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Abstract

High-resolution palynological analysis of a 38-cm-long core collected from
Lake Sapanca, northwest Turkey, reveals large earthquakes that occurred
during the second half of the 20™ century along the North Anatolian Fault
Zone. Four events have disturbed the lacustrine sedimentary sequence.
Three of the four events are historical earthquakes in 1999 in Izmit, 1967 in
Mudurnu and 1957 in Abant. These events are recorded in the core by
turbiditic deposits and reworked sediment and by low overall palynomorph
concentrations but high values of thick-exined pollen, fern spores and fungal
spores. Palynomorphs in the event beds have been grouped based on their
associations in modern moss, river and lake samples. The inferred
mechanisms of transport and sources for the palynomorphs are: 1- lake
sediment displaced by slump, 2- collapsed shoreline sediment owing to
seiche, waves and sudden lake level changes, 3- subsidence of deltas and 4-
river-transported soil and sediment from upland areas. The 1999 Izmit
earthquake is only weakly recorded by palynomorphs, probably due to recent
engineering control on the rivers. The 1967 Mudurnu earthquake had the
strongest effect on the lake, introducing successive packages of sediment to

the centre of the lake from underwater slopes, the lakeshore and rivers.
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1 Introduction

Palaeoseismology traditionally relies on geomorphology, trench data,
stratigraphy and radiocarbon dating to reconstruct ancient earthquakes and to
infer their magnitude and recurrence times (Kurger et al., 2008; Pantosti et al.,
2008; Vandenberghe et al., 2009). Recent research has focused on
palaeoseismic records from lacustrine settings, an approach still hardly
mentioned in reviews of methodologies used in earthquake geology (Caputo
and Helly, 2008; Caputo and Pavlides, 2008). Lakes offer a more continuous
record of sedimentation than trenches, which often are in alluvial/colluvial
settings with coarse sediment and hiati. Magnetic susceptibility, sedimentary
structures, geochemistry and particle size analyses are the preferred tools for
identifying earthquakes in lake sediments sequences (Doig, 1986; Becker et
al., 2005). The new field of earthquake limnology however is rapidly
developing.

Palynological analysis is not commonly used in palaeoseismological
investigations. When it is used, it is as a chronological and palaeoecological
tool. Coseismic uplift or subsidence may alter vegetation, which in turn may
be registered in pollen assemblages and concentrations within sediments
(Mathewes and Clague, 1994; Mirecki, 1996; Hughes et al., 2002). Exposure
of new land following an earthquake can also be indicated in pollen diagrams
by the presence of pioneer plants (Cowan and McGlone, 1991).
Coseismically-triggered landslides may introduce large quantities of reworked
sediment into lakes and seas, producing beds with distinctive microfossil
assemblages such as foraminifera. Syvitski and Schafer (1996), in a basin-
wide failure of the Saguenay Fjord, used several biological tracers to identify
local and distal sediment sources. A crude Pinus/Picea ratio is used to
indicate sediment reworking.

Turkey is seismically active with a 35-70 % probability that Istanbul, its
megalopolis, will be struck by a large earthquake in the next 30 years
(Parsons, 2004). Thus studies that provide a better understanding of the
seismicity of the country are of considerable interest. In this paper, we report
the results of a study of cores taken in Lake Sapanca, which is about 90 km

east of Istanbul and within the Marmara region, one of the most industrialized



parts of northwestern Turkey. This region has one-third of the industry and
one-fourth of the population of Turkey (Union of Municipalities of the Marmara
Region, no date). The North Anatolian Fault Zone (NAFZ) (Figs 1a and b),
which extends through Lake Sapanca, is a strike-slip fault that has generated
several disastrous earthquakes in the past century (Straub et al., 1997).

Corroded pollen and spores can be used as indicators of changing lake
sediment sources and catchment disturbance, as has been done in
palynological studies of some New Zealand lakes owing to major disturbance
in the lake catchment, such as volcanism, fire and deforestation (Wilmshurst
and McGlone, 2005a). Pollen concentrations may reflect dilution of the lake
sediment by input of soil by erosion (Beaudoin and Reasoner, 1992). The
identification and the use of fungal spores and a range of non-pollen
palynomorphs (NPP) are still developed; but some of these palynomorphs
have already been established as excellent indicators of soil erosion (Mudie et
al., in press).

Palynology is here explored as a taphonomic indicator of earthquakes.
Special attention is given to pollen and NPP sources, preservation and
concentration modifications in a cored sediment sequence. We distinguish
palynomorph assemblages derived from vegetation in the hills and mountains
surrounding the lake from those derived from a variety of sedimentary
deposits in lowlands bordering the lake. The steep slopes bordering the lake
and within the lake ensures that the lacustrine depocentre is exposed to

sediment derived from soil erosion and slope wash.

2 Physical setting and background information
2.1 Lake Sapanca

Lake Sapanca (40° 43’ N, 30° 15’ E) has a volume of about 10° m® and
a surface area of 49 km?, which is nearly five times smaller than the
catchment area, which is 250 km? (Morkoc et al., 1998) (Figs 1b, 2 and 3).
The lake surface is 31 m above sea level (asl) and its maximum depth is 55
m. Lake levels, which have been monitored since October 1955, fluctuate
between ~30 and ~32.5 m asl. In general, the lake is lowest in October and
highest in April (Elektrik isleri Etiid idaresi, 2002). The lake is warm,



monomictic and holomictic (Morkog et al., 1998). Surface waters cool to 6.5
°C by late winter and then warm steadily to 26 °C in late summer. Deep-water
temperatures range from 6.5 to 10.0 °C throughout the year (Morkog et al.,
1998).

Fifteen rivers, many of them ephemeral, feed the lake with the largest
inflows from the south. The rivers flow in incised, steep-walled valleys, across
alluvial fans and delta plains into the lake (Girbtz and Girer, 2008b; Gurbiz
and Leroy, in press). Some groundwater inflow has also been noted (Erturk,
1994; Gurbuz and Gurer, 2008a). Dams were constructed on the rivers in the
1970s to prevent coarse sediment from reaching the lake and gradually filling
it, which would reduce the supply of water to the nearby town of Adapazari
(Devlet Su isleri, 1984; Giirbiiz and Giirer, 2008a). Lake Sapanca discharges
via the Cark River on the northeast shore into Sakarya River. A dam was built
at the lake outlet in 1979 to regulate the water level (Akkoyunlu and lleri,
2003; Girbtz and Gurer, 2008a). The Sakarya River outflows into the lake
during periods of high discharge via the marshy floodplain that separates the
two (Russell, 1954; Dogan, 2004; Gurblz and Leroy, in press).

The margins of the lake mostly consist of coalesced alluvial fans,
terraces, Holocene beaches and prograding delta fans at the mouths of the
rivers (Rathje et al., 2004). Nearshore lake sediments are sand, whereas
sediments in the deepest part of the lake are mainly silt (Gurbuz and Gdrer,
2008a). Clayey sediment is restricted to the northeast part of the lake. Girbtiz
and Gurer (2008a) suggest that the deposition of the fine sediment in shallow
water at the northeast end of the lake results from regulation of the outflow.
Another possible explanation is that the fine sediment is deposited when the
Sakarya River flows into the lake. Girbtiz and Gurer (2008a) have also shown
that more sediment is deposited off the south shore of the lake than the north
shore, due to the larger catchment sizes and steeper slopes in the hills and
mountains to the south (Fig. 3).

The Samanl Mountains, which have a maximum elevation of 1602 m
at Kelltepe, lie south of the lake (Fig. 3). Gentle hills border the lake on the
north (Gurbtz and Gurer, 2008b; Gurblz, 2009).

Lake Sapanca occupies a pull-apart basin created by a step-over along
the NAFZ (Barka et al., 2000; Lettis et al., 2000; Rathje et al., 2004; Girbiz



and Gdrer, 2008a, 2008c, 2009). The basin is bordered on the north by the
Sapanca fault segment of the NAFZ and on the south by a diffuse zone of
normal faults (Lettis et al., 2002). It lies at the intersection of the Kocaeli fault
which ruptured on 17 August 1999 (M, 7.4) and the southern branch of the
NAF, which most recently slipped during the 22 July 1967 (My, 7.0) Mudurnu
Valley earthquake (Lettis et al., 2002; Gurbiz and Gurer, 2008b) (Fig. 1b).
The May 1957 Abant earthquake (Mw 6.8) had an epicentre a few kilometres
east of the lake (Mdller et al., 2003). The 20 June 1943 Hendek earthquake
(magnitude of Mw 6.4) occurred along the same portion of the fault as the
1999 earthquake (Barka, 1999) and caused much damage at Adapazari (also
called Sakarya), Hendek, Akyazi and Arifiye, just east of Lake Sapanca
(Sahin and Tari, 2000).

Earthquakes on the NAFZ are dominantly strike-slip events, but locally
have small components of normal displacement. Large earthquakes on the
Sakarya fault segment, east of the lake, produce right-lateral displacements of
2-5 m and vertical displacements of 0.25-0.5 m (Rathje et al., 2004). Normal
fault displacements have also occurred during the 1967 Mudurnu valley
earthquake (Ambraseys and Zatopek, 1969; Rathje et al., 2004; Girbiz and
Gdurer, 2008b).

Subsidence observed along the margins of Lake Sapanca during the
1999 Kocaeli earthquake was mainly due to failure of delta fronts. The most
significant failure occurred on the south coast at Hotel Sapanca (Cetin et al.,
2002); a smaller failure happened on the north coast at Esme (Rathje et al.,
2004). The earthquake also produced liquefaction, sand boils and riverbank
collapse, all of which introduced large amounts of sediment to the lake
(Bardet et al., 2000; Cetin et al., 2002).

It is likely that some soil and sediment were introduced into Lake
Sapanca during the construction of the national road north of the lake in the
1950s, a railway in 1975 and a motorway along the south shore in the 1980s
(Yalgin and Seving, 2001). Besides earthquakes and construction, runoff from

heavy rainfall can deliver large amounts of sediment to the lake.
2.2 Climate and vegetation

Mean annual precipitation and temperature at Adapazari over the past



30 years are 830 mm and 13°C respectively (Devlet Meteoroloji igleri Genel
Mudurlugu, General Directorate of State Meteorological Works). Storms with
more than 80 mm of rainfall per day occurred on 3 July 1981 (88.1 mm), 30
July 1984 (82.3 mm), 26 June 1999 (127.7 mm) and 24 July 2002 (93.7 mm).
The mountains south of Lake Sapanca receive much higher precipitation than
Adapazari and snow in winter.

Vegetation in the Lake Sapanca catchment is part of the Euxinian
domain (Quézel and Barbéro, 1985). The catchment is 55% forests and
meadows, 33% agricultural land and 9% urban and industrial land; 3% of the
land is used for other purposes (Baykal et al., 1996). Most of the land directly
bordering the lake is agricultural (Fig. 3). Some open spaces are occupied by
macchia, a Mediterranean scrubland (Ceylan, 1990; Yilmaz, 2000). The
northern hills support a formation with various species of Quercus and are
generally drier and more open than the southern hills and mountains. South of
the lake, the Quercus formation is succeeded upward by several altitudinal
zones: Carpinus betulus - Castanea sativa — Quercus; Castanea sativa -
Carpinus betulus; Fagus orientalis forest with Rhododendron ponticus; and
Fagus orientalis with Pinus (Fig. 3). Abies bornmiulleriana and nordmaniana
are present on the highest peaks. Soils around Lake Sapanca have a pH
between 6.5 and 7.5 (M. Kibar, personal communication, 2005).

Aquatic plants grow in shallow waters along the south and west shores
of Lake Sapanca and adjacent to marshland at the east end of the lake.
Phragmites australis, Potamogeton pectinatus, Myriophyllum sp., Najas
marina and Ceratophyllum sp. dominate on the south shore (Albay and
Akcaalan, 2008). Waters along the north side of the lake are too deep to

support significant macrophytic communities.
2.3 Pollen transport, preservation and concentration

The processes responsible for deposition of pollen and spores in lake
sediment are airborne and water transports and, to a lesser extent, sediment
redeposition (Pennington, 1979; Birks and Birks, 1980). Pollen assemblages
in river sediments and other high-energy deposits are different from
assemblages in lake sediments (Birks and Birks, 1980; Leroy, 1992). The

former commonly have more spores, bisaccate pollen such as Pinus and



heavy grains such as the tetrads of Ericaceae. In a study of a lake in southern
France, Andrieu et al. (1997) found higher Pinus percentages, but lower
overall pollen concentrations, in slumped sediments than in overlying and
underlying “normal” lacustrine sediment. Pollen transported by rivers is
derived from direct pollen rain, bank erosion and surface run-off. De Busk
(1997) found that surface samples collected near the mouths of rivers in Lake
Malawi had a higher ratio of spores to pollen, consistent with derivation of
palynomorphs from soils and bank erosion.

Pollen is generally not well preserved in soils unless the soil pH is less
than 5.5 (Pennington, 1979; Birks and Birks, 1980; Wilmshurst and McGlone,
2005a). Pollen and spores with resistant exines, however, can be
preferentially preserved together with biologically or chemically corroded
palynomorphs (Schofield et al., 2007). During periods of soil erosion, these
corroded grains can become incorporated into lake sediments (Wilmshurst
and McGlone, 2005b).

In general, changes in pollen and spore concentrations in lacustrine
sediments reflect changes in vegetation cover and sediment delivery to the
lake. The vegetation cover around Lake Sapanca has changed little in the
past 50 years, apart from the introduction of some invasive species and a
slight reduction in forest cover due to construction of holiday homes, holiday

resorts and timber exploitation.
2.4 Chronology and detection of earthquakes

A 6-cm-diametre Kajak gravity corer was used to retrieve 14 cores up
to 45 cm-long during the summer of 2003. The cores were collected along two
transects across a strand of the NAFZ and in the deep central basin, south of
the fault (Fig. 2). In order to avoid influence from building activities along the
lakeshore and to have the most continuous records, the investigations
focussed on cores taken in the lake centre. Details of sedimentological and
geochemical studies of a 38.5-cm-long core from the central transect
(SA03K7.1, 40°43'05"N; 30°16'05"E) and some other deep cores are reported
in Schwab et al. (2009) and are briefly summarised here.

Five cores, including core SA03K7.2 (taken close to SA03K7.1), were

dated using **’Cs and ?*°Pb radionuclides. All cores show a similar



chronology. The exponential >°Pb decay curve is interrupted by intervals with
anomalous low values, which correspond to sedimentary disturbance events
identified in sediment thin sections and from geochemical data. Background
sedimentation rates were determined by subtracting event beds from the total
core thickness. Peaks in **'Cs curves correspond to the peak in Pacific
nuclear weapon testing around 1964 and the Chernobyl accident in 1986
(Schwab et al., 2009).

Based on their study of the short gravity cores, Schwab et al. (2009)
inferred four anomalous sedimentary events that interrupted the normal
background sedimentation in Lake Sapanca. pu-XRF geochemistry showed
that the event beds contained higher concentrations of elements derived from
clastic sources. The most recent event (event 1) is marked by a turbidite (T1)
and dates to the 1999 Izmit earthquake. Event 2 is a homogenite (H) but only
found in a single location. It seems to be unrelated to an earthquake and
probably is the result of a local disturbance in the lake sedimentation (Fig. 2).
Event 3 consists of both reworked material (R1 and R2) and turbidites (T2 and
T3). It has been associated to the 1967 Mudurnu earthquake on the basis of
its age. Event 4 is a turbidite (T4) and reworked material that may be
attributed to the Abant earthquake in 1957.

The sedimentation mode in the lake progressively changes, as seen at
around 14.5 cm depth in core K7 (Schwab et al., 2009): from more
minerogenic to more organic (higher total carbon), from high values for many
elements, such as Si, to lower ones, from high to low magnetic susceptibility,
from low to high water content, from high to low bulk density, and from
absence of diatoms to abundant diatoms. Altogether these proxies suggest a
high input of allochthonous clastic material in the older sediments. According
to the chronology the sediments below 14.5 cm were laid down before ~1985
(14.5 cm).

3 Material and methods
3.1 Modern samples and core sub-sampling

Modern mud and moss samples (1-8 ml of sediment) were collected

around Lake Sapanca, including the area between the lake and the Sakarya



River, in July 2005 to determine the sources of sediment and palynomorphs
reaching the lake (Fig. 2; Table 1). The mud fraction of all rivers flowing into
the lake and the outflowing river was sampled at 29 locations, generally at
lakeshore. Fifteen moss samples were collected from single polsters at the
lakeshore, the mountains south of the lake and in the hills to the north. The
tops of nine Kajak cores were also analysed (Fig. 2; Table 1).

Sixty-nine samples of sediment from core K7.1 were analysed for
pollen, diatoms, lithology, total inorganic carbon, and total organic carbon. To
allow for a well-coordinated multiproxy- analysis, small volumes and
thicknesses, 0.4 to 1 ml of sediment between 0.25 and 1 cm thick, had to be
used for the pollen samples. Contiguous 0.25-cm-thick samples were taken
between the core top and 10.25 cm depth and below this depth 0.25-cm-thick
samples were taken and analysed at 1-cm spacing. Estimates of inter-event
sedimentation rates range from 0.18 to 0.33 cm.yr™* indicating that each
sample represents a few months to one year of time (Schwab et al., 2009).

3.2 Treatment and identifications

Palynological extractions were undertaken at Brunel University and at
the University of Wales in Bangor (UK). All samples were successfully treated
with Na4P,0, HCI, HF and HCI, and sieved through 125 and 10 um screens,
with no acetolysis, except for moss samples. Lycopodium tablets of known
concentrations were added to all samples, except mosses, to determine
concentrations of microfossils per millilitre of wet sediment. Pollen residues
were mounted on glass slides with glycerol. Palynomorphs were counted
under a light microscope at a magnification of 400x routinely and at 1000x for
special identifications. An attempt was made to identify a minimum of 300
grains in each sample; smaller numbers were counted in samples with rare
palynomorphs.

Pollen grains and spores were identified using the reference collection
at Brunel University and the pollen atlas of Reille (1992, 1995, 1998). NPP
include dinoflagellate cysts, which were identified using data from the Caspian
Sea reported by Marret et al. (2004). Radiosperma, which is present in the
Baltic and Aral seas, is generally considered a brackish and marine organism

(Sorrel et al., 2006). It is rare in the Black Sea (P. Mudie, personal



communication, 2008; Mudie et al., in press), but is present in the Caspian
Sea (Leroy et al., 2007). Lake Sapanca sediments contain a diverse group of
fungal spores. In addition to the spores shown in the pollen diagrams (Figs 4
and 5), Mycrothyrium, Tilletia and Sporormiella were observed and are
included in the “fungal spores” curve.

Pollen preservation differs considerably in the modern samples. Of the
53 modern samples (Table 1), only 38 contained pollen and spores in
sufficient numbers to be statistically meaningful: 14 out of 15 moss samples,
15 out of 29 river samples, and all 9 lake core tops.

3.3 Palynological diagrams and statistical analyses

Palynological diagrams were plotted using the software psimpoll4.10
(Bennett, 2007). All terrestrial and aquatic pollen grains and spores were
included in the concentration values, whereas spore and non—pollen
palynomorphs, which are mostly plankton and benthos, were excluded. All
terrestrial pollen grains in the percentage diagram add up to 100% (i.e. the
"sum” curve in the diagram, which is typically around 300). Aquatic plants and
other microfossil remains are thus excluded from the sum and calculated as a
percentage of the 100% terrestrial sum.

Statistical analysis was performed using psimpoll4.10 (Bennett, 2007).
The zonation with CONISS after square-root transformation was made based
on the taxa included in the sum, as well as the aquatics, spores, NPP and
indeterminable and reworked grains. Detrended component analysis (DCA)
was done on the same suite of palynomorphs (terrestrial, non-terrestrial and
NPP) to identify those that best reflect the changes in the diagram (Bennett,
2007) (Fig. 6). After plotting the taxa eigenvectors on the first two axes, the
taxa with the highest values on axes 1 and 2 were selected, along with
Castanea, which is an excellent altitudinal indicator. Dinoflagellate thecae,
Convolvulus, Sagina, non-psilate trilete spores and ostracod mandibles were
not used. The distribution of the dinoflagellates differs according to
preservation and the other four microfossils are too scarce to be statistically
significant. A new diagram with the selected taxa was then plotted, focussed
on the disturbance events (Figs 7a and b). A diagram of selected taxa

representing the vegetation on the slopes around the lake and excluding three
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of the four sedimentary events has been prepared to show the general trend
in vegetation through the period spanned by the core (Fig. 8).

4 Results

4.1 Taxa list and vegetation

The dominant arboreal pollen (AP) in surface samples are Pinus,
deciduous Quercus, Fagus, Alnus, Cupressaceae, Carpinus betulus and
Corylus; and non-arboreal pollen (NAP) are mainly Poaceae, Amaranthaceae-
Chenopodiaceae and Tubuliflorae (Fig. 4). Juglans, Pistacia, Castanea,
evergreen Quercus, Oleaceae, Fraxinus excelsior, Platanus and Salix are
consistently present. Pollen grains of recently introduced species such as
Ailanthus altissima and Phacelia tanacetifolia occur in some samples.

Taxa characteristic of brackish and marine environments are also
present, including Radiosperma, Spiniferites cruciformis, Brigantedinium and
Impagidinium caspienense. These organisms may have entered Lake
Sapanca when it was connected to the Black and the Marmara seas
(Pfannenstiel, 1944), or alternatively may be the result of a recent
reintroduction of fish (Innal and Erkakan, 2006). In either case, they appear to
have developed a tolerance to freshwater.

Concentricystes is a palynomorph of unknown origin that may live in
soil and is commonly associated with soil inwash (B. van Geel, personal
communication, 1998). It also may live in lakes (Grenfell, 1995). Large
guantities of fungal spores are interpreted to be inwash of soil material.
Glomus (type 207) is particularly useful as it forms a symbiotic relationship
with plant roots and is interpreted to be an indicator of erosion (van Geel et
al., 2003).

4.2 Modern samples

Five moss samples are from the hills and shores north of Lake
Sapanca, eight samples are from the mountains and shores, south of the
lake; and one sample was collected in a gorge near River Sakarya (Figs 3
and 4; Table 1). Northern samples contain higher amounts of Quercus,

Cistus, Amaranthaceae-Chenopodiaceae, Poaceae and Cerealia-type (t.)
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than in the southern samples. Some mosses above 1000 m asl in the
southern mountains contain psilate monolete spores and Dryopteris filix-mas-
t. spores. Altitudinal gradients are evident in the peaks of Juglans-Corylus-
Alnus at 354 m asl, Pinus at 425 m asl, Carpinus at 800 m asl, Castanea at
1039 m asl, Rhododendron at 1000-1100 m asl, Fagus at 1460 m asl, and the
highest values of Abies pollen above 1000 m asl (Figs 2 and 4; Table 1).

Southern mosses and mud samples are richer in Carpinus betulus-t.,
Fagus, Rhododendron and Castanea than northern samples. The five
southern delta samples have high values of Juglans. Liguliflorae and
Brassicaceae are high in some northern mud samples and in the three
samples from the floodplain between Lake Sapanca and the Sakarya River.
Cyperaceae and Typhaceae percentages are particularly high in the samples
from the floodplain between the lake and the Sakarya River. Fern spores are
common only in mud samples from deltas on the south shore. Green algae
and cyanobacteria occur in samples east of the lake. Concentricystes is
present in only two samples: one along the Sakarya River and the other along
the Istanbul River near the village of Guldibi. The three samples from the
Sakarya River have relatively high values of Pinus and Salix.

Many of the lake delta and Sakarya River samples are sterile or
contain few palynomorphs other than fungal spores (Table 1). Reworked
pollen and spores are mostly found in the delta samples and in samples from
the floodplain between Lake Sapanca and the Sakarya River. The
impoverished nature of these assemblages is explained by the high soll
content of the samples, the high energy of the depositional environment, and
the oxygen-rich environments to which the palynomorphs are exposed.

Four sediment samples were taken from the centre of the lake and five
samples were collected from the shallow western end of the lake. All lake
sediment samples contain NPP and dinocysts and are the samples with the
best palynomorph preservation. The samples from the west end of the lake
are richer in Pinus, Cyperaceae, aquatic vegetation and fern spores than

those from the lake centre.
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4.3 Palynomorph assemblages in core K7.1

Despite the high temporal resolution of sampling, intra-annual
fluctuations in pollen production and successive flower blooming times cannot
be seen in the data. It is likely that bioturbation is mixing the sediment at least
at the annual scale (Fig. 5). However this bioturbation does not seem
significant enough to blur the boundaries of event horizons, which in thin
sections are well defined (Schwab et al., 2009).

Ten palynological zones (pz) reflect changes in palynomorph
assemblages through time in core K7 (Fig. 5). The main change occurs at
around 16.6 cm depth.

Pollen concentrations range from 2,900 to 44,000 grains per ml and
preservation is excellent, with very few damaged pollen and spores. From 38
to 16.4 cm, pollen concentrations are less than 20,000 grains per ml. The
lowest concentrations are at 37-35 and 23-17 cm. Above 16.6 cm, pollen
concentrations are mainly > 20,000 grains per ml. Within this upper part of the
core, relatively low concentrations occur around 9.1 cm and 6.1-1.9 cm.

The pollen diagram shows relatively constant background values of Alnus,
Carpinus, Fagus, Corylus, deciduous Quercus, Juglans and Poaceae that
may be considered normal for the lake sediment (pz K1, 4, 7-8 and 10) (Figs
5 and 8). Superimposed on this background are major variations in Pinus,
Liguliflorae, fern spores, fungal spores and concentrations.

DCA on the samples shows the distribution of the ten palynological zones
in relation to the first two axes (Fig. 6b). Axis one allows separation of the
sequence into two parts — samples above and below about 15.5 cm. Pz K1 to
K6 plot on the right side of the diagram. Palynological samples associated
with normal sedimentation in the lake are located near the centre of the plot.
Pz K2-3, K6 and K9 lie at the positive end of axis 2.

Pz K2 and K3 (37.6-34.5 cm) display a continuous curve of Rhododendron
(Fig. 5 and 7a). The two zones have high values of fern spores,
indeterminable grains and reworked elements, especially the base of pz K2.
Fungal spores and Glomus are dominant in the two zones. Pollen

concentrations are the lowest among the core samples.
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Pz K5 (23.6-19.6 cm) has high values of Pinus (up to 45 %) and
Liguliflorae (up to 21%). Psilate trilete spores and Concentricystes are also
present. The concentration diagram (Fig. 7b), however, does not show the
pine increase. Pz K6 (19.6-16.6 cm) has high percentages of fern spores and
reworked elements. Fungal spores and especially Glomus are abundant in pz
K5-6. Both zones have low pollen concentrations.

Pz K9 (6.25-2 cm) contains common Rhododendron pollen grains.
Fern spores are also present, but in low amounts. Concentrations vary

considerably through this pollen zone, with some low values.
4.4 Interpretation of palynological zones

The palynological diagram with the disturbance taxa (Fig. 7) can be
interpreted using modern samples and statistical results (DCA on taxa (not
shown) and zonation). We indentify five groups of taxa; the taxa in each group
display similar trend and have similar modes of transport to the lake (Figs 4
and 6). The first group includes the ‘normal ‘ lake sediment palynomorphs
(see below section 5.4). The other four groups comprise disturbance
indicators. The assemblages associated with disturbance events reflect
dilution of the background sediment deposited in the lake by large inputs of
soil and river-transported sediment, which contain little pollen.

Group 2 consists of Ligulifiorae, Lamiaceae, Concentricystes and
Glomus. These palynomorphs are resistant to chemical corrosion and their
presence is the result of differential preservation. Glomus and
Concentricystes are indicators of soil erosion. This group is attributed to
inwash of soil from shorelines or nearshore open areas, but away from deltas
because of the lack of indicators of river transport. The dominance of group 2
coincides with low concentrations of palynomorphs (Figs 7a and b).

Group 3 consists of reworked and indeterminable grains, psilate trilete
spores, Pteridium aquilinum and fungal spores. It is an intermediate between
groups 2 and 4. Its taxa are common in soils and river sediment. The
concentration diagram (Fig. 7b) indicates that their contribution to the lake has
been fairly constant over the period of record. High percentage values at
times of the disturbance events are caused by relative decreases in the

concentrations of most of the other taxa.
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Group 4 consists of psilate monolete spores, Asplenium, Dryopteris
filix-mas-t. and Anthoceros spores. High frequencies of these fern and moss
spores indicate derivation from soils in humid areas, such as along rivers.

Group 5 consists of Abies, Castanea and Rhododendron. Pollen
grains of these taxa are derived from plants growing in the mountains south of
the lake. This group also includes non-psilate monolete spores whose values
change coincidentally with those of Abies, Castanea and Rhododendron (Fig.
6). Accordingly all these taxa are taken to indicate pollen and spore input from
soils at high altitudes, south of Lake Sapanca.

The four groups of disturbance indicators are distributed through the
core as follows (Fig. 7). Pz K2 and K6 contain groups 3, 4 and 5, and thus
record inputs of soil material by rivers, including elements derived from the
southern mountains. Pz K5 has a strong signature of group 2, clearly
differentiating this zone from all others in the diagram. This zone records a
significant input of soil materials near the lake shoreline, probably through
mechanisms such as bank collapse. River transport is quasi excluded for this
zone. Small increases of groups 4 and 5 in pz K9 record river transport from
high elevations with no evidence of pollen derived from the shores of the lake.
Pz K3 is a transition zone comprising only a single sample.

In brief, the palynological events are clearly caused by dilution of the
lake sediment by various types of soils and river sediment, which are

respectively barren or poor in pollen.

5 Discussion

The discussion starts with the main shift in the middle of the core as it
affects how the events are expressed in the sediment and the palynomorph
assemblages. Then the discussion focuses on the events and the sources of
palynomorphs. It finished by looking at the general trend in the evolution of

vegetation in the area, outside of any event.
5.1 Shift to a cleaner lake at 17-14 cm

The shift from relatively low pollen concentrations to relatively high
ones at c. 16.6 cm depth, and the main change in the dendrogram between

pz K6 and K7 (Figs 5 and 6), correspond to changes seen in the study by
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Schwab et al. (2009) - a decrease of detrital elements such as Si, Al, K and Ti
at c. 14.5 cm and a the general increase in carbon above 15 cm. These
changes are evidence of a decrease in the delivery of clastic sediment to the
lake. The shift occurs before the 1986 Chernobyl event. Possible causes
include changes in land-clearing practices, the end of the main construction
works around the lake and damming of rivers flowing into the lake. The last
possibility is considered the most likely.

5.2 Sedimentary and palynological events

Comparison of events detected by thin sections and geochemical
analyses (Schwab et al., 2009) and those inferred from pollen analyses reveal
synchroneity of some events and other events that are seen only in
sedimentology. The three turbidites, T1, T2 and T4 (the small T3 was not
sampled for palynological analysis because it is too thin) lie at the positive end
of axis 2 of the DCA plot (Fig. 6¢). The two reworked zones (R1 and R2) plot
at the lower right side of the diagram, and the homogenite (H) plots at the
lower left. Normal lake sediment plots near the centre of the diagram. The
pollen zones relate in the following way to the inferred sedimentological
changes (Fig. 7).

Event 4, which deposited the T4 turbidite, is attributed to the 1957
Abant earthquake. Pollen zones K2-3 correspond to the T4 turbidite, except
that pz K3 ends 2 cm earlier, below the top of the turbidite layer. It is likely that
the upper part of the turbiditic layer (T4) comprises lake sediment displaced
from slopes higher in the lake, thus making it indiscernible by palynology. So
this event is a succession of distinctive sediment packages: river-transported
soils with altitudinal soils from the south mountains, topped by some lake
sediment.

Event 3 is responsible two reworked layers (R2, and R1) and two
turbidite layers (T3 and T2). It is attributed to the 1967 Mudurnu earthquake.
Although a distinctive sediment layer, the signature of R2 cannot be seen in
the pollen diagram. The pollen spectra and concentration are similar to those
one might expect in ‘normal’ lake sediment. In contrast, R1 coincides with pz
K5, which is attributed to sediment derived from exposed lakeshore. T2

corresponds exactly to pz K6. So this event consists of sediment delivery first
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from the nearest to the core site and later from mountain watersheds far
away. Lake sediment (R2), soil (R1) and finally a mix of river and montane
soils (T2) are successively observed. The rupture zone of the Mudurnu
earthquake, therefore, appears to have had a strong effect on Lake Sapanca.
The rupture occurred along what Muller et al. (2003) and Girbiz and Girer
(2008Db) call the active mountain-front fault located along the foot of Samanli
Mountains (Figs 1b and 2). The level of Lake Sapanca fell 24 cm during the
earthquake and remained at that level for 24 hours (Ceylan, 1990).

Event 2 (H), which is recorded by a homogenite layer (H) in only two
cores at station K7, is attributed to an unknown local event, possibly
anthropogenic in origin. Homogenite H, which spans the end of pz K7 and the
beginning of pz K8, is very poorly expressed in the pollen diagram, only by a
drop in concentrations and a small peak of Liguliflorae at 9.6-8.9 cm depth.
The sedimentary homogenite, therefore, is not homogenous in its pollen
content.

Event 1 (T1) produced turbidite layer T1 and is attributed to the 1999
Kocaeli earthquake. T1 corresponds to Pz K9. The sediment is strongly
influenced by inwash of soil and sediment from the mountains to the south of
Lake Sapanca. The smaller impact of the 1999 earthquake relative to the
1957 and 1967 events is largely attributed to the construction of dams in the
1970s on rivers flowing into Lake Sapanca and the resulting interruption of the
sediment supply. These engineering works were successful in reducing
sediment delivery to the lake, although the 1999 earthquake caused more

damage than the previous two.
5.3 Sediment delivery mechanisms

The flux of sediment and soils to Lake Sapanca increases during and
following earthquakes. This palynological study provides evidence for four
main sediment and soil sources (Fig. 9).

Firstly slumps and turbidity currents from steep slopes within the lake
deliver sediment to the centre of the lake from both north and south sides of
the basin. Gurblz and Gurer (2008a) showed that most of the terrigenous
sediment carried into Lake Sapanca today accumulates on the southern shore

of the lake. This sediment is unstable and available for transport and
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redeposition in the deep central part of the lake following disturbances such
as earthquakes or storms. Resuspension and redeposition deliver
palynomorphs of group 1 and, to a lesser extent, all other groups to the lake
centre.

Secondly, seiches, waves or a sudden change in lake level may
destabilise the shallow areas of the lake and erode the shoreline. A small
seiche was reported in Lake Sapanca near Esme after the 1999 earthquake
(A. Gurbuz, field observations), but no seiches have been reported during
other historic earthquakes. More importantly, landslides and turbidites can
produce internal and surface waves that can erode, respectively, underwater
slopes and the shore. Coseismic landslides during the 1999 earthquake were
mapped at three places by Lettis et al. (2002): one near Esme and at two
places near Sapanca Town. Landslides may be indicated by the presence of
palynomorph groups 1 and 2, but the influence of other groups can also be
felt.

Thirdly, onshore liquefaction and subsidence of deltas happened at the
Sapanca Hotel during the earthquakes in 1967 and 1999 (Ambraseys and
Zatopek, 1969; Bardet et al., 2000; Cetin et al., 2002). Palynomorphs of
groups 1 and 4, and to a lesser extent of groups 3 and 5, are well represented
in the sediments resulting from these historic earthquakes.

Fourthly, erosion entrains soil and sediment along river courses from
their headwaters to the river mouths at Lake Sapanca. Photographs taken by
the United States Geological Survey after the 1999 earthquake show turbid
plumes of water in Lake Sapanca and at the mouths of nearby rivers
(http://gees.usc.edu/GEER/Kocaeli/Sapanca%20Lake.htm and
http://gees.usc.edu/GEER/Kocaeli/Aerial%20Survey.htm). Palynomorphs of
groups 4 and 5 would be introduced by bank collapse and erosion. Group 3
palynomorphs would progressively be added along the lower reaches of
rivers. After an earthquake, rain and aftershocks continue to deliver
destabilised sediment to the lake, which may explain the presence of

altitudinal pollen grains (group 5) in disturbance layers in Lake Sapanca.
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5.4 Trend in vegetation changes

A long-term trend diagram has been prepared by eliminating from the
sequence the following disturbance zones: (1) pz K2, pz K3 and the lower part
of pz K4 which are products of event T4; (2) the top part of pz K4, pz K5 and
pz K6 to record event R2; and (3) pz K9 (Fig. 8). The reduced 18 cm-long
sequence shows that Corylus and Fraxinus ornus percentages slightly
increase towards the top of the core. In the lake, Gloeotrichia, Spiniferites
cruciformis, the other dinoflagellates and Tetraedron show increased
percentages. Fagus and Amaranthaceae-Chenopodiaceae slightly decrease
upwards (Figs 5 and 8). Zea mais is replaced upward by Secale. Therefore in
the second half of the 20™ century, human activities and climatic change have
had minimal effects on the pollen record when compared with seismic events
4,3 and 1.

6 Conclusions

Changes in concentration and assemblages of palynomorphs in the
uppermost sediments in Lake Sapanca are related, in part, to large 20"
century earthquakes. The provenance of palynomorphs in sedimentary layers
attributed to the earthquakes was determined by comparison with the pollen
assemblages of modern sediment samples. Palynology provides a clear
signal of different sediment and soil provenances and delivery mechanisms,
including subaqueous slumps and turbidity currents, liquefaction and failure of
shoreline sediments, and collapse and erosion of river banks in the mountains
south of the lake. The location of Lake Sapanca in an area of high relief
enhances some of these phenomena.

Lower-than-normal pollen concentrations reflect periods of anomalous
delivery of soil and sediment to Lake Sapanca, from source sediments that
are impoverished in pollen. A survey of modern soil and sediments around the
lake, including deltas and moss polsters, indicated that the soils and
sediments reworked during earthquakes have little pollen. Lake sediments
derived from these materials are proportionally richer in spores and in pollen
grains with resistant exines than sediments derived from other sources.

Of the four disturbance events identified by Schwab et al. (2009), three

are recorded in the palynomorph assemblages of core SA03K7.1: historical
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earthquakes in the 1999 (Izmit), 1967 (Mudurnu) and 1957 (Abant). The 1999
earthquake is the least evident in the pollen, probably because dams
constructed on rivers flowing into Lake Sapanca intercepted most of the
sediment produced by the earthquake. The 1967 Mudurnu earthquake is the
best expressed in the core, because of the proximity of the epicentre to the
lake.

The 38.5-cm-long core described here contains as much displaced
sediment as ‘normal’ lacustrine sediment. Researchers should consider such
disproportionate representation of sediment produced by disturbance events
when carrying out palaeoclimatic research on lake sediments in seismic
areas.

The methods used in this study are novel and offer promise in
palaeoseismic investigations in seismically active regions. They are, however,
time-consuming if applied to longer cores at the same level of detail as used

in this study.
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Captions

Fig. 1. a) Location of Lake Sapanca in NW Turkey. MS = Marmara Sea, NAFZ
= North Anatolian Fault Zone. Black dot in dashed box = Lake Sapanca. b)
Active faults near Lake Sapanca (modified from Lettis et al., 2000). LS = Lake

Sapanca.

Fig. 2. Sample sites in and around Lake Sapanca. Sample numbers
correspond to those in Table 1. Symbols: white conifer trees = moss samples,
bold X = lake core tops, black flowers = river samples. Core SA03K7.1 is

located in the lake centre at coring station 7, under the cross numbered 7.

Fig. 3. Map of vegetation around Lake Sapanca (modified from Ceylan 1990).

Fig. 4. Percentage palynological diagram for modern samples collected in and
around Lake Sapanca. Black dots are values less than 0.075%. N = north, S =
south, W = west, E = east, C = lake centre, R= Sakarya River and

surroundings.

Fig. 5. Percentage palynological diagram of core SA03K7.1. Black dots are for

values less than 0.25%. Horizontal exaggeration is 10x.

Fig. 6. Results of detrended component analysis for samples from core
SA03K7.1 on axis one (horizontal) and axis two (vertical). Relations between
(a) pollen zones, events and earthquakes; (b) pollen zones; and (c)

sedimentary events.

Fig. 7. Palynological diagram of selected disturbance indicators in core

SA03K7.1. (a) Percentages, and (b) Concentrations.

Fig. 8. Pollen diagram for selected taxa with the sediment related to

earthquake removed. Horizontal exaggeration is 10x.

Fig. 9. Schematic representation of palynomorph sources by groups.
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