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Santorini is part of the Hellenic Volcanic Arc of the southern 
Aegean Sea (Greece).  This arc is due to the subduction of the 
African plate beneath the Eurasian plate (Aegean subplate).  The 
Hellenic Volcanic Arc extends about 500 kms., from the eastern 
coast of mainland Greece to western Turkey and is located 
approximately 250 kms. north of the trench.  The Hellenic 
Volcanic Arc includes the volcanic islands of Aegina, Methana, 
Poros, Milos, Santorini, Kos, Yali and Nisyros.  Milos, Santorini, 
Kos and Nisyros have been the most active recently.  The rate of 
subduction is approximately 5 cm per year to the northeast at the 
Ionian, Pliny and Strabo trenches south of Crete.  The Pliny and 
Strabo, to the east, are transpressional while the Ionian, to the 
west, is more compressional. 

Santorini rests on a basement of Mesozoic marbles and lower 
Tertiary phyllites and metasandstones (Druitt and Francaviglia, 
1990) that experienced Alpine deformation.  These basement rocks are similar to the adjacent Cycladic 
islands of Anaphe, Ios, and Amorgos.   

Santorini is a volcanic complex made up of 
several islands around a flooded caldera.  The 
caldera is a composite structure, the result of 
multiple collapse events.  Druitt and 
Francaviglia (1992) identified at least 12 major 
eruption events in the past 200,000 years. 

The caldera margin rises 400 meters above sea 
level and 400 meters below and is dissected by 
three channels.  The islands of Thera, Therasia 
and Aspronisi contain volcanics that predate 
an 3600 BP (Late Minoan) eruption while the 
islands of Palaea and Nea Kameni contain 
dacitic lava that were extruded after this Late 
Bronze Age eruption.  The Late Minoan 
eruption was one of the largest in the past ten 



Eruptive phases of Santorini (Druitt et al., 1999). 

thousand years and it destroyed an important prehistoric town on Santorini, Akrotiri .  It has been argued 
that this eruption triggered the destruction of the civilization of Minoan Crete. 

The Late Minoan (Late Bronze Age) eruption involved four phases (Reck, 1936; Druitt et al., 1989): 
1.  Phreatic and phreatomagmatic eruptions that produced voluminous (2 km3) ash.  This produced poorly 
sorted massive pumice deposits with slightly reversed grading suggesting eruption violence increased 
with time.  The deposits indicate a continuous dry event driven by magmatic gas (Sparks and Wilson, 
1990) that erupted from a subaerial vent. 
2.  Violent phreatomagmatic eruption produced high-termperature pyroclastic surge deposits.  These 
deposits consist of numerous beds containing rounded white pumice, lapilli, ash and abundant lithic 
boulders (up to 20% of volume).  The basal contact is unconformable with cross-stratification and bomb-
sags that indicate lateral 
transport.  The phreatomagmatic 
explosion was probably due to 
seawater entering the crater. 
3.  Massive low-temperature 
pyroclastic flows (up to 55 
meters thick).  These deposits 
consist of chaotic, unsorted, 
massive, lithic-rich flow deposits 
that reach up to 40 meters thick 
along the caldera rim and thin 
away from the vent.   
4.  High-temperature, fine-
grained ignimbrite deposits.  
These deposits are cream colored 
instead of white and are finer-
grained with smaller lithic blocks 
and pumice.  The lithic 
concentration is much greater 
(34-50%).  The deposits are thin 
on the caldera rim and thicken, in 
fan-shaped units, on the coastal 
plains.  They reach a maximum 
thickness of 40 meters (Bond and 
Sparks, 1976). 

It has been estimated that the 
eruption had a Volcanic 
Explosivity Index (VEI) of 6 or 7 
and produced nearly 60 km3 of 
Dense Rock Equivalent (DRE) 
rhyodacitic material or an ejected 
volume of 100 km3.  The peak 
eruption rate is estimated at 



Evolution of Palea and Nea Kameni (Institute for the study and monitoring 
of the Santorini volcano)). 

Santorini caldera from Fira  

2.5x108 kg/s (Sigurdsson et al., 1990).  The height of the plinian eruption column was around 40 km that 
dispersed tephra throughout the eastern Mediterranian (Pyle, 1990).  The white pumice and ash deposits 
on Santorini are up to 50 meters thick.  Prevailing winds resulted in the heaviest ash falls east and 
northeast of Santorini. 

Caldera collapse occurred during phase 3 or 4.  After the eruption there was a period of erosion that 
moved pumice from the higher altitudes to the lower elevations.  The caldera collapse generated a 
tsunami that devastated the north coast of Crete, 110 kms to the south.  The tsunami run out is estimated 
to be 35 to 150 meters. 

This eruption had a devastating impact on the Santorini community.  Akrotiri, a Minoan settlement on the 
south end of Thera, with a population of approximately 30,000, was buried by the pyroclastics but unlike 
Vesuvius, it appears to have been evacuated prior to the eruption. 

In 1650 AD a new volcano 
broke sea level to the 
northeast of Santorini, Mt. 
Columbo.  This volcanic 
complex is considered active 
today.  In addition to Mt. 
Columbo, Nea Kameni 
remains active.  The most 
recent eruption on Nea 
Kameni lasted less than a 
month in 1950.  The phreatic 
eruption produced a lava 
dome and flows. 

Nea Kameni (New Burnt 
Island) and Palea Kameni 



Fumaroles an the maring of the central twin crater of Nea Kameni that formed in August 1940 and monitor. 

(Old Burnt Island) are resurgent domes in the center of the Santorini caldera.  We took a ferry to these 
islands and toured several craters on Nea Kameni, including the summit crater.  Nea Kameni is a National 
Geological Park and has been nominated as a World Heritage geologic monument.  This is the youngest 
volcanic landform in the eastern Mediterranean; it origin dates back after the “Late Minoan” eruption 
when submarine volcanism created the base of these volcanoes.  Emergence of Palea Kameni occurred in 

197 BC (documented by the Greek geographer Strabo).  Nea is much 
younger and didn’t emerge until 425 years ago.  We stopped at the 
“hot” springs that mix with seawater at Palea Kameni (30-35 °C).  The 
seawater was chilly and the thermal waters didn’t do much to warm 
them but they did turn them a brown color. 

Ground deformation has been linked to magma movement at relatively 
shallow depths below Santorini and regarded as a precursor for 
eruptions.  An Electronic Distance Measurement (EDM) monitoring 
network was established in 1994 that centered on Nea Kameni and 
included ten stations on Thera and Therasia (Stiros et al., 2003).  
Small-scale inflation of up to 9.5 cms. were observed between Nea 
Kameni and Therasia between 1994 and 2001 (Stiros et al., 2003).  

Nea Kameni experienced a phase of activity from January 2011 to April 2012 that has been interpreted as 
an expansion of the shallow magma chamber (4.5 kms. deep).  The infusion of new magma caused 



Vertical deformation measured between January, 2011 and 
April, 2012 (Pyle, 2012) 

earthquakes, geodetic deformation and CO2 emissions.  Subsequently, there was a relaxation of this phase 
and the magma reservoir may be cooling and contracting.  Thermal springs and fumaroles remain active.  
They emit H2O, CO2 and traces of hydrogen sulfide, carbon monoxide, and methane.  The fumaroles are 
being monitored (see photo). 

The principle hazards associated with Mt. 
Columbo and Nea Kameni include 
phreatomagmatic and phreatic explosions 
(and associated surges and pyroclastic flows), 
ballistic projectiles, tsunami, toxic 
gas/ashfall, and landslides (Dominey-Howes 
and Minos-Minopoulos, 2004).  As of 2004 
Santorini had no volcano emergency plan; 
the more general, Xenokratis National 
Emergency Plan would be followed but this 
plan doesn’t take into account the specific 
needs of the community (Dominey-Howes 
and Minos-Minopoulos, 2004).  Hazard plan 
recommendations were made by the 
Santorini Volcano Observatory in 1998 
(Fytikas et al., 1998) based on worst-case 
scenario (“most probable event”).  This event 
would be comparable to post-LBA eruptions with a recurrence interval of 900 years (the last occurring in 
1650 BC).  



Turbidites of the Macigno Formation exposed at Vernazza. 

Soft-sediment deformation structures in the overturned turbidites of the Macigno 
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The five coastal towns of Monterosso, Vernazza, Corniglia, Manarola and Riomaggiore are within the 
Parco Nationale delle Cinque Terre of Italy.  Cinque Terre is part of the Ligurian Coast.  This region of 
Italy is where the Maritime Alps to the west merge with the Ligurian Nappes of the Apennines to the east.  
The structural trend of the Maritime Alps is east-northeast and the Apennines is north-northwest.  The 
Ligurian Nappes contain rare continental margin ophiolites. 
 
The bedrock geology consists of sandstone and mudstone flysch deposits of the Macigno Formation, 
pelitic (interbedded muds and carbonates) deposits of the Canetolo Formation (Abbate, 1969; 
Giammarino and Giglia, 1990), and the Monte Veri, Bracco and Monte Gottero Formations.  The 
Macigno Formation, the youngest of the Tuscan Unit, is Oligocene in age and occurs as on overturned 
limb of a large SW-verging anticline between La Spezia and Portovenere (Terranova et al., 2006).  The 
Macigno tubidite sandstones are nearly vertical in Manarola and overthrust by the Late Cretaceous to 
Eocene Canetolo Formation between Manarta and Corniglia.  In the Moterosso region, the Monet Veri, 
Bracco and Monte Gottero Formations overlie the Macigno (Terranova et al., 2006). 
 
The upper part of the 
Macigno Formation is 
exposed along the coast 
in the Riomaggiore and 
Monarola area, cut by 
numerous faults.  The 
“Arenarie Zonate” 
(banded sandstones) are 
characterized by 
repetitive turbidite layers 
that alternate sandstone 
(light) and silt (dark) 

layers (Abbate, 1970; 
Papini and Vannucchi, 
2004)   The beds are are 
steeply dipping.  These 
sediments have been 
interpreted as being 
deposited in the marginal 
(western) part of the 



Monterosso (www.rebuildmonterosso.com) 

Macigno submarine fan with the clastic supply to the northwest in the Alpine uplands (Papini and 
Vannucchi, 2004). 
 
In Manorola, the Macigno turbidites have experienced soft-sediment deformation.  This deformation 
occurs soon after deposition, prior to consolidation, as the beds de-water due to the weight of the 
overlaying beds.  These structures are also referred to as water-escape structures.  This type of 
deformation is common in turbidites due to their rapid deposition rate that produces loosely packed 
clastics and the rapid accumulation of overburden.  An impermeable layer (clay) is also needed to 
generate the water pressure needed to induce soft-sediment deformation. The soft-sediment deformation 
in the Macingno formation include convolute 
bedding (complex folding and crumpling of 
beds) and dish structures. 
The Macingno formation also exhibited 
Tafoni weathering near the high-tide mark in 
Manorola.  This weathering was restricted to 
the sand layers of the turbidite and are 
probably caused by marine salts that 
crystalize in the sandstone’s pore space, 
popping sand grains off as they grow. 
 
On October 25th, 2011, a rainstorm dropped over 50 cms of rain (30% of the average annual precipitation) 
between noon and 4:00 pm in eastern Liguria and induced debris flows and flooding.  Brugnato (10 kms. 
north of Monterosso) recorded 53.9 cm with an intensity of up to 15.3 cm/hr.  The towns of Moterosso 
and Vernazza were particularly hard-hit, buried by over 4 meters of mud and debris.  The region 
experienced over 1600 shallow soil slips (Campbell, 1974) and debris flows and six resulted in 13 
casualties; the damage was estimated at over 100 million Euros.  In addition to the rain event that 
triggered the debris flows, other geologic and land use factors that contributed to the mass wasting and 
flooding were (Cevasco, 2007; Cevasco et al., 2012):   

• Steep slopes with unconsolidated colluvium over heterogeneous and complex bedrock. 
• Small drainage basins with steep topography drained by short, linear stream networks. 
• The rivers that ran through the towns were channelized and covered by central roads. 
• The channelized drainage systems were not regularly maintained or cleaned. 
• Stone walls that held agricultural terraces were abandoned and not maintained (after centuries of 

retaining colluvium), providing a ready source of unconsolidated debris material. 

By mid-morning emergency workers realized the potential 
danger and evacuated people from the lower parts of 
Monterosso.  In the afternoon, debris filled the six 
channels that ran under Moterosso’s streets and forced 
water and debris up through the streets.  The increased 
density of the debris flows, due to sediment transport, 
increased the erosive power of the rivers along the steep 
channels (Cevasco et al., 2012).  Water levels reached up 
to 2 meters above street level. 

In Vernazza, the Vernazza stream was diverted from its 
historic channel and the final 150 meters were covered.  
The debris flow quickly clogged the subsurface drainage channel forcing debris down the main street at a 



Rock bolts and drape mesh over the trubidites of the Macingo formation at Manorola.  

depth of up to 6 meters (Cevasco et al., 2012).  An estimated 2 million cubic meters of debris were 
deposited in the town, submerging the Fontanavecchia area up the first floor level. 

Fausto Guzzetti, director of the geological institute (National Research Council) declared that extreme 
precipitation events were likely to become more common due to global climate change.  Global climate 
change will certainly change the precipitation patterns and the use of historic data will become 
increasingly problematic (and inaccurate).  Nevertheless, the land use decisions and channelization of the 
river systems were a significant factor in increasing the debris flow damage. 

An additional geologic hazard is rock falls.  The high angle of the turbidite beds (overturned in some 
areas) and high relief create this hazard.  Mitigation efforts include rock bolts and drape mesh. 

 

 

Terranova and others (2006) examined the correlation between soil type and the taste of wine.  I would 
have enjoyed that field season.   
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