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ABSTRACT

Scarps of seismically active faults in the Mygdonia basin (Thessaloniki-Northern Greece seismogenic
area) are divided into three groups based on the relationship between the measured scarp height and the
scarp angle: a) steep bedrock scarps along active faults, b) less steep scarps alfecting Neogene sediments
and ¢) steep ones in the Neogene-Quaternary deposits. Their slope angle is proportional to the logarithm
of the scarp height, while the slope angle decreases with the age. Geomorphic features, scarp height, active
fault lengths and fault displacement related to earthquake magnitudes show the close relationship between
quantitative geomorphology and active tectonics in the area.

- KEY WORDS: Fault scarps; Diffusion equation; Morphotectonics: Active tectonics; Degradation
processes; Mygdonia basin: northern Greece.

LYNOWH

' Tt TEXTOVLAC TTQAVT TV TELOUHA EVEQYWV Oy ILETmY 0T Muydovic kexivn (OELOULOYEVETLHT] TTEQLOYT)
Oeoowhovirng, B. EAAGd) £x0uv SLaxOOEL TOOOTIAR Of TOELC OPGDES HE BAOM TN OYEOT) MPOUS Ral
yoviag ®Along Twv Teavey, O TOELS HATIYODIES ONYMATOY EIVOL: () GTOTONA TOUVI] HOTH WHOg
EVEQY@V QNYUATWY TTOV EMNQEALOUY Te METEmpaTa Tov vaopaboou (8 = 17.7 - 2.22logH). f) uxpoTepng
yoviag xhiong mooavr ota Neoyevn WRpata kot vy amotoua mooavy otig Neoyevels - TETOTOYEVELS

 qmobéosig (B = 11.7 + 4.54logH). H ywvia #hiong TOUg £ival avahoyn 1e 10 Aoyaoito tov thpoug tov
AQOVOVS, £V 1) YWvid NG KALOMG HELOVETAL ouoTniuoTikd e v niia. Ta yvewpoogohoyurd
FOQUATNQLOTIXG, OTWE TO MPOS TWV TEXRTOVIXMV TTRUVIHY, TO KOS TwY EVEQYMV DIYUATONV HUL Ta
GAULOTO TWV OYHATOY OYeTICOVTAL JUE Ta LEVED TV CELOUMY ROL OECYVETAL 1) QUEOT 0%£0T] TOOOTIHNC
YEOUOQMOAOYLOS AL EVEQYOU TEXTOVIXNG YLO TNV TTEQLOYT.

AEEEIY KAEIAIA: onEuyevn moovi, eElowon dudyvong, MOQGOTEXTOVLRY, EVEQYOS TEXTOVLKY,
duadaoies dudfomang, hexdvn Muydoviag, Booeta Fikada.

L INTRODUCTION

a) Fault Scarp morphology

There is a great uncertainty in the estimation of earthquake risk using recorded events or historical
data, even for areas where historical information is available [or a great period of time. Various geological
approaches have been made towards the understanding of the past behavior, mainly during the late
Quaternary, of an earthquake-producing fault. The most reliable methods for this purpose are the
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paleoseismological ones, where the prehistoric reactivations of the faults can be detected by m
stratigraphy, dating of the deposed material, etc. They help significantly in extending the e
record back in time and. consequently, in ifcréasing the precision of risk assessment.
Anothertype-of daring the age of formation of.a fault and hence the paleoseismicity, 1s the so calle
morphologic dating of the fault scarps (Nash 1980). This can be done by using quantitative morphologi
techniques whih Aré baséd midinly/to thé diffision model that has been proposed by Culling (1960). Culling
applied the diffusion equation generally 1o slopes, but latér researchers used this model for studying fi !
_scagps. The main peint Lol ‘Waltace's (1977) model” was that for “similar” scarps, some geometri
differences could-mean-a-measure ol relative ages. Bucknam and Anderson (1979) showed that there isi
logarithmic relation between scarp height and maximum scarp slope. Based on that, they developed |
method tor comparing scarps of different ages. Nash (1980, 1981, 1984) applied a similar procedure for
determining absolute ages ol scarps by using a finite element solution to the diffusion equation. Andrews
and Hanks (1985) developed a method ol inverting an observed profile to find the “diffusion age™ which i
defined as the product of diffusivity times chronological age. A non-linear slope dependence that fits much
of the data of previous studies has been proposed by Andrews and Bucknam (1987). However, there
several uncertainties in such models as is discussed by Mayer (1984) Pierce and Coleman (1986) and N,
(1987). Those uncertainties are mainly referred to the change ol the degradation coefficient with
variation of lithology. cohesion, aspect, or even height of the scarp. and of course 1o the total dependel
of the coefficient from the microclimate of the area (Pierce and Cofman, 1986).
The purpose of this paper is to apply the scarp height - slope angle technique on the faults of an actiy
area of continental Greece, which, together with other neotectonic and paleoseismological techniques,
makes this area a pilot one for paleoseismological research (Paviides & Soufakellis. 1991: Pavlides, 1993).
b) Study Area I
Mygdonia basin (fig.1) is located NE of Thessaloniki. Geologically it belongs to the Serbomacedonian
geological zone. an old massil, which consists mainly ol metamorphosed crystalline rocks (gnei es,.
amphibolites. mica schists and marbles) and post-orogenic magmatic intrusions ol Mesozoic to Oligoce

age

The neotectonic evolution of the basin started during the Early-Middle Miocene, when the
Mygdonian subsidence was formed (Psifovikos. 1977: Koufos et al., 1993). This “graben™ was due to 8
extensional stress field oriented mainly NE-SW (Mercier, 1977: Mountrakis et al., 1992, Dinter and Royden
1993). From that period up to Lower Pleistocene (Villafranchian), the lake that filled the graben (P
Mygdonian lake) along with the rapid erosion of the surrounding mountains caused a high sedimentatic :
rate. Those sediments (sands, conglomerates, silts, clays, marls and red beds) formed the Pre-Mygdonian
sequence which is the first sedimentary system of the basin. Recent fault scarps that affect pre-Mygdonian
(late Miocene - Villafranchian) deposits are believed to be of middle to late Pleistocene and especially
Holocene age, directly associated with the active tectonic pattern and the instrumentaly, historicaly and
paleoseismologicaly recorderd earthquakes of the area, During the middle Pleistocene a new extensional
tectonic phase started that formed the main Mygdonian basin. Sediments that characterise this stage belong
to the Mygdonian sequence which consists ol gravels, coarse sands, clays, pebbles and travertines.

The active faults that bound the basin have mainly strike of either NW - SE. E - W and ENE - WSW
direction. There are indications that the NW - SE faults have a sinistral component of movement, while the
ENE - WSW faults a dextral one (obligue-slip faults). The E - W trending faults are mainly dip-slip ones.
These observations and especially the cross-fault structure (Paviides, 1993) suggest that the tectonics of the
area are probably more complicated than previously thought, especially if one takes into consideration the
proximity of the area to the North Aegean Trough which is considered to be the continuation of the dextral
North Anatolian fault into the North Aegean Sea (Carver and Bolinger, 1981; Paviides et al., 1990). The
complexity of the area has been also shown from geodetic studies that have been made in the graben
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Fig. 1: a. Location map of the basin. b. Simplified geological map of Myzdonia basin, Heavy lines represeni the active
faults of the arew, with teeth indicating the downthrow block. 1. Pre-Neogene basement. 2. Pre-Mygdonian sequence. 3,
‘Mygdonian sequence. 4. Holocene sediments.

There has been an effort for distinguishing independent segments along some “linear” faults of the
basin according to known criteria (Wheeler. 1987). But in the Aegean region. the moderate to large
magnitude earthquakes (M > 6.0) commonly involve the failure of a number of multiple fault structures.
This has as result that various segments belonging to the same fault zone (antithetical, cross-faults etc.) are
in motion simultaneously during an earthquake event. As fault zones we mean belts of multiple - multi
mode intersecting faults thart give rise to an often diverse pattern of fault movement. So, one can conclude
that the general picture of the tectonic pattern in such seismogenic areas, and especially the Mygdonia-
Thessaloniki one, is of multi-fractured type (Pavlides. 1993, Pavlides et al. 1997),

Mygdonia basin belongs to the well-known Serbomacedonian seismic zone. There have been two
periods of strong earthquake activity in this zone during the present century, including some shocks that
had their epicenters in the region of Mygdonia (Papazachos et al., 1979; Carver and Bolinger. 1981). The
greatest instrumental recorded shocks of the basin were the M = 6.6 Assiros earthquake ol 1902 and the
1978 M = 6.5 Stivos earthquake. There have been also many shocks with magnitude greater than 5. This
earthquake was studied very well from a seismological as well as from a geological point of view (i.e.
Papazachos et al., 1979: Mercier et al. 1979, 1983; Mercier & Carey-Gailhardis 1989; Voidomatis et al.
1990: Mountrakis et al. 1990; Paviides & Soulakellis 1990: Fang et al 1994; Pavlides et al 1997).

From the six known historical earthquakes of the area (620 to 1759 AC) the observed seismic intensity
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instrumental $eismicity as has been discussed before (Papazachos & Papazachos, 1989). We ap|
different formulas for, the estimation.of the.maximum expected earthquake magnitude according
faulerupure length,which, for the 1978 shock, was 32 km. For these data, the formula of Matsuda (19
gives d magnitude of 7.34, the one of Kirafzi €r al. (1985) a magnitude of 6.65, which is acceptable, whi
that.of Papazachos (1989) gives the best correlation for the. specilic earthquake with a magnitude of _.
Genetally, it seems that the'maximum’ earthquake magnitudes of the basin should be no more than 66
b7 E

a

Fig. 2: Examples Irom fault scarp profiles of the area. The slope angles for each measured segment are shown. a. Simple
fault scarp. b. Composite fault scarp. ¢. Multiple fault scarp.

2. FIELD OBSERVATIONS

The study of the lault scarps was done by using detailed morphological cross-sections constructed by
near-field topographic methods (theodolite measurements) as well as 1:5.000 scale topographic maps
(Greek Military Geographical Service). The method applied each time depended mainly on the scarp
height. So the higher scarps were measured directly from the maps, while the smaller ones from near-field
data.

The main faults of the basin along much of their length define the contact between different materials.
This has in result that the scarps have different behavior concerning the relationship between their height
and the corresponding slope angle.

A classification of the scarps was made, with the main criterion being the type of the scarp according to
its formation procedure (fig. 2). The scarps were divided into three groups:

a) Simple faul¥n@ipknBiBAIOBAKN S Pe0@RRETOS onLRo EWwAMIGSTAIK@lope angle is more or less the



| Eﬂmp]e fault scarps: scarps of this type consist of a sequence of smaller scarps that are roughly
;o,eaeh other (fig..2c). Thisis'a’ cammon phepomenon to active areas such as Mygdonia basin. The
that is the. scarps thatlie closer to the basin, are'steeper than the ones behind them. This

e eﬁplamed in two ways: either they belong to differeént Tault strands of different activity, or they
l il expressions-of the same fault-and the difference-in the slope angle reflects a progressive
rmation of them in time. The second explanation seems to be the most logical one.

One problem in this case is that the Myvgdonia basin is a heavily cultivated area, and many scarps were
sturbed by farmer activity or other anthropogenic causes. Those scarps were excluded from the study,
d only the unaltered fault scarps were taken into account. In total, 111 fault scarp profiles were
ed, from which the 79 were further analysed in this paper.

DATA ANALYSIS

As has been mentioned above, the scarp degradation procedure can be modeled using the diffusion
tion of Cufling (1960).The main assumptions of the dating models based on the diffusion equation
) to fault scarps are:

i. The slopes have to be transport-limited. That means that the transported mass of material should be

erved in the cross-strike direction, The processes that control the evolution of such a scarp are mainly
e creep of the soil and slope wash,

ii. The diffusivity is considered to be constant during the period since the last fault reactivation and
ndependent from the geometrical characteristics of the scarp. This of course is not always true.
iii. The elevation of a point at the surface of a scarp depends only on time. That means that the scarp is
subjected only to the usual degradation processes without any external interference (natural or man-
controlled).
- iv. The density of the superficial material remains constant during the degradation procedure. If this
was not true, many complications would have been created, and a lot of uncertainties would have been
inserted..
The rate of downslope transport § is expressed as:

g 0¥
S=Kx o
(1)
where K is a constant (transport coefficient), x is the horizontal distance and v is the elevation. For the
transport-limited processes and the assumptions that have been described above, it is generally considered
‘that m = 0and nm = /. There are of course scarps controlled by other types of processes, where m and n are
different from the ones proposed above, but in the present analysis we will only consider scarps of the first
kind.
The continuity equation that expresses conservation of the mass during degradation (assumption i) is
the following:

ay_10as

ar  pox
(2)

where o is the density of the superficial material. This equation states that the change in elevation of a
point at a scarp profile equals the difference between the amount of material transported to this point and
the material removed away from it. If we assume that density is constant (assumption ivjand if we follow
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wherek is thr:'.diﬂ'uswl_ly. Diffusivity i this case is expreséed in units of dimensions (ength 2/ (time ). The
diffusion equation has been widely used to deserihe many processes in chemistry and physics. In the study
of scarpevolution it implies that with time the scarp becomes rounded and the slope angle is decreasing.

.5Cilrp,..lt ohly can be estimated from a scarp of known age. By using an analytical solution for (5) (Co
and Warson, 1983, Pierce and Coleman 1986). k can be caleulated from the equation

k= (41‘ tanaerf (%) )

where H = scarp height, « = starting angle. £ = time in years, 8 = maximum slope angle and erf! = inverse
error function.
An other non numerical way lor finding the value of &k in a specific area 1s by gencrating many
synthetic scarp profiles for different values of k., using equation (6). Nash ¢ 1950, 1951) developed a similar
technique by using a single k value to generate synthetic scarp angles tor ditterent scarp heights.
As has been shown by Bucknam and Anderson ¢ 1979} there is a constant relationship between H and §
which is a logarithmic one. This regression equation has the following lorm:

O=alogH+h o

where & and b are constants. For scarps that are either younger ot formed in a more cohesive material,
constant & which expresses the slope of the plot, is greater than the corresponding a for older scarps or
scarps that are tormed in a relatively incohesive material. Graphically this can be represented in a logH
versus O plot: the data of the first type will have steeper regression lines than those of the second.

4. RESULTS AND CONCLUSION

The corresponding plots of the data of the Mygdonia basin are shown in fig. 3. The grouping of the
points show the three types of scarps according to the material that is deformed by the faults (Charzipetros
& Paviides, 1993, Chatzipetros, 1998);

a) Group A: scarps that were formed in the bedrock. They are steep scarps with 4 relatively big amount
of displacement. These are considered to be the older generation of faults that formed the Pre-Mygdonian
hasin. Despite being older, their slope angle is greater than the scarps of the other groups. This of course is.
a result of the different physical properties of the cohesive bedrock material, in contrast to the incohesive
basin sediments.

by Group B: scarps that affect the Neogene deposits. Those scarps have a big displacement and consist
the faults of the post-middle Pleistocene tectonism. The scarps of this group are generally the less steep of
all. This happens because ol the age of their tormation, and the material that they deform.

¢) Group C: scarps that affect Neogene-Quaternary deposits. Those scarps are small and much steeper
than the ones of Group B, although the material they are located into has more or less the same properties.
The explanation in this case is that they are the youngest due to the active stress field, representing
Holocene, if not historical, tectonic events. Their height suggests that they were probably created during
recent earthquake events, probably no more than three or four,

The equations that describe the relationship between the maximum scarp height and the scarp angle
arrising from this study are:

=-22gH+17.7  for the scarps in the bedrock (group A), (6)
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A it can be cleady seen from the regression .equations, the scarps of group A have generally a much
slope dngh. than the scarps of the other groups. as has already been described above. Apart from
ertics that have aska résult'this phenomenon, there'is also the problem of age control. The
group A tepresent.the fanlts of the. lirst generation. That means that the origin of these faults is
old. bet there is evidence, mainly from the 1978 earthquake faulting. that they are still active.
gcause of that, one WobldT expeel (that thie profiles_of those scarps would be similar to those of a
ositesscarp. dnstead, they look much more like a simple faulr scarp. This assumption of course is
, becaule there is n@ way that, Scarps tens of meters high-eould have been formed during a few
ihiquake events only. So for ;h;_g,s,;;__élrpg__gt' this type the de_g,_,r,_ei,dzi on procedures are slow, and therefore
: recent reactivations do not reflect a signi'ticam visible chungE in the scarp profiles.

In contrary, the morphology of the scarps of groups B and C that are lormed in similar loose materials,
pends greatly on the age of their latest reactivation. This is shown clearly on their profiles, where many
hologic phenomena that can be interpreted as earthquake-induced can be found. Such are abrupt
es in the slope angle of composite scarps, different slope angles of the strands ol multiple scarps, etc.
scarps of group B show in places a much steeper angle at about the middle of their height. This angle is
to the observable angle ol scarps of group C with the same height, thus indicating a chronological
tification of the corresponding activity of these different taults. So apart from the well-documented
 major tectonic phases. a subsequent extension that could be connected with the present stress field
ted small-scale faults and minor reactivations of the older ones. Unfortunately this later event cannot
¢ dated exactly by using only morphological dating techniques, due to the lack of adequate information
ming past carthquakes. The only available dala concern the 1978 shock sequence. A maximum
of 35 em ol the northern part in respect to the southern was observed, bul the usual value was about
cm. If we assume that displacements ol this order are the typical ones, then the latest reactivations of
the faults. in order to create fault scarps as high as those of group C. had to produce a number of great
earthquakes of magnitude of greater than 6.

‘The effect of the active faulting on the ground surface can be ulso seen in the longitudinal proliles of
slected streams in fig. 4. The erosion rate in the area is great, becausc ol the active faulting. and it has as a
t the formation of very steep and deep valleys. Nevertheless, the streams are influenced by the fault
ty, which is reflected as a change in their slope angle. This change is very apparent to the faults of
group A, mainly due to the change of lithology. but knick points can also be seen in other mapped faults.
nce streams are a very changeable form of geomorphic structures. that means that the erosion rate is not
8 great as the faulting rate of some faults. This also means that there is a great amount of aseismic creep in
the basin, since there were no major shocks with surface expression during the past 15 vears.

As has heen discussed. the active erosion. and consequently the fault activity, is great. The recurrence
nterval for earthquakes of M > 6.5 has been determined from seismological data at 35-30 years for the
whole Serbomacedonian seismic 7one.

Fig. 3: Fuult scarp height-angle
relationship for the scarps of
My gdonia basin. Group
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Fig. 4: Longitudinal stream profiles of selected streams ol Mygdonia basin. The effect of active taulting is shown at the
knick points of the stream lines,

In the Mygdonia basin itself, only two great shocks (1902, M = 0.6 and 1978, M = 6.5) took place
during the present century, with a time interval of 76 years, In addition, surface faulting has been observed
only during those earthquakes. With this assumption, and taking into consideralion the fault scarp height,
one could suggest, with a great degree ol uncertainty. that the latest phase with great earthquakes (M > 6.5)
started al ¢. 2500 yrs BP or even later, if creeping has played an important role in scarp formation.
Because not every fault is reactivated during one earthquake though, this age should be earlier than that. It
is not possible to be exact on the timing ol the forming of the scarps with the presently available geological
data. Paleoseismological investigation (Pavlides 1996; Chatzipetros 1995)along certain parts of active
faults in Mygdonia basin has shown significant differences in slip rate and recurrence intervals.
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