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Abstract A full-vector paleomagnetic record, comprising directional data and relative paleointensity
(rPI), was derived from 16 sediment cores recovered from the southeastern Black Sea. The obtained data
were used to create a stack covering the time window between 68.9 and 14.5 ka. Age models are based on
radiocarbon dating and correlations of warming/cooling cycles monitored by high-resolution X-ray
fluorescence (XRF) elementary ratios and by ice-rafted debris (IRD) in Black Sea sediments to the sequence
of “Dansgaard-Oeschger” (D-O) events defined from the Greenland ice core oxygen isotope stratigraphy. The
reconstructed prominent lows in paleointensity at about 64.5, 41.2, and 34.5 ka are coeval with the
Norwegian-Greenland Sea, the Laschamps, and the Mono Lake excursions, respectively. For a further
analysis, the stacked Black Sea paleomagnetic record was converted into one component being parallel to
the direction expected from a geocentric axial dipole (GAD) and two components perpendicular to it

(EW, inclined NS), representing definitely only non-GAD components of the geomagnetic field. Discussions
of the field configurations at the Black Sea site are focused on the three excursional events. The
Norwegian-Greenland Sea excursion was dominated by a decaying axial dipole and persisting weak
nondipole field, with directional variations still within the range of normal secular variations. The
Laschamps excursion comprises two full polarity transitions and a short stable interval of reversed polarity
in between. The Mono Lake excursion was mostly dominated by a nondipole field, though with a less
pronounced weakening of the axial dipole component.

1. Introduction

Paleosecular variation (PSV) records obtained from paleomagnetic archives, such as archeological artifacts,
volcanic rocks, and sediments, are an expression of geodynamo processes inside the Earth's liquid outer core
(e.g., Merrill & McFadden, 1999). These paleomagnetic time series provide insights into the properties of the
Earth's magnetic field, from normal behaviors with a dominating dipolar geometry, over field crises, such as
geomagnetic excursions with a distorted field geometry, to the complete reversal of the dominating dipole
contribution (e.g., Channell et al., 2020; Laj & Channell, 2015; Roberts, 2008; Valet et al., 2005).

Understanding the origin, amplitude, duration, occurrence frequency, and field behavior of geomagnetic
excursions is a forefront research area within solid earth geophysics (Roberts, 2008). During the past few dec-
ades, substantial efforts have been made on recovering geomagnetic field history from lava flows and sedi-
ments (e.g., Cassata et al., 2008; Lund, Stoner, Channell, et al., 2006). In Marine Isotope Stage 4 (MIS 4,
57-71 ka), evident field intensity lows, coeval with the Norwegian-Greenland Sea excursion at around
65 ka, are commonly observed in sedimentary paleomagnetic records (e.g., Channell et al., 2009; Laj
et al., 2004; Lund, Stoner, Channell, et al., 2006). However, shallow to steep negative inclinations of the
Norwegian-Greenland Sea excursion are exclusively reported in sediments from the Arctic Ocean (e.g.,
Bleil & Gard, 1989; Lovlie, 1989; Nowaczyk & Frederichs, 1999; Nowaczyk et al., 2003; Xuan et al., 2012).
Wiers et al. (2019) and Xuan et al. (2012) postulate that these anomalous paleomagnetic directions might
be biased due to oxidation on the seafloor of the Arctic Ocean. In the west Equatorial Pacific Ocean,
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Lund, Schwartz, et al. (2017) also reported anomalous directions that can be associated with the
Norwegian-Greenland Sea excursion in Sediment Core MD98-2181, though they argued that the data are
not truly excursional. Hence, the Norwegian-Greenland Sea excursion is obviously not yet very well docu-
mented and remains fuzzy regarding to its field configuration.

The Laschamps excursion (we use the spelling according to Kornprobst & Lénat, 2019), centered at about
41 ka, is the best studied excursion event (e.g., Bonhommet & Babkine, 1967; Cassata et al., 2008;
Channell et al., 2020; Gillot et al., 1979; Ingham et al., 2017; Laj & Channell, 2015; Ménabréaz et al., 2011;
Plenier et al., 2007). Virtual geomagnetic pole (VGP) paths derived from seven sedimentary records (sepa-
rated by 178° in longitude and 113° in latitude) exhibit a coherent clockwise loop during the Laschamps
excursion (Laj et al., 2006). Therefore, they suggested that this consistency of VGP paths indicates a relatively
simple, possibly dominating dipolar, excursional field geometry. Nevertheless, this scenario has been ques-
tioned by VGPs of the Laschamps obtained from lava flows that do not coincide with the longitudinal loops
seen in the sedimentary records of Laj et al. (2006) and are only compatible with a dominant nondipolar field
geometry (e.g., Cassata et al., 2008; Ingham et al., 2017; Plenier et al., 2007).

The Mono Lake excursion (Denham & Cox, 1971; Liddicoat & Coe, 1979; Lund et al., 1988) at about 35 ka has
been evidenced as an excursion distinct from the Laschamps excursion (e.g., Cassata et al., 2008;
Channell, 2006; Kissel et al., 2011). The smaller magnitude of directional variations during the Mono
Lake excursion combined with its shorter duration makes it even more difficult to detect in sediment cores
when compared with the Laschamps excursion (Cassidy & Hill, 2009). During the Mono Lake excursion,
intensity lows coeval with anomalous directions have been globally reported (e.g., Cassata et al., 2008;
Kissel et al., 2011; Lund et al., 1988; Negrini et al., 2014). But available VGPs from different sites or even very
close sites (e.g., Summer Lake, Negrini et al., 2014; Mono Lake, Lund et al., 1988) exhibit distinct VGP paths
(see Figure 8 in Liu et al., 2019). The currently available VGP paths with apparent discrepancies are probably
not yet adequate to reach a satisfying description of the field behavior during the Mono Lake excursion
(Kissel et al., 2011; Liu et al., 2019). Nevertheless, Negrini et al. (2014) suggested that the VGPs during the
Mono Lake excursion cluster at certain locations which coincide with nonaxial dipole features found in
the Holocene geomagnetic field.

In general, geomagnetic excursions remain one of the less well-understood aspects in the spectrum of geo-
magnetic field behaviors. Simulations of excursions indicate that the presence of antipodal directions, which
are observed in most detailed paleomagnetic records of “excursions,” requires a small recovery of the field's
dipole contribution with the opposite polarity (Valet & Plenier, 2008). In all cases the transitional directions
(which refer to the transit between the two polarities) are constrained by variations of the nondipole field
(Valet et al., 2008). Based on the reconstruction of geomagnetic field evolution during the Laschamps excur-
sion, Leonhardt et al. (2009) argued that the reconstructed dynamic nondipolar components lead to consid-
erable deviations among predicted records at different locations, though the dipolar field at the Earth's
surface was in dominance. By imposing changes on the axial dipole component of the Holocene
Geomagnetic Field Model CALS10k.2, Brown and Korte (2016) found that global directional reversals only
appear when the axial dipole was reversed in polarity and gained at least 20% of its preexcursional strength
in the opposite direction at the excursion midpoint. Based on a geomagnetic field model, covering both the
Laschamps and the Mono Lake excursions, Brown et al. (2018) suggested that the geomagnetic field has two
possible mean states, one is broadly stable when the axial dipole is dominant at the core-mantle boundary
(CMB) and one in which the axial dipole strength matches the higher-degree multipoles and when fluctua-
tions in the axial dipole can produce an excursion. This hypothesis was further expanded by Korte
et al. (2019), postulating that (at least) three states of the geomagnetic field, mainly due to the axial dipole
contribution, can be established. The nonaxial dipole field, however, might remain relatively unchanged
during secular variations and excursions (Korte et al., 2019; Wicht & Meduri, 2016). In addition, excursions
with distinct field configurations can exhibit various behaviors in time and geomagnetic field morphologies
at different sites on Earth. By using statistical analysis of sedimentary paleomagnetic records from different
sites, Lund (2018) suggested that directional fluctuations are more significant during low field intensities or
excursional intervals.

Thus, paleomagnetic studies from sediments, which ideally permit precise dating and development of good
sequential records of both paleomagnetic directional and intensity variations, have significantly improved
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Figure 1. (a) Location of the study area (black rectangle) in the southeastern Black Sea. (b) Investigated sediment cores
were recovered along the Archangelsky Ridge during Expeditions M72/5 (2007) and MSM33 (2013). Note that core labels
with (without) symbol “*” indicate piston (gravity) cores.

our understandings of the geomagnetic field (e.g., Channell et al., 2020; Laj & Channell, 2015; Laj et al., 2000,
2004; Lund, Stoner, Channell, et al., 2006). In the southeastern Black Sea, six cores were taken from the
Archangelsky Ridge by German research vessel RV METEOR during Expedition M72/5 in 2007 (Figure 1).
As a first result, a high-quality and high-resolution record of the Laschamps excursion (~41 ka) and a
high-resolution record of relative paleointensity (rPI) from 68 to 14 ka, based on the six M72/5 cores,
could be derived (Nowaczyk et al., 2012, 2013). Ten further cores were taken in the same region by
German research vessel RV Maria S. Merian during Expedition MSM33 in 2013 (Figure 1). Though
supplemented with more data obtained from these new MSM33 cores from the same region, the extended
data sets had to be compiled in time intervals with different temporal resolution and with variable data
quality (Table 1). This is due to locally and temporarily highly variable sedimentation rates, detected
hiatuses, and partly massive contamination by diagenetically precipitated greigite that made parts of the
obtained records useless. The greigite-bearing sediments in samples from the Black Sea are generally
characterized by ideal single domain (SD) particles and extremely high magnetic susceptibility, mostly
due to a locally high greigite concentration. Hence, detailed mineral magnetic analyses were performed
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Table 1

Coring Locations, Sampling, and Analysis Statistics for Investigated Cores From RV Meteor Expedition M72/5 (2007) and RV Maria S. Merian Expedition

MSM33 (2013)

Age intervals for stacking inclination, declination, and relative paleointensity

14.5-20.0 ka 20.1-39.40ka 39.44-42.6ka 42.7-59.0ka 59.1-68.9 ka
Core Stack resolution
Site Site Water length Collected
Core number latitude longitude  depth (m) (cm)  samples 50 a® 100 a° 40 a¢ 100 a4 100 a®
M72/5-24GC3 41° 28.66'N  37° 11.68' E 208.0 885 449 # #
MSM33-55-1 PC  41° 54.01'N  36° 46.98' E 362.4 948 403 # # #
MSM33-56-1 41°47.33'N  36° 55.81' E 373.9 736 302
MSM33-57-1 41° 47.38'N  36° 55.95' E 374.0 778 323 # #
MSM33-54-3 PC  41° 58.99'N  36° 43.85' E 382.2 953 413 # # #
M72/5-25GC1 42° 06.21'N  36° 37.43' E 418.0 952 412 # #
MSM33-51-3 PC  42°02.38'N  36° 43.08' E 428.4 1,027 375 # # #
MSM33-61-1 42°02.85'N  36°44.02" E 479.3 746 314 # #
MSM33-60-1 41° 58.62'N  36° 47.53' E 498.8 739 395 #
MSM33-64-1 42°12.46'N  36° 31.52' E 660.5 721 392 # # #
MSM33-62-1 42°13.15’N  36° 30.11" E 767.3 747 331 # #
MSM33-63-1 42°13.27’N  36° 30.00' E 785.5 704 348 # #
M72/5-22GC3 42°13.53'N  36° 29.55' E 838.0 839 318 # # #
M72/5-22GC4 42°13.54'N  36° 29.53' E 842.0 866 393 # # # #
M72/5-22GC6 42°13.57’N  36° 29.65' E 843.0 800 343 # # # #
M72/5-22GC8 42°13.53'N  36° 29.59' E 847.0 945 372 # # # #

Note. The symbol “#” indicates data availablity for speicific time intervals.
Liu et al. (2018). °Liu et al. (2019). °Nowaczyk et al. (2012, 2013). 9This study. °Nowaczyk et al. (2018).

on all studied cores that enabled an exclusion of greigite-bearing samples from the paleomagnetic data
records (e.g., Liu et al., 2018, 2019; Nowaczyk et al., 2012, 2013, 2018).

Due to the heterogeneous nature of the compiled data sets from the SE Black Sea, publications of the com-
piled data sets from a total of 16 sediment cores (Figure 1) were split into several studies in the past decade
(Table 1). The obtained PSV record for the time interval from 68.9 to 58 ka, about equivalent with MIS 4, with
fast directional changes, though not yet being “excursional,” associated with low paleointensities at 64.5 ka
was reported by Nowaczyk et al. (2018). The PSV record between 58 and 40 ka, with data sets supplemented
by MSM33 cores, is presented in this study. The PSV record spanning from 40 to 20 ka, with the Mono Lake
excursion documented with excursional directions and low paleointensities at about 34.5 ka, was recently
presented by Liu et al. (2019). For the time interval from 20 to 14 ka (about coeval with MIS 2), the
high-resolution Black Sea PSV record exhibits only normal variations without clear evidence for the postu-
lated “Hilina Pali” excursion at 18.5 ka (Liu et al., 2018).

In this paper, the complete PSV record compiled from a total of 16 sediment cores from the SE Black Sea is
spanning the time interval from 68.9 to 14.5 ka with temporal resolutions ranging from 40 to 100 years.
Detailed descriptions of material and methods are given in supporting information Text S1 and Figure S1.
The main focus of this paper is the presentation of all paleomagnetic data obtained from the whole collection
of cores. Finally, the Black Sea full-vector PSV record will be discussed on the basis of a transformed record,
with one component parallel to the direction expected from a geocentric axial dipole (GAD) and two com-
ponents perpendicular to it, one in EW direction and one in a tilted NS direction, definitely representing only
non-GAD components of the geomagnetic field intending to provide some general insights into the geomag-
netic field behavior across excursions.

2. Age Models

Age models of M72/5 cores were constrained by 16 accelerator mass spectrometry (AMS) '*C dating (recali-
brated using IntCall3 and shown in Figure 2e) in Core M72/5-24GC3 (Nowaczyk et al., 2012) and by iden-
tifications of the Campanian Ignimbrite tephra at 39.3 + 0.11 ka (“Y5,” e.g., De Vivo et al., 2001) and the
Cape Riva tephra at 21.8 + 0.4 ka (“Y2,” e.g., Fabbro et al., 2013) in Black Sea sediments reported by
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Figure 2. (a) Oxygen isotope record (6180) from Greenland ice cores (NGRIP using the GICC05 age model; Svensson
et al., 2008) with “Dansgaard-Oeschger” (D-O) warming events (Dansgaard et al., 1993) indicated by numbers 1-19.
(b) The stack of Black Sea ice-rafted debris (IRD) counts using 100-year bins was derived from Cores M72/5-22GCS8,
M?72/5-24-GC3, and M72/5-25GC-1 (Nowaczyk et al., 2012). (c) Ca/Ti and (d) K/Ti elementary ratio stacks using 100-year
bins were derived from X-ray fluorescence (XRF) scanning of all studied cores (except M72/5-22GC4 and M72/5-22GC6).
The stacks of IRD, Ca/Ti, and K/Ti are all plotted with 1o standard deviation band. IRD counts and Ca/Ti and K/Ti
ratios of individual cores correlating to the NGRIP 5"80 record are shown in supporting information Figures S2-S4.
(e) Age-depth relationships for the 16 investigated Black Sea cores with highly variable sedimentation rates from 5 to
50 cm ka ! (cf. bundle of lines in the left). AMS e ages from Core M72/5-24GC3 (Nowaczyk et al., 2012) are
recalibrated using Intcall3 and indicated by red error bars. “Y5” and “Y2” denote the Campanian Ignimbrite tephra at
about 39.3 + 0.11 ka (e.g., De Vivo et al., 2001) and the Cape Riva tephra at about 21.8 + 0.4 ka (e.g., Fabbro et al., 2013),
respectively, identified in Cores M72/5-24GC3 and M72/5-25GC1 (Cullen et al., 2014; Nowaczyk et al., 2012). Tie
points were derived from correlations between the NGRIP 8'80 record and IRD counts and Ca/Ti and K/Ti ratios of
individual cores in this study (supporting information Figures S2-S4). Reddish layers indicated by four orange bars in the
studied cores were correlated to the AMS '*C dated meltwater events (refer to Figure 2 in Liu et al., 2018) reported

in the NW Black Sea (Soulet et al., 2013). The 1o and 20 age uncertainties of individual cores were estimated by using the
software Undatable (Lougheed & Obrochta, 2019); for detailed descriptions refer to section 2.
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Cullen et al. (2014) and Nowaczyk et al. (2012). The M72/5 cores' age models were further refined by tuning
sedimentological parameters, for example, ice-rafted debris (IRD) counts (Figure 2b) and X-ray fluorescence
(XRF) logs (mainly Ca/Ti and K/Ti ratios) presented by Nowaczyk et al. (2012), to the oxygen isotope (§'%0)
record from North Greenland Ice Core Project (NGRIP) based on the GICCO05 age model (Figure 2a;
Svensson et al., 2008). IRD counts and Ca/Ti and K/Ti ratios of individual cores correlating to the NGRIP
8'80 record are shown in supporting information Figures S2-S4. Cores M72/5-22GC4 and M72/5-22GCS,
which lack XRF scanning results, were synchronized using their high-resolution magnetic susceptibility
records, as a common parameter from all cores.

For MSM33 cores, age models were also achieved by correlating XRF elementary ratios (mainly Ca/Ti and
K/Ti; see supporting information Figures S3 and S4), as proxies for the “Dansgaard-Oeschger” (D-O)
warming events (Dansgaard et al., 1993), to the NGRIP 880 record. Ca/Ti and K/Ti stacks, derived from
all studied M72/5 and MSM33 cores (except M72/5-22GC4 and M72/5-22GC6), are shown in Figures 2c
and 2d, respectively. Between about 30 and 69 ka, the sequence of D-O Events 5-18 is clearly seen in studied
Ca/Ti and K/Ti ratio stacks (Figures 2c and 2d), as well as in individual cores (supporting information
Figures S3 and S4), if not missing due to hiatuses. Four intervals of K/Ti ratio peaks and low S-ratios
identified in M72/5 and MSM33 cores (see Figure 2 in Liu et al., 2018) were correlated to the reddish layers
related to meltwater events during the decay of the Fennoscandian ice sheet, with AMS C ages from about
17 to 15 ka, described in the western Black Sea (Bahr et al., 2006; Soulet et al., 2013). For sediments younger
than 15 ka, Ca/Ti ratio records of investigated cores were correlated to those of Cores GeoB7608-1 (Bahr
et al., 2005) and GeoB7622-2 (Lamy et al., 2006) with AMS *C dating from the western Black Sea
(supporting information Figure S3).

Age uncertainties of all studied cores were estimated by using the software Undatable (Lougheed &
Obrochta, 2019) with setting parameters of xfactor = 0.3 and bootpc = 20. The xfactor scales the widths of
Gaussian distribution and the bootpc determines the percentage of age-depth constraints to be bootstrapped
in each age-depth model iteration (for details refer to Lougheed & Obrochta, 2019). Although AMS *C dat-
ing between 40 and 25 ka shows a wide range of errors, correlations of IRD counts and Ca/Ti and K/Ti ratios
of Core M72/5-24GC3 can provide well-constrained tie points (supporting information Figures S2-S4), as
well as the “Y5” tephra layer at 39.3 + 0.11 ka (Figure 2e). Hence, errors of AMS '*C dating between 40
and 25 ka were not included for estimating age uncertainties in Core M72/5-24GC3. Between about 68.9
and 30 ka, all D-O warming events can be obviously recognized from peaks of Ca/Ti and K/Ti ratios in
the studied cores (see supporting information Figures S3 and S4), therefore, yielding very low age
uncertainties (Figure 2e). Between about 30 and 18 ka D-O events are not visible in Ca/Ti and K/Ti ratios,
but D-O Events 3 and 4, clearly seen in the IRD counts (supporting information Figure S2), and the “Y2”
tephra provide further tie points. Thus, age uncertainties are a bit larger compared to other time intervals.
From 18 to 14 ka, ages of the studied cores were constrained by the direct AMS **C dating and by the corre-
lation of reddish meltwater event layers dated by Soulet et al. (2013), resulting in low age uncertainties (Liu
et al., 2018).

Obtained age models of investigated sediment cores from Expeditions M72/5 and MSM33 are shown in
Figure 2e back until 68.9 ka. Obviously, the end of the last glacial (~14 ka) leads to a dramatic decrease in
sedimentation rates from about 50 cm ka™" in MIS 2 down to 5 to 10 cm ka™" in MIS 1. MIS 3 is mostly char-
acterized by sedimentation rates ranging from 20 to 30 cm ka™", with lowest values in early MIS 3 character-
ized by generally higher temperatures and longer warming phases (D-O Events 12 to 17), while glacial
conditions in the preceding MIS 4 led to higher sedimentation rates.

In many of the studied cores several hiatuses were detected. These gaps in the sedimentary sequences at the
slope of the Archangelsky Ridge (Figure 1) are interpreted as the effect of slumping down of sediment
packages mobilized by the tectonic (earthquake) activity in this region. The most significant hiatus, detected
in all cores, is between about 69 ka (early MIS 4) and 115-120 ka (mid-MIS 5e¢/Eemian, Wegwerth et al., 2014,
2019). The Eemian in Black Sea sediments is, like the Holocene, built up by soft organic-rich sapropelitic
sediments, whereas the glacial sediments are built up by fairly stiff clays (Wegwerth et al., 2014).
Presumably, this large difference in shear resistance of the sediments deposited since MIS 5d until early
MIS 4 led to the slumping down of these stiff deposits over large areas of the Archangelsky Ridge triggered
by a strong earthquake at around 69 ka. The lower (older) sections in all studied cores, except Cores M72/5-
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demagnetization) are shown for 6 M72/5 cores (orange) and 10 MSM33 cores (green) for the time interval between 68.9 and 14.5 ka, together with their
respective stacks (dark blue) at the bottom. For individual cores, ChRM directions and rPI are shown only for samples with SIRM/K| r ratios <10 kAm_l,
empirically shown to omit greigite samples. Note that not all core sections shown here were used for stacking. For different time intervals, core intervals with
directions differing from others are excluded from stacking; for example, Core M72/5-25GC1 is excluded from stacking between 42.6 and 39.44 ka due to a
large number of greigite samples. Cores and number of samples used for stacking for different time intervals are given in detail in Table 1 and Figure 4. Inclination
and declination were averaged together by Fisher (1953) statistics (supporting information Figure S6). Where available, the ags for directional data (samples n > 3)
and the 1o standard deviation for relative palaeointensities (samples n > 2) are shown as vertical light blue bars. All individual records are plotted with a
constantly increasing offset from core to core relative to their corresponding stacks. The cores are plotted from top to bottom according to their coring water depth

(see Table 1) from shallow to deep.

24GC3, M72/5-25GC1, contain sediments from early MIS 5 back to middle/early MIS 6 (Shumilovskikh
et al.,, 2013; Wegwerth et al., 2014, 2019) that are subject of ongoing comprehensive stratigraphic,
paleomagnetic, and paleoenvironmental investigations.

3. Results
3.1. Compilation of the PSV Records From 68.9 to 14.5 ka

The Black Sea PSV record published by Nowaczyk et al. (2012, 2013) was based on six M72/5 cores. The
improved record, supplemented by further 10 cores from the MSM33 expedition, is now based on 2,556 sam-
ples, almost doubling the number of included samples and providing directional data for the whole-time
interval from 68.9 to 14.5 ka. Detailed descriptions of material and methods are given in supporting
information Text S1. Demagnetization results from samples between 42.5 and 39.5 ka selected from Core
M72/5-22GC8 are shown in supporting information Figure S5 (previously published by Nowaczyk
et al., 2012). Here, the complete PSV record, comprising characteristic remanent magnetization (ChRM)
directions (declination and inclination) and rPI (slope of natural remanent magnetization/anhysteretic
remanent magnetization [NRM/ARM] during alternating field demagnetization) from all studied cores, is
shown together with their stacks in Figure 3. For individual records, cores from Expeditions M72/5 and
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MSM33 are plotted in orange color and green color, respectively. Stacked ChRM directions with the ays error
range (applying Fisher, 1953, statistics, see supporting information Figure S6) and rPI with 1o standard
deviation are plotted in the lower part of Figure 3. Note only for numbers of samples n > 3 (n > 2), ags error
bars (1o error bars) are shown in the direction (rPI) stacks. The individual records are shown with constantly
increasing offsets relative to their respective stacks.

In all studied Black Sea sediment cores, samples with SIRM/Kj . ratios >10 kAm™" (SIRM: saturated isother-
mal remanent magnetization, Ky r: low-field magnetic susceptibility), empirically found to indicate the pre-
sence of diagenetically formed greigite, were omitted for paleomagnetic studies (Liu et al., 2018, 2019;
Nowaczyk et al., 2012, 2018). Not necessarily the complete record of each individual core shown in
Figure 3 was used for stacking. For the different time intervals, labeled with Roman numbers from I to V
in Figure 4, cores with directions deviating from others are excluded from stacking. For example, data from
Core M72/5-25GC1 are excluded from stacking between 42.6 and 39.44 ka due to an incomplete record
caused by the exclusion of a large number of greigite-bearing samples (rock magnetic results of Core
M72/5-25GC1 are given in Nowaczyk et al., 2012). The number of cores and number of samples used for
stacking within different time interval are given in detail in Table 1 and Figure 4. Thus, a total of 2,556
out of 4,160, or 61.4% of all investigated discrete samples was considered for stacking for the time interval
between 68.9 and 14.5 ka. The obtained Black Sea PSV stacks are shown in Figures 4a-4c. The available
number of samples per time bin for the Black Sea PSV record is listed in Figure 4d. It is evident that from
about 55 to 47 ka the directional stacks are less well defined (Figure 4). Due to the low data density, it
was only possible to obtain a5 errors for a few mean paleomagnetic directions. Nevertheless, directions from
consecutive samples, stacked together from five different cores, do not differ very much from each other
(Figure 3). Thus, the obtained PSV record between about 58 and 42.5 ka appears fairly reliable and, there-
fore, is interpreted to represent geomagnetic field variations. The PSV stacks between 68.9 and 42.6 ka
(Intervals V and IV; Figure 4) were calculated for 100-year time bins, as well as between 39.4 ka and
20 ka (Interval IT; Figure 4). The PSV stacks spanning from 42.6 to 39.44 ka, covering the Laschamps excur-
sion with a special high-resolution sampling protocol (supporting information Figure S1), could be calcu-
lated for 40-year time bins (Interval III; Figure 4). With plenty of samples, the PSV stacks between 20 ka
and 14.5 ka were calculated for 50-year time bins (Interval I; Figure 4). The stacked records shown in
Figures 3 and 4 comprise 649 time bins. Due to the lack of data in several intervals, 50 bins were interpolated
linearly. In most cases only one value, for inclination, declination, and rPI each, had to be interpolated.
Rarely two or three values were missing.

In the Black Sea PSV stacks (Figures 4a—4c), there is a deep minimum in the rPI at around 64.5 ka, associated
with large swings in declination. Nowaczyk et al. (2018) interpreted these variations as a midlatitude expres-
sion of the geomagnetic excursion seen in sediments from northern high latitudes, the so-called
“Norwegian-Greenland-Sea excursion” (e.g., Bleil & Gard, 1989; Levlie, 1989; Nowaczyk &
Frederichs, 1999; Nowaczyk et al., 2003; Xuan et al., 2012). Further on, the most prominent feature at around
41.2 ka, characterized by a short but full reversal and bracketed by a pronounced double low in rPI, was evi-
denced to be the Laschamps excursion by Nowaczyk et al. (2012, 2013). At about 34.5 ka, a swing in declina-
tion corresponding to the Mono Lake excursion was discussed by Liu et al. (2019). A well-defined minimum
in inclination at around 18.5 ka, occurring within a minimum in rPI, is coeval with the postulated “Hilina
Pali excursion” (e.g., Coe et al., 1978; Singer et al., 2014), though without excursional directions (Liu
et al., 2018). There are further rPI minima values during the studied time interval, but without anomalous
directions, indicating only normal secular variations.

3.2. Vector Transformation of the Black Sea PSV Record

The Black Sea rPI record (Figure 4a) was converted into virtual axial dipole moments (VADM) by compar-
ison to data from the GEOMAGIA50 database (<50 ka, Brown et al., 2015) and from the International
Association of Geomagnetism and Aeronomy (IAGA) Absolute Paleointensity (PINT) database (>50 ka,
Biggin et al., 2010). A scaling factor of 14.52 was determined by the ratio of the average from absolute
VADMs from databases to the average of rPI values from the Black Sea sediments (analogously to
Nowaczyk et al., 2012). Thus, the Black Sea VADM values were obtained by applying this scaling factor to
the rPI values. The field strength F was derived when the Black Sea VADM values were first divided by
8 x 10%* Am?, the dipole moment from about CE 2000, and then multiplied by 48 uT, the field strength
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Figure 4. Summary of palacomagnetic data obtained from a total of 16 sediments cores recovered from the SE Black Sea: (a) relative paleointensity (rPI),
(b) declination, (c) inclination, and (d) number of samples per time bin. Where available, the 1o standard deviation for relative palaeointensities (samples

n > 2) in (a) and the ags for directional data (samples n > 3) in (b) and (c) are shown in blue bars. Due to highly variable sedimentation rates and data coverage
(cf. Figure 3), the record was divided into five subsections of different temporal resolution, labeled with roman numbers from I to V: I—Liu et al. (2018),
II—Liu et al. (2019), III—Nowaczyk et al. (2012), IV—this study, and V—Nowaczyk et al. (2018). The temporal resolution (red numbers) and the number of
sediment cores (green numbers) are indicated in (b), and the number of (investigated) used samples per subsection is given in (d) by (black) red numbers. The
directions for a geocentric axial dipole field at the study site are indicated by blue dashed lines in (b) and (c).

for the SE Black Sea area (42°N, 37°E) in CE 2000 (according to the International Geomagnetic Reference
Field, IGRF, https://www.ngdc.noaa.gov/geomag-web/?model=igrf). The absolute field strength F,
together with Inclination I and Declination D, the geomagnetic field components given in spherical
coordinates, was converted into Cartesian coordinates (X, Y, and Z), with +X = north, +Y = east, and +Z
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Figure 5. Sketch illustrating the coordinate transformation performed on the Black Sea paleosecular variation record.
Paleomagnetic data recalculated to Cartesian coordinates (X, Y, and Z, see section 3.2) were rotated around the Y axis
(EW) so that the obtained Z’ component is parallel to the field direction of a geocentric axial dipole (GAD) of normal
polarity with an Inclination I of 61° (latitude of 42°N). The transformation matrix is shown in the lower part of the
sketch. The obtained X’ and Y’ components then are definitely field contributions only from nondipole components.

pointing downward (Figure 5). In a final step, data were transformed into a rotated Cartesian coordinate
system (X', Y’, and Z’) as laid out in the matrix equation in Figure 5. Now, Z’ is parallel to the expected
field direction of a GAD at the study site (42°N, 37°E). Thus, PSVs in X’ (tilted NS) and Y’ (=Y, EW) are
then definitely related only to nondipole contributions to the geomagnetic field. However, zonal
harmonics, due to their rotational symmetry, do not contribute to the Y’ (EW) component. Although Z’ is
parallel to the GAD field line, this component can also comprise contributions from higher-order multipoles.

A similar coordinate transformation of paleomagnetic data was suggested by Hoffman (1984) as an alterna-
tive to the evaluation of intermediate directions on the basis of VGPs. However, in contrast to
Hoffman (1984), we do not use only inclination and declination (normalized directions) but the full vector,
including intensity. In addition, our main goal is to gain some insight into the field dynamics in terms of
intensity variations across excursions and the overall geometry of the field (simple/complex).

The transformed field vector components (X', Y’, and Z’) from the Black Sea paleomagnetic stacks are shown
in Figures 6a-6¢. The frequency distributions of the three transformed field vectors (X’, Y’, and Z’) are shown
together with the inclination distribution in supporting information Figure S7. There appears to be a persis-
tent trend in the X" component for more positive than negative values (Figures 6a and S7a). This is due to
inclinations being persistently lower (by about 10°) than the inclination of 61° expected from a pure GAD
field at the Black Sea site. One likely explanation is inclination shallowing during compaction of the mainly
siliciclastic sediments. A similar effect is being observed in resedimentation experiments with the studied
Black Sea sediments under controlled field conditions (work in progress). In contrast, the variation of Y’,
the E/W component, does not show any offset (Figures 6b and S7b). This is caused by the fact that cores were
taken without azimuthal orientation and that a subsequent reorientation was performed by mathematically
correcting ChRM declinations of each core to zero mean. From 68.9 to 14.5 ka, the X’ and Y’ components
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Figure 6. Field components perpendicular to the direction of a pure geocentric axial dipole (GAD) defined as non-GAD components (a) along NS (X') and
(b) parallel EW (Y’), and (c) GAD-parallel component (Z’) calculated from the Black Sea paleomagnetic record (see Figure 5). (d) Dipole (black) and
nondipole (red) power evolutions on the Earth surface derived from the Model GGFSS70.1 constrained by the Black Sea PSV stacks and five other globally
distributed records (for details refer to section 3.3). Note that in Figure 6d the power of the dipole component, with squared amplitudes, is plotted on a log scale.

display fairly constant oscillation amplitudes between —10 and +10 mT across excursions and intervals of
normal secular variations (Figures 6a and 6b). On the other hand, the Z’ component shows extremely low
values at about 65 and 41 ka (Figure 6¢). Specifically, negative values of the Z’ component are exclusively
observed at about 41 ka, which is coeval with the Laschamps excursion. Between about 65 and 41 ka, the
Z' component reached the highest values of ~60 uT centered at about 52 ka. After the Laschamps
excursion, the Z’ component is gradually increasing from 40 to 15 ka, though it does not recover to its
pre-Laschamps maximum strength. The Mono Lake excursion at about 34.5 ka is simply characterized by
a relatively low Z’ component.

In Figure 6d, the dipole and nondipole power on Earth surface are shown for the Geomagnetic Field Model
GGFSS70.1 (Global Geomagnetic Field model from Selected Sediments for the past 70 ka). The GGFSS70.1
model, spanning the period 70-15 ka, is based on the modeling method described by Panovska, Constable,
and Korte (2018). A temporally continuous geomagnetic field model is obtained by an inversion using sphe-
rical harmonic functions in space (maximum Degree 6), cubic B-splines in time (with a time knots spacing of
50 years) and all records equally weighted. The model is constrained by six high-resolution paleomagnetic
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records from globally distributed sites: the Black Sea PSV stacks (data from this study), data from Core JPC-
14, North Atlantic Ocean (Lund et al., 2001, 2005), Site ODP-1233, Chile Margin, SE Pacific (Lund, Stoner, &
Lamy, 2006; Lund et al., 2007), Core MD94-103, southern Indian Ocean (Mazaud et al., 2002), Core MD98-
2181, western equatorial Pacific Ocean (Lund, Schwartz, et al., 2017), and Core PLCO08-1, Pyramid Lake,
USA (Lund, Benson, et al., 2017). New age models were derived for Site ODP-1233 (Chase et al., 2014)
and Core MD94-103 records (Sicre et al., 2005). From this limited but highly improved data set including
only high-quality records with good age controls, we derived a model with a better temporal resolution
and more consistent global variations. Therefore, this new model is used for comparisons here instead of
a published and more smoothed model covering this timescale, the GGF100k (Global Geomagnetic Field
over the past 100 ka) (Panovska, Constable, & Korte, 2018).

In Model GGFSS70.1, between 68.9 and 57 ka, the nondipole power is low, but oscillating over 1 order of
magnitude (note the log scale) (Figure 6d). According to this, the Black Sea X’ and Y’ (non-GAD) compo-
nents vary in a narrow range of about +5 mT between about 67 and 57 ka (Figures 6a and 6b). Further
on, spanning from 55 to 14.5 ka, both the Black Sea X’ and Y’ components and the nondipole field in
Model GGFSS70.1 exhibit fairly stable oscillation in a fairly narrow range. Thus, fluctuations in Black Sea
X’ and Y’ components, related only to nondipole contributions, are characterized by comparable variations
like those of the nondipole component in Model GGFSS70.1. On the other hand, the dipole power in Model
GGFSS70.1 exhibits generally high amplitudes during normal secular variations and fairly low amplitudes
crossing the Norwegian-Greenland Sea, the Laschamps, and the Mono Lake excursions (Figure 6d). The
Black Sea Z’ component (Figure 6¢), parallel to the GAD field, displays a change coherent with that of the
dipole field in GGFSS70.1 (Figure 6d). Nevertheless, the Z’' component derived from Black Sea PSV record
also comprises contributions from higher-order multipoles and presents more fluctuations.

3.3. Field Strength, VGP Positions, and PSV Index

In Figures 7a-7c, the X', Y’, and Z’ components derived from the Black Sea PSV record are shown together
with the total field strength in Figure 7d, the associated VGP latitudes in Figure 7e, and the PSV index P;,
defined by Panovska and Constable (2017), in Figure 7f. The decay and growth rates of field strength were
estimated for the Norwegian-Greenland Sea, the Laschamps, and the Mono Lake excursions using 1° poly-
nomial curve fitting (Figure 7d). Toward the Norwegian-Greenland Sea excursion, the field strength at the
Black Sea site was continuously decreasing at a rate of about —8.2 nT/year between 68.9 and 64.5 ka.
Then the field strength was steadily growing at a rate of about +5.3 nT/year from 64.5 to 61 ka and finally
peaked at about 52 ka. For a better inspection, the complex field variations between 45 and 30 ka across
the Laschamps and the Mono Lake excursion, are also shown in more detail in Figure 8. During the
Laschamps excursion, the decay rate of —19.9 nT/year of the Black Sea field strength and the recovery rate
of +11.5 nT/year are comparable with those estimated from the GLOPIS75 (Laj & Kissel, 2015; Laj
et al., 2014). Nevertheless, during the onset of the Laschamps excursion, a much higher decay rate of
—30.2 nT/year is estimated in the Black Sea field strength between 42.5 and 41.6 ka (Figure 8b). Then the
Black Sea field strength also recovered (with reversed directions) at a higher rate of about +30.3 nT/year
after 41.2 ka (Figure 8b). After the Laschamps excursion's fully reversed phase ended at 40.6 ka, the Black
Sea field strength was growing at a rate of +20.2 nT/year (Figure 8b). Between 35.5 and 34 ka, during the
Mono Lake excursion, the decay and growth rates of the Black Sea field strength was estimated to be
—17.6 and +24.3 nT/year, respectively.

The Laschamps and the Mono Lake excursions are evidenced by VGPs moving to latitudes lower than 45°N,
commonly defined as excursional behavior (Laj & Channell, 2015), with the Laschamps excursion reaching
even high southern latitudes (Figure 7e). In the Black Sea record, some single VGPs reach latitudes as low as
45°N at about 38.2 and 31.2 ka. However, they were calculated from directional data with larger g5 values as
shown in Figure 4 and thus comprise some uncertainties. The PSV index P; is an activity index for evaluating
geomagnetic secular variations, excursions, and reversals. For a stable geomagnetic field configuration,
dominated by an axial dipole, the P; calculates to values <0.3. On the other hand, geomagnetic excursions,
conventionally defined by VGP latitudes being lower than 45°N and a dipole moment of maximum half of
the present day value, would give P; values >0.5 (Panovska, Constable, & Brown, 2018). In Figure 7, the
P; calculated from the Black Sea PSV record is shown together with the globally averaged P; from the sedi-
ment records in the 100-ka data compilation (Figure 8 in Panovska, Constable, & Brown, 2018). In the Black
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Figure 7. Paleosecular variation record from Black Sea sediments spanning from 68.9 to 14.5 ka. (a) X’ component and (b) Y’ component representing solely
nongeocentric axial dipole (non-GAD) contributions. (c) Z’ component parallel to the field direction of a GAD of normal polarity (see Figure 5). For
comparison, the original data sets obtained are shown as (d) field strength and (e) latitude of the related virtual geomagnetic pole (VGP). In (d), the decay and
growth rates of field strength F indicated by gray dashed lines were determined from the slope of field strength F using 1° polynomial curve fitting. (f) The
paleosecular variation (PSV) index P;, calculated from the Black Sea paleomagnetic data (in blue) and determined from global paleomagnetic records (in red,
Panovska, Constable, & Brown, 2018). A stable (excursional) geomagnetic field is indicated by values of P; < 0.3 (P; > 0.5). The Norwegian-Greenland Sea, the
Laschamps, and the Mono Lake excursions, indicated by vertical red bars, are characterized by excursional P; > 0.5. Nevertheless, only the Laschamps excursion
and the Mono Lake excursion were found to show VGP latitudes moving lower than 45°N (Figure 8). The reversed polarity during the Laschamps excursion,
marked by the vertical gray bar, is indicated by a negative GAD-parallel component and VGPs with latitudes higher than 70°S.

Sea P; record, during the Norwegian-Greenland Sea, the Laschamps, and the Mono Lake excursions, the
geomagnetic field is ubiquitously characterized by P; values >0.5, whereas the globally averaged P;
exhibits fairly smoothed variations (because of the stacking of more than 100 records), with P; values >0.5
only during the Laschamps excursion. For the time intervals from 60 to 43 ka and from 30 to 14.5 ka, the
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Figure 8. (a-d) Close-up view of the paleosecular variation record from Black Sea sediments spanning from 45 to 30 ka, covering the Laschamps and the Mono
Lake excursions (see also Figure 7). (a) Component (antiparallel) parallel to the field of a geocentric axial dipole (GAD; see Figure 5). (b) Reconstructed field
strength. (c) Virtual geomagnetic pole (VGP) latitude. (d) Paleosecular variation (PSV) index P;, indicating stable (excursional) geomagnetic field with values
of P; < 0.3 (P; > 0.5). VGP paths derived from Black Sea sediments are shown during (e) the Laschamps excursion and (f) the Mono Lake excursion. The VGP
paths of the Laschamps excursion and the Mono Lake excursion have temporary resolutions of 40 and 100 years, respectively. VGPs of the reversed field during
the Laschamps excursion are indicated by hollow circles in Figure 8e.

Black Sea P; record implies stable normal secular variations with P; values being persistently <0.3 (Figure 7f)
and VGPs latitudes higher than 45°N (Figure 7e).

In Figure 9, VGP paths derived from Black Sea sediments are shown for the Norwegian-Greenland Sea
excursion, the Laschamps excursion, the Mono Lake excursion and the time interval contemporary to the
postulated “Hilina Pali” excursion. During the Norwegian-Greenland Sea excursion, VGPs between 69
and 64 ka were quickly changing positions between opposite sides of the globe (Northern America and
Siberia) almost reaching excursional latitudes (Figure 9a). During the Laschamps excursion, VGPs first
moved from the Arctic to the Sargasso Sea (15°N) in the North Atlantic at about 41.96 ka then migrated
northwest to Northern America (Figures 8e and 9b). Between 41.5 and 40.5 ka, the Black Sea VGPs per-
formed a clockwise loop crossing the central Pacific Ocean, reaching the Antarctic continent, and then
migrating back to the Arctic via the India Ocean (Figures 8e and 9b). After this main loop of the
Laschamps excursion, the Black Sea VGPs swung to the Labrador Sea with almost transitional VGP latitudes
again at about 39.5 ka (Figures 8e and 9b). During the Mono Lake excursion, the Black Sea VGPs first were
moving from Alaska to southern Asia (30°N) then crossing central Asia and moving back to Greenland
(Figures 8f and 9c). The postulated “Hilina Pali excursion,” centered at about 18.5 ka, shows no abnormal
VGP positions in the Black Sea record (Figure 9d).
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Figure 9. Virtual geomagnetic pole (VGP) paths calculated from the Black Sea paleomagnetic directional stacks
(see Figure 4). (a) VGPs between 69 and 64 ka, covering the Norwegian-Greenland Sea excursion. (b) VGPs between
43 and 39 ka, covering the Laschamps excursion. (c) VGPs between 36 and 33 ka, covering the Mono Lake excursion.
(d) VGPs between 20 and 17 ka, covering the postulated “Hilina Pali excursion.”

4. Discussion
4.1. The Norwegian-Greenland Sea Excursion (~64.5 ka)

The Norwegian-Greenland Sea excursion, in the Black Sea record, is characterized by positive shallow to
steep inclinations and large swings in declination. It has been first reported from the Arctic, that is, from
the Kolbeinsey Ridge (Bleil & Gard, 1989; Lovlie, 1989; Nowaczyk & Frederichs, 1999), the Fram Strait
(Nowaczyk et al., 2003), the Yermak Plateau (Nowaczyk & Baumann, 1992; Xuan et al., 2012), and the
Baffin Bay (Simon et al., 2012). Recent studies on cores from the Arctic Ocean (e.g., Mendeleev-Alpha
Ridge, Lomonosov Ridge, and Yermak Plateau) postulate a self-reversed chemical remanent magnetization
(CRM) carried by titanomaghemite formed during seafloor oxidation of host (detrital) titanomagnetite
grains, which could also produce shallow and negative inclinations (Channell & Xuan, 2009; Xuan &
Channell, 2010; Xuan et al., 2012). Wiers et al. (2019) further evidenced the influence of seafloor oxidation
on paleomagnetic records from the Arctic Ocean can vary in time and space. On the other hand, in Core
MD98-2181 from the west equatorial Pacific Ocean, Lund, Schwartz, et al. (2017) found abnormal directions
that can be associated with the Norwegian-Greenland Sea excursion. This is the first recognition of this event
outside the Arctic area. Nevertheless, Lund, Schwartz, et al. (2017) pointed out that the data are not truly
excursional and the recorded directions should be considered as a tentative assignment to the
Norwegian-Greenland Sea Excursion. Thus, the overall field configuration during the (postulated)
Norwegian-Greenland Sea excursion is not yet well defined.

Anyway, the remarkable field intensity low at 64.5 ka, coeval with the Norwegian-Greenland Sea excursion,
is observed in many records from globally distributed sites (e.g., Laj et al., 2004; Lund, Stoner, Channell,
et al., 2006; Thouveny et al., 2004). Especially in the Black Sea PSV record, the Norwegian-Greenland Sea
excursion is expressed as the second deepest intensity minimum (F = 8 uT) during the past 70 ka
(Figure 7d). Fairly low long-term decay and growth rates (—8.2 and 5.3 nT/year, respectively) can be
observed across the Norwegian-Greenland Sea excursion, thus making it a broad minimum in the Black
Sea field strength record. Accordingly, the GAD-parallel component (Z”) also dropped significantly down
to 7.5 uT at about 64.5 ka (Figure 7c¢), likely indicating a deep low in the axial dipole field contribution.
Although no excursional VGP latitudes (<45°N) were observed (Figure 7e), the extremely low
GAD-parallel component (Z') and total field strength during the Norwegian-Greenland Sea excursion are
corresponding to P; values >0.5, indicative for geomagnetic excursions (Figure 7f). Besides this, the VGPs
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derived from Black Sea sediments between 69 and 64 ka exhibit quickly changing positions between opposite
sides of the globe almost reaching excursional latitudes (Figure 9a; Nowaczyk et al., 2018). The non-GAD
components, particularly the X’ component, in the Black Sea record show fairly weak fluctuations between
about 67 and 57 ka (Figures 7a and 7b). In addition, a simultaneous and significant decay of both the dipole
and nondipole field is seen in the GGFSS70.1 model summarizing global data (Figure 6d). After 64.5 ka, the
strong similarity in the increase of Black Sea GAD-parallel component and total field strength, finally peak-
ing at about 52 ka (Figures 7c and 7d), clearly indicates the recovery of the dipole field contribution. This is
also confirmed by the GGFSS70.1 model (Figure 6d).

Nevertheless, the postulated questionable fidelity of paleomagnetic records from the Arctic Ocean suggested
by Wiers et al. (2019), on the other hand, the low field intensities in concert with fast changing direction reli-
ably determined from the SE Black Sea (Nowaczyk et al., 2018), need further investigations at other sites on
the globe in order to decipher the real field configuration during the Norwegian-Greenland Sea excursion.

4.2. The Laschamps Excursion (~41.2 ka)

The Laschamps is the best-known geomagnetic excursion in the Brunhes Chron (see review by Channell
et al., 2020). Centered at about 41 ka, extremely low field intensities and excursional VGPs (<45°N) asso-
ciated with the Laschamps excursion have been commonly reported from global sites (e.g., Bonhommet &
Babkine, 1967; Cassata et al., 2008; Ingham et al., 2017; Lund, Stoner, Channell, et al., 2006; Plenier
et al., 2007). In the Black Sea PSV record, the Laschamps excursion is characterized by the lowest (total) field
intensity estimates of down to F = 3 uT (Figure 8d) during the N-R transition, VGPs reaching nearly 80°S
(Figure 8e), and P; > 0.5 (Figure 8f). In this main phase of the Laschamps excursion recorded in Black Sea
sediments, associated VGPs perform a clockwise loop migrating south through the central Pacific, crossing
the Antarctica, and back North through the central Indian Ocean (Figures 8e and 9b). First, this appears to
be in agreement with the findings of Laj et al. (2006). Based on seven high-resolution sedimentary records
(separated by 178° of longitude and 113° of latitude) and U-channel measurements, Laj et al. (2006) postu-
lated a simple clockwise VGP loop passing south through the western Pacific and back north through Africa
as the typical field behavior for the Laschamps excursion. They proposed that the consistency among the
VGP paths from different sites results from equatorial dipole contributions and a reduced nondipole field
during the excursion. However, this scenario of the Laschamps excursion is an oversimplification
(Roberts, 2008) and likely the result of significant time averaging of U-channel measurements (e.g.,
Philippe et al., 2018). Most VGPs of the Laschamps excursion derived from lava flows (e.g., Cassata
et al., 2008; Ingham et al., 2017; Plenier et al., 2007) do not lie close to the clockwise loop of Laj et al. (2006).
Especially the Black Sea VGP path during the Laschamps excursion (Figures 8e and 9b) disagrees with the
VGP path claimed by Laj et al. (2006), but it is in agreement with the VGPs from the volcanic at the type
locality in France (see Figure 8 in Nowaczyk et al., 2012). In addition, excursional VGPs during the early
phase of the Laschamps excursion at about 42 ka first migrate to the Sargasso Sea in the North Atlantic
(15°N, Figures 8e and 9b), a feature also seen to some degree in the paleomagnetic record from ODP Site
1063 (Bermuda Rise) investigated by Channell et al. (2012). Only then, after crossing North America,
Black Sea VGPs perform a loop through the Pacific but further to the east. After this loop, there is also
another swing into the Atlantic sector with VGPs reaching the Labrador Sea at around 39.5 ka with almost
transitional VGP latitudes (Figures 8e and 9b). Thus, the Laschamps excursion was definitely a much more
complex feature than postulated by Laj et al. (2006).

The Black Sea PSV index P; indicates that the Laschamps excursion comprises even a “normal secular var-
iation” interval during its fully reversed phase (P; < 0.3), bracketed by the two polarity transitions (P; > 0.3,
Figure 8d). The “normal secular variation” interval characterized by VGPs sited in the Antarctic continent
(hollow circles in Figure 8e), therefore, represents an extremely short subchron of reversed polarity. This
time interval, spanning from about 41.16 to 40.84 ka, is marked with a gray bar in Figures 7 and 8. The
two transitional intervals, corresponding with N — R and R — N transitions of VGPs (Figure 8¢), are marked
with red bars for the time windows of 42.24-41.16 and 40.84-40.48 ka (Figures 7 and 8), respectively. Thus,
based on VGPs < 45°N and P; > 0.3, the full duration of the Laschamps excursion documented in the Black
Sea PSV record can be estimated to be about 1.76 kyr, including an interval of about 0.32 kyr of fully reversed
polarity. Age uncertainties were estimated for individual Black Sea cores using Undatable (Lougheed &
Obrochta, 2019) shown in Figure 2e. Between about 39.4 and 42.6 ka, the D-O Events 9-10 are clearly

LIU ET AL.

16 of 22



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB019225

recognized in the Black Sea IRD counts and Ca/Ti and K/Ti records that can be well correlated to the NGRIP
8'80 record (supporting information Figures S2-S4), thus yielding limited age uncertainties (Figure 2e).

During the N — R transition of the Laschamps excursion, it is noteworthy that the GAD-parallel component
and total field strength were plunging to about 0 T (changing sign toward negative values) and 3 uT, respec-
tively (Figures 8a and 8b). Specifically, the decay rate of field strength of —30.2 nT/year during the onset of
N — R transition (Figure 8b) is about 2 times higher than previously estimated for the onset of the
Laschamps excursion (Laj et al., 2014; Laj & Kissel, 2015). It is also interesting to note that the onset of
the fully reversed phase is characterized by a high growth rate of the field strength of +30.3 nT/year
(Figure 8b). The reversed polarity phase of the Laschamps excursion is characterized by a negative
GAD-parallel component of about —12 uT (Figure 8a) and a fairly high total field strength of 12.5 uT
(Figure 8b). During the R — N transition of the Laschamps excursion, the negative GAD-parallel component
approached low positive values (Figure 8a), and the total field strength declined slightly to about 7.5 uT and
then increased later at a growth rate of +20.2 nT/year (Figure 8b). This more complex directional and
paleointensity structure of the Laschamps excursion, with a double paleointensity minimum, has also been
documented in other high-resolution sedimentary records, for example, Core MD95-2034 (Bermuda Rise,
Laj et al., 2000), Core PS2138-1 (Arctic Ocean, e.g., Nowaczyk & Knies, 2000), Core ODP-1233 (Chile
Margin, Lund et al., 2007; Lund, Stoner, & Lamy, 2006), and Core MDO07-3076Q (South Atlantic
mid-ocean ridge, Channell et al., 2017). Nevertheless, it is difficult to recover the short-lived polarity reversal
of the Laschamps in most other sediments due to low sedimentation rates (Roberts & Winklhofer, 2004;
Valet et al., 2016) and/or U-channel sampling (Philippe et al., 2018).

Leonhardt et al. (2009) argued that the dynamic nondipolar components lead to considerable deviations
among predicted records at different locations, though the dipolar field at the Earth's surface was dominant
during the Laschamps excursion. On the other hand, Korte et al. (2019) suggested that the axial dipole
decayed extremely to a level where the nondipole field dominates at the Earth's surface during the
Laschamps excursion, though the nonaxial dipole field remain relatively unchanged (Korte et al., 2019;
Wicht & Meduri, 2016). In the Black Sea PSV record, the negative GAD-parallel component, with relatively
high total field strength, VGPs higher than 70°S and a P; < 0.3 (Figures 8a-8d) during the reserved polarity
phase of the Laschamps excursion, indicate the development of an axial dipole field in opposite direction.
Although the reversed axial dipole field was not that strong (GAD-parallel component = ~ —12 uT) and
short-lived (~0.32 kyr), it was responsible for the reversed VGPs located at high southern latitudes, also
observed at other globally distributed sites. This is consistent with findings from simulations by Valet and
Plenier (2008) and Brown and Korte (2016) that a reversed axial dipole with a certain strength is required
to produce (globally) reversed directions, and consequently VGP positions at high southern latitudes.
During the N - R (R — N) transition of the Laschamps excursion, both the GAD-parallel component and
the total field strength in the Black Sea PSV record exhibit a significant decrease (increase). The variations
of the GAD-parallel component are mostly consistent with the decay and recovery of the dipole field
observed in geomagnetic field models covering the Laschamps excursion (Brown et al., 2018; Korte
et al., 2019), as well as in the model GGFSS70.1 (Figure 6d).

Thus, the Black Sea PSV record reflects rapidly changing field configurations across different phases of the
Laschamps excursion. The GAD-parallel component derived from the Black Sea PSV record imply a decay of
the axial dipole field during the N — R transition phase, development of an axial dipole field in opposite
direction during the reversed polarity phase, and then a recovery of the normal axial dipole field configura-
tion during the R — N transition phase, but without noticeable variations of the nondipole field contribu-
tions seen in the non-GAD components and the nondipole component of GGFSS70.1. After the
Laschamps excursion, the Black Sea GAD-parallel component and field strength was slightly increasing
and did not reach half of their pre-Laschamps strength until about 35 ka (Figures 7c and 7d). In addition,
the post-Laschamps Black Sea PSV index P; shows some values >0.3 (Figure 8d), indicating the magnetic
field remained unstable until the Mono Lake excursion discussed in the next section.

4.3. The Mono Lake Excursion (~34.6 ka)

The Mono Lake excursion, distinct from the Laschamps excursion, has been cumulatively documented
in both sedimentary and volcanic records (e.g., Cassata et al., 2008; Channell, 2006; Kissel et al., 2011;
Lund et al., 1988; Lund, Benson, et al., 2017; Ménabréaz et al., 2011; Negrini et al., 2014; Nowaczyk &
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Knies, 2000). During the Mono Lake excursion, low intensities coeval with abnormal directions are com-
monly identified. However, comparison of available paleomagnetic data from global sites reveals diverging
VGP paths of the Mono Lake excursion for the individual sites, and thus, no satisfactory field configuration
could be concluded (Kissel et al., 2011). By comparing the VGPs from different sites, Negrini et al. (2014) sug-
gested a time-transgressive decay and return of the principal field components at the beginning and the end
of the Mono Lake excursion, respectively, leaving the nonaxial dipole dominant during the excursion.

In the Black Sea PSV record, the Mono Lake excursion at about 34.5 ka shows medium low field intensities
(F = ~17.5 uT), excursional VGP latitudes (<45°N), and P; values >0.5 (Figures 7 and 8). A decay rate of
—17.6 nT/year and a recovery rate of +24.3 nT/year, observed in the Black Sea field strength across the
Mono Lake excursion, are in agreement with the changing rates estimated from GLOPIS-75 by Laj and
Kissel (2015). During the Mono Lake excursion, the Black Sea VGPs moved clockwise from Alaska to south-
ern Asia (30°N), crossing central Asia and moving back to Greenland (Figures 8f and 9c). The Black Sea
VGPs are found to be comparable to VGPs from some locations (e.g., Mono Lake) but to be distinct from
other locations (e.g., Site ODP-919). A more detailed discussion of this aspect is given in Liu et al. (2019).
Based on a P; > 0.5 in the Black Sea PSV record, the duration of the short-lived Mono Lake excursion is esti-
mated to be about 0.3 kyr. Between 30 and 40 ka, D-O Events 5-8 can be recognized in Ca/Ti and K/Ti ratios
in all Black Sea cores recording the Mono Lake excursion (supporting information Figures S3 and S4). In
addition, five AMS **C ages obtained from Core M72/5-24GC3 provide further constrains for this time inter-
val (Figure 2e). Nevertheless, the estimated duration of the Mono Lake excursion may contain some uncer-
tainties due to its short-lived occurrence and the limited number of samples covering the Mono Lake
excursion in the Black Sea PSV record.

During the Mono Lake excursion, the GAD-parallel component derived from the Black Sea PSV record
dropped slightly down to 15 uT at about 34.7 ka. This GAD-parallel component of the Mono Lake is fairly
strong when compared with the Norwegian-Greenland Sea excursion (7.5 uT) and the Laschamps excursion
(=12 pT) in the Black Sea PSV record (Figure 7c). Nevertheless, in the time interval comprising the
Laschamps and the Mono Lake excursions, the non-GAD components show fluctuations with amplitudes
similar to the rest of the Black Sea record (Figures 7a and 7b). Thus, during the Mono Lake excursion, the
variations of GAD-parallel and non-GAD components imply a weakening of the axial dipole field compo-
nent but persisting nondipole field oscillations at the Black Sea site. Based on the clusters of VGPs from glo-
bal sites, Negrini et al. (2014) suggested that the Mono Lake excursion is characterized by nonaxial dipole
features. Further, the LSMOD.2 model, which covers the Mono Lake excursion, revealed that the axial
dipole decreased to a similar strength of the nondipole field (Korte et al., 2019). Although it is not possible
to determine the relative strengths of the various field contributions from a single record, similar amplitudes
of the GAD-parallel and non-GAD components in the Black Sea PSV record might indicate at least the pre-
sence of comparable amounts of axial dipole and nondipole field components during the Mono Lake excur-
sion. To some extent, this is seen in the GGFSS70.1 model (Figure 6d), where the dipole power decays while
the nondipole power oscillates about a constant level from about 40 to 16 ka. After the Mono Lake excursion,
the Black Sea GAD-parallel component and total field strength, with some fluctuations, show a gradual
increase until 14.5 ka.

5. Conclusions

A comprehensive study on 16 sediment cores recovered from the SE Black Sea yielded a high-resolution and
high-fidelity record of PSV from 68.9 to 14.5 ka. Normal secular variations, characterized by strong field
intensity and normal polarity directions, are represented by a stable dipole field spanning the time intervals
from 60.0 to 43.0 ka and from 30.0 to 14.5 ka. The Norwegian-Greenland Sea, the Laschamps, and the Mono
Lake excursions, however, are indicated by field intensity lows and an excursional PSV index (P; > 0.5) at
about 64.5, 41.2, and 34.5 ka, respectively. Based on a PSV index P; > 0.5, the duration of the Laschamps
excursion is estimated to be ~1.76 kyr, while for the Mono Lake excursion a duration of only ~0.3 kyr was
determined.

By converting the Black Sea PSV record into GAD-parallel and non-GAD components, the various field con-
figurations of the three excursion events could be analyzed in some more detail. The Black Sea GAD-parallel
component shows coherent variations with the dipole field observed in the Geomagnetic Model GGFSS70.1,
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though theoretically comprising also contributions from higher-order multipoles. During the
Norwegian-Greenland Sea excursion, the steady decrease of GAD-parallel component was likely related to
the decay of the axial dipole field, while the nondipolar field showed oscillation of persisting amplitude.
This resulted in fast directional variations at low field intensities but without excursional directions detected.
The Laschamps excursion comprises two polarity transitions and a short interval of fully reversed field in
between: the N — R and R — N transitions of the Laschamps coincided with the sharp decrease and increase
of the axial dipole field, respectively. The reversed polarity phase, evidenced by a negative GAD-parallel
component and VGPs at high southern latitudes, was associated with the development of an axial dipole
field in opposite direction during the midpoint of the Laschamps excursion. The Mono Lake excursion, char-
acterized by diverging VGP paths from various globally distributed sites, was likely influenced by persisting
nondipole field contributions and a reduced axial dipole field contribution, though with higher intensities
compared to the Norwegian-Greenland Sea and the Laschamps excursions. In the Black Sea PSV record
spanning from 68.9 to 14.5 ka, the non-GAD components related only to nondipole field contributions exhi-
bit fairly stable fluctuations across excursions and normal secular variation intervals, except for relatively
weak fluctuations between 67 and 57 ka.

In summary, the Black Sea PSV record, covering field fluctuations from normal secular variations, over
excursions, to a short but full reversal, points to a geomagnetic field characterized by a wide dynamic range
in intensity and the highly variable superposition of dipole and nondipole contributions from the geody-
namo. The three geomagnetic excursions recorded in the Black Sea sediments exhibited field configurations
different from each other. However, in order to completely disentangle the complex geodynamo processes
inside the Earth's liquid outer core and to further refine the conclusions obtained here, more high-quality
studies on sediments from other global locations are needed.

Data Availability Statement

The Black Sea paleomagnetic data discussed in this paper are available in the Pangaea database (paleomag-
netic stacks: https://doi.pangaea.de/10.1594/PANGAEA.919401; paleomagnetic results of individual cores:
https://doi.pangaea.de/10.1594/PANGAEA.919446; and age models: https://doi.pangaea.de/10.1594/
PANGAEA.919427).
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