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Abstract: The Messinian ‘salinity crisis’ which affected the Mediterranean represents one of the most
dramatic examples of base-level fluctuation known in the geological record: an amplitude of perhaps 2 km
within a stage with a duration of less than 2 Ma. Deposits within the Caltanissetta Basin of central Sicily
are used to calibrate the duration and timing of these fluctuations. Two successions of evaporites termed
’First Cycle’ and ‘Second Cycle’, are separated by an inter-regional unconformity. The first cycle is
regionally regressive while the second is transgressive. Chronostratigraphic calibration of these deposits
has been provided by a linked magnetostratigraphic, structural and sedimentological study. The regression
was protracted. The earliest evaporites in our study accumulated early in Chron C3Ar (pre 6.88 Ma) and
the youngest accumulated late in chron C3An (post 6.0 Ma). During this interval the basinward shift in
coastline was 70 km and in vertical section implies a relative fall in sea level at 0.3–0.4 m ka�1. Lowstand
probably finally occurred at 5.8–5.5 Ma. Transgression, marked by accumulation of the ‘second cycle’
deposits, which all record reversed magnetizations (C3r), apparently occurred far more rapidly (200 ka),
prior to the return to ‘normal’ marine conditions in the central Mediterranean late in Chron C3r. Local
rates of tectonic deformation are relatively slow within the thrust belt which underlies the Caltanissetta
Basin. Therefore, it is likely that the timing and rates of the Messinian ‘salinity crisis’ on Sicily are
generally applicable to other basins in the region and help to underpin rates of climate change within this
part of the Neogene.
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The Messinian ‘salinity crisis’ which affected the Mediterra-
nean is one of the most dramatic examples of regional environ-
mental change outside the polar regions in Neogene times. Its
origins lie in the interaction between a slowly evolving palaeo-
geographic framework driven by plate tectonics and a eustatic
fall in sea level linked with global cooling. The discovery
of thick evaporite successions beneath the floor of the
Mediterranean, particularly as part of the Deep Sea Drilling
Project in the early 1970s (e.g. Hsü 1972; Hsü et al. 1978), led
to the suggestion that these basins were almost completely
desiccated with local base levels several kilometres below
normal sea level. Understanding the timing and duration of
this, apparently Mediterranean-wide lowstand, and the time-
scales for the regressions and transgressions is critical in
developing models for this type of environmental change and
for calibrating depositional models for evaporite accumula-
tion. The duration of the Messinian stage, conventionally
measured at just 1.5 Ma (e.g. Harland et al. 1990), clearly
makes the ‘salinity crisis’ a prime example of rapid change.
However, conventional biozonal stratigraphy is of limited use
in understanding the timing of these changes in detail because
normal marine conditions only provide a bracket on the total
history of the crisis. Consequently, modern stratigraphic meth-
ods must be adopted to calibrate the crisis in detail. Here we
present the results of an integrated magnetostratigraphic and
sedimentological study which, allied to the vestigial faunal
data, permit a high resolution calibration of the ‘salinity crisis’.
We use our approach to test sequence stratigraphic models for

the deposition of Messinian strata in thrust-top basins on
Sicily and then use these results to discuss their implications
for Mediterranean palaeoceanographic evolution.

Geological setting
Messinian strata on Sicily (Fig. 1) represent the greatest
accumulations of late Neogene evaporites in the circum-
Mediterranean region (Decima & Wezel 1973). The following
notes outline the salient features of these deposits. Further
details are provided by recent publications mentioned below.
The evaporites of central Sicily accumulated within a series of
thrust-related synclines (Butler et al. 1995) collectively termed
the Caltanissetta Basin (Ogniben 1957). The thrust belt con-
sists of a major basal detachment (Bianchi et al. 1989) and
widely spaced thrust-related folds above (Butler & Grasso
1993). Thrust-related synclines are markedly periclinal and
hence it was the structural geometry of these sub-basins that
controlled the evaporite distribution and facies (Butler et al.
1995). Local deformation rates during the late Neogene were
very slow. Limb-tilt rates have been recorded from strati-
graphic relationships at 1� 28 ka�1 with individual fold struc-
tures shortening at less than 0.2 mm a�1 (Butler & Lickorish
1997). Therefore, across the Caltanissetta Basin as a whole,
rates of relative sea-level change dominantly reflect those of
eustasy (e.g. Jones 1996), although clearly modified from place
to place by local folding.
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For much of southern central Sicily, in the distal parts of
the thrust belt, the Messinian evaporites are underlain by
diatomaceous laminites of the Tripoli Formation which pass
up transitionally from marine clays and muds of the Licata
Formation (Fig. 1c). The upward transition into the evaporites

and microbial lime muds, reflects a systematic shoaling
up-section together with increasing palaeoenvironmental
restriction (Pedley & Grasso 1993). Thus the deposition of the
earliest evaporites was linked with regression. In the northern
and central parts of the Caltanissetta Basin the sediments

Fig. 1. (a) Location of Sicily within the Mediterranean and the location of (b). (b) Map of the Caltanissetta Basin, showing sample sites and the
distribution of Messinian basins, together with the section line (X-Y) of (d). The magnetostratigraphic sites mentioned in this paper are located:
EM, Eraclea Minoa; Co, Corvillo; M, Madonnuzza; BA, Balza di Arredula; TV, Torrente Vacarizzo; CG, Contrada Gaspa; MT, Monte Torre;
SP, Serra Pirciata; CP, Castro di Palma. (c) Simplified representation of stratigraphic units in the Caltanissetta Basin. No vertical scale is
intended (thicknesses highly variable). The northern section is based on the Corvillo Basin area (locations Co, CG and BA on b); the southern
section is based on the Agrigento area (CP and EM of b). TVF, Terravechia Formation (subaerial and shallow marine sands grading up into
marine clays, with or without patch reefs on structural highs. This passes up into Tripoli Formation laminites only in some sub-basins). LF,
Licata Formation (marine clays accumulated under substantial bathymetry, ubiquitous passage up into Tripoli Formation). The Calcare di Base
passes laterally into gypsum, halite and potash salts in restricted sub-basins. The Second Cycle (upper Messinian) units include detrital gypsum
and siliciclastic sands (proximal and subaerial in North, distal and subaqueous in the South) together with primary selenitic gypsum beds. All
locations, where preserved, pass up into Trubi Formation (Pliocene). (d) Sketch cross-section across the Caltanissetta Basin (vertical=horizontal
scales: modified from Butler et al. 1995; Butler & Lickorish 1997).
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which underlie the evaporites include reefs (Grasso &
Pedley 1988), subaerial clastics (Butler & Grasso 1993) and a
mappable river system which fed sediments across the array of
thrust-top basins in Late Tortonian times (Jones 1996; Jones &
Grasso 1995). These sediments constitute the Terravecchia
Formation which is interpreted as the proximal equivalent to
the Licata Formation in southern Sicily (Fig. 1c). All these
Late Tortonian–Early Messinian sediments pass up into
marine clays indicating that the ‘salinity crisis’ was preceeded
by a regional transgression. This correlates with highstands
TB3.3 and TB3.4 on the sea-level curve of Haq (1991).
Nevertheless, the legacy of Late Tortonian thrust-top sedimen-
tation was a palaeobathymetric profile that regionally changed
from relatively shallow water in the north to deep water in the
south across the Caltanissetta Basin (Butler et al. 1995).
Although in detail the seabed geometry was modified by local
folding, the regression which accompanied the accumulation
of the earliest evaporites on Sicily occurred across this
bathymetric profile.

Messinian evaporites on Sicily are found in two stratigraphic
groups separated by an inter-regional unconformity (Decima
& Wezel 1973). These groups are traditionally named the
‘First’ and ‘Second’ cycle, although the use of the term ‘cycle’
has no sequence stratigraphic connotations. The early, ‘First
Cycle’, evaporites include a wide range of evaporite facies,
including potassium salts. In general these more soluble salts
are preserved within synclines. In contrast the higher structural
levels represented by the crests of anticlines, hosted an exten-
sive carbonate body termed the Calcare di Base (Ogniben
1957). This name is a misnomer for the carbonate is the lateral
equivalent to evaporites within adjacent basins, as indicated
not only by field relationships (Pedley & Grasso 1993) but also

the presence of pseudomorphs after halite and gypsum within
the carbonates. In general, the Calcare di Base is a microbial
lime mudstone within which evaporite minerals grew. It com-
monly shows bed-by-bed autobrecciation and preservation of
palaeokarst infilled by the next youngest lime mudstone bed
(Pedley & Grasso 1993). This linked depositional and early
diagenetic history places the Calcare di Base close to a
palaeo-coastline.

The First Cycle evaporites record virtually no detrital input,
apart from locally derived, slumped and reworked material on
the flanks of some anticlines. In contrast, above the inter-
regional unconformity, the Second Cycle evaporites include
thick detrital successions (Decima & Wezel 1973; Butler et al.
1995). The sudden influx of detrital material presumably
reflects increased run-off compared with that during the depo-
sition of the First Cycle. Further details are provided by
Keogh & Butler (this volume). The Second Cycle has a
regionally transgressive behaviour, as indicated by the facies
evolution at individual sites and systematic onlap (Butler et al.
1995). Evaporitic deposition and much of the detrital input
ended by the Pliocene, a time marked by the widespread
deposition of chalks of the Trubi Formation (e.g. Kastens &
Mascle 1990; Fig. 1c).

To summarize, the Messinian evaporites in the Caltanissetta
Basin developed during a regressive–transgressive cycle in
sea-level. These sediments accumulated in thrust-top basins
which, because of the pre-evaporitic sediments and their
palaeogeography, are inferred to have formed a palaeobathy-
metric ladder of sub-basins from north to south. It was on the
basis of these relationships that Butler et al. (1995) predicted
diachroneity in the onset of evaporite accumulation across
Sicily—a prediction that is tested by the study reported here.

Fig. 2. Example of the transition up into
the Calcare di Base, from Serra Pirciata.
(a) photograph of the section, looking
east. The section is subvertical and
youngs to the N (left). Geologists on the
outcrop give the scale. (b) Sketch log
through the section with summary of
magnetostratigraphic results (modified
after Pedley & Grasso 1993 and Butler
et al. 1996). X is the basal autobrecciated
bed—the base of the Calcare di Base in
this section.
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Stratigraphic methods
The stratigraphic succession from marine to shallow-water and
emergent sediments that marks the onset of deposition of the
Calcare di Base at individual sites is ideal for charting the
migration of the Messinian coastline across Sicily. This transi-
tion is exemplified from the southern part of the Caltanissetta
Basin by the Serra Pirciata section (Fig. 2; Butler et al. 1996).
The lower part of the section contains diatomaceous laminites
and lime muds interbedded with clays which host abundent
planktonic fauna including keeled foraminifera indicative of
water depths in excess of 200 m (e.g. Cita 1975). In common
with all other sections through the Tripoli Formation (Pedley
& Grasso 1993), these lithologies are rhythmically interlayered.
The depositional cycles have been inferred to correlate with
precession cyclicity (Krijgsman et al. 1994). Lithological
cyclicity is matched by cycles of faunal diversity (Pedley &
Maniscalco this volume). The facies passes up into the Calcare
di Base. Diatomaceous laminites become less common as the
importance of lime muds increases and the faunal diversity
decreases. The upper part of the section contains massive beds
of autobreccia with local pseudomorphs after gypsum and
halite. We interpret the autobreccia as reflecting very early
diagenesis, principally formed by the dissolution of evaporitic
minerals and the replacement by microbial limestones. The
lower autobreccia units are up to 1 m thick and are capped by
lime muds and thin clays which fill palaeokarstic cavities. Thus
autobrecciation occurred immediately after the accumulation
of individual beds, involving flushing of meteoric water at or
close to sea level. Pedley & Grasso (1993) interpret these
depositional/diagenetic cycles as reflecting regular cyclic vari-
ations in sealevel, presumably with amplitudes in the order
of 10–20 m. Autobrecciation may be used as a proxy for
nearshore to emergent conditions.

The transition described above, from open marine to coastal
sediments, is ideally suited for charting the Messinian regres-
sion. The aim of our study was to calibrate the onset of
marginal marine deposition at a variety of sites across the
Caltanissetta Basin, as indicated by the oldest occurrence of
autobreccia within the transition up into the Calcare di Base.
The more northern sites do not contain diatomites in the
pre-evaporitic strata (Pedley & Grasso 1993; Butler et al.
1995). Also, many sections did not record complete magneto-
stratigraphies. However, bedding within the Calcare di Base is
generally defined by cyclic deposition and autobrecciation.

Magnetostratigraphy
A variety of sites across the Caltanissetta Basin were selected
for magnetostratigraphy study. Of these just five provided
near-continuous sections through the basal transition into the
Calcare di Base. Magnetostratigraphies were constructed for
these sites, together with a further six sections through the
Calcare di Base alone.

Over 1400 palaeomagnetic samples have been fully demag-
netized using both AF (alternating field) and thermal demag-
netization methods and analysed to identify the magnetic
components. All magnetizations were measured during the
demagnetization procedure using a Cryogenic Consultants
GM400 cryogenic magnetometer at Oxford University. The
total NRM intensity was very weak (from 0.6 mA m�1 to
0.01 mA m�1) for all samples, whether from Tripoli, Calcare
di Base or Second Cycle evaporites. Most samples carry a
significant magnetic overprint directed along the recent Earth’s

magnetic field. This component is removed by heating up to
275–300�C or by applying AF fields of 30–50 mT. Our
interpretation of these magnetic results is that the magnetic
overprint is carried by an iron sulphide, while the higher
stability characteristic remanence (ChRM) is carried by mag-
netite. Further experimental details of two sites (SP and CP on
Fig. 1) are provided by McClelland et al. (1996) although
the stratigraphic interpretations of this earlier study are
superceded by the current paper.

The studied Messinian strata on Sicily are characterized by
extremely weak primary remanences. The dominant magnetic
component is the modern normal polarity field. Consequently,
in flat-lying strata, it is difficult to isolate primary remanences
when they record normal directions. An advantage of working
in tectonised basins is that tectonic tilts, developed after
acquisition of the primary remanence but before the modern
overprint, permit the isolation of the two components during
demagnetisation experiments. Folding continued through the
Messinian, as indicated by angular unconformities between the
First and Second cycles and by the differential accumulation of
evaporites between anticlines and synclines (Butler et al. 1995).

A variety of conventional tests were performed to establish if
the high stability characteristic remanences that we were able
to isolate were acquired very soon after deposition. Composite
fold and tilt tests show that the dominant modern normal
polarity component was acquired after folding was completed,
conversely the ChRMs were acquired before folding while the
beds were horizontal (Fig. 3a). Furthermore, for individual
sites, the normal and reversed ChRM directions are antiparal-
lel (Fig. 3b). Thus our data survive these large-scale tests.
Local conglomerate tests were possible using clasts of Calcare

Fig. 3. Examples of geometric tests for primary remanence dating
from deposition and the early diagenetic history of sediments.
Palaeomagnetic data are plotted on equal area projections. (a) Fold
test applied to Calcare di Base sites. Applying tilt correction to
magnetic directions from four sites around a fold structure at
Contrada Gaspa (location CG on Fig. 1) produces statistically
significant improvement in grouping compared to in situ directions.
N=4; k2/k1=22.3>4.28 for significance at 95% probability.
(b) Reversal test applied to directions from Contrada Gaspa;
normal and reversed directions are antiparallel within error.
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di Base within coarse detrital deposits of the Second Cycle, and
indicate that the high-stability remanence predates the forma-
tion of the conglomerate. In a few localities we were able to
perform local fold tests using slumps, particularly in lime
mudstones. These tests show that the remanence was aquired
after slumping, but probably before compaction.

Additionally, two pieces of circumstantial evidence point to
primary remanence for the Calcare di Base being acquired
during early diagenesis. First, in single bed autobreccia units it
is possible to isolate the same primary remanence direction for
different samples. Thus these remanences were acquired after
local brecciation. However, the thicker autobreccia beds,
formed by amalgamation of several original autobrecciated
units, do not record reproducible primary remanence direc-
tions. These results are consistent with primary remanence
being acquired during the initial brecciation process during
karstic dissolution of evaporites and their replacement by
microbial limestones. Second, in the few samples where there
has been no overprint, we have attempted to identify the
magnetic carrier. After dissolving the carbonate and evaporite
minerals we have identifed the primary magnetic carrier to be
cubic, sub-micron-sized crystals of magnetite; this too is a
very good indication of primary origin from magnetotactic
bacteria.

Linking magnetostratigraphy with astro-stratigraphy
For Plio-Pleistocene successions there now exists a calibrated,
linked magnetostratigraphy and astrostratigraphy (Berggren
et al. 1995; Lourens et al. 1996). In this, the number of
depositional cycles within each magnetic reversal chron is
compared with the number of cycles predicted from periodic
changes in earth orbit. In general, there is excellent correlation
between depositional cyclicity and precession which survives
comparisons between different sites. To date this approach
has not been applied successfully to the Messinian of the
Mediterranean because of the incomplete nature of sedimen-
tary successions through the ‘Salinity Crisis’ (e.g. Krijgsman
et al. 1994). However, existing results suggest that the litho-
logical cycles within the Tripoli Formation reflect precession
cyclicity (Krijgsman et al. 1994) which presumably forced
fluctuations in surface bioproductivity. The depositional/
diagenetic history of beds within the Calcare di Base reflects
cyclic variations in sea level which may also reflect precession.
Consequently we use these cycles to calibrate magnetostratig-
raphy although clearly the successions on Sicily are incomplete
and cannot be traced up into the Pliocene.

Reversal patterns do not give absolute ages for sedimentary
rocks, even for those parts of the geological record that has
been calibrated against absolute chronology as part of the
Geomagnetic Polarity Timescale (Cande & Kent 1992, 1995).
Conventionally the ambiguity of the binary nature of a mag-
netostratigraphic section is constrained using biozonal fauna.
However, as this record is itself dependent on palaeoenviron-
ment, its use in charting marginal marine environmental
change could be misleading. Cyclic sedimentation, provided
the cycles reflect orbital processes rather than local processes,
offers the chance to calibrate magnetostratigraphy. Magnetic
chrons are of unequal length and therefore contain different
numbers of precession cycles. The expected number of preces-
sion cycles can be simply estimated by dividing the duration of
each chron (Cande & Kent 1995) by the duration of precession
cycles for the late Neogene (c. 24 ka, Langereis & Hilgen 1991;

Lourens et al. 1996). For the Messinian, the durations of the
reversed chrons are particularly variable and thus provide an
excellent chance for integrating the two stratigraphic methods.

In practice, the integration of magnetostratigraphy with
astronomical stratigraphy based on depositional cyclicity, is
likely to be difficult in tectonically active basins. Laminites
and muds are highly prone to slumping and non-deposition
because of slope processes operating on the ancestral sea-bed.
They may also be excised by currents. Consequently in tectoni-
cally active regions, incomplete stratigraphies should be
expected. Thus the number of precession cycles observed for a
given magnetostratigraphic chron should generally be expected
to be less than the predicted number.

Results
We present our results in the form of a magnetochronostrati-
graphic diagram (Fig. 4), within which the sites are organized
in approximate order down the inferred palaeobathymetric
profile across the thrust belt. The correlations have been
produced using a number of criteria. The number of observed
precession cycles must not exceed the predicted number for the
length of the correlated polarity interval. Two of our sections
(MT and SP on Fig. 4) contain a conformable boundary
between biostratigraphically determined Tortonian age sedi-
mentary rocks of the Terravecchia Formation and the over-
lying Messininan Tripoli Formation, and this broadly defines
the age of the base of these sections. Our correlations of
Messinian age sedimentary rocks must not overlap with well-
dated younger or older sediment sections from Sicily. Assum-
ing that the observed depositional cyclicity correlates with
precession, our stratigraphic calibration of Messinian sections
relies on matching the observed numbers of cycles with those
predicted for each chron. With reference to Fig. 4, the logged
sections of magnetic and depositional cycles (central columns
on the diagram) can be matched against the predicted times-
cale (the side columns) while honouring the rock sequence and
way-up of sections. We provide the following description as a
guide.

General diachroneity
The most complete magnetostratigraphic sections that we
identified come from Monte Torre (MT on Figs 1 and 4) from
the centre of the Caltanissetta Basin, and from Castzo di
Palma on the south coast (CP on Figs 1 and 4). The first
occurrence of Calcare di Base occurs in different polarity
chrons for these two sites, indicating diachroneity in deposi-
tion. At Monte Torre (MT), the Calcare di Base comes within
a reverse chron that also contains at least 12 depositional
cycles in the underlying Tripoli Formation. The Castro di
Palma site (CP) has 14 cycles in the Tripoli Formation which
accumulated during a reversed chron, overlain by a further
four cycles which record normal polarities before the first
Calcare di Base bed. This is also normally magnetized (Fig. 4).
At our other three successful magnetostratigraphic localities,
the first occurrence of Calcare di Base comes within a reverse
chron. At Contrada Gaspa (CG on Fig. 1) the Calcare di Base
is underlain by at least nine cycles of reverse magnetized
Tripoli Formation.

Within the Messinian, only two reverse chrons represent
sufficient time to record more than nine precession cycles so
the three reversed intervals at the top of our sections which
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contain more than nine cycles must represent either Chron
C3r (Late Messinian to Pliocene) or Chron C3Ar (Early
Messinian). Since we have already demonstrated diachroneity
in the first occurrence of the Calcare di Base, we need to
look at the correlation for each section in turn, rather than
assuming that one correlation can be extrapolated to each
section.

Monte Torre (MT on Fig. 4)
The Monte Torre site (MT on Fig. 1) contains three reversed
polarity intervals separated by two normal polarity intervals.
The base of the section contains the transition from Late
Tortonian clays to the Early Messinian Tripoli Formation,
constraining this reversal sequence to be Early rather than
Late Messinian in age. This correlation is supported by the
number of sediment cycles in each polarity zone. We find 12
cycles plus the basal Calcare di Base in Chron C3Ar where 17
cycles are predicted, five cycles in Chron C3Bn where seven are
predicted, and two cycles each in Chrons C3Br.1r and C3Br.1n
where two are predicted in each of these chrons. Our preces-
sion cyclicity calibration for Monte Torre suggests that coastal
environments were being established at this site towards the
end of Chron C3Ar (c. 6.6 Ma; Cande & Kent 1995).

Contrada Gaspa (CG on Fig. 4)
Further north at Contrada Gaspa (CG on Figs 1 and 4), the
top of the section includes a normal polarity succession in the
Calcare di Base. This normal polarity zone precludes a corre-
lation of the reversed interval at the top of the Tripoli
Formation in this section with Chron C3r, since such a
correlation would mean that the normal zone was Chron
C3n.4n, in the Pliocene. If the Gaspa section was this young
the Calcare di Base here would be coeval with Trubi Forma-
tion deposition on the south coast of Sicily. We consider this
correlation highly unlikely since the Second Cycle of evapor-
ites which post-date the Calcare di Base were deposited before
the Trubi Formation (Fig. 1c). The alternative is that the nine
reversed cycles at Contrada Gaspa come from Chron C3Ar.

This correlation is supported by the nine cycles with reverse
magnetisation overlying a palaeomagnetic data gap spanning
eight cycles, underlain by five normal cycles and one reversed.
There are 20 cycles in the reverse-datagap-normal package
which matches the predicted number of 24 cycles for C3Ar and
Chron C3Bn combined. Thus our calibration for Gaspa indi-
cates that this site was in a coastal setting near the end of
Chron C3Ar (c. 6.5 Ma; Cande & Kent 1995).

Castro di Palma (CP on Fig. 4)
The Castro di Palma site (CP on Figs 1 and 4) has 14 cycles
within the Tripoli Formation which accumulated during a
reverse chron, overlain by a further four cycles which record
normal polarities before the first Calcare di Base bed which is
also normally magnetized. As at the Contrada Gaspa section
(CG on Fig. 4), this succession could fall within Chron C3r but
again this places the onset of evaporite deposition within the
Pliocene. Consequently we follow the same correlation as for
Contrada Gaspa. However, the first Calcare di Base bed at
Castro di Palma falls at least four precession cycles up into
Chron C3An.2n (c. 6.44 Ma; Cande & Kent 1995).

Serra Pirciata and Trabia Tallarita (SP and TT on
Fig. 4)
The Serra Pirciata section (SP on Figs 1 & 4; Butler et al. 1996)
contains two pairs of normal–reversed polarity units. The top
part of the diatomite–lime mudstone package contains slumps
and apparent stratigraphic omissions. Finding the chronostrati-
graphic position of this section is thus problematic (e.g. Butler
et al. 1996). However, another much more complete strati-
graphic section (Trabia Tallarita, TT on Fig. 4), which contains
a conformable boundary between Tortonian age sedimentary
rocks of the Terravaccia Formation and the overlying Messini-
nan Tripoli Formation, was sampled about 2 km from Serra
Pirciata in the same basinal structure. The recovery of magnetic
directions from Trabia Tallarita was much poorer than from
Serra Pirciata, but we have been able to cross-correlate between
the two sections to constrain their age. There are only 23

Fig. 4. Magnetochronostratigraphic
diagram for Messinian strata of the
Caltanissetta Basin. The bold numbers
beside the columns denote the observed
number of lithostratigraphic cycles, for
comparison with the number expected
from precession cyclicity. Locations are
shown on Fig. 1. EM, Eraclea Minoa
(Trubi chronostratigraphy from
Langereis & Hilgen 1991); Co, Corvillo;
M, Madonnuzza; BA, Balza di Arredula;
TV, Torrente Vacarizzo; CG, Contrada
Gaspa; MT, Monte Torre; SP, Serra
Pirciata; TT, Trabia Tallarita;
CP, Castro di Palma. Note that section
TT did not yield a detailed
magnetostratigraphy. The arrowed levels
in the log denote our only reliable
magnetic data from here. The location of
sites is on Fig. 1b.
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depositional cycles of Tripoli Formation at Serra Pirciata, and
the base of the autobrecciated units lies within a reversed chron.
It is preceded by two normal and one reverse chron recorded
within 16 cycles. At least seven cycles of Tripoli Formation
lie between the lowest normal interval and the Terravacchia
Formation, but these did not yield palaeomagnetic directions.
On its own, the depositional cycle content of these reversals is
insufficient to distinguish between two stratigraphic hypotheses
for the section. The top of section could possibly lie within the
base of Chron C3r. This would make the onset of Calcare di
Base deposition almost 600 ka younger than any other of our
sites. The other possible correlation is with the base of the
Calcare di Base within Chron C3An.1r, which would put the
lowest normal interval in the Tripoli Formation at Serra
Pirciata in C3Bn, in line with our correlation for the other sites.

The sediment cyclicity information from the nearby Trabia
Tallarita site (TT on Fig. 4) allows us to differentiate between
the two correlations. At Trabia Tallarita there are 46 cycles in
the Tripoli Formation above the conformable boundary with
the underlying sandstones and clays of the Terravecchia
Formation. The lime muds and limestones of the overlying
Calcare di Base are reverse magnetized as at Serra Pirciata. The
Early Messinian correlation for Serra Pirciata would predict a
total of 38 cycles within the Tripoli Formation in Chrons
C3Bn, C3Ar, and C3An.2n, there are two reversely magnetized
Tripoli cycles in the top Chron C3An.1r, and a further seven
cycles underlie Chron C3Bn above the Tortonian Terravecchia
Formation, making a predicted total of 47 Tripoli cycles. This
fits very well with our obseration of 46 Tripoli cycles in Trabia
Tallarita. Furthermore the magnetic polarity of the few
samples in the Trabia Tallarita section which yielded primary
magnetic directions (arrowed sites on the TT column in Fig. 4)
also fits well with this cross-correlation with the Serra Pirciata
section. Normal magnetized remanence occurs in cycles 11, 12,
13 and 14 interpreted as Chron 3Bn; reversely magnetized
remanence in cycle 19 which we interpret as Chron 3Ar; and
normally magnetized remanence in cycles 34 and 40 which we
interpret as Chron C3An.2n.

Our calibration at Serra Pirciata thus places the base of the
Calcare di Base within Chron C3An.1r (6.13–6.27 Ma; Cande
& Kent 1995). With at least nine Calcare di Base cycles
preserved at this site, the youngest evaporites at Serra Pirciata
must date at about 6.0 Ma. The final test of this calibration
would be the presence of normal primary remanence directions
in upper strata of the Calcare di Base, for this age falls within
normal Chron C3r.1n. However, these composite autobreccia
beds do not record reliable palaeomagnetic directions.

Other Calcare di Base sites
Apart from the four sites described above, the other sites which
record the upward transition into Calcare di Base also fall
within the stratigraphic range so far identified. This need not
be the complete range for the onset of coastal conditions
within our study area. In the northern part of the Caltanissetta
Basin the Tripoli Formation and laminite facies are not present
in the pre-evaporitic strata, so cycle stratigraphies cannot be
erected. However, the Calcare di Base generally shows the
bed-by-bed deposition–diagenetic histories characteristic of the
southern outcrops. Assuming that these reflect eustatic cycles
driven by precession, we can place some of our northern sites
within the Geomagnetic Polarity Timescale. All our studied
northern sites of Calcare di Base record reversed magnetic

polarities (Fig. 4). For the Madonnuzza and Balza di Areddula
sites (M and BA on Figs 1 & 4), the Calcare di Base
records this single polarity through 9 and 13 depositional
cycles respectively. Thus these sites must fall within the end
Messinian Chron C3r or the early Messinian Chron C3Ar.
Balza di Areddula lies within 6 km of Contrada Gaspa (Fig. 1),
on a structural high. Thus we consider this section to fall
within the earlier of the two possibilities. As such the base of
this section represents our oldest Calcare di Base site, towards
the base of Chron C3Ar (c. 6.88 Ma, Cande & Kent 1995).

Second Cycle sites
In contrast with the gradual diachronous deposition of the
First Cycle evaporites, the accumulation of the Second Cycle
must have been much less protracted (Fig. 4). We studied
several sites of which those at Eraclea Minoa and the northern
part of the Corvillo Basin (EM and Co respectively on Fig. 1)
gave the most complete sections. Our magnetostratigraphic
studies of the clastic deposits which generally mark the base of
this cycle record exclusively reversed remanences, presumably
from Chron C3r. The return to ‘normal’ marine conditions,
as recorded by the fauna and facies change to the Trubi
Formation is dated, at least at Eraclea Minoa (Fig. 1), as being
within a few precession cycles of the top of this chron
(c. 5.3 Ma Langereis & Hilgen 1991). Presumably it is within
this chron that the low-stand within the Mediterranean
occurred as did the transgression that is capped by the faunal
colonization event reflected in the onset of Trubi Formation
deposition and the start of the Pliocene stage. The nature of
this transgression is the topic of a companion paper (Keogh &
Butler this volume).

Interpretation: rates of Messinian regression
The onset of evaporite deposition in shallow-water conditions
at individual sections is reflected by the first appearance of
Calcare di Base facies. This event is clearly diachronous within
our study area; it occurs in both normal and reverse magnetic
chrons. Calibrating these chrons against depositional cycles
which are assumed to reflect precession cyclicity (Krijgsman
et al. 1994) locates our oldest Calcare di Base units within
Chron C3Ar. There are at least 13 cycles of Calcare di Base at
one site (Balza di Areddula, BA on Fig. 4), indicating that
these evaporites must have begun to accumulate no later than
c. 6.88 Ma. The youngest Calcare di Base cycles that we have
identified come for Serra Pirciata. Here the first appearance of
the facies occurs in reverse Chron C3An.1r. There are at least
nine cycles preserved here, underlain by a further two cycles of
non-evaporitic laminites. Thus at this site the Calcare di Base
has accumulated until at least 11 cycles above the start of
Chron C3An.1r. This datum is placed at 6.27 Ma (Fig. 4;
Cande & Kent 1995). Thus we deduce that the youngest
Calcare di Base unit at Serra Pirciata dates at about 6.0 Ma.

The interpretation suggests that evaporite accumulation
across the array of thrust top basins in Sicily had a history
protracted over at least 800 ka. The Calcare di Base facies
represents a coastal deposit and so this diachroeneity charts
coastal regression. The maximum geographical separation is
that between sites ‘Madonnuzza’ and ‘Castro di Palma’, a
distance of approximately 70 km. The difference in age of
the lowest Calcare di Base between these sections is 12–20
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precession cycles. This equates to a timespan of 300–500 ka.
We deduce that there was a coastal shift of about 70 km
laterally during this time.

To establish the relative sea-level fall associated with the
regression we use the single site at Serra Pirciata to calibrate
palaeobathymetries (Fig. 5). The Calcare di Base shows evi-
dence for emergence. Thus the oldest Calcare di Base unit
charts when this site reached sea level. The older laminates
record palaeobathymetry by their faunal content. The highest
occurence of keeled foraminifera, indicative of bathymetries of
200–300 m (Cita 1975), is within sediments which preserve
Chron C3Bn, towards the base of the section (Butler et al.
1996). Less than 20 m of sediment reflects the timespan
between these deep water conditions and the Calcare di Base.
This stratigraphic thickness is substantially less than the
estimation error for the deep-water palaeobathymetry from the
fauna. Thus it appears that a 200–300 m fall in relative sea
level at the Serra Pirciata site occurred in a timespan between
6.93 and 6.27 Ma. This corresponds to a time-averaged rate of
0.3–0.4 m ka�1 (Fig. 5). Note, however, that this rate does not
necessarily correspond to the rate of eustatic change because
we are unable to isolate any tectonic component in this
measure.

These interpretations of the regression across Sicily are
incomplete because of the plunge variations within the thrust-
top basins. Three sites lie along the same general axis of a
sub-basin and thus chart the differential coastal shift across a
single structure. Monte Torre, Serra Piciata and Castro di
Palma fall along this axis (MT, SP and CP respectively on Fig.
4). Although the regional coastal shift is charted by the
diachroneity in the onset of Calcare di Base facies (about ten
precession cycles, c. 250 ka) between the two outlying sites,

Serra Pirciata falls within a plunge depression along this
sub-basin. Consequently it desiccated rather later. It is inter-
esting however, that faunal diversity within the Serra
Pirciata site was very greatly reduced (Pedley & Maniscalco
this volume) when the areas marginal to the basin were
experiencing coastal conditions.

Discussion
Our principal conclusion, that the deposition of evaporites
across the Caltanissetta Basin was diachronous, is consistent
with predictions made from sequence stratigraphy (Butler et al.
1995; Clauzon et al. 1996). However, the rates of regression
across the basin are not particularly rapid. The sea-level fall
which marked the onset of the salinity crisis’ was protracted.
During the regression, there were systematic base-level fluctua-
tions of a few tens of metres, which correlate well with
precession cyclicity in their characteristic frequency and in the
amplitude of the Neogene eustatic record. In our study area on
Sicily these can be identified at least until Chron C3r.1n. Thus
the Mediterranean was not isolated from the world’s ocean
until after 6.13 Ma (using the timescale of Cande & Kent
1995). It will be interesting to compare this result with other
marginal basins around the Mediterranean (cf. Flecker &
Ellam this volume).

A corollary of our conclusion, that the onset of evaporite
precipitation was diachronous between sub-basins on Sicily
(Fig. 4) is that the boundaries between the main lithostrati-
graphic units of the First Cycle do not represent contempor-
aneous ‘event’ horizons. This is at odds with some existing
hypotheses. Attempts to extend the astronomical polarity
timescale through the Messinian by Krijgsman et al. (1994)
have assumed a unique stratigraphic position and duration for
the Calcare di Base through the entire Mediterranean. Faunal
events have been hung from this datum and widely correlated
(e.g. Sprovieri et al. 1996). We believe that a facies such as the
Calcare di Base, which accumulated in shallow-water to emer-
gent conditions, is most unlikely to have been deposited
synchronously across different basins and across different
pre-existing palaeobathymetries. Our data are certainly not
consistent with such a simple hypothesis.

The sequence stratigraphic model for the ‘salinity crisis’
proposed by Clauzon et al. (1996) places the chief lowstand
at the end of the Messinian. For these workers the Second
Cycle on Sicily predates the main sequence boundary. This is
not consistent with the relationship between rock units and
unconformities on Sicily (Butler et al. 1995). However, their
general conclusion, that the regression associated with the
First Cycle evaporites was gradual and predated the chief
lowstand is in accord with the sequence stratigraphic model of
Butler et al. (1995) and is confirmed by the data presented here.
Note that both models (Butler et al. 1995; Clauzon et al. 1996)
propose that the lowstand occurred in Chron C3r—although
of course this interval is rather long (Fig. 4).

To conclude, the regression that marked the onset of the
Messinian ‘salinity crisis’ on Sicily was protracted over a
period of at least 800 ka. Different sediments were deposited in
different palaeoenvironments during this time which, as the
environments shifted during regression, accumulated dia-
chronously betwen sub-basins. This regression was of eustatic
origin and was accompanied by higher-order sea-level fluctua-
tions on the scale of precession cycles. These palaeoclimatic
signals were strongly modulated by local structures: different

Fig. 5. Bathymetry v. time graph for Serra Pirciata, showing the
time-averaged rate of relative sea-level fall during the Messinian
regression on Sicily.
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evaporite facies accumulated in different structural positions
within sub-basins (Butler et al. 1995). Cycle stratigraphies vary
between sites (Fig. 4). However, the overall architecture of the
depositional sequence and the higher order cyclic sedimenta-
tion indicate that tectonic rates of vertical motion did not
completely swamp the rates of sea-level fluctuation. These
stratigraphic results are consistent with measurements of rates
of thrusting within the Caltanissetta Basin (Butler & Lickorish
1997). Although individual sites may have incomplete records
of palaeoenvironmental change, the array of sub-basins carry a
near-continuous record of aridity, evaporation and faunal
dispersion and extinction. Future studies of environmental
change would benefit from studying the full array of sub-
basins rather than hope for a continuous record in one vertical
sedimentary section.
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