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The geomagnetic field can vary dramatically over only decades and thousands of kilometers; the
Levantine Iron Age geomagnetic Anomaly (LIAA) is probably the best-known example of such short-lived
feature of the Earth’s magnetic field. Yet, the size, shape and temporal variations of this phenomenon
are currently still enigmatic. Here we provide continuous full-vector records of the variations in the
geomagnetic field from three marine sediment cores from the Mediterranean, to better constrain the LIAA
in time and space. The cores are located (1) between Spain and Morocco (Alboran), (2) East of Calabria,
Italy (Taranto Gulf), and (3) North of the Nile Delta (Levant). Geomagnetic field variations between 6000
BC and 1000 AD are captured for a total of 681 samples. Rock magnetic analyses indicate the sediment
cores as reliable recorders for geomagnetic field variations. Between 750 and 250 BC, high intensities are
observed for the Levant and Taranto Gulf core, with their peak - 150 ZAm? at 500 BC - shortly after
the occurrence of the LIAA. Low paleointensities are obtained from the Alboran core providing a western
limit of the extent of the LIAA until at least 250 BC. From 500 BC onwards the location of the highest
paleointensities moves slightly westwards while diminishing in intensity. The LIAA moves from 40 to 55°
East at 1000 BC to ~25° East at 0 AD, while decaying from ~150 ZAm? to ~110 ZAm? in the same time
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span. This results in a westward movement of 15-30° in 1000 yr.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Beyond its long-term-average dipolar behavior, the geomag-
netic field can vary dramatically in direction and intensity over
just decades and only thousands of kilometers. The most promi-
nent example of such behavior is arguably the ‘Levantine Iron
Age Geomagnetic Anomaly’ (LIAA), a period of non-geocentral ax-
ial dipolar (GAD) magnetic directions and high geomagnetic field
strengths (virtual axial dipole moment (VADM) > 140 ZAm?) re-
ported for the Levant between ~1000 and ~750 BC (e.g. Ben-Yosef
et al.,, 2017, 2009; Shaar et al.,, 2011, 2017, 2016). Within the LIAA
two peaks in the geomagnetic field strength (spikes of VADM >
160 ZAm?) were recently identified at 980 and 740 BC (Shaar et al.,
2016). The size, shape and temporal evolution of the LIAA, how-
ever, still are largely enigmatic. Recently, Shaar et al. (2017) char-
acterized the spatial and temporal extent of the LIAA eastwards
of the Levant. Understanding rapid and short-lived fluctuations in
intensity, such as LIAA, is crucial to temporally and spatially con-
strain variations in the Earth’s magnetic field, which in turn im-
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proves our understanding of the behavior of the Earth’s outer core,
as this is where the geomagnetic field is generated.

The Levant region boasts a wealth of well-dated archeomag-
netic artifacts, which are ideal recorders of the intensity of the
Earth’s magnetic field. These artifacts take spot-readings of the
geomagnetic field as they cool, and can therefore provide a high-
fidelity record of geomagnetic variations for this region - provided
that they are accurately dated. Over the past decade, many stud-
ies have contributed to a relatively coherent intensity record for
this region, resulting in the ‘Levant Archeomagnetic Compilation’
(LAC) (Shaar et al., 2016). As most of these recorders are not in-situ
(e.g. ceramic sherds), it is impossible to obtain reliable paleodirec-
tions from them. Hence, the directional records are not continuous
throughout time and the variations in geomagnetic declination and
inclination are less well constrained for this region compared to
the amount of available paleointensity data.

Recent research on the Canary Islands - approximately 60 de-
grees to the West of the Levant region - reveals high paleoin-
tensities (i.e. VADMs ~ 120 ZAm?); this peak, however, is poorly
constrained in time. It may be coeval with the LIAA, but also up
to 500 yr younger (de Groot et al., 2015; Kissel et al., 2015). A co-
eval occurrence in the Levant and the Canary Islands would im-
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Fig. 1. Mediterranean Sea with core locations. The cores are located (1) between Spain and Morocco (Alboran - blue star), (2) East of Calabria, Italy (Taranto Gulf - red star),
and (3) North of the Nile Delta (Levant - orange star). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1

Three marine sediment cores taken from the Mediterranean Sea, giving the name, region, location and num-

ber of samples taken from each core section.

Piston Area Latitude Longitude Water Section Length Number
core depth (cm) of samples
MT16 Alboran 36°01.5'N 3°51.88'W 1257 m #9 35 54

#8 100 158
MP49 Taranto Gulf 39°50.07'N 17°48.06'E 267 m #9 100 157

#8 100 158
PS009 Levant 32°07.7'N 34°244'E 522 m #6 100 154

ply a rather large spatial extent of the LIAA; if the peaks in the
Levant and the Canary Islands differ by as much as 500 years,
a westward movement could explain the observations, although
the behavior of regional peaks in the intensity of the geomag-
netic field are often more complex (de Groot et al., 2013). Hervé
et al. (2017) recently presented high intensities for Western Eu-
rope between 1000 and 600-500 BC, and constrain the LIAA to the
Northwest.

To better constrain the behavior of the LIAA in time and space,
and assess its potential westward movement, continuous full-
vector records (declination, inclination, and relative intensity) are
needed for the region of interest, which extends from the Levant
westward to the Canary Islands, and potentially even the Azores
(Di Chiara et al., 2014), and Texas, USA (Bourne et al., 2016). Here,
we present three new, continuous, (relative) full-vector records
from marine sediment cores taken in the Mediterranean Sea, lo-
cated (1) off the Israeli coast ~80 km SSW of Haifa, (2) in the
Taranto Gulf ~27 km SSW of Gallipoli (Italy), and (3) in the West
Alboran Sea ~85 km SSE of Malaga, Spain (Fig. 1, Table 1). For each
of the three cores, an age-depth model is available or produced;
the sedimentation rate in the analyzed cores is high, typically 20
to 65 cm/kyr, resulting in 15-50 yr per paleomagnetic sample of
1 cm?. In spite of these high sedimentation rates geomagnetic fluc-
tuations shorter than 15-50 yr - such as the two geomagnetic
spikes reported within the LIAA (Shaar et al., 2017) - will go unde-
tected, but the somewhat longer trends of the LIAA on decadal to
centennial timescales are captured continuously and in great de-
tail.

Sample material permitting, the parts that recorded the period
centered around the LIAA were sampled in all three cores. The
longest span sampled is ~6000 BC to 1000 AD for the Alboran
core. The sediment cores underwent an independent assessment of
the reliability of the cores as recorders of geomagnetic field varia-
tions by high- and low-field experiments, and thermal rock mag-
netic analyses. If these proxies are constant throughout the cores,
the reliability and credibility of both the paleodirections and pale-
ointensities is greatly enhanced. After these preliminary analyses,
681 samples in total underwent alternating field demagnetization

to obtain the direction of the stored geomagnetic field; (relative)
declination and inclination, followed by a pseudo-Thellier inten-
sity experiment (Tauxe et al., 1995) to obtain the relative intensity
through the sediment cores. The relative declination and intensity
records are then converted to absolute declinations and intensities
using literature data from the GEOMAGIA database (Brown et al.,
2015), to produce absolute, full-vector records of variations in the
Earth’s magnetic field.

2. Geological setting and sampling

The three cores (PS009, MP49, and MT16) were taken on differ-
ent cruises (Table 1). The MT16 piston core was taken during the
RV Tyro cruise in 1993. Piston core MP49 was recovered during
the RV Pelagia cruise ‘MACCHIATO’ in 2009, and is located at the
same site as sediment core DP30 (39.835°N 17.801°E) (Goudeau
et al, 2015). The Levantine piston core, PS009, was taken dur-
ing the PASSAP cruise with RV Pelagia to the eastern Mediter-
ranean (Hennekam and de Lange, 2012; Hennekam et al., 2014).
This area is known to be largely influenced by sedimentation from
the Nile (Almogi-Labin et al., 2009; Venkatarathnam and Ryan,
1971).

Paleomagnetic samples were taken from the sections of inter-
est — i.e. at least containing the interval before, during and after
the LIAA (~2000 BC-0 AD). From the Alboran (MT16), Taranto Gulf
(MP49) and Levant (PS009) cores, 212, 315 and 154 samples were
taken, respectively. Two rows of plastic cubic sample cups with
an inner volume of 1 cm? were pushed into the sediment such
that the cups in each row touched each other, ensuring a contin-
uous sampling, resulting in approximately 150 samples per meter
sediment, i.e. 150 samples per 100 cm core. The two rows were
offset by half a cube to increase the resolution (Fig. 2). For rock-
magnetic analyses extra samples were taken approximately every
20 cm, resulting in 4-5 samples per meter sediment. The sam-
ples for rock magnetic analyses were dried in an oven at 50 °C to
remove excess water. To detect the occurrence of sulphide-oxides
that are known to adversely interfere with alternating field demag-
netizations and to potentially discriminate between a biogenic and
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Fig. 2. Sampling of the cores. Two rows of 1 cm? cubes are pushed into the sedi-
ment; the two rows are offset by half a cube to increase the sampling resolution.
Yellowish colors on some cubes is light reflection. The sample cubes were numbered
row by row from top to bottom of the core. To reduce oxidation of the sediment,
the small holes in the plastic cubes were sealed with acid-free silicone paste and
the samples were stored in the fridge.

diagenetic origin, another three samples were taken from each core
for FORC-measurements (mass between 13 and 55 mg); the FORCs
where completed within hours after taking a sample out of the
refrigerator.

The age models are based on combinations of '#C and 21°Pb
measurements. For the Alboran (MT16) core the age of the samples
ranges between ~2000-8000 cal yr BP, for the Taranto Gulf (MP49)
core the measured samples range between ~1000-4000 cal yr BP,
and the Levant (PS009) samples cover ~1000-5000 cal yr BP.

3. Geo-chronology

The 219Pb measurements were done on freeze-dried and
grounded sediments, whereas the radiocarbon 4C ages were per-
formed on clean, hand-picked mixed planktonic foraminifera (size
faction >63 pum). The analyses were performed for 219Pb at ENEA
- Marine Environmental Research Center, Italy, and for 14c using
accelerator mass spectrometry (AMS) at Poznan Radiocarbon Lab-
oratory, Poland.

Conventional #C ages were calibrated using the program CALIB
6.0 (Marine 09) (Stuiver and Reimer, 1993; Stuiver et al., 1998)
with a regional reservoir age correction (AR) for Taranto Gulf core
of 121 £ 60 yr and for W. Mediterranean 148 + 35 yr (Table 2).
210ph measurements showed that for MP49PC there is a good
recovery of the topmost sediments with little mixing processes,
whereas the most recent sediments have not been recovered for
MT16. The C measurements showed a nearly linear relation be-
tween the age of the sediments and depth in both the Alboran and
Taranto Gulf cores (Fig. 3a & Fig. 3b). For the Levant core (Fig. 3c),
age model details are given in Hennekam et al. (2014).

The sedimentation rates of the Alboran and Taranto Gulf cores
are constant at ~21 and ~71 cm/kyr, respectively. The sed-
imentation rate of the Levant core changes with depth from
~19 at the bottom, to ~37 cm/kyr for the top part of this
core.

age cal. ka BP age cal. ka BP age cal. ka BP
0 1 2 3 4 5 6 7 0 1 2 3 4 0 1 2 3 4 5 6 1
0 P ST N TN NI NI NI BN L | T IR PR A TN U TN B MR
d
T MT16PC MP49PC PS009PC
50 — 50 —f
20 —
- a
100 —| 100 —|
40 — | ]
T
)
= - 150 —| 150 —|
g b
60 — 7] 7
f
200 — 200 —
80 — 2
=099 250 —| =099 250 —|
_ ¢ g
100 — 300 — 300 —

Fig. 3. Age models for the Alboran (MT16), Taranto Gulf (MP49) and Levant (PS009) cores. Depth within the core to calibrated ages BP, details of the dating points per core

are in Table 2.

Table 2

Core chronology - 'C ages, reservoir age corrections and calibrated ages for cores MT16 and MP49PC; Reservoir age corrections
for all dating point used, is ~400 yr (included in calibration program Marine 09); additional regional reservoir age correction
for Adriatic Sea (MP49PC) AR = 121460 (Hughen et al., 2004), and for W. Mediterranean core (MT16) AR = 148 35 yr (Siani

et al., 2000).
Lab code Sample Av. depth 14C age (BP) %10 error AR 10 age cal BP
(cm) (yr) (yr)
a Poz-74760 MT16#9 31-32 cm 31,25 3625 + 30 BP 148 + 35 BP 3370 £+ 60
b Poz-74671 MT16#8 21-22 cm 56,5 4740 + 30 BP 148 + 35 BP 4817 + 48
c Poz-74672 MT16PC#8 55-56 cm 90,5 5960 + 40 BP 148 + 35 BP 6231+ 50
e Poz-74673 MP49PC#9 9.5-11.5 cm 95,5 1815 + 30 BP 121 + 60 BP 1241 £ 65
f Poz-74674 MP49PC#8 9-11 cm 195 2915 + 35BP 121 + 60 BP 2556 + 108
g Poz-74675 MP49PC#8 89.5-91.5 cm 275,5 4035 + 30 BP 121 + 60 BP 3898 + 97
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4. Methods
4.1. Rock-magnetic analyses

To assess the reliability of the marine sediment cores as
recorders of geomagnetic field variations, three different rock-
magnetic proxies were studied. Firstly, the magnetic carriers and
minerals within the cores were characterized by analyzing samples
on the Curie Balance (Mullender et al., 1993). The magnetization
of a sample was measured while heating them in seven cycles; the
peak temperatures were set to 150, 250, 350, 400, 450, 500 and
700°C. After reaching a peak temperature, the temperature was
lowered by 100°C to check for permanent alteration of the signal.
Curie temperatures for samples are derived by the two-tangent
method.

Secondly, the domain state of the magnetic carriers from the
clay cores was assessed by determining high-field magnetic prop-
erties (saturation magnetization (Ms), remanent saturation mag-
netization (Mr), coercive force (Hc), and remanent coercive force
(Hcr)) derived from hysteresis loops and back field (or DCD) curves,
samples were analyzed using a MicroSense vibrating sample mag-
netometer (VSM). The Mr/Ms and Hcr/Hc ratios were expressed in
a Day plot (Day et al., 1977; Dunlop, 2002). Consistent domain
states throughout the cores further establish the cores as reliable
recorders of variations in both paleomagnetic directions and inten-
sities through time. To characterize the potential occurrence and
origin of sulphide-oxides first order reversal curves (FORCs) were
measured on a Princeton alternating gradient force magnetome-
ter, PMC Model 2900. As especially diagenetic greigite is known
to produce adverse gyro-remanent magnetizations (GRMs) when
demagnetized using alternating fields, it is important to deter-
mine the origin of the greigite. To discriminate between diagenetic
greigite and biogenic greigite - which is formed during sediment
accumulation, hence carries a primary magnetization - FORCs were
measured (Vasiliev et al., 2008) and interpreted with FORCinel
(Harrison and Feinberg, 2008). Central ridges within the FORC dia-
grams indicate biogenic greigite.

Lastly, mass-normalized magnetic susceptibility of all samples
was measured at room temperature using an AGICO MFK1 suscep-
tometer, indicating the response of the samples to a small applied
(alternating) magnetic field. Large and abrupt differences in the
susceptibility in the core indicate variations in magnetic compo-
sition and concentration of magnetic material, which may hamper
the magnetic intensity proxy in particular. A gradual increase of
the susceptibility with depth implies an increasing concentration
of magnetic material. This may be a sign of the removal of wa-
ter from the sediment, and hence indicate compaction; the water
content was also measured directly by comparing the weight be-
tween fresh and completely dried material. The magnetic suscep-
tibility together with the susceptibility of the ARM is used to cal-
culate the grainsize sensitive KARM/k ratio (Banerjee et al., 1981;
King et al., 1982; Liu et al., 2012). As the sedimentary regime is be-
lieved to be relatively constant, homogeneous results are expected
from the same core.

4.2. Paleomagnetic directions

The Natural Remanent Magnetization (NRM) of the samples
was measured with a robotized 2G DC-SQUID cryogenic magne-
tometer (Mullender et al., 2016). The NRM of the samples were
demagnetized using alternating magnetic fields. The AF fields in-
creased in 14 steps: 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80,
90, 100 mT, after each demagnetization step the remaining mag-
netization was measured. Declination and inclination values were
obtained from the forthcoming Zijderveld diagrams using paleo-
magnetism.org (Koymans et al.,, 2016). Since the marine sediment

cores are not orientated, the obtained declination records are rela-
tive records of changes in the declination, the average declination
is set to 0°. Samples with a Mean Angular Deviation (MAD) greater
than 10° are removed from the records. Also, if an overprint on the
NRM is not removed with AF fields < 30 mT the samples are not
suitable for paleointensity analyses since the NRM segment left is
too small to be reliably interpreted, therefore these samples are
removed from the records and the interpreted directions are re-
jected.

4.3. Relative paleointensity analyses

The relative paleointensity of the core samples were measured
using the pseudo-Thellier protocol (Tauxe et al., 1995). After the
NRM of the samples was fully demagnetized, a series of anhys-
teretic remanent magnetizations (ARMs) was imparted on the sed-
iment using the same 14 alternating field steps (5-100 mT) using a
DC field of 40 uT. After each field step the acquired magnetization
was measured. To check whether the same grains that carried the
NRM acquired the ARMs, the ARMs of the samples were stepwise
demagnetized using the same 14 alternating fields again, while
measuring in between the field steps.

The ARM gained was plotted versus NRM remaining resulting
in an Arai plot. The section for which the same grains carry the
magnetization, i.e. the part for which the NRM demagnetization
versus the ARM demagnetization yielded a linear relation (typi-
cally 20-60 mT), was selected and the slope of the Arai plot was
determined. This slope is the pseudo-Thellier value and is a proxy
for the relative paleointensity for all measured samples from the
same core.

The R%-value is determined for the resulting Arai plots, samples
with R%-values < 0.980 are not considered for further interpre-
tations. To avoid grain-size related trends in our paleointensity
data, we need to ensure that the grainsize distribution is constant
throughout the cores. Therefore we consider the Bqjparm values for
all samples (de Groot et al., 2013, 2015; Yu et al., 2003).

5. Results
5.1. Alboran

The Alboran core produces relatively constant Curie diagrams
(Fig. 4a-c, Fig. S4) for all samples measured. The magnetization
at room temperature is typically about ~0.03 Am?/kg, with Curie
temperatures generally around 580°C. One of the samples shows
additional, minor peaks in magnetization around 400-500°C,
(Fig. 4b), typically explained as a contribution of pyrite. The high-
field behavior of the sediments (Hcr/Hc and Mr/Ms ratios) was
characterized with a Vibrating Sample Magnetometer (VSM). All
samples plot in the PSD domain of the Day plot (Fig. S1). FORC
diagrams reveal central ridges and no signs of diagenetic greig-
ite (Roberts et al., 2011) (Fig. S2). Water content measurements
are constant for all samples measured (Fig. S3). The magnetic sus-
ceptibility of the samples is stable (Fig. 5a) with an average bulk
susceptibility of ~1.5 x 10~6 m3/kg, implying a constant sedimen-
tation environment. The kARM/k ratio (Fig. 5e) is also constant,
except for the same 5 samples at the top of the core that deviate
from the general susceptibility trend. The MAD angles associated
with the interpreted directions are <5° for all samples interpreted.
This, in combination with the aforementioned (absent) trends in
rock-magnetic parameters established the Alboran core as a re-
liable paleomagnetic recorder with little to no influence from
environmental and/or climatic variations.

The declination varies £20-30° around its mean for the core
parts (Fig. 5b). The mean inclination is around 51° and varies be-
tween 35° and 63° (Fig. 5¢); these directional variations are within
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Fig. 4. Three representative thermomagnetic runs for the Alboran (a-c), Taranto Gulf (d-f) and Levant (g-i) region. Heating (red lines) and cooling (blue dashed lines) cycles
are plotted as function of total magnetization. Sample code and depth within the core is indicated per sample.

the range expected for normal secular variation. The observed
trends are coherent over the entire core, changes in inclination are
gradual, with highest inclinations of 60-73° around depths of 50
and 130 cm. The inclination is notably low (~35°) around 110 cm
depth.

The upper part of the core reveals an episode of high intensities
(Fig. 5f), between 10 and 40 cm depth, with relative paleointensi-
ties of 0.2, compared to notably lower (~0.10-0.15) relative pale-
ointensities in the rest of the core. There are two distinct peaks at
17 and 32 cm depth, yielding values of 0.203 and 0.199, respec-
tively. Between 40 and 70 cm the relative paleointensity is con-
stant at approximately 0.16, and gradually reduces to 0.12 between
70 and 110 cm depth. Notably, the Byjparm, is constant throughout
the core (Fig. 5f) and there are no relations between the paleoin-
tensity proxy and the grain size proxies Biparm and kKARM/k (Fig.
S8), implying that the obtained paleointensity record is indepen-
dent of variations in grain size of the magnetic material.

5.2. Taranto Gulf

The Curie diagrams for the Taranto Gulf core (Fig. 4d-f, Fig. S5)
show room temperature magnetizations around 0.03-0.04 Am? kg,
between 400-500°C small additional peaks are measured. The
magnetic carriers plot in the PSD part of the Day plot (Fig. S1) and
FORC diagrams (Fig. S2) reveal central ridges - i.e. biogenetic greig-
ite. The water content measurements are constant through the core
(Fig. S3).

The average bulk susceptibility in the central Mediterranean
core is also ~1.5 x 10~6 m3/kg, although its magnetic suscep-
tibility record has more variations (Fig. 5g). The upper part of
this core shows a smooth variation with a small and gradual in-
crease (~20%) with depth, ~1.8 x 10~% m3/kg around a depth of

120 cm. More scattered and higher susceptibilities were measured
for the lower part of the core; the magnetic susceptibility peaks
at ~3.3 x 1078 m3/kg at a depth of 245 cm. This wide peak in
susceptibility starts at a depth of 235 c¢cm and susceptibility re-
turns to its long-term average of ~1.5 x 1078 m3/kg at a depth
of 260 cm. This peak also influences the kARM/k ratio (Fig. 5k),
as this ratio drops for these levels, and seems to slightly increase
the MAD associated with the interpreted directions (Fig. 5j). Apart
from this peak, however, the Taranto Gulf core proves to be a reli-
able recorder of geomagnetic field variations.

The changes in declination and inclination are gradual and co-
herent for the Taranto Gulf core (Fig. 5h-i), even through the peak
in susceptibility between 235 and 260 cm. Only the deeper part
of the core (section 8) shows large variations in declination (up
to +35°); the variations in the upper part (section 9) are within
420°. The scatter in the inclination record of the Taranto Gulf core
is larger than the scatter in the Alboran core. Nevertheless, the in-
clination record shows a trend with depth with peaks of 70° and
75° at 120 and 200 cm, and lows of 35° at 150 and 50° at 260 cm.

The intensity (Fig. 51) for the upper section, #9, increases with
depth starting from low (0.06) intensities in the top part of the
core and higher intensities (0.14) at a depth of 180 cm. The deeper
section, #8, reveals maximums in intensity at depths of 190 cm
and 250 cm with slopes of ~0.11; lower intensities are present at
depths of 185 cm (slope of 0.09) and 285 cm (slope decreases from
0.1 to 0.065). Although the pseudo-Thellier slope might seem to
inversely correlate with the Byjzarm value at first sight (Fig. 51), no
relation between these to proxies is indicated when plotted against
each other (Fig. S8), or when comparing the pseudo-Thellier slope
with variations in kARM/k. We therefore deem the paleointensity
record reliable and independent of environmental and/or climatic
variations.
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5.3. Levant

Samples from the Levantine core have a room temperature
magnetization in the order of 0.1-0.2 Am?/kg (Fig. 4g-i, Fig. S6),
which is almost an order of magnitude higher than the other
two cores. The concentration of magnetic particles in the sedi-
ment must therefore be much higher in this core compared to both
the Alboran and Taranto Gulf cores. Typical Curie temperatures of
580 °C indicate magnetite as main magnetic carrier. The tempera-

ture segments between room temperature and 400 °C are not fully
reversible, which may indicate the presence of greigite. FORC di-
agrams show central ridges indicating biogenic greigite (Fig. S2).
The high-field behavior of the sediments (Hcr/Hc and Mr/Ms ra-
tios) result in the PSD domain of the Day plot (Fig. S1); the data
exhibits a minor trend: shallow samples have higher Hcr/Hc and
lower Mr/Ms ratios than samples deeper within the core. This im-
plies a small change in the grain size of remanence carrying grains,
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from larger grains at the top of the core and smaller grains in the
deeper parts of the core.

The Levant core, yields a scattered susceptibility record (Fig. 5m)
with very high values compared to the other two cores; the aver-
age magnetic susceptibility is 7 x 10~ m3/kg compared to maxi-
mum susceptibilities of 3.5 x 10~6 m3/kg for the other two cores.
The susceptibility in the Levant core starts high and in the first 30
cm the signal decreases by ~30%. Between 30 and 60 cm depth,
the magnetic susceptibility increases to approximately 7.0 x 10~6
m3/kg. For deeper parts of this core, the magnetic signal is low-
est, decreasing from 6 to 5.2 x 10~% m3/kg. These variations may
indicate changes in the sedimentary regime. The kARM/k ratio
(Fig. 5q), however, is very constant at ~1, and the Byjparm proxy
(Fig. 5r) only slowly increases with depth from 26 to 30 mT. The
characteristics of the magnetic minerals therefore are very con-
stant, and the increase in susceptibility can be explained by an
increase in the amount of magnetic material only; this does not
influence the reliability of the paleomagnetic record.

The paleomagnetic directions in the Levant core show less co-
herent behavior (Fig. 5n-o0), although it must be noted that the
sedimentation rate in this core is lower, hence more time is av-
eraged in each sample and high-fidelity changes are therefore less
well constrained in the Levant core than in the two other cores.
The overall declination and inclination vary throughout the core,
with variations of £20° for inclination and +30° for declination.
The declination shows maximums (10°-15°) at depths of 5, 32 and
82 cm, and lower values (~—30°) at depths of 3 and 100 cm. The
overall trend in declination is a decrease with depth in this core.
The inclination record varies with a maximum inclination of ~70°
at a depth of ~5 ¢cm, minimum values (~45°) are found at depths
of 15 and 75 cm.

The intensity variations with depth for the Levant core are more
scattered (Fig. 5r). The relative paleointensity is highest at a depth
of 35 cm (slope of 0.13); this is approximately two times as high as
the median paleointensity. Lowest intensity values (slope of 0.03)
are measured at the top of the core and at 58 cm and 100 cm
depths. Again, the pseudo-Thellier slope does not correlate with
either the Biparm or KARM/K grain size proxies (Fig. S8).

6. Discussion
6.1. Age models and compaction

The construction of age models for the Alboran and Taranto
Gulf cores are based on three C radiocarbon ages for each core
in addition to 21°Pb demo measurements and show nearly linear
relation with depth. Their sedimentation rates differ: a sample of
1 cm? contains ~48 yr in the Alboran core and only ~14 yr in the
Taranto Gulf core. In addition, the Taranto Gulf core has a constant
water content - i.e. porosity - for the sampled interval; hence
compaction and thus potential inclination shallowing did not oc-
cur in this core. For the Alboran core the top most 40 cm of the
core deviate from the constant water content, therefore, inclination
shallowing in the top samples is possible. Deeper samples within
the core are more prone to inclination shallowing, although the
deeper samples for the Alboran core do not show these effects. If
there is an effect of inclination shallowing for this core, it must be
very small. As indicated by the 219Pb analyses the top of the Alb-
oran core was not recovered, hence the age model does not inter-
sect the origin (Fig. 3a). The age model for samples younger than
the youngest age constraint at 1675 BC (Table 2) are extrapolated
from the available datings while omitting the origin and therefore
less certain. The age model for the Levant core, however, is non-
linear; the amount of time captured in one sample differs between
the top and the bottom. The top samples cover ~27 yr whereas
the bottom samples cover approximately ~52 yr (Hennekam et

al., 2014; Hennekam and de Lange, 2012). The non-linearity of
the age model can either be explained by a change in mass ac-
cumulation and/or sedimentation rate (Hennekam et al., 2014;
Hennekam and de Lange, 2012), or by compaction of the sedi-
ment column through time. The water content of the sediment
with depth discriminates between these two options: compaction
would significantly reduce the amount of water in the sediment,
while a change in sedimentation rate yields a constant water con-
tent with depth. Since the water content is constant with depth
(Fig. S3), the sedimentation rate must have changed through time
resulting in the non-linear age model. Compaction and the asso-
ciated inclination shallowing are therefore not significant for the
Levant core, nor for the other two cores.

6.2. Magnetic carriers

To obtain reliable paleomagnetic information from our cores
it is important to assess the main magnetic carrier and poten-
tial variations in sedimentation regime. The main magnetic car-
rier for all three cores is magnetite, with a Curie temperature of
580°C (Fig. S4-6). A small contribution of pyrite and/or greigite is
present in samples from all three cores, as indicated by the ther-
momagnetic analyses. Pyrite is paramagnetic at room temperature
and does therefore not contribute to the remanent magnetizations
as measured during AF demagnetization experiments. Diagenetic
greigite is known to hamper AF demagnetization experiments by
the introduction of GRMs and to introduce secondary magnetiza-
tions because of later formation; while greigite of biogenic origin
does not suffer from these adverse processes (Roberts et al., 2011).
It is therefore paramount to characterize the nature of the greigite
in our samples. FORC diagrams are capable to discriminate be-
tween diagenetic and biogenic greigite, as the latter shows up as a
central ridge, and diagenetic greigite is expressed as a circular fea-
ture around 50 mT (Roberts et al.,, 2011). In all our FORC measure-
ments from the three cores, the central ridge caused by biogenic
greigite is evident and no signs of diagenetic greigite are present.
Hence the (traces of) greigite in our samples are not expected
to induce GRMs as a result of AF demagnetization experiments,
and its magnetic signal is primary. This interpretation is corrobo-
rated by the lack of GRMs in our AF demagnetization experiments;
all samples demagnetize towards the origin in the Zijderveld dia-
grams, up to 100 mT (Fig. S7).

6.3. In-core variability

Rapid variations in either one of the assessed rock magnetic
proxies with depth indicate (sharp) changes in rock-magnetic be-
havior and hence a change in the sedimentation regime. Espe-
cially the paleointensity/VADM record is comparative in nature;
it is therefore important to have constant, or only slowly chang-
ing, rock-magnetic parameters throughout our cores. These cores
are marine, and for the relatively short time spans captured in
these cores the nature of the sediment input is unlikely to change.
Furthermore, the Taranto Gulf and Alboran cores exhibit linear
sedimentation rates, whilst the sedimentation rate in the Levant
core only changed gradually with depth. These relatively constant
conditions are illustrated by the magnetic susceptibility records
(susceptibility, Fig. 5a, g, m, and kARM/k ratios, Fig. 5e, k, q):
the Alboran core has a constant susceptibility for all samples; the
Taranto Gulf core shows somewhat more variability, and a peak
occurring around 245 cm. This peak implies a higher concentra-
tion of magnetic material in the sediment and can be explained
by the proximity to the Etna, Ischia, and Vesuvius volcanos: a
higher influx of volcanic material leads to an increase in suscep-
tibility. The susceptibility of the Levant core, however, shows a
trend from higher susceptibilities in the top of the core, to lower
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values at the bottom, and its susceptibility is roughly four times
higher compared to the Taranto Gulf and Alboran cores. This cor-
roborates our argument against the occurrence of compaction in
this core, as compaction would increase the amount of magnetic
material - hence the magnetic susceptibility — per cubic centime-
ter with depth, and the opposite trend is observed. Furthermore,
the magnetic susceptibility results are more scattered compared to
the other two cores; this scatter may lead to more variability in
the paleointensity record for this core. This implies that the sed-
imentation regime and/or the source region of the sediment was
more variable for the Levant core than for the Taranto Gulf and
Alboran cores. The KARM/k ratios and Byjparm Vvalues are constant,
or only slowly changing, with depth for the Alboran and Levant
core. For the Taranto Gulf core more variability is observed, this
can be explained by the trend in the susceptibility record for this
core. More importantly, the kKARM/k ratios and the Byjparm Vvalues
do not show a relation with the obtained relative intensity results
(Fig. S8). Hence the limited variation in concentration, composi-
tion and grain size of the magnetic carriers have no influence on
the obtained paleomagnetic results and all three cores should be
stable recorders of the geomagnetic field and provide reliable (rel-
ative) curves of variations in paleodirections and paleointensities.

6.4. Conversion to absolute declinations and intensities

Our relative declination record and paleointensity data can be
converted to absolute full-vector descriptions of the variations in
the Earth’s magnetic field by pin-pointing our records using avail-
able data from the region. To this end, we obtained paleodirections
and paleointensities from the GEOMAGIA database for each core
location, that our coeval with our records. The geographic con-
straints are set to +£5° latitude by +5° longitude for each of the
three core locations, resulting in three subareas including parts of
Spain and Portugal for the Alboran core; parts of Italy, the Balkan
and Greece for the Taranto Gulf core; and parts of Turkey and the
Levant for the Levant core. This resulted in 23, 39, and 8 pale-
odirections from the GEOMAGIA database for the Alboran, Taranto
Gulf and Levant area, respectively (Table S2, Fig. S9). We calibrated
our relative declination record to absolute declinations by using a
minimum mis-fit approach. First, we obtained a 7-point moving
average through our declination curves. Second, we calculated the
minimum misfit to the GEOMAGIA data by summing the absolute
differences between the GEOMAGIA data and our moving average,
while shifting our curve with respect to the GEOMAGIA data. We
selected the solution with the lowest sum of differences between
the GEOMAGIA data and our moving average (Fig. S9). The avail-
able absolute declinations for the Alboran realm are all slightly
younger than our youngest samples. For the Alboran record, we
therefore aligned the end of our 7-point moving average for the
top of our core with the only available data from GEOMAGIA.

To calibrate our relative intensity record into absolute esti-
mates of the strength of the paleofield, we queried the GEOMAGIA
database again for the same three subareas, with the single se-
lection criterion that the data was published after the year 2000,
and are coeval with our records. This resulted in 17, 20, and 81
absolute paleointensities for the Alboran, Taranto Gulf, and Levant
areas, respectively. Since we know that our sedimentary samples
are unable to recover the fast changes necessary for the two high
peaks that occur in the Levant during the LIAA, we removed abso-
lute paleointensity data with ages between 1200 to 700 BC for the
Levant. This reduced the amount of absolute paleointensities con-
sidered for the Levant area to 25. Again, we use a minimum-misfit
approach to calibrate our pseudo-Thellier slopes to absolute pale-
ointensity estimates using a 7-point moving average through our
data, and selected the solution with the lowest sum of absolute
differences between the GEOMAGIA data and our moving average

(Fig. S10). A list with references to all data used can be found in
Table S2.

By combining our pin-pointed, relative declination and pale-
ointensity curves with the absolute inclination record that we ob-
tained directly from our data, we provide full-vector records of the
variability in the Earth’s magnetic field for the Mediterranean Sea
(Fig. 6). It is important to remember that the sedimentation rate,
hence the paleomagnetic resolution of our records, differs for the
three cores: the Taranto Gulf core captures ~14 yr in each sam-
ple, while a data-point in the Alboran records ~48 yr. The Levant
record varies from ~27 yr per sample in the top of the core, to
~52 yr per sample at the lower end of our record. Geomagnetic
features on decadal timescales, such as the two short peaks re-
ported within the LIAA (Shaar et al., 2017), will therefore remain
undetected in our records.

6.5. Paleodirectional trends

The LIAA is presumed to be a strong regional, non-dipolar fea-
ture of the Earth’s magnetic field (e.g. Shaar et al.,, 2016, 2017),
it is therefore likely that the paleodirections for this period de-
viate more from true North than ‘normal’ paleosecular variation.
When assuming paleosecular variation to be within 15° around
a geocentric axial dipole (GAD) field the expected declination for
the Alboran, Taranto Gulf, and Levant cores is within 18.3°, 19.2°,
and 17.6° of true North, respectively; the expected inclination for
the Alboran, Taranto Gulf, and Levant cores is 55.5° [37.6°-68.7°],
59.1° [42.8°-70.6°], and 51.5° [31.7°-65.1°], respectively (Fig. 6a,
b). The directions of from the Alboran Sea and the Levant, are al-
most continuously within this 15° paleosecular variation limit for
the entire period from 6500 BC to AD (Fig. 7b). The paleodirec-
tions produced by the Taranto Gulf deviate more than 15° from
true North for the period just before and during the LIAA, from
~1500 to 700 BC. Especially the declination record from the cen-
tral Mediterranean, i.e. from the Taranto Gulf core, deviates by as
much as 50° to the East around 1000 BC (Fig. 6a). The largest devi-
ations from true North are immediately preceding the occurrence
of the LIAA. During this period of deviating declinations, the in-
clination in the Levant, and particularly in the Taranto Gulf core
is steeper and towards the upper limit of ‘normal’ paleosecular
variation. These features are not observed in our most westerly
core from the Alboran Sea. Hervé et al. (2013, 2017) found similar
deviations from true North for this period in time for Northwest-
ern European data (France and Germany) and interpreted this as
a dipole tilt. Nevertheless, our observed Virtual Geomagnetic Poles
(VGPs) are well within normal secular variation and global geo-
magnetic field models such as pfm9k.1b (Nilsson et al., 2014) do
not show a distinct tilted dipole during this era.

The inclinations obtained for the Taranto Gulf and Levant cores
after the LIAA are shallower than the majority of the GEOMA-
GIA data for the Mediterranean (gray diamonds in Fig. 6, latitude:
30-50°N, longitude: —10-50°E, age: —7000 AD to 2000 AD), while
the declinations agree with the literature data. This mismatch of
up to 20° is currently unexplained, although the region for which
the GEOMAGIA data is acquired is quite large. The directional data
arises mainly from France, Greece and Bulgaria, and inclination
records from the eastern and western Mediterranean are partic-
ularly scarce. In this period of rapid changes in the geomagnetic
field, local variations may explain (part of) this observation.

6.6. Trends in paleointensity

The obtained absolute intensity records (Fig. 6¢), result in co-
herent trends over time. Between 1700 and 800 BC, the trends
in the Alboran (westernmost) and Taranto Gulf (central) cores
agree very well, while the trends in the Taranto Gulf (central) and
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Fig. 6. Calibrated declination (a), inclination (b) and calibrated virtual axial dipole moment (VADM) (c) for the Alboran (blue triangles), Taranto Gulf (red dots) and Levant
(orange squares) samples. Data from the Mediterranean region (latitude: 30-50°N, longitude: —10-50°E) available from GEOMAGIA (age interval 7000 BC to 2000 AD) is
given by the grey diamonds with corresponding error bars. Expected directional (error) values for a GAD field are indicated by the colored (dashed) lines in panel a and
b; the grey line (c), at 7.4 « 1022 Am? is the average dipole moment for the past 7 kyr (Constable, 2005). Three distinct periods are indicated in the figure, the period of
directional change (yellow band) followed by a period of high paleointensities observed within our samples (red band), the period of high paleointensities observed in the
LIAA is indicated by the blue band.

Levant (easternmost) cores agree between 600 BC until 500 AD from these samples, although there are no signs of this in the rock-
(Fig. 7a). The paleointensities from the top 10 cm of the Albo- magnetic proxies and we have no empirical or theoretical reason
ran core (430 BC to 0 AD), however, deviate distinctly from the to disregard this data. The age-model for the top of the Alboran
other two cores, and from all literature data reported so far. As core, however, is not very well defined. The ages after 1675 BC are
these samples are from the top of the core they are more likely an extrapolation of the datings that are available (Table 2), while
to be affected by post-recovery processes - i.e. chemical alteration the top of the sediment was not recovered. Even if the sedimenta-
due to oxidation, that affects the pseudo-Thellier results obtained tion rate in the Alboran core would suddenly decrease after 1675
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BC and the sudden decrease in intensities would be smoothed in
time, this trend is not observed in the Taranto Gulf and Levant
sections. This implies that the geomagnetic field strength in the
Western Mediterranean dropped sharply while the intensities in
the Eastern and Middle part of the Mediterranean continued to rise
between 800 and 200 BC. The deeper parts of the Alboran core re-
veal a gradual increase of the geomagnetic field from ~35 ZAm?
around 6000 BC, to ~80 ZAm? just before the occurrence of the
LIAA around 1000 BC.

The Levant and Taranto Gulf data reveal a distinct period of
higher intensities with their peak shortly after the occurrence
of the LIAA, between 750 and 250 BC, with its maximum of
~150 ZAm? (Fig. 6¢, smoothed to ~135 ZAm? in Fig. 7a) occur-
ring at 500 BC for both locations. This agrees well with literature
data obtained from the GEOMAGIA database for the entire Mediter-
ranean region (Fig. 6¢). As expected due to the nature of our sam-
ples the very short-lived spikes within the LIAA are not recovered.

6.7. The nature and evolution of the LIAA

The paleodirections of the Alboran and Taranto Gulf cores gen-
erally exhibit relatively shallow inclinations leading to VGP posi-
tions just North of Canada, but within normal paleosecular vari-
ation (Fig. 6b-c, Fig. 7b). For the Taranto Gulf core we observe
steeper inclinations leading to a VGP North of Russia, during a
short period of time just before the onset of the LIAA (1500-500
BC). The Levant core produces paleodirections pointing to VGPs
that are more on the Eastern hemisphere, towards Russia; but also
within normal paleosecular variation. The higher paleointensities
in the Taranto Gulf and Levant cores between 1000 BC and 0 AD
correspond to the periods of relatively steeper inclinations in these
cores, although the steep inclinations seem to occur during the
onset of the higher paleointensities (Fig. 6). Stronger paleointen-
sities in combination with steeper inclinations can be tentatively
explained by a stronger and tilted dipole (e.g. Hervé et al., 2017);
although a presumed tilt in the dipole cannot be characterized by
data from the Mediterranean realm alone. The slight miss-match
between the steep inclinations and the high paleointensities in
time, the absence of steep inclinations in the Alboran core, and
relatively low paleointensities in the Alboran core emphasize the
regional character of the LIAA. This, in combination with a lack of
dipole tilt in global geomagnetic models such as pfm9k.1b (Nilsson
et al.,, 2014), illustrates that the behavior of the Earth’s magnetic
field was largely non-dipolar during the period of high paleointen-

sities in the Levant and Mediterranean area in the first millennium
BC. This is confirmed by comparing the VADMs of our three lo-
cations with the dipole moment of the pfm9k.1b-model (Fig. 7a).
Especially between 1000 BC and O AD, our data, as well as the
pfm9k.1b-model evaluated for our three locations, deviate sharply
from the dipole moment of this model.

Recently, Shaar et al. (2017) discussed the quality of inten-
sity data obtained from GEOMAGIA for five different areas near
the Levant from 5000 BC to 2000 AD. Our continuous full-vector
records for the Mediterranean expand our knowledge on the be-
havior of the LIAA westwards and therefore broaden the regional
analyses presented in Shaar et al. (2017). When combining the
high-quality data as discussed by Shaar et al. (2017) with high-
quality data from the Canary Islands (de Groot et al, 2015;
Kissel et al., 2015), and our newly produced intensity records for
the Mediterranean we can map the geomagnetic field intensity
over time; starting at 1000 BC with time intervals of 250 yr to
250 AD (Fig. 8). The highest paleointensities (VADMs > 140 ZAm?)
are observed between 1000 and 500 BC for regions East of the Lev-
ant, and the Levant itself. From 500 BC onwards the intensity of
the peak decays, while the location of the highest paleointensities
moves slightly westwards.

The low paleointensities obtained from the Alboran core taken
South of Spain provide a hard, western limit of the extent of the
LIAA, at least until 250 BC. The relatively high paleointensities ob-
served for the Canary Islands between 1000 and 500 AD are there-
fore geographically disconnected from the LIAA by the much lower
paleointensities from our Alboran site. Since the intensities for the
Canary Islands are relatively high already from 1000 BC onwards
independently of the occurrence of the LIAA, it seems unlikely
that the high intensities for that location around AD would be di-
rectly linked to the westward movement of the LIAA. Therefore,
we disregard the Canary Island data while assessing this westward
movement. The LIAA moves from 40 to 55° East at 1000 BC to
~25° East at AD, while decaying from ~150 ZAm? to ~110 ZAm?
in the same time span. This results in a westward movement of
15-30° in 1000 yr.

7. Conclusion

Based on three well-dated marine sediment cores taken from
the West (Alboran Sea), Central (Taranto Gulf), and East Mediter-
ranean (Levantine basin), we provide continuous full-vector records
of the variations in the geomagnetic field for this region dur-
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ing a period of known high intensities in the Levant, the LIAA.
These cores expand the regional constraints on the occurrence
of the LIAA westwards. Low intensities obtained from the Alb-
oran core South of Spain provide a hard, western limit for the
LIAA at least until 250 BC. Comparing our other two records with
data previously analyzed for the Levant and areas East of the Lev-
ant, we observe the LIAA to move westwards at a rate of 15-30°
in 1000 yr, while decaying in field strength from ~150 ZAm? to
~110 ZAm? in the same time span. A connection of the LIAA with
the relatively high paleointensities reported for the Canary Islands
from 1000 BC onwards is unlikely due to the low paleointensities
obtained from our Alboran core.
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