Published in Special Volume: " The 1999 | zmit and Duzce Earthquakes. Preliminary Results"
Eds. A.Barka, O.Kozaci, S.Akyuz, and E.Altunel), ITU, Istanbul, 2000.

THE 1999 EARTHQUAKE SEQUENCE ALONG THE NORTH ANATOLIAN
TRANSFORM AT THE JUNCTURE BETWEEN THE TWO MAIN RUPTURES

L eonar do Seeber?
John G. Armbrustert
Naside Ozer?
Mustafa Aktar®
Serif Baris®

David Okaya®

Y ehuda Ben-Zion®
Ned Field*

1lamont Dohety Eath Observaiory of Columbia Universty, Pdisadess, NY  10964;
<nano@l deo.columbia.edu>

2The University of Istanbul, Geophysical Engineering Department, 34850, Avcilar, Istanbul

3Kandilli Observatory of Bogazici University, 81220, Cengelkoy, Istanbul

4University of Southern California, Los Angeles, CA 90089

I ntroduction

The Northern Anatolia fault system extends east-west for over 1600 km across Turkey and is one of
the world's mgor fast-moving continental transforms, comparable to the San Andreas transform in
Cdifornia The Anatolia block south of this transform moves west a about 24 mm/y relative to the
Adan plate to the north (Rellinger et d., 1997). This motion is ascribed to the combined effects of
north-south convergence between the Arabian and the Asian plates and subduction rollback in the
Mediterranean (e.g., McClusky et d. 2000). Six distinct M7+ earthquake sequences have ruptured
this boundary progressvely from east to west beginning in 1939 (Barka and Kadinsky-Cade, 1988;
Barka, 1996). The most recent and westernmost of these sequences occurred in 1999 and includes
the Mw7.4 Izmit and Mw7.1 Duzce earthquakes. These two mainshocks ruptures were contiguous,
they ruptured several distinct segments of the northern strand of the North Anatolia fault for about
160 km (e.g., Reilinger et d., 1999; Toksoz et d., 1999; Armijo et al., 1999; Hartleb et a., 1999).
This sequence was very dedructive in a large region of northwestern Turkey with many densdy
populated and indudtridized aress, including parts of the city of Istanbul. The 1999 sequence may
aso have rased the likdihood of future large earthquakes in the "seismic gap" across the Marmara
Sea which threstens more directly the Istanbul metropolitan area. It is dso one of the best
documented sequences to rupture a continental transform and may serve as a prototype of maor
earthquakes in other populated regions such as Cdifornia In this paper we present preiminary
results obtained from a network of earthquake recorders covering the portion of the 1999 source
zone near the juncture between the August 17 and the November 12 ruptures.

We refer to both M7+ events in 1999 as "mainshocks’ because they were associated with clearly
diginct aftershock sequences and fault ruptures. But these ruptures are contiguous and close in time
50 that the second "mainshock™ could be consdered an aftershock of the first one. Whether or not
the second event is an "aftershock” is not just a matter of semantics, but reflects distinct hypotheses
about the coupling between these large events. By consdering both "mainshocks' to be in the same
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sequence we wish to leave open a wide range of posshilities about the nature of this coupling.
Preiminary results relevant to thisissue are briefly addressed in this report.

The Karadere Seismic Network

The two mainshocks in 1999 ruptured severd digtinct segments of the northern strand of the North
Anatolia fault (eg., Reilinger e d., 1999; Toksoz et a., 1999; Armijo & d., 1999; Hartleb et 4d.,
1999; Hartleb and Dolan, 2000). We operated a seismic network of 10 sations for dmogt hdf a
year and a high-resolution 16-seismometer fault array at the center of the network for three weeks.
Our network covered the 50-km-long Karadere segment, the eastern-most segment that ruptured in
the firg manshock on August 17 with surface right-latera displacement of 1.5 m (Figure 1). The
Karadere segment strikes ENE and is expected to act as a restraining bend, like the Mojave section
of the SAF. The reverse or thrugt faulting in the foca mechanism of the Mw4.9 earthquake on
7/11/99 and the rdatively high devation (Figure 1) are consgtent with this idea. The surface trace
of the Karadere segment follows a narrow vdley across a drainage divide where pre-Quaternary
rocks are exposed. The rest of the August 17 rupture to the west surfaces through aluvia or
submerged basins.

Our intermediate-spacing 10-station network aong the Karadere segment was operative for about
55 months, from a week after the firds mainshock to mid February 2000, or about three months
after the second mainshock. During the last three weeks of the deployment, we operated a dense
"T" aray of 16 high-gain (L22) sensors in the middle of the network: 12 sensors in a ~0.7-km line
across the August 17 rupture and 5 sensors in a = 1-km line dong the fault. While the aray was in
place we augmented the network with an additiond high-gain (L22) dation to the east to improve
our resolution on the sources for the array and detect fault-zone trapped waves a high resolution
(e.g., BenrZion, 1998).

All sations had REFTEK recorders operated in a triggered mode. They dl recorded high-gain three
component L22 sensors. In addition, dl but two of the 10 long-term network stations recorded three
srong-motion components from force-balance accderometers (FBA). Stations MO (for the full
deployment) and GE (only the first two months) recorded 3 broad-band components from Gurap
CMG-40T (red symbolsin Figure 1 mark stations operative for most of the deployment).

All sensors were ingdled near the ground surface and far from any above-ground structure. The
broad-band sensor a station GE was mounted on bedrock. All other sensors were coupled to solil
resting directly on bedrock, not on sediments in an active basin. All L22's and some of the FBA's
(a BU, LS, TH, CL, CH, SL, and PO) were buried below the root mat. Other FBA's (at BV, VO,
WF, FI, TW and FP) were fastened to buried wood blocks. This ingdlation method alows the
FBA's to be protected from moisture at the ground surface. Since the dengty of wood and soil are
amilar, the FBA is expected to remain coupled to the soil even in strong ground motion. The FBA
a CH was inddled in a samdl buried masonry tank empty of water. After the strong ground motion
on November 12, none of the ingalations showed evidence of permanent deformation, either of the
ground around the sensors or of the sensors relative to the ground, and al sensors were found to be
gl satisfactorily coupled to the ground.

Despite the particularly harsh 1999-2000 winter conditions in western Anatolia, the Karadere
network was characterized by low-noise inddlations which operated nearly free of falures. Based
on <Hective andyds of the data (Figure 2), we are confident that most of the 24K+ triggers
coincident a 6 or more dations are earthquakes in the network area.  About 1/3 of these events
(7,745) were recorded by at least one FBA (Figure 3).The data from the Karadere network sample
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thousands of sources spanning many orders of magnitude. They dso sample a a range of distances
across and dong the fault zone. Near the fault zone ground motion was sampled in a tight array
with 50-100 m spacing.

Aftershock Hypocenters and Seismogenic Depth Range

Preliminary andysis includes about 1000 hypocenter locations based on our data done for subsets
of earthquakes selected according to time, space, and Size range. These hypocenters are based on a
1-dimendgond veocity modd given in Sdlami e d.1997. The epicenters are shown in Fgure 2
where color coding refers to the time of the earthquakes. Only hypocenters with ERH and ERZ
=<3.0km obtained by usng HYPOINVERSE (Klein,1978) for 6 or more stations are shown in the
cross-section (Figure 4). Higher resolution hypocenters are expected from a more complete
andysis of our datain combination with data from other networks.

The hypocenters reported here ae very prdiminary, nevethdess they illuminate interesting
dructura detail, such as the Karadere fault steeply dipping to the north (Figure 4). The depth range
of sagmicity in this ssgment of the North Anatolia transform and dong portions of the San Andreas
tranform are dmilar. The hypocenters illuminate brightly the Karadere ssgment over the depth
range 8-14 km, but not above (Figure 4). Most of the hypocenters within range of the Karadere
network are between 5 and 15 km deep (Figure 5). This remarkable lack of shdlow aftershocks is
relidble because our dations are didributed in the immediate vicinity of the rupture (Figures 1 and
2). Vay few events recorded at these dations exhibit S-P times <1 sec. A lack of shdlow
saigmicity has been noted in pats of the San Andreas trandform, and has been ascribed to the
fractured and wesk nature of the crust in tectonicdly active environments (eg., Scholz, 1999, p.
85). Tectonicdly stable continenta regions produce rdatively little sasmicity, but much of it is
concentrated in the upper 5 km of the crust (Seeber et a., 1996). This contrast in seismogenic depth
range between active and inactive continenta regions is reevant to the mechanicd behavior of the
crust, but aso to hazard from earthquakes.

One important question is whether lack of shdlow aftershocks is indicative of low radiated seismic
energy in the same depth range of the manshock rupture. Reaively week radiaion from the
shdlow depth is consgent with the surprisngly low pesk acceeration (0.1g) from the November
12 mainshock recorded a our station BV which is located very close to the western terminus of that
rupture (Figure 6). It is dso condgent with apparent lack of particulaly high damage in the
immediate vicinity of the rupture, except for damege from didocaion dong the rupture trace.
Integration of this acceleration record in an attempt to recover the veocity and displacement
hisories (Figure 6) suggests complex and persstent long-period motion (5-10 seconds). The
directivity of the fird motion of the mainshock & BV is consgent with a nucleation point “15 km
eest of BV, as given by the Kandilli Observatory (Figure 1), and is smilar to a much smaller
aftershock (Figure 7). This energy may represent surface waves trgpped in the Duzce basin (eg.,
Frankel, 1993), but it could dso reflect late- or post-seismic cregp of the shdlow portion of the
rupture (eg., Sharp and Saxton, 1989). This hypothess is consstent with the relatively high energy
levd in the 3-10 seconds period for the firgt aftershock we have andyzed, 19 minutes after the
manshock (Figure 108). Many other recordings are avalable during that time. This hypothess may
therefore be tested by sysematicdly investigating dl avalable data after the mainshock for long-
period sgnd.

Secondary Faults



Smdl eathquakes gem from dip events on reativey smdl faults or fault patches Large faults
may be "illuminated’ by smdl earthquekes if a sufficent number of such patches on that fault are
represented as hypocenters. The “1000 hypocenters currently available from our network are
primarily from before the 12 November mainshock. Mogt of these hypocenters are distributed in
two broad clusters centered near the two geometric sngularities marking the ends of the Karadere
segment: the extensond ggp and “15° bend at the northeastern end of the segment (and of the
August 17 rupture); and the “20° bend and gap in the surface rupture at the southwestern end of the
segment. A relatively smdl portion of the hypocenters are concentrated in a narrow tabular zone
goatidly associated with the Karadere segment (Figures 2 and 4). This correation illustrates the
resolution offered by the hypocenters. The sharp image of the fault is consgent with our dam of
relative location accuracy of 1-3 km, depending on the distance from the network. Thus the broad
clusters are red, they are not images of narrow zones distorted by poor locations. The saismicity
sampled in Figure 2 is didributed across volumes between master drands of the North Anatolia
transform; it is confined by these drands, but mogt of it is not on them. The internd sructure of
these broad clusters suggests complex sysems of faults which, however, cannot be individudly
resolved from these preiminary results.

Our hypocenters suggest that many of the aftershocks originate from secondary faults, possbly
cross faults draddliing the volume between main drands. The concentration of these aftershocks
near geometric complexities aong the master faults is consstent with the notion that the secondary
faults respond to sress concentrations near abrupt changes in the geometry and dip-digtribution
adong the main rupture and contribute to the overal drain. We speculate, moreover, that they will
show a wide variety of fault kinematics, just as regiona focd mechanisms in western Turkey do
(eg., Dziewonski et d.,1981; Stein e a.,1997; Nabant et a.1998; Gurbuz et d., 2000). The
Mw4.9 on 7/11/99 (Figure 1) is located close to the Karadere segment but its focal mechanism
(Harvard) is inconggent with right-laterd motion on this fault. While the saismogenic moment
released by these faults may be smdl, a sgnificant contribution to the totd drain in the sequence is
possble if they are dipping primarily by cregp. Shdlow dipping norma faults are often mapped in
transtensonal zones, but are rarely the sources of large earthquakes. Creep may be a particularly
important mode of dip for these faults.

Near-Fidd Ground Motion of the November 12 Mainshock

Eight 3-component forced-balance accelerometers (FBA'S) recorded on scale the ground motion of
the Mw7.2 mainshock on November 12, 1999. The dation parameters are listed in Table 1.

Tablel1

FBA recordings of Mw7.1 November 12, 1999

STATION PEAK ACC. (9) DISTANCE
Z NS Ew TO RUPTURE

BV 0.07 008 0.10 0.01?km

VO 019 089 051 10 km

FP 010 015 0.14 10 km

WF 006 016 0.12 14 km

F 0.09 012 0.26 15 km

LS 005 010 0.13 17 km

CH 0.02 0.04 0.03 28 km

BU 0.02 0.03 0.05 31km



Our recordings of the November 12 mainshock sample the near-fidd of this Mw7.2 (USGS)
rupture in the aong-srike quadrant westward from its western terminus (Figure 1). The closest
recording is from this terminus a “30-cm scarp formed at a distance of about ten meters from the
sensor a dtation BV. Peak accderaions at seven of our eight sites were smal compared to the 0.8g
peak acceleration recorded at Bolu (Figure 8) "30 km east of the eastern terminus d the rupture.
Peak accderations in Karadere were aso generally smaler than ones measured a smilar distances
for the M7.4 August 17 mainshock (Figure 8). These differences might be accounted for by source
factors, such as magnitude, stress drop, rupture-propagation, and radiation pattern. Systematic
differences in dSte response may aso be a factor since the stations of the Karadere network were on
bedrock and at least some of the other stations were not. It is critical to understand the nature of the
large differences in peak ground motion recorded near the 1999 mainshocks (Figure 8).

Among the rdaively low accderaiions from the November 12 manshock recorded by the
Karadere network, station VO stands out as having recorded high acceeration, possibly the highest
measured acceleration from either of the mainshocks (Figure 8). Site VO with 0.9g is on the surface
trace of the Karadere segment, 10 km from the west terminus of the source (Figure 1). Only 400m
from this dte and 200m off the fault trace, peak acceleration recorded at station FP was 0.16g, five
times lower (Figure 9). At another Site on the trace of the Karadere segment 17 km from the source,
however, pesk acceeration was only 0.15g and was smilar to peak accderations away from the
faut trace a a smilar distance from the source (Figure 8). These measurements suggest that ground
maotion may be severdy amplified adong the fault zone but only locdly. A persgent high
amplification & VO is suggested by the unusudly large number of triggers at this dtation. Trigger
for dl FBA's were set at the same leve, but he rate of triggers a VO is consgently about 2X the
rate of triggers a ether of the two companion dations =0.5 km from VO and the trace of the fault
(FP or TW; Figure 3, note log scale). Spectrd ratios for the on/off fault station pair VO/FP show
amilar large amplification & VO over a wide range of earthquake sze, from M4.0 to M7.2 (Figure
10b). These prdiminary results suggest that Ste condition is probably the main cause for the high
acceleration a VO. Specific topographic and near-surface geologic conditions a the fault-zone ste
VO may play a critical role in the high accderation. The data from the Karadere network samples
thousands of sources spanning many magnitudes at a wide range of distances across and aong the
fault zone. Thee data are ided for diginguishing the various factors thought to affect ground
motion near the trace of a fault, such as fault-zone trapped waves, non-linear response, and
amplification above topographic highs and near- surface low-ve ocity materid.

Some of the prdiminary results from the on/off fault dtation par VO/FP suggest systemdtic
dependency of amplification characteristics on the sze of the source. Each of the spectrd iatios for
earthquake sources in Figure 10b have a broad ~ x10 peak in the range 25 hz. These peaks seem to
be systematically centered at lower frequency the larger is the earthquake. If these pesks reflect the
same resonance, a shift to lower frequency for larger ground motion may reflect weskening of the
subsurface materia caused by the motion and a non-linear response (Joyner and Chen, 1975). This
shift to lower frequency, however, is not combined with lower amplification factors (eg., Fidd &
al., 1998).

Another intriguing tentative observation is that the spectrd ratio of the background noise sample
just prior to the mainshock shows no evidence of rdative amplification (Figure 10b). The x2-x3
peaks between 13 hz may not be sgnificant (Field and Jacob, 1995). In contrast, the spectra ratio
of "noisg’ 19 minutes after the mainshock shows dgnificant peeks (Figure 10b). The second
"noisg" sample may contain sgna from smdl eathquakes and so a possble interpretation is that
only earthquake sgnals are amplified. Alternatively, the srong mation in the manshock may have
had a prolonged or permanent effect on the Ste characterigics. In line with this second hypothesis,
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the onset of the Rwave a VO and FP from the main shock is remarkably smilar in both shape and
amplitude (Figure 8b). Half a second &fter the onset, the amplitude reaches 0.1g; shortly afterwards,
the motion becomes incoherent and amplified a VO. A sydematic survey of spectrd ratios of
earthquakes and noise before and after the mainshock would likedly darify this issue and possibly
illugtrate an interesting complex response a the fault-zone site VO.

Discussion: Seismo-Tectonic Setting of the 1999 Sequence.

Throughout its length, the North Anaolia tranform tends to follow the pre-exiging sructurd
fabric inherited from the older collisond regime (Yilmaz e d., 1997; Okay e d., 1999; Yigitbas
et d. 1999). In the centrd portion of the transform the relative plate-motion vectors appear to be
padld to the trandform which, in turn, is pardld to the margin of the Black Sea and to older
dructure. The corrdation between tectonic fabric and kinematics may account for the reatively
smple behavior of this portion of the trandform. The plae motion is dmogt entirdly accounted for
by a sngle fault strand and by rdatively rare large ruptures. In contrast, the western portion of the
transform is multibranched and is characterized by abundant background seismicity diffused in a
broad swath. This complexity may be ascribed to divergence between the reative plate motion,
which in northwestern Turkey is oriented east-southeast (Rellinger et d., 1997), and the east-west
trending pre-exiging dructurd fabric and passve margin. The plate boundary tends to follow the
pre-exiging fabric (e.g., Steckler and ten Brink, 1986) and consequently it is generdly oblique to
the relative motion vector in the Marmara region such that an extensona component must dso be
accommodated.

The trangtion from a rdaivey smple, narow, and purdy right-lateral to a complex, wide, and
right-extensona boundary occurs near Bolu, where the North Anatolia fault undergoes the first of
a series of westward bifurcations and is associated with a series of fault-controlled basins (Barka,
1996; Figure 1). The 1999 sequence ruptured the northern branch of this bifurcation for over 160
km. This sequence advanced westward the tip of the rupture in a secular progresson and fits the
compelling modd of a series of mechanicdly interdependent ruptures (Stein et a., 1997; Nabant et
a., 1998). Smilarly to some of the previous sequences in the series, however, the 1999 sequence
complicates the picture in at least two interesting ways. Firgt, the 1999 compound rupture nucleated
in the Gulf of Izmit and propagated mostly esstward, in the opposte direction from the secular
progression. The rupture reached as far as the Duzce basin on August 17 and on November 12 it
continued to the east for another “40 km (Figure 2). It appears to have stopped a few tens of km
ghort of the bifurcation on the North Anatolia fault near Bolu. Secondly, the eastern hdf of this
compound rupture overlapped the most recent ruptures, in 1957 and 1967. These ruptures were on
the southern branch of the transform (Figure 1). Thus, a dip event on a strand of the plate boundary
may not necessarily release dress and retard rupture on a pardle strand. Secondary faults may
have arole in the coupling between pardld strands.

The moment rdeased in the two main 1999 ruptures is dmos completely right-latera and has
accounted for little or no extenson (eg., Rellinger et a., 1999; Toksoz et d., 1999; Armijo & 4a.,
1999; Hartleb and Dolan, 2000; Figure 1). A sgnificant component of extenson over the long term
is inferred from dructural features, such as a series of active basins controlled by normd faulting
from the Duzce basn to the Marmara This suggests that the two components of dran are
patitioned into didinct ses of faults, pure right-laterd and primaily normd, respectively.
Conceivably, stress coupling between norma and srike-dip ruptures may account for some of the
space-time complexity in rupture sequencing.

Conclusions



The following observations are based on a prdiminary and patid set of hypocenters from a
saismic network centered on the Karadere segment of the Duzce branch of the North Anatolia
Transform during the 1999 earthquake sequence and pertain to that areaonly:

Saigmicity is concentrated in a 10 km depth range and is characterized by a well defined upper
limit. Very few earthquakes occur in the upper 5 km, even on the fault that ruptured to the surface
in the mainshock.

Much of the seismicity in the 1999 sequence occurred on many secondary faults between strands of
the North Anaolia fault sysem. The mgority of the aftershocks do not sem from the faults
responsible for most of the moment release.

In generd observed pesk acceerations for the Mw7.2 Nov 12, '99 mainshock are lower than
expected, paticulaly for the dation a few meters from the surface rupture. Ground motion
however was severdy amplified locdly adong the Karadere fault that ruptured on August 17, '99.
Comparison of a dation par on/off this fault suggest systematic dependency of amplification
characterigtic on the Sze of the source and non+linear response of the fault zone.
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