
 

 

 

 

   Originally published as: 

 

 

 

 

 

 

 

 

Makaroğlu, Ö., Nowaczyk, N., Eriş, K. K., Çağatay, M. N. (2020): High-resolution palaeomagnetic 
record from Sea of Marmara sediments for the last 70 ka. - Geophysical Journal International, 222, 3, 
2024-2039. 

 
https://doi.org/10.1093/gji/ggaa281 



Geophys. J. Int. (2020) 222, 2024–2039 doi: 10.1093/gji/ggaa281
Advance Access publication 2020 June 05
GJI Geomagnetism, rock magnetism and palaeomagnetism

High-resolution palaeomagnetic record from Sea of Marmara
sediments for the last 70 ka
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S U M M A R Y
Magnetostratigraphic and geochemical analyses were performed on two sediment cores re-
covered from the Sea of Marmara to investigate geomagnetic field variations over the last
70 ka. A chronology for each of the two cores was developed from eight AMS 14C datings,
tephrochronology, and tuning of Ca concentrations with stadials and interstadials observed
in Greenland ice core oxygen isotope data. Based on the age models, cores MD01–2430 and
MRS-CS19 reach back to 70 and 32 ka, respectively. High average sedimentation rates of
43 cm kyr–1 for core MD01–2430 and 68 cm kyr–1 for core MRS-CS19 allow high-resolution
reconstruction of geomagnetic field variations for the Sea of Marmara. Mineral magnetic
properties are sensitive to glacioeustatic sea level changes and palaeoclimate variations in this
region, reflecting the variable palaeoenvironmental conditions of the Sea of Marmara during
last 70 ka. Despite the impairment of the palaeomagnetic record in some stratigraphic intervals
due to early diagenesis, relative palaeointensity variations in the Sea of Marmara sediments
correlate well with similar records derived from other regions, such as the nearby Black Sea
and the GLOPIS-75 stack. The directional record derived from the Sea of Marmara cores
exhibits typical palaeosecular variation patterns, with directional anomalies at 41 and 18 ka,
representing the Laschamps and postulated Hilina Pali excursions, respectively. Both direc-
tional anomalies are also associated with palaeointensity minima. A further palaeointensity
minimum at 34.5 ka is likely related to the Mono Lake excursion, with no directional deviation
documented in the Sea of Marmara palaeomagnetic record so far.

Key words: Geomagnetic excursions; Marine magnetics and palaeomagnetics; Palaeointen-
sity; Palaeomagnetic secular variation; Palaeomagnetism.

1 I N T RO D U C T I O N

Earth’s magnetic field is an important geophysical feature that is
continuously recorded in rocks over geological time. Investigation
of palaeomagnetic records is of profound importance in under-
standing the complex fluid motions within Earth’s outer core. Geo-
magnetic palaeosecular variation (PSV) and especially excursions
are associated with large-amplitude variations in the intensity of
Earth’s magnetic field (Panovska et al. 2019). These records are
obtained in a large variety of archives such as lacustrine and marine
sediments, lava flows, speleothems, palaeosols and archaeological
remains (e.g. Kovacheva et al. 1998; Laj & Channell 2007; Li
et al. 2018; Ponte et al. 2018; Ricci et al. 2018; Just et al. 2019).
Among these archives, marine sediments have been used exten-
sively to obtain continuous high-resolution Quaternary records of
Earth’s magnetic field variations (Sagnotti et al. 2001; Horng et al.

2003; Lund et al. 2005, 2006; Stoner et al. 2007; Nowaczyk et al.
2012; Liu et al. 2018, 2019; Caricchi et al. 2019). For example,
Stoner et al. (2002) and Laj et al. (2004), using marine records
with high sediment accumulation rates from different areas, pro-
vided two high-resolution palaeointensity records sapanning over
the last ∼80 ka. The PISO-1500 record extending back to 1.5 Ma is
also a detailed palaeomagnetic record dated using oxygen isotope
chronology (Channell et al. 2009). These studies demonstrate that
the analysed palaeomagnetic records from marine sediments are
valuable for obtaining high-resolution field records and for under-
standing the dynamics of geomagnetic excursions for which detailed
knowledge remains unknown. Although, there have been several
Brunhes chron excursions (Langereis et al. 1997; Lund et al. 1998;
Roberts 2008; Laj & Channell 2006, Channell et al. 2020), only
a few such as the Laschamps and Iceland Basin excursions have
been verified with precise age control (Stoner et al. 2003; Laj et al.
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Figure 1. Study area and bathymetry of the Sea of Marmara in NW Turkey. Coring sites are indicated by red diamonds. Black dot shows the location of the
core from Black Sea.

2006; Nowaczyk et al. 2012; Channell et al. 2017). Thus, continuous
palaeomagnetic records from marine sediments with high-precision
age control are important for understanding the excursion process.
Dating of palaeomagnetic records from marine sediments can often
be achieved by identifying global and regional climate proxies (e.g.
Kotilainen et al. 2000; Nowaczyk et al. 2013, 2018). On a timescale
from the Holocene to the Pleistocene, age models for marine sed-
iments can be created by comparing newly obtained PSV records
with master curves derived within a regional scale of several thou-
sand kilometers. Thus, increasing the numbers of palaeomagnetic
records on regional scales is crucial for understanding geomag-
netic excursion dynamics and for creating reliable age models and
reference records.

Many high-resolution palaeomagnetic records are available from
different regions of the Earth over long timescales, including the
Holocene (e.g. Thompson & Turner 1979; Lund 1996; Zheng et al.
2014) and the Pleistocene (e.g. Tric et al. 1992; Brandt et al. 1999;
Laj et al. 2000; Stoner et al. 2002, Sagnotti et al. 2016). However,

such records from Anatolia, are scarce. Previous studies of high-
resolution palaeomagnetic records for the last 9000 yr and 350 ka
from Lake Van in eastern Anatolia were performed by Makaroğlu
(2011) and Vigliotti et al. (2014), respectively. Palaeomagnetic
records from this lake have low quality due to weak natural re-
manent magnetization (NRM) intensities and diagenesis. Detailed
palaeomagnetic studies on SE Black Sea sediments, north of Ana-
tolia, were published by Nowaczyk et al. (2012, 2013, 2018) and
Liu et al. (2018, 2019) for the last 70 ka BP. Laschamps excursion
records from Black Sea sediments centered at 41 ka were presented
in detail in these studies. So far, there has only been one published
palaeomagnetic inclination record from the Sea of Marmara, de-
rived from a 0.9 m core from the Western High (Fig. 1, Drab et al.
2015). However, this record spans only the last 2000 yr, and is
affected by intense early diagenesis.

Here, we present new and well dated continuous palaeomag-
netic and mineral magnetic records, together with geochemical el-
emental proxy data, from two long cores recovered from different
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sedimentary basins in the Sea of Marmara that span the last 70
ka, comprising marine isotope stage (MIS) 1–4 (Fig. 1). We discuss
the records of possible geomagnetic excursions using the well-dated
cores from the Sea of Marmara. Located on the oceanographic gate-
way between the Black Sea and Aegean Sea, the SoM sediments
constitute an important archive of palaeoclimatic and palaeoceano-
graphic events, as well as glacioeustatic sea level changes. Hence,
palaeomagnetic and mineral magnetic records from the Sea of Mar-
mara are important for constructing coregistered temporal corre-
lations with environmental and climatic records. Moreover, our
continuous well-dated palaeomagnetic data from the Sea of Mar-
mara provide a reference palaeomagnetic PSV record for future
work in Anatolia, which includes numerous Quaternary volcanoes
and archaeological sites between the two large water bodies, the
Mediterranean Sea and the Black Sea.

2 R E G I O NA L A N D O C E A N O G R A P H I C
S E T T I N G S

Several previous studies have been published on tectonics, palaeo-
ceanographic and palaeoclimatic processes in the Sea of Marmara
(e.g. Aksu et al. 2002; Le Pichon et al. 2003; Vidal et al. 2010,
Eriş et al. 2007, 2008, 2011; Valsecchi et al. 2012; Şengör et al.
2014; Çağatay et al. 2015, 2019; Çağatay & Uçarkuş 2019). The
Sea of Marmara is a small (∼210 × 75 km) intracontinental basin
between the Mediterranean and Black seas. It has evolved as a se-
ries of strike-slip basins in NW Turkey (Okay et al. 2000; Armijo
et al. 2002; Le Pichon et al. 2003; Şengör et al. 2005, 2014), and
consists of three ∼1250-m-deep sub-basins (Çınarcık, Central and
Tekirdağ) and two NE-trending Central and Western highs between
the basins (Fig. 1). The northern and southern shelves, which border
the deep basins, have a shelf break at 90–100 m water depth. Other
notable morphological features of the Sea of Marmara include the
∼400-m-deep İmralı Basin between the Çınarcık Basin and south-
ern shelf and E–W extending gulfs of İzmit and Gemlik in the east.
The main sediment and fresh water inputs in the Sea of Marmara
occur from the south, where the largest catchment area with rela-
tively large rivers (Susurluk-Kocasu and Gönene rivers) is located
(EİE 1993; Okay & Ergün 2005).

The straits of the Dardanelles (Çanakkale) and Bosphorus
(İstanbul) connect the Sea of Marmara to the Aegean Sea and the
Black Sea, having present-day sill depths of −65 and −35 m, re-
spectively (Çağatay et al. 2015). Two-way water exchange occurs
via both straits and the Sea of Marmara between the Mediterranean
and Black Sea waters with salinities of 38 and 18 ‰, respectively.
A permanent pycnocline is present at −25 m between the two water
masses (Ünlüata et al. 1990; Beşiktepe et al. 1994; Chiggiato et al.
2012). Due to shallow sill depths of its connecting straits, however,
the Sea of Marmara lost its connection with neighbouring seas dur-
ing glacial sea level lowstands (Çağatay et al. 2009, 2019; Eriş et al.
2011), and its water level changed independently of the global sea
level.

Its oceanographic setting, as a gateway between the Black and
Aegean seas, makes the Sea of Marmara sediments an important
palaeoceanographic and palaeoclimatic archive. As a result, consid-
erable work has been carried out on the late Pleistocene to Holocene
palaeoceanography and palaeoclimatology of the Sea of Marmara
(e.g. Aksu et al. 2002; Eriş et al. 2007; McHugh et al. 2008; Çağatay
et al. 2009, 2015; Vidal et al. 2010; Valsecchi et al. 2012). A ∼29 m
giant piston core (MD01–2430) from the Western High contains two
main sedimentary units (i.e. an upper marine and a lower lacustrine

units) and extends back to 67 cal ka BP: (Çağatay et al. 2015).
This record, therefore, indicates that the Sea of Marmara separated
from the Aegean Sea from the beginning of MIS 4 to the end of
MIS 2. During this period, sea level was below the sill depth of
Çanakkale Strait (Çağatay et al. 2009; Eriş et al. 2011), and the
Sea of Marmara was a fresh to brackish lake. Therefore, during this
period the water level of the Marmara ‘Lake’ was only controlled
by fresh water input from the Black Sea and the sill depth of the
Çanakkale Strait (Çağatay et al. 2015). Greenland Interstadial (GI)
periods during MIS 4–3 in the Sea of Marmara are characterized
by relatively higher organic productivity, higher endogenic carbon-
ate deposition, and lower detrital input relative to stadial periods
(Çağatay et al. 2015). The entire lacustrine unit of MIS 4–2 was
deposited under oxic water conditions (Çağatay et al. 2015).

Çağatay et al. (2015) found that the latest marine reconnection of
the Sea of Marmara to Mediterranean Sea was at 12.6 cal ka but that
the initial marine connection was somewhat earlier, at ∼14.7 cal ka
according to the 87Sr/86Sr isotope ratio of ostracod shells in the same
core (Vidal et al. 2010). Full marine connection was established,
and then a lower Holocene sapropel was deposited in the Sea of
Marmara under suboxic–anoxic conditions during 12.3–5.7 cal. ka
interval (Tolun et al. 2002; Çağatay et al. 2009, 2015).

3 M AT E R I A L A N D M E T H O D S

3.1 Core recovery and palaeomagnetic sampling

The studied cores, MD01–2430 (40.7968◦N/27.7253◦E) and MRS-
CS19 (40.6295◦N/28.8527◦E), were recovered from the Western
High by RV Marion Dufresne in 2001 and from east of the İmralı
Basin by RV Pourquoi pas? in 2014, respectively (Fig. 1, Table 1).
Core MD01–2430 was sampled in the Laboratoire des Sciences du
Climat et de l’Environnement (LSCE), Gif-sur-Yvette, France in
2017. It was previously studied in detail for lithological and geo-
chemical analyses by Çağatay et al. (2015). Splitting and sampling
of core MRS-CS19 was done at the Palaeomagnetic Laboratory
in Istanbul University-Cerrahpaşa. Lithological descriptions and
geochemical measurements were performed at the Istanbul Tech-
nical University, Eastern Mediterranean Centre for Oceanography
and Limnology (ITU-EMCOL). The working halves of core MRS-
CS19 were sampled for palaeomagnetic and radiocarbon analyses.
Archive core halves were analysed for elemental μ-XRF analysis at
ITU-EMCOL.

3.2 Age dating and tuning procedure

The chronology of the two cores is based on radiocarbon analy-
sis (accelerator mass spectrometry; AMS), tephrochronology and
correlation with Greenland ice core stable isotope data. AMS 14C
dates from marine mollusc shells were used to establish the age–
depth model of core MRS-CS19. Calendar ages were determined by
using the INTCAL13 (Reimer et al. 2013) calibration curve. One
tephra layer in core MRS-CS19 was correlated with the Santorini
tephra (Cape Riva), which has an age of 22 ka (Pichler & Friedrich
1976; Eriksen et al. 1990; Druitt et al. 1999; Fabbro et al. 2013).
This ash layer was previously found in cores from the Sea of Mar-
mara by Wulf et al. (2002) and Çağatay et al. (2015, Table 2). Core
MD01–2430 was dated previously by Çağatay et al. (2015) using
five AMS 14C dates from Vidal et al. (2010), tephrochronology
(Table 2), and age tie-points obtained by tuning of the core’s Ca-
record to the onset of GIs observed in the NGRIP δ18O record
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Table 1. Details for the studied cores in the Sea of Marmara.

Core name Location

Water
depth
(mbsl)

Core
length
(cm) Tephra

Number of
palaeomagnetic

samples

MD2430 40.7968◦N
27.7253◦E

580 2888 Avellino (161 cmbsf) 1042

Cape Riva (698 cmbsf)
Campanian Ignimbrite
(1520 cmbsf)

MRS-CS19 40.6295◦N
28.8517◦E

365 2264 Cape Riva (1800 cm) 882

Table 2. AMS radiocarbon dates and tephra ages.

Core Dating material
Depth in core

(cm)
Cal. AMS 14 C

(ka) Reference

MD01–2430 Proximal tephra
(Avellino; Av)

161 3.96 ± 10 Hammer et al. 1987; Sevink
et al. 2011

MD01–2430 Proximal tephra, (Cape
Riva; Y-2)

698 22.0 + 854/−902 Pichler & Friedrich 1976;
Eriksen et al. 1990; Druitt
et al. 1999; Roeser et al.
2012; Fabbro et al. 2013

MD01–2430 Proximal tephra,
(Campanian Ignigbride
(CI/Y-5)

1520 39.28 Fisher et al. 1993; De Vivo
et al. 2001; Giaccio et al.
2017

MRS-CS-19 Bivalve shell 303 3.26 ± 51 This study
MRS-CS-19 Bivalve shell 763 7.73 ± 70 This study
MRS-CS-19 Bivalve shell 863 8.43 ± 43 This study
MRS-CS-19 Proximal tephra (Cape

Riva; Y-2)
1800 22.0 + 854/−902 Pichler & Friedrich 1976;

Eriksen et al. 1990; Druitt
et al. 1999; Roeser et al.
2012; Fabbro et al. 2013

(Andersen et al. 2006; Svensson et al. 2006, 2008; Wolff et al.
2010).

In this study, our palaeomagnetic data sets (relative palaeointen-
sity and inclination) over the last 70 ka were correlated simultane-
ously in detail to the Black Sea palaeomagnetic stack (Nowaczyk
et al. 2013; Liu et al. subm.), while geochemical records (XRF-Ca
counts) and low-field magnetic susceptibility (κLF) were tuned to
the δ18O record from the North Greenland Ice Core Project (NGRIP
members 2004; Svensson et al. 2006, 2008). Tuning was performed
using software, extended tool for correlation (xtc), developed at the
Helmholtz-Centre Potsdam (GFZ), Germany.

3.3 Geochemical analysis

An ITRAX μ-XRF (X-ray fluorescence) core scanner equipped
with XRF-EDS was used to analyse multi-element analysis of core
MRS-CS19 at 0.5 mm resolution (Croudace et al. 2006; Thomson
et al. 2006). Relative elemental concentrations were recorded as
counts per second (cps).

3.4 Palaeomagnetic analyses

For standard palaeo- and mineral magnetic analyses, a total of 1924
oriented samples along the z-axes of the cores were taken from cores
MD01–2430 and MRS-CS19 using plastic boxes with 6.0 cm3 vol-
ume. The analyses included κLF measurements, NRM, anhysteretic
remanent magnetization (ARM), and isothermal remanent magne-
tization (IRM). All analyses were performed on all discrete samples

at the Laboratory for Palaeo- and Rock Magnetism at the GFZ Pots-
dam, Germany. First, a Multifunction Kappabridge susceptibility
meter (MFK-1S) was used to measure κLF. Then, NRM and ARM
vectors were measured and demagnetized using a 2-G Enterprises
cryogenic (755-SRM long-core) magnetometer, while IRM vectors
were measured with a Molyneux spinner magnetometer. Stepwise
demagnetization of the NRM was performed with an alternating
field (AF) demagnetizer in ten steps from 5 to 100 mT to identify
the NRM directions and to remove the secondary magnetizations.
To calculate relative palaeointensity (rPI) variations using ARM
normalization, ARM was acquired with a 2-G Enterprises demag-
netizer with ARM coil using 100 mT AF and 0.05 mT static field.
Principal component analysis (Kirschvink 1980) was used to deter-
mine characteristic remanent magnetization (ChRM) inclinations
and declinations, with demagnetization data not anchored to the
origin. The median destructive field (MDF) of the ARM was de-
termined from stepwise demagnetization at seven AF steps from
0 to 65 mT. Relative palaeointensity (rPI) was estimated from the
slope of NRM versus ARM demagnetization steps, generally from
20 to 50 mT for the application of linear regression because here the
trend was mostly linear with intercept values around zero. Choosing
this interval ensures that the same portions of the coercivity spec-
trum from both the NRM and the ARM intensities are providing to
the estimate of rPI. (e.g. Levi & Banerjee 1976; Tauxe 1993; Valet
2003).

The saturation IRM (SIRM) was acquired in a maximum field
of 1.5 T. A reversed field of −0.2 T, by laboratory experience
the optimum field to separate magnetite from haematite, was used
remagnetize the samples (IRM-0.2T) in order to determine the S-ratio,
which is defined as: S-ratio = 0.5 × [1 − (IRM−0.2T/SIRM)] (after
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Figure 2. Simplified lithology, down-core magnetic susceptibility (κLF), S-ratio and Ca (μ-XRF-count per second; cps) profiles for cores MD01–2430 and
MRS-CS19. Orange bars represent the lacustrine-marine transition. Black and grey bars mark tephra layers and dashed lines indicate main correlative depths
between the cores. The cores include marine and lacustrine units in blue and grey, respectively. The marine unit of MD01–2430 includes one sapropel layer
(green).

Bloemendal et al. 1992). If the samples are dominated by high-
coercivity minerals (e.g. haematite and goethite), the S-ratio value
is close to 0, whereas samples dominated by low coercivity minerals
(e.g. magnetite and greigite) will have values close to 1. Greigite-
bearing samples are indicated by SIRM/κLF values higher than 10
kAm−1. High SIRM/κLF values obtained from marine sediments
clearly indicate significant amount of secondary magnetizations as
shown by many studies (e.g. Snowball & Thompson 1990; Snowball
1991; Roberts & Turner 1993; Reynolds et al. 1994; Ron et al.
2007; Nowaczyk et al. 2012). Thus, such samples are assumed
to have a secondary magnetization and were removed from the
palaeomagnetic record.

4 R E S U LT S

4.1 Sedimentology and chronology

The studied cores (MD01–2430 and MRS-CS19) consist essentially
of an upper marine unit and a lower lacustrine unit (Fig. 2). The
lacustrine–marine (L/M) transition and some levels of the lacustrine
unit in both cores are characterized by the presence of black greigite,
which rapidly oxidizes to rusty brown colours upon exposure of the
core surface to atmosphere.

The lithology, geochemistry, and chronology of core MD-2430
was previously documented in detail by Çağatay et al. (2015),

whereas core MRS-CS19 is examined for the first time in this study.
Core MD01–2430 comprises a marine unit with a sapropel layer
in the upper 3.8 m. This unit contains euryhaline marine bivalves
and microfossils, whereas the lacustrine unit is characterized by
homogeneous and laminated mud between 3.8 and 18 m below sea
floor (mbsf) with alternations of carbonate- and clay-rich bands in
the lower 10.9 m of the core (Çağatay et al. 2015). Three distinct
tephra layers are present in core MD01–2430. Starting from oldest
to youngest, these are the ‘Campanian Ignimbrite’, or Y-5 tephra
(39.3 ka, e.g. Fisher et al. 1993; De Vivo et al. 2001; Giaccio et al.
2017), the Santorini ‘Cape Riva’ (Y-2) tephra (22.0 ka; e.g. Fabbro
et al. 2013), and the ‘Avellino’ tephra (3.96 ka, e.g. Hammer et al.
1987; Sevink et al. 2011, Fig. 2; Tables 1 and 2).

In core MRS-CS19, the L/M transition is documented at 13.05
mbsf, and the Santorini ‘Cape Riva’ tephra is found at 18.0 mbsf
in the lacustrine unit that consists of olive-gray homogeneous clay.
Three AMS radiocarbon datings were obtained from bivalve shells
in the marine part of the core (Table 2). Additional age tie-points
(Fig. 4) were obtained by tuning Ca data (counts) to the δ18O record
from the NGRIP ice core (Fig. 3). The rationale behind this tuning is
that positive Ca excursions in the siliciclastic lacustrine unit of MIS
2–4 in the Sea of Marmara and Black Sea (Nowaczyk et al. 2012;
Çağatay et al. 2015) have lower amplitude magnetic susceptibility
variations because of dilution by diamagnetic carbonates. There-
fore, the magnetic susceptibility and Ca counts of the cores are
(anti-)correlated with the δ18O of the NGRIP record.
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Paleomagnetic record from Sea of Marmara 2029

Figure 3. Magnetic susceptibility (κLF) and Ca (μ-XRF-count per second; cps) for cores MRS-CS19 and MD01–2430 from the Sea of Marmara tuned to δ18O
data from the NGRIP over the last 70 ka. (a) Greenland NGRIP ice core δ18O record (GIC05 time scale) (Svensson et al. 2006, 2008) and MIS boundaries
(blue bars). Numbers in the NGRIP plot indicate Dansgaard-Oescher warming events (Dansgaard et al. 1993; Svensson et al. 2006, 2008; Rasmussen et al.
2006; Wolff et al. 2010); (b) XRF Ca records from cores MD01–2430 (Çağatay et al. 2015) and MRS-CS19 (this study); (c) magnetic susceptibility data
after simultaneous tuning to the δ18O record in (a). Dashed vertical lines mark the stratigraphic positions of tephra layers AV (Avellino), Y-2 (Cape Riva), CI
(Campanian Ignimbrite, Y-5) and correlation point between Ca and NGRIP record. Diamont and circles show radiocarbon ages of MRS-CS19 and MD01–2430,
respectively. The orange vertical bar marks the lacustrine-marine transition zone.

According to our age models, cores MD01–2430 and MRS-CS19
cover the last 70 and 32 ka, respectively (Fig. 4) with continuous
deposition at average sedimentation rates of ∼43 and 68 cm kyr–1,
respectively (Fig. 4). Such high sedimentation rates without a sedi-
mentary hiatus enables development of a continuous high-resolution
palaeomagnetic records from the Sea of Marmara.

4.2 Mineral magnetic properties

Down-core variations of magnetic properties, NRM and ARM in-
tensities (concentration), κARM/κLF (grain size), S-ratio (mineral-
ogy) and SIRM/κLF (mineralogy, grain size) are shown in Fig. 5.
Detrital magnetic minerals dominate the Sea of Marmara sediments.
The presence of secondary diagenetic iron sulphide mineral (e.g.
greigite) in the L–M transition zone and parts of laminated Pleis-
tocene lacustrine unit is evidenced by a high SIRM/κLF ratio be-
tween 15 and 100 kAm−1 (Fig. 5). Such high values are considered
to be indicative of the secondary magnetic iron sulphide minerals
also by previous studies (e.g. Snowball 1991; Roberts & Turner
1993; Nowaczyk et al. 2012, 2013). High S-ratio values for most of
the samples suggest the predominance of low coercivity minerals,
that is, mainly magnetite, with some greigite (Fig. 5).

4.3 Palaeo- and rock magnetism

Down-core plots of palaeomagnetic results from the two studied
cores, including ChRM inclination and declination, rPI, the median
destructive field of the NRM (MDFNRM), and maximum angular de-
viation (MAD) for ChRM fits, are shown in Fig. 6. NRM intensities
range between 0.1 and 60 mAm−1 in core MD01–2430 and be-
tween 0.2 and 420 mAm−1 in core MRS-CS19, respectively. Values
of both MDFNRM and MAD increase toward the bottom of the core.
In particular, a marked step occurs at around 16 m (∼40 ka BP) in
core MD01–2430 with average MAD values of 3.0◦ above and 7.2◦

below this level (Fig. 6). This change occurs in the lacustrine unit,
close to the transition from the laminated and banded mud below
to the homogeneous lacustrine mud above. High MAD values >5◦

generally indicate a relatively low magnetic mineral concentration
and low detrital input, or post-depositional dissolution. In both cores
MAD values are frequently <5◦ (77 per cent of the data), which
indicates stable ChRM directions for the studied Sea of Marmara
cores (Fig. 6).

For the study area the inclination expected for a geocentric axial
dipole (GAD) is 60◦. The mean inclination (50◦) for the cores is
less than this value, which indicates some degree of inclination
shallowing. Overall, directional data from the two studied cores
have typical PSV patterns, although with noise in intervals with
high MAD values (Fig. 6).
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Figure 4. Age–depth model for cores MD01–2430 and MRS-CS19 from
the Sea of Marmara created using calibrated AMS 14C ages (stars) and
multiparameter tuning to the NGRIP ice core record (Svensson et al. 2006,
2008) and published ages of tephras, Avellino (AV) (Hammer et al. 1987;
Sevink et al. 2011), Cape Riva (Y-2) (Pichler & Friedrich 1976; Eriksen
et al. 1990; Druitt et al. 1999; Roeser et al. 2012; Fabbro et al. 2013) and
Campanian Ignimbrite tephra (CI/Y-5) (Fisher et al. 1993; De Vivo et al.
2001; Giaccio et al. 2017). Radiocarbon dates and tephra ages were used
as initial tie points for the age models. XRF Ca and κLF features (solid
dots) were than correlated between those age tie points to the NGRIP δ18O
record.

In core MD01–2430, from the core top to ∼8 mbsf, including
the marine unit with the sapropel layer, two tephra layers and the
L–M transition, are characterized by noisy and unstable palaeo-
magnetic results, whereas in the interval between 8 and ∼17.15
mbsf palaeomagnetic data are more stable. Below ∼17.15 mbsf
there is a clear shift to shallower and noisier inclinations (Fig. 6).
This lower part of the core MD01–2430 succession consists of lam-
inated sediments, likely indicating sulphidisation of detrital iron
oxides, including magnetite. Therefore, this part was omitted from
our palaeomagnetic interpretation. The depth interval from 16.50 to
16.55 mbsf, corresponding to 41 ka BP, is characterized by a sharp
inclination swing to values around −50◦ and a clear palaeointensity
decrease (Fig. 6). AF demagnetization results from Core MD01–
2430, plotted as Zijderveld diagrams (Zijderveld 1967), show that
samples between 16.45 and 16.24 mbsf interval all have upward
directed vectors (Fig. 7). However, declinations within this interval
are westerly, but not southerly oriented. Thus, the directions are
‘transitional’ rather than ‘reversed’. For comparison, a clear normal
polarity sample from 0.10 m below the excursion, with a north-
ward declination and a steep downward inclination, is shown in
Fig. 7(f).

Inclinations in Holocene sediments in core MRS-CS19 are close
to the expected GAD value (Fig. 6). Palaeomagnetic directions in
core MRS-CS19 are generally more stable than those in core MD01–
2430. Between 15.51 and 17.60 mbsf in core MRS-CS19 shallow
(partly negative) inclinations are recorded (Fig. 6).

5 D I S C U S S I O N

5.1 Diagenetic effects in the Sea of Marmara sediments

Core MRS-CS19, located in İmralı Basin, has higher sedimentation
rates than MD01–2430, and provides a relatively more stable and
reliable high-resolution palaeomagnetic record than core MD01–
2430. This difference in the quality of records is related to the
rates of early diagenetic reactions in the anoxic zone (i.e. sulphate
reduction, methanogenesis and anaerobic oxidation of methane),
which are controlled by the amount of metabolizable organic matter,
sedimentation rate (i.e. rate of detrtital influx), ‘reactive’ iron (fer-
rihydrite, lepidocrocite, goethite and haematite) and rate of upward
methane flux at the coring sites (Froelich et al. 1979; Borowski
et al. 1996; Çagatay et al. 2001, 2004; Roberts 2015). These
controlling factors also determine the depth and thicknesses of the
various diagenetic zones. In particular, sedimentation rate affects
diagenesis by exerting a control on the burial rate of organic carbon
and the upward and lateral advection of pore water and its dissolved
constituents (e.g. Muller & Suess 1979; Morse & Mackenzie 1990;
Çağatay et al. 2001; Roberts 2015). In rapidly accumulating sedi-
ments, pore waters can be advected toward the seafloor, resulting in
a low downward diffusion of seawater constituents (e.g. sulphate)
into the sediments. Reactive iron oxides in subsurface sediments,
provided mainly by riverine and wind transportation, are important
oxidants in suboxic diagenetic reactions and are significant in
determining sulfate reduction rates (e.g. Froelich et al. 1979;
Berner 1980). Sediments with a high content of reactive iron have
thicker suboxic zones, thinner sulfate reduction zones and deeper
sulphate–methane interface (SMI) than those in the reactive-iron
limited sediments (Raiswell & Berner 1985; Canfield 1989; Schulz
2000; Fossing & Jørgensen 1990; Çağatay et al. 2001).

We conclude that core MRS-CS19, with its location close to the
riverine sediment source, and hence, its high sedimentation rates
(68 cm kyr–1) with high detrital siliciclastic and iron oxide inputs,
would be expected to be less affected by early diagenetic processes
than core MD01–2430, which is from the Western High and has
lower average sedimentation rate (43 cm/kyr). This conclusion is
supported by previous studies in the Sea of Marmara, which indicate
that the SMI occurs in locations variable in different morphological
parts of the Sea of Marmara: the SMI is located at depths of 4.0–4.5
mbsf on the western high (Halbach et al. 2004; Tryon et al. 2010),
at 3.4 mbsf in Çınarcık Basin and at 2.4 mbsf over the southern
shelf (Çağatay et al. 2004).

5.2 Quality of the palaeomagnetic records and its relation
to palaeoevironmental conditions

Although the laminated and banded lower part of the lacustrine
unit below 17.15 mbsf in core MD01–2430 has a poor palaeomag-
netic record, the dark grey homogenous mud interval at 3.80–17.15
mbsf (corresponding to 12–43 ka) has fairly stable and well defined
magnetization directions (Figs 2, 6 and 8). Unstable palaeomag-
netic results from the lower laminated and banded lacustrine unit
coincide with relatively high Ca and TOC contents (Çağatay et al.
2015). These, together with the presence of laminations, suggest
relatively high organic productivity and suboxic to anoxic bottom-
water conditions suitable for organic matter burial but unfavorable
for magnetic mineral preservation (Nowaczyk et al. 2002). There-
fore, we consider the interval between about 70 and 50 ka from
core MD01–2430 as unsuitable for palaeomagnetic studies (Figs 6
and 8). Core MRS-CS19 does not reach the laminated and banded
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Paleomagnetic record from Sea of Marmara 2031

Figure 5. Down-core variations of magnetic mineral concentration (NRM, ARM), grain size (κARM/κLF), and magnetic mineralogy (S-ratio, SIRM/κLF) from
cores MD01–2430 and MRS-CS19. Yellow bar indicates secondary magnetic iron sulphide. The orange bar marks lacustrine to marine transition; the green
bar indicates a sapropel layer in core MD01–2430. Stars denote AMS 14C dates, triangles: tephra layers.

sediment interval of MIS 3 and 4, thus prohibiting comparison be-
tween magnetic records of the two cores for that interval.

Low values of κLF (Fig. 2), S-ratio and SIRM/κLF over the last ca.
15 ka BP correspond to changes in sediment lithology and geochem-
istry, associated mainly with sea level rise and marine transgression
into the Sea of Marmara at 14.7 ka BP (Vidal et al. 2010; Eriş et al.

2011). This initial transgression was followed by sapropel deposi-
tion under suboxic-anoxic conditions in the Sea of Marmara (Tolun
et al. 2002; Çağatay et al. 2015). Arrival of sulphate-rich marine
waters intiated more vigorous bacterial sulphate reduction in the
lacustrine-marine transition zone and in the marine sequence of the
Sea of Marmara. This is clearly seen in core MD01–2430 from the
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Figure 6. Down-core variations of palaeomagnetic data from cores MD01–2430 and MRS-CS19. Red curves for ChRM declination (DChRM), ChRM inclination
(IChRM) and relative palaeointensity (rPI), derived from the slope of NRM versus ARM, represent complete (raw) data sets, whereas black curves represent
final data sets filtered from the effects of greigite indicated by the grey area in Fig. 5 (outer right). MAD = maximum angular deviation, MDF = median
destructive field, ARM = anhysteretic remanent magnetization. ChRM = characteristic remanent magnetisation. The inclination (±60◦) and declination (0,
180◦), as expected for a geocentric axial dipole are shown by the vertical dashed lines in the directional plots.

Western High, which has a noisy palaeomagnetic record and low
palaeointensity estimates throughout the Holocene (Figs 6 and 8).
Drab et al. (2015) also reported that a palaeomagnetic record for
the last 2 ka from the Western High is affected strongly by reductive
diagenesis.

The high sedimentation rates (>35 cm kyr–1) in the studied cores
result from fluvial input and the semi-isolated nature of the the
Sea of Marmara basin, and allows the study of high resolution
excursion records from the basin. Such rates above 10 cm kyr–1 in
marine sediments are considered acceptable to obtain meaningful
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Figure 7. AF demagnetization results from selected samples along the Laschamps excursion as recorded in Core MD01–2430, displayed as Zijderveld
diagrams. Closed blue diamonds mark variations in the horizontal plane (W versus N) and open red squares mark variations in the vertical plane (Z versus
N). Samples from (a) through (e) have upward directed vectors during the Laschamps excursion (∼41 ka), whereas the sample in (f) has clear normal polarity
some hundred years before the excursion. The distance between two long ticks are equal to 0.5 mA m–1.

vector records of geomagnetic field behavior (Roberts & Winklhofer
2004).

5.3 Relative palaeointensity records and geomagnetic
excursions

The Sea of Marmara rPI variations obtained from the slope of
NRM/ARM are compared in Fig. 8 with rPI data from GLOPIS-
75 (Laj et al. 2004) and the Black Sea palaeomagnetic stack (Liu
et al. subm.). Both the rPI and inclination records from the Sea
of Marmara and Black Sea match well between 50 and 15 ka BP.
The Sea of Marmara rPI record is also in general agreement with
GLOPIS-75 (Laj et al. 2004, Fig. 8).

The lowest rPI values in the Sea of Marmara record occur at
41 ka, and are accompanied by transitional inclinations. Thus, we
interpret this feature in the Sea of Marmara palaeomagnetic record
as the Laschamps excursion, which was followed by the Campanian
Ignimbrite eruption in the Gulf of Naples at 39.3 ka (De Vivo et al.
2001, CI in Fig. 8). The Laschamps event was a brief episode with
a short but full reversal of the geomagnetic field at around 41 ka.
This short reversal was accompanied by a drop in field intensity
(Bonhommet & Zähringer 1969; Thouveny et al. 1994; Laj et al.
2000, 2006; Lund et al. 2005; Nowaczyk et al. 2012, 2013).

Low palaeointensity values and fully reversed polarity directions
are typical of the Laschamps excursion (Bonhommet & Babkine
1967; Gillot et al. 1979; Roperch et al. 1988; Chauvin et al. 1989;
Guillou et al. 2004; Plenier et al. 2007). Since the discovery of
the Laschamps excursion in the late 1960 s many further studies

from globally distributed sites have proven its occurrence (e.g. Laj
et al. 2000; Nowaczyk et al. 2003; Lund et al. 2005, 2006; Channell
2006; Channell et al. 2012; Laj & Channell 2015; Li et al. 2018).

The Black Sea palaeomagnetic record is the only study to pro-
vide clear evidence for the Laschamps excursion as a full reversal
in SE Europe/West Asia (Nowacyzk et al. 2012). Compared to this
finding, the palaeomagnetic record from core MD01–2430 in the
Sea of Marmara is less well developed because it is only recorded
by a few samples with upward inclinations and westerly, instead of
southerly directions. This record of the Laschamps excursion in core
MD01–2430 is probably affected by core disturbance and storage
effects (some drying) by frequent previous sampling for different
analyses and lon-term storage between its recovery in 2001 and our
sampling in 2017. Directional palaeomagnetic record are known
to have been effected by such factors (Verosub 1977; Verosub &
Banerjee 1977; Roberts & Winklhofer 2004). Any change in the
size, composition, position or relative abundance of the magnetic
carriers during storage and sampling can affect directly the intensity
of the magnetization (Verosub 1977). Slumped or deformed mate-
rial can acquire a post disturbance magnetization. Sediments which
consist of mixture of spherical particles and disc-shaped particles
whose magnetic moment is the plane of the disc (Verosub 1977).
These particles normally remain aligned with the earth’s magnetic
field when they deposited. During the storage and previous sampling
the alignment of these particles could be disturbed. Viscous rema-
nent magnetizations is also affected by the storage and handling
history of a core as well as its physical state (Verosub & Baner-
jee 1977). Recording of directional geomagnetic field anomalies
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Figure 8. Palaeointensity and inclination records from cores MRS-CS19 (green) and MD01–2430 (red) over the last 70 ka. For comparison, the palaeomagnetic
record from the Black Sea (black; Liu et al. subm.), the GLOPIS-75 record (brown; Laj et al. 2004), VADM stack (blue; Channell et al. 2018 ), and Holocene
model (light blue; Korte et al. 2011) are also shown. Light red line shows unreliable RPI record of core MD01–2430. Vertical grey bars denote magnetic field
excursions, LA (Laschamps), ML (Mono Lake) and HP (Hilina Pali). The dotted vertical lines mark the stratigraphic positions of the Avellino (AV), Cape Riva
(Y-2) and Campanian Ignimbrite tephra (CI/Y-5) in the studied cores.

can be degraded by disturbances and discontinuous sedimentation
(Roberts 2008), post-depositional processes and smoothing of re-
manence directions (Roberts & Winklhofer 2004). Nevertheless,
our results indicate that the Sea of Marmara sediments effectively
record the geomagnetic excursions.

Çağatay et al. (2015) showed that in core MD01–2430, the ho-
mogenous mud of the upper lacustrine succession (3.8–17.15 mbsf)
was deposited between 12.55 ± 0.35 and 42.57 ± 1.7 cal ka BP.
The interval below, covering 59–42 ka BP period, includes com-
mon carbonate bands with high Ca contents that correspond to the
Greenland Interstadials. These interstadials are also represented by
high TOC and low U and K contents. Due to climatic oscillations,
the lithology of this interval is not homogenous as much as the
upper part of the lacustrine interval. Laschamps excursion at 41 ka
is recorded in the upper homogenous lacustrine succession at 16.6

mbsf. Rock magnetic properties of core MD01–2430, including the
magnetic mineralogy and magnetic grain size, around the depth
of the Laschamps excursion are stable except for the Campanian
tephra record at the depth of 15 m (Fig. 5). S-Ratio and κARM/κLF

profiles of core MD01–2430 show that the magnetic mineralogy in
4–17.15 mbsf interval of upper lacustrine unit is not affected by
sedimentary processes whereas 17.15–28 mbsf interval show the
effect of the climatically controlled carbonate precipitation, with
relatively high SIRM/κLF values (Fig. 5). MDF(NRM) values in
8–17.15 mbsf interval are stable except for the Laschamps excur-
sion. Similar rock magnetic properties are also found at the depths
of the Mono Lake and Hilina Pali excursions records in our cores
MD01–2430 and MRS-CS19. We also obtained high MAD values
during the Laschamps excursion. Stoner & St-Onge (2007) showed
that such high MAD values are often found during reversals and
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excursions. High MAD values at the depth of Laschamps record is
related to an excursion rather than to any sedimentalogical change
in lower part of core MD01–2430 (Fig. 6). Also, the low field in-
tensities during an excursion could have led to a lower degree of
magnetic particle alignment in the ambient field, and thus to a less
well-defined direction.

The Laschamps excursion was followed by several short excur-
sional episodes (Fig. 8), which can be correlated to the Mono Lake
(Laj & Channell 2007; Nowaczyk et al. 2012; Channell et al. ; 2020)
and Hilina Pali (Liu et al. 2018, and references therein) excursions
with low palaeointensities and low/partly negative inclinations at
34.5 and 18 ka, respectively. In the Sea of Marmara sediments,
the Mono Lake excursion at 34.5 ka is expressed by low palaeoin-
tensities without any clear directional anomaly, and shows good
coherency with the Black Sea and GLOPIS records and the VADM
stack of Channell et al. (2010, Fig. 8). Another palaeointensity with
low and shallow (partly negative) inclination is recorded after the
Mono Lake excursion at 18 ka, coeval with the postulated Hilina
Pali excursion (Fig. 8). This is consistent with an interval of shal-
low inclinations which are also recorded in SE Black Sea sediments
and are coeval with the postulated Hilina Pali excursion (Liu et al.
2018, and references therein). Coe et al. (1978) was the first to
record the Hilina Pali excursion in a lava flow from Kilauea Vol-
cano, Hawaii, with an age of 17.86 ka. However, the Hilina Pali
excursion with low palaeointensities and shallow inclinations may
represent a pronounced secular variation feature (Liu et al. 2018).

Numerous plausible excursions records for the last 30 ka period
have been reported in the literature. These include the Sterno–
Etrusso excursion at ∼2.7 ka (Dergachev et al. 2004), the Gothen-
burg excursion at ∼12 ka (Morner et al. 1971; Morner 1977), the
Lake Mungo excursion at ∼26 ka (Barbetti & McElhinny 1976), an
unnamed excursion in Core MD01–2444 from the Iberian Margin
at ∼13 ka (Channell et al. 2013), the Tianchi excursion at 10 ka
(Channell et al. 2020) and the Rockall excursion at ∼26 ka (Chan-
nell et al. 2016a). However, most of these excursions are yet to be
definitely confirmed and dated by absolute and realiable methods.
Well dated and high quality palaeomagnetic record of cores MRS-
CS19 and MD01–2430 dating back to 34 ka BP show rPI lows also
at 15, 25, 27 and 30 ka, which could be related with the above ex-
cursions (Fig. 8). At these ages, we also found shallow inclination
directions. Sedimentation rates at 15, 25, 27 and 30 ka average 33,
22, 39 and 44 cm kyr–1, respectively (Fig. 8). Hence, the low rPI
values at these intervals are not likely related to a low sedimenta-
tion rate. The low rPI values in the SoM are compatible with the
records of GLOPIS-75 (Laj et al. 2004), Black Sea (Liu et al. 2018;
Liu et al. subm.) and VADM stack of Channell et al. (2018; 2020),
with especially the low rPI at 27 ka likely related to the Rock-
all excursion (Fig. 8). However, for a robust regional and global
comparison, acquisition of further records from the new cores are
required.

Holocene RPI record from MRS-CS19 shows lower values
throughout the core and a different trend than the record of Holocene
interval in GLOPIS-75 (Laj et al. 2004 ) and Holocene record of
Korte et al. (2011), except for the late Holocene interval (1–5 ka,
Fig. 8). The sedimentation rate in the Marmara core rises across the
L-M transition from 30 cm kyr–1 for the late lacustrine period (16–
12.6 ka BP) to 80 cm kyr–1 during the middle-late Holocene (8.5
ka-present, Fig. 8). Low rPI values during middle to early Holocene,
with a slight increase during 3–1 ka BP, are likely to be due to the
relatively high sedimentation rate, possibly associated with changes
in magnetic mineralogy and grain size after the L–M transition.
Magnetic mineralogy and grain size variation in marine Holocene

part is not stable as much as lacustrine part of core MRS-CS19
because of the early diagenetic effects.

6 C O N C LU S I O N S

A detailed palaeomagnetic study of two sediment cores from the
Sea of Marmara yields results of variable quality. By linking
the Ca-record (XRF counts) from core MD01–2430 to Green-
land interstadials and stadials, together with AMS 14C datings and
tephrochronology, we demonstrate that cores MD01–2430 MRS-
CS19 represent a continuous sequence that reaches back to about
70 and 32 ka BP, with average sedimentation rates of ∼43 and
68 cm kyr–1, respectively.

Diagenetic effects are common especially in core MD01–2430,
including the Holocene marine unit and the latest L–M transition
zone deposited since 14.7 ka as well as the laminated lacustrine in-
terval accumulated during 70–50 ka interval that are not suitable for
palaeomagnetic analyses, while the marine and L–M transition zone
in core MRS CS-19 provide a robust palaeomagnetic record. Palaeo-
magnetic data integrated from cores MRS-CS-19 and MD01–2430
yield evidence for the presence of three geomagnetic excursions.
The Laschamps excursion (41.0 ka) is documented by low relative
palaeointensities, negative inclinations and westerly declinations,
which do not represent recording of a full reversal, as also reported
from nearby Black Sea sediments (Nowaczyk et al. 2012). The
Mono Lake excursion (34.5 ka) is evidenced only by a pronounced
relative palaeointensity minimum. Shallow, partly negative incli-
nations and low relative palaeointensities in the Sea of Marmara
palaeomagnetic record at ∼18 ka BP are likely to be an expression
of the Hilina Pali excursion. General agreement is found between
amplitudinal variations in our relative palaeointensity record from
the Sea of Marmara and other regional and global records, such as
the rPI stack from the Black Sea and GLOPIS-75.
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