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Aa. Padynos — Axmuensie pasziombl 8 I11080usckoii oenpeccuu u cKOpocmb 00420CPOUHBIX
osuxcenuti no Hum. Ha Tepputopuu [110BAMBCKON NENPECCUH BBISBJIEHBI TEOMETPHUECKUE CET-
MEHTHI pa3jioMOB. [IpemIoKeHbl ClieHapUi BO3MOXXHOTO CEMCMOTEHHOTO 00pa30BaHMs HEKOTO-
PBIX CETMEHTOB U BBIYKMCJIEHA CKOPOCTD JIOJTOCPOYHOIO JIBM)KEHUS 110 HUM. BhIsiBIIeHUE pa3yioM-
HBIX CETMEHTOB, CITIOCOOHBIX B OYAyIEM OCYIIECTBUThH Pa3pbiB 3¢MHON MOBEPXHOCTH, OCHOBAHO
Ha MPEAIOJIOKEHUH, YTO B MPOIUIOM MO 3THM CErMEHTaM YK€ MPOUCXOIIIM Pa3phIBBI U YTO
3aIUCh COOTBETCTBYIOIIMX COOBITUI COXpaHIIach B MOp(doornyeckux Gopmax u B YeTBEPTHY-
HBIX OTVIOXKEHUsAX. JJTMHA MPeAnoiaraeMbIX CEMCMOTE€HHBIX PA3JIOMHBIX CETMEHTOB — MEXAY 5 U
76 xm. VIx oxumaeMple MarHUTyAsl (Mexay 5.8 1 7.3) BBIYMCIIEHBI IO COOTHOIICHUSIM MEXIY
JJIMHOW MOBEPXHOCTHOT'O pa3pblBa U MArHUTYIOW. BBIYKMCIIEHBI TAK)KE CKOPOCTh MPOIOJIKUTEh-
HBIX JBMXEHMI 10 aKTUBHBIM pasyiomam B [LinoBnuBckoit nenpeccu 3a nociuennue 820 net (0.024-
0.149 mm B ron) ¥ UHTEPBAJIBI MEXIY MOBTOPSIOMUMUCS KpynHbIME coObITHsIMU (2000 JeT —
>10 000 mner).

Abstract. Geometric fault segments have been localized in the Plovdiv Depression, scenarios for
probable seismogenic fault segments have been proposed, and long-term slip rates have been
calculated. Defining of fault segments capable to produce surface rupturing in the future is based
on the assumption that these faults were ruptured in the past and left records in the landforms
and the Quaternary sediments. The length of the assumed seismogenic fault segments varies
between 5 km and 76 km. Expected magnitudes of these seismogenic fault segments have been
calculated by the relationships between surface rupture length and magnitude. Expected magni-
tudes vary between 5.8 and 7.3. The long-term slip rate of the active faults in the Plovdiv Depres-
sion is 0.024-0.149 mm/yr for the last 820 Ka. The recurrence intervals of the large events have
been estimated to be between 2000 years and more than 10 000 years.
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Introduction

The Plovdiv Depression is one of the most seismical-
ly active regions in Bulgaria. Two surface-rupturing
events occurred in the region in 20" century. Al-
though many seismotectonic studies were performed
in the last decades, the localities of the faults capa-
ble to produce surface-rupturing events in the fu-

ture, and fault characteristics necessary for probabi-
listic seismic hazard assessment, are very poorly
known or unknown. The available data are extreme-
ly insufficient. The great advance in the understand-
ing of earthquake phenomena in the world has im-
proved the methods for active fault survey. Active
faults are considered to be faults that can generate
large earthquakes in the future. Such earthquakes
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are large enough to produce surface or near-surface
rupturing. The magnitude of such events is M > 5.5.
Events on any individual fault recur. The records of
the past events serve for identification of the active
faults and their characteristics.

The Plovdiv Depression is a Neogene basin in the
western part of the Upper Thracian Depression be-
tween the Rhodope Mountain and the Stredna Gora
Mountain (Fig. 1). The mountains limit the Plovdiv
Depression to the south, to the north and to the north-
west, and the Chirpan threshold to the east (Fig. 1).
The exact position of the limit between the Plovdiv
Depression and the eastward situated Zagora De-
pression is controversial because the Pliocene-Ho-
locene infillings of the Plovdiv Depression spread
continuously in the Zagora Depression.

Faults striking 90-120° at distance from 3 to 13 km
from each other affect the Pre-Paleogene basement in
the western and central part of the Upper Thracian
Depression (Kpsictes et al., 1992). Another set of ob-
lique NNE-SSW striking faults causes structural seg-
mentation of the 90-120° striking faults of 2.5-53 km
long segments. Generally N-S to NNE-SSW neotec-
tonic (Zagorchev, 1992; Shanov, 2000) and present-
day (Van Eck, Stoyanov, 1996; Kotzev et al., 2004) ex-
tension presumes that the 90—120° striking fault seg-
ments predominantly accommodate the present-day
strain, and normal and oblique slip occurs on them.

Activity of a fault in the Plovdiv Depression could
be: 1) inferred from the geological information about
the Neogene Ahmatovo Formation (Korommxuesa,
Hparomanos, 1979) and the covering Quaternary
sediments; 2) proved from evidence for surface rup-
turing in Late Pleistocene and Holocene deposits and
landforms; and 3) proved by a directly observed sur-
face rupture. The approach choice depends on the
state of art of the study on the active faults in the
region and the aim of the investigation. Data about
observed surface ruptures in the Plovdiv Depression
are very limited. The only observed surface ruptures
relate to the April 14, 1928 My 6.8 Chirpan earth-
quake and the April 18, 1928 M 7.1 Popovitsa (Plov-
div) earthquake. Even the main contemporary sources
(bonues, bakanos, 1928; Direction for Support and
Reconstruction of the Area Damaged by the 1928
Earthquakes (DIPOZE), 1931) show contradictions
and do not localize the exact propagation of the 1928
co-seismic ruptures.

The lack of historical data for surface ruptures
in the Plovdiv Depression limits the active fault sur-
vey to be performed by geological and paleoseismo-
logical methods. In the present study, defining of fault
segments capable to produce surface rupturing in
the future is based on the assumption that these faults
were ruptured in the past and left records in the land-
forms and the Quaternary sediments.
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Fig. 1. Quaternary sediments (from Geological map of Bulgaria 1:100 000 scale) and fault scarps in the Plovdiv Depression. 1 —
Quaternary mainly alluvial sediment; 2 — Late Pleistocene river terrace in fault footwalls; 3 — Holocene floodplain; 4 — alluvial fan;
5 — fault scarp. Projection is UTM Zone 35, Northern Hemisphere
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Recognizing active faults
Stratigraphic interval

A separate fault segment among all known basement
faults should affect young strata and young land-
forms to be defined as active or potentially active
fault. One can understand “young strata” to be the
entire Neogene, or the Pleistocene, or the Holocene.
The stratigraphic interval of the Ahmatovo Forma-
tion infilling the Plovdiv Depression is very large. It
varies from the uppermost Miocene to the Lower Pleis-
tocene (KorommxueBa, dparomanos, 1979; Henos,
1987). Faults affecting the Ahmatovo Formation will
present faulting for a too wide time span since the
last 7 Ma. Many of these faults cannot be active in
recent time. On the other hand, poorly known stratig-
raphy of the Ahmatovo Formation at different plac-
es does not provide the necessary information about
the age of the faults and their slip rate. So called
“Quaternary” in the Plovdiv Depression is easily rec-
ognizable, and the limit between the Ahmatovo For-
mation and the “Quaternary” has been accurately
fixed and mapped (Fig. 1). However, there is no spe-
cial study on the lower limit of the “Quaternary” in
the Upper Thracian Depression. The lower limit
could be inferred from the available data about the
stratigraphy of the Ahmatovo Formation and by com-
parison with the Quaternary in the Northern Bul-
garia. The upper third of the Ahmatovo Formation
belongs to the Lower Pleistocene (Henog, 1987). By
analogy with the well studied Lower Pleistocene in
Northern Bulgaria (EBmorues, 2000), the upper third
of the Ahmatovo Formation should correspond to
the alluvial sediments from Northern Bulgaria de-
posited before the marine isotopic stage 20 (MIS 20),
and the “Quaternary” from the Upper Thracian
Depression should correspond to the Pleistocene-
Holocene loess-paleosol sequence in the Northern
Bulgaria. It is very possible that the general climatic
change during MIS 20 caused remarkable change
in the continental sedimentation in the Plovdiv De-
pression.

The age of the faults that affect the “Quaternary”
or control the geometry of its basins is hundred thou-
sands years; and these faults are considered to be
active at the initial state of the active fault survey in
the Plovdiv Depression.

Faults inferred from geomorphology
and Quaternary deposits

Only a fault scarp and related colluvium mark the
fault trace on the surface. The resolution of the used
digital elevation model SRTM3 of 80-90 m allows
compound fault scarps formed in a number of seis-
mic cycles to be traced (Fig. 1). Some other geomor-
phic evidence, e.g. linear features in footwall and
stream inflection, can help mapping the fault trace.
Other strong evidence for surface faulting came from
alluvial rivers crossing a fault (Schumm et al., 2002).

Change in alluvial sedimentation, floodplain’s width
and slope, meandering indexes in fault walls steady
prove Holocene and Late Pleistocene faulting.

The scarps in the depression are between 5-8 m
and 50-60 m high. Small alluvial fans cover the
slopes. Transverse alluvial rivers crossing the fault
scarps show typical features for fault activity. Their
meandering indexes increase significantly few hun-
dred meters from the faults in the footwalls. Flood-
plains widen in the hanging walls. Late Pleistocene
alluvial terraces are uplifted in the footwalls (Fig. 1).
Most of the Quaternary depocenters in the depres-
sion are very close to the traced fault scarps (Fig. 2).
The Quaternary deposits reach their maximum thick-
ness in the hanging walls just close to the fault planes.
The thickness varies from more than 120 m to few
tens of meters. The positions of the depocenters in-
dicate the places of maximum slip of the related faults
since the MIS 20.

The surface expression of the faults along the
northern border of the Rhodope Mountain and south-
ern border of the Sterdna Gora Mountain differs from
the fault inside the Plovdiv Depression. Faults run
along the mountain fronts. Fault segments cut main-
ly large Quaternary alluvial fans and mountain de-
bris. Hanging wall basins are smaller.

Fault segmentation

Fault segmentation in the Plovdiv Depression is main-
ly based on the size of the step-overs between over-
lapping tips of two neighboring fault segments. The
shortest continuous fault scarps separated by rivers,
streams, or small structural step-overs of few hun-
dred meters can obviously be combined in larger geo-
metric fault segments. Step-overs up to 2—3 km sepa-
rate two geometric fault segments that are able to
react as an individual seismogenic fault. The rela-
tionship between fault segments separated by larger
step-overs requires careful study for each case.
Relay ramp structures connect the geometric fault
segments al, a2, a3 and a4 (Fig. 2). The distance be-
tween the overlapping fault tips vary between 700 m
and 2500 m, which is quite small distance allowing
the geometric fault segments to be connected in a
single fault. Detailed study on the relay ramp be-
tween segments a2 and a3, being the place of the
largest distance between faults tips (2500 m), shows
that both segments ruptured together in the last seis-
mic events (Radulov, Yaneva, 2006). The total length
of the seismogenic fault al/-a2-a3-a4 is 67 km. Ac-
cording to the relationship between the surface rup-
ture length and the moment magnitude for normal
faults (Wells, Coppersmith, 1994), the fault al-a2-
a3-a4 can produce an earthquake of My, 7.3 (Table
1). However, the fault partially ruptured in the 1928
M 6.8 Chirpan earthquake. Contemporary descrip-
tions of the fault rupture (bonues, bakanos, 1928;
DIPOZE, 1931) report surface rupturing along the
fault segments a2 and a3 with certainty. Most proba-
bly, the fault segments a/ and a4 have partially rup-
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Fig. 2. Geometric fault segments in the Plovdiv Depression. Geometric fault segments labeled by letters or
letters and numbers. 1 — Quaternary depocentre; 2 — geometric fault segment based on fault scarps; 3 — fault
segment assumed from Quaternary hanging wall basin. Projection is UTM Zone 35, Northern Hemisphere

tured. Paleoseismologic data from a trench near the
village of Cherna Gora on the fault segment a2 show
that the fault has undergone two larger than the 1928
earthquake events before the penultimate event (Van-
neste et al., 2006). The surface offsets of these two
events are 0.55-0.70 m and even more, which is con-
sistent with surface rupture along the entire fault al-
a2-a3-a4. Obviously, the fault has experienced sur-
face ruptures of different size (length and offset).

The geometric fault segments 52 and b1 coincide
with the surface rupture of the 1928 My 7.1 Popovit-
sa earthquake. The 1928 surface rupture has propa-
gated to the west (DIPOZE, 1931) or northwest
(Bonues, bakanos, 1928) in the floodplain, and the
fault scarp has entirely been eroded. The ESE tip of
the 1928 rupture (bonues, bakanos, 1928) coincides
with the ESE tip of the geometric fault 52. The fault
segment b3 has its own well-developed hanging wall
basin (Fig. 2), and could represent an individual
active fault segment. The geometric segments b4 and
b5 could also be individual seismogenic segments or
could compose larger seismogenic segments: b3-b4,
b4-b5, or b3-b4-b5 because very short distances sepa-
rate the overlapping tips of the geometric segments.
Although the geometric segment b3 was not ruptured
in 1928, its cohesion to the geometric segment b2 in
a future event seems possible.

Geometric fault segments ¢/ and c2 could form
a seismogenic fault segment c/-c2. A possibility for
continuation of the fault segment c/-c2 through the
floodplain to the west exists. The Quaternary depo-
center between the eastern tip of the geometric fault
segment e and the western tip of the fault segment
cl (Fig. 2) should correspond to a hanging wall ba-
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sin. The maximum thickness of the Quaternary in
the Plovdiv Depression was found in this basin —
122 m (dparomanos et al., 1989). In this case, a
fault compound by segments e, ¢/, and c¢2 could be
another seismogenic fault segment. Relationship
between geometric segments g, f and e allows two
interpretations in term of connecting them in seis-
mogenic fault segments. First, geometric segment f
connects with geometric segment e; and second,
geometric segments fand g form an individual seis-
mogenic fault.

The distance between the tips of the geometric
segments d/ and d2 in the overlapping area is about
3000 m (Fig. 2). They can be individual seismogenic
faults or to compose one seismogenic fault. The fault
segment d2 continues eastward through the Sredna
Gora Mountain. The Quaternary basin between the
geometric segments # and d may be evidence for a
connection between them.

Geometric fault segments i/, i2, i3, i4 and i5 could
form an individual active fault. This fault could
connect to the geometric segment k through a small
Quaternary basin in between them (Fig. 2). The geo-
metric segments / could also extend to the NW.

Long-term slip rate

The quantitative estimation of the fault activity is
the long-term slip rate. The estimation of the long-
term slip rate requires data about the total fault slip
of known age. The summarized data about the thick-
ness of the Quaternary in the Plovdiv Depression
(Aparomanos et al., 1989) and the assumption that



the Quaternary deposition started after MIS 21 or
820 Ka BP (Bassinot et al., 1994) are used for cal-
culation of the long-term slip rate. The long-term
slip rates vary between 0.149 mm/yr and 0.024 mm/yr
(Table 1). The most active fault is the seismogenic
segment c/-c2-e (with or without the geometric fault
segment f).

Calculated in this way long-term slip rate (Tab-
le 1) is underestimated because: 1) the maximum
thickness in the “Quaternary” hanging wall basins
reflects only the downthrows of the hanging walls,
and it is not the total fault slip; and 2) the base of
the “Quaternary” in some basins could be younger
than 820 Ka. Proposed long-term slip rates are ten-
tative, and further absolute dating of the youngest
sediments and landforms is obligatory for better seis-
mic hazard assessment.

Discussion and conclusion

Subparallel set of active normal faults dip toward an
axis in a graben formed in the middle of the Plovdiv
depression. Fault kinematics is consistent to the re-
cent N-S to NNE-SSW extension. All fault segments
are active during the Pleistocene. Most of the faults
seem to be also active during Late Pleistocene and
Holocene time.

Table 1

Determined relationships between surface rupture
length and magnitude on the base of a number of
world-wide events allow calculation of the magni-
tude of an event that a fault of known length can
produce. Magnitudes of the assumed seismogenic
fault segments in the Plovdiv Depression are calcu-
lated fallowing the equations of Wells and Copper-
smith (1994) and Ambraseys and Jackson (1998) in
Table 1. The main active fault segments can generate
events of magnitude between 5.8 and 7.3. The active
faults have slow slip rate. The recurrence interval of
the events is equal to the slip per event divided by the
slip rate. The slip per event for each of the possible
seismogenic fault segment can be calculated from
the seismic moment equation. Taking into account
the large uncertainties in the input data about fault
segment length, fault depth and slip rate, the recur-
rence intervals should vary from 2000 to more than
10 000 years. Recent paleoseimological studies on the
Chirpan fault and the Popovitsa fault also indicate
recurrence intervals of few thousands of years.

The long recurrence intervals and the lack of his-
torical data require paleoseismological study of the
individual seismogenic fault segments in order to
evaluate the potential for future large events. More
precise slip rate, slip per event, recurrence interval,
time elapsed since the last event are characteristics
that must be obtained by detailed survey.

Possible seismogenic fault segments in the Plovdiv Depression, magnitude of events they can generate and long-term slip rate for
the last 820 000 years calculated on the base of maximum thickness of the Quaternary sediments in associated hanging wall
basins. The seismogenic fault segments are indicated by the symbols of the geometric fault segments that they consist of

Moment magnitute,

. . . Mw. E ion fc
Possible seismogenic w- Equation for

Maximum thickness of
the Quaternary in the

Surface-wave

magnitude, Ms. Slip rate since MIS

Length, km normal faults from Equation from hanging wall basins
fault segment Wells & Coppersmith Ambraseys & from JIparomaHoB 1 20 (820 Ka), mm/yr
(1994) Jackson (1998) ap. (1989), m
al-a2-a3-a4 67 7.3 7.2 0,037+0,017%***
bl-b2 >14* >40 >0,049
b3 11 6.2 6.3 >40 >0,049
b4 19 6.5 6.6
b5 30 6.8 6.8
b3-b4 34 6.9 6.9 >40 >0,049
b4-b5 48 7.1 7
b3-b4-b5 62 7.2 7.2 >40 >0,049
b1-b2-b3-b4-b5 >76* >7.3 >7.3
cl-c2 27 6.8 6.8 >60 >0,073
cl-c2-e 50 7.1 7.1 122 >0.149
cl-c2-e-f 60 7.2 7.2 122 >0.149
e 21 6.6 6.6
fg 21 6.6 6.6
d2 6%* 5.9 6
dl-d2 25%* 6.7 6.7
dl-h 38 6.9 6.9 >20 >0,024
d2-d1-h 46** 7 7 >20 >0,024
h 5 5.8 5.9
dl 17 6.5 6.5
i1-i2-i3-i4-i5 51 7.1 7
k-i1-i2-i3-i4-i5 72 7.3 7.2
j 10 6.2 6.3
/ 22 6.6 6.7 70 >0,085
[-m*** 46 7 7 70 >0,085

* The real rupture of the April 18, 1928 MS 7.1 Popovitsa earthquake is larger than the segment bl-b2; ** Possible eastward
continuation; *** Geometric fault segment m is not shown on Fig. 2; **** from Vanneste et al. (2006) for the Plio-Pleistocene

period.
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Pestome. An. Padyaos — Akmuenu pazromu 8 Iliosousckama denpecus u cKopocm Ha 0s420-
cpouHume 08udiceHus no msax. IINOBAMBCKOTO HOHKEHUE € €IMH OT HAall-aKTUBHUTE B CEM3MMY-
HO OTHOIIeHNE paiionu B bwarapus. MecTONOMOXEHNETO HA PA3JIOMUTE, CIIOCOOHU [1a Ipenn3-
BUKAT MOBHPXHOCTHU PA3IOMSBaHUsA B ObCINe, U PA3IOMHUTE XapakTEPUCTUKH, HEOOXO UMM 32
BEPOSTHOCTHA OIIEHKAa HA CEM3MIYHATA OIACHOCT He ca Omim 00exT Ha 00cToiHN npoyuBaHus. B
HacTosaTa paboTa € ONpeneeHO MECTONOJIOKEHUETO Ha TEOMETPUYHUTE PA3JIOMHHA CEIMEH-
TH, TPEJJIOKEHN Ca CIEHAPUU 32 BEPOSITHU CEM3MOTCHHU PA3JIOMHH CErMEHTH U € M3YKMCJICHA
IIBJITOCPOYHATA CKOPOCT Ha pa3JIOMUTE 3a paiona Ha [InoBauBckoTo nonmxenue. JdeduHupane-
TO Ha Pa3JIOMHM CETMEHTH, CHOCOOHU Ha ObIIENI0 NOBBPXHOCTHO pa3jiOMsBaHE, CE OCHOBaBa Ha
CXBaIllaHETO, Y€ TaBa Ca Pa3jIOMHUTE, KOUTO Ca CE€ aKTUBMPAJIM B MUHAJIOTO KaTO Ca OCTABHJIU

cienu B peseda M KBATCPHEPHUTE CEIUMEHTH.

Upe3 reoMop(OJIOKKY aHATU3 CE OTHEIST PA3JIOMHUTE OTKOCH — PE3YJITaT OT MHOTOKPATHH
HOBBPXHOCTHY pa3jioMsiBaHus. JJOmbIHUTEIHHA reOMOPHOIIOKKH OeJIe3n, OCHOBHUTE OT KOUTO Ca
CBBP3aHH C TOPHOIUIEHCTOIEHCKH M XOJIOIEHCKM PEYHU TEepacd, MOAIOMAraTt JOKa3BaHETO Ha
pa3jIoMHa aKTHBHOCT M TpacupaHeTo Ha pasnomute. KBatepHepHUTEe OaceiiHU BBHB BUCSILIUTE
KpHJIa CIyXaT 3a ONpeaesissHe Ha Pa3jIOMHUTE B 3aJIMBHUTE TEPACH HA IIO-TOJIEMUTE PEKHU, KbIETO
epo3uaTa 1 Obp3aTa CKOPOCT HAa CEOUMEHTAIS Ca 3aJIMYIUIA PAa3JIOMHHUTE OTKOCH.

PaznomMHu OTKOCH, pa3feeHd MOMEXAY CH OT HSKOJIKOCTOTHH METPOBH 3aCTBIBAHUS, OT-
CTBIIM WK MAJIKU AepeTa, GOpMHUpAT reOMETPUUCH pa3ioMeH cerMeHT. IIpuema ce, ue aBa reo-
METPHUYHH Pa3JIOMHHM CErMEHTa MOTaT J1a C€ CBBPIKAT B €IMH CEU3MOTEHEH PA3JIOMEH CETMEHT
IpH pascTosiHue 10 2—-3 km MexIy TsX B 30HATa Ha 3aCThlBaHe. IbIKMHATA HA TPENNOJIaraeMu-
T€ CEM3MOICHHHU Pa3JIOMHHM CerMEHTH Bapupa oT 5 km mo moseue ot 76 km. Bp3 ocHOoBa Ha
3aBUCUMOCTHUTE MEXIY IBJDKHHATA HA IIOBBPXHOCTHOTO PA3JIOMSIBAHE U CHJIATa HAa 3eMeTpece-
HHUETO Ca U3YMCIIEHU OYaKBaHUTE MAarauTynu. B [11OBAWBCKOTO MOHMXEHHE MOTaT 1a C€ OYaKBaT

MarHuTyau Mexny 5,8 u 7,3.

AKTHBHHTE pa3joMu B I[TOBIMBCKOTO MOHMKEHUE CE XapaKTEPUUPAT C HUCKU CKOPOCTH 3a
nocaennute 8§20 000 ronunu. Vi3unciaennte AbJIrocpoyHr CKOPOCTH ca OT nopsiabka Ha 0,024-
0,149 mm/roguna. CKkOpOCTHTE Ca MOJILEHEHHU, BEPOSITHO HIKOM OT TAX C ITBTH, 3aIOTO U3MOJI-
3BaHHUTE JeOEeTMHN Ha KBAaTEPHEPHUTE OTIOXKEHHUS OTPA3sBAT CaMO MOTHBAHETO HA BUCSIIUTE
KpHJia ¥ 3aI10TO OCHOBATa Ha KBaTepHEpa B MHOrO OT OaceifHnTe BEpOsITHO € mo-mutana. nrep-
BAJINTE HA Bb3BPBIIAEMOCT Ha CHJIHUTE chOUTHUs ca Mexay 2000 u moseye ot 10 000 roguHy.
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