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Α Β S Τ R Α C Τ 

Physica1 properties associated wi th microearthquake (1.5-4.2 
Μι) rupture are examined in three zones in Greece: the Nea 
Ankhia10s fau1t, V01os; the western Gu1f of Corinth, Patras; a 
microearthquake swarm zone, Paν1iani. Aνerage fau1t radii from 
the Brune-Madariaga mode1 are 168 m near Volos and about 105 m 
near Patras and Paν1iani, howeνer, average stress drops are 1.2 
bar near Volos and 17 bar οη the sma11er fau1ts at Patras and 
Paνliani. Log moment sca1es with 10g10 stress drop in a11 zones 
but source radii on1y νary slow1y. Average strain drops are in 
the range 2-25*10-6 but if strain drop localised at asperities is 
considered νalues approach crusta1 strain strength limits of 
2*10-'. Fina11y, a frictiona11y contro11ed process of rupture is 
considered which suggests that these microearthquakes are 
efficient converters of sma11 strain into disp1acement. Tectonic 
extensiona1 efficiency accompanies 10w seismic efficiency. 

ΜΙΚΡΟΣΕΙΣΜΙΚΟΤΗΤΑ ΚΑΙ ΣΥΝΤΕΛΕΣΤΗΣ ΑΠΟΔΟΣΗΣ ΤΗΣ ΠΑΡΑΜΟΡΦΩΣΗΣ 

ΤΟΥ ΦΛΟΙΟΥ ΣΤΗΝ ΕΛΛΆΔΑ. 

Burton,P.W. 

Π Ε Ρ Ι Λ Η Ψ Η 

Φυσικές ιδιότητες που αφορούν μικρούς σεισμούς (Μι =1.5-4.2) 

εξετάζονται σε τρεις ζώνες στην Ελλάδα: στο ρήγμα της Νέας 

Αγχιάλου (Βόλος), στο δυτικό κορινθιακό κόλπο (Πάτρα) και στη 

Παύλιανη, όπου γίνονται σμηνοσειρές. Οι μέσες τιμές των ακτίνων 

του ρήγματος, όπως υπολογίστηκαν από το μοντέλο Brune-Madariaga, 
είναι 168m κοντά στο Βόλο και περίπου 105m κοντά στην Πάτρα και 

στην παύλιανη. Η μέση πτώση τάσης είναι 1.2 bar κοντά στο Βόλο 

και 17 bar στα μικρότερα ρήγματα στην Πάτρα και στην Παυλιανή. 

Ο λογάριθμος της σεισμικής ροπής συσχετίζεται γραμμικά με το 

λογάριθμο της πτώσης τάσης σε όλες τις ζώνες, αλλά οι ακτίνες των 

ρηγμάτων μεταβάλλονται λιγότερο. Οι μέσες τιμές της πτώσης της 

παραμόρφωσης κυμαίνονται μεταξύ 2 και 25*10·6 αλλά αν θεωρηθεί 
ότι η πτώση παραμόρφωσης γίνεται μόνο στα εμπόδια, οι τιμές της 

πλησιάζουν τα όρια αντοχής της παραμόρφωσης του φλοιού (2*10-'). 
Τέλος, εξετάζεται μια διαδικασία διάρρηξης ελεγχόμενη από την 

τριβή. Σύμφωνα μ' αυτήν, οι μικροσεισμοί μετατρέπουν 

αποτελεσματικά την μικρή παραμόρφωση σε μετάθεση. Ο συντελεστής 

απόδοσης σε περιβάλλον εφελκυσμού συνοδεύει χαμηλό συντελεστή 

σεισμικής απόδοσης. 
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INTRODUCTION 

Microearthquakes are a topic of increasing interest in 
Greece and have been investigated by a growing nurnber of 
researchers. Several studies already exist I which without 
atternpting anything like a full list inc lude: King et al.' s 
(1983) study of tectonics of northwestern Greece; King et al.fs 
(1985) study of aftershocks associated with the 1981 Corinth 
earthquakes; Melis et al. 's (1989) study of microearthquakes and 
seismotectonics in the Gulf of Patras, and Hatzfeld et al.' s 
(1989) study of subduction beneath the Peloponnesus based ση 

microearthquake focal rnechanisrns. These works include reference 
to other studies. 

As yet there are few examples of spectral studies of 
microearthquakes in Greece exploiting the Brune (1970) and 
Madariaga (1976) rnodel. As portable digital equiprnent becomes 
more widely available this field of research is set to grow. 
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Fig.1. The Volos and Patras seismic networks in central Greece 
(VOLNET and ΡΑΤΝΕΤΙ. The distance between VSI and VNE is 
50 km. 
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Fig.2. The three study areas. The Nea Ankhia10s fau1t zone, 
Vo1os (northern box); the western Gu1f of Corinth, Patras 
(southwestern bOX); the microearthquake swarm zone, 
Pav1iani (west centra1 box). Microearthquake epicentres 
recorded by VOLNET in 1983-4. 

These techniques a110w measurement of physica1 properties 
associated with microearthquake rupture, e.g. fau1t radius, 
stress drop, coseismic s1ip. Digita1 data appropriate to 
spectra1 ana1ysis techniques have been obtained from the Vo1os 
(Burton et a1., 1983-84) and Patras (Me1is, 1986) seismic 
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networks (Figure 1) and results obtained which can be seen in 
detail in Burton et al. (1991), Abercrombie (1991) and Melis 
(1992) • 

The purpose in this paper is firstly to compare results for 
estimates ο! physica1 rupture properties ο! microearthquakes in 
three zones in Greece, namely (Fig. 2): the Nea Ankhia10s fault, 
near Vo1os; the Rio Antirrio and western Gulf ο! Corinth zone, 
near Patras; and a 20ne associated with microearthquake swarm 
activity, near Pav1iani. Such studies have been undertaken in 
many p1aces outside Greece (for examp1e ι see the papers by 
Archuleta et al., 1982; Gagnepain-Beyneix 1985; Del Pezzo et 
al., 1987; and papers cited within these). Second1y, 
consideration wi11 be given to the extent that a frictional 
control1ed process ο! microearthquake rupture explains the 
observations, and a1so to the implications arising from this for 
crustal deformation in Greek earthquakes. 

CALIBRATION OF MAGNITUDES AGAINST NATIONAL 
ΑΝD INTERNATIONAL SCALES 

The measured magnitudes, M , are in themselves homogeneous
Land self-consistent a1though they can be expected to differ 

systematica11y from other magnitude determinations made οη the 
same or other earthquakes in the Aegean region. Before 
attempting to obtain moment-magnitude correlations it is first 
necessary to determine regional magnitude scale corre1ations, so 
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Fig.3. Ca1ibration ο! loca1 magnitudes ML(VOL)v and ML(VOL)H' 
estimated using vertica1 and horizontal components in the 
Vo1os seismic network respectively, with the local 
magnitude Μι(ΑΤΗ) determined by the Nationa1 Observatory ο! 
Athens. 
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Fig.4. Calibration of local and teleseismic rnagnitude scales for 
Greece. International Seisrnological Centre (ISC) and US 
National Earthquake Inforrnation Service (NEIS) reports 
provide surface wave and body wave magnitudes: Μ (ISC) f 

Μ (NEIS) f mb( ISC) f rn~(NEIS) respectively and cornbine"d data 
s~ts Μ (ALL) and rnb{ALL). National Observatory of Athens 
bUlletins provide local magnitudes Μι(ΑΤΗ). 
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that a11 magnitudes can be rendered to a standard and accepted 
base1ine. Therefore Richter loca1 magnitudes Μι (VOL} from the 
VOLNET data for the first six months of 1983 are compared to the 
corresponding Richter loca1 magnitude Μι(ΑΤΗ) determined by the 
Nationa1 Observatory of Athens (ΝΟΑ). There are 143 earthquakes 
of which 95 are "true" Richter magnitudes Μι (VOL) Η determined 
using horizonta1 component seismometers. The magnitudes obtained 
from vertical component seismometers are identified Μι (VOL) Υ. Ιn 

the first instance neither Μ (ΑΤΗ) nor ML(VOL) is taken as 
standard and so 1inear corre±ation regressions assume equa1 
errors in both magnitude assessments (York, 1966). Regressions 
are then ca1cu1ated assuming that the gradient is actua11y 1. 

The data are disp1ayed in Figure 3 corresponding to correlations: 

Μι (ΑΤΗ) = ( 1 .35 ± .15) Μι (VOL) Υ + .66 ( ± .44) , (Ν 48) ( la) 
Μι (ΑΤΗ) = (0.66 ± . 09 )Μι ( VOL ) Η + .96 ( ± .28) , (Ν 95) ( lb) 

and assuming the gradient is 1 : 

Μι (ΑΤΗ) = Μι (VOL) Υ + .32 ( ± .29) , (lc) 
Μι (ΑΤΗ) = Μι (VOL)II + .09 ( ± .35 ) ( ld) 

The simp1icity of the assumed gradient of one is preferred, 
indeed the true Richter magnitudes determined from horizonta1 
components in VOLNET and ΝΟΑ are, for most practica1 purposes, 
the same. Magnitudes measured from vertica1 component 
seismometers are systematical1y sma11er by 0.3 than the ΝΟΑ 

base1ine because horizonta1 component amplitudes are about twice 
the vertica1 component amp1itude. Practica11y a11 the local 
magnitudes Μι used in this study correspond to equation 1d and 
the tiny re1ative adjustment to the ΝΟΑ base1ine standard. 

These regional loca1 magnitude sca1es can a1so be corre1ated 
with the internationa1ly used Μ and m

b
• Magnitude data 

extracted from the Internationa1' Seismo1ogica1 Centre (ISC) 
bulletins and those published by the uS Nationa1 Earthquake 
Information Service (NEIS) provide the opportunity for comparison 
with local magnitudes pub1ished in the Monthly Bulletins of the 
National Observatory of Athens. The regressions obtained from the 
data illustrated in Figure 4 are: 

Ms(ISC) = (1.85 ± .06)m (ISC) - 4.51 (± .27), (2a) 
Ms(NEIS) = (1.95 ± .06)m

b 
(ISC) - 5.04 (± .31), (2b)p

Ms(ALL) = (1.96 ± .05)m
b 
{ISC) - 4.98 (± .24), (2c) 

and second1y, 

Ms(ISC) = (1.64 ± .05)Μ ι (ΑΤΗ) - 3.25 (± .23}, (3a) 
Ms(NEIS) = (1.69 ± .05)M~(ATH) - 3.49 (± .28), (3b) 
M,(ALL) = (1.70 ± .05)Μ ι \ΑΤΗ) - 3.59 (± .22), (3c) 

It is difficu1t to see any evidence for a break of gradient in 
Figures 4a-c of the kind noted by Kiratzi and Papazachos (1984) 
around 4.3 mJ> and the Μ. and Μι corre1ations appear 1inear in 
Figures 4d-t throughout the p10tted magnitude range. The 
equations 2-3 provide good ca1ibration οί the loca1 magnitudes 
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ln Greece against the internationally accepted scale values. 

MEASUREMENT OF SOURCE PARAMETERS OF MICROEARTHQUAΚES 

ΙΝ CENTRAL GREECE 

The intention is to examine the physical rupture properties 
of micro-earthquakes in three seismogenic zones. The principal 
zone is Volos following the work of 8urton et al. (1991) ί Patras 
and Pavliani are included to a lesser extent in the light of 
Melis (1992) and Melis et al. (1993a,b). Physical quantification 
of microfaulting, which can be assessed through spectral 
analysis, includes several useful parameters, viz. seismic 
moment, fault radius, average slip, average stress drop and the 
associated strain drop. 

The displacement spectrum of ground motion caused by an 
eqrthquake can be modelled simply by a low frequency asymptotic 
displacement, Ω, intersecting a high frequency decay at the 
corner frequency f ΗΖ. The velocity of rupture across a fault 
of finite size controls the corner frequency value and leads to 
a finite duration to rupture; this model is attributable to and 
well described by Brune (1970) and Madariaga (1976). The analysis 
which follows in this paper usually only considers P-waves. The 
necessary equations to determine the parameters of interest are 
firstly: 

Μα 4TCΡa3 RQ 10.85 (4a)
ο 

aηd 

f = 0.32β/r, (4b)c 

in which spectral measurements of the low-frequency asyrnptote and 
the corner frequency are used to rneasure seisrnic rnornent, Μ , and 
source radius, r. Reasonable estimates of density, ρ, P-wave 
velocity, α, hypocentral distance, R, and a composite allowance 
of 0.85 for reflection at the free-surface and radiation pattern 
at the source are also necessary. The static definition of 
seismic rnornent gives 

Μ μΑs (5 )
Ο 

where μ is the shear modulus, Α is the fault area and s the 
average slip οη the fault. Shear velocity at the source is taken 
to be the velocity at the focal depth in the velocity-depth rnodel 
used to locate the hypocentres (see Burton et al., 1991). This 
is preferred to a half-space value covering all focal depths. 
The cornpressional-to-shear wave velocity ratio of 1.78 adopted 
by King et al. (1983) for Greece is used. Α circular fault model 
is assumed following Kanarnori and Anderson (1975) and the 
remaining physical rupture properties which are estimated are: 

s = Μ lτιr 2 μ (6a) 
Δα = 7Μ

Ο 

Ι 16r3 ( 6b) 
Μ

Ο

Δe = lτιrJμ (6c)
α 
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where Δα and Δe are stress and strain drops respectively. The 
source radius r ap~ears in many of these equations, either as r, 
r 2 οι the cubic r, and is itself determined from the corner 
frequency using Madariaga' s (197 6) resu1 ts which assume a rupture 
ve10ci ty at the source of σ. 9β (β km s-l is the shear wave 
ve1ocity). The adopted va1ues of density and shear modu1us in 

2equations 4-6 are Ρ = 2.7 gm cm-3 and μ = 3*1010 Ν m- • 

At first sight the windowing used to extract the P-wave οι 

other phase of interest, from the seismogram, appears to be a 
cri~ica1 decision and the variety of conventions used by 
different workers is 1arge (e.g. Street et a1., 1975; Sereno and 
Bratt, 1988; Burton and Marrow, 1989; Archu1eta et a1., 1982; 
Gagnepain-Beyneix,1985; De1 Pezzo et a1., 1987). Second1y, 
there has been intense debate about the use of attenuation οι Q 
corrections to a110w for absorption a10ng the propagation path 
(e.g. Mue11er and Cranswick 1985; Brune et a1., 1986; F1etcher 
et a1., 1986; Anderson, 1986). After extensive tria1s we have 
reached the conc1usion that windowing, a1though of interest when 
there are mixed crusta1 phases in the coda, is not critica1. 
Attenuation corrections usua11y appear to have indiscernib1e 
effect οη the corner frequency and a sma11 percentage change in 
the asymptotic disp1acement, weighted against this is the reading 
uncertainty in Ω which amounts to a factor of 2 οι 3 and is 
equiva1ent to σ.! οι 0.5 in Μι. What· does appear usefu1 in phase 
identification is the inspection of deconvo1ved disp1acement 
seismograms prior to windowing and spectra1 ana1ysis 
(Abercrombie, 1991). The interested reader is referred to the 
extensive tria1s and discussions in Burton et a1. (1991), 
Abercrombie (1991) and Me1is (1992). The conventions adopted 
a110w for: cosine tapering by 5% both at the start and finish 
of the window; noise remova1 by subtraction of Fourier harmonic 
amp1itudes in the frequency domain for an equiva1ent 1ength noise 
window; seismograph response correction; eye-ba11 fit of the 
mode1 to the 10g disp1acement spectrum. The two 1ines fitted by 
eye are not drawn in as enve10pes to a11 excursions of the 
spectra but fo11ow an eye-ba11 estimate of the mean trend and 
therefore go through the 1arger spectra1 osci11ations. Errors 
in reading va1ues of Ω and corner frequency from 10g 
disp1acement spectra1 gr~phs are themse1ves 10g norma11y 
distributed and so average seismic moments, <Μ>, and 
uncertainties, etc. are determined from means of 10g~rithmic 
va1ues (Archu1eta et a1., 1982ί Gagnepain-Beyneix, 1984), for 
examp1e: 

(7) 

when averaged over resu1ts from Ν stations. These random reading 
errors create typica1 errors of order a factor 2-3 in Μ and r, 
4 in s and about 6-8 in Δα and Δe, but usua11y we examin~ graphs 
of the 10g of these quantities in which the scatter is much 1ess. 
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MICROEARTHQUAΚE SOURCE PARAMETERS: PARAMETER VALUES 
ΑΝΟ RELATIONSHIPS ΙΝ THREE REGIONS ΙΝ EASTERN ΑΝΟ CENTRAL GREECE 

This section wi11 now describe the resu1ts for physica1
 
parameters describing source rupture of rnicroearthquakes in three
 
regions in eastern and centra1 Greece: Vo1os, Patras and
 
Pav1iani. The emphasis wi11 be οη resu1ts from Vo1os.
 

Nea Ankhia10s fau1t, Vo1os 
Microearthquakes recorded during 1983-84 fo11ow three main
 

shocks which occurred during 1980 (Papazachos et a1., 1983) with
 
parameters:
 

1980 Ju1y 9 02 hr 10 min 19 5 39.252 0 
Ν 23.008 0 Ε h=13 krn 5.6 Μ s 

02 hr 11 min 57 5 39.283 0 Ν 23.110 Ο Ε h= 9 krn 6.5 Μ 

02 hr 35 min 52 5 39.190 Ο 
Ν 22.733 

0 
Ε h=12 krn 6.0 Μ: 

22.11 22.5 22.6 23.0 23.2 
Ι ----+-- _. " -- ..-+... -- -_.- ι 139.6 

"Τ-
AEGEAN 
5ΕΑΙ	 \Ό:\~ \ 

~ +39.11 '" t 
Ι 

~ 

.39.2+	 +39.2 

" 

~	 /1=3.0
 
/1=2.0
'" 
/1= Ι. ο
 

/1=0.0
 
Ο ισ 

------' 
k. 

39.0 39.0 
22.11 22.6 22.8 23.0 23.2 

Fig.5. Seismicity in the Nea Ankhia10s fau1t zone, Vo1os. Ζl: 

Nea Ankhia10s fau1 t, western segment j Ζ2: Nea Ankhia10s 
fau1t, eastern segment; Ζ3: region north of Nea Ankhia10s 
fau1t. Foreshock, rnain shock and aftershock in the 1980 
Ju1y 9 earthquake sequence are represented by f, m and a. 
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and are associated with the Nea Ankhialos fault Ζοηε, south of 
the city of Volos. The rnicroearthquakes cluster in the 
Pagasitichos Gulf, the Alrniros Basin and the region north of 
Volos forming the three zones indicated in Figure 5. Results for 
the three zones are compared in detail in Burton et al. (1991); 
the third Ζοηε is the more anornalous whereas there are only minor 
differences between Ζl and Ζ2 and these two zones rnay be regarded 
as western and eastern segrnents of the Nea Ankhialos fault Ζοηε. 

Originally, 96 rnicroearthquakes were sarnpled from the 
seismicity illustrated in Figure 5 but this number reduces to 78 
applying the criteria that each earthquake should be observed 
with at least five phase data. Pairs of <RQ> and <f> frorn 
which estirnates of Μ, etc. are made are show'h in FigJre 6a. 
Corner frequencies i;; Figure 6a span 3.5-13 ΗΖ with typical 
values around 7 ΗΖ. The two lines have a slope of -3 expected 
for constant stress drop earthquakes (Aki 1967) and these do not 
appear to be representative of the data. The more rigorous 
constraint that only those earthquakes generating five or rnore 
pairs οί spectral measurernents of corner frequency and long 
period asymptote are retained produces the final set of results 
for 58 earthquakes, with 25 in the western segrnent and 23 in the 
eastern segment of the faul t. This emphasises the nearest 
stations surrounding the Pagasitichos Gulf and Alrniros Gulf. 
This final set of earthquakes produces results for rnagnitude, 
seisrnic rnoment in Ν m, average fault radius in m, average stress 
drop in bars and average slip in mm οη an assumed circular fault. 
Α summary of these results is listed in Table 1 and this provides 
the basis for Figures 6c-f. Αη appreciation of uncertainties in 
these results is irnportant and rnicroearthquake 1,1 of Table 1 
provides an example. Standard deviation ranges around the 
geometric means in Μ, r, Δσ and s obtained from logarithrnic 
standard deviations f~r earthquake 1,1 parameters are: 

+7.7
 
<Μο> ~ 4.2 Χ 1012 Ν m
 

-2.7
 

+147 
<Γ> 233 m 

-91 

+16 
<Δσ> 1.4 bar 

-1.3 

+3.1 
<Ρ 0.8 mm 

-0.8 

The 1.4 bar stress drop for earthquake 1,1 is the rnean within the 
one standard deviation range 0.1-17 bar. This illustrates why 
some rupture parameters in their conventional representation can 
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only be known to an order of magnitude. 
The variation of seismic moment with depth (Figure 6b) is 

scattered rather than systematic although there is a slight 
tendency to reach maximum values in the top half of the crust; 
the Qther variations in Figures 6c-f are much more revealing. 
Inspection of all four Figures 6c-f reveals that the eastern 
segment of the Nea Ankhialos fault is relatively heterogeneous 
in its parameters in comparison to the western segment, but the 
contrasts are not great and allow combination of both segments 
to represent the fault as a whole. The northern zone is 
relatively anomalous and off the main fault trend (detailed 
comparison of parameters of the three zones is discussed in 
Burton et al. 1991). 

Seismic moment and magnitude: the data in Figure 6c can be 
represented by the standard equation: 

logM
o 

= Α + BM
L (8 ) 

where typical values of Β are around 1 for microearthquakes (Β 

= 1.5 for intermediate sized earthquakes, Kanamori and Anderson, 
1975). Double error regression οη log<M> and ML pairs, assuming 
equal errors in both, for the Nea Ankhi~los fault produces: 

log<M > = (10.1 ± 0.2) + (0.9 ± Ο.l)Μι , (Ν=48, cc=0.85) (9)
o 

with a high correlation coefficient cc = 0.85. Abercrombie 
(1991) examined 17 microearthquakes οη the Nea Ankhialos fault, 
scattered over both segments, 11 in the North Aegean and 12 in 
the Gulf of Corinth, and independently arrived at: 

log<M
o
> = (10.5 ± 0.1) + (0.8 ± 0.05)ML, (Ν=40, cc=0.94) ( 10) 

with an even higher correlation coefficient of 0.94. It is clear 
that the Nea Ankhialos fault exhibits a systematic relationship 
between <Μ> and Μι along its east-west extent to a high degree 
of correlalion, along with many other microearthquakes in Greece. 

ι 

Seismic moment and fault radius: The parallel reference lines 
in Figure 6d represent three different levels of average stress 
drop. Geometrical similarity or scaling of fault size for fault 
rupture across a continuum of energy release levels is often held 
to be synonymous with a constant stress drop. The data in Figure 
6d are consistent with a typical average stress drop of around 
1 bar but overall the observed correlation between seismic moment 
and average fault radius is considerably weaker than between 
moment and average slip (see below) and moment and magnitude 
(above). The eastern segment has radii in the range 86-214 m and 
the western segment has the range 128-304 m. The average fault 
radii averaged over the whole fault (Ζl + Ζ2) is 168 m. It 
appears that fault radius is more-or-less constant ίοτ this size 
of earthquake, οτ only varying slowly. This suggests that these 
microearthguakes are characterised by some crustal 'grain size', 
and as events get smaller (in moment) the dominant way to reduce 
the energy release is to have less average slip. 
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Fig.6. Nea Ankhialos fault zone. (a) Ω corrected for epicentral 
distance paired with corner frequency f. (b)-{f) Seismic 
moment and focal depth, local rnagnitJde, average fault 
radius, average stress drop and average coseismic slip. 
Symbols represent zones: Ζl ~ +, Ζ2 ~ χΙ Ζ3 Ο. 
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7 

Table 1. Seismotectonic source parameters of microearthquakes 
in the Nea Ankhialos faul t complex. Ν: the number of 
spectra from which corner frequency were measured. 

Event Μι Μ Radius Stress drop Slip Ν 

Zone, no. ( 1012 ΟΝ m) (m) (bar) (mm) 

Nea Ankhialos fault, western segment 

1,1 2.7 4.2 232.6 1.4 0.82 6 
1,2 2.9 8.2 303.8 1.3 0.94 8 
1,4 3.2 5.4 254.8 1.4 0.88 
1,6 2.4 1.2 151.7 1.4 0.53 

7
7 

1,7 2.5 1.2 227.1 0.5 0.25 8 
1,10 2.4 2.5 215.7 1.1 0.57 6 
1,12 3.0 8.1 273.8 1.7 1.14 7 
1,14 
1,15 
1,16 
1,19 
1,20 

1.5 
2.0 
2.4 
2.2 
2. Ο 

1.0 
1.1 
1.1 
2,5 
0.4 

171.3· 
179.3 
194.2 
166.0 
141.7 

0.8 
0.9 
0.7 
2.4 
0.7 

0.35 
0.38 
0.32 
0.95 
0.22 

5 
6 
8 
5 
6 

1,22 2.1 1.0 174.5 0.8 0.34 7 
1,25 1.8 1.1 272.5 0.2 0.15 6 
1,26 2.3 1.5 230.3 0.5 0.30 7 
1,27 
1,29 
1,30 
1,31 
1,32 
1,33 

1.8 
2.0 
2.5 
2.1 
2.1 
2.2 

0.4 
1.3 
2.6 
0.4 
1.2 
1.6 

190.9 
154.9 
236.5 
127.7 
169.2 
202.1 

0.3 
1.5 
0.9 
0.8 
1. Ο 

0.8 

0.12 
0.58 
0.50 
0.26 
0.43 
0.41 

6 
5 
8 
5 
8 
6 

1,34 2.4 3.3 216.3 1.4 0.74 7 
1,35 3.1 5.6 270.8 1.2 0.81 6 
1,36 2.3 1.7 215.8 0.8 0.40 8 
1,37 2.2 1.4 195.6 0.8 0.38 

Nea Ankhialos fault, eastern segment 

7 

2,3 1.9 0.8 144.9 1.1 0.40 6 
2,4 1.7 0.1 71.1 1.1 0.19 5 
2,6 2.6 4.1 163.3 4.2 1.65 8 
2,7 2.0 0.6 190.5 0.4 0.19 5 
2,8 2.1 1.1 214.0 0.5 0.25 5 
2,9 3.1 8.1 162.5 8.3 3.25 8 
2,12 2.8 3.2 143.9 4.7 1.63 10 
2,14 2.5 1.7 156.6 1.9 0.72 9 
2,15 3.0 3.3 172.7 2.8 1.16 8 
2,16 1.6 0.3 85.7 2.0 0.41 5 
2,17 2.2 0.5 99.7 2.2 0.54 8 
2,18 2.0 0.5 95.8 2.7 0.62 6 
2,19 2.2 0.4 117.8 1.1 0.31 8 
2,20 1.8 0.1 97.5 0.7 0.16 5 
2,23 1.7 0.8 133.3 1.5 0.48 6 
2,24 2.0 0.7 102.3 2.8 0.70 6 
2,25 2.0 0.6 151.4 0.8 0.28 
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6 2,26 1.8 0.7 119.5 1.8 0.53 
2,28 2.2 1.2 139.6 1.9 0.63 
2,29 1.8 0.5 105.4 2.0 0.52 

7
7 

2,30 2.1 0.7 165.2 0.7 0.28 8 
2,31 1.8 0.4 106.7 1.3 0.34 8 
2,32 1.7 0.7 156.1 0.8 0.30 6 
2,33 2.6 1.8 175.2 1.5 0.63 7 
2,34 1.9 1.2 166.0 1.2 0.48 5 
2,35 2.1 0.5 116.2 1.4 0.40 6 

Region north of Nea Ankhialos fault 

3,4 2.4 2.9 230.2 1.1 0.59 5 
3,5 2.1 6.7 195.8 3.9 1.86 8 
3,6 2.0 1.7 202.3 0.9 0.44 6 
3,7 2.4 2.1 155.6 2.4 0.92 5 
3,8 2.4 14.7 161.8 15.2 5.97 7 
3,13 2.5 2.3 228.9 0.8 0.46 6 
3,14 1.9 0.8 184.1 0.6 0.25 5 
3,22 2.2 1.3 232.4 0.4 0.25 7 
3,23 2.2 2.7 237.2 0.9 0.51 6 
3,24 2.1 2.1 236.3 0.7 0.39 7 

Seismic moment and stress drop: The para11e1 reference lines in 
Figure 6e are drawn for three reference average source radii. 
There is an observable correlation between moment and average 
stress drop and a consistent pattern emerges which is more 
compatib1e with a constant radius than constant average stress 
drop. Correlation coefficients are of order cc ~ 0.5 a1though 
Abercrombie's (1991) values reach 0.93. 

Seismic moment and fault slip: The reference lines in Figure 6f 
are again drawn for three reference average source radii. The 
static definition of seismic moment in equation 5 extended to 
slip οη a circular fault in equation 6a implies a 1inear 
relationship between 10g<s> and 10g<M> for faul ts οί 

approximately constant radius. Correlation fs clear1y observable 
in Figure 6f. Values of cc are 0.87 and 0.81 if the western and 
eastern segments are taken separately and drop to cc = 0.73 when 
the whole Nea Ankhialos fault is taken: 

10g <Μα> = (12.6 ± 0.1) + (1.6 ± 0.2)s, (Ν=48, cc=0.73), (11) 

the reduction in cc ref1ecting the slight1y different properties 
in western and eastern fault segments. Abercrombie's (1991) 
ana1ysis produces corre1ations as high as cc = 0.97. Inspection 
of Figure 6b, however, does suggest differences between eastern 
and western segments. The data for the western segment c1uster 
around the-200 m reference 1ine whereas for the eastern segment 
near1y a11 the data fa11 between the 100 m and 200 m 1ines. 
These differences exist even though the range οί seismic moments 
is a1most identica1 being 0.4 - 8.2 * 1012 Ν m compared to 0.3 ­
8.1*1012 Ν m. 

Ιη su~nary these data suggest that microearthquakes in the 
eastern segment have sma11er fau1t areas and 1arger average 
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slips, a factor οί about 3, than in the western segment, and 
overall the eastern segment appears to be the slightly more 
heterogeneous segment. Source radius is approximately constant 
in each segment, or varying very slowly with seismic moment. 
Gross average physical properties οί the microearthquakes οη the 
Nea Ankhialos fault are surnmarised in Table 2. 

Table 2. Averages and ranges οί the seismotectonic source 
parameters in three zones. 

Nea Ankhialos Pavliani Unit 
Fault, Volos Patras Zone Fault 

Range of focal depths 2.5-26.3 0.7-36.3 5.6- 23.3 km 

Range of 10cal magnitudes 1.5-3.2 1.8-3.9 1 .8- 4.2 Μι 

Range of seismic moments 0.28-8.16 0.3-45.7 0.9-94.9 1012 Nm 

Range of slip on faults 0.12-3.25 0.36-41.2 1.85-32.2 mm 

Range of fault radii 86-304 48-310 65-226 m 

Range of stress drops 0.23-8.26 0.7-175 5.0-103 bar 

Average focal depth 14.7 9.65 13.2 km 

Average local magnitude 2.24 2.72 2.49 Μι 

Average seismic moment 1.30 4.34 4.85 1012 Nm 

Average slip on fault 0.51 4.52 4.43 mm 

Average fault radius 168 103 108 m 

Average stress drop 1.19 17.2 17.0 bar 

Average strain drop 1 . 71 24.8 23 . 1 10-6 

Typical asperity radius 5.80 13.5 14.1 m 

Strain drop: The gross averages in Table 2 can be used to 
estimate representative strain drop, «Δe», defined as 

«Δe» «s» Ι «r»TC L/ 2 (12 ) 

Gross average slip and fault radii in the western and eastern 
segments are 0.47 mrn and 202 m, and 0.54 rnm and 138 m 
respectively, leading to mean values of representative strain 
drop οί 1.3*10-6 and 2.2*10-6 respectively. For the Nea Ankhialos 
fault as a whole the value is «Δe» = 1.7 *10-6. Compared to 
plate boundary seismicity where Δe '" 10-4 (Kanamori, 1977) these 
values are small and accompanied by tiny average slip values. 
Jackson et al. (1982) obtained strain drops of order 5*10-5 
during the major earthquakes in Corinth in 1981. Strain drops in 
the microearthquakes are nevertheless seen to be about one order 
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of rnagni tude 1ess than in rnajor Greek earthquakes a1 though a 
standard deviation range οη strain drop encornpasses a factor of 
about 15. 

Apparent stress: corroborative evidence for average stress drop 

The rnost striking resu1ts in the above observations are 
that the average fau1t radii are approxirnate1y constant with 
seisrnic rnornent whi1e average stress drops are not, gross typica1 
va1ues being surnrnarised in Tab1e 2. However, a fundarnenta1 
difficu1ty is that rnuch of the ana1ysis is rnodel dependent, i.e. 
the Brune and Madariaga rnode1s require rneasurernent of a corner 
frequency which rnay be perturbed by f (Hanks 1982) and other 
factors. Any suspected perturbation t~Xthe corner frequency is 
prob1ernatic because the average fau1 t radius, r ι is inverse1y 
proportiona1 to corner frequency and the derived quantity average 
stress drop is itse1f sensitive to r 3 

• Apparent stress, σ ι has 
been suggested by Wyss (1970) as a rnodel independent par~rneter 
re1ated to stress drop and interpreted by Savage and Wood (1971) 
as "stress associated with radiation resistance". Ιί the final 
stress equa1s the frictiona1 stress then it is given by: 

(13) 

where σι and σ2 are initia1 and fina1 stresses, η is efficiency 
and Ε is the radiated energy. Snoke et a1. (1983) dernonstrate 
the useful inequa1ity 

( 14 ) 

where the equa1ity on1y app1ies if ηο new crack surfaces are 
generated during rupture and the final stress is equa1 to the 
frictional stress. The prob1ern is thus to ca1culate the radiated 
seisrnic energy, Ε. This is proportiona1 to the area under the 
ve1ocity-squared seisrnogram and for a P-wave, Boatwright (1980) 
gives: 

2πρα-A2 /ρr 
(15) 

cos(/}(FsUφ&)2 

where I~ is the integra1 for the vertica1 P-wave cornponent, i 
the angle of incidence, and (Ρ U e) a110ws for the free surface 
reflection and radiation patt~~n. Boatwright gives sirni1ar 
expressions for the three cornponents of S-wave rnotion and so Ε 

and hence Ε=Ε +Ε can be ca1cu1ated. Abercrornbie (1991) hai 
deve10ped thi~ sprocedure for 40 se1ected rnicroearthquakes 
distributed arnongst Vo1os, the North Aegean and the Gulf of 
Corinth. Figure 7 is a samp1e of Abercrombie's results. Ιη this 
exarnple 10g rnoment sca1es with both 10g stress drop and with 10g 
apparent stress, corre1ation coefficients exceeding 0.9 and 0.8 
respective1y. The net resu1t is that 10g stress drop sca1es with 
10g apparent stress (cc = .72, or 0.59 if the gradient is fixed 
as 1. Ο) : 

10gΔο 10ga - 0.12(±0.06) ( 16)ap 
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The ensuing conclusion is that use of the model independent 
stress corroborates the results detailed above from the 
Brune-Madariaga model dependent analysis. Abercrombie's result 
allows us to proceed to analyses for Patras and Pavliani with 
greater confidence. 

Αη indication of possible systematic errors in mornent (or 
Ω ) and fault radius (or f } can be deduced. Equation 16 can be 
r~written as α = 1.32Δα ~hereas equation 14 suggests that the 
constant should be 0.5 or less, apparently the constant is a 
factor 2.64 greater than the accepted maximum value. Combining 
equations 6b and 13 gives 
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The ratio can be high if estimates οί apparent stress are high 
or stress drops are low, in both cases this may correspond to 
underestimates οί moment (or low Ωο ). Ιί this is the total source 
οί error then moment or measured va1ues οί Ω are about 38% 10wer 
than they ought to be. Systematic error ~ight a1so arise if 
mode1 dependent stress drops a10ne are too 10w, resu1ting from 
too high estirnates of r 3 (or 10w f ). If this is the tota1 
source οί error then rneasured va1ue~ οί f are about 28% 10wer 

. c
than they ought to be. Such an error ~η moment or Ω corresponds 
to about -0.2 in rnagnitude i.e. these are fairfy sma11 and 
typica1 errors overa11. 

Patras zone 

108 earthquakes recorded by either the Vo1os network or the 
Patras network (Figure 1) and 10cated in the south west 20ne 
shown as a box in Figure 2 provide the resu1ts for this section. 
These 108 we11 10cated earthquakes are most1y confined within the 
western Corinth Gu1f, the Rio Antirrio narrows, with more 
epicentres northwards towards Trikhonis, and this number reduces 
to 94 events which are fu11y spectra11y ana1ysed. The detai1s of 
this ana1ysis are given in fu11 by Me1is (1992) and summarised 
by Me1is et a1. (1993b). This zone is known to be tectonica11y 
complex (Brooks et a1. 1988; Melis et a1. 1989). The averages 
and ranges οί the physica1 source parameters resu1ting from the 
spectra1 ana1ysis etc. are summarised in Tab1e 2. The most vita1 
aspects of these data for our present purpose are summarised in 
Figure 8. 
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Fig.8. Rio Antirrio and western Gulf of Corinth zone, Patras. 
Seismic moment and a) 10ca1 magnitude, b) average stress 
drop. The star symbo1 in b) identifies the most anoma1ous 
va1ues in the western Gu1f of Corinth (adapted from Me1is, 
1992) . 

Figure 8a shows poorer correlation between 10g moment and 
magnitude in the Patras zone than was the case in the Vo1os zone. 
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·This is readi1y iηterpretab1e as arising frorn the re1ative1y 
comp1icated tectonics near Patras compared to the rnore readi1y 
understood tectoηics associated with the Nea Ankhia10s fau1t. 
Subdividing the Patras zone iηto subzones provides οη1Υ debatab1e 
irnproverneηt (MeIis 1992). Figure 8b demonstrates sca1ing between 
10g rnoment and 10g stress drop al though there is substantia1 
scatter. The most anomalous data in Figure 8b (indicated by 
stars) all Iocate in the western Corinth Gu1f and this region 
requires more detai1ed study. 

Raηges and gross averages for seismic moment, fauIt radius, 
stress drop and average slip etc. for the Patras zone earthquakes 
are summarised in TabIe 2. ΑΙ though the range of moments is 
qui te Iarge, source radii are nearIy cons tant or conceivab1y 
slowIy varying. There is a cIear contrast to the Nea AnkhiaIos 
fauIt, Volos. Average magnitudes and momeηts anaIysed in the 
Patras zone are 1arger than for the Volos zone, however the 
average fauIt radius is Iess (103 m against 168 πι) and average 
stress drops and slips are greater (17.2 bar against 1.2 bar and 
4.5 mm against 0.5 mm). The significaηce of this will be 
discussed 1ater. 

Pav1iani zoηe 

For this zone 70 earthquakes recorded by the Volos network 
aηd Iocated in the central zone shown as a box in Figure 2 
provide the resuIts. The seismicity in this zone is spatia1Iy 
well constrained and gives an immediate appearance simiIar to 
aftershocks οη a Iarge fauIt. Most of the seismicity depicted 
in Figure 2 occurred as two periods of swarm activity during 
April and September 1983. The anaIysis of these swarms and 
interpretation as a pseudo-fault is given in detail by MeIis 
(1992) and MeIis et al. (1993a). The data necessary to our 
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MeIis, 1992). 
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present purpose are summarised in Figure 9 and arise from 66 
earthquakes for which the spectra1 ana1ysis was comp1ete. Ranges 
and gross averages for seismic moment etc. are again surnrnarised 
in Tab1e 2. 

Inspection of Figure 9a shows exce11ent corre1ation between 
10g moment and magnitude with a corre1ation coefficient of 0.93. 
The regression equation of Me1is (1992) lS compatib1e with 
equations 9 and 10, being: 

10gM =(10.7±0.1) + (0.79±0.04)Μι , (Ν=66, cc=0.93) (18 )o 

Figure 9b shows good corre1ation (cc=0.72) between 10g moment and 
10g stress drop. The entire data set appears homogeneous 
compared to Patras under1ining the apparent tectonic simplicity 
in the Pav1iani zone. 

Ranges and gross averages for seismic moment, fau1t radius, 
stress drop and average slip in the Pav1iani zone (see Tab1e 2) 
are very simi1ar to those observed in Patras, a1though being more 
homogeneous, and show the same differences with respect to the 
Vo1os zone. For examp1e, average magnitudes and moments ana1ysed 
at Pav1iani are higher than in Volos but average fau1t radius is 
less, 108 m, and average slip, 4.43 rnrn, and stress drops, 17.0 
bar, are greater. 

ASPERITY AND FRICTIONAL CONTROL ΙΝ CRUSTAL DEFORMATION 

Average stress drops in microearthquakes οη the Nea 
Ankhia10s fau1t in the Vo1os zone have a mean of 1.2 bar and in 
the Patras and Pav1iani zones, which themselves show tectonic 
differences, the mean is 17 bar. Ιη a11 cases these values are 
substantia11y 10wer than the expected strengths of rocks which 
are of order ki10bars in the 1aboratory. We also observe seismic 
moment sca1ing with stress drop whereas source radii either scale 
very slow1y or are nearly constant. How can these observations 
be interpreted? 

Aki's (1984) asperity mode11ing a110ws us to explore fau1t 
heterogeneity. The measured stress drops are averages over the 
fau1t rupture surface and 10ca11y can be substantially higher at 
an asperity than elsewhere. Stress drop <Δα.> at an asperity οη 

the rupture surface can be re1ated to stress drop averaged over 
all the rupture surface, which is the measured value <Δα>, by the 
fau1t area Α to asperity area Α ratio. Ιη Tab1e 2 gross 
averages over many earthquakes a~e considered and so <Δα> is 
better rep1aced by «Δα» and Madariaga's (1979) relation 
becomes: 

(19 ) 

Take the 1imit in which the observed gross average stress drop 
occurs at a sing1e asperity and amounts to 1 kbar. The resu1ting 
gross average asperity radii for vo1os, Patras and Pav1iani zones 
are 5.8 m, 13.5 m and 14.1 m respectively. However, note that 
the 1argest gross average fau1t radius (168 m) is in the Vo1os 
zone. Οη this simp1e mode1 of stress drop concentrated at the 
asperity with aseismic slip e1sewhere οη the rupture surface, the 
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re1ative percentages of fau1t associated with the dominant 
asperity are 0.1%, 1.7% and 1.7% respective1Yi that associated 
with the Nea Ankhia10s fau1t being over an order of magnitude 
1ess than in the other two zones. The equiva1ent strains if 
concentrated at the dominant asperity are 5*10·5,1.9*10-4 and 
1.8*10-4 respective1y. Tsubois (1956) suggests 2*10-4 as the 
1imit to strain strength in the crust. 

We can now investigate these average stress drops in terms 
of frictiona1 contro1 of the rupture process. Initia1 stress and 
fina1 stress fo110wing slip and the static frictional stress οι 
οη the rupture surface wil1 be governed by the physical 
conditions which prevai1 οη the fau1t. Tectonic stress οη a 
fau1t can be expected to substantia11y influence the gross 
average stress drop and the areal extent of asperities associated 
with in situ high local stress drop. Average stress ο = {Οι 

+ 02)/2 and this sca1ed by the seismic efficiency η bec~mes the 
apparent stress or apparent driving force οη the fau1 t (see 
equation 13 and Savage and Wood 1971). Seismic efficiency is 
influenced by shear strength or frictiona1 stress οη the fau1t 
and is η = (ο - Of}/O. Equation 13 can be recast in terms of 
seismic energy radiat~d and work done οη the fault through Ε = 
ηΟθν Α$ or Ε = 0ap As • Kanamori an~ An~erson (1975) inv,?ke. a 
fractlona1 stress drop Ε = Δ/Οι WhlCh lS related to selsmlC 
efficiency through η = E/(2-E)~ 

Norma1 behaviour suggests that οι > 0f > ο with dynamic 
frictional stress arresting the continuation of slip. Ιη 1arge 
earthquakes Kanamori and Anderson conclude 0f = 02 because they 
observe ο = Δο /2 ί this is compatib1e with our error of 
observati~~ discussed above and so we make the same assumption 
for the observed microearthquakes. Table 3 i11ustrates typica1 
values of the more important parameters, and how they vary, for 
the two specific cases of average stress drops of 1.2 bar and 17 
bar, corresponding to the Nea Ankhia10s faul t, Vo10s and the 
Patras and Pavliani zones respective1y. 

Table 3. Frictional control of rupture. Fractional stress drop 
Ε, efficiency η, fractiona1 frictiona1 stress of /Οι' for 
microearthquakes in Greece. 

Nea Ankhia10s Patras zone and 
fau1t, Volos Pavliani fault 
(Δο= 1.2 bar) (Δο = 17 bar) 

Ε η Ο/Οι οι σι of°f 

1.0 1.0 Ο 1.2 0.0 17 Ο 

0.5 0.33 0.5 2.4 1.2 34 17 
0.1 0.053 0.9 12 10.8 17 Ο 153 
0.05 0.026 0.95 24 22.8 340 323 
0.01 0.0050 0.99 120 118.8 1700 1683 
0.005 0.0025 0.995 240 238.8 3400 3383 
0.001 0.00050 0.999 1200 1198.8 17000 16983
 
0.0005 0.00025 0.9995 2400 2398.8
 
0.0001 0.00005 0.9999 12000 11998.8
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Tab1e 3 is consistent with the view that friction p1ays a 
significant ro1e during rupture οί these microearthquakes. 
Average stress drops οί 1.2 bar and 17 bar, 1eading to a residua1 
shear stress οί 1 kbar (Sibson, 1982), by interpo1ation in the 
Tab1e, irnp1y efficiencies οί 6* 10-4 and 8.4* 10-3, respective1y. 
These low seismic efficiencies are accompanied by high frictiona1 
fractiona1 stress va1ues. At 9 km depth (the foca1 depth οί the 
1980 Ju1y 9 magnitude 6.5 Μ rnain shock in Vo1os) the overburden 
pressure amounts to appro~irnate1y 2.7 kbar. High va1ues οί 
frictiona1 fractiona1 stress prevai1 in Tab1e 3 and so if ΟΙ and 
0f are simi1ar to the overburden pressure then kbar stress 
1eve1s are quite rapid1y approached with depth in the crust. 

Tab1e 3 supports the conc1usion that if stress οί the order 
οί ki10bars is needed for rupture then 0f approaches 01. The 
in situ tectonic stress need on1y be slight1y greater than the 
restraining force οί static fraction οη the fau1t for rupture to 
take p1ace. Ιη genera1 οι > 0f > 02 and usua11y we accept ΟΙ > 0f 
"" 02 but in the present case we have οι "" ο( "" 02' Th1S is 
cornpatib1e with srna11 average slips over re1at1ve1y 1arge fau1t 
areas. The irnportant implication is that the stress need go on1y 
slight1y higher than the restraining frictiona1 force for 
fau1ting or rupture to take p1ace. This is particu1ar1y true οη 

the Nea Ankhia10s fau1t but a1so true in the Patras and Pav1iani 
zones, and appears to be representative οί the extensiona1 
tectonic regirne in Greece. 

The range οί foca1 depths in Tab1e 2 extend throughout most 
οί the crust suggesting that the process which controls 
microearthquake rupture is preva1ent at al1 these depths. This 
requires sorne explanation. The friction 0f or frictional shear 
force τ οη a fault is deterrnined by the norma1 stress Οπ through: 

τ = co (20 )
π 

and c lS a constant, the coefficient οί friction. Typica11y 
τ=0.850π up to 2 kbar and τ = 0.5 + 0.60 π for norrna1 stress in 
the range 2-20 kbar at room temperature (Byer1ee, 1978). Such 
frictional stresses are rnuch 1ess than rock strength up to the 
brittle-ducti1e transition deep in the crust when the distinction 
between fracture and friction becomes rneaningless. Rock strengths 
are high1y ternperature dependent whereas Byerlee' s frictional law 
is 1arge1y independent οί ternperature up to quite high 
temperatures (e.g. Stesky et al., 1974). Consistency in the 
frictional process up to temperatures οί about 400°C is 
supportive of frictiona1 control οί rupture in microearthquakes 
for rnost οί the crusta1 seisrnicity properties sumrnarised in Tab1e 
2. Second1y, it shou1d be noted that the differentia1 stresses 
required to overcome fau1t friction and initiate slip οη thrust, 
strike-slip and norrna1 faults are in the ratio 4:1.6:1 (Sibson, 
1974). Therefore frictiona1 sliding wi11 be favoured to greater 
depth in an extensiona1 regime than in any other. Third1y, pore 
water pressures Ρ kbar rnay substantia11y reduce the norma1 stress 
ο to an effective stress ο -ρ and high pore-f1uid pressures of 
o~der 95% οί the 1ithostatic pressure may be reached (e.g. 
Rutter, 1972). This a1so creates an argurnent for low effective 
restraining frictional forces rnaintaining seismicity in the 
deeper crust. 
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Ι HASPs engage 

nHASPs and LASPs engage 

Fig.lO. Model of frictional control of rupture. Case Ι only high 
asperity profiles (HASPs) interact under low effective 
normal stress, σ. Seismically inefficient but 
extensionally eff ic ient microearthquakes resu 1t οη this 
fault as the HASPs judder over or through each other. 
Apparent average stress and strain drops are low although 
they will be high locally at the HASPs. Case 11 both HASPs 
and LASPs (low asperity profiles) interact at high 
effective normal stress. This fault is reluctant to 
convert low apparent average strain to coseismic 
deformation. 

The main features of Tables 2 and 3 can now be interpreted. 
Coseismic slip is taking place at a lowered effective ο • This 
slip need not shear through many asperities because thi~ would 
imply high stress drop averaged over the fault, but it can shear 
through the high asperity profiles (HASPs) with high local stress 
drop while gliding aseismically over the majority of roughnesses 
or low asperity profiles (LASPs) without stress drop. If the 
sliding displacements were large then this could be described as 
asperity glide (large displacement against friction), however, 
they are tiny and it is better described as asperity judder 
(small displacement against friction). The case when only HASPs 
engage is Case Ι in Figure 10. It has low asperity to fault 
radius ratio and low asperity density. This is the case in our 
microearthquakes. For comparison, the case when HASPs and LASPs 
engage under high ο is shown schematically as Case 11. Case 11 
will be accompaniednby high average stress drop and high seismic 
efficiency, however, it will be a fault which is reluctant to 
convert strain to coseismic displacement. Schol Ζ (1988) suggests 
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that fau1t roughness is fracta1 with a characteristic 1ength 
forming between asperities when two surfaces are brought together 
under norma1 load. The mated contact area wi11 vary with 
effective norma1 stress. Ιη the extreme case of one dominant 
asperity, which for these microearthquakes occupies on1y 1% of 
the fau1t rupture area, this characteristic 1ength may be a1most 
synonymous with the approximate1y constant fau1t radii and of 
order 100 m. 

The frictiona1 process οη the fau1ts wi11 a110w either 
aseismic glide over the LASPs or shear interaction with HASPs ίη 

stick-s1ip fashion - effective1y steady aseismic glide over a 
re1ative1y 1arge area interrupted by stick οη HASPs and 
subsequent coseismic slip which amounts to a tiny slip or judder

2averaged over a re1ative1y 1arge microfau1t of order 104 m . 
Asperity interaction is high1y loca1ised within the fau1t. 
However, this amounts to the fau1t restraining frictional force, 
local1y of kbar order, a1though the fau1t averaged stress drop 
is tiny. This is another characteristic of asperity judder: it 
is the continua1 transformation of sma11 strain into 
disp1acement. The average strain drops are a1so sma11 being of 
order 10-6 - 10-5 for the microearthquakes a1though 1oca11y they 
approach crusta1 strain strength va1ues of 2*10~. This is an 
extensiona11y efficient earthquake regime. This frictional 
process is characterised by a near equa1ity of tectonic stress 
and frictiona1 stress during fau1ting and is accompanied by 
inefficient seismic release of sma11 average stress drop. These 
earthquakes are extensiona11y efficient, even more so ίη the 
Vo1os than the Patras and Pav1iani zones. 

CONCLUSIONS 

Microearthquakes ίη three areas of Greece have been examined 
in some detai1. Local magni tudes for microearthquakes in t he Nea 
Ankhia10s fau1t zone near Volos are very similar to those 
determined by the National Observatory of Athens, being about 0.1 
less. Ιη turn these local magnitudes have been correlated with 
international scales using surface wave magnitudes, etc. 
determined by the International Seismo10gical Centre. 

The range of magnitudes examined overall spans 1.5 to 4.2 
Μι with corresponding seismic moments 0.3 to 95*1012 Nm. Spectra1 
analysis using the Brune-Madariaga model gives simi1ar results 
for the Patras and Pavliani zones with gross average values for 
fault radii about 105 m, average slip about 4.5 mm, avera~e 

stress drop about 17 bar and average strain drop about 24*10- . 
Οη the other hand, the corresponding values for the Nea Ankhia10s 
fault, where magnitudes and moments ana1ysed are οη average 1ess, 
show 1arger fau1t radii (168 m) and smaller slip (0.5 mm), stress 
drop (1.2 bar) and strain drop (1.7*10-6). 

Ιη all three zones a correlation is observed between 10g 
moment and magnitude and 10g moment and 10g stress drop. This 
scaling is weakest ίη the Patras zone which is the most comp1ex 
tectonically, whereas these correlations are good in the other 
two zones of relative tectonic simp1icity where one fault system 
appears to dominate each zone. Ιη al1 cases the fau1t radii 
appear to scale very s10wly with seismic moment and are almost 

34 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



constant being of order 100 m. Α difficu1ty in the ana1ysis is 
that it is dependent οη the Brune-Madariaga model and resu1ts 
might be systematically in error if, for example, the spectra1 
corner frequency is perturbed. This concern is overcome using 
Abercrombie' s (1991) observations which show 10g stress drop 
scaling wi th 10g apparent stress for Greek microearthquakes, 
apparent stress being a model independent parameter similar to 
stress drop. This gives confidence in the results in all three 
zone.S. 

The summary of rupture characteristics in Tables 2 and 3 
lend themse1ves to a frictional interpretation of the rupture 
process. Ιη situ tectonic stress grows with time to exceed the 
static frictional stress οη the fault, leading to dynamic slip 
and stress drop to lower stress. Fault frictional stress and 
final stress are taken to be nearly equal and the unusual but 
important situation arises in which all three appear to be very 
nearly equa1. The stresses will obey the hierarchy a > a f > σι 

but with οι = a = Οι' If shear stress only marginal i Υ exceedsf
the static frictional forces then faulting will occur. Strain 
drops in the microearthquakes are low being of order 10-6 - 10-5, 
although 10cally at asperities, particularly in Patras and 
Pavliani, Tsubo.is' crustal strain strength limit of 2*10-4 is 
approached. These microearthquakes are efficient converters of 
small strain into displacement. Tectonic extensional efficiency 
accompanies low seismic efficiency. 

The examp1e of a sing1e asperity οη a fau1t is the limit to 
10w asperity density. This is generalised in Figure 10 to a 
model of high asperity profiles (HASPs) in which the HASPs engage 
under lowered normal stress to create local contact points for 
friction. Small strain is translated to displacement as the 
HASPs judder over each other. If normal stress increases across 
the fault other asperities will interact until the LASPs engage 
and 10ck the fault more tightly. This second case will produce 
a more brittle fault which is reluctant to convert strain to 
coseismic displacement. 
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