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Abstract The observed variations in intense geomagnetic flux lobes have a significant impact on regional
geomagnetic fields, and produce unique geomagnetic characteristics. To investigate the time-dependent

effect of the Siberian flux lobe on the geomagnetic field in East Asia, we reconstructed a stacked full-vector
paleomagnetic secular variation record (since 2000 BCE) from three sediment cores collected in the Bohai
Sea, China. Age models of the studied cores were established through a combination of radiocarbon '“C dating
and inter-profile correlation of mass-normalized magnetic susceptibility. Rock magnetic results indicate that
fine-grained magnetite is the primary remanent carrier. We found that the paleomagnetic field records in the
Bohai Sea correspond more closely with those from the middle latitudes, rather than the low latitudes. This was
primarily attributed to the variation of the Siberian flux lobe. This study provides a better understanding of the
contrasting patterns of regional geomagnetic fields in East Asia, and emphasizes the significant role played by
the Siberian flux intensity lobe in shaping their formation.

Plain Language Summary The Earth's magnetic field is in a constant state of flux, both temporally
and spatially, and plays a crucial role in protecting our planet from solar wind and cosmic rays. The long-term
variation of the Earth's magnetic field is closely linked with the magnetic flux patch situated at the core-mantle
boundary. However, our understanding of the evolution of magnetic flux patches has been limited by the use

of short-term instrumental data and discrete archeomagnetic data. In this paper, we reconstruct a ~4,000-year
high-resolution full-vector paleomagnetic record from sediments in the Bohai Sea, China. Our findings reveal a
clear contrast in the paleomagnetic variations between the middle and low latitudes of East Asia. We proposed
that the Siberian flux intensity lobe likely played an important role in the observed paleomagnetic behavior
discrepancy between the low- and mid-latitudes of East Asia.

1. Introduction

The main geomagnetic field, originating from the Earth's outer core, can provide valuable insights into the geody-
namo processes (e.g., Buffett, 2000; Tarduno et al., 2015). The present-day Earth's surface geomagnetic field
is characterized by the high intensity lobes in Siberia and Canada, as well as a weak intensity anomaly located
primarily in the South Atlantic Ocean and extending to South America and South Africa, known as the South
Atlantic Anomaly (Alken et al., 2021; Finlay et al., 2020). These magnetic field characteristics may result from
the magnetic flux patches of the radial field at the core mantle boundary (CMB) (Finlay et al., 2020; Livermore
et al., 2020; Tarduno et al., 2015). Numerical magnetic field models show that magnetic flux patches on the CMB
are not stationary (Amit et al., 2010, 2011). Instead, they may exhibit episodic behavior such as disappearing,
reappearing, or drifting from one preferred location to another (Amit et al., 2010).

Recent research suggested that the magnetic flux lobes on the CMB under Canada and Siberia could affect the
position and movement of the north magnetic pole and virtual geomagnetic pole (Caricchi et al., 2022; Livermore
et al., 2020). The axial dipole moment of Earth's magnetic field appears to be related to the waxing and waning
of the normal flux lobes in the Northern Hemisphere (Pavon-Carrasco et al., 2014) and the expansion and migra-
tion of reversed flux patches (RFPs) in the Southern Hemisphere (Metman et al., 2018). Additionally, magnetic
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flux patches can trigger abrupt changes in geomagnetic fields, such as the Levantine Iron Age Anomaly (Osete
et al., 2020).

Based on paleomagnetic secular variation (PSV) records, time-averaged geomagnetic field models over the past
7 ka (Bloxham et al., 1989; Korte & Holme, 2010) and 10 ka (Constable et al., 2016) suggest that two magnetic
flux lobes have long been existing in the Northern Hemisphere. The abnormal paleomagnetic features, such as
shallow inclinations at 64—70 ka and a geomagnetic spike at ~12 ka in the subarctic and East Asia, suggest that
the normal flux lobes may have persisted and influenced the high-latitude region magnetic field in the Northern
Hemisphere over the past 140 ka (Zhong et al., 2020). Furthermore, the normal-polarity time-averaged field
models over the past 5 million years, show two magnetic flux lobes beneath Siberia and Canada which are similar
to the modern geomagnetic field (Johnson & Constable, 1995; Kelly & Gubbins, 1997), but in a weak and not
necessarily robust way (Carlut & Courtillot, 1998; Khokhlov et al., 2006). However, the evolution and influ-
ences of such persistent magnetic flux lobes remain poorly constrained due to limited high-quality paleomagnetic
records.

The Bohai Sea, located at the southeastern edge of the Siberian surface lobe (Figure 1a) resulting from the Sibe-
rian flux lobe (Bloxham & Gubbins, 1985; Livermore et al., 2020), is a suitable area to investigate the charac-
teristics and effects of the magnetic flux lobe. Moreover, relatively high sedimentation rates (>30 cm/ka) of the
Bohai Sea provide an opportunity for reconstructing high-resolution paleoclimatic and paleomagnetic records
(Yao et al., 2014). In this study, we derived high-resolution paleomagnetic records from three sediment cores in
the Bohai Sea and discussed the potential influence of the Siberia flux lobe on the geomagnetic field in East Asia.

2. Background, Materials, and Methods
2.1. Regional Setting and Background

The Bohai Sea is a semi-closed inland sea that covers an area of ~78,000 km? and is connected to the Yellow Sea
through the Bohai Strait (Figure 1b). The Sea is characterized by a maximum and average water depth of 84 and
18 m, respectively (M. Li et al., 2020). More than 30 rivers flow into the Bohai Sea, contributing a discharge of
~7.8 x 108 tons of sediment annually, with the terrigenous input mainly from the Yellow, Haihe, Luanhe, and
Liaohe Rivers. Regular semidiurnal tides govern most of the Bohai Sea, with certain locations also experiencing
diurnal tides and irregular semidiurnal tides (Qiao et al., 2008). Ocean circulation within the Bohai Sea is primar-
ily driven by the Yellow Sea Warm Current (YSWC) and Bohai Sea Coastal Current (Figure 1b).

2.2. Core Description and Sampling

Three piston cores, namely M12-8 (40.62°N, 121.36°E, 11 m depth, 3.2 m long), M5-8 (39.09°N, 120.0°E,
22 m depth, 3.46 m long), and BHB15-6 (38.55°N, 118.55°E, 20 m depth, 2.51 m long), were recovered from
the Bohai Sea using a gravity piston corer (core diameter specification: 7 cm) during the cruise of North Yellow
Sea-Bohai Sea Special Voyage in 2018 (Figure 1b), and all studied cores were not azimuthally orientated during
coring. These cores predominantly consist of fine-grained sediments, such as gray clay and silty clay layers, with
occasional intercalations of sand layers. We performed a continuous sampling along the central axis of each core
segment using cubic plastic boxes (1.9 X 1.9 x 1.9 cm?) for paleomagnetic studies. 114, 129, and 159 samples
were collected from cores BHB15-6, M12-8, and M5-8, respectively.

2.3. “C Dating

14C dates were obtained using an accelerator mass spectrometry on bulk benthic foraminifera. The age models of
the studied cores were estimated using the software Undatable (Lougheed & Obrochta, 2019) and the Marine20
calibration curve (Heaton et al., 2020). The Undatable setting parameters of xfactor = 0.1 and bootpc = 10 with
areservoir age of AR = —334 + 50 years were based on Southon et al. (2002). Radiocarbon dates were measured
at the Beta Analytic laboratory.

2.4. Magnetic Measurements

Anisotropy of magnetic susceptibility (AMS) and mass-normalized magnetic susceptibility (y) were measured
under a 200 A/m field at a frequency of 976 Hz. Temperature-dependence magnetic susceptibility (y-T') curves
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Figure 1. (a) Present-day magnetic field intensity at the Earth's surface, as calculated with the CALS10k.1b model (Korte
etal., 2011). The red star indicates the Bohai Sea, the green triangle and square represent the location of Tengchong Qinghai
Lake (Yang et al., 2022) and core OR1-715-21 (Huang et al., 2014), respectively. SSL: Siberian surface lobe, SAA: South
Atlantic Anomaly. (b) Map of the Bohai Sea with locations of study cores and core 38002 (Y. Zhang et al., 2019; J. Zhang
et al., 2020). YSWC: Yellow Sea Warm Current, BSCC: Bohai Sea Coastal Current.

for representative samples were measured in an argon atmosphere from room temperature to 700°C. y, y-T, and
AMS were measured using an AGICO MFK2-FA system equipped with a CS-4 furnace, where y-T was meas-
ured in an argon atmosphere.

Natural remanent magnetization (NRM) and anhysteretic remanent magnetization (ARM) were measured using
a 2G Enterprises 755-4k U-Channel SQUID magnetometer. The NRM was measured and followed by stepwise
alternating field (AF) demagnetization with 11 steps (0, 5, 10, 15, 20, 30, 40, 50, 65, 80, and 100 mT). Charac-
teristic remanent magnetization (ChRM) was calculated by principal component analysis (Kirschvink, 1980).
The ARM was imparted in a 0.05 mT DC bias field within a 100 mT AF peak field and then treated AF
demagnetization in steps of 20, 30, 40, 50, 65, and 80 mT. The anhysteretic susceptibility (yarm) Was obtained in
a 0.05 mT steady field. The relative paleointensity (RPI) was determined by calculating the slope of NRM versus
ARM between AF demagnetization steps of 20 and 65 mT. Paleomagnetic measurements on discrete samples
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were performed at the Environmental Magnetism laboratory of School of Earth Sciences, China University of
Geosciences (Wuhan), China.

Isothermal remanent magnetizations (IRM) were imparted using a DPM1 digital pulse magnetizer and then
measured with a JR-6 spinner magnetometer. IRM intensity acquired at 1 T field is defined as the saturation
IRM (SIRM). A reversed field of 0.3 T was used to determine the S-ratio, which is defined as: —IRM_ ,/SIRM.
Detailed IRM acquisition curves and first order reversal curves (FORC) measurements were performed using a
Lake Shore 8600 Vibrating Sample Magnetometer. FORC was obtained with an averaging time of 0.1 s and a
field step of 1.375 mT. FORC data were processed using the software FORCinel v. 3.0 with smoothing factors of
So=4,8,=35,8,=3.5,and S,, = 3.5 (Harrison & Feinberg, 2008). IRM acquisition curves were obtained
by applying 100 nonlinear spaced field steps from 0.1 mT to 1 T. The IRM acquisition curves were decomposed
using the software “pyIRM,” available at https://github.com/botaoxiongyong/pyIRM (Liu et al., 2019). All rock
magnetic samples were measured at the Center for Marine Magnetism at Southern University of Science and
Technology, Shenzhen, China.

3. Results
3.1. Age Models

Age-depth models for the studied cores were established by combining '“C dates and correlating mass-normalized
magnetic susceptibility curves among these cores (Figure 2). The radiocarbon dates for cores M12-8, M5-8, and
BHB15-6 have been used to develop individual chronology by linear regression for these cores (Table S1 in
Supporting Information S1). Magnetic analysis of Surface sediment from the Bohai Sea and surrounding rivers
reveals that the Yellow River is the primary source of magnetic materials throughout the Bohai Sea (M. Li
et al., 2020), while sediments from other rivers are deposited primarily in nearshore areas (Chen et al., 1982).
These findings suggest that magnetic parameters, such as y, can be used to refine the age model. Despite potential
differences in the y curves attributed to factors such as environmental processes, the correlating the y variations
among cores M12-8, M5-8, and BHB15-6 has indeed yielded several additional age tie points (Figure 2a). The
age uncertainties for the y correlation tie points were given by the initial age-depth model, which was established
using '“C dating and calculated using the Undatable software (Lougheed & Obrochta, 2019). The obtained age
models for the sediment cores are shown in Figure 2b, with BHB15-6 covering the past 5.2 ka and M5-8 and
M12-8 covering less than 2.8 ka. The averaged sedimentation rates of M12-8, M5-8, and BHB15-6 are approxi-
mately 140, 130, and 50 cm/ka, respectively. With a sampling interval of 2 cm, the theoretical temporal resolution
ranges from about 15 to 40 years.

3.2. Rock Magnetic Results

The AMS results are displayed in Figure S1 in Supporting Information S1. The minimum susceptibility axes
(k) of most samples are nearly perpendicular to the horizontal plane (with a range of 70° and 90°), and the
inclination of intermediate and maximum susceptibility axes (k, . and k__ ) tends to be horizontal, suggesting a

int max.
typical normal depositional fabric (Hrouda & Kahan, 1991). The shallow k_. (<65°) of some sporadic samples

‘min

may result from mechanical disturbances during sampling (T. Yang et al., 2019). Hence, these samples with shal-
low k., were not used to reconstruct the paleomagnetic records.

The y-T heating curves of representative samples illustrate a unique Curie temperature at ~580°C (Figure 3c),
which shows that magnetite is the primary magnetic carrier of the sediments (Dunlop & Ozdemir, 1997). Above
600°C, a slight decline in y in some y-T heating curves (e.g., BHB15-6:193 cm) indicates the presence of
hematite. The IRM acquisition curves for all samples were not saturated even at the field of 1 T, likely due to the
existence of high-coercivity magnetic minerals (Figure 3a). The distribution of IRM acquisition curves can be
fitted with three components for all samples (Figure 3b). Components 1 (green line, median field: ~11-22 mT,
dispersion parameter: ~0.27-0.33) and component 2 (blue line, median field: ~40-52 mT, dispersion parameter:
~0.22-0.27) account for at least 85% of the total IRM, further suggesting that low-coercivity minerals are the
predominant carrier of the remanent magnetization. In contrast, component 3 (orange line, 143-350 mT), repre-
senting the high-coercivity magnetic minerals such as hematite, has very low proportions.

FORC diagrams (Figure 4) of representative samples from the three studied cores displayed a clear ridge-like
distribution along the B, axis, which is commonly observed in samples with non-interacting single domain (SD)
particles (Egli et al., 2010; Pike et al., 1999). Additionally, the FORC diagrams spreading along the B, axis are a
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Figure 2. (a) Mass-normalized magnetic susceptibility (y) of core M12-8, M5-8, and BHB15-6; the red stars indicated the '“C dates which were calculated using the
Calib 8.2 software (Stuiver & Reimer, 1993) and the Marine20 calibration curve (Heaton et al., 2020). (b) Age-depth models for the studied cores were calculated using
the Undatable software (Lougheed & Obrochta, 2019); tie points were derived from correlations among the magnetic susceptibility curves.

typical feature of the magnetic vortex state (Lascu et al., 2018; Roberts et al., 2017). Thus, the detrital ferromag-
netic particles in the studied sediments are mainly composed of SD and vortex grains.

The S-ratio for cores M12-8 (~0.87-0.96, mean value: ~0.92), M5-8 (~0.82-0.94, mean value: ~0.86), and
BHB15-6 (~0.84-0.94, mean value: ~0.87) indicate that low coercivity minerals are dominant (Figure S2 in
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Figure 3. Rock magnetic properties of representative samples from cores M12-8, M5-8, and BHB15-6. (a) Isothermal remanent magnetization (IRM) acquisition
curves. (b) IRM decomposition curves. The blue, green, orange, and red curves indicate components 1, 2, 3, and the fitted total spectrum, respectively; black circles
represent the measured data. (c) y-T curves, x/k, is the ratio of non-room over room temperature susceptibility.

Supporting Information S1). Additionally, values of the concentration-dependent magnetic parameters (i.e., y,
ARM, and SIRM) and relative magnetic grain size proxy (yarm/y) vary within a factor of 3, indicating a relative
homogeneity in both the concentration (Tauxe, 1993) and grain size (J. King et al., 1982; J. W. King et al., 1983)
of magnetic particles among all studied cores (Figure S2 in Supporting Information S1).

3.3. Demagnetization Results

NRM results of studied samples are generally completely demagnetized at around 100 mT (Figure S3 in Support-
ing Information S1). ChRM directions were generally estimated from AF steps between 20 and 65 mT. For most
samples, maximum angular deviation values are lower than 6° (Figure 5d), indicating accurate ChRM results.
The ChRM inclination data for each core mostly fall within the range of the normal polarity inclinations corre-
sponding to the latitude of the site (Figure 5b, detailed in Figure S4 in Supporting Information S1). Declinations
for all studied cores have been rotated to a mean of zero, under the assumption that each core spans sufficient time
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Figure 4. First order reversal curves diagrams for representative samples from cores (a) M12-8, (b) M5-8, and (c) BHB15-6.

to average out to a geocentric axial dipole (GAD). Although the Bohai Sea paleomagnetic records (<4 kyr) being
shorter than required by the GAD hypothesis (>10 kyr), we choose this approach because it yields a reasonable
agreement among the studied cores (Figure 5a) with the least number of assumptions required. The paleomag-
netic stack curves (black curves, Figures 5a and 5c) were calculated using a bootstrap-running average method
similar to that described by Cai et al. (2020). Specifically, we used the bootstrap technique with 1,000 times to
calculate the 95% confidence interval of the data, and then applied a running average method with a time window
of 30 years shifted by 30 years.

4. Reconstruction of Paleomagnetic Secular Variations

The PSV characteristics of the three studied cores are presented in Figure 5. RPI data between 30 Common Era
(CE) to 820 CE (gray part of the M12-8 RPI curve, Figure 5c) for core M12-8 were excluded from further interpre-
tations due to the inconsistency in RPI characteristics compared to the other two cores, potentially resulting from
distinct environmental factors or other unknown mechanisms. The PSV features in core BHB15-6 are dissimilar
from those of both cores M5-8 and M12-8 (Figure 5a), chiefly regarding the PSV declination. This discrepancy
may be attributed to the significant difference in sedimentation rates at the studied areas, that is, ~50 cm/ka for
BHB15-6 and ~130 cm/ka for other cores. The full vector PSV record for all studied cores, comprising ChRM
direction (inclination and declination) and RPI, were stacked together and shown in Figures 5a—5c, with 95%
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Figure 5. (a) Declination, (b) Inclination, and (c) relative paleointensity (RPI) records of three studied cores with their stack. The gray dash lines in (b) represents the
95% confidence levels at each core site and was calculated using the TK03.GAD model (Tauxe & Kent, 2004). The gray part of the M12-8 RPI curve is not used for
calculating the stack. The 95% confidence of stack data is shown as light gray bars. (d) maximum angular deviation of characteristic remanent magnetization of three
studied cores.

confidence intervals of means calculated by the bootstrap method. Only data from core BHB15-6, which includes
sediments older than 800 before CE (BCE), were used to reconstruct the stack of that period.

As mentioned in Sections 3.2 and 3.3, our rock magnetic and demagnetization results have satisfied the conven-
tional criteria for RPI studies (Tauxe, 1993). However, floc sizes, which are mainly affected by salinity, can
partly control the acquisition of depositional remanent magnetization (Mitra & Tauxe, 2009; Tauxe et al., 2006),
particularly in marginal seas (X. Yang et al., 2016). The salinity of water in the Bohai Sea is influenced by the
water input from high-salinity (~33.5%0) and high-temperature (~15°C, in winter) YSWC and river runoff (Lin
et al., 2001; Ning et al., 2010). The sea surface temperature (SST) on the pathway of the YSWC can be a proxy
of the YSWC strength (Y. He et al., 2014; Y. Zhang et al., 2019), while river runoff flowing into the Bohai Sea
is governed by the intensity of East Asia Summer Monsoon (EASM). To assess the potential influence of floc-
culation on RPI variations, cross-wavelet transform analyses were performed to compare the evolution over the
past 4 ka of the Bohai Sea RPI with the EASM and the SST records from the northern Yellow Sea (core 38002)
(Y. Zhang et al., 2019; J. Zhang et al., 2020). The Bohai Sea RPI stack does not exhibit a significant correlation
with either EASM or SST (Figure 6a). This lack of correlation is further supported by the cross wavelet transform
(XWT) and squared wavelet coherence (WTC) analysis (Figures 6b—6e). The XWT and WTC results also show
no evidence of a certain causal relationship between the Bohai Sea RPI stack and EASM or SST (Figures 6b—6e).
Therefore, the salinity variations have a minor influence on RPI estimates, which further verifies the accuracy of
the stacked Bohai Sea RPI record.
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Figure 6. (a) The Bohai Sea RPI stack (green line), the East Asia Summer Monsoon (EASM) (blue line), and the sea surface temperature (SST) (red line) from the
northern Yellow Sea (Y. Zhang et al., 2019; J. Zhang et al., 2020). (b) The cross wavelet transform (XWT) and (d) squared wavelet coherence (WTC) analysis between
the Bohai Sea RPI stack SST. (c) The XWT and (e) WTC analysis between the Bohai Sea RPI stack EASM. The cross wavelet transforms between the Bohai Sea RPI
stack and the EASM record. Phase arrows pointing right (left) indicate in-phase (anti-phase) for RPI and SST or EASM.
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Figure 7. Comparison of the Bohai Sea paleomagnetic secular variation (PSV) records with East Asia stack (Zheng

et al., 2014) and sediment PSV results from Lake Baikal (Peck et al., 1996), Lake Tangra Yumco (Haberzettl et al., 2015),
core OR1-715-21 from offshore eastern Taiwan (Huang et al., 2014) and core ZSQD34 from the northern South China Sea
(Yang et al., 2016) as well as model predictions (calculated at 39°N, 120°E) (Korte et al., 2011; Pavon-Carrasco et al., 2014).
(a) PSV record position, (b) Inclination, (c) Declination.

S. Discussion
5.1. Variations in Paleomagnetic Directions of East Asia During the Late Holocene

A comparison between the Bohai Sea PSV (declination and inclination) stack and other regional PSV records
over the late Holocene is presented in Figure 7, including records from Lake Baikal (Peck et al., 1996), the
offshore eastern Taiwan core OR1-715-21 (Huang et al., 2014), Lake Tangra Yumco (Haberzettl et al., 2015) and
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the northern South China Sea core ZSQD34 (X. Yang et al., 2016). The East Asia PSV stack (Zheng et al., 2014)
and model-predicted PSV results at 39°N 120°E (Korte et al., 2011; Pavon-Carrasco et al., 2014) are also shown
for comparison. The SHA.DIF.14k model is based solely on archeomagnetic and lava flow data (Pavon-Carrasco
et al., 2014), while the CALS10k.1b model incorporates sediment data (Korte et al., 2011).

The Bohai Sea PSV record is quite similar to the East Asia PSV stack, characterized by relatively high inclination
values between ~1500 and 1000 BCE and between ~500 BCE and 500 CE and low inclination values since ~700
CE (Figure 7b). The Bohai Sea PSV declination pattern also resembles the East Asia PSV stack since ~500 BCE
(Figure 7c). Although the PSV variations in the Northern South China Sea (X. Yang et al., 2016), offshore eastern
Taiwan (Huang et al., 2014), Lake Tangra Yumco (Haberzettl et al., 2015), and Lake Baikal (Peck et al., 1996)
(Figure 7a) fluctuate less than the Bohai Sea PSV records, they all exhibit similar characteristics (Figures 7b
and 7c¢). The Bohai Sea PSV record is, moreover, also consistent with the model-predicted PSV results at 39°N
120°E (Figures 7b and 7c). However, it should be noted that certain age offsets and inconsistencies have existed
in all East Asia PSV records (Figures 7b and 7c), particularly between the mid- and low-latitude records such as
the inclination features between the Bohai Sea stack and core OR1-715-21 (Figure 7b). These discrepancies may
be caused by the lock-in process (Roberts & Winklhofer, 2004) and/or the non-dipole effect. The Siberian flux
lobe, a persistent magnetic flux patch beneath Siberia (Korte & Holme, 2010), exerts a substantial influence on
the geomagnetic field in East Asia and the subarctic Pacific Ocean (X. Yang et al., 2022; Zhong et al., 2020).
This non-dipole component may contribute to an important effect on the inconsistent behavior of PSV between
the mid- and low-latitudes in East Asia.

5.2. Late Holocene Paleointensity Variations in East Asia

The Bohai Sea RPI stack documents multi-decadal resolved geomagnetic field features during the late Holocene
(since 2000 BCE). Our RPI stack is largely consistent with the model CALS10k.1b (Figure 8a, calculated at 39°N,
120°E; Korte et al., 2011) and the Chinese archeointensity reference curve (Figure 8b, Archint_China2, 105°E,
35°N; Cai et al., 2020) within age uncertainties. The Bohai Sea RPI stack, virtual axial dipole moment values
in Archint_China2 and model CALS10k.1b are relatively higher over the intervals of ~1300 to 700 BCE and
~100 to 500 CE while inversely showing lower values from ~700 to 300 BCE, around 600 CE, and since 1200
CE (Figures 8a and 8b). However, the Bohai Sea RPI stack differs significantly from the low-latitude results of
Tengchong Qinghai Lake (98.57°E, 25.13°N, Figure 8c; X. Yang et al., 2022) and core OR1-715-21 (121.29°E,
22.7°N, Figure 8d; Huang et al., 2014), particularly during the intervals of ~700 to 300 BCE and ~100 to 500 CE,
where the low-latitude (Figures 8c and 8d) records are opposite to the mid-latitude records (Figures 8a and 8b).

The discrepancy in paleointensity behavior between the mid- (Figures 8a and 8b) and low-latitudes (<30°N,
Figures 8c and 8d) East Asia, together with the behavior of paleomagnetic directions (Figures 7b and 7c¢), suggests
the presence of the non-dipole effect in this region. Over the past 7,000 years, there have been two or three
intense magnetic flux lobes beneath North America, Europe, and Siberia in the Northern Hemisphere (Bloxham
etal., 1989; Korte & Holme, 2010). The expansion and intensification of these magnetic flux lobes would influence
the behavior of regional magnetic fields (Gallet et al., 2009; X. Yang et al., 2022). Variations in the Bohai Sea RPI
may reflect the varying activity of the Siberian surface lobe, which originates from the Siberian flux lobe located
on the CMB (Bloxham & Gubbins, 1985; Livermore et al., 2020). As expected, periods of both strengthening and
weakening of the magnetic field intensity in the Bohai Sea correlate well with the southeastward or northwestward
movement of the Siberian surface lobe (Figure 9). Furthermore, the Siberian surface lobe and the north magnetic
pole exhibited a coherent motion trend, with the southeastward movement and intensification of the Siberian
surface lobe corresponding to a similar southeastward drift of the north magnetic pole, and vice versa (Figure 9).

The time-dependent position of the north magnetic pole position has been largely determined by the two compet-
ing magnetic flux lobes underneath Siberia and Canada (Livermore et al., 2020). The Siberian surface lobe is a
spatial average over a region dominated by the large-scale lobe of intense magnetic flux beneath Siberia (Bloxham
& Gubbins, 1985; Livermore et al., 2020). Although the geometric attenuation through the mantle means that the
lobe between Earth's surface and CMB is not a simple mapping, the magnetic field at the Earth's surface is linearly
related to the structure of the field on the CMB. The coherent variations observed in both the Siberian surface lobe
and the north magnetic pole should reflect the changes in the magnetic flux lobe structure on the CMB (Figure 9).
As demonstrated by the changes observed over the past few decades, the persistent strengthening of the Siberian flux
lobe, coupled with the simultaneous weakening of the Canadian flux lobe, results in the strengthen of the Siberian
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of Tengchong Qinghai Lake (without core top samples, 25.13°N; Yang et al., 2022). (d) Virtual axial dipole moment variations of core OR1-715-21 (22.7°N; Huang

et al., 2014). (e) Bohai Sea inclination stack with 95% confidence (blue curve); the blue squares are archeomagnetic inclination results around the geomagnetic spike at
1300 BCE (Cai et al., 2016; Wei et al., 1984).
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surface lobe and the northward shift of the magnetic pole toward the Siberian region (Livermore et al., 2020). There-
fore, we propose that the corresponding variations in the Siberian surface lobe and the Bohai Sea RPI indicate the
significant influence of the Siberian flux lobe on the magnetic field in the East Asian mid-latitude region. A higher
magnetic field intensity corresponds to a relatively stronger Siberian flux lobe, and conversely, vice versa.

The RFPs, which are mainly concentrated in low-latitude areas, contribute to approximately 66% of the axial
dipole decay (Metman et al., 2018) and exhibited a westward drift and migrating toward higher latitudes over the
past 3 ka (Terra-Nova et al., 2015). Previous studies have indicated that these RFPs play a crucial role in govern-
ing the variations of the low geomagnetic anomaly across the equatorial latitudes, and consequently influence the
magnetic field in Southeast and East Asia (Cai et al., 2021; F. He et al., 2021). The potential influence of RFPs on
paleomagnetic behavior between mid- and low-latitudes in East Asia should also be considered. Figure 9 depicts a
decrease in magnetic field intensity at low-latitude around 450 CE; however, simultaneously, the Siberian surface
lobe extended southward. The reduced geomagnetic intensity in the low-latitude region during this period can be
attributed to the northward movement and strengthening of the low geomagnetic anomaly (Figure 9) resulting
from the presence of RFPs. This observation further suggests that RFPs likely exert a more pronounced effect in
the low-latitude regions of East Asia.

In addition to the magnetic flux patch, the impact of the dipole moment on East Asia should be considered. Around
400 BCE, the lower magnetic field intensity in the Bohai Sea corresponds to the Siberian flux lobe (Figure 9), while
the higher field intensity in core OR1-715-21 is likely related to the higher dipole moment (Figure S5 in Supporting
Information S1). This higher dipole moment may have caused the relatively high magnetic field intensity in core
OR1-715-21 around 400 BCE (Figure S5 in Supporting Information S1). Additionally, the relatively low magnetic
field intensity in the Bohai Sea around 1500 CE may not only be due to the weakening of the Siberian flux lobe
(Figure 9) but also be related to the decrease of the dipole moment (Figure S5 in Supporting Information S1).

In summary, we concluded that the paleointensity records from the middle (Figures 8a and 8b) and low latitudes
(Figures 8c and 8d) are primarily affected by different non-dipole effects. The Siberian flux lobe dominates the evolu-
tion of geomagnetic field characteristics of mid- and high-latitude areas, while RFPs are more likely to affect the
low-latitude area. The evolution of the Siberian flux lobe and RFPs can influence the regional surface geomagnetic
field intensity (Hong et al., 2013), resulting in a geomagnetic field behavior disparity between mid- and low-latitude
area of East Asia (X. Yang et al., 2022). Furthermore, the impact of the dipole moment cannot be ignored.

5.3. The Chinese Geomagnetic Spike

Apart from documenting the Siberian flux lobe evolution, the high-resolution Bohai Sea stacked RPI record
also provides an opportunity to study the short-lived geomagnetic behavior, such as the geomagnetic spike (Cai
et al., 2014). Our record shows an abrupt increase in RPI between 1233 and 1138 BCE (the gray region in
Figure 8a), which could be correlated with the Chinese geomagnetic spike at around 1300 BCE (%300 yr) (Cai
et al., 2017). Moreover, the inclination of the Bohai Sea was relatively unchanged during this period and consist-
ent with that in the archeomagnetic record (Figure 8e) (Cai et al., 2016; Wei et al., 1984).

Cai et al. (2017) proposed that the Chinese geomagnetic spike around 1300 BCE may be a precursor to the
Levantine geomagnetic spike (~1000 BCE). Recent geomagnetic evolution models indicate that the Levantine
geomagnetic spike is associated with the intense magnetic flux patch at the CMB beneath Western Asia (Davies
& Constable, 2017; Korte & Constable, 2018; Osete et al., 2020), while the Chinese geomagnetic spike is linked
with another magnetic flux patch (Korte & Constable, 2018). Furthermore, a large angular deviation was iden-
tified in the Levantine geomagnetic spike (Béguin et al., 2019; Ebert et al., 2021; Shaar et al., 2018), whereas
there was no significant change in paleomagnetic directions in either the Bohai Sea or the archeomagnetic records
(Figure 8e). These findings suggest that the Chinese and Levantine geomagnetic spikes might have originated
from two separate magnetic flux patches, that is, beneath Eastern Asia (Chinese spike) and Western Asia (Levan-
tine spike). Nevertheless, it should be noted that the anomalies in the direction and intensity of the geomag-
netic field are not always synchronized, and the availability of archeomagnetic data is relatively limited. Further
research with more robust data is required to investigate the origin of these spikes.

6. Conclusions

In this study, we reconstructed a stack of paleomagnetic records since 2000 BCE by using three marine sediment
cores from the Bohai Sea. Magnetic minerals in the Bohai Sea sediments are dominated by fine-grained magnetite

LIET AL.

14 of 17



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2023JB027359

Acknowledgments

The authors would like to express their
gratitude to Prof. Jiabo Liu for his valua-
ble contributions in improving the manu-
script. The authors express their gratitude
to Professor F. Javier Pavon-Carrasco and
the anonymous reviewer for their insight-
ful input which helped us to improve the
manuscript. This work was supported by
the National Natural Science Founda-
tion of China (92158208, 42074071,
41874078, 42104068, 42204080),
Shenzhen Science and Technology
Program (KQTD20170810111725321,
KCXFZ20211020174803005),

Science and Technology Innovation
Committee of Shenzhen Municipality
(ZDSYS201802081843490), Technology
and Innovation Commission of Shenzhen
Municipality (20200925154739001),
Southern University of Science and
Technology (Y01316111), Key Special
Project for Introduced Talents Team

of Southern Marine Science and
Engineering Guangdong Laboratory
(Guangzhou) (GML2019ZD0210), the
opening foundation (SSKP202101) of the
Shanghai Sheshan National Geophysical
Observatory (Shanghai, China).

with slight grain size change. The Bohai Sea paleomagnetic record differs from the East Asia low-latitude results
and is mainly affected by the migration of the Siberian flux lobe. The Bohai Sea RPI stack indicates that the
Chinese geomagnetic spike occurred between 1233 and 1138 BCE. The discrepancy in inclination between the
Chinese and Levantine geomagnetic spikes, coupled with prior model findings, indicates that these spikes might
originated from two distinct magnetic flux patches. However, further robust data are necessary for a comprehen-
sive investigation of the origin of these spikes.
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