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ABSTRACT

Physical properties associated with microearthquake (1.5-4.2
M ) rupture are examined in three zones in Greece: the Nea
Ankhlalos fault, Volos; the western Gulf of Corinth, Patras; a
microearthquake swarm zone, Pavliani. Average fault radii from
the Brune-Madariaga model are 168 m near Volos and about 105 m
near Patras and Pavliani, however, average stress drops are 1.2
bar near Volos and 17 bar on the smaller faults at Patras and
Pavliani. Log moment scales with loglO stress drop in all zones
but source radii only vary slowly. Average strain drops are in
the range 2- 25*%107® but if strain drop localised at asperities is
considered values approach crustal strain strength limits of
2%107%, Finally, a frictionally controlled process of rupture is
considered which suggests that these microearthguakes are
efficient converters of small strain into displacement. Tectonic
extensional efficiency accompanies low seismic efficiency.

MIKPOIXEIXMIKOTHTA KAI XZYNTEAEELTHE AIIOAOXHY THEI MAPAMOP®QIHZ
TOY $AO0IOY ITHN EAMANA.

Burton,P.W.

ONEPIAHVYH

PuoLnEg tdLSTNTES TOL APYOPOVV HLMPolg CeLopovs (M =1.5-4.2)
efeTdlovTaL o Tpelg Cuveg otny EAX&ba: oto priypa tng NEag
Ayxitdiov (Bdrog), oto dutind KopivBiand undAmo (IdTtpa) mnaL oTn
IMavAtavn, dmou yivoviaL ounvooelpe€g. OL HETEG TLHEG TwV AUTIvwy
Tou pAYHATOg, OTMwg LToAoy{oTnuav and To HovIEAo Brune-Madariaga,
gilvatr 168m novid oto BSho nat mepimouv 105m movtd otnv Mdtpa ot
otnv Iaviitavn. H p€on mtwon tdong eivat 1.2 bar xovtd oto Bdho
nal 17 bar ota piupdtepa priypata otnv Idtpa nat otny IHaviiavhi.
0 AoydpibBuog TNng OeLoulmnig pomig ouvoxeT(leTaL TYPAUULHE HE TO
loydptepo NG MTWong T&ong e SAeg TLG iﬁveg, ailld or anTiveg Twv
pnyparwv peraﬁakkovrat ALydtepo. OL p€oeg TLpeg NG MTWoONg TG
napapop¢wong nupaLvovraL uaragu 2 nau 25*10°%  aArd av Bewpneet
STt n mTwon Tapapdpewong YiveTal uévo oTa eundédia, oL TLHEG s
TANOL&ToUV Ta SpLla aVTOXHS TNG MAPAUSPEWOng Tou @rolol (2*107 ).
TéXog, efetdaletar HlLa Sradinaoia didppning eieyxduevn amndé Tnv
TeLBNA. ZOppwVa T aQuThV, oL Hinpooetapol HETATPETOLV
ATMOTEAEOUATLHE TNV HLMP Tapapdpewon de HetdBeorn. O guvTeEA£OTHG
anédoong oge TMeplLPEAROV EQEAMLOHOL OLVOHEVEL XOUNAS CULUVTEAEOTH
geLopLnfg anddoong.
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INTRODUCTION

Microearthquakes are a topic of increasing interest in
Greece and have been investigated by a growing number of
researchers. Several studies already exist, which without
attempting anything like a full list include: King et al.’s
(1983) study of tectonics of northwestern Greece; Xing et al.’s
(1985) study of aftershocks associated with the 1981 Corinth
earthquakes; Melis et al.‘s (1989) study of microearthguakes and
seismotectonics in the Gulf of Patras, and Hatzfeld et al.’s
(1989) study of subduction beneath the Peloponnesus based on
microearthquake focal mechanisms. 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) model. As portable digital equipment becomes
more widely available this field of research is set to grow.
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Fig.l. The Voleos and Patras seismic networks in central Greece
(VOLNET and PATNET). The distance between VSI and VNE is

50 km.
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Fig.2. The three study areas. The Nea Ankhialos fault =zone,
Volos (northern box); the western Gulf of Corinth, Patras
(southwestern box); the microearthquake swarm 2zone,

Pavliani (west central box). Microearthquake epicentres
recorded by VOLNET in 1983-4.

These techniques allow measurement of physical properties
associated with microearthguake rupture, e.g. fault radius,
stress drop, coseismic slip. Digital data appropriate to
spectral analysis techniques have been obtained from the Volos
{Burton et al., 1983-84) and Patras (Melis, 1986) seismic
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networks (Figure 1) and results obtained which can be seen in
detail in Burton et al. (1991), BAbercrombie (1991} and Melis
(1992 .

The purpose in this paper is firstly to compare results for
estimates of physical rupture properties of microearthquakes in
three zones in Greece, namely (Fig. 2): the Nea Ankhialos fault,
near Volos; the Rio Antirrio and western Gulf of Corinth zone,
near Patras; and a zone associated with microearthquake swarm
activity, near Pavliani. Such studies have been undertaken in
many places outside Greece (for example, see the papers by
Archuleta et al., 1982; Gagnepain-Beyneix 1985; Del Pezzo et
al., 1987; and papers cited within these). Secondly,
consideration will be given to the extent that a frictional
controlled process of microearthquake rupture explains the
observations, and also to the implications arising from this for
crustal deformation in Greek earthquakes.

CALIBRATION OF MAGNITUDES AGAINST NATIONAL
AND INTERNATIONAL SCALES

The measured magnitudes, M, are in themselves homogeneous
and self-consistent although they can be expected to differ
systematically from other magnitude determinations made on the
same or other earthquakes 1in the Aegean region. Before
attempting to obtain moment-magnitude correlations it is first
necessary to determine regional magnitude scale correlations, so
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Fig.3. Calibration of local magnitudes M (VOL), and M (VOL),,

: ; : ; v .
estimated using vertical and horizontal components in the

Volos seismic network respectively, with the local
magnitude M, (ATH) determined by the National Observatory of
Athens.
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Fig.4. Calibration of local and teleseismic magnitude scales for

Greece. International Seismological Centre (ISC) and US
National Earthquake Information Service (NEIS) reports
provide surface wave and body wave magnitudes: M_(ISC),
M (NEIS), m(ISC), m (NEIS) respectively and combined data
sets M (ALL) and mb?ALL). National Observatory of Athens
bulletins provide local magnitudes M, (ATH) .
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that all magnitudes can be rendered to a standard and accepted
baseline. Therefore Richter local magnitudes M (VOL} from the
VOLNET data for the first six months of 1983 are compared to the
corresponding Richter local magnitude M (ATH) determined by the
National Observatory of Athens (NOA). here are 143 earthquakes
of which 95 are "true" Richter magnitudes M (VOL), determined
using horizontal component seismometers. The magnitudes obtained
from vertical component seismometers are identified M (VOL),. In
the first instance neither M (ATH) nor M L (VOL) is taken as
standard and so linear correlation regresslons assume equal
errors in both magnitude assessments {York, 1966). Regressions
are then calculated assuming that the gradient is actually 1.

The data are displayed in Figure 3 corresponding to correlations:

M (ATH) = (1 t .15)M (VOL), + .66 (% .44), (N = 48) (la)

M, (ATH) = (0 + .09)M (VOL), + .96 (+ .28), (N = 95) (1b)
and assuming the gradient is 1:

M (ATH) = M (VOL), + .32 (* .29), {1c)

M (ATH) = M (VOL), + .09 (t .35) (1d)

The simplicity of the assumed gradient of one is preferred,
indeed the true Richter magnitudes determined from horizontal
components in VOLNET and NOA are, for most practical purposes,
the same. Magnitudes measured from vertical component
seismometers are systematically smaller by 0.3 than the NOA
baseline because horizontal component amplitudes are about twice
the vertical component amplitude. Practically all the local
magnitudes M, used in this study correspond to equation 1d and
the tiny relative adjustment to the NOA baseline standard.

These regional local magnitude scales can also be correlated
with the internationally used M, and m,. Magnitude data
extracted from the International Seismological Centre (ISC)
bulletins and those published by the US National Earthquake
Information Service (NEIS) provide the opportunity for comparison
with local magnitudes published in the Monthly Bulletins of the
National Observatory of Athens. The regressions obtained from the
data illustrated in Figure 4 are:

M(ISC) = (1.85 % .06)m (ISC) - 4.51 (* .27), (2a)
M (NEIS) = (1.95 * .06)m (ISC) - 5.04 (¥ .31), (2b)
M (ALL) = (1.96 * .05)m (ISC) - 4.98 (% .24), (2¢)

and secondly,

M(ISC) = (1.64 & .05)M (ATH) - 3.25 (& .23), (3a)
M (NEIS) = (1.69 £ .05)M (ATH) - 3.49 (t .28), (3b)
M(ALL) = (1.70 + .05)M (ATH) - 3.59 (% .22), (3c)

It is difficult 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 m and the M, and M correlations appear linear in
Figures 4d- £ throughout the plotted magnitude range. The
equations 2-3 provide good calibration of the local magnitudes
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in Greece against the internationally accepted scale wvalues.

MEASUREMENT OF SOURCE PARAMETERS OF MICROEARTHQUAKES
IR CENTRAL GREECE

The intention is to examine the physical rupture properties
of micro-earthquakes in three seismogenic zones. The principal
zone 1s Volos following the work of Burton et al. (1991); 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, 1includes 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
earthquake can be modelled simply by a low freguency asymptotic
displacement, Q,, intersecting a high freguency decay at the
corner frequency f_ Hz. 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:

M, = 4mpa’RQ /0.85 (4a)
and

£, = 0.32p/r, (4b}
in which spectral measurements of the low- frequency asymptote and
the corner frequency are used to measure seismic moment, M , and
source radius, r. Reasonable estimates of density, p, P-wave
velocity, «, 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 moment gives

M = pAs (5)
where p 1s the shear modulus, A is the fault area and s the
average slip on the fault. Shear velocity at the source is taken
to be the velocity at the focal depth in the velocity-depth model
used to locate the hypocentres (see Burton et al., 1991). This
is preferred to a half-space value covering all focal depths.
The compressional-to-shear wave velocity ratio of 1.78 adopted
by King et al. (1983) for Greece is used. A circular fault model
is assumed following Kanamori and Anderson (1975) and the
remaining physical rupture properties which are estimated are:

s = Mo/nr (6a)

Ao = TM, /16r (6b)

De = M, ° /i " (6c)
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where Do and he are stress and strain drops respectively. The
source radius r appears in many of these equations, either as r,
r? or the cubic r?, and is itself determined from the corner
frequency using Madariaga’s {1976) results which assume a rupture
velocity at the source of 0.9B (P km s7! is the shear wave
velocity). The adopted values of density and shear modulus in
equations 4-6 are p = 2.7 gm cm™ and pu = 3*10'° N m%.

At first sight the windowing used to extract the P-wave or
other phase of interest, from the seismogram, appears to be a
critical decision and the variety of conventions used by
different workers is large (e.g. Street et al., 1975; Sereno and
Bratt, 1988; Burton and Marrow, 198%9; Archuleta et al., 1982;
Gagnepain-Beyneix, 1985; Del Pezzo et al., 1987). Secondly,
there has been intense debate about the use of attenuation or Q
corrections to allow for absorption along the propagation path
(e.g. Mueller and Cranswick 1985; Brune et al., 1986; Fletcher
et al., 1986; Anderson, 1986). BAfter extensive trials we have
reached the conclusion that windowing, although of interest when
there are mixed crustal phases in the coda, is not critical.
Attenuation corrections usually appear to have indiscernible
effect on the corner fregquency and a small percentage change in
the asymptotic displacement, weighted against this is the reading
uncertainty in Q which amounts to a factor of 2 or 3 and is
equivalent to 0.3 or 0.5 in M . What does appear useful in phase
identification is the inspection of deconvolved displacement
selsmograms prior to windowing and spectral analysis

(Abercrombie, 1991). The interested reader is referred to the
extensive trials and discussions in Burton et al. (1991},
Abercrombie (1991) and Melis (1992). The conventions adopted

allow for: «cosine tapering by 5% both at the start and finish
of the window; noise removal by subtraction of Fourier harmonic
amplitudes in the frequency domain for an equivalent length noise
window; selsmograph response correction; eye-ball fit of the
model to the log displacement spectrum. The two lines fitted by
eye are not drawn in as envelopes to all excursions of the
spectra but follow an eye-ball estimate of the mean trend and
therefore go through the larger spectral oscillations. Errors
in reading values of @  and corner frequency from log
displacement spectral graphs are themselves log normally
distributed and so average seismic moments, <M>, and
uncertainties, etc. are determined from means of logarithmic
values {Archuleta et al., 1982; Gagnepain-Beyneix, 1984), for
example:

<Mp = aang(i%§:|OQﬂﬂﬂ @)

when averaged over results from N stations. These random reading
errors create typlcal errors of order a factor 2-~3 in M  and r,
4 in s and about 6-8 in Ao and he, but usually we examine graphs
of the log of these guantities in which the scatter is much less.
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MICROEARTHQUAKE SOURCE PARAMETERS: PARAMETER VALUES
AND RELATIONSHIPS IN THREE REGIONS IN EASTERN AND CENTRAL GREECE

This section will now describe the results for physical
parameters describing source rupture of microearthquakes in three
regions 1in eastern and central Greece: Volos, Patras and
Pavliani. The emphasis will be on results from Volos.

Nea Ankhialos fault, Volos

Microearthquakes recorded during 1983-84 follow three main
shocks which occurred during 1980 (Papazachos et al., 1983) with
parameters:

1980 July 9 02 hr 10 min 19 s 39.252°N 23.008°E h=13 km 5.6 M
02 hr 11 min 57 s 39.283°N 23.110°E h= 9 km 6.5 M,
02 hr 35 min 52 s 39.190°N 22.733°E h=12 km 6.0 M,
22.4
35.6
3%, 4+
39.2 +
) rﬁﬁw
(v] <2
o lm2 < ano < 10,
km IA)O <
33.0 s . : B 33.0
22.4 22.6 22.8 23.0 23.2

Fig.5. Seismicity in the Nea Ankhialos fault zone, Volos. Z1:
Nea Ankhialos fault, western segment; Z2: Nea Ankhialos
fault, eastern segment; Z3: region north of Nea Ankhialos
fault. Foreshock, main shock and aftershock in the 1980
July 9 earthquake sequence are represented by f, m and a.
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and are associated with the Nea Ankhialos fault zone, south of
the city of Volos. The microearthguakes cluster in the
Pagasitichos Gulf, the Almiros 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 zone is the more anomalous whereas there are only minor
differences between Z1 and 22 and these two zones may be regarded
as western and eastern segments of the Nea Ankhialos fault zone.

Originally, 96 microearthgquakes were sampled from the
seismicity illustrated in Figure 5 but this number reduces to 78
applying the criteria that each earthguake should be observed
with at least five phase data. Pairs of <RQ> and <f > from
which estimates of M, etc. are made are shown in Figure 6a.
Corner frequencies in Figure 6a span 3.5-13 Hz with typical
values around 7 Hz. 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 more
pairs of spectral measurements of corner frequency and long
period asymptote are retained produces the final set of results
for 58 earthguakes, with 25 in the western segment and 23 in the
eastern segment of the fault. This emphasises the nearest
stations surrounding the Pagasitichos Gulf and Almirocs Gulf.
This final set of earthguakes produces results for magnitude,
seismic moment in N m, average fault radius in m, average stress
drop in bars and average slip in mm on an assumed circular fault,
A summary of these results is listed in Table 1 and this provides
the basis for Figures 6¢c-f. An appreciation of uncertainties in
these results is important and microearthquake 1,1 of Table 1
provides an example. Standard deviation ranges around the
geometric means in M, r, Ao and s obtained from logarithmic
standard deviations for earthquake 1,1 parameters are:

+7.7
<Mp =42 x 10 N'm
2.t

+147
<r> = 2383 m
-91
+16
<Ag> =14 bar
-1.3
+3.1
<s> = 0.8 mm
-0.8

The 1.4 bar stress drop for earthquake 1,1 is the mean 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 other 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 1is
relatively anomalous and off the main fault trend (detailed
comparison of parameters of the three zones 1s discussed in
Burton et al. 1991).

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

logM, = A + BM, (8)

where typical values of B are around 1 for microearthquakes (B
= 1.5 for intermediate sized earthquakes, Kanamori and Anderson,
1975). Double error regression on log<M_ > and M_pairs, assuming
equal errors in both, for the Nea Ankhialos fault produces:

log<M > = (10.1  0.2) + (0.9 * 0.1)M,, (N=48, cc=0.85) (9)

with a high correlation coefficient cc = 0.85. Abercrombie
(1991) examined 17 microearthquakes on 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 > = (10.5 * 0.1) + (0.8 t 0.05)M,, (N=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 <M > and M along its east-west extent to a high degree
o, L " i .
of correlation, along with many other microearthguakes in Greece.
1

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 1is 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 (Z1 + 22) is 168 m. Tt
appears that fault radius is more-or-less constant for this size
of earthquake, or only varying slowly. This suggests that these
microearthquakes 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) Q, corrected for epicentral
distance paired with corner frequency f_. (b)-(f) Seismic
moment and focal depth, local magnitude, average fault
radius, average stress drop and averaqge coseismic slip.
Symbols represent zones: 21 = +, 722 = x, Z3 = O.
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Table 1. Seismotectonic source parameters of microearthquakes
in the Nea &nkhialos fault complex. N: the number of
spectra from which corner frequency were measured.

Event M M Radius Stress drop Slip N

Zone, no. (1012°N m) (m) (bar) (mm )

Nea Ankhialos fault, western segment

Il 247 4.2 232.6 1.4 0.82 6
V2 249 8.2 303.8 1.3 0.94 8
1,4 32 5.4 254.8 1.4 0.88 7
1,6 2.4 12 15] 7 1.4 0.53 7
1,3 245 12 227:1 0.5 0:25 8
1,10 2.4 245 215.7 L:l 0.57 6
1,12 3.0 8.1 2738 137 1.14 7
1,14 1.5 1570 171.3. 0.8 0.35 5
1,15 20 B ER 179:3 0.9 0.38 6
1,16 2.4 lal 194.2 0.7 0.32 8
1,19 252 2.5 166.0 2.4 0.95 5
1,20 2.0 0.4 141.7 0.7 0.22 6
1,22 2.1 1.0 174.5 0.8 0.34 7
1,25 1.8 Ls1 272.5 0.2 0=15 6
1,26 243 1.5 230.3 0.5 0.30 7
1,27 1.8 0.4 190.9 0.3 0512 6
1,29 2.0 1.3 154.9 1.5 0.58 5
1,30 245 26 236.5 09 0.50 8
1,31 2.1 0.4 127.7 0.8 0.26 5
1,32 2:1 12 169.2 1.0 0.43 8
1,33 22 1.6 202 +1 0.8 0.41 6
1,34 2.4 343 21653 1.4 0.74 7
1,35 31 546 270.8 152 0.81 6
1,36 2.3 L 215.8 0.8 0.40 8
1.;37 2.2 1.4 185.6 0.8 0.38 7
Nea Ankhialos fault, eastern segment

2;3 1.9 0.8 144.9 1.1 0.40 6
2,4 Ll 0 1 71«1l 1.1 0.19 5
2,6 286 4.1 163.3 4.2 1.65 8
2.+ 1 2240 0.6 1905 0.4 0.19 5
2,8 241 11 214.0 0.5 0.25 5
279 3.1 8.1 162.5 8.3 3.25 8
2,12 2.8 3,2 143.9 4.7 1.63 10
2,14 255 L 156.6 1.9 0. 72 9
2,15 3.0 353 172 .7 2.8 1.16 8
2,16 1:6 0.3 85.7 2.0 0.41 5
2 17 20x2 0.5 99.7 2.2 0.54 8
2,18 250 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 O 1 97 w5 0.7 0.16 ]
2 2.3 1.7 0.8 133.3 1.5 0.48 6
2,24 2.0 07 102.3 2.8 0.70 6
2 p25 2.0 0.6 151.4 0.8 0.28 7
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2,26 1.8 0:7 119.:5 1.8 053 6
2,28 25 2 1.2 139.6 1.9 0.63 7
2,29 1.8 0.5 105.4 2.0 G52 7
2,30 2501 a7 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 2l 6.5 116.2 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. 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 Z.5 2.3 228.9 6.8 0.46 6
3,14 1.9 0.8 184.1 0.6 0.25 5
3p0a 2,2 1.3 232.4 0.4 0.25 7
By 2:3 2.2 Z.7 237-2 0.9 G B 6
3,24 2.1 2.3 236.3 0.7 0.39 7

Seismic moment and stress drop: The parallel reference lines in
Figure 6e are drawn for three reference average source radii.
There 1s an observable correlation between moment and average
stress drop and a consistent pattern emerges which is more
compatible with a constant radius than constant average stress
drop. Correlation coefficients are of oxrder cc = 0.5 although
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 on a circular fault in equation 6a implies a linear
relationship between log<s> and log<M> for faults of
approximately constant radius. Correlation is clearly 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:

log <M> = (12.6 * 0.1) + (1.6 * 0.2)s, (N=48, cc=0.73), (11)

the reduction in cc reflecting the slightly different properties
in western and eastern fault segments. Abercrombie’s (1991)
analysis produces correlations 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 cluster
around the 200 m reference line whereas for the eastern segment
nearly all the data fall between the 100 m and 200 m lines.
These differences exist even though the range of seismic moments
is almost identical being 0.4 - 8.2*10% N m compared to 0.3 -
8.1%10' N m.

In summary these data suggest that microearthquakes in the
eastern segment have smaller fault areas and larger average
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slips, a factor of 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 of the microearthqguakes on the
Nea Ankhialos fault are summarised in Table 2.

Table 2. Averages and ranges of 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 local magnitudes 1.5-3.2 1.8-3.9 1.8-4.2 M,
Range of seismic moments 0.28-8.16 0.3-45.7 0.9-94.9  10' 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 2.26 2.72 2.49 M
Average seismic moment 1.30 4.34 4.85 10% 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 23.1 107
Typical asperity radius 5.80 13.5 4.1 m

Strain drop: The gross averages in Table 2 can be used to
estimate representative strain drop, <<de>>, defined as

<<he>> = <<s>>/<<r>>n}? (12)

Gross average slip and fault radii in the western and eastern
segments are 0.47 mm and 202 m, and 0.54 mm and 138 m
respectively, leading to mean values of representative strain
drop of 1.3%10°% and 2.2%10°% respectively. For the Nea Ankhialos
fault as a whole the value is <<he>> = 1.7*%10% Compared to
plate boundary seismicity where Ae = 10™* (Kanamori,1977) these
values are small and accompanied by tiny average slip values.
Jackson et al. (1982) obtained strain drops of order 5*107°

during the major earthquakes in Corinth in 1981. Strain drops in
the microearthquakes are nevertheless seen to be about one order

25

WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.



of magnitude less than in major Greek earthquakes although a
standard deviation range on strain drop encompasses a factor of
about 15.

Apparent stress: corroborative evidence for average stress drop

The most striking results in the above observations are
that the average fault radii are approximately constant with
seismic moment while average stress drops are not, gross typical
values being summarised in Table 2. However, a fundamental
difficulty is that much of the analysis is model dependent, i.e.
the Brune and Madariaga models require measurement of a corner
frequency which may be perturbed by f  (Hanks 1982) and other
factors. Any suspected perturbation to the corner frequency is
problematic because the average fault radius, r, is inversely
proportional to corner frequency and the derived gquantity average
stress drop is itself sensitive to r3. Apparent stress, o, has
been suggested by Wyss (1970) as a model independent parameter
related to stress drop and interpreted by Savage and Wood (1971)
as "stress associated with radiation resistance". If the final
stress equals the frictional stress then it is given by:

O, = N(0+0,)/2 = UE/M, (13)
where o, and o, are initial and final stresses, n is efficiency
and E is the radiated energy. Snoke et al. (1983) demonstrate
the useful ineqguality

S Do/2 (14)
where the equality only applies if no new crack surfaces are
generated during rupture and the final stress is equal to the
frictional stress. The problem is thus to calculate the radiated
seismic energy, E. This is proportional to the area under the
velocity-squared seismogram and for a P-wave, Boatwright (1980)
gives:

2
E . 2rnpaR®l, (15)

P cos()(F U002

where I, is the integral for the vertical P-wave component, i
the angfe of incidence, and (FU_) allows for the free surface
reflection and radiation pattern. Boatwright gives similar
expressions for the three components of S-wave motion and so E
and hence E=Ep+ES can be calculated. Abercrombie (1991) has
developed this procedure for 40 selected microearthquakes
distributed amongst Volos, the North Aegean and the Gulf of
Corinth. Figure 7 is a sample of Abercrombie’s results. In this
example log moment scales with both log stress drop and with log
apparent stress, correlation coefficients exceeding 0.9 and 0.8
respectively. The net result is that log stress drop scales with
log apparent stress (cc = .72, or 0.59 if the gradient is fixed
as 1.0):

logho = logoap - 0.12(%0.06) (16)
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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.

An indication of possible systematic errors in moment (or
Q) and fault radius (or f_ } can be deduced. Equation 16 can be
rewritten as o, = 1.320h0 whereas 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

0,,/Bo = 16uEr®/TM’) (17)
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Fig.7. Seismic moment, average stress drop and apparent stress.
Solid lines in a) and b) are regressions with wvariable
gradient and dashed lines in a) and b) and solid line in c)
have gradient of 1 (adapted from Abercrombie, 1991).
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The ratio can be high if estimates of apparent stress are high
or stress drops are low, in both cases this may correspond to
underestimates of moment (or low € ). If this is the total source
of error then moment or measured values of Q are about 38% lower
than they ought to be. Systematic error might also arise if
model dependent stress drops alone are too low, resulting from
too high estimates of r® (or low £.). If this is the total
source of error then measured values of f are about 28% lower
than they ought to be. Such an error in moment or Q corresponds
to about -0.2 in magnitude i.e. these are fairly small and
typical errors overall.

Patras zone

108 earthquakes recorded by either the Volos network or the
Patras network (Figure 1) and located in the south west 2zone
shown as a box in Figure 2 provide the results for this section.
These 108 well located earthquakes are mostly confined within the
western Corinth Gulf, the Rio Antirrio narrows, with more
epicentres northwards towards Trikhonis, and this number reduces
to 94 events which are fully spectrally analysed. The details of
this analysis are given in full by Melis (1992) and summarised
by Melis et al. (1993b). This zone is known to be tectonically
complex (Brooks et al. 1988; Melis et al. 1989). The averages
and ranges of the physical source parameters resulting from the
spectral analysis etc. are summarised in Table 2. The most vital
aspects of these data for our present purpose are summarised in
Figure 8.
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Magnitude M Log (stress drop in bars)

Fig.8. Rio Antirrio and western Gulf of Corinth zone, Patras.
Seismic moment and a) local magnitude, b) average stress
drop. The star symbol in b) identifies the most anomalous
values in the western Gulf of Corinth (adapted from Melis,
1992).

Figure 8a shows poorer correlation between log moment and
magnitude in the Patras zone than was the case in the Volos zone.
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This is readily interpretable as arising from the relatively
complicated tectonics near Patras compared to the more readily
understood tectonics associated with the Nea Ankhialos fault.
Subdividing the Patras zone into subzones provides only debatable
improvement (Melis 1992). Figure 8b demonstrates scaling between
log moment and log stress drop although there is substantial
scatter. The most anomalous data in Figure 8b {indicated by
stars) all locate in the western Corinth Gulf and this region
requires more detailed study.

Ranges and gross averades for seismic moment, fault radius,
stress drop and average slip etc. for the Patras zone earthquakes
are summarised in Table 2. Although the range of moments 1is
quite large, source radii are nearly constant or conceivably
slowly varying. There is a clear contrast to the Nea Ankhialos
fault, Volos. Average magnitudes and moments analysed in the
Patras zone are larger than for the Volos zone, however the
average fault radius is less (103 m against 168 m) and average
stress drops and slips are greater (17.2 bar against 1.2 bar and
4.5 mm against 0.5 mm). The significance of this will be
discussed later.

Pavliani zone

For this zone 70 earthquakes recorded by the Volos network
and located in the central 2zone shown as a box in Figure 2
provide the results. The seismicity in this zone is spatially
well constrained and gives an immediate appearance similar to
aftershocks on a large fault. Most of the seismicity depicted
in Figure 2 occurred as two periods of swarm activity during
April and September 1983. The analysis of these swarms and
interpretation as a pseudo-fault is given in detail by Melis
(1992) and Melis et al. (1993a). The data necessary to our
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Fig.9. Microearthquake swarm zone, Pavliani. Seismic moment and
a) local magnitude, b) average stress drop (adapted from
Melis, 1992).
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present purpose are summarised in Figure 9 and arise from 66
earthquakes for which the spectral analysis was complete. Ranges
and gross averages for seismic moment etc. are again summarised
in Table 2.

Inspection of Figure 9a shows excellent correlation between
log moment and magnitude with a correlation coefficient of 0.93.
The regression equation of Melis (1992) 1is compatible with
equations 9 and 10, being:

logM, =(10.7%0.1) + (0.79t0.04)M , (N=66, cc=0.93) (18)

Figure 9b shows good correlation (cc=0.72) between log moment and
log stress drop. The entire data set appears homogeneous
compared to Patras underlining the apparent tectonic simplicity
in the Pavliani zone.

Ranges and gross averages for seismic moment, fault radius,
stress drop and average slip in the Pavliani zone (see Table 2)
are very similar to those observed in Patras, although being more
homogeneous, and show the same differences with respect to the
Volos zone. For example, average magnitudes and moments analysed
at Pavliani are higher than in Volos but average fault radius is
less, 108 m, and average slip, 4.43 mm, and stress drops, 17.0
bar, are greater.

ASPERITY AND FRICTIONAL CONTROL IN CRUSTAL DEFORMATION

Average stress drops in microearthguakes on the Nea
Ankhialos fault in the Volos zone have a mean of 1.2 bar and in
the Patras and Pavliani zones, which themselves show tectonic
differences, the mean is 17 bar. 1In all cases these values are
substantially lower than the expected strengths of rocks which
are of order kilobars in the laboratory. We also observe seismic
moment scaling with stress drop whereas source radii either scale
very slowly or are nearly constant. How can these observations
be interpreted?

BAki‘’s {1984) asperity modelllng allows us to explore fault
heterogeneity. The measured stress drops are averages over the
fault rupture surface and locally can be substantially higher at
an asperity than elsewhere. Stress drop <ho,> at an asperity on
the rupture surface can be related to stress drop averaged over
all the rupture surface, which is the measured value <Ao>, by the
fault area A to asperity area A, ratio. In Table 2 gross
averages over many earthquakes are considered and so <Ag> is
better replaced by <<Ao>> and Madariaga’s (1979) relation
becomes:

<<hg>> = <<Ac>><<A>>/<<Aa>> (19)

Take the limit in which the observed gross average stress drop
occurs at a single asperity and amounts to 1 kbar. The resulting
gross average asperity radii for Volos, Patras and Pavliani zones
are 5.8 m, 13.5 m and 14.1 m respectively. However, note that
the largest gross average fault radius (168 m) is in the Volos
zone. On this simple model of stress drop concentrated at the
asperity with aseismic slip elsewhere on the rupture surface, the
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relative percentages of fault associated with the dominant
asperity are 0.1%, 1.7% and 1.7% respectively; that associated
with the Nea Ankhialos fault being over an order of magnitude
less than in the other two zones. The equivalent strains if
concentrated at the dominant asperity are 5%*107°, 1.9*10™* and
1.8%107™* respectively. Tsubois (1956) suggests 2%10™* as the
limit to strain strength in the crust.

We can now investigate these average stress drops in terms
of frictional control of the rupture process. Initial stress and
final stress following slip and the static frictional stress ¢
on the rupture surface will be governed by the physica
conditions which prevail on the fault. Tectonic stress on a
fault can be expected to substantially influence the gross
average stress drop and the areal extent of asperities associated
with in situ high local stress drop. BAverage stress o = {o;
+ 0,)/2 and this scaled by the seismic efficiency n becomes the
apparent stress or apparent driving force on the fault (see
equation 13 and Savage and Wood 1971). Seismic efficiency is
influenced by shear strength or frictional stress on the fault

and is n = (o, - cf)/oa. Equation 13 can be recast in terms of
seismic energy radiateéd and work done on the fault through E =
nao,, AS or E = Dy A, . Kanamori and Anderson (1975) invoke a
fractional stress drop E = A /o which is related to seismic

efficiency through n = E/(2-E).

Normal behaviour suggests that o, > o, > o, with dynamic
frictional stress arresting the continuation of slip. In large
earthquakes Kanamori and Anderson conclude o, = o, because they
observe o, = Do /2; this 1is compatible with our error of
observation discussed above and so we make the same assumption
for the observed microearthquakes. Table 3 illustrates typical
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 Ankhialos fault, Volos and the
Patras and Pavliani zones respectively.

Table 3. Frictional control of rupture. Fractional stress drop
B, efficiency n, fractional frictional stress o, /o, for
microearthquakes in Greece.

Nea Ankhialos Patras zone and
fault, volos Pavliani fault
{bo= 1.2 bar) (bo = 17 bar)
E n o/, g, O o, o
1.0 1.0 0 12 0.0 17 0
0.5 0.33 0.5 2.4 1.2 34 17
0.1 0.053 0.9 12 10.8 170 153
0.05 0.026 0.95 24 2.2 48 340 323
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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Table 3 is consistent with the view that friction plays a
significant role during rupture of these microearthquakes.
Average stress drops of 1.2 bar and 17 bar, leading to a residual
shear stress of 1 kbar (Sibson, 1982), by lnterpolatlon in the
Table, imply efficiencies of 6*107 and 8.4*107, respectively.
These low seismic efficiencies are accompanied by high frictional
fractional stress values. At 9 km depth (the focal depth of the
1980 July 9 magnitude 6.5 M, main shock in Volos) the overburden
pressure amounts to approx1mately 2.7 kbar. High wvalues of
frictional fractional stress prevail in Table 3 and so if o, and
o, are similar to the overburden pressure then kbar stress
levels are quite rapidly approached with depth in the crust.

Table 3 supports the conclusion that if stress of the order
of kilobars is needed for rupture then o, approaches o, . The
in situ tectonic stress need only be slightly greater than the
restraining force of static fraction on the fault for rupture to
take place. In general o, > 0, > 0, and usually we accept oy > o
= o, but in the present case we have o, = O = T,. This 1is
compatible with small average slips over relatively large fault
areas. The important implication i1s that the stress need go only
slightly higher than the restraining frictional force for
faulting or rupture to take place. This is particularly true on
the Nea Ankhialos fault but also true in the Patras and Pavliani
zones, and appears to be representative of the extensional
tectonic regime in Greece.

The range of focal depths in Table 2 extend throughout most
of the «crust suggesting that the process which controls
microearthquake rupture is prevalent at all these depths. This
requires some explanation. The friction o, or frictional shear
force T on a fault is determined by the normal stress o through:

T = ©g, (20)
and ¢ is a constant, the coefficient of friction. Typically
1=0.850, up to 2 kbar and v = 0.5 + 0.60, for normal stress in
the range ~20 kbar at room temperature (Byerlee, 1978). Such

frictional stresses are much less than rock strength up to the
brittle-ductile transition deep in the crust when the distinction
between fracture and friction becomes meaningless. Rock strengths
are highly temperature dependent whereas Byerlee’s frictional law
1s largely independent of temperature up to quite high
temperatures (e.g. Stesky et al., 1974). Consistency in the
frictional process up to temperatures of about 400°C 1is
supportive of frictional control of rupture in microearthquakes
for most of the crustal seismicity properties summarised in Table
2. Secondly, it should be noted that the differential stresses
required to overcome fault friction and initiate slip on thrust,
strike-slip and normal faults are in the ratio 4:1.6:1 (Sibson,
1974). Therefore frictional sliding will be favoured to greater
depth in an extensional regime than in any other. Thirdly, pore
water pressures p kbar may substantially reduce the normal stress
o, to an effective stress o, -p and high pore-fluid pressures of
order 95% of the lithostatic pressure may be reached (e.qg.
Rutter, 1972). This also creates an arqument for low effective
restraining frictional forces maintaining seismicity in the
deeper crust.

32
WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.



I HASPs engage

I HASPs and LASPs engage lHigh %

Fig.10. Model of frictional control of rupture. Case I only high
asperity profiles (HASPs) interact under low effective
normal stress, o, Seismically inefficient but
extensionally efficlient microearthquakes result on 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 II both HASPs
and LASPs (low asperity profiles) interact at high

effective normal stress. This fault 1is 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 o,. This
slip need not shear through many asperities because this 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 1is better described as asperity Jjudder
(small displacement against friction). The case when only HASPs
engage 1s Case I 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 o, is shown schematically as Case II. Case II
will be accompanied by high average stress drop and high seismic
efficiency, however, it will be a fault which is reluctant to
convert strain to coseismic displacement. Scholz (1988) suggests
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that fault roughness is fractal with a characteristic length
forming between asperities when two surfaces are brought together
under normal load. The mated contact area will vary with
effective normal stress. 1In the extreme case of one dominant
asperity, which for these microearthguakes occupies only 1% of
the fault rupture area, this characteristic length may be almost
synonymous with the approximately constant fault radii and of
order 100 m.

The frictional process on the faults will allow either
aseismic glide over the LASPs or shear interaction with HASPs in
stick-slip fashion - effectively steady aseismic glide over a
relatively large area interrupted by stick on HASPs and
subsequent coseismic slip which amounts to a tiny slip or judder
averaged over a relatively large microfault of order 10* ml.
Asperity interaction is highly localised within the fault.
However, this amounts to the fault restraining frictional force,
locally of kbar order, although the fault averaged stress drop
is tiny. This 1is another characteristic of asperity judder: it
is the <continual transformation of small strain into
displacement. The average strain drops are also small being of
order 10°% - 107 for the microearthguakes although locally they
approach crustal strain strength values of 2*10°% This is an
extensionally efficient earthguake regime. This frictional
process is characterised by a near equality of tectonic stress
and frictional stress during faulting and 1is accompanied by
inefficient seismic release of small average stress drop. These
earthquakes are extensicnally efficient, even more so in the
Volos than the Patras and Pavliani zones.

CONCLUSIONS

Microearthquakes in three areas of Greece have been examined
in some detail. Local magnitudes for microearthquakes in the Nea
Ankhialos fault zone near Volos are very similar to those
determined by the National Observatory of Athens, being about 0.1
less. In turn these local magnitudes have been correlated with
international scales wusing surface wave magnitudes, etc.
determined by the International Seismological Centre.

The range of magnitudes examined overall spans 1.5 to 4.2
M, with corresponding seismic moments 0.3 to 95%10' Nm. Spectral
analysis using the Brune-Madariaga model gives similar results
for the Patras and Pavliani zones with gross average values for
fault radii about 105 m, average slip about 4.5 mm, average
stress drop about 17 bar and average strain drop about 24*107°,
On the other hand, the corresponding values for the Nea Ankhialos
fault, where magnitudes and moments analysed are on average less,
show larger fault radii (168 m) and smaller slip (0.5 mm), stress
drop (1.2 bar) and strain drop (1.7*107%).

In all three zones a correlation is observed between log
moment and magnitude and log moment and log stress drop. This
scaling is weakest in the Patras zone which is the most complex
tectonically, whereas these correlations are good in the other
two zones of relative tectonic simplicity where one fault system
appears to dominate each zone. In all cases the fault radii
appear to scale very slowly with seismic moment and are almost
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constant being of order 100 m. A difficulty in the analysis is
that it is dependent on the Brune-Madariaga model and results
might be systematically in error if, for example, the spectral
corner fregquency is perturbed. This concern is overcome using
Abercrombie’s (1991) observations which show log stress drop
scaling with log 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
zones .

The summary of rupture characteristics in Tables 2 and 3
lend themselves to a frictional interpretation of the rupture
process. In situ tectonic stress grows with time to exceed the
static frictional stress on 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 equal. The stresses will obey the hierarchy o > o; > o,
but with o, =~ o; = 0,. If shear stress only marginaliy exceeds
the static frictional forces then faulting will occur. Strain
drops in the microearthquakes are low being of order 107% - 107,
although locally at asperities, particularly in Patras and
Pavliani, Tsubois’ crustal strain strength limit of 2%107* is
approached. These microearthquakes are efficient converters of
small strain into displacement. Tectonic extensional efficiency
accompanies low seismic efficiency.

The example of a single asperity on a fault is the limit to
low 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 lock 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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