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Key Points: 

• Age distributions of co-seismic carbonate veins are comparable with historical 
earthquakes. 
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• Co-seismic carbonates are precipitated with the close-epicentre (d<200 km) and high-
intensity (I>VI) earthquakes. 

• Co-seismic carbonates are a good candidate to determine the long-term seismic release 
records.   
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Abstract 
U-Th dating of carbonate veins in connection with active tectonics has recently been used as an 
attractive tool for constraining the absolute timing of late Quaternary crustal deformations. In 
this study, for the first time we correlate U-Th ages of travertine deposits in co-seismic fissures 
along the North Anatolian Fault Zone (NAFZ) with records of paleoseismological studies 
supported by historical earthquake catalogued data. U-Th ages are assessed in relation to the 
recurrence interval and the size and epicentre distance of major Holocene earthquakes. Our 
statistical evaluations on age correlations indicate that the carbonate vein precipitation is 
concentrated in eight different periods along the NAFZ. The periods are well correlated with 
historical earthquake records and with previous dating results of the nearby trench studies. At 
least six of the periods correspond to the earthquakes reported in the historical catalogues. The 
age correlations of carbonate precipitation intervals for the last millennium show a recurrence 
along the eastern NAFZ with a mode at 130–330 years that is consistent with a previously 
proposed paleoseismic recurrence interval of the fault. Recorded events in carbonate veins 
indicate a close-epicentre (d<200 km) and high-intensity (I>VI) paleoearthquakes. Our results 
suggest that co-seismic carbonate veins could be used to determine paleoseismic records as a 
supplementary tool to augment paleoseismological techniques. This tool has advantages over 
traditional paleoseismological methods for the understanding of long-term earthquake behaviour, 
particularly for prehistoric late Pleistocene events which cannot be dated easily by traditional 
paleoseismological methods. 
 

 

 
1 Introduction 
CO2-rich spring waters under high pressure in subsurface reservoirs are mobilized during sudden 
crustal strain (Montgomery and Manga 2003, Wang et al. 2004, Berardi et al. 2016, Karabacak et 
al. 2017) giving rise to carbonate precipitation within fractures that act as a conduit for hot 
waters (Sibson 1987, Altunel and Karabacak 2005) (Figure 1a).  Such carbonate precipitation is 
therefore associated with co-seismic activities of faults, owing to the rapid precipitation from 
surface water enriched in CO2 of deep origin (Uysal et al. 2007, 2011, Brogi and Capezzuoli 
2014). Moreover, precipitation of banded carbonate veins has been considered to be a result of 
repeated seismic releases (e.g., Altunel and Karabacak 2005, Uysal et al. 2007, Mesci et al. 2008, 
Nuriel et al. 2012, Brogi et al. 2017, Williams et al. 2017) (Figure 1b). However, independent 
earthquake chronologies were not available to test correlations with vein U-Th ages in previous 
studies. Thus, it is imperative to test this method in areas with dense seismic records and further 
assess the relationship between carbonate precipitation and fault activity. 
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Along the segments of the North Anatolian Fault Zone (NAFZ), hot springs and related 
carbonate veins occur within well-developed fracture systems (Figure 2a). The NAFZ is also one 
of the most popular active plate boundaries for paleoseismological studies with the support of the 
earthquake catalogues extending back thousands of years. This fault zone has produced a 
sequence of catastrophic earthquakes during the 20th century (Figure 2a), commencing in the 
east with the 1939 Erzincan earthquake and progressing westward with an increase in the stress 
on nearby segments (Stein et al. 1997, Şengör et al. 2005). As such, tremendous efforts have 
been made to assess the seismic behaviour of the NAFZ based on historical and prehistorical 
seismic records (e.g., Barka 1996, Hubert-Ferrari et al. 2000, Rockwell et al. 2009). For 
example, across the segment of the 1939 Erzincan earthquake-rupture, most studies were carried 
out through paleoseismic trenching of Holocene fluvial and alluvial deposits for the 
identification of paleo earthquakes (e.g., Hartleb et al. 2006, Fraser 2009, Kozacı et al. 2011, 
Zabcı et al. 2011, Fraser et al. 2012, Polat et al. 2012) (Figure 2b). Therefore, the correlation of 
the timing of carbonate precipitation with paleoseismic records in this region may provide 
significant supplementary chronological data. 

Paleoseismological studies are mainly based on the interpretation of data of depositional and 
erosional processes spanning from the Holocene to the present day. Different approaches and 
techniques (e.g. 14C, TL/OSL) are used for dating samples showing direct or indirect evidence of  
paleo earthquake activity (e.g. McCalpin 2009, Bronk-Ramsey 2014, Gray et al. 2015). Most 
studies deal with stratigraphic ordering constraints and date the pre-seismic or post-seismic 
geological units to estimate the event horizon of the earthquake (Allen 1986, McCalpin 2009). 
All models assume that the samples from a given layer must be older than the samples from a 
layer above (Biasi et al. 2002, Hilley and Young 2008). Dating of paleo earthquake records by 
trenching however has been a major challenge because of the difficulty in distinguishing cutting 
relationships of the faults from stratigraphic patterns (Akyüz et al. 2015). It needs sedimentary 
archives that are thin enough to access but thick enough to catch all of the paleo events. On the 
other hand, not all of the surface‐rupturing earthquakes can be recognized by trenching methods 
(Yeats 2007). In some cases, destructive earthquakes may not produce any surface rupture or can 
only be manifested as distributed deformation (Atakan 2000). In slow deformation areas like 
intraplate domains, characteristics of long-term seismic release cannot be detected fully through 
paleoseismic trenching studies (Clark and McCue 2003). Also, a faster rate of sedimentation can 
cover event horizons with a thick pile of sediments which restrains the investigation of the 
paleoevents. One of the chief challenges of modern paleoseismic trenching investigations is the 
difficulty in finding datable material in the sedimentary archive. They could also have relatively 
poor temporal precision owing to the uncertainties associated with the relationship between the 
dated samples and their deposits (Fraser et al. 2010). There may also be insufficient and 
unsuitable sample material for dating due to the unfavourable environmental and/or 
sedimentological conditions. In addition, it is difficult to identify all individual earthquakes along 
fast-moving faults (especially at overlapping sections of neighbouring fault segments) because of 
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the limitation of dating methods. Thus, there is an obvious need for complementary methods and 
techniques. 

In the current study, we correlate U-Th age data of carbonate veins precipitated in co-seismic 
fissures with robust historical earthquake and paleoseismic data records along the 1939 Erzincan 
earthquake-rupture segment of the NAFZ (Figure 2b). U-Th ages are tested for the first time in 
the literature in relation to recurrence intervals, the size and epicentre distance of major 
Holocene earthquakes. Timing of fluid inflow events within the fracture systems are determined 
by U-Th dating of carbonate veins, which are considered to have precipitated from circulating 
fluids during and shortly after the Holocene earthquakes. Known records of the historical 
earthquake catalogues and previous dating results derived from the surrounding trench studies 
are compared with periods of the carbonate precipitation using the statistical evaluation of U-Th 
age distributions.  

 

2 Co-seismic Fluid Circulation on Active Fault Zones 
During interseismic periods, shallow and deep aquifers are relatively stable. However, during 
earthquakes changes occur in groundwater aquifers (Montgomery and Manga 2003, Wang et al. 
2004). Elastic strain and compression can cause water level rise, whereas enhanced permeability 
can induce both the rise and fall of this level depending on the water pressure (Shi et al. 2018). In 
the case of a lesser pressure gradient in unconfined and shallow aquifer, the permeability 
increase may enhance downward flow and, consequently the water level falls (Montgomery and 
Manga 2003, Cutillo and Ge 2006) (Figure 1a). For example, during large-magnitude 
earthquakes (M=5–8) pore volume is increased and permeability is enhanced which induces 
downward groundwater flow, close to the monitoring wells (Parvin et al. 2014) (Figure 1). 
Additionally, the shear stress and elastic strain become zero at the ground surface and increase 
with depth (Seed and Idriss 1971) (Figure 1a). Thus, deep aquifers are loaded by larger elastic 
strain which causes a relatively large expulsion of depressurized CO2-rich hot waters.  

Co-seismic fracture development and related vein precipitation during seismic release have long 
been known. Direct field evidence of this phenomena along active faults was first noticed by 
Sibson (1987) in the southern San Andreas Fault system, whereby major dilatational jogs 
extending throughout the seismogenic regime act as vertical pipe-like conduits for enhanced 
fluid flow. Precipitation of episodic neoformational minerals (mainly calcite) in the top 1-2 km 
of such dilatational jog structures is induced by the dynamic effects of the fault rupture. The 
cycle of episodic co-seismic carbonate precipitation was described by Uysal et al. (2007), Nuriel 
et al. (2012), Brogi and Capezzuoli (2014),Karabacak et al. (2017), and Williams et al. (2017), in 
detail, and involve: 1) opening/reopening of fractures due to seismic release, 2) simultaneous 
fluid circulation in fracture systems and expulsion of depressurized/supersaturated hotwater, 3) 
rapid precipitation of carbonate on both walls of the fracture (planar)until plugging of the 
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fracture during the post-seismic period, 4) relatively unsaturated and slow fluid flow from 
shifting points along the sealed fracture (pipes) during interseismic period, and 5) repeating 
cycles through fault reactivations. 

The internal structure of carbonate veins formed in alternated bands (Figure 1b)is closely linked 
to repeated fault reactivation (this can be compared with the Figure 3b of Williams et al. 2017) 
that requires reopening of the previously sealed fractures within the bedrock, favouring 
temporary endogenic fluid circulation. With an alternative scenario in Figure 6c of Capezzuoli et 
al. (2018), it is suggested that every band is made up of two main crystal associations that are 
juxtaposed: 1) whitish microcrystalline calcite that is related to abundant fluid inclusions with 
high-CO2 degassing of the co-seismic activity, and 2) light-transparent macrocrystalline elements 
that are precipitated at slow degassing rates during the time up to sealing (post-seismic).  In both 
cases, each band of the vein represents a limited time interval postdating the earthquake (Figure 
1b). 

There are two important issues to be considered in the comparison of carbonate precipitation 
with seismic release; the lower limit and upper limit. The former refers to the beginning of vein 
precipitation following an earthquake and the latter is related to how rapidly veins grow to the 
sampled thickness. Postseismic fluid flow has been shown to begin at modest levels a few days 
after the fault rupture (Muir-wood and King 1993) and supersaturated fluids circulating within 
the damaged rocks can rapidly precipitate calcite leading to deactivation of thermal springs 
(Brogi and Capezzuoli 2014). This, in turn, results information of banded carbonate veins in 
near-surface fractures as soon as possible after close-epicentral earthquakes. For example, Brogi 
and Capezzuoli (2014) documented for the first time direct co- and post-seismic effects of an M= 
3.6 earthquake in Tuscany (Italy) leading to the occurrence of fluid flow along fissure-ridge 
travertine. Accordingly, the commencement of carbonate precipitation is argued to be almost 
simultaneous with the earthquake event, which could be used as a proxy for seismic records. 

Improved U-series dating techniques helped demonstrate the role of carbonate veins in 
reconstructing the evolution of crustal dilatation (Altunel and Karabacak 2005) and seismic 
strain cycles (Uysal et al. 2007). Earlier studies showed comprehensively that travertine veins 
formed through the injection of overpressured hydrothermal fluids within earlier precipitated 
bedded travertines in association with latest Pleistocene seismic events (Uysal et al. 2009, Brogi 
et al. 2017). Williams et al. (2017) presented U-Th dating results of calcite veins along a normal 
fault zone, Rio Grande rift (New Mexico) that constrain a long-term recurrence interval in a 
range of 150ka to 550 ka BP. Although all previous work rest on the inference that the fluid 
discharge events are directly related to seismic strain, this relationship has not been proven with 
the actual earthquake records until now. 

There are several well-preserved fissure-ridge travertine sites along the NAFZ (Figures 2a and c, 
Table S1). Other examples of carbonate veins include fault-related fissures in the Aegean region 
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(Turkey and Greece), the northern Apennines (Italy), and the Basin and Range province (USA) 
(e.g., Hancock et al. 1999, Altunel and Karabacak 2005, Uysal et al. 2011, Berardi et al. 2016, 
Brogi et al. 2017). Thus, carbonate veins could be of broad interest and have wide-ranging 
application in studies of active tectonics and in a variety of tectonic settings in the investigation 
of co-seismic records of active faults. In this study, we focused on one of these sites within an 
active plate-boundary transform fault zone.  

 
3 Evidence of Surface Rupturing Earthquakes 
Slip rates obtained from geodetic, geomorphic and geologic data yield a movement of about 18to 
26 mm/year along the NAFZ (McClusky et al. 2000, Hubert-Ferrari et al. 2002, Kozacı et al. 
2007). As a result of such high slip-rate strain accumulates over periods of time leading to a 
sequence of large-magnitude earthquakes (Figure 2a).The paleoseismic recurrence interval of 
this sequence in the western section of the NAFZ is estimated to range between 100 and 300 
years (e.g. Klinger et al. 2003, Rockwell et al. 2009, Fraser et al. 2010). However, Hartleb et al. 
(2006) and Kozacı (2008) stated that the eastern NAFZ does not always rupture in sequences 
similar to the twentieth‐century cluster of the fault. For instance, Fraser (2009) suggested a 
bimodal recurrence interval with the modes at 100–400 and 900–1200 years for the Kelkit Valley 
segment of the NAFZ.  

The Erzincan earthquake of 26 December 1939 was the first large event during the last century 
which created a rupture zone of about 360 km length, extending from the eastern end of the 
Erzincan Basin to the south of the Amasya province (Figure 2a) (Barka 1996, Zabcı et al. 2011, 
Gürsoy et al. 2013). Just three years after, another devastating earthquake occurred near the 
western extent of the 1939 rupture segment (20 December 1942; Erbaa-Niksar Earthquake, Ms= 
7.1) (Figure 2a). A 10-km-wide releasing step-over separates the rupture propagation of the 1939 
and 1942 events (Barka et al. 2000). An earlier historical Anatolian Earthquake on 17 August 
1668 has been reported to occur on the same segments with a probable rupture length of more 
than 400 km (Ambraseys and Finkel 1988, Zabcı et al. 2011). Large historical earthquakes, 
including the well-documented 1939 and 1668 events, are reported along the NAFZ between 
Niksar and Erzincan basins. Supplementary Table S2 summarizes the macroseismic descriptions 
of large historical earthquakes which affected the studied region.  

The 1939 rupture consists of five major geometric segments (i.e. Erzincan, Mihar-Tümekar, 
Ortaköy-Suşehri, Kelkit Valley and Ezinepazarı) (Barka 1996, Zabcı et al. 2011, Fraser et al. 
2012) (Figure 2b). The paleoseismplogical studies regarding the 1939 rupture segment are 
mainly concentrated on the Mihar-Tümekar, Ortaköy-Suşehri and Kelkit Valley geometric 
segments (Figure 2b) and they present a spatial distribution for the paleo events.  

Along the Mihar-Tümekar segment three research groups have excavated several trenches 
(Hartleb et al. 2006, Kozacı et al. 2011, Fraser et al. 2012) (Figure 2b), where 1200 BC, 499 AD, 
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1045 AD, and 1254 AD events were dated (Figure 3). Moreover, Fraser et al. (2012) provided 
evidence of the 1668 earthquake in the western part of the segment (Figure 3). In these studies, 
separate events of the 9th BC, 3rd BC, and 8th AD centuries were recorded which are not 
mentioned in the earthquake catalogues (Table S2). Hubert-Ferrari et al. (2012) showed that a 
sag-pond lake that setson the segment border towards the west yielded a reliable paleoseismic 
record obtained through the lake cores (Figure 2b). Radiocarbon dating on varved lake sediments 
reveals the evidence of the 1254 AD, 1668 AD, and 1939 AD historical earthquakes and another 
earthquake between 1400 AD and 1600AD which was not documented before, along the NAFZ. 

However, on the Ortaköy-Suşehri geometric segment Polat et al. (2012) have also identified 
paleo events that are not fully constrained by their dating results (Figure 3). The Kelkit Valley 
segment between the Suşehri and Niksar Basins is approximately 100 km long. Towards the west 
this segment is separated from the Ezinepazarı segment by westward bending of the fault zone 
and from the 1942 rupture by a releasing step-over (Figure 2b). In trenches opened at the eastern 
side of the study area, Zabcı et al. (2011) evidence was found of three surface faulting 
earthquakes predating the 1939 event. In addition to the 1939 Erzincan earthquake, surface 
ruptures of previous earthquakes are interpreted to represent the 1045 AD, 1254 AD, and 1668 
AD events (Figure 3).Fraser (2009) presented paleoseismic trenching dates of the 499 AD and 
1668 AD earthquakes in the western part of the Kelkit Valley segment (Figures 1b and 4). In the 
same study, new data indicating the 23rd BC, 20th BC, 9th BC, and 3rd BC century events were 
absent in earthquake catalogues (Figure 3). Therefore, given the presence of numerous 
earthquakes occurring in the vicinity of the study area, it should be verified whether these events 
are recorded by the fault-localized travertine carbonates. 

 
4 Sampling Site, Analytical Techniques and Geochronological Data 
4.1 Reşadiye fissure-ridge travertine 
The Kelkit Valley geometric segment of the 1939 Earthquake rupture is represented by the 
narrowest morphology throughout the NAFZ (Figures 2b and c). The Reşadiye site forms one of 
the widest parts of the segment with a maximum opening of 750 m in the N-S direction (Figure 
2c). The strike of the fault is N70W to the east of Reşadiye. Using focal mechanisms, the SHmax 
axis was calculated to be in NW-SE direction for the region by the World Stress Map Project 
database WSM (Heidbach et al. 2016). The fault is interrupted around the Reşadiye town (Emre 
et al. 2012). It extends towards the west as two parallel branches in N75W direction (Figure 2c). 
This geometry of faulting is interpreted as a pull-apart basin with a rhomboidal geometry 
(Gürsoy et al. 2013). There are active hot springs along the well-developed fracture system.  

The Reşadiye fissure-ridge type travertine occurs along the ∼NW- striking sigmoidal dilation 
fracture linked to the shear zone (Figures2c-inset and 4a). Z-shaped geometry of the fracture 
suggests that it is formed in a right-lateral shear zone as an extensional fracture (perpendicular to 
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the minimum compressive stress). The general strike of the sigmoidal extent is parallel to the 
SHmax (Figure 2c-inset).  

The main central fissure of the Reşadiye travertine ridge contains vertical carbonate vein 
(Figures 4b, c, d and e). It extends about 650 m as a single vein. Vein width varies from a few 
cms to 1 m, reaches maxima in central parts and there is no fracture opening along the vein 
centre. 

There are also secondary fractures within the main fissure-ridge travertine. They occur especially 
in the central part and present geometrical similarities among themselves. Secondary fractures 
that are filled with carbonate material are mostly exposed vertically and in some cases they dip to 
about 70-800. Their maximum length is up to a few tens of meters and widthsare of a few cms. A 
few of secondary fissuresthat also run parallel to the local SHmax direction (N40-45W) cut the 
main vein at low angles. The shear zone controlling the sigmoidal deformation and extensional 
fracturing is parallel to the NAFZ. Moreover, the main fissure-ridge is in a few hundred meters 
distance to the last earthquake rupture (1939 Erzincan earthquake). Therefore, carbonate veins 
filling the fracture offer an excellent opportunity for the investigation of seismic records of the 
NAFZ along the Kelkit Valley.  

We conducted sampling at three selected locations (Figure 2c, inset photo). First of all, we 
determined candidate veins that could be sampled from the whole width (wall to wall) or at least 
from wall to fissure centre. On the veins, we separated representative carbonate bands that were 
relatively thick, detritus-free and crystalline (see an example in Figures 5a-c).All bands were 
labelled in the field. Possible points for dating were signed on the samples to indicate the first 
precipitation sides (closer side of the band to fracture wall) (see an example in Figure 5d). 
Totally 22 carbonate bands were collected (Table 1).  

L1 location (samples 1-8): This location was sampled (Figure 2c, inset photo) around the central 
part of the main ridge. 8 carbonate band samples were collected from 6 separate veins that filled 
the secondary fissures (Figure S1, Table 1). Banded travertine samples of 1, 2 and 3 were taken 
from a N45-50Wstriking vertical fissure vein. Samples 4 and 5 were collected from two parallel 
fissures in the same direction, whilst samples 6, 7 and 8 were from N55-60W striking fissures. 
Widths of carbonate bands vary from 1 to 5 cm. 

L2 location (samples 9-15): The location was sampled from a well-exposed part of the main vein 
(Figure 2c, inset photo). Sampling was done systematically from the whole width of the vein 
(wall to wall) (Figures4b, 4e and 5).7 banded travertine samples at N60-65W/80SW position 
were collected (Table 1). Widths of sampled carbonate bands range from 2 to 5 cm. 

L3 location (samples 16-22): This location was sampled from the main vein (Figure 2c, inset 
photo and Figure 4d). Sampling was done on the NE half of the symmetric bands, from the 
contact with the wall-rock towards the middle of the vein (Figure S2). 7 banded travertine 
samples at N50-55W/90 position were collected (Table 1). Widths of the bands are between 2 
and 5 cm. 
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4.2 U-Th geochronology 
Carbonate band samples collected along the Reşadiye fissure-ridge travertine were cut parallel to 
their deposition directions. Collected carbonate samples were polished in order to remove any 
weathered surfaces, and then cleaned ultrasonically in deionized water. Before the analysis two 
sets were prepared: One of the sets was used to investigate the whole rock mineralogy and 
microtexture by XRD and thin section petrography, respectively (Figures S3–S7). The sampled 
veins were unaltered and not coated by secondary minerals. The characteristics of the vein 
textures depended on the nucleation of the filling material, the growth kinetics, the kinematics of 
vein opening (or dilation), and the host rock geometry (Blenkinsop 2000). Based on the results of 
XRD and microscopy studies, collected carbonate samples are coarsely crystalline (Figures S3–
S7) and consist of almost 100% calcite minerals. Calcite fabrics are generally observed as long 
elongated and open columnar forms with frequent twinning and deformation. 

For U-Th dating, carbonate vein samples of the second set were microdrilled from the immediate 
nearest location of the band to the fracture wall (see Figures 1b, S1d and S1f).The discontinuities 
between the bands (hiatus) are quite noticeable ensuring no contamination in adjacent 
generations (see Figure 5). We used 1-5 mm diamond drill bits to extract of calcite powder (see 
the text for the detailed geochemical treatment for U-Th analysis) (see more detail for the micro 
sampling process in supplementary data of Uysal et al. 2019). The size of the powdered sub-
samples varied from 20 to 200 mg depending on the sample thickness and our ability to drill 
from the same vein layer (as the layer thicknesses change laterally, or a specific layer disappears 
due to replacement by another layer). These powders were used for sample digestion before U-
Th analysis. In some veins, we chipped the part of the vein immediate to the vein wall and 
powdered the chipped calcite in preference to microdrilling. Accordingly, we utilized ~30% of a 
1-cm-thick vein sample, which corresponds to the deposition age of at least 1/3 of each band. 

We dated 22 samples (Table S3) (see Table 1 for the summary of the age results). U-Th dating of 
the first 15 samples in Table 1 was carried out using a Nu Plasma multi-collector inductively-
coupled plasma mass spectrometer (MC-ICP-MS) at the Radiogenic Isotope Facility in the 
School of Earth and Environmental Sciences, The University of Queensland, following the 
chemical treatment procedures described in Cheng et al. (2000) and MC-ICP-MS analytical 
protocols described in Roff et al. (2013). Powdered sub-samples weighing 20–200 mg were 
completely dissolved in double-distilled concentrated HNO3 with a mixed 229Th-233U tracer. 
After digestion, each sample was further treated with H2O2 to decompose trace amounts of 
organic matters (if any) and to facilitate complete sample-tracer homogenisation. U and Th were 
separated using conventional anion-exchange column chemistry using Bio-Rad AG 1-X8 resin. 
After stripping off the matrix from the column using double-distilled 7N HNO3 as eluent, 3 ml of 
2% HNO3 and trace amounts of HF mixture were then used to elute both U and Th into test tubes 
which form aliquots ready for MC-ICPMS analyses. U and Th isotope ratios can be collected 
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together as the samples in this study contain relatively low levels (sub-ppm) of U. The U–Th 
mixed solution was injected into the MC-ICP-MS through a DSN-100 desolvation nebuliser 
system with an uptake rate of around 0.12 ml per minute. U–Th isotopic ratio measurement was 
performed on the MC-ICP-MS using a detector configuration to allow simultaneous 
measurements of both U and Th isotopes (Roff et al. 2013). The 230Th/238U and 234U/238U activity 
ratios of the samples were calculated using the decay constants given in Cheng et al. (2000). The 
non-authigenic 230Th was corrected using an assumed bulk-Earth atomic 230Th/232Th ratio of 4.4 
± 2.2 x10-6. U-Th ages were calculated using the Isoplot 3.75 Program (Ludwig 2012). 

U-Th analysis of the remaining 7 samples was done at the same laboratory on a VG Sector 54 
TIMS following analytical protocols described in Zhao et al. (2001). 

As the samples contain extremely low U (5-15 ppb) and have low U/Th ratios, they are very 
difficult to measure and many samples have very low 230Th/232Th activity ratios, resulting in 
large error magnifications after correction for non-radiogenic 230Th based on the assumed Bulk-
Earth 230Th/232Th activity ratio of 0.83±50% for the detrital Th component. Nevertheless, when 
we calculate the ratios of age errors to their corresponding corrected ages (see column 6 in Table 
1), eight of the samples are found to yield an error ratio (the ratio of error value (2δ) to corr. age, 
%) over 64%, defined by samples with the lowest measured 230Th/232Th activity ratios. However, 
the relative age errors of the other 14 samples are lower, varying from 9% to 38% and their 
measured 230Th/232Th activity ratios are higher. 

 

4.3 Statistical analyses 
The statistical distributions of U-Th ages are usually assessed using the relative probability plots 
calculated from the Isoplot 4.15 program (Ludwig 2012), which incorporates the 2-sigma age 
error range of all samples. The relative probability distribution of U-Th ages indicates that 
carbonate deposition occurred during different periods in the last 7 ka (Figure S8a). Similar age 
probability peaks were obtained when we use samples with more precise relative age errors (i.e., 
ages that have error ratio of <38 %) (Figure S8b). The probability plot shows 8 different age 
peaks (4770 BC, 1390 BC, 200 BC, 500 AD, 1040 AD, 1170 AD, 1430 AD, and 1760 AD) 
(Figure S8a), which are likely correlated with the earthquakes.  

To assess the relationship between the two data sets (carbonate ages and earthquakes), we 
employed linear regression analysis. Table 2 presents the carbonate vein ages and earthquake 
records used for the correlation in this study. In the computation, the age results estimated from 
maximum peaks of the relative probability plot and earthquake catalogue records were 
compared. If no peak data are available on the probability plot, measured U-Th ages were 
considered (e.g. lines 17 and 18 in Table 2).  Likewise, if no record exists in the earthquake 
catalogue, paleoseismic records are included in the calculation (e.g. lines 17 and 18 in Table 2). 
Table S4 summarizes the data sets and statistical parameters of the regression analysis. The mean 
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and standard deviation values of both data sets are found quite close (Figure S9). The regression 
plot reveals a significant correlation at 95% confidence between the two time series (with p-
value of 0.000002).  
 
5 Discussion 
5.1 Restrictions on regional paleoseismic records 
Paleoseismological investigations are the common way to characterize past earthquake records 
that help to create a database for seismic hazard studies. However, there have been some major 
challenges in reconstructing the most complete seismic history. Main drawbacks of paleoseismic 
trenching include insufficient trench depth for long-term records, variability and uncertainty in 
deposit frequency and thickness, complexity of fault geometries and fault-sediment relationships 
in trench exposures, and more complexity logistically in remote locations.  

Figure 3 summarizes the records of the earthquake catalogues and paleoseismic data from trench 
studies along the 1939 Earthquake rupture zone. Although the number of paleoseismological 
studies in all segments is not sufficient, assessment of data from the neighbouring segments (e.g. 
Mihar-Tümekar, Ortaköy-Suşehri and Kelkit Valley segments) reveals the existence of several 
gaps in the record. For example, Fraser et al (2012) failed to provide evidence of the 1045 AD 
earthquake, although the event was dated in neighbouring studies (Figure 3). There are 
difficulties in distinguishing the field relationships of the earthquake ruptures commonly 
associated with proper selection of the trench location and error precision of the dating methods. 
In some cases the depth reached in a trench may be insufficient. For example, even though the 
data presented in the neighbouring studies are up to 2000 BC (e.g. Fraser 2009), the 1045 AD 
earthquake was the earliest data recorded by Zabcı et al. (2011) (Figure 3). Paleoseismic dating 
becomes meaningful if the data are compared with events known from the historical earthquake 
records. However, there may also be some gaps or paralogisms in the historical earthquake 
records. For instance, although the 17 August 1668 AD earthquake is thought to have a probable 
rupture length of more than 400 km(Ambraseys and Finkel1988), other earthquake catalogues 
suggest a series of events (occurred between 1666 AD and 1668 AD), rather than one large 
earthquake (e.g., Pınar and Lahn 1952, Ergin et al. 1967) (Table S2). Furthermore, although an 
earthquake was recorded in all segments in the 3rd century BC (e.g. Hartleb et al. 2006, Fraser 
2009), earthquake catalogues show no reliable record before the 343 AD event (Table S2). The 
only event close to this time is reported at 1200s BC, which is attributed to a sequence of 
earthquakes along the NAFZ that destroyed major cities at the time of transition from the Bronze 
Age to the Iron Age (Nur and Cline 2000). In short, regional paleoseismic records are still scarce 
which urgently need to be increased by new data sets with comparable results. 

 

5.2 Implication of U-Th dating for paleoseismic records: time, size and distance 
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Our age data extracted from carbonate veins indicate the presence of precipitation over at least 8 
different periods in the last 7000 years along the Kelkit Valley. The maximum probability of 
these periods is clustered around 4770 BC, 1390 BC, 200 BC, 500 AD, 1040 AD, 1170 AD, 
1430 AD, and 1760 AD (Figure S8a, see the calculated uncertainties in Table 2). Among the 
entire data set, particularly those with reliable results, there is no noticeable change in the 
maximum peak values (Figure S8b).  

Table 2 compares the entire age data with earthquake records. Overall assessment of the age 
correlations between U-Th results, probability peaks, historical earthquakes and trenching 
records could imply that the apparent correlation might not be accidental. The youngest event 
peak known from the carbonate dating is represented by the 1760 AD age (Figure S8). The peak 
within the range of analytical error is in line with the events known from trenching along the 
Kelkit Valley (Fraser 2009, Zabcı et al. 2011) and Mihar-Tümekar segments (Fraser et al. 2012) 
(Figure 3 and Table 2). Although the earthquake catalogues report a devastating event on 
1783/84 AD, all previous trenching dates were attributed to the 1668 AD Anatolian earthquake. 
The uncertainty around the youngest U-Th peak is 150 years (Table 2). Thus, even if not 
precisely distinguished, this peak could correspond to the major 1668 AD or 1783/84 AD events 
known from the historical earthquake. However, the epicentre and the rupture length of the 1668 
AD event has been debated (Pınar and Lahn 1952, Ergin et al. 1967, Ambraseys and Finkel, 
1988, Zabcı et al. 2011), since they might be masked by additional earthquake series on different 
segments.  

The peak at 1430 AD that is represented by two carbonate samples with more precise relative 
age errors, corresponds to the most prominent event peak obtained from the carbonate dating 
(Figure S8, Table 2). This peak is consistent, within the range of analytical error, with the results 
of all paleoseismic trenching studies conducted to the east of Reşadiye (Hartleb et al. 2006, 
Kozacı et al. 2011, Zabcı et al. 2011, Fraser et al. 2012). The event dated in these trenches was 
attributed to the 1254 AD earthquake in the historical earthquake records. However, there is no 
data showing that 1254 AD earthquake ruptured the fault segment to the west of Reşadiye. This 
earthquake is not within the error range of the 1430 AD event peak obtained from the carbonate 
dating. Nevertheless, Hubert-Ferrari et al. (2012) provided evidence for an earthquake between 
1400 AD and 1600 AD through coring of sag-pond sediments on the border of Mihar-Tümekar 
and Ortaköy-Suşehri segments (Figure 2b). Therefore, the 1430 AD event peak revealed from 
the carbonate U-Th dating (Figures 4 and S8a) might belong to another event recognized in the 
historical earthquake records (e.g. 1419/1422 AD earthquake). 

The peak of 1170 AD is not easily distinguished from the 1040 AD event indicated by U-Th 
dating (Figure S8). However, it could be consistent with the 1166/68 AD event known from 
earthquake catalogues. The 1040 AD event peak revealed from the carbonate dating mostly 
coincides with the record of the 1045 AD event in the historical earthquake records (Figure 3), 
which was also dated in  trenches to the east of Reşadiye (Hartleb et al. 2006, Kozacı et al. 2011, 
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Zabcı et al. 2011). Accordingly, the surface rupture of the 1045 AD earthquake may have 
reached at least the Reşadiye area in the west. 

The 500 AD event peak of the carbonate dating is consistent with the 499 ADevent in the 
historical earthquake records which has been dated in most trenching studies (Figure 3 and Table 
2).  

The 200 BC peak of the U-Th carbonate age distribution can be correlated with trenching dates 
between the 5th BC and 1st BC centuries. Hartleb et al. (2006), Fraser (2009) and Polat et al. 
(2012) recorded an event corresponding to this time interval (Figure 3). Although earthquake 
catalogues do not report any seismic activity for this period, the 200 BC carbonate peak is 
compatible with seismic events documented in the trenches within analytical error. 

The dated 1390 BC peak coincides with the 1200 BC historical earthquake record (Nur and Cline 
2000). Hartleb et al. (2006) and Fraser et al. (2012) also recorded a trenching date matching this 
time interval along the Mihar-Tümekar segment. 

The oldest dated event is represented by the peak at 4770 BC (Figure S8a). Earthquake 
catalogues and paleoseismic trenching studies are not able to indicate any event around this peak, 
since catalogues may not cover this time span. At least six of the eight carbonate ages correspond 
to the events reported in the earthquake catalogues (1200 BC, 499 AD, 1045 AD, 1166/1168 
AD, 1419/22 AD, 1783/84 AD earthquakes). Moreover, within the range of analytical error, six 
of these eight ages (1390 BC, 200 BC, 500 AD, 1040 AD, 1430 AD, and 1760 AD) coincide 
with the events dated in the trenches.  

The statistical distributions of our age data on the relative probability plots do not yield any peak 
around some major earthquakes (i.e. 1254 AD, 1939 AD earthquakes), which can be possibly 
explained by the following: 1) based on direct observations on the co- and post-seismic effects, 
Brogi and Capezzuoli (2014) suggested that fluid discharge and associated banded travertine 
growth within a vein does not necessarily occur along the whole fissure during each earthquake. 
Hence, we may have missed the veins that were emplaced following the 1939 earthquake, 2) 
carbonate precipitation related with co-seismic fluid influx may not occur during every event due 
to the changes in geological and/or rheological conditions (such as the changing of fluid 
pathways or mixing of CO2-bearing fluids with unsaturated surface waters) (e.g. Montgomery 
and Manga 2003, Wang et al. 2004, Shi et al. 2018), 3) ongoing fluid circulation during a seismic 
event may be overlapped with another fluid circulation event triggered by a close-time 
earthquake until plugging of the fracture and4)the epicentres of the 1939 earthquake and the 
1668 AD earthquake are proposed as being∼200 km (Dewey 1976, Barka 1996, Zabcı et al. 
2011, Gürsoy et al. 2013) and ∼300 km away, respectively from the study area (Fraser et al. 
2009, 2012, Zabcı et al. 2011). For distant earthquakes, the elastic strain is relatively small (Seed 
and Idriss 1971) and enhancement of pore connectivity and permeability may be negligible over 
the depth range (Figure 1a). For example, Shi et al. (2018) documented co-seismic discharge and 
temperature decreases in hot springs with an epicentre distance of over 300 km. As a result, rises 
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in groundwater level would occur most frequently in the shallow and deep aquifers where the 
elastic strain is intense (Parvin et al. 2014) and this induces relatively less expulsion of 
depressurised CO2-rich hot waters. Deep waters that rise through the well-developed fracture 
systems are diluted by the thick water column within the shallow aquifer (Figure 1a). Banded 
carbonate precipitation may not occur within fractures at remote epicentres (>200-300 km) and 
therefore, unless otherwise indicated, it cannot be assumed that the proposed method reveals all 
paleoseismic records and further studies are warranted through more detailed and improved 
sampling techniques.  

There has also been a discussion among the paleoseismologists as what a minimum magnitude 
would be detected through a paleoseismological study (Akyuz et al. 2015). Therefore, the 
relation of the magnitude with co-seismic carbonate vein formations and the associated fluid 
inflow process remains to be understood. The comparison of our data with the results of 
conventional paleoseismic trenching studies, as displayed in Figure 3, implies that the U-Th ages 
of the carbonate veins are synchronized with all of the surface rupture findings, except for the 
1939 earthquake (surface rupturing events for strike-slip faults are proposed as M>5, Wells and 
Coppersmith, 1994). Moreover, this consistency is also observed with the historical earthquake 
records (I>VII). However, there is another probability peak (1430 AD) associated with the soft-
sediment deformation spanning from 1330 AD to1530 AD (see in section 4.2), which reflects a 
moderately sized earthquake without any surface rupturing (I>VI). Thus, considering the 
uncertainty of the seismic sources and the results of our data, it may be argued that the co-
seismic carbonate precipitations might record the earthquakes with intensity above VI. 

 
5.3 Growth rates of the carbonate bands and time span of co-seismic fluid circulations 

The duration of co-seismic fluid circulation depends on the volume of saturated water, near-
surface deposits, and the patterns of seismically induced strain (Montgomery and Manga 2003). 
The time span of the circulation controls the thickness of each carbonate band. Based on the age 
of central and outer alternated bands in a vein, growth rates of individual fractures were 
calculated in the range between 0.01 and 0.11 mm/year in different tectonic domains (Altunel 
and Karabacak 2005, Mesci et al. 2008, Karabacak et al. 2017). However, these studies have not 
taken into consideration the paraconformity (hiatus) between the alternated bands, which may 
correspond to interseismic periods (Figure 1b). These calculations estimated the rate of dilatation 
on the fracture rather than the precipitation rate. Similarly, for the assessment of minimum 
growth rate in the study area, supporting data S10 shows the age results of sampling along the 
carbonate veins from location L2. Considering the relationship between the age results of 
alternated bands from centre to the fissure wall, it can be concluded that carbonate bands around 
Reşadiye site have been precipitating at a minimum rate of 0.03 mm/year. Thus, if we consider 
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the paraconformity (hiatus) between the alternated bands, the growth rate of each band should be 
much higher. 

In a different tectonic domain (Aegean extensional region), Uysal et al. (2007) made an attempt 
to precisely date a single band with a thickness of 20 cm that shows no growth discontinuities 
(hiatuses) thus reflecting a continuous precipitation. It yielded, within analytical uncertainty, a 
400 year precipitation period (see Figure 5a in Uysal et al. 2007). Based on this data, the growth 
rate of each carbonate bands in fractures could reach maximum of 0.5 mm/year. Therefore, we 
can infer that time span of a 1-cm-thick carbonate band precipitation changes between 20 and 
300 years. 

In our sampling strategy, the collected carbonate bands were micro-drilled and/or chipped from 
immediately nearest location to the fracture wall (see in section 4.2). Accordingly, we utilized 
about 30% of each band, so that our error margin would be less than 1/3 of the whole 
precipitation time. This could be attributed to the fact that the resolution of our results for cm-
scale carbonate bands is less than a few decades. 

 
5.4 Comments on the recurrence interval 
The contribution of historical earthquake records to the examination of the Paleoseismic 
recurrence interval in a region is restricted chiefly because of the lack of reliable catalogues. 
Despite all of its deficiencies, paleoseismic trenching is almost the only way to reveal important 
faulting parameters, including the recurrence interval. 

Constraints on the paleoseismic recurrence interval along the NAFZ are subject to debate and it 
is estimated in the range of 100 to 1200 years (e.g. Klinger et al. 2003, Hartleb et al. 2006, 
Kozacı 2008, Fraser 2009, Rockwell et al. 2009, Fraser et al. 2010). This is attributed by Fraser 
et al. (2010) to the interaction with other fault structures or incomplete paleoearthquake records, 
which necessitate the collection of more precise Paleoseismic data. 

Since carbonate veins are likely to occur due to the release of depressurised CO2-rich hot waters 
during seismic events and they have a resolution less than a few decades for cm-scale, our results 
on the 1939 rupture segment contribute to the investigation of the paleoseismic recurrence 
interval with new supplementary data. To illustrate, although no event has been mentioned in the 
earthquake catalogues, the carbonate U-Th age peak at around 200 BC could be correlated with 
the data derived from trenching studies. Also, the oldest event of 4770 BC is dated for the first 
time through the U-Th method. Thus, the events at about 200 BC and 4770 BC should be taken 
into account in future trenching studies for earthquake recurrence time calculations of the region. 
Although there are other carbonate ages (i.e. samples 15–20, Table 2), our age data is insufficient 
to fill the gap between the 200 BC and 4770 BC event peaks, probably due to the high errors of 
U-Th ages (Table 2).  

This article is protected by copyright. All rights reserved.



 

Our data from Reşadiye indicate at least eight vein precipitation events during the last 7000 
years. Age results and probability peaks for the AD times show more frequent records for the 
carbonate precipitation. Until the latest event precipitation of carbonate veins shows a recurrence 
interval with the mode at 130–330 years for the last millennium (1040 AD, 1170 AD, 1430 AD, 
and 1760 AD peaks). This finding is consistent with the paleoseismic recurrence interval in the 
western NAFZ (e.g. Klinger et al. 2003, Rockwell et al. 2009, Fraser et al. 2010). However, 
considering the last 2200 years, the precipitation interval becomes wider with a mode about 130–
700 years (200 BC, 500 AD, 1040 AD, 1170 AD, 1430 AD, and 1760 AD). The increasing 
interval among the older dates could either be due to the higher variability in the recurrence 
interval or the lack of carbonate vein records. These evidence indicate that real recurrence 
intervals may be obscured by some phenomena that include: 1) despite the existence of a 
bimodal recurrence interval as suggested by Fraser (2009), the difference between the episodic 
modes is smaller than expected, 2) the data revealing a bimodal recurrence interval for the 
eastern NAFZ has not yet been collected, thus it is too early to assert the applicability of such a 
model with carbonate veins, or 3) carbonate records not only correspond to the surface-rupturing 
earthquakes, but co-seismic precipitation also taking place during moderate earthquakes that 
have not been recorded by the paleoseismic trenching. 

Eventually, as listed in the following, there might be some important challenges of using this 
method solely as a paleoseismological technique: 

1. Since the carbonate bands may not be uniform along the entire fracture (Brogi and Capezzuoli 
2014), one crosscut of a vein could be insufficient for reconstructing the whole Paleoseismic 
history of an area. 

2. Even if the fluid discharge and related carbonate precipitation start simultaneously with the 
earthquake (Muir-wood and King 1993, Montgomery and Manga 2003, Brogi and Capezzuoli 
2014), the time it takes a co-seismic band to reach its maximum thickness depends on several 
variables (Altunel and Karabacak 2005, Mesci et al. 2008, Karabacak et al. 2017). Therefore, it 
is important that dating should be performed from the closest section of each band to the fracture 
wall (i.e., the plane where the precipitation first starts, Williams et al. 2017, Capezzuoli et al. 
2018). 

3. Although each alternate band in a vein is in close relation with repeated fault reactivation, 
each vein may not record all seismic releases around the region. Firstly, for a good co-seismic 
carbonate record to be created the earthquake must have an intensity (I>VI, like our 1430 AD 
peak) to allow the opening of the planar fracture and secondly, have a close epicentre (d<200 
km, unlike 1668 AD and 1939 AD events) that will allow permeability enhancement (Parvin et 
al. 2014, Shi et al. 2018).  

Therefore, in fast-moving domains, the method of dating vein carbonates may be suggested only 
as a supplementary tool to trenching to fill the gaps in historical earthquake records and 
Paleoseismic data. Nevertheless, U-Th dating of  carbonate veins is a good candidate in 
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providing long-term records of seismicity, particularly prehistoric, late Pleistocene and early 
Holocene events which cannot be dated easily by traditional paleoseismic trenching methods, 
especially in slow deformation regions (like intraplate faults).  

 
 

6 Conclusions 
We present U-Th age distributions of co-seismic carbonate veins along the eastern segments of 
the NAFZ and investigate specific records of the seismic release during the Holocene. Our data 
show that historical earthquakes could be satisfactorily dated with associated carbonate 
precipitation. The main outputs of this study are outlined below: 

1. Carbonate vein precipitation associated with CO2-rich fluid flow along the Kelkit Valley 
segment of the NAFZ intensified at least eight times during the last 7000 years.  

2. At least six of the periods correspond to the 1200 BC, 499 AD, 1045 AD, 1166/1168 AD, 
1419/22 AD, and 1783/84 AD events that were reported in earthquake catalogues. The last 
carbonate peak immediately postdates a major seismic event recorded in this region (1668 AD 
earthquake). Two other carbonate precipitation peaks are recognized at around 200 BC and 4770 
BC, which were not reported in the earthquake catalogues. 

3. Recurrence of carbonate precipitation ranging from 130 to 330 years for the last millennium is 
consistent with the previously proposed paleoseismic recurrence interval for the western NAFZ 
(i.e. 100-300 years). Considering the last two millennia, the recurrence interval becomes much 
wider varying from 130 to 700 years.  

Although further studies are needed to evaluate the statistical significance of the age correlations, 
periods of carbonate precipitation inferred from U-Th age distributions in active fault zones are 
comparable with historical earthquake records and paleoseismic data of the earthquake events. 
Carbonate precipitations may record the earthquakes that have relatively close epicentre (d<200 
km) and high intensity (I>VI). U-Th ages of the carbonates precipitated in seismically active 
regions may be a supplementary tool in establishing the Holocene earthquake records and a 
strong candidate for late Pleistocene paleoseismology. 
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Figure 1. a. Model on co-seismic behaviour of groundwater and fluid circulation in fractures.b. 
The simplified internal structure of a carbonate vein with alternated bands. 
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Figure 2. a. Surface rupturing earthquakes during the last century in North Anatolia (generated 
using the GTOPO30 digital data). Yellow stars show some fissure-ridge travertine sites along the 
NAFZ; S: Sogucak, A: Cepni, U: Uctepeler, C: Cigdem, Y: Yenicag, I: Imanlar, R: Reşadiye, 
Yo: Yoncalık. b. General extension of 1939 Erzincan earthquake-rupture. Note that, blue 
rectangles indicate previous paleoseismic trenching sites on segments and yellow arrows indicate 
the bounds of geometric segments; Ez.S.:Ezinepazarı, K.V.S.: Kelkit Valley, O.S.S.: Ortaköy-
Suşehri, M.T.S.: Mihar-Tumekar, E.S.: Erzincan Segments. c. Location of the Reşadiye fissure-
ridge travertine along the NAFZ. Red line indicates 1939 Earthquake rupture (redrawn from 
Zabcı et al. 2011, Emre et al. 2012 and Gürsoy et al. 2013 on the basis of authors' field 
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observations). Note that inset photo shows detailed geometry of the carbonate vein and sampling 
sites. The dashed line shows the maximum horizontal compressional stress axis (SHmax) (from the 
World Stress Map Project database WSM, Heidbach et al., 2016) (the base maps were taken 
from Google Earth software). 
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Figure 3. Dated paleoseismic events on previous trench studies along the 1939 rupture segment 
and comparison with our U-Th dating results. Vertical bars on each trenching study shows 
analytically dated event boundaries (coloured the same with related historical earthquake). 
Horizontaldashed lines show the calendar date of events suggested by the historical earthquake 
records or paleoseismic trenching results (solid line for both records). Note that horizontal lines 
extended to the related peak on relative probability curve project our results. 
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Figure 4. Field views of the Reşadiye fissure-ridge travertine (a–c) and sampled carbonate veins; 
location 2 (d) and location 3 (e). 
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Figure 5. a. Field view of the sampling location L2. b. Representative photo of the vein with 
sample labels (Samples 9-15). c. Hand-samples for laboratory. d. Close view of the B4 band 
(Dashed black arrow shows the direction of precipitation. Note that arrow on the sample show 
the candidate dating point determined in the field). 
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Table 1. General features of sampling bands and summary of the age data. Note that the samples with star 
represent analyses with an error rate exceeding 38%. 
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(AD/BC) 

Age ±2δ 
(years) Age ±2δ 

L1 

1 N45-50W/90 RS-1a 1.060 0.124 12 2016 994 124 1024 124 
2 N45-50W/90 RS-1b 0.661 0.092 14 2016 595 92 1423 92 
3 N45-50W/90 RS-1c* 0.245 0.182 74 2016 179 182 1839 182 
4 N45-50W RS-2 0.373 0.143 38 2016 307 143 1711 143 
5 N45-50W/90 RS-3 0.650 0.126 19 2016 584 126 1434 126 
6 N55-60W/80SW RS-4 6.957 0.657 9 2016 6891 657 -4873 657 
7 N55-60W/70NE RS-6 1.579 0.136 9 2016 1513 136 505 136 
8 N55-60W RS-7 3.961 1.507 38 2016 3895 1507 -1877 1507 

L2 

9 N60-65W/80SW A1 (B) 3.386 0.809 24 2012 3324 809 -1306 809 

10 N60-65W/80SW A4 
(T)* 6.744 5.890 87 2012 6682 5890 -4664 5890 

11 N60-65W/80SW B1 
(B)* 4.918 5.353 109 2012 4856 5353 -2838 5353 

12 N60-65W/80SW B4 
(T)* 3.615 2.340 65 2012 3553 2340 -1535 2340 

13 N60-65W/80SW A3* 4.656 2.993 64 2012 4594 2993 -2576 2993 
14 N60-65W/80SW B3* 2.530 2.329 92 2012 2468 2329 -450 2329 
15 N60-65W/80SW B2 5.525 1.527 28 2012 5463 1527 -3445 1527 

L3 

16 N50-55W/90 R8a 2.657 0.480 18 2005 2602 480 -584 480 
17 N50-55W/90 R8b 1.545 0.485 31 2005 1490 485 528 485 
18 N50-55W/90 R8c 2.006 0.357 18 2005 1951 357 67 357 
19 N50-55W/90 R8d 2.314 0.296 13 2005 2259 296 -241 296 
20 N50-55W/90 R8e* 0.290 0.486 168 2005 235 486 1783 486 
21 N50-55W/90 R8f 0.889 0.152 17 2005 834 152 1184 152 
22 N50-55W/90 R8g* 1.041 1.235 119 2005 986 1235 1032 1235 
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Table 2. Summary of the correlations between carbonate ages and earthquake records. 

 Sample 
ID 

Calculated carbonate ages 
(AD/BC) 

Correlated earthquake records 
(Date) (AD/BC) 

U-Th age 
results 

Relative 
probability peaks 

Age ±2δ Age ±2δ Historical 
catalogues 

Paleoseismological 
studies 

1 RS-1c 1839 AD 182 
1760 AD 150 1783 AD n.a. 2 R8e 1783 AD 486 

3 RS-2 1711 AD 143 
4 RS-3 1434 AD 126 1430 AD 52 1419 AD 1400-1600 AD (varve 

record) 5 RS-1b 1423 AD 92 
6 R8f 1184 AD 152 1170 AD 150 1166 AD n.a. 
7 R8g 1032 AD 1235 1040 AD 107 1045 AD 1045 AD 8 RS-1a 1024 AD 124 
9 R8b 528 AD 485 500 AD 140 499 AD 499 AD 10 RS-6 505 AD 136 

11 R8c 67 AD 357 

200 BC 234 n.a. ~200 BC 12 R8d 241 BC 296 
13 B3 450 BC 2329 
14 R8a 584 BC 480 
15 A1 (B) 1306 BC 809 1390 BC 550 ~1200 BC ~1200 BC 16 B4 (T) 1535 BC 2340 
17 RS-7 1877 BC 1507 ????  n.a. 1804-2020 BC 
18 A3 2576 BC 2993 ????  n.a. 2066-2280 BC 
19 B1 (B) 2838 BC 5353 ????  n.a. n.a. 
20 B2 3445 BC 1527 ????  n.a. n.a. 
21 A4 (T) 4664 BC 5890 4770 BC 693 n.a. n.a. 22 RS-4 4873 BC 657 
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