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Abstract

Stress transfer due to the coseismic slip of strong earthquakes, along with fault
population characteristics, constitutes one of the most determinative factors for
evaluating the occurrence of future events. The stress Coulomb (ACFF) evolutionary
model in Mygdonia basin (N.Greece) is based on the coseismic changes of strong
earthquakes (M>6.0) from 1677 until 1978 and the tectonic loading expressed with
slip rates along major faults. In the view of stress transfer mechanisms, ACFF is also
calculated onto fault planes, along with the segmented fault zone from Thessaloniki
to Gerakarou and N.Apollonia (TG-NAp FZ). Normal fault segments bound the basin
from the south and currently compose the most active neotectonic zone. The
association of the spatial distribution of seismicity (2000-2014) with the stress
enhanced areas is also investigated. Results demonstrate that the earthquake
locations are strongly influenced by the stress transfer from past strong earthquakes
and their focal properties. Since the stress build-up occurs fast, results are discussed
in terms of hazard assessment by defining potential locations for future events.
Keywords: Coulomb stress, onto fault stress, Mygdonia basin.

Hepiinym

O1 unyoviouor UeTapopas Taoewv eE0ITIOS TV ICYVPMY TEIOUMDV, O GOVODATUO UE TO.
1010ITEPO. YOPOKTNPIOTIKG TV TANBOGUDY pyUiTewV eXNpPelovy TG O100IKOCIES THG
oelopoyéveons pelloviikawv oeiouwv. T0 eleliktikd medio twv tdowv Coulomb
vroloyiothke yia. v wepioyn s Mvydoviog lexavng (B. EALdda) Loufiavoviog vmoyiy
¢ uetafolés e tdone Adyw twv woyopav cetoumv (M>6.0) axd to 1677 uéypt kai to
1978 aAAé ko1 T cLOCWPEDUEVH TOPOLOPPWON 1] OTOLO. EKPPALETOL HETW TOD pLOUOD
oAioOnong twv evepyarv pnyuctwv. TO efeliktiko medio TV TATEMY VTOLOYITTHKE KOl
K0T, uijkog ¢ evepyoovg pnéiyevoog {wvne Ocooalovikng-I eparxapoic-N.Arorlwviag
(TG-NAp FZ). H {dovy avtii oprobetel t Aexavn amd 1o Noto ko amoteleitar omo
01000)1KG, TEUGY pHyUGTOV. Avodeikvistor n oyéon Ttwv meploxav ue Oetikég
uetofoléc Coulomb ue v emkevipirn katavour] Twv 1GYVPOV GEIGUDY OALG Kol THE
HIKPOOEIGUIKOTNTAG. AEOOUEVOD OTL 0TIV TEPIOYI Ol TAOEIS OVAKTOVIOL OHUAVTIKG,
opilovtar o1 TOAVES TEPLOYES YLO. UEAAOVTIKODS GEIGUODG.

Aé&erg kherdrd: EEeliiktino uoviédo Coulomb, Moydovia Aexavn.
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1. Introduction

The role of stress transfer in hazard assessment has been widely documented even for small
magnitude earthquakes, since it combines the result generated from the long-term tectonic loading
and the sudden redistribution of stresses due to earthquake coseismic dislocations (King, 1994; Toda
et al., 1998). The association between strong and recent seismicity in terms of stress distribution in
Mygdonia basin (N. Greece) and stress interaction among faults are the main objectives of this study.
Mygdonia basin was selected because it comprises a well-defined fault population and precisely
located recent seismicity (Gkarlaouni et al., 2014). The methodology incorporates coseismic stress
changes on faults which are approximated with rupture models and fault slip rates derived from
geodetic measurements. The evolutionary Coulomb stress field was calculated and shown both in
three dimensions and across the planes of the dominant rupture zones, in order to measure the degree
of interaction between adjacent faults. An additional objective was to define the way that stress is
accumulated and distributed along faults depending on the variations of the fault plane solutions and
its direct impact on faults interactive behavior.

2. Study Area
2.1. Seismotectonic Setting

Mygdonia is frequently struck by devastating earthquakes although currently is in a seismic
quiescence. The recent seismicity pattern is characterised by a small number of moderate events
(4.0<M<5.8) localised along seismogenic zones. Strong earthquakes (M>6.0) are documented since
677AD (Papazachos and Papazachou, 2003) with their epicentres mostly distributed between the
southern and the northern boundaries (Figure 1). It represents a rotated basin surrounded by
mountainous blocks, being the most active region of N.Greece. The fault population comprises a
synthesis of E-W, NW-SE and NE-SW rupture zones, an inherited fault network from the previous
deformation episodes (Pavlides and Kilias, 1987; Chatzipetros and Pavlides, 1998; Tranos et al.,
2003 and references within, Zervopoulou and Pavlides, 2005). There is evidence that strong
earthquakes are associated with the E-W normal faults which dominate, however, small NE-SW
faults are also associated with the current seismic activity.
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Figure 1 - The seismotectonic properties of Mygdonia basin and its surrounding area.
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2.2. Fault Segmentation and Slip Rates

Continuous extension in the study area is controlled by the westward extrusion of the Aegean
microplate, accommodated southern than the North Aegean Trough (NAT), the subduction and the
rolling back of the Mediterranean slab. The study area, located northern than NAT, belongs to the
back-arc region, characterized by extension in lower rate of the order of Imm/yr as geodetic
measurements reveal (Kotzev et al., 2006). After the occurrence of the strong 1978 earthquakes in
Stivos, Martinod et al. (1997) measured an extension equal to 5.7mm/yr , at the southern margin of
Mygdonia graben within 20 years, interpreted as a combined effect between post seismic relaxation
and continuous aseismic extension. Tranos et al. (2003) proposed an even smaller slip rate equal to
0.4mm/yr based on geological data. Evaluating the geodetic and geological measurements a slip of
Imm/year was attributed to all the well defined regional faults (Figure 2). Estimation of the strain
accumulation on the most important zones requires their classification into separate segments,
according to the seismotectonic information on their properties. Details about the fault segments
like, the fault length (L), the mean coordinates (A and ¢), the azimuth (¢), the dip (3), the horizontal
(uss) and along dip (ups) components of the long-term slip rate of faults are provided for all 28
distinct fault segments (S1-Szg, Table 1).

Table 1 - Fault segmentation and long term slip rates on major faults.

5 Eault kL Mean coordinates ¢ N usSsllp RaLt:eDS
ame m o o ¢ ¢

(km) (A°E) (9°N) e O mhy) | (miy)
Si: | Lagl | 8.8 | 22.94414 | 40.75666 | 310 | 45 0.0 0.001
S2 | Lag2 | 10.0 | 23.02936 | 40.69975 | 310 | 45 0.0 0.001
Ss | Lag3 | 11.6 | 23.14092 | 40.64348 | 300 | 45 0.0 0.001
Sa PP 12.9 | 22.89163 | 40.73381 | 310 | 45 0.0 0.001
Ss | PAs | 12.8 | 23.00976 | 40.65710 | 310 | 45 0.0 0.001
Se | AsCh | 11.3 | 23.13911 | 40.61727 | 278 | 46 0.0 0.001
S7 Ger | 14.6 | 23.28629 | 40.64321 | 278 | 46 0.0 0.001
Ss | NApl | 11.3 | 23.44274 | 40.64267 | 270 | 46 0.0 0.001
Se | NAp2 | 14.0 | 23.58600 | 40.62324 | 260 | 46 0.0 0.001
Swo | Anthl | 16.7 | 23.06817 | 40.48069 | 278 | 53 0.0 0.001
Su | Anth2 | 19.5 | 22.85708 | 40.51393 | 278 | 53 0.0 0.001
S12 | Zagl | 14.4 | 23.28954 | 40.56161 | 310 | 45 0.0 0.001
Sz | Assl | 18,5 | 23.10439 | 40.78157 | 130 | 53 0.0 0.001
Sia | Ass2 | 6.2 | 23.21406 | 40.70125 | 110 | 53 0.0 0.001
Sis Str 17.8 | 23.92095 | 40.51890 | 90 | 53 0.0 0.001
Sis | Sch | 20.0 | 23.25890 | 40.81749 | 90 | 53 0.0 0.001
Siz | Mv 9.7 | 23.47184 | 40.81371 | 90 | 53 0.0 0.001
Sis | Arn 9.0 | 23.67564 | 40.50984 | 230 | 45 0.0 0.001
Sie ler 16.0 | 23.76382 | 40.41040 | 130 | 45 0.0 0.001
S2 | Sig 6.8 | 23.74786 | 40.35178 | 130 | 45 0.0 0.001
S21 | Anth3 | 16.0 | 23.22012 | 40.43156 | 278 | 53 0.0 0.001
S22 N 15.0 | 23.03187 | 40.59478 | 45 | 80 0.0 0.001
Szs N 8.5 | 23.13387 | 40.59596 | 45 | 80 0.0 0.001
S2a N 9.0 | 23.08580 | 40.62488 | 45 | 80 0.0 0.001
Ss | V1 11.3 | 23.47037 | 40.69835 | 90 | 45 0.0 0.001
Sz | V2 8.2 | 23.56338 | 40.68897 | 90 | 45 0.0 0.001
Sar | Ger 9.8 | 23.36250 | 40.51545 | 130 | 45 0.0 0.001
Ss Str 16.0 | 23.71427 | 0.53817 110 | 53 0.0 0.001
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Figure 2 - Fault segmentation of the study area: Lagina- Agios Vasileios (LAV, S1-S2), Pilea-
Peristera (PP, S3-S4), Asvestochori-Chortiatis (AsCh, S23). Gerakarou-Nea Apollonia (Ger,
NAp1, NAp2, S7-S9) fault zone, comprised of three segments (S7-S9), Anthemountas -
Skepasto fault (AnF, S10-S11-S21), Stratoni Fault (StF, S28-S15), Gomati-lerissos (IF, S19-
S20). To the north, Sochos (SF, S16) and Mavrouda fault (MvF, S17), Arnea Fault (ArF,
S18), Zagliveri fault (ZF, S12) and Geroplatanos fault (GF, S27) which show a
geomorphological continuation of the LAV fault to the east.

3. Methodology and Rupture Models
3.1. Methodology

The methodology used for the calculation of Coulomb stress changes is proposed by Deng and Sykes
(1997) and is based on the elastic rebound theory, according to which, the stress released in an
earthquake pre-exists before the event. For the estimation of interseismic strain on the major fault
zones attributed to aseismic motions the so-called "virtual dislocation” model is adopted. This
concept assumes that the accumulated stress can be determined by assuming that the fault slips
backwards powered by the tectonic loading. The suggested model refers to a planar orthogonal fault
surface, X, with finite dimensions, embedded in an elastic half space (Okada, 1992) whose
displacement is given by Eq.1 (Steketee, 1958). Elastic stress, derives from strain, Sjj, using Hooke’s
law, for an isotropic medium.

Equation 1 - The equation for the stress tensor

2uv.
S; = 1-2v Oy € 21185
where p is the shear modulus, v is the Poisson’s ratio and djj is the Kronecker delta. Earth is treated
as an elastic structure, where postseismic deformation is negligible. Modulus and Poisson’s ratio are
fixed as 33GPa and 0.25, respectively. The Coulomb fracture criterion examines the conditions
under which failure occurs on brittle rocks (Scholz, 2002). According to this criterion, earthquakes
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occur when Coulomb stress exceeds the strength of the rock. Changes in Coulomb failure function
(ACFF) depend on the change in shear At, and normal stress, Ac, respectively calculated by Eq.2.

Equation 2 - Change in Coulomb failure function (ACFF)
ACFF =At+ u'Ac

where, ' is the apparent coefficient of friction. Parameter ' incorporates the effect of pore fluids
and fault zone material properties and is given by p'=p-(1-B). B is the Skempton’s coefficient, and
varies between 0 and 1. The involvement of p' into the change of pore pressure has been widely
investigated and oftentimes is treated as a material constant or a time dependent parameter varying
before and after an event. It has been shown that p' low values are related to weak fault zones
accompanied with well-developed gouge often saturated with fluids (Stein, 1999). Different p'
values have been tested not opposing dramatic modifications in the overall stress pattern. Finally p'
in this study is taken equal to 0.4.

3.2. Rupture Models

Fault sources associated with the strong earthquakes are geometrically approximated with
rectangular sources embedded into the brittle crust. Fault length, width, strike, dip and rake are the
main parameters describing the rupture zones and further used for stress calculation. These
parameters are inferred from the interpretation of the available geological or seismological
information and in the absence of these data, appropriate empirical relationships have been used
(Papazachos et al., 2004). The average displacement and its components are based on the seismic
moment and on observations upon the distribution of earthquake foci. Model source parameters are
displayed in Table 2, where magnitudes with asterisks are estimated from historical macroseismic
information (Papazachos and Papazachou, 2002).

Table 2 - Model sources for strong earthquakes (M>6.0) for the period 1677-2014.

Fault Plane Average

Mo L W Solution displacement
(10%)| (km) | (km) | ¢ o | A Uss Ups
@[] M | (m
1677 |40.50|23.00| AnF [6.2*| 2.04 | 17 15 | 278 | 53 |-93|-0.023 | 0.439 | 1.2
1759 {40.60|22.80| AnF |6.3*| 2.88 | 19 15 | 278 | 563 |-93|-0.027 | 0519 | 1,2
1902 {40.80|23.04| SF [6.5*| 8.13 | 25 15 | 90 | 53 |-93|-0.037 | 0.719 | 1,2
1932 {40.40|23.76 | lerF |7.0*%| 32.4 | 25 15 | 93 |53 |-93|-0.102 | 1.957 | 1,2
1932 {40.79|23.44| SF [6.2*%| 2.04 | 17 15 | 90 | 53 |-93|-0.023 | 0.439 |1,2,3
1933 |40.65|23.54 | NAF [6.3*| 2.88 | 19 16 | 278 | 46 |-70| 0.177 | 0.488 | 1,23
1978 |40.73|23.25| TGF | 6.5]| 5.20 | 21 16 | 278 | 46 |-70| 0.154 | 0.423 | 4

Time| Epicenter

Code | Mw Ref

Year | (¢°) | (M)

!Papazachos and Papazachou (2002); 2Hanks and Kanamori (1979), 3Paradeisopoulou et al.
(accepted); 4 Soufleris and Stewart (1981)

4. Stress Field in Mygdonia
4.1. Evolutionary Stress Field

The evolutionary stress field results from the accumulation of the successive stress changes due to
the co-seismic displacements described in Table 2, along with the constant impact on major faults,
modelled in Table 1. Results are shown in successive figures (Figure 3). Before the occurrence of
the 1678 Vassilika event, ACFF changes are considered to be zero, in the broader area. Any
information on earthquakes before 1678 is disregarded, since going back in time, the uncertainties
in earthquake location and magnitude are increased. Moreover, no strong earthquakes are

1489



documented for more than 10 centuries, before. Successive chronological intervals are considered,
just before the occurrence of the consecutive strong event. In each case, the stress field is computed
according to the fault plane solution of the following event (the responsible fault is depicted with
white color). Dark blue regions correspond to negative changes in stress and infer a decreased
likelihood of a fault rupture (stress shadows). Yellow to red regions represent positive ACFF and an
increased likelihood of a fault rupture (bright zones).

The initial stress changes are caused by the co-seismic slip of the 1677 event in AnF (Figure 3a).
The stress pattern corresponds to a typical E-W normal fault, which imposes a stress enhancement
to the east (central Chalkidiki) and the west (Thermaikos gulf). In particular, the along fault
prolongation of AnF fault to the west is covered with a bright zone of positive stress changes (Figure
3b), where 82 years after, the next strong earthquake of the same magnitude order occurs (1759
Thessaloniki earthquake, My6.5). The co-seismic changes after the aforementioned events along
with the tectonic loading, reinforce the prevalence of positive stresses to the central part of Mygdonia.
According to historical information the following earthquake occurred near the western termination
of the south dipping Soch. fault, in 1902 (Figure 3c). The stress field calculated for the south dipping
normal Str. F, before the 1932 earthquake of lerissos is presented in Figure 3d, where extensive
bright zones are distributed over the central and the eastern parts of the study area. The 1902 event
triggered the occurrence of the next two smaller earthquakes in 1932 (some months after lerissos
strong event) as well as in 1933, whose epicentral accuracy is on debate. These events were strongly
advanced because of stress transfer from the severe lerissos earthquake, since they occurred within
the eastern positive lobe of the stress changes pattern. The 1932 earthquake is probably attributed to
the termination of Soch. fault and its coalescence with Mavrouda segment (Mav.F.) to the east. It is
shown that before the occurrence of this event there is a bright zone restricted between the shadow
zones caused by the 1932 lerissos and previous earthquakes (Figure 3e). The stress field calculated
for the northdipping normal fault responsible for the 1932 Sochos event is shown in Figure 3f. 46
years later the most recent recorded strong shock occurred in the central part of Mygdonia graben
where extensive stress enhanced areas exist (Figure 3g). Finally the current distribution of stresses
is calculated for a northdipping normal fault typical for Mygdonia area (Figure 2h). Stresses are
significant in the central part of Mygdonia, while the area of Anth. fault and the western segment of
Soch. fault remain in stress shadow, prohibiting earthquake triggering in these areas.

4.2. Onto fault ACFF

The second objective of the study is the quantification of the accumulated coseismic stress changes
of the strong earthquakes onto plane of the major rupture zone of the Thessaloniki - Gerakarou -
N.Apollonia fault zone (TG-Nap FZ). This study is motivated from the fact that faults interact
through their stress field even if they are not mechanically connected. From west to east the fault
planes are the PPF (Ss), AchF (Se), St.F (S7), NAp1F (Ss) and NAp2 (So), which are considered
rectangles embedded into the brittle crust. The interaction between the fault segments of the same
rupture zone, even when earthquakes occur on adjacent faults of the same fault population, play an
important role in fault mechanics. Therefore, the amount of stress enhancement by earthquake
occurrence in parallel, antithetic or adjacent faults is approximated. The stress changes due to co-
seismic slip of the strong earthquakes (M>6.0) are resolved onto the planes of the five fault segments.
The accumulated stress changes are calculated according to the faulting type of the next strong
earthquake in the data set and consequently the associated fault segment. Stress changes are
calculated for the depth of 1.0-20km within the brittle crust and results are shown in the sub plots of
Fig. 4. The cumulative effect of the two 1678 and 1759 events associated with east and west
segments of AnF, are shown onto the five fault planes. The S7 and S8 segments are covered by high
negative values of ACFF (1% row, Fig. 4). The occurrence of the 1902 event on the antithetic Soch.F
imposes considerable stress disturbances, producing positive 4CFF (stress enhancement) from 10
to 20km in S7, which is the central part of the rupture zone (2" row, Fig. 4). After the strong lerissos
shock there is a stress increase onto the eastern part of the fault zone Sg - So (3 row, Fig. 4), whereas
there is no change at the central and the western part.
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\| Earthquake

i L 1978
Figure 3 - Evolutionary stress field in Mygdonia a) coseismic stress changes associated with
the 1677 Vassilika event, b) stress changes before the 1759 Anthemountas earthquake, c)
stress field before the 1902 Assiros event, d) stress Coulomb changes before the 1932 lerissos
earthquake, e) stress changes before the 1932 Sochos earthquake, f) stress field before 1933
Volvi, g) stress field before the 1978 Stivos triplet, h) the current stress state, the epicentre of

the strongest recent earthquake is shown (1995, Mw5.8). Coulomb stress changes are
calculated for the fault plane solutions shown in each case and for 8km at depth.
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w N. Apollonia - Thessaloniki Fault Zone E
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Figure 4 - At the top, the hanging wall relief of TG-NAp rupture zone with view from the
North. View from the North Successive snapshots of Coulomb stress evolution onto the
segments of TG-NAp FZ (S5-S9), i) The 1% row shows the coseismic stress changes after the
1677 and 1759 earthquakes along An.F, ii) the 2" row presents the stress changes after 1902
Assiros event. iii) the 3™ row shows the effect of 1932 lerissos earthquake, iv) the 4" row
shows the stress changes after the 1932 Sochos and 1933 Volvi earthquakes, v) finally in the
5™ row the stress field after the occurrence of the 1978 Stivos earthquake is calculated.

After some months Volvi and Sochos earthquake events occur and they created a shadow zone along
NApF and GerF enforcing positive stress changes at the fault tips (4" row, Fig. 4). Finally, S7
became the causative source of the 1978 strong earthquake (5% row, Fig. 4) after which an extensive
shadow zones is expanding along the entire rupture zone. An accumulation of increased stress values
is mostly accommodated at the eastern end of the rupture zone.
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4.3. Discussion - Conclusions

The double objective of this work, is the exploitation of the historical seismicity and their impact on
the stress field and the constant loading on faults obtained from geodetic data. Stress changes due to
the coseismic slip of strong earthquakes that occurred in the study area from 1677 until now are
considered. ACFF changes are shown in map views and onto plane of the five major fault segments
which comprise the southern boundary of Mygdonia basin. Recent seismicity in the time interval
2000 until 2014 with relocated focal coordinates (Gkarlaouni et al., 2015) show that most of the
earthquakes are concentrated in locations with increased stress values (Fig. 5) for a stress field
oriented for a typical north dipping normal fault.. A strong association between bright zones and
strong or minor earthquakes occurrence is a characteristic feature. Current stress enhanced areas
with an increased likelihood for earthquake occurrence are identified at the western part of
Mygdonia and central Chalkidiki. The onto fault stress changes along the north dipping rupture zone
which bounds Mygdonia graben from the south, showed that exist considerable interrelations exist
in adjacent faults.

22.8 23.2 23.6 24.0

40.8

40.4

Figure 5 - The current stress state after the last 1978 earthquake along with the relocated
seismicity for 2000 - 2014, for a typical north dipping fault (strike:278°, dip:45°, rake:78°)
The epicentre in yellow represents the 1995 event, located in Arnea.
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