ny
-0.60 <
2
§
-0.80 “
-1.00 I
‘ -1.04

-1.20

-0.87

RSLC (m)

-1.28

-,
Vay
T I/lbera
——— g,

140 -1.37

-1.60

-1.80

-2.00

1 -1.48
-1.54

10 11 12 13 14 15 16 17 18 19

Site number

Fig.6 Relative sea-level change inferred from the set of revised fish
tanks of the central Tyrrhenian Sea and biological data from a shal-
low core. At right of the plot are reported (1) the RSLC inferred from
biological data collected by the shallow core at Orbetello lagoon,
consistent with the RSLC inferred by the fish tanks (1.37 m, in vio-
let); (2) the mean RSLC from Lambeck et al. 2004b (1.35 m, in

green); (3) the mean RSLC from the revised fish tank data (1.22 m,
in red). The horizontal red line represents the mean RSLC from the
revised fish tanks data with the related standard error of the mean
of+6 cm, as shown by the transparent grey box. In bold are the fish
tanks of S. Liberata, Serapo, and Sarinola, with RSLC values from
Lambeck et al. 2004b

Table 3 Local sea-level change results from different studies for Santa Liberata fish tank

Lambeck et al. (2004b) Leoni and Dai Pra (1997) Caputo and Pieri (1976) Pirazzoli (1976) Schmiedt et al. (1972)
—-1.04+025m -0.39m —0.50 m wrt 1884 msl —-0.45m -0.61m
Sliding posts, threshold, channels ~ Top of channel Stone bases of fishpond walls ~ Not specified® Top of wall

Tt is not stated in this paper what is measured for this particular fish tank, but, from the analogy with the other measurements in that paper, we

interpret this as the elevation of the surrounding wall

Table4 Age .and depth f.or Site name Age Age Cal BP  Altitude Altitude error (m) Biological Coordinates

lagoonal fossil sampled in Calib 7.4 (m wrt msl) Marker

the Orbetello lagoon which is | sigma Upper limit Lower limit

located at about 3 km from the

Santa Liberata fishpond Orbetello 1913+45 1653+55 —127+0.20 0.2 0.2 Loripes ~ 42°25'53.3"N
1771 £55 lacteus 11°11'12.9"E

The lagoonal fossils were placed at —1.27 m of elevation from the ground surface. The two calibrated ages
correspond to 50 and 20% marine mixing. See also Fig. 1 for location

of sufficient accuracy to provide a thorough test of our
hypothesis concerning the level of functionality within
about + 0.20 m, other than that the comparison is incon-
sistent with the inferences drawn from wall-elevation
observations which appear to result in higher (~50 cm)
levels. Such a discrepancy is more clearly seen for Punta
della Vipera fish-tank results where the ‘wall’ estimates
are consistently higher by 70-90 cm. The tops of the outer
walls were of sufficient height so as to protect the inner

basins from wave action, and the inner walls were built
up to an elevation to keep the inner pools separate during
the highest tides, we conclude that (1) estimates based on
the wall elevations only provide upper limit estimates to
past local sea levels and (2) that there is no well-defined
relationship between the elevation of the walls above past
sea level and the structural elements of the channel system
that control the water exchange.
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6 Discussion and conclusions

We have limited the discussion in this paper to the sea-
level evidence from the Roman period fish tanks from that
part of the Tyrrhenian coast (of ~ 180 km length from Civi-
tavecchia in the north to Formia in the south) for which
(1) the documentation of the construction methods and
the purpose of the tank are mostly complete, (2) the pools
were cut into, or built on, solid rock, (3) the spatial vari-
ation in the glacio-hydro isostatic contribution to relative
sea level is significantly less than the observational preci-
sions, and (4) differential vertical tectonic contributions
in recent millennia are also small. We have reexamined
the evidence for the functional elevations of those fish
tanks that were clearly in open contact with the sea as dis-
tinct from those that were designed to maintain brackish
or fresh water conditions. The structural features used here
to define the functional elevation are tidally controlled and
all relate to the channel systems within and outside of the
tanks that they were protected by exterior walls. The ele-
ments making up the adopted system include the channel
thresholds, sliding posts, and sluice gates and the lowest
level foot walks or crepido. Table 5 summarizes their rela-
tive elevation relationships.

For this section of the coast for which the tidal range
is small and nearly constant (Antonioli et al. 2015), these
distinct features occur at the same differential elevations
for all pools considered, such that where only one or two
of these elements have been preserved, the elevations of
the others can be reconstructed. The channel threshold
defines the lower limit estimate (Fig. 5). The top of the
sluice gates coincides with the elevation of the lowest level
foot walks and corresponds to a position above the highest
tide and a level 20 cm below this defines the upper limit
estimate. Features such as the foundations of the walls,
used by many previous authors, only provide upper limits
to the past sea levels and the comparisons at the Punta

Table5 Summary of relationship between structural features and
sea level {(#p) is the elevation with respect to present sea level (in m)
reduced to mean sea level and corrected for atmospheric loading; 8¢y
is the local tidal range (in m) (assumed to have remained constant
unless there has been a major shoreline change)

Relationships between structural features and sea level

Feature Palaeo sea level (m)

Threshold only C(tp) +0C1/2
Lowest foot walk only  {(#p) —0.20 — 6{/2
Top of sluice gate only  {(zp) —0.20 — 6¢/2

Sliding post As for the lower foot walk level or~20 cm

higher if there was an upper slab with
groove
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della Vipera and Santa Liberata sites indicate that they
lie ~50 cm or more above local mean sea level (Tables 1,
3).

The comparisons of the 12 newly resurveyed pool results
and the three additional ones based on the same methodol-
ogy (Table 2) yield consistent results for the local sea level
of —1.22 +0.06 m (standard error of the mean) and a stand-
ard deviation for a single pool of ~+20 cm. This confirms
that differential vertical land movements, of whatever origin,
for ‘hard rock’ sites have been insignificant on a 2000 year
time scale along this section of coast.

To test the hypothesis that the elevations of the vari-
ous structural features associated with the water exchange
between the pool interior and the open ocean are controlled
by the mean sea level at the time of construction, we have
attempted a calibration of the fish-tank evidence by exam-
ining sedimentological evidence for sea-level change at a
nearby site, Orbetello Lagoon. This yielded a result consist-
ent with the fish-tank data within uncertainties of the two
measurements (Table 4) and which excludes the archaeo-
logical estimate based on the wall elevations (Compare
Tables 3 and 4). Hence, we have established a reference
surface for sea level during the Roman Period between about
2100-1900 BP that was about 1.20+0.20 m below present,
and with respect to which other coastal archaeological fea-
tures within this age range can be quantified; for example,
the lowest level of quarry floors at coastal sites or the heights
of bollards constructed for different purposes. Exemplary are
(1) the quarries at Ventotene island where the lowest cuttings
are submerged at same elevation of the lowest level foot
walks and (2) the bollards of the Roman age harbor carved
into the rock, indicating that these structures identify limit-
ing values of historical sea level that are consistent with the
observations of the channel systems in the nearby fish tank
(Lambeck et al. 2004b).

The explanation for this departure from the present-
day sea-level lies in a combination of factors, but mainly
the glacio-isostatic consequence of the last deglaciation,
long-wavelength tectonic land uplift, and changing ocean
volumes, Separation of the three is only possible through
expanding the research area to a greater region; using geo-
logical evidence for sea-level change in the Mediterranean
to establish both the isostatic parameters required and a
regional pattern of tectonic displacement and using tide
gauge records to establish the rates of recent local sea-level
change. A preliminary attempt at this concluded that the
observed level was consistent with the isostatic contribu-
tions plus tectonic inferences based on the elevations of
the Last Interglacial, and the assumption that the mod-
ern sea-level rise was initiated at or after ~ 150 years ago
(Lambeck et al. 2004a, b). With the glacio-isostatic theory,
underpinned by the earth and ice parameters from regional
inversions of geological evidence for sea-level change, it
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becomes possible to remove at least this component and to
extrapolate the sea levels for 2000 years ago to beyond the
Tyrrhenian coast and to use this as a reference surface for
assessing the regional patterns of vertical tectonic move-
ments and for testing the hypothesis that the recent sea-level
rise recorded by tide gauges across the region is a signal of
a recent (100-150 years) change rather than part of a much
longer change.

Preliminary results suggest that the science is at a stage
where scenarios can be developed, based on climate sce-
narios, for changing sea levels and concomitant shoreline
migrations into a centennial-scale future (Lambeck et al.
2011; Antonioli et al. 2017; Anzidei et al. 2017), but to have
greater confidence in these outcomes will require amongst
other things and in addition to improved climate scenarios,
further calibration of the models used here, including (1)
an extension of the Roman Period archaeological evidence
beyond the Tyrrhenian boundaries, (2) a more complete spa-
tial and temporal coverage of accurate geological evidence
for sea-level change, and (3) improved understanding of the
broad-scale vertical tectonic movements on millennia time
scales. Finally, our observations contribute to the improve-
ment of sea-level database of relative sea-level data points
for the Mediterranean region, like shown in Vacchi et al.
(2016), providing high-accuracy constraints of relative sea
levels at 2100-1900 years BP.
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