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ABSTRACT

A geodetic determination of tectonic strain in Central Greece is presented, using
data from two triangulation nets measured in 1895 and 1975. The two nets had 80 common
points and after being expressed on a common free reference system, the displacement
vectors were computed at those points. A unique strain tensor was calculated for the
whole area, which showed a general extension of 0.031 pstr/y in an azimuth of 33° and a
shear strain y=0.048 ustr/y. Assuming a deformation without discontinuities over the
same area a displacement field was numerically derived by interpolation showing clearly
the distortion pattern. Finally the area was divided into 9 blocks assuming discontinuities
on their boundaries and the complete strain tensor including block displacement and
rotation was evaluated for each block. The results appear to be in general agreement with
what is known for the tectonics of this region and with results obtained by satellite
techniques using only 15 points.

Introduction

During the last fifteen years it has been widely recognized, that although
the theory of plate tectonics can be used successfully to describe a variety
of large scale geological phenomena, it can not be applied to parts of the
continents. Deformation is distributed over wide areas on the continents
rather than being concentrated in narrow boundaries as in the oceans.
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The determination of such deformations is essential for the study of the
earth’s crust especially in relation to earthquake activity, because of the
strong correlation between the two.

Most of the present knowledge on crustal deformation comes from geo-
logical and paleomagnetic data, spread over thousands and millions of years,
or from seismic activity analyses, which cover the last century. However,
the determinations of crustal deformations are needed independently from
seismicity, in order to relay them to earthquake activity.

An independent estimate for the rates of deformation can come from
geodesy. If the positions of benchmarks have been determined precisely at
suitable time intervals using geodetic networks, changes in their relative
positions can be derived and hence crustal deformations can be computed.

In order to determine reliable displacements, directly from repeated
geodetic measurements, if the time interval is short, we need to have measure-
ments of high accuracy. If we have measurements of medium accuracy, we
need an extended period between the two measurements.

Considering that the strain rates are of up to 0.1-10-® per year and that
classical ground geodetic methods provide accuracies of about 2-10-10-6 we
need a time interval of 20-100 years to detect the expected strain rates.
However, new satellite geodesy techniques, can reach accuracies of better
than 10-® and up to 10-7, which means that an interval of a few years
should be enough.

These «geodetic» methods although appear to be very simple, should
be applied with extreme care, in order to secure that results are expressed
always to the same geodetic reference system. It should of course be realized
that geodetic methods provide displacements, representing the upper surface
of the crust.

Greece is a region with intensive tectonic activity with displacements
of some centimeters per year and earthquakes producing local displacements
of decimeters and even meters. There is also a rather good geodetic data
record, going a century back, based on field measurements made by the
Greek Army Geographic Service. Some of the old data must be used with
extra caution and only after a careful investigation, but recent geodetic data
are considered to be one of the highest quality.

It appears thus that Greece offers an excellent natural laboratory to
experiment with the geodetic determination of tectonic deformations. This
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paper deals with such a determination by using geodetic data from two dif-
ferent epochs, one in the 1890’s and one in the 1970’s. A similar analysis
using only 15 points of the 1890 triangulation and comparing their positions
with those obtained by satellite methods, has already been presented else-
where (Billiris et al, 1991).

The tectonic setting

Greece, unlike some other well known seismic regions (e.g. California)
does not lie on a boundary between tectonic plates but in a region of intra-
plate deformation (Jackson and McKenzie, 1988 / England and Jackson, 1989)
within what is usually considered the Eurasian plate but close to the border
with the African plate.

It is one of the most tectonically active regions in the world with hund-
rends of active faults (many of which lie under water) and an average of
eight earthquakes of magnitude five or greater every year (Ambraseys and
Jackson, 1990).

The whole area appears to be stretching in a roughly north-south direc-
tion at approximately 5 cm/year, compared to the slower convergence (about
1 ¢m/year) between the African and the Eurasian plate that bound the region
(Jackson and McKenzie, 1988) and contrary to the primarily strike-slip motion
of the North Anatolian fault that is extending into the Northern Aegean
(Dewey and Sengor, 1979).

All this extensive tectonic activity has raised up questions such as: if
the extension is linear of radial, (Le Pichon and Angelier, 1979), what is the
actual delineation of the different crustal blocks that appear to be separated
by long normal faults, how are they moving with respect to each other, is
the deformation primarily seismic or aseismic etc.; and the mechanics behind
it is not understood as yet.

For the above reasons it is natural that great interest has been expressed
by geoscientists to work in this area and study its tectonies.

Long research work has already been done covering Greece or parts of
it and the Mediterranean in general (e.g. Papazachos and Comninakis, 1971 /
McKenzie, 1972 /Makris, 1978 / Lyon-Caen et al, 1988 / Ekstrom and England, 1989)
and many models (in some cases even conflicting) for deformation and strain
distribution have been proposed, all of them based on geological, paleo-
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magnetic, tectonic and seismological data, rather than direct measurements.

Now that new satellite geodesy methods promise an independent and
accurate technique for the direct determination of crustal deformations there
is a strong interest in applying these new methods. A few national and inter-
national research programs are already in progress, (e.g. Veis et al, 1989 /
Kahle et al, 1990) but there is still a lot of work that needs to be done.

The geodetic setting

Geodetic measurements started in Greece before 1890 with the establish-
ment of a first order triangulation network. After a decade, 93 triangulation
points had been observed covering the central and southwest part of Greece.
The work of extending this net continued and by the 1920’s the net covered
the whole country. Several adjustments and computations of the network
had been performed but these computations, were of a lower standard (al-
though the observations were of high quality) because of lack of computing
facilities. In 1950 the U.S. Army Map Service using electronic computers for
the first time performed a large triangulation adjustment and computation
for the whole of Europe, using all available geodetic data. The result known
as «European Datum 1950» (or ED 50) had been used in Greece primarily
by the military, but also served some limited civilian applications.

A new series of geodetic measurements of high standards started around
1970 by the Army Geographic Service and completed around 1980. Under
the auspicies of the National Committee for Geodesy and Geophysies a work
started for the definition and establishment of a new optimum Geodetic
Reference System using the above measurements. The work was the co-
operative effort between the Higher Geodesy Laboratory of the National
Technical University of Athens, the Army Geographic Service and the Hel-
lenic Mapping and Cadastral Organization, under the direction of one of
the authors. The result known as «Greek Geodetic Reference System 1987»
(GGRS’87 or EI'XA’87), (Veis and Paradissis, 1990), is a set of coordinates
for about 25000 geodetic points, covering the whole of the country, given
to an accuracy of a few centimeters --10-%, while the scale and orientation
are to within a few parts 10-7 to that of the internationally accepted reference
system ITRF 89 (Boucher and Altamint, 1989).
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Displacement fields. deformations, strain tensors and their rates

We are considering a two dimensional deformation of the earth’s crust
in time, assuming that the crust is a thin deformable calotte on a spherical
earth. The analysis could be simplified if we use a conformal mapping of
the sphere on a plane, and take into consideration the distortions arrising
from this mapping. However, for a small area (radius of say less than 5°)
the mapping distortions (except for the orientation parameters) will not
exceed 10-% in scale and thus can be ignored without any practical loss of
rigour. Since the area covered in the present work is of only a few degrees,
the deformations will be treated as if they were on a plane.

If (x4, y,) are the plane coordinates of a point on the crust, converted
from its geodetic coordinates (¢, 2,) expressed on a well defined reference
system at time t;, and (x,, y,) the coordinates of the same point on the same
reference system at time t,, dx=x,— x; and 3y=y,- y, represent the displace-
ment vector for the same point, expressed in the same system and 3x/5t
and dy/3t are the displacement rates.

By plotting on a map the displacement vectors for all the points that
their position could be determined at epochs t;, and t, one could have a first
indication of the deformation, giving a picture of the displacement field.

The displacement field can be better visualised by plotting on a regular
grid the displacement vector, through interpolation from the directly observed
values. One could further, apply the displacement vectors to the grid itself,
providing thus the image of the deformed grid. These presentations require a
proper interpolation algorithm.

Geodetic methods, both ground and/or satellite, can provide coordinates
to a well defined reference system for a number of points properly selected
and monumented on the earth’s surface. Coordinates are derived from measured
distances, angles (both horizontal and vertical), directions, or their differences,
between the monumented points and to satellites if satellite geodesy methods
are used.

In determining positions and displacements on a plane at least one
fixed point and a fixed direction is needed. If these do not exist one could
take arbitrarily any point and any direction as fixed, without loss of generality,
realizing that all coordinates and all displacements are relative. This is the
general rule in similar studies, although sometimes more points are considered
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fixed, based on external information for their stability (e.g. Billiris et al, 1991).

However, instead of arbitrarily selecting a fixed point and direction, it
is more appropriate to adjust the set of coordinates at time t, to the set of
coordinates at time t, by solving for a shift and a rotation that will minimize
the discrepancies between the two, i.e. minimize the displacements. Mathe-
matically the two methods are identical and one could go from the one to
the other. In the present work, the second method is used as we prefer not
to make any a priori assumptions on stability.

Crustal deformations have discontinuities both in space (e.g. faults) and
in time (e.g. earthquakes). However, in most cases depending on the space
and time scale we treat them at first as if we had a continuous field and treat
the discontinuities separately. To investigate discontinuities in detail we need
a very dense in space and time network of control points.

It follows from the above, that the displacements within a region will
be known if the coordinates of all points within the region at epoch t, (x,, ¥,)
could be given as a function of the coordinates of the same points at epoch t;
(x4, ¥1), or if we know the relations:

Xy =1 (xy, ¥9) )
Y2 =8 (X3, 1)

the simplest relation being a linear one, or:
Xo=28p 1+ &3 X; + 83 ¥
Ya=Dby + by x; + by ¥,

The displacements then will be given by:
Ox =1f(xy, y1) — %,
=8F: 5%

Although in reality [ (x,y) and g (x,y) could be any function, since we
assume no discontinuities we can expand them in a Taylor series keeping
only the linear terms and so use always the simple relation (2). Linearity
could hold to the required degree of accuracy for an appropriate small region.

Using the geodetically derived displacements vectors, we can study the
deformation of the crust, following the approach used for studying the dis-
tortions in the theory of map projections (e.g. T'issot, 1880 / Driencourt et La-
borde, 1932), or the theory of elasticity (e.g. Love, 1944) and continuum
mechanics (e.g. Theocharis, 1981). Since the topic is closely related to geodesy
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we will follow more or less the cartographic approach. Following also the
geodetic practice, angles will be measured clockwise from North (or the
Y-axis) corresponding to azimuths.

Assuming that the relations between the two sets of coordinates at t;
and t, are given by (2) we could trace the axes parallel to X, and Y of a point
(x, y) at epoch t,, as they will be at epoch t,. For each axis we have a shift d,
a rotation ¢, and an extension, expressed by a new scale along the axis K=1--e.
It is easy to derive:

dx = a0

dy = bO
ex = arctan a9
7 §

t _a.z.—
ey = arctan
Kx=} a2+ b2=1 + ex orex=)az2+b2—1
K, =V a@+ B2 + oy or ey=J agf 4 By — 1
In crustal deformations we have annual displacements of the order of
up to a few cm and relative changes in lengths of up to a few parts of 10-7.
Accordingly for time intervals of up to some centuries d will be up to a few

meters, ¢ and e up to 10-% So ignoring square terms of the small quantities
we can write the expression (2) as:

IX=X,—X;=dx+exX+eyy

dy=y:—Vi=dy—exX+teyy
(s)=(a)+(2)(3) (5)

di=di+ E x; (6)

(4)

or

or

where dx=ao, dy=Dbo, and ex=a; -1, ey=b,-1, ex=-b;, ey=a, are all small
quantities.

ex and ey represent the (small) orientation deformation (i.e. rotation) of
the original X and Y axes, while ex and ey the (small) linear deformation,
expressed as per cent extension of the original length along the X and Y
axes. The percent extension e=Al/l is called strain, and the rotational
orientation deformation is called orientation strain.
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The (asymmetric) two dimensional matrix E is called strain tensor and,
as will be demonstrated, characterizes the local surface deformation at point
(x,y). The elements ex, ey, ex, and ey are called strain parameters.

The asymmetric tensor E could be analysed as the sum of a symmetric
and an asymmetric one as E=Eo-+Q where Q represents a solid body rotation.

If we set
w:Ey‘;&"x_:E and
(7)
L SV
T 2 ’
we have
gy = 0 + €, €x =W —E&Q
and then
E—( e & ) (ex%o 0 o 8
(—sxey> <€08y>+<—0)0) )

Here »=¢ is the mean rotation of the X and Y axes (total solid body
rotation) and ¢, is the equal and opposite rotation of the two axes in addition
to the mean rotation. The right angle of the X, Y axes will be reduced by 2¢..

Now eq. () is written as:

E)=(E)Ea(H+@ Gy o

di=di+ Eoxi + Qx; (10)

The above expressions can be used only if the deformed area can be

or

connected (by measurements) to a fixed in position and orientation reference
system. If not, which is often the case, it is obvious that vector di and matrix
Q are undetermined and the relations (9) and (10) have to be written:

< iy el (1)
or
di= Eo x4 (12)

and thus only the three strain parameters ex, ey, s, could be determined.
Having the strain tensor E (or E,) one could derive the local deformations
at point (x,y). If we assume a unit vector at (x,y) in the direction of an
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azimuth « (measured clockwise from the Y-axis), the vector will have original
components at t; (sine, cosa) and at t,, after the deformation (expressed by E)
has been applied, will become:

B 53 ol

and the distortion of the unit vector:
B (sina )
“ \ cosa
We can analyze this distortion in two components. One, ¢, in the direc-
tion across the original unit vector, which expresses the (clockwise) rotation

or orientation strain of the unit vector and one, e, along the vector which
expresses the (linear) strain in that direction.

We have
€ cosa — Sine sina
( e ) - ( sink  Cosa ) E ( cose. ) 5}
or
e=exSin®o + ey cos?a + (cy —ex) Sina COSo (14)
and
c=¢gxSin?a + 2y o8 o + (ey —ex) Sina COSx (15)

Expression (14) gives the (linear) strain at a point (x, y), for which the strain
tensor I is given, as a function of the azimuth.

By setting ~§E~= 0 we find the max and min values of e as well as the
o
orientation (azimuths) of the max («;) and min («,) values.

We obtain :

emax = ey = [ (ex + ey) + v/ {ox— or)FF (&5 —en)t]

ol i - (16)
emin = €, =}[ (ex + €y) —1/ (ex—ey)® + (ey —ex)? ]
and
tan2e; = - for the maximun
By — ex
(17)
tan2o, = ey —ex) for the minmum

— {6y —ex)

which proves that the max and min values of e correspond to perpendicular
directions. They are called principal directions.
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If we use e=[(exey)]/2 for the mean value of the strain along the X
and Y axes, and call ye=ey—ex, yo=cy—¢ex, and y=+/ye2 -+ y% we obtain
the simplified expressions:

ep=e+ 3y
e2=é——7}~{
_ Ye (18)
o; = % arctan
Ye
——YE
=4 arctan
ay =% —

From where it follows that:

ey + ex
2

(19)

Y =€; — €3 = €max — €min

If we add 1 to the expression (14) we get the equation of an ellipse with
semi-major axis a=1-e;, and semi-minor axis b=1--e,, oriented along the
principal directions with azimuths «; and «,. This proves that any small unit
circle will be distorted into an ellipse. Such an ellipse can be used as a strain
indicatrix, since it reflects the strain tensor E, the same way as the Tissot
indicatrix is used in map projections (7issot, 1880). This ellipse is called
strain ellipse.

The strain parameters e and ¢ of (14) and (15) can also be expressed as
a function of the parameters defining the strain ellipse. Instead of the azimuth
o we will use the angle 8 measured clockwise from the minor axis (fig. 1), or:

P=a—oy

Then the expressions giving e and ¢ will be:

e=e, sin?f + e, cos2 3

=e—1%ycos2B =
and
e=4%(e;—ey)sin28 1)
=% ysin 28

If we take the perpendicular to 8 direction, we find that its orientation

strain e, will be
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ggp =27 5102 (90 + B) =—¢

This means that the right angle will be distorted by ¢=2¢, which re-
presents the shear on lines parallel to the direction of B. The angle ¢ is called
shear angle and is given by

¢ =+ysin28 (22)

The tany is called shear strain but since ¢ is a small angle, shear angle
and shear strain can be used indiscriminately.

From eq. 22 we find that the maximum value of angular shear will be
Umax =y and will correspond to the right angles defined by the bisectors of
the principal axes.

Geodetic determination of the strain parameters

Geodetic methods can provide by direct measurements both the linear e
and orientation e, strain parameters.

If the horizontal distance between two monumented markers A and B
in the direction of azimuth « is measured and found to be 1; at time t, and 1,

and time t,, we have:

the strain in azimuth o.
Every such measurement provides an observation equation of the form:

e = ey sina + ey cos’x + (sy — ex) Sine COSa (22)

Here we can see that ey and ex cannot be separated in the solution and
the unknown parameters to be determined will be ex, ey and (ey—ex) =y =2¢,.

Any three distance measurements will suffice to solve for the three un-
knowns, assuming that the measured baselines are not parallel. Of course no
parallel shift dy, dy and no total rotation « can be derived from such measure-
ments since there is no connection to any outside fixed points.

Similarily if a horizontal angle from a point P is measured between
points A and B and found to be 0, at time t, and 0, at time t,, we have the
angular strain 9=0,—0, which corresponds between the directions «a and ap,
the azimuths of points A and B.

The value of e will be found as:

€9 =EB —EA
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The value of = is given by (15), but as in the case of no outside control,
the total rotation w cannot be determined which means that ex=-ey=¢o=
=% vy. and equation (15) will be written:

e=4%v: €08 20— ye sin 2 (23)
Finally we have:
g = % Ye (cos 20p — €COS 2ocA) —3 Ye (sin 20 — Sin 20€A) (24)

For every measured angular change o =0,-0, we have an observation
equation of the form of (24). Any two such measurements will provide the
two unknowns v. and ye (and of course y = J v+ ve?). It is apparent that from
angular measurements alone one could not obtain a solution for linear strain
parameters, but only shear strain, since no distances have been measured.

More observations of distances and/or angles could be used as odserva-
tion equations and solve for the best values of the strain parameters by least
squares. However, in case of mixing distances and angles, the observation
equation for angles (24) has to be written as:

e =% ex (sin2up — sin2xa) — L ey (sin2ap —sin2ay) (25)

+ 4 (ey —ex) c0s2ap — C0S2xA)
to be in the same form as the equation (22) for distances.

With this method, from the differences of measured distances and angles
at two different epochs, we can estimate the strain parameters ex, ey and ¢,
directly but not any solid body (total) displacement and rotation.

There is another method that can be used to estimate the strain para-
meters from geodetic data. We first compute from the geodetic measurements
the coordinates, expressed in the same reference system, of the control points
at the two epochs. We then find the displacement (3x, 8y) for each point.
These displacements are related to the strain parameters by the two equa-
tions (4). If there are three points we have a set of 6 equations (2 for each
point) with 6 unknowns (dy, dy, ey, ey, ex, =y) and the unknowns can be deter-
mined. If there are more than three points we use the least squares method
for the estimation of the unknowns.

This presumes that the two sets of coordinates refer to the same geodetic
reference system, which requires that the geodetic networks used for the
computation of the coordinates at the two epochs include a number of points
fixed between the two epochs.
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If there are no fixed points, we can always take arbitrarily one point
as fixed (by setting the same coordinates at both epochs) and one direction
(by setting the one coordinate the same for a second point) and so give
arbitrary values to satisfy the three degrees of freedom (two translations
and one rotation).

A better solution in case there are no fixed points in the networks (such
networks are called free-nets), is to determine and then apply a translation
(dx, dy) and a rotation (w) between them that will minimize, in a least
squares sence, all the displacements, and arrive at a zero mean displacement.
Such a solution is statistically justified, especially if the area covered is very
large.

Sometimes (especially in the case of old triangulations) the geodetic
networks are based on high quality angular measurements but very poor
distances. Then the scale of the network will be rather poorly defined and
will be necessary to include, in addition to the translation (dx, dy) and rota-
tion (w), an additional unknown, a scale factor K=1+x, to relate the two
sets of coordinates.

Let (x,/, v,") be the given set of coordinates at epoch t,. In order to best
fit them to the coordinates (x,, y,) at epoch t, by applying a translation dx, dy,
a rotation » and a scale correction %, we have to solve by least squares the
following observation equations:

i)+ () (o) -

It ch, dy, o and % are the best estimates obtained by least squares, then
the new «adjusted» set of coordinates for epoch 1 will be:

(R A o S <
Ya ey dy e ¥a

Although we can not determine any translation and rotation for the
total area under consideration, it is possible to determine the complete strain
tensor including translation and rotation, for smaller regions within the given
area. This is possible since a common fixed reference system has been in-
directly defined by minimizing the displacements over the total area. The

strain parameters to be derived will not be ahsolute, but the relative strain
between the regions will be correct.
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The geodetic data used and the determination of the displacement
vectors

The starting geodetic material used in this study were the horizontal
angles measured during the first Greek Triangulation performed in the period
1890-1900 and referring to a mean epoch of 1895, (Hartl, 1901). These angles
were used, after a new adjustment of the triangulation net, to calculate the
coordinates of the 93 triangulation points that were included in the 1895
triangulation.

Since the baseline and the astronomic orientation of that triangulation
were of poor quality, in contrast to the high quality of the angles, measured
with an average standard deviation of about 0”.3 or 1.5 ppm, the net was
scaled and oriented to a first approximation by fixing two points to the
coordinates of the new Greek Geodetic Reference System (GGRS’ 87) the
one used for the second epoch. This will not affect the final analysis since,
as the net was a free net, it would be reoriented and rescaled, at a second
stage. Using the GGRS’ 87 for the computations also minimizes the errors
arrising from deflections of the vertical and other observation biases. For
the adjustment of the net a software developed by P. Cross (Cross, 1984) was
used.

For the second epoch the coordinates of GGRS’ 87 were used directly.
These coordinates were derived by adjusting in two steps all geodetic measure-
ments performed between the years 1968-1982 with a mean epoch of 1975.
The coordinates refer to the GRS’ 80 reference ellipsoid optimally fitted to
the greek geoid. In addition to the ground measurements, satellite data were
also introduced to provide the overall scale and orientation (Veis, 1987).

Out of the 93 triangulation points of the 1895 triangulation, 80 were
found to exist today and be included in the GGRS’ 87 network. Triangulation
pillars are often distroyed and lost. Most of the times they are reestablished
on the same point using witness markers. However, one has to be carefull
since the new marker may be displaced by several centimeters from its
original position. The 80 common points found, were checked that they
corresponded to the same original position.

While the 1975 coordinates refer to a well defined reference system,
that of GGRS’ 87, the 1895 coordinates are defined as a free-net, without
position, orientation and scale. In order to combine the results from the two
epochs t,=1895 and t,=1975 and compute the strain and strain rate, we
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used the method described earlier in this paper and produced a new set of
coordinates for epoch t, from the original ones using equations (26) and (27).
A scale correction of x=-0.39 ppm and a rotation of w=--0".08 had to be
applied in addition to a shift of 7 cm to the south and 54 cm to the west
in order to elliminate the net displacement between the two epochs.

The coordinates (x,, y,) for epoch t, and the corrected for scale, rotation
and shift coordinates (x,, y;) for epoch t;, were used to derive the displace-
ment vectors (3x, dy) that were addopted for this study. These displacement
vectors correspond to a time interval of t,—t;=80 years. Assuming a constant
rate, they can be converted into annual displacement rates simply by dividing
by 80. By the same way we can convert into annual rates the parameters
of the strain tensor and obtain the strain rate tensor.

Strains are expressed in «microstrains» corresponding to a relative ex-
tension of 1076 or 1 pstr=10"%=1 ppm. For orientation, angular or shear
strain, 1 pstr=0".206=206 marcsec. Strain rates will be expressed in pstr/y.

The accuracy of the 1895 coordinates was estimated by the adjustment
procedure to be on the average 425 em (s.d.) except for the edges where it
could be larger. The 1975 coordinates are more accurate and they were esti-
mated to be =10 cm (s.d.) over the region covered by this study. This means
that the derived displacement vectors will have a standard deviation of
427 em, although in some areas towards the edges it could be larger. This
means that the derived displacement rates will have an uncertainty of about
+3 mm/y.

Finally it should be remembered that since the 1895 triangulation was
a free net without accurate scale, it is not possible to distinguish any total
shift and rotation for the whole region, and that a systematic additional
strain may be present. However, relative strains will be correct and it is
always possible to determine the complete strain tensor for a subregion within
the area covered by the triangulations under the assumptions already made.

The derived displacements appear on a map in fig. 2. In order to have a
better visualisation of the displacements, the vectors are drawn to the map
scale as they will correspond to a time interval of 2 My, although the rates
derived over 80 years cannot be extrapolated to such a long period. A scale
for the displacement rates in e¢m/year is also given.

Of the 80 points common to the two triangulations 5 were not used as
they showed large displacements. Although those displacements may be real,
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it is suspected that their pillars may have been wrongly replaced and a special
investigation is needed. The triangulation points not used are Velopoula,
Ydra, Antinitsa, Kratsovo and Peristeri.

Presentation of results

If we consider the total area as been tectonically uniform, we can cal-
culate a mean tensor of deformation for the whole area. We find for this
tensor e;=--0.031 ustr/year in the direction of 33° and a minimum of e,
= —0.017 pstr/year in the direction of 123°. This corresponds to a shear
strain of y=0.048 pstr/year (or 0”.01/year). Total displacement, total rota-
tion and total expansion can not be calculated since there are no fixed points.
Fig. 3. shows this tensor expressed as the deformation of a circle to an ellipse,
over a time period of 5 million years.

However, it is not realistic to assume that one strain tensor can express
the tectonics of the whole area. This became apparent also from the fact that
the standard deviation of the residuals of the vectors after the least squares
fitting for a single tensor, exceeded by 809, the a priori expected standard
deviation of the observations. Considering the area covered by this work as
an area with continuous deformation, we calculated, numerically, a displace-
ment field by interpolation from the 75 geodetic points. The result is shown
graphically in fig. 4. The length of the arrows, shows the displacement of a
point on an imaginary 20 km grid and gives at the map scale the displace-
ment over a million years. Fig. 5, gives another visual description of the same
field as a distortion of the grid itself.

The variation of the deformations over the area under study, can be
found if we calculate the strain tensor at different points using a region
around them. By plotting the isopleths for each strain parameter a graphical
presentation of the variation over the whole area will be given. Depending
on the number and the magnitude of the regions used, in relation to the
density of the original data, it will provide a more or less smoothed presenta-
tion of the variations. In this study, different number and magnitudes of
regions were used with or without an overlap. Indicatively, fig. 6,7 and 8,
give respectively, the displacement in the east direction, the shear strain
and the directions of the principal axes calculated by scanning in a half degree
step in latitude and longitude, with a half degree overlap.




ITNEAPIA THX 5 MAPTIOY 1992 145

From the original displacement vectors given in fig. 2 one can identify
blocks of more or less uniform deformations while their boundaries seem to
have a lack of continuation. Accordingly the whole area was divided into
9 blocks, which appeared to justify the criteria of uniform deformation. This
division shown in fig. 9, was based only on the criterion of uniformity, without
taking into account any other prior knowledge related to the geology and
tectonics of the area. Of course the boundaries of these blocks are uncertain
since the distances between the points with original displacements are up to
a few tens of kilometers. For each block the complete strain tensor was
estimated with the methods already described, since it is now possible to
calculate also a block shift and rotation with respect to the indirectly defined
fixed reference system. Table I, gives the obtained results. Fig. 10, gives
graphically the complete tensor for each block expressed as a block displace-
ment, rotation and strain ellipse, corresponding at the map scale to changes
over a period of 5 My and fig. 11, gives the total deformation of a normal
grid over a period of 2 My.

Conclusions

The above analysis proves that geodetic methods can be successfully used
for determining in a direct way the strain field of the earth’s crust. Even
older geodetic data, if properly used, can provide very valuable information,
expanding considerably the time interval used for the determination of the
strain rate.

The results obtained in this study are in rather good agreement with
what is known for the tectonics of Central Greece. One can clearly delineate
from fig. 9, the main tectonic features, although details cannot be obtained
without a much denser network.

The only similar work that can be used for a direct comparison is the
one reported in Nature (Billiris et al, 1991) in which the present authors have
also participated. The original first epoch 1895 triangulation data was basicaly
the same in both, while the second epoch data were quite different. They
come from a completely different technique and they refer to different epochs.
Also in the Nature paper only 15 triangulation points were used compared
to the 75 used in the present work.

It should be realized that the derived displacement vectors in the two

10
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papers are expressed with different assumptions concerning the reference
system. In the Nature paper the assumption was made, that some points
were stable during the 1900-1988 period, while in the present work no fixed
points were assummed but instead the fixed reference system was derived
as a «statistical mean». So the results are not directly comparable.

If we convert, however, from the one system to the other, we find that
the displacement vectors are in more or less the same direction, while their
magnitudes are a little larger in the Nature paper. This is to be expected
since it covers a period of 88 years compared to the 80 years of this work.
Taking this into consideration we can conclude that the two results are in
a quite good agreement.

It will be desirable to combine the two results in one solution. For this,
it is planned to make new measurements by GPS on additional triangulation
points in the summer of 1992 and proceed with a unified solution using
data from all three epochs.

Up to very recently geodesy was used primarily for the establishment
of a reference frame for mapping and engineering. In that context the design
of geodetic networks and the required accuracy were limited to the specific
application they were asked to serve. Now geodesy is challenged to provide
faster and more accurate positional information to be used in geosciences.
This challenge can today be met with the scientific and technological progress
in satellite geodesy which, combined with fast computers and advanced
adjustment techniques, can provide quickly distances of hundreds of kilo-
meters to centimeter accuracies.

Properly designed satellite geodesy networks could give directly a de-
tailed picture of the crust’s strain rate in a few years. The geodetically derived
strain rates could then be compared with those obtained by other geophysical
methods and especially from the analysis of seismicity and earthquake mecha-
nisms, in order to estimate the remaining accumulated stresses that have not
yet been released and estimate the probability of future earthquake activity.
Much work remains to be done in that direction.

The Higher Geodesy Laboratory and the Dionysos Satellite Observatory
of the National Technical University of Athens, in cooperation with other
national and international bodies, expect to continue their work in that
direction.
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IIEPIAHYH

TewdaiTindg mpocdiopioprds TexTOVIRDY TTapapopPwoewy 6tov “EAAnvixo Xdpo

Aedopévng Tiic Evrovng Textovixiic dpdang otov ‘Exmvind Xépo, Omapyet iduai-
7epo Evdlapépoy YL TOV TPosdioplond TEY medlwy peTatomioemy xal TEY TAVUGTGV

TUPALOPPHOGEWY TOD PAotod THE Y oThy meproyy adth.
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Kate #avéva yie tode mpoodioptopods adTovg ¥ e7oLLOTOLOUYTOL YEWAOYLIXK,
TIUALLOUAYVNTIXG, TEXTOVIXA %ol GELGUOAOYLXO Oedopévar dmd To Gmola TpoxdTTOVY
ol peratoniceis. ‘H Egappoyh Suwe yemdartinéyv pehddwy, mob avanticoovral o
Tedevtatla ypovie, EMLTEEREL TOV HUEGO TTPOGILOPLGUS TAV UETATOTIGEWY, e AToTé-
heopo THV SpacTplomoiney THe EmioTypovinie adthg mepoyiic, idiaitepa pE T
7enon The dopugoptxic yemdatalug.

To Kévrpo Aopugbpwyv Atovicov xal 10 *Epyasthipto *Avarepng IM'ewdatstog
700 E. M. ITovteyvelov, Eovv dvamtiler onuavtixy) SpactnoloTnTa, GE GUVEPYX-
oto ol wé Mo ENnvixa vl Eéva Havemiorapa, xol *Opyaviopods yi Ty xoro-
Yool %ol WeAéTy) TMY TEXTOVIXGV petaxvicewy otov Eadnvixd Xdpo pt yewmdui-
Tixeg pebbdovg. Ilpdito dmotéhespa Tértolag Guvepyaslag AToTEAEL ) GYETIXY Ono-
otevon oto Nature (Billiris et al, 1991).

Sty mapoboa Epyacia ueheTdVTAL T ATOTEAEGRATA TTOL TTEOXVTTOUY ATO TV
ohyxrplon TGV yewdurtixdv petpnoewy tol mpwtou ‘EAmvixel Terywvicpod tol
1890-1900 (1895) p& 2xeiva Tob Teheutaiov Thg mepLddov 1968-1982 (1975), éxti-
paTon 1 wwvnpatied) Tob @hotod oty meproy Tig Kevrpidic ‘EXAddog pt yewduiti-
xéc webbdovg, Vmohoyilovrar of TaVUGTEG TREALOPEMGEMY %ol SLATUTTMOVOVTOL TiL-
Oove povtéda yewTextovixiic Sopdic Tov.

Xenowpomorfinray 75 xowd onuela T6Y Tprywviopdy T6Y TEpLOdwY adTéV.
‘O tpryoviopds Tob 1975 yenorpomorfiinee érwe dmoroyloTyre 616 véo ‘Edknvixd
lewdoutind Zdemmpa *Avagopsic (ET'ZA °87). ‘O tprywvicpds tob 1895 yenoipo-
nohfnxe petd amd véo Hrohoyioud 6thd 180 dupBidc cboTua dvagpopds (ETZA *87)
LPNOLLOTOLMOVTG UOVO TIG YWVIOUETPNOELS THG Emoy s éxelvng, d¢ éhedlbzpo dixtuo,
70U 6motov T& arorycia Bécews, mposavaTohoroD xal xAinaxas TposdioploTyKay Ue
™ pé00d0 THc «yeviriion mpocuppoyic @Y dVo duxTdwv dote va wi Omdpier a
priori mapadoyy i Ty otabepdTyTa SpLopévev onuelmy.

To oy. 2 Stver Tig petatomicels moL TEOXVTTOLY ATO THV GVYXELEY TGV GUV-
Tetaypévey TV Vo Sixtdwv 6Te xowd Toug onueia. “Enedl elvar dddvatov, dmwg
amodetvdeTal, Vo éxppaaToly ixavomolnTing ol TapapopP®aels GANG THG TepLloyiis
ué v pbvo TavueTy, YmodoyicOnxe depmTina Eva cuveyds Tedio TapAULOPPOGEWVL
Ta dmoteréopata Eupavilovroar ypapuxd ote oyfuate 4-8.

ATd T mpwToYEVR GToLElo TV petatonicewy duamiaTdvetar T braply Tepto-
16y pt bpotbpopen mapauwbopwoy xal Evtovn petafol) ote chvopd Toug mod HTo-
Smadvouy dovvéyeta. Tid Tov Abyo adtd 7 &My Entaoy Srupénxe ot 9 meproygs mobd
ixavomololv T& xnprrhipLa adtd, ywpelc va Anebolv Omém &Mk EEwyevi) oTotyelo

(o 9). Te ndBe meproyh SmodoyloTnre & TANPNG TAVVGTIG TAPAULOPODCEWS (1€ THY
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Mébodo *Erayiorwv Terpayivey (Hivexag I). To oy. 10, Siver ypapuxd todg to-
ot Tapaubppuens yio: xdle meptory xal 1o ay. 11, Stver v mapaubppway Erns
ThHS TepLoyiis ETwG pop@oToteltal P THY Tapapbppmay Evos xavovixol xavdBov.

‘H épyaaia adth, t¢ dnotedéopara i émolag elvar ovpPiBactd ud ducivnc
7ob Nature, éinilerar va énextalel ot meproabrepn yewdutind onueia i Xdbpag
pé TV yenouronolncy mahabTepwy PeTpReEmY GAAL %uplws Ut TOY Emavampoodio-
pLopo véwy Béocwv ud pelédovs ic Aopugopiniic M'ewdatslag. "Entone dmooxoneitar
7 obyxplon @Y yeSuTixdy petatomicewy pt éxsives mod mpoxdmrouy &md T
avaduen Tis uéypl ofucpa cetopixiic Spdovg, date v yiver o éxtiumon Tév Td-
cewy mob dev Eyouy Extovwlel dote va dxmipmlel pd dhhov Sva Tpdmo % mbavb YT

avapevbpevne cetopiniic Spdome.

‘0 "Axadnuairds x. IepixAis Oeoxdpyng cic 17y avotépw pyasiay eline to 7c:

Eig tov "EXmvixdy Xapov, dmov ouyrpobovrar 4 Appuavixd) pt iy Edpacia-
Tieh ke Snptovpyeltan Evtovoy Textovixdy medlov pd dmotéheopa Ty onpavTKdy
oeLopxiy Spacty, Ty EVTovoy YE@AOYIKY pnYRETWGL %al THY Snulovpylay puxpdy
TOTIRGY TAAXGY pe Srontépay xwmuatinny, xabieTdvTag TolouTopdTRG TOV YGpov
adtov mpbogopoy Pucixov’Epyacthproy St mhy Sonpdy véwv te-
yvohoyiéy xol uebédwv perprioewy, pehetdv xal Dewpléy, oyeTindy ud Ty wwn-
POTIHY &l yeoTexToviey Souny The TepLoyiic.

Ot perarorniceig adrés, mod % TdEig Tovg elvar Tol Exarostod 7ol wérpou Gva
£t0g, &rouv uev SwmoTwdi, ywels dpwe va elvon elnodog & dxpBig dn’ edBelug
Tpoadoptapds Toug, Abyw Tic dmantovpévne SdmAic dxpBelag Tév perphocmy. Towou-
ToTpPéTWG Sk Ty petaxiviow ol oTepod glowd g YR el wlav meproydy O
Empeme Vo mepuuévn xavels dpxetd ypdvia Sid ve SramieThON USTUAXIVAGEL.

Tuepov bpog f Tewdusla, ut toc Aopugopinas Me06Soug mod diSouv dxpi-
Betay xahutépay dmd 1078, S dmootdoeig péypr xal Exatovtades ythopérpwy, mi-
Tp€meL TV dviyvevowy petovicewy péoa o Mya ypovie. BeBalwe, ai madatal yew-
doutixal petproelg elvar mdvro meAdTipoL, Epbooy damictwbel ¢t slvan dnpiBeic
%ol ovuPiBactés ut Tig vedhrepee, dmére elvar Suvartdy va cuyxpiloly &rotehéopata
Ty (Ynivev), xal véwv (Sopugopixdy 7/xal ynivey) yewdummndy petphoewmv.

To Kévrgov Aogupdpwy Atovicou xai 16 "Epyastiprov *Averépas Tewdutotus
7ol E. M. ITorvteyvelov, &yer dvantifer iSioutépay Spaomoibtyra oty Emiono-

vy adThy meptoyiy pé Thv ouuBoliy e Fewdartindc xal Tewguoinis *Emitpo-
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miic 7ol Kpdaroug xal Eévev Havemomnuiov xal *Epevvnrindy Kévtpwy, Sue iy
raTaypagyy ol uehéTny THY TexTovx®Y petoanwioewy otdy ‘Exqvindy Xdpov. Ile-
pimov 200 onueia tob ‘Eanviod Xdpov #youv petpnfel pt Sopugopirntc pebédouc,
petpoerg wod 02 Emavadnpboly ota émbusva #tv 810 TOV mpoodiopioudy TV weTa-
TOTLOEWY.

Qg mpdTov dmoTéheoua tis cuvepyaciog adTie ué *Ayyaa Maveniothua dvo-
pépetar 7 duocievoi otd Eyxprtov meprodixdy Nature (14-3-1991), ué tivhov
«Geodetic determination of tectonic deformation in Central Greece from 1900
to 1988», émou Swmistdvoviar petaxiviioes Tic Tdewg Tob pétpou Sl ypovikdy
oy mepimov 90 ypbvwy, cuyxpivovrag Té drotedéopata peTphioEWY TOD TR~
TOL TPLYWVIOUOD THS ywpas, oL Eywe eig tHv meplodov 1890-1900, ué Sopugopt-
#&g petproeis e 16 obotnpa Global Positioning System (GPS ), mod &yway o 1988.

Eig thv mapoioay dpyaciav peletdvrar t& dmoteréopata mod TpoxdTTOUY ATd
Ty ebyxplew T6y ynivey petphiceny Tob mpwtov “Exquxod Terywviopod 1890-
1900, pe éxeiva 7ol Teheutaion Entyeion Tprywviouol T¥g TeptoSou 1968-1982, ¢ocu-
Vit N wwvnuatnd) Tob photol e Kevrpuddic “EAMdSog dmd iy oxoma g Tew-
douotag xal Sxtumdvovtar mlave poviéha yewtextovixig Soudic Tov.

Awg 7oy Hmohoyioudy @V petatonicewy Eypnoiponorninoay 80 xowd onueia,
7ol Befatepéva napéuevay ta i, T@Y Teryevioudy i meptéSov 1890-1900 (uéom
émoyn mepimov 1895) xal 1968-1982 (uéon émoyy meptmov 1975). ‘O tprywviopds
1975 &ypnorpomorin drwe dmehoyicly elg w0 véov Bty Fewdortindy Thoryua
"Avagopdic, Yvwotoy @g ETZA 87, T cloryua adtd ompiletar ot éniyeieq pe-
TENGELS, e GUYBLaGWO Sopupoprdy TapaTreTicEwY %ol Yrehoyialy pE Ty cuvepya-
olav g Tewypaguxfic “VYrmpeotag Zrpatod (I'T'E), 1ol *Opyaviopod Krmuatoro-
viov xal Xaproypaphcewy ‘Eaddog (OKXE), xai 1ol E. M. IToruteyveiov (EMII).
‘H axpifeid Tov 62 mposavatohowd xaul xhipaxa elvon xadbrepn dmd 1076, dvé H
Tomuxt) dBeParbétng otic Oéocig elvan mepimov 2-3 cm.

‘0 rprywviopds ol 1895 yenoipononByxe pete dmd véov Hmodoyiowdy 6Td 1dto
axpiBds oboTnua Gvapopds, bmwg dxeivo 1o 1975 (ETZA 87), yenoiwonordvrag
wovoy Tlg ywviouetpnoels Thg émoyiic éxelvyg, dedopévou &1L of mheupdc Siv Dew-
polvran ixavorolnTiniic dxplPetac.

"Eneudy) al modkowal perphioeis frav pévoy yovisg, 6 torymviowds 1895 dmatehet
eredlepov Sixtvov xal émopdvars fito Eheubépac Oéocwe, mposavatohlood xal ¥Ai-
paxog. Ta atouyela adtd mpoodioplonxay obrwe dote va dmapler % xaAvTépa Su-
VATT TPOGXPLOYH OTA %owd onueix Tol Terywviopod tob 1975, ut iy Ewvolav Tév

ENYLOTWY TETPAYWVQY.
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IMpémer vo onuerwlel 8tu # Emhoyh Tic mpoowproYTc TOU TELYWVOUETPLXOD
duetbov 1ol 1895 eic 70 Sixtuoy 1ol 1975, elvan dmd yewpetpinic dmédews loodd-
vapog pé v mapadoyiy i atabepdtrToc dbo onpetwv elg O ypovixdv SkoThue
adt6, mapadoyn mwod cuvibee yivetaw ot Téroieg dpyactes. ‘Enchéyn Sung % uébo-
Sog THg «yeviiion mpocapuoyiic TV ddo duetbeyv, Gote va piv dmhpefer a priori
mapadoyh St Ty otabepbryTa Oolopévey onueiov. “H petatponhy mavteg Tob me-
dtov petatomicewy Tob mpoxlmTeL, 68 dncivo mobd 0& mpoérumte dv dmotadfmote dbo
onpeta e0ewpobvro orabepd, elvar Suvary.

Zuvohinds evpébnoay 80 yewdoutid onueia xowd 6ToVE 800 TELYWVLGEOUG
Gk T& 5 dmd adTa Stv EypnorpomortOnoay, Enerdy) Edebay irutépwe peydes peta-
tomioetg xal O mpémer v EEetaaToly IStantépag Sud Evdeybpeva GUETHUATIRG CPRA-
pata. O petaronicelg, 6mog wpoxdmTouy &md THv cbyxplow T@Y 800 TELYVORETEL-
%GV dwxtdwy @y étév 1895 xal 1975 ot xowd Tous onpeio Eugavilovrar 670
Sy 1. B1d oyfpe adtd onuerdvovtar pé BéAY of taydTnres TEY peTaXNGEDY
ot cm/y (3 m/cen), &vé 10 pixog Tob Béhoug dewxvier eig Ty xMpaxa ol yEpTOY
v petatémiow Tob xdle onueiov, mod &vrioToryel of 2 Exatopudpra ET.

*Av Bewpr et N meproyh mob xahdmTeTon dTd TR GMpeio oL &y proipomorninony,
O¢ el Empdvera, elvar Suvatde 6 HmohoyLopds H€coL TAVUGTOD THPALOPPWGEGY.
‘O Omohoyiopds adtdg Sidzr G peytomyy dvyypévyy mapapbppwowy lony modg
+0.031 pstr/y (1 wstr =107 % 1 mm/km) 6¢ mpdg Siedbuvory pe dlupwodbrov 33°
wal Ehaylomyy —0.017 pstr/y elc alipodBov 123°. Tobro dvrictoiyel ot peylom
yoviy, mapapdpowen 0.048 ustr/y. ‘Ohuey petaxivioic, 6huel 6Tpogn xal GAuY
ambluTog Tapapbppwats 3v clvar Suvatdv va Hmoloyrehel, dool d&v dmdpyouv oTa-
Ozpa onpeia. To TyFipa 2 Seixvder Tov Tavuathy adtdy, érwe eynuatomoLeitaL &mo
Ty Topapbppwoly xhxhov Teds ENhetdry, Stk ypovixdy SukoTHuma D Exatoupupiny
ETAV.

Aty elvar Suvatdy duweg vo Bewpnbet 671 8Mn # Extaolc Exgpdletar pé évialov
TavuaTiy Tapapoppmoewy. ‘H tumuey dnérdiorg T@y Hmolotmmy T@Y StavuoudTwy
OmepPatver Ty a priori dvapevépevny TUTXNY &TOXMGLY TEHY THPATHENCEWY (XATO.
809%,) xal &wote, pd amAyy Bedpnery ol yfuatos 1 Swpaiverar capdc N adu-
vopbor TotadTng Eviaiog Adoewe.

Ozwpdvtag v ExTacy wod xahlmTel ) peréty G¢ plav Emipdvetav pé ouve-
¥els mapapoppmoste, sivar Suvatdy va Smoloyislel dpbunTindds mediov peratomi-
cewv Tod mpoxhnTeL wE mapeuPoriy amd ta 80 yewdautivd onuela, TGV OTolwy 7
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Fig. 1. The strain ellipse.
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