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Abstract. Lake Ohrid shared by the Republics of Albania 1 Introduction

and Macedonia is formed by a tectonically active graben

within the south Balkans and suggested to be the oldest lake

in Europe. Several studies have shown that the lake providesake Ohrid (4054-41°10'N, 20°38-20°48'E, Fig. 1) is

a valuable record of climatic and environmental changes and transboundary lake located on the Balkan Peninsula and
a distal tephrostratigraphic record of volcanic eruptions fromshared between the Republics of Macedonia and Albania.
Italy. Fault structures identified in seismic data demonstratel € lake is about 30 km long, 15km wide and has an area
that sediments have also the potential to record tectonic activof 360 kn (Stankovic, 1960). According to geological and
ity in the region. Here, we provide an example of linking seis- Piological age estimations the lake formed about 2—-5 Ma ago
mic and sedimentological information with tectonic activity (Summarised in Albrecht and Wilke, 2008). The lake is situ-
and historical documents. Historical documents indicate thafitéd in a tectonically active, N-S trending graben (Burch-
a major earthquake destroyed the city of Lychnidus (today:ﬁel et al., 2008; Hoffmann et al., 2010), which results in
city of Ohrid) in the early 6th century AD. Multichannel @ relatively simple bathtub-shaped morphology, with steep
seismic profiles, parametric sediment echosounder profilesSlopes along the western and eastern sides and less inclined
and a 10.08 m long sediment record from the western part oflopes in the northern and southern part. The average wa-
the lake indicate a 2m thick mass wasting deposit, which ister depth is 150 m and the maximum water depth is 293m
tentatively correlated with this earthquake. The mass wast{new data from seismic survey). The current lake level is at
ing deposit is chronologically well constrained, as it directly 693 m above sea level (a.s.l.) and the lake is surrounded by
overlays the AD 472/AD 512 tephra. Moreover, radiocarbonthe Mokra Mountains to the west (1514 m a.s.l.) and the Gali-
dates and cross correlation with other sediment sequencedca Mountains to the east (2265ma.s.|.; Fig. 1).

with similar geochemical characteristics of the Holocene in-  Several studies on up to ca. 15m long sediment sequences
dicate that the mass wasting event took place prior to the onbave shown that Lake Ohrid is a valuable archive of climatic
set of the Medieval Warm Period, and is attributed it to one@nd environmental changes over the last glacial/interglacial

of the known earthquakes in the region in the early 6th cenycle (e.g., Wagner et al., 2009, 2010; Vogel et al., 2010a).
tury AD. Moreover, tephrostratigraphic studies revealed that Lake

Ohrid and neighboring Lake Prespa are important distal
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to large earthquakes have occurred within the last 2000 yr
(e.g., Aligj et al., 2004). For example, recent earthquakes
occurred on 6 June 20124(= 4.4), on 6 September 2009
(M =5.6), and on 23 November 2004(= 5.4) (European-
Mediterranean Seismological Centre, EMSC, 2012). More
destructive earthquakes in the younger history are recorded
in 1963 close to capital city of Macedonia, Skopjé & 6.1,
Suhadolc et al., 2004), or in 1911 at Lake Ohrid with a Mag-
nitude of 6.7 (Ambraseys and Jackson, 1990; Mucco et al.,
2002). Unfortunately, the database is less well constrained
for historical times. According to Aliaj et al. (2004), a major
earthquake destroyed the cities of “Lychnidus” (today: city
of Ohrid) and “Scupi” (today: city of Skopje), which is lo-
cated ca. 120 km towards the northeast of Ohrid, at 518 AD.
This data can also be found in most public reports. In con-
trast, Ambraseys (2009) reports that this earthquake rather

affected the city of Scupi, whilst the city of Lychnidus was
destroyed 9yr later at 527 AD. This data could correspond
with the data indicated in Reicherter et al. (2011, and refer-
ences therein), according to which the city of Lychnidus was
destroyed in late May 526 AD, by a magnitudie> 6 earth-

Fig. 1.Map of the northern Mediterranean region showing the loca- dU@ke. Despite these uncertainties, it seems unquestionable
tion of lakes Ohrid and Prespa. White dots indicate coring locationsthat at least one major earthquake affected the Ohrid region
Lz1120 and C01202 from field campaigns in 2005 and 2007 in thein the beginning of the 6th century AD.

southeastern and northeastern part of Lake Ohrid, and the new cor- Here we combine seismic, sedimentological, climatic,
ing location Co1262 in the western part of the lake, as well as coringtephrostratigraphic, and historical information in order to
locations C01204 and Co1215 from former field campaigns at Laketrace back the possible signature of 6th century earthquakes
Prespa (Wagner et al., 2010, 2012). The red line in Lake Ohrid in-on the Lake Ohrid sediment record. In light of the available
dicates the location of the multichannel seismic (entire line) anddata, we furthermore evaluate the potential of Lake Ohrid
hydro-acoustic (thick line) profiles shown in Figs. 2 and 3. White ¢, 10 5seismicity investigations, as it was proposed by Re-
dashed lines in Lake Ohrid indicate the location of the Lini Fault icherter et al. (2011) and demonstrated in other lacustrine
and the Udenisht Slight Complex (USC). The red dot indicates the . .
approximate location of the city of Ohrid. (eet.gl., zgggﬁllmann et al., 2002) or marine basins (e.g., Beck

archives of explosive eruptions from Italian volcanoes (sum-2 Material and methods

marised in Sulpizio et al., 2010a; Caron et al., 2010; Vogel

et al., 2010b, Damaschke et al., 2012). Hiatuses and disHydro-acoustic surveys were carried out in Lake Ohrid be-
turbed sedimentation in some of the studied sediment setween 2004 and 2009 in order to obtain information on the
quences from Lake Ohrid can probably be explained by teciake’s bathymetry and sedimentary architecture. Multichan-
tonic activity in the region triggering several landslides (e.g., nel seismic surveys were carried out in 2007 and 2008 using
Wagner et al., 2009; Vogel et al., 2010a). These mass wast Mini Gl Gun (0.25L in 2007 and 0.1 L in 2008) and a 16-
ing deposits and associated fault structures are also recordedhannel 100 m long streamer. In addition, a multibeam sur-
in seismic profiles from the lake and occur mainly in the vey was carried out in 2009 using an ELAC 1180 Seabeam
marginal parts of the lake basin (Wagner et al., 2008a; Resystem. These surveys have shown prominent faults and half-
icherter et al., 2011). A detailed morphological mapping of graben structures along the western and eastern margins of
the floor of Lake Ohrid by means of an ELAC 1180 Seabeamthe lake, which were also indicated in parametric sediment
system revealed that most of the southwestern part of thechosounder profiles (SES-96 light in 2004 and SES 2000
lake is affected by a large mass failure event, the so-calledompact in 2007 and 2008, Innomar Co.). In front of the Lini
Udenisht Slide Complex (Fig. 1; Lindhorst et al., 2012). Peninsula at the western margin of the lake (Fig. 1), where
Though some of the mass wasting deposits may be triga succession of mass wasting deposits was indicated in the
gered by distinct lake level fluctuations (Lindhorst et al., multichannel seismic surveys (Reicherter etal., 2011, Fig. 2),
2010), most of them likely formed due to tectonic activity also parametric echosounder profiles were obtained. The
(Reicherter et al., 2011). As Lake Ohrid is located within parametric sediment echosounder transducer was mounted
the Korca-Ohrid Earthquake Source Zone, several mediunon the side of a small research vessel. The effective frequency
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Fig. 2. Interpreted multichannel seismic profile taken by a Mini GI Gun across Lake Ohrid with the Lini Fault in the west. Grey parts indicate
bedrock. The arrow indicates coring location Co1262. Transparent sediment bodies indicate mass wasting deposits (MWD1-3).

of the echosounder was set to 10 kHz in order to obtain themeasurement. Ca, K, and Sr were selected of the measured
optimum settings ranging from deep penetration to high resoelements, as they are indicators for carbonate precipitation,
lution. The sound velocity in the water was setto 1440ths  the input of clastic material, and the occurrence of potential
Post-processing was carried out with the INNOMAR soft- tephras and cryptotephras in sediment sequences from Lake
ware tool ISE 2.9.2. The theoretical vertical resolution of the Ohrid (Vogel et al., 2010a, b). Total carbon (TC) and total
two types of seismic data can be estimated to ca. 1 m for thénorganic carbon (TIC) were determined with a DIMATOC

Mini Gl gun and 0.2 m for the Innomar data. 200 (DIMATEC Co.). Total organic carbon (TOC) was cal-
Based on the hydro-acoustic surveys, a coring location inculated by the difference between TC and TIC.
front of the Lini Peninsula (4D356.9' N, 020°4021.9' E) Tephrostratigraphy, radiocarbon dating, and cross correla-

at 260 m water depth was selected for the study of mass wastion with other sediment cores from lakes Ohrid and Prespa
ing deposits and their relation to earthquakes. A 10 m longwere used to provide a chronological framework for core
sediment sequence (C01262) was recovered in June 201Q01262. Samples from horizons with peaks in K and Sr
from a floating platform using a gravity corer and a 2 m long were selected for tephrostratigraphic work. Volcanic ejecta
percussion piston corer (UWITEC Co. Austria) for deeper from these horizons were analysed with respect to their geo-
sediments. For the recovery of the piston cores, a reentrghemical composition according to previous work on sed-
cone was positioned on the lake floor. Extension rods of 2 miment cores from Lake Ohrid (Sulpizio et al., 2010a; Vo-
length controlled the exact release of the piston during the ingel et al., 2010b). Energy-dispersive spectrometry (EDS) of
dividual continuous coring process. Core recovery was in theglass shards and micro-pumice fragments was performed
order of 100 % including core catcher samples. Core loss ousing an EDAX-DX micro-analyser mounted on a Philips
disturbance of sediment between the individual 2 m segmentSEM 515 (operating conditions: 20kV acceleration volt-
can therefore be regarded as lowf cm). After recovery, the age, 100s live time counting, 200-500 nm beam diameter,
2m long sediment cores were cut into ca. 1 m long segment8100-2400 shots$, ZAF correction). Details about analyt-
and stored in the dark at’€ until further processing. ical precision, ZAF correction and inter-laboratory compar-
In the laboratory at the University of Cologne, the core ison can be found in Sulpizio et al. (2010a, b) and Vogel et
segments were opened and one core half was describeal. (2010b). Radiocarbon dating on core Co1262 was carried
macroscopically and subjected to high-resolution X-ray flu- out by accelerator mass spectrometry (AMS) at the Univer-
orescence (XRF) scanning. XRF scanning was performedity of Cologne Centre for AMS on five samples of terres-
using an ITRAX core scanner (COX Ltd., Sweden), which trial plant remains and on one sample of fish remains. Sam-
was equipped with a Cr-tube set to 30kV and 30mA, ple pre-treatment and graphitisation was carried out accord-
and a Si-drift chamber detector. Core Co1262 was scanneihg to Rethemeyer et al. (2013). Other macrofossils were not
with a resolution of 2mm and a scanning time of 10s perfound in core C01262 and previous studies have shown that

www.clim-past.net/8/2069/2012/ Clim. Past, 8, 2062678 2012
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bulk organic matter dating on Lake Ohrid sediments providedSome weak colour changes are probably due to distinct
erroneous ages (Wagner et al., 2008a; Vogel et al., 2010aEphanges in the content of carbonate, which is represented
CALIB 6.1.1 (Stuiver and Reimer, 1993) and the IntCal09 by TIC and Ca, and organic matter, which is represented
dataset (Reimer et al., 2009) were used for conversion of thdy TOC (Fig. 4). Significant changes in these constituents
conventional radiocarbon ages into calendar ages (cal yr BPyere also recorded in other sediment sequences from Lake
on an uncertainty level of@ Cross correlation with other Ohrid throughout the Holocene (Wagner et al., 2009; Vogel
sediment cores from lakes Ohrid and Prespa concentrateet al., 2010a). The lowermost meter of core Co1262 contains
on carbonate content (TIC and Ca; Lake Ohrid) and organicsome gravel grains, which were interpreted as ice-rafted de-
matter content (TOC; Lake Prespa), as former studies havéris in other cores from lakes Ohrid and Prespa (Wagner
shown that these proxies sensitively recorded climatic ancet al., 2009; Vogel et al., 2010a; Aufgebauer et al., 2012).
environmental changes during the Holocene (Wagner et al.Some changes in grain size composition are correlated with
2009, 2010; Vogel et al., 2010a; Aufgebauer et al., 2012).minima in water content and likely represent mass wasting
Significant fluctuations in these proxies could have been atdeposits. For example, a 15cm thick horizon between 980
tributed to significant events, such as the 8.2 cooling eventand 965 cm has low, but increasing water content and a fin-
the Medieval Warm Period (MWP) or Little Ice Age (LIA) ing upward trend in grain size composition from fine sand
and were constrained by tephrostratigraphy and radiocarboat its base to fine silt and clay at the top. This is interpreted
dating on macrofossil remains. Similar fluctuations in coreas a distal turbidite of a mass wasting deposit (Schnellmann
Co01262 are assumed to represent the same events. et al., 2005). Smaller mass wasting deposits are also indi-
cated at depths of 548 and 350 cm, but they-<arecm thick

and too small to be visible in the seismic data. A significant
change of the sedimentological and geochemical characteris-
tics occurs at 320 cm depth, where a 1-2 cm thick sandy hori-
zon overlays a thin greyish band of 1 mm thickness (Fig. 5).

The multichannel seismic survey revealed a succession of" top Of this sand layer, the sediment is very homogenous
three mass wasting events in front of the Lini PeninsulaUntil 121 cm depth. Significant changes in carbonate or or-

(Fig. 2), where one of the most active faults of the Lake Ohrig 9a&nic matter content do not occur and the water content is

graben system is located (cf. Reicherter et al., 2011). The toplOW: but increases slightly upwards. This homogenous hori-

most two mass wasting events (MWD1 and MWD2, Fig. 2) zon between 320 and 121 cm depth corresponds with MWD1

are also imaged in the parametric sediment echosounder prd? the parametric sediment echosounder data. An erosional

file perpendicular to the Lini Peninsula as transparent andliscordance at the basis of MWDL1 is not distinct in the sedi-
partly chaotic seismic units (Fig. 3). Whilst the thickness Ment core (Fig. 5) and matches with the parametric sediment

of MWD2 exceeds 10m (Fig. 2), the parametric sediment€chosounder data. The uppermost 121 cm of core Co1262

echosounder profile indicates that the thickness of MWD1 isd'€ characterised by silty to clayey mud of greyish to olive

about 2m at the coring location Co1262 (Fig. 3). Betweencolqur, relatively high water cont.ent, and some distinct fluc-
MWD2 and MWD1 and on top of MWD1, parallel to sub- tuatlops of TIC anq TOC, and likely represent undisturbed
parallel continuous reflections with low to medium ampli- Pelagic sedimentation.
tudes indicate widely undisturbed well-stratified sediments.
A significant erosional unconformity at the base of MWD1
cannot be detected in the parametric sediment echosoundér Chronology of core Co1262 and the mass
line at the coring location, probably because MWD1 pinches ~ Wasting deposit
out only a few hundred meters to the east of the coring lo- ) ,
cation and a potential erosion decreased with increasing disT "€ occurrence of three well-dated tephras, six radiocarbon
tance from the steep slope (Fig. 3). ages, and_the significant pattems of TIC and Ca a_ll_low good

chronological control of the entire core and, specifically, of
3.2 Sediment core MWD1 between 320 and 121 cm depth.

Overall, the occurrence of ice-rafted debris, low Ca and

The geochemical characteristics of the 1008 cm long sediTIC at the core base imply that the core reaches back into
ment sequence Col1262 correlate well with the parametriche Late Pleistocene, when carbonate precipitation in Lake
sediment echosounder data and with sediment cores previhrid was restricted or carbonates were not preserved and
ously recovered from Lake Ohrid. Overall, core C01262 iswhen the lake was at least partly ice covered during winter
mainly formed by relatively homogenous clayey to silty mud (Wagner et al., 2009; Vogel et al., 2010a). In several stud-
of greyish to olive colour. The sediments appear massivejed cores from lakes Ohrid and Prespa, the onset of car-
probably as a result of bioturbation, as it was also observed ibonate precipitation and preservation was correlated with
other sediment sequences from Lake Ohrid at least throughthe Pleistocene/Holocene transition (Wagner et al., 2009,
out the Holocene (Wagner et al., 2009; Vogel et al., 2010a)2010; Vogel et al., 2010a; Aufgebauer et al., 2012). However,

3 Results

3.1 Hydro-acoustic survey

Clim. Past, 8, 20692078 2012 www.clim-past.net/8/2069/2012/
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Fig. 3. Uninterpreted and interpreted (insert) hydro-acoustic profile in front of the Lini peninsula (see Fig. 1 for exact location). The profile
was obtained with an Innomar transducer. The blue bar indicates the coring location C01262 and transparent sediment bodies (red colourec
in the interpreted insert) indicate mass wasting deposits (MWD1 and MWD2).
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horizons in cores from lakes Ohrid and Prespa (ages in core Co1262 are calibrated ages from Table 1).
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Table 1. Radiocarbon and calendar ages from core C01262. The calibration of radiocarbon ages into calendar ages is based on Calib 6.1.
(Stuiver and Reimer, 1993) and INTCALO9 (Reimer et al., 2009) and an @n2ertainty.

Core depth C weight 14C age Calendar age

AMS Lab ID (cm)  Material (mg) (yrBP) (cal yr BP)
COL1251.1.1 17 terrestrial plant 1.00 16420 1404145
COL1735.1.1 442 terrestrial plant 0.74 21k#@6 2190+ 140
COL 1736.1.1 520 terrestrial plant 0.99 328@5 3510+ 110
COL 1737.1.1 537 terrestrial plant 0.93 35810 3850+ 130
COL 1738.1.1 574  terrestrial plant 1.00 43%a4 5030+ 190
COL 1243.1.1 754  fish bone 0.53 10,4937 12400+ 190

308
cm ¢

a much older age (Table 1). Since reservoir effects of 1500 yr
have been measured in several cores from Lake Ohrid (Wag-
ner et al., 2008a; Vogel et al., 2010a), we can also assume
that the fish remains are affected by a reservoir effect or
that they are re-deposited. The first reliable chronological tie
point is given by the peaks in K and Sr at 709 cm, which
can be attributed to a significant occurrence of glass shards.
The geochemical composition of the glass shards suggest that
they originate from the Mercato eruption (Table 2, Fig. 6;
cf. Damaschke et al., 2012), which has proposed maximum
ages of 8890 cal yr BP (Santacroce et al., 2008) and recently
dated (using charcoal from the base of the fallout deposits)
at 8540calyrBP (Zanchetta et al., 2011). The minima in
TIC and Ca and the maximum in K at ca. 660 cm depth are
likely correlated with the 8.2 ka cooling event, as observed
in other cores from lakes Ohrid and Prespa (Wagner et al.,
2009, 2010; Vogel et al., 2010a; Aufgebauer et al., 2012).
High TIC and Ca characterise the period after the 8.2ka
cooling event and are explained by warmer temperatures,
higher carbonate precipitation and better carbonate preserva-
tion (Wagner et al., 2009, 2010; Vogel et al., 2010a; Aufge-
bauer et al., 2012). The mid-Holocene is chronologically
Fig. 5. Photography of the core C01262, from ca. 308 to 323 cmel| constrained by three radiocarbon ages between 574 and
depth,.where the AD 472/51? tephra as thin, greyish band (arrows14 cm depth, with ages between 5030 and 3510 calyr BP
underlies mass waste deposit MWD1 with a sandy base. (Table 1), and by the occurrence of the FL tephra at 517 cm

depth with an age of 33 70calyrBP (Table 2, Figs. 4

and 6; Coltelli et al., 2000; Wagner et al., 2008a). The ex-
most of the existing records from Lake Ohrid apparently areisting records indicate a second cooling/drying event around
disturbed at the Pleistocene/Holocene transition. In a record000 cal yr BP, however, this event is only poorly resolved in
from nearby Lake Prespa, a first significant increase of orcore C01262. A significant decrease of TIC and Ca around
ganic matter occurred at the end of the Younger Dryas anda. 2500 calyr BP was observed in other cores from Lake
the onset of the Holocene (Fig. 4). We assume that the inOhrid (Fig. 4), when an anthropogenic impact led to higher
crease of TOC between ca. 950 and 900 cm and the end afrosion in the catchment and increased the clastic matter in-
ice-rafted debris deposition at ca. 900cm in core Col262put into Lake Ohrid (cf. Wagner et al., 2009, 2010; Vogel et
can also be correlated with the onset of the Holocene. Thel., 2010a). A similar pattern can be observed in core C01262
peaks in TIC and Ca and the minimum in TOC around at ca. 440 cm depth, where a terrestrial macrofossil remain
800 cm depth in core Co1262 could correspond with theyielded an age of 2190 cal yr BP (Table 1). Another indepen-
period 10500-9500 cal yr BP, when similar fluctuations aredent chronological tie point comes from a tephra layer that
observed at Lake Prespa (Fig. 4; Aufgebauer et al., 2012xppears as a thin greyish band just below MWD1 and cor-
and when a minimum in winter precipitation is reconstructedresponds to a Sr peak (Figs. 4 and 5). Geochemical identi-
from a record at nearby Lake Malig (Bordon et al., 2009). fication of volcanic material from this horizon attributes the
The radiocarbon age of the fish remains at 758 cm indicating

310 t_
312+
314
316
318
320§

322-|
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Table 2. Major element glass composition of tephras and cryptotephras in core C01262.

Tephra/Crypto- Tot.  Alk.
tephra Shards SO TiOp Al,O3 FeQoet MnO MgO CaO NaO KyO POgs CIO Alkali Ratio
Co01262-320 1 47.77 114 19.35 796 0.12 25 10.39 495 494 0 0.88 9.89 1.00
(AD472/512) 2 48.04 1.13 20.2 7.72 0.38 1.44 8.19 6.39 542 0 1.1 1181 0.85
3 50.52 055 21.72 505 0.07 082 516 6.51 8.86 0 075 1537 1.36
4 50.49 0.7 2177 522 013 099 5.96 481 9.19 0 075 14.00 1.91
5 5491 158 18.28 74 015 249 595 5.08 337 044 0.34 8.45 0.66
6 47.72 1.02  20.36 775 014 235 981 594 399 0.15 0.77 9.93 0.67
7 4858 0.81 21.25 6.6 034 1.2 6.38 79 535 0.2 138 1325 0.68
8 48.48 0.8 20091 733 017 119 7.72 6.48 568 0.09 116 12.16 0.88
9 48.88 0.77 20.17 776 019 181 8.56 5.69 5.22 0 096 1091 0.92
10 48.06 1 20.87 7.08 0.42 1.4 7.76 6.91 543 0.07 099 12.34 0.79
Co01262-517 1 51.87 194 17.78 986 015 269 4.89 6.01 377 0.67 0.36 9.78 0.63
(FL) 2 53.84 1.78 19.37 7.47 0.24 1.85 4.6 6.77 3.42 0.37 0.29 10.19 0.51
3 544 1.72 18.7 6.42 015 238 497 569 458 059 04 1027 0.80
4 53.96 1.89 1741 8.18 023 283 545 558 3.62 046 0.38 9.2 0.65
5 534 182 17.69 853 024 3.07 497 546 4.01 052 0.29 9.47 0.73
6 55.25 1.8 18.1 731 033 223 436 6.03 391 0.39 0.28 9.94 0.65
7 53.93 1.44 18.44 7.81 0 34 6.36 528 286 031 0.17 8.14 054
8 53.87 15 17.87 7.94 0 348 6.24 554 301 035 02 855 0.54
9 54.01 191 17.46 8.17 03 275 555 54 368 045 0.31 9.08 0.68
10 53.36 1.74 18.26 762 027 337 582 573 315 035 0.33 8.88 0.55
11 5415 154 18.71 7.71 01 326 579 501 315 035 0.22 8.16 0.63
C01262-709 1 51.87 194 17.78 986 015 269 4.89 6.01 377 067 0.36 9.78 0.63
(Mercato) 2 53.84 1.78 19.37 7.47 0.24 1.85 4.6 6.77 3.42 0.37 0.29 10.19 0.51
3 544 1.72 18.7 6.42 015 238 497 569 458 059 04 1027 0.80
4 53.96 1.89 1741 8.18 023 283 545 558 3.62 046 0.38 9.2 0.65
5 534 182 17.69 853 024 3.07 497 546 401 052 0.29 9.47 0.73
6 55.25 1.8 18.1 731 033 223 436 6.03 391 0.39 0.28 9.94 0.65
7 53.93 144 18.44 7.81 0 34 6.36 528 286 031 0.17 8.14 054
8 53.87 15 17.87 7.94 0 348 6.24 554 301 035 02 855 0.54
9 54.01 191 17.46 8.17 03 275 555 54 368 045 0.31 9.08 0.68
10 53.36 1.74 18.26 7.62 027 337 582 573 315 035 0.33 8.88 0.55
11 5415 154 18.71 7.71 01 326 579 501 315 035 0.22 8.16 0.63
12 54.15 1.54 18.71 7.71 0.1 3.26 5.79 501 3.15 0.35 0.22 8.16 0.63

tephra to the AD 472/512 eruption of the Somma-Vesuviussimilar to those previously found in lakes Ohrid and Prespa,
(Table 2, Fig. 6; Wagner et al., 2008b; Sulpizio et al., 2010a;we assume that it also includes the AD 512 deposits. The
Vogel et al.,, 2010b). The geochemical differentiation be-sandy horizon at the base of MWD1 is deposited directly
tween the AD 472 and AD 512 tephras is relatively easy, ifabove the AD 472/512 tephra. Calculating a mean sedimen-
the entire succession of the AD 472 eruption is preservedtation rate of ca. 1 mm yr* between the carbonate decline at
because the composition of tephras from this event stradea. 440 cm depth (2200 cal yr BP) and the occurrence of the
dles the fields of phonolite, foidites and tephra-phonolitesAD 472/512 tephra (1478/1438 cal yr BP) at 320 cm depth,
(Fig. 6; Santacroce et al., 2008). It becomes more difficultwe can assume that the mass movement occurred less than
if only the final products of the AD 472 eruption are rec- 20yr after the deposition of the AD 472/512 tephra. Poten-
ognized, because they have a large compositional overlagial triggers for a mass movement include delta collapses,
with the AD 512 tephra (Sulpizio et al., 2010a, b). Volcanic rockfalls, lake level changes, or earthquakes (e.g., Schnell-
ejecta from the AD 472 eruption were clearly identified in mann et al., 2006; Girardclos et al., 2007). A delta collapse
Lake Shkodra (Sulpizio et al., 2010b; Zanchetta et al., 2012)can be excluded, as there is no inlet close to the coring lo-
which is located ca. 160 km northwest of Lake Ohrid. In for- cation and deltaic deposits cannot be observed in the seis-
merly studied cores from lakes Ohrid and Prespa, however, anic data (Figs. 2 and 3). The steep subaquatic slopes close
mixture of AD 472 and AD 512 tephras was proposed (Vogelto the Lini Peninsula could have promoted rockfalls, but typi-
et al., 2010b; Damaschke et al., 2012). As the geochemicatal rockfall structures, such as relatively fresh scarps onshore
composition of the tephra at 320 cm depth in core Co1262 isor subaquatic basin-marginal cones cannot be observed (cf.
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16 5 Comparison with other sites
14 Foldiles. = According to the chronological tie points and the patterns of
_ 12k geochemical fluctuations the Holocene sedimentation rates
S at the Lini site Co1262 are varying distinctly (Fig. 4) and
© 10 Rhyolites are relatively high compared with other sites from the lake.
% 8L After subtracting the mass wasting deposits in core Co1262,
= the Holocene sediments comprise almost 8 m, which is about
6 twice as much as the Holocene sediment succession in the
4 northeastern part of the lake (core C01202, Fig. 1, Vogel et
o | : ggggggfg Eﬁ‘B 472-512) al., 2010a). In the southe_astern part of.the Iake,_th_e thick-
Co1262-709 (Mercato) ness of the Holocene sediment succession was similar (core
o L 1 L 1 1 L 1 Lz1120, Fig. 1, Wagner et al., 2009), but this coring location
40 45 50 55 60 65 70 75 is close to an inlet. There is no significant inlet close to the
SiO, site Co1262 and Lake Ohrid is an oligotrophic lake with rela-

tively simple basin morphology. The significant variations in
Fig. 6. Classification of tephras and cryptotephras recognised insedimentation rates and the overall high sedimentation rate
core Co1262 from Lake Ohrid by means of the total alkali vs. silica suggest lake internal currents (Vogel et al., 2010c) and/or
diagram (TAS, Le Bas et al., 1986). The raw data of tephras anccontourite drift as observed in Lake Prespa (Wagner et al.,
cryptotephras is given in Table 1. 2012) or other lakes (e.qg., Girardclos et al., 2003; Gilli et al.,

2005). Another reason for the varying but high sedimenta-

Schnellmann et al., 2006; Figs. 1 and 2). The existing record&ion is probably due to the tectonic activity along the west-
from lakes Ohrid and Prespa or paleoclimatic reconstruction€rn margin of the lake. According to seismic data, the region
from the region do not indicate that the ear|y 6th century AD around Lini Fault, which is one of the oldest faults in Lake
was characterised by significant changes in lake level and hyOhrid Basin, located offshore of Lini Peninsula is one of the
drology (e.g., Wagner et al. 2009, 2010, 2012; Lindhorst etmost active areas. Half-grabens were developed within the
al., 2010; Vogel et al., 2010a; Leng et al., 2012). However,hanging wall of related fault structures, creating depocentres
historical documents indicate that an earthquake destroyethat are filled with re-deposited material from the footwall.
the city of Lychnidus (Ohrid) in the early 6th century AD. Seismic activity probably also induced the Udenisht Slide in
Potential candidates for such an earthquake are the 518 Atthe southwestern part of the lake (Fig. 1; Lindhorst et al.,
earthquake, which according to some authors more affected012). The chronological control of this slide is poor, but ex-
the city of Scupi (Skopje; Aliaj et al., 2004; Ambraseys, trapolation of sedimentation rates of overlying sediment indi-
2009), or the 526 or 527 AD earthquake, which concentratectates that this slide is younger than 1500 yr and also probably
more on the Ohrid region (Ambrasyes, 2009; Reicherter e@ssociated with an early 6th century AD earthquake (Lind-
al., 2011). Although the bioturbated structure of the sedimentorst et al., 2012). These observations strongly suggest that
core and the impossible differentiation between the AD 472major earthquakes in Lake Ohrid triggered lacustrine slides
and AD 512 tephra do not allow a chronological discrimina- and are confirmed by onshore information, which indicate
tion between the two (or three) earthquakes, it is evident thathat the morphology of the Ohrid basin is formed by fre-
MWD1 must have occurred during the early 6th century AD duent earthquakes of magnitudes betw#&e8.0 and 7.0 (Re-
and is likely related to one of these earthquakes. An earlyicherter et al., 2011). Hence age estimation of these mass
6th century AD age of MWD1 is confirmed by the patterns wasting deposits can be used as a proxy for estimating pa-
of TIC and Ca on top of it, which are again similar to those leoseismicity. For example, the thick mass wasting deposit
of former cores from Lake Ohrid. After low Ca between 121 MWD2, which underlies core sequence C01262, could orig-
and 100 cm depth, which would correspond to a period ofinate from an older, Late Pleistocene earthquake. Most ex-
ca. 200yr based on a sedimentation rate of ca. 1 mﬁhyr isting sediment records from Lake Ohrid spanning into the
the increase of Ca and TIC can be correlated with the onlast glacial cycle have disturbed sedimentation at the Late
set of the MWP, which culminated at 900—1000 AD in other Pleistocene/Holocene transition (Wagner et al., 2009; Vogel
cores from lakes Ohrid and Prespa (summarised in Wagn@t al., 20103.), which mlght be related to hlgh seismic activity.
et al., 2010 and Aufgebauer et al., 2012; Fig. 4) and betweer here are a number of other slides indicated in multichannel
1000 and 1200 AD in the eastern Mediterranean (Kaniewsks€ismic sections Lindhorst et al. (2012), which suggest that a
et al., 2011). The subsequent minimum of Ca and TIC cor-long paleoseismic record will become available once a deep
relates with the LIA (Wagner et al., 2009, 2010; Vogel et al., drill core will be recovered from Lake Ohrid.

2010a), and is confirmed by the age of macrofossil remains

at 17 cm depth (140 cal yr BP, Table 1). Recent warming led

to increasing Ca and TIC at the sediment surface.
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6 Conclusions Beck, C., Reyss, J.-L., Leclerc, F., Moreno, E., Feuillet, N., Bar-
rier, L., Beauducel, F., Boudon, G.,&hent, V., Deplus, C., Gal-
The C01262 record shows the high potential of Lake Ohrid lou, N., Lebrun, J.-F., Le Friant, A., Nercessian, A., Paterne, M.,
for paleoseismicity investigations, by combining seismic, Pichot, T., and Vidal, C.: Identification of deep subaqueous co-
sedimentological, climatic, tephrostratigraphic, and histori- Seismic scarps through specific coeval sedimentation in Lesser
cal information. The most significant mass wasting deposit Antilles: implication for seismic hazard, Nat. Hazards Earth Syst.
in core Col1262 is ca. 2m thick and overlays a tephra, which Sci., 12, 1755-1764oi:10.5194/nhess-12-1755-202D12.
. . . Bordon, A., Peyron, O.,&zine, A.-M., Brewer, S., and Fouache, E.:
is correlated with the AD 472/512 eruption of the Somma- . . X :
Vi . Th f th ina d . Pollen-inferred Late-Glacial and Holocene climate in southern
eSUVIUS.. e exact age o t,e mass WaSt,mg eposit can- Balkans (Lake Malig), Quaternary Int., 200, 19-30, 2009.
not be defined, because there |sageochem|(;al overlap of the,chfiel. B.. Nakov, R., Dumurdzanov, N., Papanikolaou, D.,
AD 472 and the AD 512 tephra and the sediments of Lake T1zankov, T., Serafimovski, T., King, R., Kotzev, V., Todosov, A.,
Ohrid are not annually laminated. However, the lack of ap-  and Nurce, B.: Evolution and Dynamics of the Cenozoic Tec-
parent erosional discordance at the base of the mass wast- tonics of the South Balkan Extensional System, Geosphere, 4,
ing deposit and the small distance to the AD 472/512 tephra 919-938, doit0.1130/GES00169,2008.
imply that the mass wasting deposit occurred in the earlyCaron, B., Sulpizio, R., Zanchetta, G., Siani, G., and Santacroce,
6th century AD. This age is confirmed by the sediments, R.: The Late Holocene to Pleistocene tephrostratigraphic record
which overlay the mass wasting deposit and show charac- ©f Lake Ohrid (Albania), CR Acad-_sc'.-’ 342, 453-466, 2010.
teristic variations related to the Medieval Warm Period andCoItelll, M., Del Carlo, P., and Vezzoli, L.: Stratigraphic constrains

. . . . for explosive activity in the past 100 ka at Etna volcano, Italy, Int.
the Little Ice Age. Several potential triggers for this mass J. Earth Sci., 89, 665-677, 2000.

wasting event, such as delta collapse;, rockfalls, or lake .Ievelljamaschke‘ M., Sulpizio, R., Zanchetta, G., Wagner, BB,
change; can be egcluded or are unI|ker.. More likely is a A., Nowaczyk, N., Rethemeyer, J., and Hilgers, A.: Tephros-
correlation with a historical earthquake, which destroyed the  tratigraphic studies on a sediment core from Lake Prespa in the
city of Lychnidus (Ohrid) in the early 6th century AD. Ac- Balkans, Clim. Past Discuss., 8, 4443—448@i;10.5194/cpd-8-
cording to historical documents, this earthquake could have 4443-20122012.

occurred at 518 AD, 526 AD, or 527 AD. Within the frame- EMSC: Europen Mediterranean Seismological Centre, available at:
work of such uncertainties, core Co1262 is a very nice ex- Www.emsc-csem.ordast access: 18 December 2012.
ample of Holocene paleoseismicity studies. More data fromGilli, A., Anselmetti, F. S., Ariztegui, D., Beres, M., McKenzie, J.
other locations of the lake and similar examples from older A and Markgraf, V.. Seismic stratigraphy, buried beach ridges

eriods will be needed to shed more light on the earthquake and contogrite dr_iﬂS: the L_ate Quaterna_ry history of the closed
Eistory of the lake 9 q Lago Cardiel basin, Argentina (4%), Sedimentology, 52, 1-23,

2005.
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