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Paleoseismological Evidence of Recent Earthquakes on the 1967 Mudurnu

Valley Earthquake Segment of the North Anatolian Fault Zone

by Nikolaos Palyvos,* Daniela Pantosti, Cengiz Zabci, and Giuliana D’Addezio

Abstract This study contributes paleoseismological data on the recent history of
surface-rupturing earthquakes on the southern (main) branch of the North Anatolian
fault zone (NAFZ, Turkey), west of the Bolu basin. We focused on the fault segment
that ruptured during the 1967 Mudurnu Valley earthquake (Ms 7.1), which preceded
the devastating earthquakes of 1999 in the sequence of westward-migrating NAFZ
earthquakes since 1939.

Geomorphological mapping was carried out in a search for trenching sites on the
central part of the 22 July 1967 earthquake segment. In the absence of locations in
sedimentary environments best suited for paleoseismological interpretation of faulted
Holocene deposits, we trenched fluvial channel deposits at a terrace of the gravel-
dominated Mudurnu River.

The most conservative interpretation of the trench stratigraphy and faulting evi-
dence suggests that at least one paleoearthquake (most probably two) occurred after
A.D. 1693. The 1967 earthquake segment has ruptured at least once since the his-
torical earthquake of A.D. 1668, which was previously considered to be a likely
candidate for the penultimate event, and before 1967. It is not possible to confidently
assign the penultimate event to one of the post A.D. 1693 historical earthquakes in
the broader area around the Mudurnu Valley (e.g., the earthquake of A.D. 1719)
because the historical data published so far do not provide conclusive information
about when past ruptures of the Mudurnu Valley branch of the NAFZ (a secluded
area) did or did not take place.

Introduction

The North Anatolian fault zone (NAFZ, Fig. 1) is a ma-
jor, active, and highly seismogenic dextral strike-slip struc-
ture in the eastern Mediterranean, spanning more than
1500 km from eastern Turkey to the North Aegean Sea and
the coast of mainland Greece. It accommodates the westward
extrusion of the Anatolian microplate (Asia Minor), which
is caused by the Arabia-Eurasia collision (e.g., Ambraseys,
1970; McKenzie, 1972; Şengör, 1979; Barka, 1992; Boz-
kurt, 2001; Şengör et al., 2004). The present-day westward
velocity of Anatolia relative to Eurasia is of the order of
22 � 3 mm/yr (Straub et al., 1997), largely accommodated
by the NAFZ.

Whereas the NAFZ consists of one main active branch
at its central part, it becomes progressively more complex
west of the Bolu basin (Figs. 1 and 2a), where a major bi-
furcation occurs. In this area, the southern branch of the
NAFZ follows the Mudurnu River valley (Fig. 2) and is con-
sidered to be the main structure (e.g., Barka, 1992; Neuge-
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bauer et al., 1997; Langridge et al., 2002). The southern
branch of the NAFZ hosted the Mudurnu Valley (1967) and
Abant (1957) earthquakes (e.g., Ambraseys and Zatopek,
1969; Barka, 1996) that preceded the devastating earth-
quakes of August and November 1999 on the western part
of the NAFZ (Figs. 1 and 2a; e.g., Akyüz et al., 2002; Barka
et al., 2002). These recent earthquakes extended farther to
the west the portion of the NAFZ that has ruptured in a quasi-
systematic pattern of westward-migrating, successive large
earthquakes since 1939 (e.g., Ambraseys, 1970; Barka,
1996; Stein et al., 1997), leaving a seismic gap in the Mar-
mara Sea area and heightening the earthquake hazard for the
city of Istanbul (e.g., Atakan et al., 2002).

Knowledge of the spatial and temporal complexity of
earthquake recurrence along large, segmented seismogenic
fault zones, such as the NAFZ, is essential to an eventual
understanding of the behavior of these fault zones and to
reliable earthquake-hazard evaluations (Sieh, 1996). The
aim of this study was to obtain information on earthquake
recurrence on the Mudurnu Valley branch of the NAFZ
(Fig. 2a) and, specifically, the fault segment that ruptured
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Figure 1. The North Anatolian Fault Zone
(NAFZ) and the regional geodynamic setting
(adapted from Langridge et al., 2002). The
NAFZ branches into the northern (N), central
(C), and southern (S) branches west of Bolu.
Indicated are the 1999 (bold) and historic sur-
face rupturing earthquakes on the northern
branch of the NAFZ (medium weight). Ge, Ge-
libolu; Is, Istanbul; Iz, Izmit; Bo, Bolu; Eb, Eb-
baa; Er, Erzincan; Ka, Karliova. (Inset) Sim-
plified tectonic map of Turkey. The Anatolian
(Asia Minor) block is escaping westward due
to the collision of the Arabian plate with Eur-
asia, a motion that is accommodated by the
NAFZ and the East Anatolian Fault Zone
(EAFZ).

Figure 2. (a) The main structures of the NAFZ between Bolu and Izmit Gulf. Back-
ground DEM is not projected. Solid and dashed lines are certain and probable fault
traces, respectively. Faults are predominantly dextral strike-slip, with differing amounts
of vertical component of displacement. Black and white stars mark the geometric seg-
ments that ruptured during the August 1999 and November 1999 earthquakes, redrawn
from Barka et al. (2002) and Akyüz et al. (2002), respectively. Faults compiled from
Şaroğlu et al (1992), Neugebauer (1995), and Herece and Akay (2003a/b) with minor
modifications and additions. Mainly faults that have a geomorphic expression (thus
have been active in the Late Pleistocene-Holocene) are portrayed. Gray rectangle shows
the area covered in (b). Question marks indicate uncertainty in the locations of the
terminations of the 1944, 1957, and 1967 earthquake segments. (b) Solid lines, the
22 July 1967 Mudurnu Valley earthquake ruptures, as mapped in detail by Ambraseys
and Zatopek (1969). Background DEM in UTM projection. Dotted lines, traces of faults
from the literature or based on their geomorphic signature. The fault swarm at the
western part of the area is generally associated with folding (Ikeda et al., 1989). Ques-
tion marks indicate uncertainty in the location of the eastern end of the Iznik-Mekece
branch of the NAFZ (drawn at its northeastern part based on Michel et al. [1995] and
outside their map, along a major lithological boundary that is found at the prolongation
of their fault trace, but is not considered as a fault in Herece and Akay [2003a]). Another
possible fault trace could be along the river just to the southeast of the drawn trace.
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during the 22 July 1967 earthquake (Fig. 2b; Ambraseys and
Zatopek, 1969). With respect to earthquake recurrence, this
is one of the least-studied segments of the NAFZ in western
Turkey (Fig. 2a). Aerial photograph analysis and geomor-
phological field reconnaissance were carried out to select a
suitable site for paleoseismological investigation on the 1967
rupture, where we subsequently excavated a trench.

The Mudurnu Valley, 22 July 1967 Earthquake
Segment and State of Knowledge of Its

Seismic History

The Mudurnu Valley earthquake of 22 July 1967 was a
large (Ms 7.1), complex event (e.g., Pinar et al., 1996) that
caused substantial damage (Ambraseys and Zatopek, 1969)
and may have brought the August 1999 earthquake segment
of the NAFZ closer to failure (e.g., Muller et al., 2003). Am-
braseys and Zatopek (1969) meticulously mapped approxi-
mately 55 km of continuous surface rupture (Fig. 2b) that
probably switched to distributed deformation for an addi-
tional 25 km toward the west (up to Lake Sapanca; Fig. 2a).
The easternmost 25 km of the 1967 surface ruptures over-
lapped (or coincided with) the ruptures of the previous large
earthquake in this part of the zone, the Ms 7.0 Abant earth-
quake of 1957 (Fig. 2a), at an area proposed to be a potential
seismic barrier (Michel and Janssen, 1996).

Ambraseys and Zatopek (1969) reported maximum co-
seismic displacements of 1.9 m lateral and 1.2 m vertical for
the 1967 rupture, but also noted that the far-field horizontal
displacement may have been substantially larger than these
measurements, which were made along discrete surface
breaks. According to the same authors, the coseismic defor-
mation was distributed in a zone ranging from a few meters
up to 2–3 km in width, reflecting the structural complexity
of the NAFZ at a local scale (see Michel et al. [1995] for the
fault structure in the broader area of our trench, or Neuge-
bauer [1995] and Michel and Janssen [1996] for the eastern
part of the Mudurnu Valley).

Although a large number of earthquakes in the broader
region of Figure 2a is recorded in historical accounts (e.g.,
Ambraseys and Finkel, 1995; Ambraseys and Jackson, 1998;
Ambraseys, 2002; Guidoboni et al., 2004), the available in-
formation so far does not allow a confident correlation of
any of these earthquakes to rupture of the branch of the
NAFZ passing through the Mudurnu Valley (a rather se-
cluded place without any large population center; the town
of Mudurnu is actually to the south of the valley; Fig. 2a).
In most cases, there is more than one candidate fault for each
historical event. According to a revision of historical earth-
quake catalogs up to A.D. 1500 by Guidoboni et al. (2004),
several historical earthquakes were strongly felt in the
broader area that encompasses the cities of Iznik (Nicaea),
Izmit (Nicomedia), Mudurnu (Mouthoupolis), Bolu (Clau-
diopolis), and the Duzce plain (Fig. 2a). These earthquakes
occurred in A.D. 29 (or 32), 69, 120, 181, 268, 358, 362,
368, 447, 554, 740?, 967, and 1065. Macroseismic epicenter

determinations by Guidoboni et al. (2004) are only rough
approximations of possible epicentral regions. Among the
earthquakes mentioned earlier, the epicenter that appears
closest to the Mudurnu Valley is that of the A.D. 181 earth-
quake. Ambraseys and Jackson (1998) report also a probable
earthquake affecting the Mudurnu area in 1419. Of the earth-
quakes in the period A.D. 1500–1800 discussed in Ambra-
seys and Finkel (1995), those that involved damage at areas
close to the Mudurnu Valley occurred in A.D. 1668, 1719,
and 1754. The great 1509 Marmara earthquake caused se-
vere damage up to at least Bolu (Ambraseys and Finkel,
1995) and Langridge et al. (2002) propose that the NAFZ
segment that ruptured in 1509 may include the Mudurnu
Valley segment. Large earthquakes in the past (such as 1509
or 1668) may have involved multiple rupture segments of
the NAFZ; for example, the surface rupture of the Erzincan,
1939, Ms 7.8 earthquake was about 350 km (Barka, 1996,
and references therein). A revised catalog for A.D. 1500 to
present by Ambraseys (2004) includes historical epicenters
in the Sapanca Lake area in A.D. 1567, 1878, and 1894.

Paleoseismological studies on the Mudurnu Valley
branch of the NAFZ have been conducted at the central part
of the 1967 rupture by Ikeda et al. (1991) and at the overlap
area between the 1967 and 1957 ruptures by Demirtaş (1996,
2000). In the latter area, trenches were also excavated by
Michel and Janssen (1996), but their results were relevant
mainly to structural analysis. Ikeda et al. (1991) constrained
the penultimate event (the one preceding that of 1967) to be
after A.D. 1480, possibly the large earthquake of 1668. De-
mirtaş (1996) recognized a possible cluster of earthquakes
around 4335–3995 B.C. but did not obtain information about
the more recent earthquake history of the fault zone.

Trench Site Selection and Geomorphology

With the map of the 1967 ruptures by Ambraseys and
Zatopek (1969) as a guide, we focused on locating areas
favorable for trenching along the central part of the rupture
zone, using aerial photo interpretation and geomorphologi-
cal reconnaissance in the field. We ruled out of our inves-
tigation the eastern part of the 1967 ruptures that overlapped
with the 1957 ruptures (Fig. 2b) to avoid obtaining a record
of overlapping ruptures. We also did not consider the west-
ern part of the 1967 ruptures, because there the Mudurnu
Valley branch of the NAFZ splays to several fault strands,
within a zone of diffuse deformation and folding (Ikeda et
al., 1989, 1991).

Finding a promising trench site along the central part of
the 1967 ruptures proved to be difficult, due to (1) stretches
of the rupture being along slopes where landsliding occurs/
has occurred, (2) dense vegetation, and (3) human modifi-
cation or cultivation. Further limitations were posed by the
need to avoid places where the rupture crossed unfavorable
environments for stratigraphic interpretation (e.g., the
valley-side fans that are crossed by the rupture are too
coarse, including those in Fig. 3), or where it followed slopes
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Figure 3. Geomorphological sketch map of the Mudurnu River valley east of Bel-
dibi village, based on 1:18,000 aerial photo interpretation and field reconnaissance.
White: unmapped areas. The 1967 rupture trace is drawn based on the trace of Am-
braseys and Zatopek (1969) and GPS points taken during our field reconnaissance (July
2004). Numbers refer to locations where the exact rupture trace was indicated to us in
the field by eyewitnesses. Ellipse and question marks indicate an area where we were
not able to locate the 1967 rupture. Triangular symbols on alluvial fans point to the
apices of the main fan bodies or of secondary fans on them. (Inset) The original map
of Ambraseys and Zatopek (1969). The two lines on either side of the main rupture
trace at the area of our trench are not indicators of relative motion, but secondary
ruptures. U/D, up/down movement across the ruptures.

where we could expect increased erosion rates, lack of
appropriate material for dating, or lack of stratigraphic fea-
tures useful as piercing points in potential future three-
dimensional trenching.

Given these limitations, our final choice was a gentle
scarp on a terrace of the Mudurnu River (Figs. 3, 4, and 5).
We chose this site for several reasons. First, the scarp is at
the westward projection of a zone where larger cumulative
scarps in older (valley-side fan) deposits were identified in
1:18,000 aerial photographs and in the field, coincident with
the general trace of the 1967 rupture mapped by Ambraseys
and Zatopek (1969) (inset in Fig. 3), indicating that this has
been a persistent fault trace in the recent past. Second, there
was subsequent verification by eyewitnesses that surface
faulting occurred at this locality during the 1967 earthquake;
we also identified the scarp in one of the photographs of
Ambraseys and Zatopek (1969) (Fig. 5a). Third, small ex-
posures of the terrace deposits indicated the presence of finer
(sand and silt) layers and relatively fine gravel (as opposed
to boulders in other locations). Finally, the vertical compo-
nent of displacement at this location would aid in the paleo-
seismic interpretation.

A very detailed topographic survey of the trench site
(Fig. 4) was carried out with a total station. The degraded
coseismic scarp shown in Figure 5a and b is well expressed
in the derived topographic map (scarp S1), with a maximum

height of 0.8–1.0 m, superimposed on a broader ground flex-
ure. The terrace surface behind scarp S1 appears to be back-
tilted, although erosion to the south of the scarp has altered
the purely tectonic morphology, so subtle arching is also
possible.

Scarp S1 is truncated by a north–south-trending, very
subtle erosional feature (R1, essentially a very gentle terrace
riser). To the west of riser R1, a lower scarp (S2) is found
at the projection of scarp S1. The transition between the two
scarps appears to be abrupt, whereas the terrace surface is
much flatter to the south of scarp S2 than to the south of S1.
This contrast across R1 would suggest that at least two earth-
quakes have affected the terrace, separated by incision of the
deformed terrace surface and formation of R1.

We could not pinpoint the exact location of the 1967
rupture immediately to the east of scarp S1 and immediately
to the west of scarp S2. Farther west of S2, scarp S3 (Fig. 4)
is a modified scarp that may be associated with dextral offset
of a nearby channel. To the east of scarp S1, we identified
a gentle west-northwest–east-southeast scarp in the aerial
photographs (S4 in Fig. 4), just north of which smaller gentle
scarps and depressions with more east–west trends were seen
in a field where there has been significant human modifica-
tion. A splay of the fault may be responsible for a pro-
nounced indentation on the riser cut into the valley-side al-
luvial fan (R2), which probably corresponds to a small
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Figure 4. Microtopographic map of the trench site plotted over an aerial photograph
of the site, based on ca. 1500 points surveyed with total station. Elevation contours
every 0.2 m. The 1967 rupture followed scarps S1 and S2 (see Fig. 5). For other
explanations see text.

landslide. Across this indentation an abrupt change in the
riser morphology occurs (the riser is much steeper to the
south of the indentation, whereas the riser edge is also some-
what higher). Eyewitness accounts conflict as to which of
these features (apart from S1 and S2) hosted ruptures in
1967.

For logistical reasons, our trench had to be excavated
before the topographic survey (which revealed the existence
of riser R1). The trench was positioned away from obvious
along-scarp modification. and across a small depression in
front of scarp S2, a feature which, if tectonic and involved
in multiple earthquake ruptures, might have been a trap for
finer (overbank) deposits and a location of increased wetness
(given the shallow water table) with marsh vegetation pro-
ducing in situ organic matter (desirable for dating). Also,
should the depression correspond to a negative flower struc-
ture (e.g., Sylvester, 1988), the existence of more fault splays
would increase the chances of distinguishing paleoearth-
quake events (e.g., Weldon et al., 1996).

General Stratigraphic and Tectonic Features
of the Trench

The trench was 30 m long, about 2 m wide, and up to
2.25 m deep, reaching down to the water table. Both walls
were accurately gridded, with vertical lines at irregular in-
tervals to avoid coincidence with fault zones or anomalous
parts of the trench walls which would cause problems in
photo-mosaicing. Image-warping software was used for on-

site construction of photomosaics, which were used for log-
ging at 1:10 scale.

The trench exposed a suite of gravel-dominated, alluvial
channel deposits, capped by a 0.1- to 0.5-m deposit of brown
colluvium (Figs. 6a and 7) and crossed three parallel fault
zones (FZ1 to 3). FZ1 coincides with the gentle north-facing
surface scarp S2 (at the prolongation of scarp S1, Fig. 5).
Although this scarp and its associated depression were the
reason for the selection of this site, it was found to be a
product mostly of erosion. FZ3 was associated with discrete
faulting of the upper part of the trench stratigraphy, whereas
FZ2 was truncated by erosion and buried.

Between FZ1 and FZ3, very subtle ridge morphology
was observed at the ground surface on the eastern wall and
at the top of unit group E on the western wall (Figs. 6a and
7). This morphology resembles fault-parallel tectonic ridges,
a common geomorphic feature in strike-slip zones at various
scales (e.g., Flemming and Johnson, 1997). Such ridges were
documented along several stretches of the 1967 rupture by
Ambraseys and Zatopek (1969). They are commonly bound
by fault splays on either side and may be parts of composite
morphotectonic features, superimposed on scarps formed by
vertical offset across the fault zone (e.g., Flemming and
Johnson, 1997; Pucci et al., 2006).

Simplified logs of the trench walls are given in Figure
7a and b and brief descriptions of stratigraphic units are in
the Appendix. The general stratigraphic layout is given in
Figure 6a. The youngest unit group is a well-defined channel
(A) that is rich in fine sands and trends parallel to FZ1 (Fig.
6b). These relatively low-energy deposits suggest either a
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Figure 5. (a) The coseismic scarp (S1 in Fig. 4)
at the trench site shortly after the 22 July 1967 earth-
quake (photo from Ambraseys and Zatopek, 1969).
The orientation of the photograph mentioned in the
photo caption in Ambraseys and Zatopek (1969) is
“looking W-NW,” but the true direction is toward the
south-southwest. (b) View of the scarp depicted in (a)
in September 2004 (looking south-southwest). The
view is closer to the western part of the scarp and
more oblique to it than in (a). Dashed line and arrows
indicate geomorphic features that permit correlation
of the site to that depicted in (a). Differences in the
valley side profile in the background are due to a dif-
ferent angle of view. (c) The western termination of
the scarp in (a) and (b), across which the trench was
excavated.

secondary channel of the Mudurnu River or a tributary
stream. Erosion by the stream flowing through channel A
was likely the main agent responsible for the formation of
scarp S2. To the north of FZ1, channel A overlies a larger
channel filled by south-dipping pebble and coarse sand lay-
ers (channel C). To the south of FZ1, channel A overlies an

extensive unit of coarse sands, pebbles, and cobbles (E). At
the central part of the trench, unit group E consists of south-
dipping cross-beds of well-sorted gravel (Figs. 7a and b, 9
and 10; true dip direction about southwest), a structure sug-
gesting lateral accretion inside a large channel of the Mu-
durnu River (possibly a bar deposit; e.g., Reineck and Singh,
1973; Friedman and Sanders, 1978). Unit group E overlies
bedload deposits (coarse pebbles and cobbles) of the Mu-
durnu River that extend all across the bottom of the trench
(unit group Z; Fig. 6a) with different subunits juxtaposed by
the three fault zones. The monotony of the gravel below E
is interrupted by a suite of smaller channels (unit groups F,
G, H, and J in Fig. 6a) between FZ2 and FZ3. Channel H is
filled with a variety of deposits, dominated by sands with
large-scale cross-lamination (mega-ripples or small aqueous
dunes, H5a/b in Figs. 7d and 9). This large-scale cross-
lamination suggests deposition in a substantially deep chan-
nel (e.g., Collinson and Thomson, 1982), which we attribute
to the Mudurnu River rather than a tributary stream. Across
FZ3 on the eastern wall, unit group E progressively fines
toward the south. On the western wall, unit group E is absent
south of FZ3, and group D (smaller caliber gravel interca-
lated in sandy silt) is found in its place.

Fault Zones and Paleoearthquake Recognition

Fault Zone 1

Scarp S2 proved to be mostly an erosional feature but,
it also coincides with a zone of distinct disturbance in the
stratigraphy (FZ1), juxtaposing mismatching units within
channel A (clearest on the eastern wall; Fig. 7a and c). A
down-to the north vertical displacement of about 10 cm is
probable across FZ1, judging from the well defined top of
channel A on the western wall.

On the eastern wall, FZ1 consists of strands splaying
upward from the top of units Z1–Z2 (Fig. 7c). The lower
part of the splayed area (“V”-shaped) is occupied by a
sheared mixture of surrounding units (A6b-c), whereas the
upper part (A6a) is the fine sand and silt of unit A8, enriched
in organic matter. On the northern side of FZ1, fault strand
S1 (Fig. 7c) is a subvertical boundary between mismatching
units (A1 and A6a) and it also offsets the base of overlying
unit 1. Fault strand S2 is associated with discrete displace-
ment of units A14 and A15 (pushed up between S2 and S1;
Fig. 8). On the southern side of FZ1 the only clear fault
strands are S3 and S4 traced with solid lines in Figure 7c
The rest of the structure of FZ1 was difficult to determine.
Dotted lines indicate possible fault strands or cracks, whose
true vertical extents in the trench were masked by intense
bioturbation and postdepositional enrichment in silt.

On the western wall (Fig. 7b), discerning the structure
of FZ1 in detail was impossible because of the predominance
of fine sands and silt in the fault zone (unit A6d). The lam-
ination inside unit A6d was almost completely destroyed,
whereas the upper part of the unit was massive due to en-
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Figure 6. (a) Generalized stratigraphic features of the trench. Capital letters indicate
lithostratigraphic unit groups (channel fills), alphabetically from younger to older. FZ1,
FZ2, and FZ3 are fault zones. FZ1 and FZ3 have been active recently, affecting the
upper part of the stratigraphy, whereas FZ2 is buried. A subtle pressure ridge (pushup)
is superposed on the scarp that coincides with FZ1 (along which the main 1967 rupture
occurred). The ridge is bound to the south by FZ3. (b) The perfectly parallel trend of
channel A with respect to FZ1, indicated by lines parallel to the fault zone, connecting
the same features of the channel cross-profile on the two trench walls.

richment in silt (like A6a on the eastern wall). Coarse peb-
bles and patches of gravel layers “floating” in structureless
fine sands suggest that liquefaction also may have affected
the lower part of unit A6d. Furthermore, large roots have
completely destroyed parts of the A6d stratigraphy. Traces
with solid lines in Figure 7b indicate sharp boundaries of
disturbed gravel layers inside the sands.

A peculiarity about FZ1 on both walls was that we could
not trace a clear-cut fault zone in the lower gravel unit group
Z (Fig. 8). Given that obscure fault segments are less com-
mon in gravel than in finer materials (Bonilla and Lienkaem-
per, 1990), one may argue that at least something should be
visible in the gravel of unit Z, such as rotated clasts or slight
mismatch of facies. In this specific case, the facies was so
coarse and the exposure so small (ca. 50 cm above the water
table) that such indicators could have been missed.

Event Recognition. According to two independent eye-
witness accounts of the 1967 rupture, FZ1 was associated
with surface faulting. The only evidence for recent surface
faulting that we could identify in the trench was small dis-
crete displacement of the base of the uppermost layer of
colluvium (unit 1) on the northern main strand of the eastern
wall. This lack of discrete displacements suggests that the
vertical component of the 1967 rupture at the location of our
trench may have been distributed, involving warping and
discrete offsets too small to detect in the unfavorable de-
posits at hand. This was the style of the rupture observed a
few meters to the east (Fig. 5a), where the surface faulting
formed a predominantly flexural scarp and small discrete
offsets distributed in several left-stepping, small fault strands

trending oblique to the direction of FZ1 (Riedel shears, e.g.,
Sylvester, 1988). Because our trench was located at the west-
ern termination of the scarp in Figure 5a, where deformation
was progressively dying out, we expect that both the total
amount of flexure and the discrete displacements on Riedel
shears were much smaller than those seen in Figure 5a. As
we have mentioned already, the gentle and broad, 0.3–0.4 m
high scarp observed at the surface (S2) is mostly a nontec-
tonic (erosional) feature, corresponding to the southern edge
of channel A.

Based on the clearest stratigraphic evidence we could
observe, an event of sediment deformation (FZ1-1) predat-
ing the 1967 earthquake, should be placed before the de-
position of unit A2 and after units A4 and A3. The base of
unit A2 has a gently undulating, but still very regular shape,
observed for a length of 5.5 m on the eastern wall (Fig. 7a).
It truncates a package of deformed layers below it (Figs. 7c
and 8), forming a clear angular unconformity. The deformed
package is a triangular slice of sands and fine to medium
gravel (units A16, A15, A14, A4, and A3), pushed up and
warped in-between strands S2 and S1. Strand S2 displays
discrete displacement of units A14 and A15 and dies out
upward (Bonilla and Lienkaemper, 1990). The main lami-
nation surfaces within the sands of unit A4 between S1 and
S2 have abnormally steep dips (more than 40�), whereas
subordinate cross-laminae between them are rotated enough
to appear subhorizontal (or horizontal). On the western wall,
where we did not have the same fault configuration, the
steepest dips of the main lamination surfaces within unit A4
do not exceed 25�. We stress that we do not define the event
horizon of FZ1-1 based on fault upper termination (the fault
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Figure 8. The event horizon FZ1-1, at the north-
ern side of fault zone 1 (FZ1, east wall). A triangular
slice of laminated sands (containing also two gravel
layers—A14 and A15) has been pushed up toward the
north and warped in between two fault strands, re-
sulting in much steeper dips of the main bedding sur-
faces in the sands. The deformed slice is truncated by
the nondeformed erosional bottom of the gravel layer
A2.

dies out upward) but, based on the sharp contrast between
the nondeformed base of unit A2 and the deformed deposits
below it.

If we accept two faulting events on FZ1, a point that
appears problematic, given the vertical component of dis-
placement of the 1967 rupture (Fig. 5), is the absence of
vertical offset of the base of channel A, a stratigraphic con-
tact that is clear and was logged with an accuracy of 1–3 cm.
This is not necessarily a problem if only the 1967 rupture is
considered, because channel A is almost perfectly parallel
to FZ1 (Fig. 6b) and its base has a very small inclination to
the west. Given that the 1967 rupture along FZ1 died out at
the location of our trench, the specific geometry of the base
of channel A with respect to the fault zone, in combination
with a small horizontal displacement, and a small vertical
displacement taken up largely by flexure, may explain the
lack of identifiable vertical offset. Small displacement can
account also for the nonvisibility of FZ1 in the small ex-
posure of unit group Z. Yet, one could argue that two earth-
quake ruptures on FZ1 (1967 and FZ1-1) would have likely
left an identifiable imprint. Thus, the discrete displacement

of layers within channel A during event FZ1-1, may be a
secondary feature, restricted to the deposits inside channel
A only. Given that FZ1 was not located just anywhere, but
at the western projection of the 1967 rupture zone shown in
Figure 5, the sediment deformation event FZ1-1 may have
taken place in a context of complex faulting at the termi-
nation of the rupture zone shown in Figure 5, involving per-
haps bedding plane slip (e.g., Weldon et al., 2002), along
the base of channel A. The evidence we have is not enough
to verify this hypothesis, however. In view of the ambigui-
ties involved, we cannot exclude the possibility that sedi-
ment deformation event FZ1-1 may not correspond to de-
formation caused by fault displacement along FZ1, even
though we cannot evoke a simple alternative explanation
involving soft-sediment deformation caused by ground shak-
ing produced by strong earthquakes at nearby faults.

Fault Zone 2

A fault zone juxtaposing units J2 and J3 (channel J)
against Z3 was exposed on the eastern wall (Figs. 6a, 7d,
and 9). Unit J3 consists of well-defined, steeply south-
dipping, well-sorted coarse sand with fine pebble laminae,
with intercalations of wood fragments, abundant nut shells,
and tree spores at the lower part of the unit, near its contact
with unit Z3. These organic fragments are arranged in a fash-
ion as well laminated as the sands inside unit J3, allowing
us to identify that the laminae had been warped against the
J3/Z3 contact. From north to south, the lamination gradually
changes from a southerly to a northerly (antithetic) dip di-
rection, in a manner suggesting drag folding due to dip-slip
displacement. After cutting the wall back a few centimeters,
we also discerned reorientation of pebbles of unit Z3 into a
faint “shear fabric” along the J3/Z3 contact.

On the western wall, evidence for FZ2 is less pro-
nounced. A small occurrence of a sand unit that may cor-
relate to unit J3 was seen just above the water table (unit
without label in Fig. 7b), below unit Z3a. This sand unit is
in sharp contact (0.1 m exposure above the water) with a
package of Z3 gravel to its north. Clast orientations in unit
Z3 appeared to be disturbed, hence the inferred probable
fault at meter 18 in Figure 7b.

Event Recognition. The base of unit H5b (the base of chan-
nel H) continues undisturbed across FZ2 on the eastern wall.
Furthermore, a thin layer of gravel at the base of H5b (drawn
with a dashed line in Fig. 9), was also traced across the lower
part of root zone R1, below root-stirred and silt-enriched
H5b sands (R1� in Fig. 9), without any discernible warping
or offset. In addition, on the western wall where roots do not
obscure the stratigraphic relationships, the base of H5b is
well expressed as a continuous and undisturbed contact. This
is also the case for bedding that we could confidently discern
in the upper part of unit group Z (labeled Z3a in Fig. 7b).
Thus, a faulting event (FZ2-1) can be placed after the de-
position of unit group J and before units Z3a and H5b.
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Figure 9. Photomosaic and log of fault zone 2 (FZ2) and surrounding stratigraphy.
Legend as in Figure 7. Small arrows at the base of unit F1 indicate filling of burrows
inside unit H1. Larger arrow with a question mark in units 200/201 indicates a probable
similar feature.

Figure 10. Photomosaic of fault zone 3 (FZ3) and surrounding stratigraphy. Legend
as in Figure 7.
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Fault Zone 3

Fault zone 3 (FZ3) corresponds to the southern edge of
the subtle ridge morphology observed at the surface profile
(eastern wall, Fig. 7a). The northern branch of FZ3 on the
eastern wall (meter 21) is the best-defined, by truncation of
a well defined channel (G1) across a vertical boundary that
juxtaposes markedly different units (G1 and G2; the use of
the same letter not implying that they are necessarily parts
of the same channel), marked interruption of the continuity
of the stratification in unit E, and offset of the base of unit
1 and unit F2 (Figs. 7d and 10)

On the western wall (Fig. 7b), FZ3 is evidenced by
marked warping of layers in unit E (fault strand S1), the
disappearance of unit group E on the southern side of the
fault zone, a package of well-defined gravel layers inter-
rupted by and trapped between strands S2 and S3, and trun-
cation of channels H3 and H4 (strand S2).

A strong indirect argument in support of FZ3 (and of
important horizontal displacement along it) is that unit G1,
a very well defined and large channel on the eastern wall
(Fig. 10), is absent on the western wall. This cannot be at-
tributed to erosion, because older units belonging to group
H (H1 and H5a) are preserved below unit E1, at the same
height where unit G1 would be expected. The only simple
explanation we can propose is that channel G1 trends
obliquely to a fault zone (channel trend ca. northeast–south-
west or north-northeast–south-southwest and has been offset
horizontally more than the trench width (i.e., more than
2.2 m). Furthermore, bedding recognized inside unit X2
(eastern wall) is not horizontal, as would be expected for a
backswamp deposit but it dips toward the north (Fig. 7d).
The same is true for the base and top of unit X2, to which
the bedding is parallel (Fig. 7a). We thus conclude that unit
X2 records tilting toward FZ3.

The conspicuous subvertical orientation of coarse peb-
bles and cobbles near the southern boundary of unit G2 on
the eastern wall (at meter 22 in Figs. 7d and 10), suggests
that a second branch of FZ3 is probable at this location. But,
other direct evidence of faulting is absent.

On the western wall, the very sharp and subvertical
boundary between units D2 and D1 (labeled S4 in Fig. 7b)
is also the boundary of units H5c/d (observed after cutting
the wall back to see behind a large tree root). Next to S4,
we observed a crack (S5). Yet, we could not trace S4 down-
ward as a shear zone through unit Z4 in more than 1.5 m of
exposure.

Event Recognition. The small vertical offset of the base of
the surface colluvium on the eastern wall (unit 1) indicates
that the northern strand of FZ3 hosted some displacement
during a very recent earthquake. This was likely the 1967
earthquake, judging from the most detailed eyewitness ac-
count we obtained, which mentioned a second rupture a few
meters to the south of the surface scarp (FZ1). We note that

in the area of our trench, Ambraseys and Zatopek (1969)
mapped two secondary ruptures on either side of the main
one (Fig. 3, inset).

On the western wall, fault strands of the northern branch
of FZ3 clearly affect the upper unit groups (E and D),
whereas marked warping of bedding surfaces is associated
with strand S1. The juxtaposition of markedly different units
(E and D) suggests that important horizontal displacement
is possible. In contrast to the eastern wall, the FZ3 strands
are truncated by the base of unit 1 (Fig. 7b). The base of
unit 1 is 28 cm below the ground surface, the same depth as
on the eastern wall. According to the landowner, this is a
depth that plowing has not reached since 1967. Assuming
that the same holds true for the western wall, we may infer
that the 1967 rupture died out laterally from the eastern wall
toward the western. The fact that unit E1 immediately below
unit 1 is clearly deformed suggests a paleoevent after unit
E1 and before unit 1 (event FZ3-1a, Fig. 7b).

An independent argument in support of a pre-1967
event, indistinguishable from FZ3-1a, is the fact that unit X2
is tilted to the north, whereas the ground surface and the top
of units E2 and E3 is not. This indicates at least one pa-
leoearthquake (FZ3-1b) after the deposition of unit X2 and
before the deposition of unit 1. Because of the uncertainty
about its exact position, the event horizon of FZ3-1b is in-
dicated with a dashed rectangle to the south of FZ3 in Fig-
ures 7d and 10. The rectangle indicates the range of possible
stratigraphic positions of the event horizon. We note that
FZ3-1a and b do not refer to different paleoearthquakes, but
to different indicators of a pre-1967 event on FZ3.

According to Ambraseys and Zatopek (1967), the 1967
ruptures were associated to a horizontal offset of 1.40 m in
the broader area of our trench, whereas offsets measured in
neighboring areas to the east and west were much less. The
largest discrete, on-fault horizontal offset measured was
1.90 m, several kilometers to the east (at Taskesti, Fig. 2b).
The fact that channel G1 has been offset horizontally at least
as much as the width of the trench, that is, at least 2.20 m,
suggests that at least one event prior to 1967 must have
affected it, especially if FZ3 hosted secondary ruptures in
1967 (i.e., less than 1.4 m horizontal displacement). This
event (FZ3-1c, a third indicator of the penultimate event on
FZ3) may have taken place after the deposition of unit E,
thus it cannot be discriminated from FZ3-1a and FZ3-1b as
they are defined above. The range of possible stratigraphic
positions of the FZ3-1c event horizon is indicated with a
dashed rectangle to the north of FZ3 in Figures 7d and 10.

On the western wall, although several fault strands
could be identified, recognition of specific events was not
possible: faults either extend all the way to the base of unit
1, or their upward extents could not be defined, since they
were traversing deposits in which faulting would be difficult
to see (unit D2, bioturbated, massive silt with very coarse
sand and very fine pebbles).
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Synthesis of Paleoseismic Evidence

The 1967 earthquake was associated with ruptures on
FZ1 and FZ3. Evidence of pre-1967 faulting or sediment
deformation was recorded on all fault zones observed in the
trench. Event FZ2-1 is based on direct evidence of faulting
and well-defined fault upper termination, whereas a pre-
1967 event on FZ3 can be defined in three possible ways
(FZ3-1a to c). Among the three possibilities, the relatively
larger uncertainties are associated with event indicator FZ3-
1a, which depends on the assumption that the upper termi-
nation of strand S2 of FZ3 below unit 1 on the western wall
(Fig. 7b) is not the result of plowing by humans. Event
FZ1-1 is a clear-cut event of sediment deformation, but there
is uncertainty involved in its attribution to coseismic fault
slip. These uncertainties are noted because FZ3-1a and
FZ1-1 (stratigraphically indistinguishable from each other)
are stratigraphically younger than FZ2-1, and the interpre-
tation of the evidence of one (or both) of them as paleoearth-
quakes would add a second pre-1967 event to our synthesis.
Regardless, a post-FZ2-1 event is still very probable on FZ3,
based on indicator FZ3-1c (indirect evidence of large hori-
zontal offset of channel G1). FZ3-1c is stratigraphically in-
distinguishable from FZ1-1 and FZ3-1a.

Indicator FZ3-1b of the pre-1967 event on FZ3 does not
allow discrimination from FZ2-1 because the relationship
between unit group X and unit Z3a (which buries FZ2 at the
western wall, Fig. 7b) was not revealed in the trench. Fur-
thermore, the relationship between unit X1 (which correlates
with unit X2) and channel H are equivocal. More specifi-
cally, what we have drawn as unit 200 in Figure 7d, is a
mixture of materials (not a primary sedimentary structure),
intensely bioturbated by roots, inside what could be the dis-
turbance zone of an older large root. Our interpretation of
unit 201 was that in all probability it corresponds to a burrow
fill, similar to the smaller ones observed in unit H1 (drawn
in black in Fig. 7d, see also Fig. 10). The latter are filled
with coarse deposits from unit F2 (including pebbles) and
have a similar elongated shape along the sole of unit H1,
which, being fine and thus more compact and stable (as X1
also is), formed a suitable ceiling for a burrow.

In summary, the most conservative interpretation we
may propose is that one paleoearthquake can be considered
certain (FZ2-1, which postdates unit J3 and predates unit
G1), whereas a second, younger one is very probable (FZ3-
1c, which is indistinguishable from the relatively less certain
event indicators FZ3-1a and FZ1-1). FZ3-1c postdates unit
G1 and, if FZ1-1 is accepted as deformation associated with
coseismic slip, it took place during the deposition of unit
group A.

Radiocarbon Dating

In situ organic material was not found in the trench, with
the exception of small gastropod shells in the clay and silt
of H1. Limestone being abundant in the area, older apparent

ages would be expected from the shells due to hard-water
effect (e.g., Weldon and Sieh, 1985; Trumbore, 2000). Thus,
these shells were not preferred over transported material
(that would also give maximum ages for the enclosing lay-
ers). In addition, the distribution of detrital charcoal or pieces
of wood was far from ideal (e.g., we did not have samples
from unit group Z).

We focused dating on the older stratigraphic units for
the purpose of constraining the interval during which the
identified paleoearthquake(s) took place. Results are sum-
marized in Table 1 and sample locations are shown in Figure
7c and d. Sample E30 (calibrated age of A.D. 1217–1408,
Table 1) was a large piece of charcoal inside the fine deposits
of unit X1. Sample E31 from unit X2 (very likely correlative
to X1 across FZ3) yielded a younger conventional age that
calibrates to A.D. 1394–1668.

In an attempt to better constrain the timing of pa-
leoearthquake FZ2-1 (and the probable younger event FZ3-
1c), we also dated two samples from unit J3. Sample E100
consisted of pieces of nutshells and tree spores that were
interbedded in the sands of unit J3. The high concentration
of this material suggested that they were derived from a
source (a tree) not far from the site of deposition; thus, their
age should be very close to the time of deposition of unit
J3. One of three different pieces was selected by the dating
laboratory and yielded a calibrated age younger than A.D.
1693. We also dated a piece of charcoal (E8) that had a
tabular shape, was perfectly oriented parallel to bedding, and
had rounded edges (indicating transportation, thus, exclud-
ing the possibility that it may have been a root). We got an
older conventional age that calibrates to A.D. 1668 or
younger (A.D. 1660 if we use OxCal, which rounds ages to
the nearest decade) (Table 1). Given that both E100 and E8
were transported material, the younger age of E100 provides
a maximum limiting age for unit J3 and the paleoearth-
quake(s) postdating it, which is (are) thus younger than
A.D. 1693.

We also dated a large piece of charcoal from the bottom
of channel A (sample W35, from unit A16; Table 1) to con-
strain the timing of sediment deformation event FZ1-1. No
roots were nearby the sample and no alteration of the sands
was discernible around it. However, the sample yielded a
modern date (A.D. 1950), with only very small probabilities
(�10%) of eighteenth or nineteenth century antiquity. We
can safely exclude that the age of unit A16 (and conse-
quently, also the terrace surface above it) is younger than
about A.D. 1950. Thus, our interpretation for the obtained
radiocarbon age is that we sampled a piece of (broken)
burned root instead of detrital charcoal.

Discussion

According to the radiocarbon ages obtained from unit
J3, at least one—most probably two—paleoearthquake(s)
occurred sometime after A.D. 1693.



1658 N. Palyvos, D. Pantosti, C. Zabci, and G. D’Addezio

Table 1
Radiocarbon Ages of Dated Samples (Stratigraphic Locations in Fig. 7c and d)

Sample Code
and Lab No.*

Material/Stratigraphic
Unit 13C/12C Ratio

Measured R/C Age
(yr BP)

Conv. R/C Age
(13C/12C corr.)

2 r (95.4%)
Calibrated Age

(Calendar Years)

W35
Beta — 196473†

Large charcoal piece
(ca. 2 � 2 � 2 cm)

(unit 17)

�21.8‰ 100.7 � 0.5 pMC (AMS) 100.1 � 0.5 pMC [younger than A.D. 1690]
(8.9%) A.D. 1690–1730
(7.3%) A.D. 1810–1860

(26.2%) A.D. 1870–1920
(53.0%) A.D. 1950–1960

E100
Beta — 196472†

Nutshell (not charred)
(unit 80)

�25.1‰ 30 � 40 BP (AMS) 30 � 40 BP [younger than A.D. 1693]
(22.3%) A.D. 1693–1728
(72.4%) A.D. 1812–1919

(5.1%) A.D. 1952–1956

E8
Beta — 199400†

Flat, subrounded
charcoal piece

(2 � 3 � 0.5 cm)
(unit 80)

�25.5‰ 150 � 40 BP (AMS) 140 � 40 BP [younger than A.D. 1668]
(44.7%) A.D. 1668–1782
(37.9%) A.D. 1797–1893
(17.3%) A.D. 1905–1953

E31
Beta — 201527†

Large charcoal piece
(ca. 2 � 2 � 4 cm)

(unit 58)

�23.3‰ 360 � 90 BP std.
method/extended counting

390 � 90 BP (97.6%) A.D. 1394–1668
(1 r) A.D. 1440–1632

E30
Beta — 196471†

Very large charcoal piece
(ca. 10 � 5 � 5 cm)

(unit 58)

�27.6‰ 730 � 70 BP std. method 690 � 70 BP (100%) A.D. 1217–1408

*Sample W35 has been calibrated with the OxCal software (Bronk Ramsey, 2001), version 3.10. The rest of the samples have been calibrated with the
CALIB software (Stuiver and Reimer, 1993), version 5.0. In both cases, the calibration curves are those by Reimer et al. (2004).

†Beta Analytic Inc., Miami, Florida, 33155.

For comparison, Ikeda et al. (1991) recognized one pa-
leoearthquake that, based on a maximum limiting age from
a piece of wood, occurred after A.D. 1480. The dated piece
of wood was a branch smaller than 1 cm in diameter, and
Ikeda et al. considered that its age should not be substantially
older than the hosting deposit, if reworking and transporta-
tion is considered minimal. Given that the most likely age
of the dated piece of wood is around A.D. 1650, Ikeda et al.
associated the penultimate event to the historical earthquake
of A.D. 1668. This is an interpretation consistent with the
data on historical earthquakes available at the time. How-
ever, it relies on the assumption of minimum transportation
and reworking. Based on newer historical earthquake data
published by Ambraseys and Finkel (1995), the A.D. 1668
earthquake is not the only candidate for the penultimate
event. Interpreting the preceding newer data, Langridge et
al. (2002) propose that the 1967 segment may have ruptured
in A.D. 1509, 1719, and perhaps less likely, in A.D. 1668.
Different readings of the available data are possible though;
and according to N. Ambraseys (pers. comm., 2006), the
A.D. 1509 earthquake is not a likely candidate. Based on our
results, the earthquake of A.D. 1668 cannot have been the
penultimate event. In our reading of the available (pub-
lished) historical data, perhaps the only thing that appears
certain is that the historical record does not include conclu-
sive information about when past ruptures of the Mudurnu
Valley branch of the NAFZ did or did not take place. Thus,
it is not possible to confidently assign the penultimate event

to one of the post A.D. 1693 earthquakes that the historical
data place in the broader area around the Mudurnu Valley.

If we consider a second paleoearthquake before 1967
(FZ3-1c, indistinguishable from the sediment deformation
event FZ1-1), we have two pre-1967 earthquakes since A.D.
1693. Such a conclusion does not necessarily contradict the
results of Ikeda et al. (1991), because, in the fluvial envi-
ronment in which both trenches were excavated, it is pos-
sible that the deposits in the Ikeda et al. trench were all
younger than our older probable second paleoearthquake.

We note that, whereas recurrence intervals of the order
of 200–300 years appear a reasonable general estimate for
the NAFZ as a whole (e.g., Langridge et al., 2002), geolog-
ical and historical evidence on segments in the neighborhood
of the Mudurnu Valley allow for both nonuniform and short
recurrence intervals. As far as the Bolu earthquake segment
is concerned (last rupture in 1944), whereas the recurrence
interval between the last two earthquakes has been 276 yr
(according to Kondo et al., 2005), Okumura et al. (2005)
propose that earthquakes occur in clusters, with recurrence
intervals that may be as short as 100 yr, based on five pre-
1944 earthquakes. Pantosti et al. (2004) recognized three
events (including November 1999) during the past ca. 300 yr
in trenches on the November 1999 Duzce rupture (north of
the Mudurnu valley; Fig. 2a). At one site (Mengencik/Fin-
dikli area), people living next to the 1999 rupture recalled
narratives of their grandparents about an earthquake rupture
at the exact same location, ca. 100 years ago. Ambraseys
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(2001) proposes that the Izmit earthquake of August 1999
(just west of the Mudurnu Valley) may have been preceded
by a similar event only 105 years earlier, in 1894. Tsutsumi
et al. (2002) and Emre et al. (2003) report three or possibly
four surface-rupturing events on the Izmit subsegment of the
August 1999 rupture (including the 1999 rupture) since the
seventeenth century (average recurrence interval, 100–
150 yr), a result presumably superseding that in Toda et al.
(2001) from the same trenches. Rockwell et al. (2003) rec-
ognized two and three surface ruptures during the past 300
years (including 1999) at successive subsegments of the Au-
gust 1999 rupture, the eastern of which (Lake Sapanca sub-
segment, three ruptures) also experienced less slip in 1999,
suggesting an intervening soft-segment boundary. They also
propose that partial rupture or incomplete strain release of
geometric segments of the NAFZ is possible, resulting in
more frequent earthquakes for those segments. All the pre-
ceding suggest that a scenario with two paleoearthquakes on
the 1967 earthquake segment since A.D. 1693 is not at all
excessive. This is even more the case if we consider that,
rather than corresponding to different cycles of NAFZ activ-
ity, ruptures closely spaced in time may be part of the same
cycle. In other words, successive ruptures like those of 1957
and 1967 may have overlapped at different areas in past
cycles.

Conclusions

To obtain constraints on the recent seismic history of
the Mudurnu Valley branch of the NAFZ, we searched for
trenching sites at the central part of the 22 July 1967 earth-
quake segment. In the absence of suitable trenching loca-
tions in sedimentary environments well suited for paleoseis-
mological interpretation of faulted deposits and for dating of
paleoearthquakes, we trenched fluvial deposits at a terrace
of the gravel-dominated, braided Mudurnu River.

The most conservative interpretation of the trench stra-
tigraphy and faulting evidence suggests that at least one pa-
leoearthquake (most probably two) occurred after A.D. 1693.
Consequently, the 1967 earthquake segment has ruptured at
least once after the historical earthquake of A.D. 1668, which
was previously considered to be a likely candidate for the
penultimate event. We cannot confidently assign the penul-
timate event to one of the post A.D. 1693 historical earth-
quakes in the broader area around the Mudurnu Valley (e.g.,
the earthquake of A.D. 1719). This is because the historical
data published so far do not provide conclusive information
about when past ruptures of the Mudurnu Valley branch of
the NAFZ (a secluded area) did or did not take place.
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Şengör, A.M.C., O. Tuysuz, C. Imren, M. Sakinc, H. Eyidogan, N. Gorur,
X. Le Pichon, and C. Rangin (2004). The North Anatolian Fault: a
new look, Annu. Rev. Earth Planet Sci. 33, 1–75, doi 10.1146/
annurev.earth.32.101802.120415.

Sieh, K. E. (1996). The repetition of large-earthquake ruptures, Proc. Natl.
Acad. Sci. 93, 3764–3771.

Stein, R. S., A. A. Barka, and J. H. Dieterich (1997). Progressive failure
on the North Anatolian fault since 1939 by earthquake stress trigger-
ing, Geophys. J. Int. 128, 594–604.

Straub, C., H. G. Kahle, and C. Schindler (1997). GPS and geologic esti-
mates of the tectonic activity in the Marmara Sea region, NW Ana-
tolia, J. Geophys. Res. 102, no. B12, 27,587–27,601.

Stuiver, M., and P. J. Reimer (1993). Extended 14C database and revised
CALIB radiocarbon calibration program, Radiocarbon 35, 215–230.

Sylvester, A. G. (1988). Strike-slip faults, Bull. Geol. Soc. Am. 100, 1666–
1703.

Toda, S., H. Tsutsumi, T. Y. Duman, O. Emre, M. Okuno, S. Ozalp, F.
Tokay, A. Dogan, T. Haraguchi, H. Kondo, N. Sugito, T. Nakamura,
O. Parlak, and R. Ciplak (2001). Recurrence interval of the Izmit-
type earthquakes along the Western North Anatolian fault, AGU Fall
2001 Meeting Abstr. S52C-0650.

Trumbore, S. E. (2000). Radiocarbon geochronology, in Quaternary Geo-
chronology: Methods and Applications, J. S. Noller, J. M. Sowers,
and W. R. Lettis (Editors), AGU, Washington, D.C., Reference shelf
4, 41–60.

Tsutsumi, H., S. Toda, O. Emre, M. Okuno, S. Ozalp, C. Yildirim, K.
Takada, and T. Nakamura (2002). Recurrence of large earthquakes
on the 1999 Izmit surface rupture, North Anatolian fault, Turkey,
AGU Fall 2002 Meeting Abstr. S11B-1152.

Weldon, R. J., and K. E. Sieh (1985). Holocene rate of slip and tentative
recurrence interval for large earthquakes on the San Andreas Fault,
Cajon Pass, southern California, Geol. Soc. Am. Bull. 96, 793–812.

Weldon, R. J., T. J. Fumal, S. K. Powers, K. M. Pezzopane, K. M. Scharer,
and J. C. Hamilton (2002). Structure and earthquake offsets on the
San Andreas Fault at the Wrightwood, California, paleoseismic site,
Bull. Seism. Soc. Am. 92, no. 7, 2704–2725.

Weldon, R. J., J. McCalpin, and T. K. Rockwell (1996). Paleoseismology



Paleoseismological Evidence of Recent Earthquakes on the 1967 Mudurnu Valley Earthquake Segment 1661

Unit Description

1/1a 1: Dark brown silt with pebbles (not bedded).
1a: ploughed upper horizon

A1 Fine sand, silt, and fine pebbles, bioturbated and enriched
in organic matter at its upper part

A2/2a Pebbles and cobbles in matrix of fine pebbles (2) and sand
(2a)

A3/4 Laminated fine (3) and medium (4) sand
A5 Laminated medium/coarse sand, interfingering with

pebbles (up to medium pebbles)
A6a-c [E Wall] (6a): Pedogenic alteration of unit A8 above fault

zone 1. (b,c): Mixture of sheared units inside fault zone 1
A6d [W Wall] Root-stirred (and liquefied?) A8 sands and

gravel. Pedogenic alteration and enrichment with organic
matter at the upper part

A8 [E wall]: Laminated fine/medium sand (same as A3, 4 and
5). [W wall]: Laminated fine/medium sand with pebble
intercalation.

A9 Very coarse pebbles in matrix of coarse sand/very fine
pebbles

A12 Medium pebbles in matrix of very fine pebbles and coarse
sand

A13/13a (13): Bedded coarse sands grading to very coarse pebbles.
(13a): Laminated medium/fine sands

A14 Medium pebbles in matrix of coarse sand/very fine
pebbles

A15 Pebbles up to small cobbles in matrix of coarse sand/very
fine pebbles

A16 Laminated fine/medium sand with silt intercalations. Layer
containing very coarse pebbles at its base.

A17 Pebbles and small cobbles in matrix of coarse sand/very
fine pebbles

A18 Medium to coarse pebbles in matrix of coarse sand and
very fine pebbles

A19 Pebbles and small cobbles in matrix of sandy silt
C1/2 Pebbles (up to very coarse) (1), grading laterally to coarse

sands (2)
45 Well-sorted, bedded fine/medium sand, gray.
D1 Fine to coarse pebbles, coarse sand
D2 Silt and very coarse sand/very fine pebbles

Unit Description

E1-3 (1/2): Alternating layers of coarser or finer pebbles and
cobbles in matrix of fine pebbles and coarse sand. Well-
defined beds with apparent dip to the South (1).
(3): generally finer than 1 and 2 (coarse sand and fine
pebbles dominant, grading up to coarse pebbles)

F1-3 Coarse sand (1); coarse sand with coarse pebbles and
cobbles (2); pebbles and cobbles in silt matrix (3)

G1 Well-sorted very coarse pebbles and small cobbles.
Orange pebbles (by oxidation).

G2 Small boulders, cobbles and pebbles in silt. Orange
(oxidation).

H1 Clay and silt, light brown
H2 Coarse sands and fine pebbles with orange oxidation

mottles
H3/4 Coarse pebbles and small cobbles, in coarse sand (3)/silt

(4)
H5a/b/c Laminated fine sand, yellowish, large scale cross-bedding

in a and b
H5d Medium and coarse sand
H5e Fine to coarse well-sorted pebbles in matrix of sand and

silt. North-dipping cross-beds
H5f Coarse pebbles in silt
57 Fine to coarse pebbles in silt
X1/2 Silt, with clay and very fine sand (1), Laminated silt and

clay and very fine sand (2)
J1-3 (1): Medium sands with trough cross-bedding, intensely

bioturbated near FZ2 (2). (3): Medium to coarse sands and
fine pebbles (fining downdip), gray, laminated, lower part
grayish blue from underlying grayish-blue clay layer.
Nutshells, spores and pieces of wood interbedded with the
sands at the lower part.

Z1 Pebbles, cobbles and boulders in matrix of very coarse
sand and fine pebbles

Z2-4 Coarse pebbles and cobbles in matrix of fine pebbles and
coarse sand. Z3 was distinctly less coarse than Z2.

200 Pebbles in coarse sand matrix, disturbed by bioturbation
(old roots or burrows infilled with silt)

201 Pebbles in coarse sand matrix (filling a burrow)

of strike-slip tectonic environments, in Paleoseismology, J. McCalpin
(Editor), Academic Press, San Diego, 271–329.

Appendix

Descriptions of stratigraphic units encountered in the
trench, following the Wentworth grain size classification.
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