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Abstract Ground fissures and subsidence have caused

extensive damage in structures and the utility networks

(roads, railroad line, Larisa NATO airport, telecom-

munication network) in the plain of Thessaly, central

Greece, in the last 20 years. The fact that these fissures

are parallel to Quaternary faults controlling the struc-

tural evolution of the Thessaly basin, marked by in-

tense recent seismic activity, led some scientists to

regard them as manifestation of tectonic creep, even

premonitory phenomena of major future seismic

events. A careful study of the geometric characteristics

and of the kinematics of these ground fissures, how-

ever, revealed that they only reflect shear failure of the

ground due to compaction of loose sediments following

significant decline of the groundwater level due to

over-pumping; i.e. a geotechnical and not a tectonic

process. Furthermore, theoretical considerations and

modeling predict surface fissuring along zones of

anomalous basement, normal-fault controlled topog-

raphy. This explains the correlation between ground

fissures and active Quaternary normal faults.
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Introduction

The region of Thessaly in central Greece (Fig. 1), fa-

mous for Mt. Olympus and its ancient gods, was affected

between 1930 and 1980 by an unusual cluster of seven

earthquakes of magnitude 6.0–6.8/7.0, succeeding a

long period of relative seismic quiescence (Table 1,

Papazachos and Papazachou 1997; Ambraseys and

Jackson 1990). Some of these earthquakes were

responsible for important death toll and widespread

destruction, while two of them were associated with the

reactivation of major Quaternary normal faults and

surface ruptures (Papastamatiou and Mouyiaris 1986;

Ambraseys and Jackson 1990; Papazachos and Papa-

zachou 1997; Drakos et al. 2001).

Since 1986, numerous ground fissures appeared in

the Thessaly plain, representing the major plain in

Greece. These fissures cut roads, the railroad line and

houses, and were initially assigned to compaction of

sediments following large-scale pumping of water for

agriculture. However, since in their majority they were

correlating with Quaternary and active normal faults,

and with vivid memories of fault-associated earth-

quakes in Thessaly and other parts of Greece (Papas-

tamatiou and Mouyiaris 1986; Papazachos and

Papazachou 1997), these ground fissures caused much

nuisance and concern among population and scientists

for a future seismic activity. In particular they had been

regarded as evidence of aseismic tectonic creep, and

even as premonitory phenomena of oncoming strong
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earthquakes, while several studies on this topic were

funded by OASP, the Greek earthquake planning and

protection organization (Kaplanides and Fountoulis

1997).

In this article we try for the first time to summarize

and analyze the available information on these fissures

and shed some light on the mechanism of their for-

mation, especially their correlation with Quaternary,

conspicuously active faults. Furthermore, information

on other ground effects observed as sinkholes and

evidence of land subsidence across the plain is dis-

cussed. An implication of our research is that these

fissures represent a major threat for the utility and

transportation networks crossing the Thessaly plain

(roads, railroad, water channels, telecommunication

fiber-optical cables, etc.), mostly of national impor-

tance.

Geological background

Thessaly is dominated by a vast plain, the largest in

Greece, bounded by Alpine ranges. This plain, divided

into smaller NW–SE trending plains, is a relict of a

Pliocene Lake which was partly drained since the

Lower Quaternary, after the opening of the Pinios

River valley though incision along the flanks of

Olympus Mt. (Fig. 1). The Eastern Thessaly Plain

examined in this paper corresponds to a gently SE-

dipping, nearly planar surface covered by a thick (up to

50 m deep) alluvium layer, relict of a Quaternary Lake,

which was gradually restricted to the Karla Lake, at its

lowest, SE part. This last lake was artificially drained in

the 1960s to provide cultivated land.

The Eastern Thessaly Plain is bounded to the east by

fault-controlled flanks of coastal ranges, more than

1,000 m high, in the SE continuation of Olympus Mt.

All these ranges originate from rapidly exhumed and

uplifting mantle rocks. To the SW, the Eastern

Thessaly Plain is bounded by a ridge of Neogene hills

and Alpine rocks (Fig. 2).

The stratigraphy and evolution of the Eastern

Thessaly Plain are known from the results of extensive,

drilling-based hydrological studies (mostly by SOG-

REAH 1974; Konstandinides 1978) as well as more

recent morphotectonic studies (Caputo and Pavlides

1993; Caputo et al. 1995). These studies reveal that the

Eastern Thessaly plain represents a tectonic depression

of Quaternary age. Basement rocks are found at a

depth of 50–250 m, although some deeper, probably

tectonic depressions with the basement at a depth of

500–700 m, have been noticed. In some parts, however,

basement rocks crop out slightly above the ground

surface.

Quaternary sediments overlay basement rocks,

mostly carbonate rocks and schists, except for a narrow

strip of Neogene sediments along the western margin

of the plain. Representative cross sections of the plain

stratigraphy are given in Fig. 3.

The East Thessaly Plain Graben was mostly filled

with fluvial and torrential deposits, especially at its

northern and western part. Boulders and large masses

of marble and limestone identified in these strata tes-

tify to high energy deposits, and represent the most

important aquifers. On the contrary, at the SE part of

the plain (former Karla lake), lower energy deposits,

mostly clay and silt predominate, deriving from erosion

of Neogene sediments at the SW margins of the plain.

From the point of view of hydrogeology, two major

types of aquifers have been found: conglomerates and

sandstones, mostly at the northern and western parts of

the plain, and tectono-karstic depressions in the base-

Table 1 Earthquakes in Thessaly between 1930 and 1980

Year Epicentral area Magnitude

Papazachos
and Papazachou
(1997)

Ambraseys and
Jackson (1990)

1930 Offshore 6.0 5.9
1930 Offshore 6.0 6.0
1941 Larisa 6.3 6.1
1954 Sophades 7.0 6.7
1955 Volos 6.2 6.2
1957 Velestino 6.8 6.6
1980 Almyros 6.5 6.4

Fig. 1 Map of Thessaly. The Olympus Mt., the Pinios River and
the Tempi valley are marked on the map. Inset: Location map
for the Thessaly region in Greece. A stands for Albania, F for
FYROM and B for Bulgaria
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ment and the margins of the plain. The majority of

these aquifers, however, seem to be rather isolated and

in most cases this hinders from their recovery following

intense exploitation.

The amount of tectonic subsidence, several hun-

dreds of meters during Quaternary (see above),

earthquakes (see Table 1), fresh scarps (Caputo and

Pavlides 1993) and continuing uplift of the Olympus

mountain range (Stiros et al. 2005) reveal that the

tectonics of the area are very active.

Land use and water pumping

The Eastern Thessaly Plain covers an area of

> 450 km2, and represents a region of fertile land with

Fig. 2 Geological map of the
eastern plain of Thessaly.
Light shading (light yellow)
corresponds to Quaternary
sediments, medium shading
(brown) to Neogene and dark
shading (gray) to bedrock.
Main faults marked are from
SOGREAH (1974) and
Caputo and Helly (2005)

Fig. 3 Geological cross-
section along the eastern
Thessaly plain, based on data
of Konstantinides (1978). For
location see Fig. 9
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high water resources, appropriate for hydrophilic

agricultural production. The draining of the Karla

Lake and of its swamps, covering the SE part of the

plain, re-allotment of land in the 1970s and automation

of farming led to a boom in farming, and increased the

need for water. Since surface water could not cover

such needs, thousands of uncontrolled drillholes and

wells were bored for water pumping in the last

30 years. It is characteristic that only in 1984–1985

more than 5,000 new drill holes are known to have

been bored (Gouvi 2003; unpubl. data of the Land

Reclamation Services, Larisa). The uncontrolled

exploitation of the groundwater led to progressive

decline of the aquifer head and a continuous need for

opening deeper drillings to exploit deeper aquifers.

Between 1978 and 2003 the mean aquifer head level

dropped between 10 and 50 m, with a maximum of

100 m (Fig. 4; see also Fig. 3 in Kaplanides and

Fountoulis 1997).

Ground deformation

Since 1986, three types of ground deformation have

been observed in the Eastern Thessaly Plain: (1)

ground fissures, (2) sinkholes, and (3) land subsidence.

Ground fissures

In the last 20 years numerous fissures opened across

the eastern Thessaly plain, cutting cultivated land,

highways, roads, houses and even a strip of the Larisa

NATO airport. Their main characteristics are sum-

marized in Fig. 5 and Table 2.

Most of the fissures are characterized by a vertical

component of displacement of up to a few tens of cm,

while others are tension cracks, with an opening of up

to several tens of cm. Fissures with both tensional and

vertical displacement have been also registered. The

fissures observed are a few to several hundreds of

meters long.

A basic characteristic of most of these fissures is that

they tend to expand, both as far as their length, their

opening and their vertical offset are concerned. An

example is shown in Fig. 6. Evidence of the fissures’

expansion may derive from their effects on structures.

Such an example is the destruction of a brick wall at

Niki village: the wall broke suddenly in 1993 when a

fissure (no. 12 in Fig. 5 and Table 2) appeared and

movement of the wall, corresponding to the fissure

Fig. 4 A typical graph of groundwater withdrawal versus time at
a borehole at Niki village area. Mean water level drop measured
from the ground surface (at 0.0 m) is about 51 m in 20 years
(1981–2001). Seasonal fluctuations of the groundwater table are
also evident

Fig. 5 Simplified geological
map of the eastern plain of
Thessaly of Fig. 2 with the
drained Karla Lake. Ground
fissures registered on Table 2
and data for land subsidence
based on well casing
protrusion and satellite
surveying are marked. The
railway and the highway lines
crossing the plain are also
drawn
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vertical offset, continues accumulating till today. Both

an annual vertical offset of 2–3 cm, and a cumulative

vertical offset of ~28 cm in the last 12 years can be

derived from observations in this wall (Fig. 6c). It is

remarkable that the observed 2–3 cm movement per

year occurs between August to October, when

groundwater pumping and lowering of the water table

are maximum.

Quantitative estimates for fissure expansion are also

available from precise leveling of the railway lines at

Melia (for location see Fig. 5), after a ground fissure

first cut the lines in August 1993. Increasing vertical

ground movement resulted in curvature of the lines

several months after first appearance of the fissure and

was recorded through levelling. However, since verti-

cal movements of the line were not allowed to exceed

15 cm, a limit for train safety, repeated control leveling

surveys were made (Fig. 7) and the line was repaired

once the curvature reached 15 cm. Hence, it was pos-

sible to document the continuity in fissuring but not its

precise cummulative amount (Fig. 7).

Another characteristic of some, at least of these

fissures, is that they appear (or increase) abruptly.

Pavlides (1998) in particular reported a suddenly

formed fissure (no. 17 in Fig. 5 and Table 2) which

produced vertical offset in the Larisa-Volos highway

and caused a car accident.

Sinkholes

In certain areas, for instance in Niki village, several

small diameter sinkholes appeared (Fig. 6d). Close to

this area, certain fissures (no. 12 in Fig. 5 and Table 2)

have been observed.

Land subsidence

Well casing protrusion was probably the first effect of

ground subsidence observed in Thessaly. For instance,

protrusion of 20 cm in 4 years and bending of ~200 m

deep pipes at a depth of 75 m at Chalki and protrusion

of 50 cm at Magoula have been reported by Kapla-

nides and Fountoulis (1997). In most cases there was

no sign of ground fissures or of differential settlements

of buildings or of roads, indicating that associated land

subsidence was rather uniform, or with a small gradient

of deformation.

Geodetic evidence of land subsidence

No systematic studies of ground subsidence are avail-

able, but a preliminary comparison of differences be-

tween GPS data collected in 2005 and triangulation

data of the 1980’s revealed elevation differences to the

order of 3–4 m in the Melia area (see Fig. 5 and Ta-

ble 3). Certainly, these types of data are not directly

comparable, but since the geoid gradient is very small

in the area (H.M.G.S. 1983) and measuring sites

nearby, such differences are likely to indicate post-1980

subsidence of several meters. A systematic geodetic

study for the measurement of the land subsidence in

the area is in progress.

Discussion

Ground subsidence due to sediment compaction fol-

lowing fluid withdrawal is an effect widely known

Table 2 A list of the ground fissures recorded in the plain of Thessaly since 1989. Fissures’ characteristics and their effects on
structures and networks are noted. TC stands for tension cracks and N for normal cracks

Fissure
no.

Date of first
appearance

Place Type of
fissure(s)

Length
(m)

Direction Effect Ref.

1–5 1996 Larisa NATO
airport

TC Up to 1,100 N 138�E Damages to the airport
installations

Kaplanides and
Fountoulis (1997)

6 20/8/1990 Kastri TC ~50 N 10�E Cracks on houses Eleytheriou and
Aggelidis (1990)7 and 8 TC ~200 N 70�E

9 1/8/1990 TC ~200 N 25�E Cracks on house walls and
concrete yards10 1/8/1990 N 400 N 70�E N 80�E

11 1993 Melia TC/N 600 E/W Damage to the railway Kaplanides and
Fountoulis (1997),
this study

12 1993 Niki N 450 N 120� Cracks on house walls,
sinkholes

13 1994 Niki >450 N 120� Cracks on house walls
14 4/10/1989 Stefanovikio N 200 Various Cracks on the national road Eleytheriou (1989)
15 3/10/1989 Stefanovikio N 400 N 70�E Cracks on the national road
16 1992 Rizomilos TC a few meters N/W Cracks at concrete yards Aggelidis (1993),

Pavlides (1998),
this study

17 1993 Rizomilos TC/N 300 N70�/80�E Several cracks on house walls,
concrete yards and the
highway
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(Gambolati et al. 1974; Bell and Helm 1998; Sheng and

Helm 1998; Thu and Fredlund 2000; Gambolati et al.

2005; Teatini et al. 2005), and under certain circum-

stances the amount of subsidence can be very high (for

instance in the USA, Bull 1975; Lofgren and Klasuing

1969); for the Bangkok area, in particular, it was esti-

mated that ground volume loss may be as high as one

tenth of the drained water (Phien-wej et al. 2006). Well

protrusion, land subsidence and ground fissures, typical

manifestation and result of compaction of sediments,

have been observed in Thessaly and can unambigu-

ously be associated with an important aquifer level

decline, especially in basins with limited groundwater

circulation.

Still, the problem remaining is the correlation of

active faults with ground fissures, a correlation which

Fig. 6 Evidence of
progressive ground
subsidence at Niki village (for
location see Fig. 5). a Photo
taken in 2001, b photo taken
in 2006, c vertical offset of a
brick wall at Niki village. A
cumulative offset of ~28 cm is
measured on the wall since its
first breakage in 1993. This
subsidence originates from
steps of 2–3 cm, occurring
between August and October
of each year, when maximum
groundwater pumping takes
place. Photo taken in spring
2006, d typical sinkhole at a
concrete yard at Niki village.
Photo taken in 2003

Fig. 7 Summary of results of three levelling surveys showing
vertical deflection of the railway line at its intersection with a
ground fissure (no. 11 in Table 2 and Fig. 5). When vertical offset
exceeds the amount of 15 cm, the railroad line is repaired.

Apparently, subsidence exceeded 50 cm between 1993 and 1997,
but this is only a lower bound of total subsidence. Based on
unpublished data from OSE S.A

Table 3 Data for land subsidence at the plain of Thessaly based on well casing protrusion and surveying studies

Date Place Land subsidence Technique Ref.

?–1997 Magoula >0.5 m Well casing protrusion Kaplanides and Fountoulis (1997)
Chalki >15–20 cm

1980–2005 NW of Melia ~2.7 m Precise levelling, GPS surveying Unpublished data
S of Melia ~3.9 m

Question mark corresponds to the time of well casing installation (not known)
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led some investigators to interpret the later at least

partly as tectonic effects and in particular evidence of

pre-seismic creep (for a summary see Kaplanides and

Fountoulis 1997).

In order to shed light on this correlation, ground

settlements and fissuring related to soil compaction are

discussed on the basis of (1) the fundamental one-

dimensional Terzaghi consolidation theory, and (2) a

finite element model of a basin undergoing large

compaction; methods widely used in land subsidence

studies (Venice, Gambolati and Freeze 1973; Hanoi,

Thu and Fredlund 2000; Emilia-Romagna, Italy, Tea-

tini et al. 2006; Skinner and Charles 1999).

According to well-accepted theories (Gambolati

1973a, b; Gambolati and Freeze 1973) subsidence v on

the ground surface in the case of a single sediment

layer of thickness s, subjected to significant lowering of

the water table and pore pressure dissipation, can be

approximated by the following linear simplified one-

dimensional consolidation:

v ¼ a � cw � s � Dh ð1Þ

where a is the compressibility of the soil material, cw

the specific weight of water and Dh the piezometric

change. At a first approximation Dh is a linear function

of s:

Fig. 8 Ground subsidence and locations of potential ground
fissures due to compaction of a one-layer basin left: based on a
simplified 1-D consolidation model, right: based on based a finite
element analysis. a, d Basin models; b, e patterns of ground

subsidence; c, f gradient of ground subsidence and position of
potential fissures. In c the linear and parabolic line correspond to
linear and parabolic pattern in (a), respectively. Modified after
Bouwer (1977) and Skinner and Charles (1999)

Fig. 9 Geological map of the
eastern plain of Thessaly of
Fig. 2. Ground fissures and
Quaternary faults of Fig. 5
are shown. A correlation
between basement
topography gradient,
conspicuously reflecting NW–
SE trending Quaternary
faults, is inferred. Evidence of
land subsidence based on well
casing protrusion and GPS
measurements are marked.
Positions of cross sections of
Fig. 3 are also shown
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Dh ¼ k1 � s

where k1 is a constant, while at the margins of the basin

or of basement topography anomalies, the thickness of

the compacted layer, s can also be considered as a

linear function of the distance x from the plain edge.

Hence:

v ¼ k2 � x2 ð2Þ

where k2 is a constant and the gradient of subsidence at

the margins of the basin is:

dv

dx
¼ c1 � x

while the gradient of sediment thickness is constant

and their ratio:

dv=dx

ds=dx
¼ c2 � x ð3Þ

If at a second approximation the relationship of the

thickness s and the distance from the basin margin is

considered a second order polynomial:

Fig. 10 Schematic profiles to
explain subsidence and
fissuring along section 3-3¢
shown in Figs. 3 and 9.
Ground fissures result from
differential amounts of
ground subsidence at areas of
high-gradient of basement
topography, controlled by
Quaternary faults (see also
Bell and Helm 1998). The
latter correlates with surface
ruptures and gives the wrong
impression of fissuring
controlled by fault activity

Fig. 11 Cartoons to explain
formation of: a, b fissures
(secondary faults) along
existing Quaternary faults; c,
d tensional cracks above a
subsurface ridge; e sinkholes
(small diameter craters)
above subsurface voids, after
groundwater table withdrawal
due to over-pumping
(modified after Bouwer
(1977) and Sheng and Helm
(1998)
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s ¼ k3 � x2

where k3 is a constant. Then Eq. 2 becomes:

v ¼ k4 � x4 ð4Þ

where k4 is a constant. Similarly, the ratio:

dv=dx

ds=dx
¼ c3 � x2 ð5Þ

where c1, c2, c3 constants.

Equations (3) and (5) indicate that at the margins of

a basin or in the vicinity of areas of anomalies in the

basement topography, subsidence increases more rap-

idly than the depth of compacted sediments (Fig. 8a, b;

see also Bouwer 1977) and the gradient of subsidence

increases with distance (Fig. 8c). In all non-ideal

media, this increase of gradient of subsidence leads to

zones of fracturing, the precise location and dimen-

sions of which obviously depends on the shear strength

of the rocks. A similar conclusion can be deduced on

the grounds of finite element modelling, if subsidence

gradient is calculated from the amount of predicted

subsidence along an axis normal to the basin margins

(see Fig. 8; Skinner and Charles 1999).

Hence, in the case of sediment compaction due to

significant lowering of the groundwater piezometric

surface, ground fissures are indeed expected along

zones of steep ground basement gradient, and this re-

sult is valid for stratified basins, anisotropic soil mate-

rials and directed groundwater flows (Bouwer 1977).

Thus, since Quaternary faulting control to a major

degree the structural and morphotectonic evolution of

Thessaly (Caputo et al. 1995) and the thickness of post-

alpidic filling of the Larisa plain, a clear correlation

between Quaternary faulting and ground fissures in-

duced by sediment compaction is obviously expected

and is indeed observed: Figs. 9 and 10 indicate that in

the east Thessaly basin ground fissures correlate with

zones of high gradient of Quaternary sediments, con-

spicuously controlled by Quaternary faulting.

For these reasons, observed ground subsidence and

fissuring have nothing to do with deep tectonic effects

and fault creep. This does not mean that fault creep

does not exist—geodetic data indeed provide some

evidence for that, both for the Thessaly area (Stiros

et al. 2005) and other parts of Greece (Stiros and

Rondogianni 1985). Still, the amplitude of this effect is

too small (<1 mm/yr) to explain observed rates of

subsidence (see for instance Fig. 7).

In summary, compaction/consolidation of loose

sediments after withdrawal of groundwater table is the

causative effect of significant land subsidence and dif-

ferent types of ground fissuring over the Thessaly plain.

To investigate the mechanisms of fissures formation on

earth ground, different patterns of ground deforma-

tion, depending on subsurface morphology and ground

characteristics, are discussed.

First, fissures resulting from differential settlements

at locations of high gradient of sediment thickness

(Figs. 10, 11a, b) are developed parallel to known

Quaternary faults, as explained above. Their main

characteristic is vertical displacement of up to several

cm and their traces on earth surface are reminiscent of

normal faulting. Clearly, they correspond to shear

failure of the ground and appear mostly in summer

when ground surface is dry, and hence more suscepti-

ble to ruptures. Evidence on the kinematics of such a

fissure at Niki village, reveals that the fissure is ‘active’

during water table lows (August to October) and

‘inactive’ during periods of limited water exploitation

and of seasonally elevated piezometric levels.

Second, fissures formed in case of tensional forces

developed locally after rotational movement of the

upper slab around underground ridges. Shrinkage of

the ground volume above the ridge induces tension

cracks, i.e. opening of the ground ranging up to several

tens of cm (Bouwer 1977; Jachens and Holzer 1982;

Fig. 11c, d). Such a fissure observed at the SE part of

the plain in 1993 (Rizomylos village, fissure no. 17 in

Fig. 5 and Table 2) is still apparent on the ground and

structures, but was never activated since then.

Third, sinkholes taking the form of small craters on

ground surface. Local anomalies of the compacted

strata result in creation of ‘voids’ in shallow depth

occasionally forming ground cracks and significant

subsidence propagated to the ground surface

(Fig. 11e).

Implications for the utility and transportation networks

Progressive subsidence and ground fissuring in Thess-

aly represents a threat for houses (Fig. 7) and civil and

military infrastructure (see above). The problem is

especially serious for ground fissures occur abruptly,

and in one case a car accident was caused luckily

without victims (Pavlides 1998). Obviously, it cannot

be excluded that new fissuring will not cause serious

problems if it occurs during airplane landing in the

Larisa NATO airport, for instance, or during a train

crossing a critical area.

While this remains a remote possibility, houses and

utility and transportation networks seem vulnerable to

ground fracturing and subsidence. The railroad line, for
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instance, needs a rather periodic repair; sewers and

water networks may be broken, and drinking water

may be contaminated, a situation not rare in Greece.

Underground telecommunication networks (mostly fi-

ber-optical cables of national importance) crossing this

area roughly along the highway may continue to break

because they are not designed to withstand shearing

stresses imposed by normal offset ground fissures.

Similar effects are not unusual, and have been, indeed,

observed at much larger scales for instance in the

drained Texcoco Lake near Mexico City, in many re-

gions in Arizona, causing severe damage to the trans-

portation network, and in several areas in California,

where irrigational and other utilities were displaced up

to several meters due to ground subsidence (USGS

2006).

Conclusions

Although Thessaly is tectonically active and conspic-

uously vulnerable to strong (magnitude > 6) earth-

quakes, observed ground fissures, despite their large

amplitude and geographical extend, do not represent

precursors of oncoming earthquakes and they clearly

do not originate from earthquake-related effects; they

are simply caused by sediment compaction resulting

from rapid groundwater level decline following inten-

sive, uncontrolled water pumping.

Ground subsidence and fissuring is expected to

continue, with impacts in housing and utility and

transportation networks. Control of such phenomena is

not easy, given the listric water exploitation in the

Thessaly plain. However, what is more feasible is that

having identified the real causes of the phenomenon, to

identify (1) areas vulnerable to increasing or future

ground subsidence and ground fissuring, (2) the order

of magnitude of expected ground deformation, and (3)

expected impacts on housing and civil and military

infrastructure of the area.
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