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Abstract The scarcity of reliable paleomagnetic secular variation (PSV) records from East Asia especially
from low-latitude regions impedes better understanding of global PSV mechanisms. Here we report on a
radiocarbon-dated Holocene PSV record from a composite ~6.7-m-long core collected from the
high-sedimentation-rate Huguangyan Maar Lake (HML) in subtropical-tropical South China. Rock
magnetic results demonstrate that the natural remanent magnetization resides in single-domain magnetite.
Alternating field demagnetization experiments at 1-cm spacing on u-channel samples reveal six distinct
inclination highs at ~7,500 BCE, ~5,100 BCE, ~4,600 BCE, ~3,600-3,400 BCE, ~1,600-1,200 BCE, and
600-800 CE; three inclination lows at ~4,800 BCE, ~600-300 BCE, and ~1,000-1,300 CE; and three eastward
declination trends at ~3,600-3,200 BCE, ~2,600-2,400 BCE, and 400 BCE to 200 CE. The similarity between
the HML PSV record and other independently dated records from East Asia and geomagnetic field

models corroborates the robustness of our age model and Holocene PSV record. Strikingly, centennial- to
millennial-scale PSV features of the HML are comparable, within age uncertainties, with other Holocene
records from Europe, North America, and Canada, suggesting that such directional patterns are likely to be
hemispheric in scale. Although relative paleointensity data of HML are affected by environmental factors
(e.g., organic matter diagenesis), the record still provides a regionally important new PSV reference curve
whose conspicuous features may serve as stratigraphic markers for East Asian paleorecords.

1. Introduction

A distribution of paleomagnetic secular variation (PSV) curves as even as possible across the globe during
the Holocene is crucial for understanding the dynamics of the Earth's magnetic field over decadal to millen-
nial timescales (Korte & Constable, 2005). Moreover, such curves contribute to high-resolution Holocene
stratigraphy and are promising dating tools in archeology (Barletta et al., 2010; Ben-Yosef et al., 2008;
Kanamatsu et al., 2017; Lougheed et al., 2014; Lund et al., 2016). During the past decades, Holocene PSV
has been extensively studied, which resulted in a substantial number of reliable curves from around the
globe, contributing to the establishment and progressive improvements of global geomagnetic field models,
such as ARCH3k.1 (Korte et al., 2009), SED3k.1 (Korte et al., 2009), CALS3k.4 (Korte & Constable, 2011),
CALS10k.1b (Korte et al., 2011), and pfm9k.1a (Nilsson et al., 2014).

The regional geomagnetic field during the most recent couple of thousands of years is characterized by sev-
eral sharp directional cusps sometimes referred to as geomagnetic jerks (Gallet et al., 2003; Pavon-Carrasco
et al., 2010; Tema & Kondopoulou, 2011). These jerks sometimes coincide with intensity maxima, as docu-
mented from Europe (Pavéon-Carrasco et al., 2010; Snowball & Sandgren, 2004), West Africa (de Groot et al.,
2015; Kissel et al., 2015; Mitra et al., 2013), Middle East (Ben-Yosef et al., 2017; Ertepinar et al., 2012; Shaar
etal., 2016), and Hawaii (de Groot et al., 2013; Gonzalez et al., 1997; Mankinen & Champion, 1993; Pressling
et al., 2006). Interestingly, the cusps in PSV curves from Korea and Japan in East Asia are nearly identical to
the archeomagnetic jerks recorded in the European archeomagnetic data, implying that archeomagnetic
jerks were global (or at least Northern Hemispheric) features (Yu, 2012; Yu et al., 2010). Taking
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advantage of the longevity of Chinese civilization and abundant archeological artifacts, Cai et al. (2015, 2017,
2014, 2016) established a PSV and archaeointensity reference curve for Eastern Asia spanning the last 8,000
years with materials varying from baked clay, pottery, and porcelain to slag. Additionally, several PSV curves
from lake and marine sediments spanning the Holocene in China were also obtained in recent years (Yang
et al., 2009, 2012, 2016; Zheng et al., 2014).

Notwithstanding a notable increase in reliable PSV records from the Northern Hemisphere, the distribution
of data sets is still distinctly uneven, with a high concentration in the European region but a much lower con-
centration in East Asia, hampering a better understanding of the global PSV mechanisms. More specifically,
in the low latitudinal band (i.e., between the equator and 30°N), only one Holocene sedimentary record from
Lake Barombi Mbo in Cameroon, Africa (Thouveny & Williamson, 1988), is included in the GEOMAGIA50.
v3 database (Brown et al., 2015), which has an overly large influence on the geomagnetic field models. In the
same way, the volcanic and archeological records indexed by the GEOMAGIAS50.v3 database (e.g., Donadini
et al., 2006; Korhonen et al., 2008; Mitra et al., 2013; Valet et al., 1998) are strongly biased by data paucity in
the same low latitudinal band especially from North Africa to East Asia. Thus, high-quality PSV records
from low latitudes in East Asia with tight age constraints are urgently needed to construct a reliable master
PSV curve for SE Asia and further to improve our knowledge of past geomagnetic field behavior in
low latitudes.

Huguangyan Maar Lake (HML; Figure 1), which is situated on the Leizhou Peninsula in the southern-
most part of mainland China, is regarded as one of the most complete archives of environmental and cli-
matic change in tropical-subtropical South China since the last glaciation (Mingram et al., 2004; Sheng
et al., 2017, Wang et al., 2016; Yancheva et al., 2007). Preliminary rock magnetic study suggests that
HML sediments are characterized by strong magnetic signals due to the presence of a large amount of
fine-grained magnetite (Duan et al., 2014; Yang et al., 2012). The earlier paleomagnetic results by Yang
et al. (2012) demonstrate that the HML PSV record during the Holocene is characterized by three broad
peaks in inclination and two broad eastward trends in declination. This was achieved by comparing their
HML PSV record with coeval European and North American counterparts. However, the chronological
framework of their PSV curve was based mainly on a visual match with PSV records from Northern
Hemisphere while their own accelerator mass spectrometry (AMS) **C data were given less weight, mak-
ing their PSV curve less convincing. Their age model exhibits an age discrepancy of up to 1,000 years with
more recent studies from HML that are deemed more reliable (e.g., Jia et al., 2015; Wang et al., 2016; Wu
et al., 2012). Note that their cores were retrieved from the SW margin of the lake where the lake floor is
among the steepest portion of the entire lake, as revealed by previous bathymetric measurements
(Yancheva et al., 2007). The sedimentary sequence in a sloping lake floor region may well be controlled
by very local sedimentary conditions. Specifically, our recent integrated mineral magnetic, pollen, and
geochemical analyses reveal that the magnetic signal retrieved from HML is affected by organic matter
diagenesis, which may induce dissolution of iron-bearing minerals via iron reduction (Wang et al,,
2016). It is therefore critical to assess the effects of organic matter diagenesis on the PSV records. In this
study, we revisit this site by high-resolution paleomagnetic analysis based on a new set of cores with pre-
cise AMS *C age control. By detailed comparison with typical high-resolution Holocene PSV records
from East Asia and other places in the Northern Hemisphere as well as geomagnetic field models, we
aim to (1) evaluate the recording fidelity of PSV and relative paleointensity (RPI) record from HML
and (2) attempt to construct a reliable PSV reference curve for stratigraphic correlation and dating pur-
poses in South China. Since the cores are not azimuthally oriented, our record consists of inclinations
and RPI with relative declinations associated to it.

2. Background, Materials, and Methods

HML (21°9'N, 110°17’E; Figure 1) is the deepest crater lake of the Leiqiong volcanic field in the southern-
most part of mainland China. The bilobate lake, encircled by a high tephra wall and underlain by a basalt
sheet, has a diameter of ~1.7 km and a maximum water depth of ~20 m. In September 2011, four parallel
cores (A, B, C, and D) were recovered from a water depth of 13.5 m using a high-precession rod-operated
corer (Usinger-corer; Mingram et al., 2007). Our coring site and that of Yang et al. (2012) are shown in
Figure 1.
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Figure 1. Map of the Northern Hemisphere. The red star indicates the location of Huguangyan Maar Lake (HML). Yellow
circles mark other records discussed in this contribution: Baikal Lake in Russia (Peck et al., 1996), Erhai Lake in
Yunnan (Hyodo et al., 1999), northern South China Sea (Yang et al., 2016), Shuangchiling (SCL) maar lake in Hainan
(Yang et al., 2009), Baojiaying (BJY) in Hebei, Daxinzhuang (DXZ) and Shuangwangcheng (SWC) in Shandong and
Liujiazhai (LJZ) in Sichuan (Cai et al., 2016), Lake Kalksjon in Sweden (Stanton et al., 2010; Stanton et al., 2011), Lake
Nautajarvi in Finland (Ojala & Tiljander, 2003), the U.K. master curve (Turner & Thompson, 1981), the Demerara Rise in
equatorial west Atlantic Ocean (Lund et al., 2017), the eastern U.S. stack (King & Peck, 2001), and the Eastern Canada
stack (Barletta, St-Onge, Stoner, et al., 2010). The enlarged figure shows the HML bathymetry (water depth in meter) and
locations of our coring site (red star) and that of Yang et al. (2012; orange circle).

A composite 10.6-m-long core from cores B and C spanning the past 20,400 years BP has been built (Sheng
et al., 2017; Wang et al., 2016). In this study, we focused on the upper 6.75-m composite core that covers the
whole Holocene. Detailed construction of the composite section through comparison of lithology and inten-
sity of natural remanent magnetization (NRM) between cores B and C were presented in the supporting
information (Figure S1). The cores were cut in half overlength. One half was sampled by u-channels from
the center of the split face of core sections. The top and bottom approximately 1-7 cm of each u-channel were
not considered in the analysis to avoid edge effects. Back-to-back discrete samples (2 x 2 X 2 cm® cubes) were
collected from the other half core along the center. Water content and dry density were estimated from indi-
vidual samples at 1-cm intervals (Figure S2). Radiocarbon age dates of 10 plant remains and two charcoal
used in this study have been published (Wang et al., 2016). The chronology is further improved by the
Bayesian age modeling tool Bacon 2.2 (Blaauw & Christen, 2011; Figure 2).

Measurements of each u-channel were made at 1-cm resolution. NRM of each u-channel was stepwise
demagnetized with three-axis alternating fields (AFs) at 5-mT increments for 0- to 50-mT peak fields, and
at 10-mT increments for 60- to 100-mT peak fields. After AF treatments of each u-channel, anhysteretic
remanent magnetization (ARM) was imparted in a direct current field of 0.05 mT and a maximum AF of
100 mT. ARM was demagnetized with the same AF steps used to demagnetize NRM. Both NRM and
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Age (cal yr BP)

ARM measurements were conducted on a 2G-760 rock superconducting
magnetometer in field-free room (<300 nT) at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (Beijing, China). The
direction of characteristic remanent magnetization (ChRM) is calculated
by principle component analysis (Kirschvink, 1980). An average of nine
AF steps was used to define the ChRM with not-anchored fitting; the
allowed maximum angle of deviation is set at 5°. The RPI record is gener-
ated by normalizing the NRM data by ARM, demagnetized at a common
peak field in order to eliminate viscous remanence overprints. The
NRM;s mT/ARMZS mT> NRM3o mT/ARM3O mT> NRM3s mT/ARM35 mT>
NRM.o m1/ARM4g mt, NRMss 17/ARMys mr, and NRMsg inr/ARMsg mr
are averaged for the mean NRM/ARM. In addition, a total of 16 samples

T
100

T
200

T
300

00 o 0 were selected from different depths of the composite core for measure-

Depth (cm) ments of magnetic hysteresis parameters by a MicroMag 3900 vibrating

sample magnetometer in the Institute of Geophysics, China Earthquake

Figure 2. The age versus depth profile of the Huguangyan Maar Lake sedi- ~ Administration (Beijing, China). The hysteresis loops were autocorrected

ments constructed using the Bayesian age modeling tool Bacon 2.2 (Blaauw

& Christen, 2011).

for the high-field contribution. First-order reversal curves (FORCs) were
also measured for the same 16 samples with an averaging time of 0.1 s
per data point and a field step of 1.84 mT.

Mineral magnetic parameters were determined for all discrete cube samples. Frequency-dependent mag-
netic susceptibility (xgg; in units of cubic meters per kilogram), a proxy for detecting the presence of very
small, superparamagnetic particles (e.g., Evans & Heller, 2003; Liu et al., 2005), was determined using an
AGICO MFK1-FA susceptometer at frequencies of 976, 3904, and 15616 Hz (with sensitivities of 2 X 1078,
6 x 1078 and 12 x 107® SI, respectively) in a peak magnetic field of 200 A/m. Here xg is defined as X976
Hz — X15.616 Hz- Saturation isothermal remanent magnetization (SIRM) was induced in a direct current field
of 1 T using an ASC Model IM-10-30 pulse magnetizer and measured using a 2G Enterprises Model 755-4K
superconducting rock magnetometer. xarw is the mass-normalized ARM (in ampere-square meters per kilo-
gram) per unit bias field (H, in amperes per meter); its most useful property is that it preferentially responds
to small single domain particles (Evans & Heller, 2003). xarm/X is adopted to indicate magnetic grain size
(Oldfield, 1994; Thompson et al., 1980; Thompson & Oldfield, 1986). All magnetic parameters have been cor-
rected for contributions from water content.

3. Results

3.1. Magnetic Mineralogy and Grain Size

All samples exhibit similar hysteresis behavior with a slightly wasp-waisted shape (Figure 3), indicating
populations of grains with different coercivities. These loops generally close below 200 mT, indicating the
dominance of low-coercivity ferrimagnetic minerals. The average B, value (n = 16) is 8.1 mT, further sug-
gesting the predominance of soft magnetic minerals. FORC diagrams of representative samples yield a cen-
tral ridge on the B, axis and a peak coercivity at about B, = 16 mT (Figure 4), which are characteristic of
weakly interacting single-domain magnetite (Roberts et al., 2000). The nearly vertical contours at the origin
of the FORC diagram suggest that superparamagnetic particles are also significantly present.

3.2. Paleomagnetic Directions and “RPI”

The orthogonal demagnetization plots of nine representative samples from different depths in the composite
core are shown in Figure 5. Nearly all samples demagnetized univectorially toward the origin which yielded
well-defined paleomagnetic directions. For the majority of samples, a secondary magnetization is either
absent (e.g., C4 bottom-18) or removed by AF demagnetization of 10 mT (e.g., B1 top-59). Quite a few con-
tinuous samples from the B1 bottom u-channel (e.g., B1 bottom-72 and B1 bottom-82) appear to be over-
printed by a spurious magnetization (Figure 5), which is likely to be acquired during coring or u-channel
preparation. The samples that recorded the notably low inclinations at ~60-cm and high inclinations at
~125-cm depths are also shown in Figure 5 (i.e., B1 top-77 and B1 bottom-35).
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Figure 3. Hysteresis loops for representative samples. Red (black) loop is before (after) paramagnetic correction. The
insets are enlargement of the central portions of the loops.

0.05 T T 1 T T 1
117.5 cm 4275 cm
800
0.00 frmmmmme = — - 0.00 [ — — — 600
. 400
=) 85, & 200 &
& 0.05 - — 5 & 005 HPC
—-200
-0.10 = - -0.10 — — -400
Lo 1 L1
0 20 40 60 80x107 0 20 40 60 80x10°
B, (T) B, (T)

Figure 4. First-order reversal curve diagrams for representative samples from relatively weak (left) and strong (right)
magnetic intervals. B, is the coercive force. By, corresponds to the distribution of interaction fields. Smoothing is per-
formed using FORCinel 3.0 (Harrison et al., 2018) with parameters Sco =4, Sc1 =7, Spo = 3, Sp1 = 7, Ac = 0.1, and 1. = 0.1.
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Figure 5. Orthogonal projection of natural remanent magnetization (NRM) vectors for selected Huguangyan Maar Lake

samples after stepwise alternating field demagnetization. Solid circles plot on the horizontal plane and open circles on the

vertical plane. Numbers on the diagrams are alternating field steps in milliteslas. The samples with the same prefix, for

example, B1 up, are obtained from the same u-channel. The depth (centimeters below sediment water interface) and initial
. . 2 o

NRM intensity (Am®) for each sample is given.

Because the core is not azimuthally oriented, the declination data were obtained by aligning the mean decli-
nation of each u-channel to the geographic north. Down-core variations of inclination, relative declination,
NRM>5_50 mTs ARMa25_50 mT, RPL, SIRM, XarM, and x¢g are plotted in Figure 6. From the bottom to 240 cm of
the composite core, inclinations vary from 14.4° to 64.8° with an average of 42.7° (Data Set S1). The upper
240 cm exhibits large-amplitude variations in inclination ranging from 0.6° to 82.8° with an average value
of 35.9°. The mean inclination value over the entire Holocene is 40.4°, slightly steeper than the expected geo-
centric dipole inclination of ~37.7° at the HML area (red vertical line in Figure 6). Up-core variations are as
follows. From bottom to 500 cm, AF demagnetization reveals that stable ChRMs, which are either slightly
shallower or steeper than the expected geocentric dipole inclination, are clearly recorded. This implies that
inclinations of this interval are not severely affected by environmental factors despite very low concentra-
tions of ferrimagnetic minerals (Figure 7a). Inclinations between 500 and 240 cm are characterized by
low-amplitude oscillations. From 240 to 128 cm, a distinct up-core increase is observed from an evident
low of ~26.8° at the depth of ~240-200 cm to a significant high of 80° at the depth of ~110-128 cm.
Between 128 and 70 cm, the inclinations exhibit a significant upward decrease and reach the shallowest level
of ~0° at the depths of ~60-70 cm. From 60 to 40 cm, an up-core increase of inclination is observed. For the
uppermost 40 cm, inclinations remain relatively stable. The relative declination exhibits a gradual westward
drift from the bottom to 500 cm, followed by a marked eastward drift from 500 to 450 cm. The most easterly
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Figure 6. Variations in inclination, relative declination, NRMjs_s50 m (natural remanent magnetization), ARM,s_so 1 (anhysteretic remanent magnetization),
relative paleointensity (RPI), SIRM (saturation isothermal remanent magnetization), xarM (anhysteretic remanent susceptibility), and yzq (frequency-dependent
susceptibility) with depth. Only the RPI variation for the upper 500 cm of the core is reconstructed because environmental factors precluded a meaningful
determination at deeper levels (also the upper portion of the core appeared to be contaminated by variable diagenesis, see main text). The vertical red dashed
line indicates the expected geocentric dipole inclination of ~37.7° at Huguangyan Maar Lake. The six curves in NRMjs_s0 mT With depth from right to left

are NRMjs 1, NRM3g 1, NRM35 1, NRMyg mt, NRMys 1, and NRMsq T, respectively. The six curves in ARM,s_50 mr With depth from right to left are
ARM35 mt1, ARM30 mT, ARM35 m1, ARM4o mTs ARMys mt, and ARMsg mT, respectively.

declination values (~40°) are observed at ~450 cm, which is followed upward by a westward movement from
450 to 410 cm. Between 410 and 250 cm, declinations show low-amplitude oscillations, with a westward
deviation from 410 to 330 cm. Further up, it shows a gradual westward trend from 250 to 200 cm and a
stepwise eastward trend from 200 to 100 cm. For the uppermost 100 cm, a stepwise westward trend
is defined.

Both NRM and ARM are featured by extremely low value from the bottom to 500 cm in depth, followed by a
sharp increase of 2 orders of magnitude from ~500 cm. A general upward increase from 500 cm to the top of
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Figure 7. Biplots of (a) ARM;s 1 against inclination for the samples from the upper 670 cm of the core and
(b) ARM;5 7 against RPI for the samples from the upper 500 cm. The solid blue circles, open circles, purple triangles,
and green crosses in (b) represent samples from 0-120, 120-370, 370-410, and 410-500 cm, respectively. ARM =
anhysteretic remanent magnetization; RPI = relative paleointensity.
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Figure 8. Comparison of magnetic parameters with the total organic matter (TOM) record over the past 16 kyr BP. This
age range is chosen for optimal visualization of the coherence of TOM with magnetic parameters. (a) TOM. (b) x on a
logarithmic scale. (c) xarm- (d) saturation isothermal remanent magnetization (SIRM). (e) x¢q. (f) xarm/X- Note that TOM
and y data are reproduced from Wang et al. (2016). Two light gray bars indicate the timing of the Bolling-Allerad (BA)
warming and early Holocene optimum, respectively. YD = Younger Dryas.

the core is observed (Figure 6). NRM, ARM, SIRM, Xz, and xarm throughout the core show coherent varia-
tions (Figures 6 and 8). Higher (lower) NRM, xarm, and SIRM values generally correspond to higher (lower)
Xta and Xarm/)X probably implying that more fine-grained ferrimagnetic minerals are present in the intervals
of higher concentrations of ferrimagnetic minerals. Alternatively, if concentrations of ferrimagnetic miner-
als vary significantly throughout the core, xtq and xarm,x may be less suitable as proxies of magnetic grain
size. It is generally accepted that the generation of reliable paleointensity requires magnetite mineralogy
with relatively homogeneous concentration and grain sizes throughout the sequence (King et al., 1982;
Tauxe, 1993). Therefore, an RPI record is only constructed for the upper 500 cm of the core, in which the
concentration and grain size of magnetic minerals are relatively uniform; as we cannot rule out diagenetic
impact entirely, the record is deemed tentative. The ARM variability covaries with that of NRM in the 25-
to 50-mT demagnetization steps, indicating that the coercivity of ARM is a close match to that of NRM in
this demagnetization range. Moreover, there is a slight increasing trend for the RPI upward the core from
500 cm. The RPI shows a positive correlation with ARM at the depths of 0-120 and 410-500 cm but a nega-
tive correlation at the depths of 120-370 and 370-410 cm, implying that the RPI is possibly affected by var-
iations in mineral magnetic concentration and/or magnetic grain size (Figure 7b).

4. Discussion
4.1. Magnetic Mineralogy and Grain Size

Previous comparison of rare Earth element distribution patterns for samples from the HML sediments and
surrounding volcanic rocks confirm that the HML sediments primarily originate from local pyroclastic rocks
with strong magnetic signal (Wang et al., 2016). During and after sediment accumulation, the magnetic
properties of sediments can be adversely affected by environmental factors (Tauxe, 1993). To extract reliable
PSV and paleointensity estimates, it is important to investigate whether the NRM and RPI records show a
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relationship with environmental parameters. The x record exhibits a general trend of decreasing down core,
implying a decrease of magnetic concentration. The total organic matter (TOM) content, which primarily
reflects lake productivity as well as the contribution of terrestrial organic matter, is high during the early
Holocene climatic optimum (approximately 11,500-6,500 years BP) and Belling-Allerod warming period
(approximately 15,000-13,000 years BP) and relatively low during middle-late Holocene (6,500 years BP to
present) and the Younger Dryas cooling event (13,000-12,000 years BP; Wang et al., 2016; Figure 8). The gen-
erally low TOC/TN ratios of 7.0-12.5 throughout the Holocene suggest the down-core organic matter is pre-
dominantly of aquatic origin (Jia et al., 2015). The significant increase in total organic carbon, total sulfur,
and sum of aquatic and wetland taxa in the magnetically depleted zones further suggests greater algal con-
tributions and/or better preservation of organic matter in anoxic lake bottom as a result of a stagnant water
column (Sheng et al., 2017; Wang et al., 2016; Wu et al., 2012; Yancheva et al., 2007). The inverse relationship
between x (magnetic concentration indicator) and TOM therefore implies that the HML magnetic record is
evidently affected by organic matter diagenesis that causes dissolution of detrital iron-bearing minerals via
iron reduction (Wang et al., 2016). In this study, more magnetic parameters, such as xarm, SIRM, X¢q, and
xarm/x (Data Set S2), also show a negative correlation with TOM (Figure 8), indicating that the time inter-
vals with low magnetic-mineral concentrations in an anoxic-sulfidic-dominated environment (Wang et al.,
2016) may correspond to significant decreases in the proportion of fine-grained ferrimagnetic minerals and
therefore “coarsening” of magnetic grain sizes. In contrast, the high magnetic-mineral concentrations inter-
vals in a weakly reductive environment correspond to relatively fine magnetic particles. Previous studies also
demonstrate that larger magnetic particles are present in periods with early diagenesis of organic matter in
anoxic conditions (Jelinowska et al.,, 1997). The relationship between magnetic particle size and
concentration-indicative magnetic parameters and TOM further demonstrates that the magnetic signal is
largely affected by the redox processes in the lake, especially during the early Holocene climatic optimum
and the Bolling-Allerod warming (Figure 8).

Fortunately, all of the orthogonal plots throughout the core exhibit a well-defined and stable ChRM after AF
retreatments of 10-25 mT, which meets the requirement for a sedimentary sequence to record a reliable geo-
magnetic direction. No correlation between inclination and ARM,s 1t is observed (Figure 7a), implying that
inclination fluctuations are insignificantly disturbed by the redox processes in the lake. Also, during the
early Holocene climatic optimum with its significantly decreased magnetic concentrations because of the
reductive dissolution of magnetic minerals, the partial preservation of detrital ferrimagnetic minerals and
deposition-related remanent magnetization still means that genuine geomagnetic direction information
may have been largely recorded.

However, retrieving a reliable paleointensity is a daunting task, especially for the periods with enhanced
diagenetic alteration. The normalization of the NRM by ARM is expected to compensate for changes in con-
centration of remanence carrying grains down core (Tauxe, 1993). As shown in Figures 6 and 8b, RPI and
environmental indicators (e.g., ARM,s 1) are positively correlated at the depth intervals of 0-120 cm
(1,200 years BP to present) and 410-500 cm (6,000 to 4,800 years BP), implying the influence of mineral mag-
netic concentration. A negative correlation between RPI and ARM,s ,, at the depth of 120-410 cm (4,800-
1,200 years BP) is observed, suggesting that the RPI record is affected by magnetic grain size as well. We
therefore refrain from further discussion of the RPI implications since it is difficult to extract a meaningful
RPI record from HML sediments even in the case of preservation of a strong magnetic signal.

4.2. PSV Comparison With Other Records From East Asia

To place the new Holocene HML PSV record into a regional context, we now compare it with other sediment
records and also with archeological and volcanic data, all from East Asia (Figure 9). Archeological and vol-
canic PSV data from East Asia including China, Korea, Japan, and Thailand were downloaded from the
GEOMAGIA50.v3 database (Brown et al., 2015); we also include the recently published data from Cai
etal. (2016). Only those archeological and volcanic data with ags < 10° and 0, (age uncertainty) < 500 years
are included in Figure 9. All the archeological and volcanic inclinations have been relocated at the geo-
graphic coordinates of the HML location (21°9'N, 110°17’E) via the virtual geomagnetic pole method to
exclude differences caused by different latitudes (Noél & Batt, 1990). Archeological material or lava flows
can provide PSV data with high precision and high temporal resolution. The selected Holocene archeological
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Figure 9. Comparison of Huguangyan Maar Lake (HML) inclination (left) and relative declination (right) with typical
records from East Asia. (a) HML (this study), (b) Baikal Lake (Peck et al., 1996), (c) Erhai Lake (Hyodo et al., 1999), (d)
South China Sea (Yang et al., 2016), and (e) Shuangchiling (SCL; Yang et al., 2009). Green circles, purple stars, blue plus
signs, and pink circles are the archeological and volcanic data from Korea, Thailand, Japan, and China from the
GEOMAGIAS50 database after data selection (criteria in main text). Red triangles represent the published data from Cai
et al. (2016). The archeological and volcanic data in this figure are relocated to the HML location (21°9'N, 110°17'E). The
blue vertical bars represent the common paleomagnetic secular variation features between HML and other records from
East Asia.

and volcanic data from China, Korea, Japan, and Thailand show good resemblance, within age uncertainty,
with the HML inclinations, reinforcing the robustness of the HML inclination records.

Because the archeological and volcanic data are unevenly distributed and inherently discontinuous, we also
compare our PSV with continuous and well-dated sediment records from East Asia, including Baikal Lake
(55°N, 105°E) in Russia (Peck et al., 1996), Erhai Lake (25°50'N, 110°11’E; Hyodo et al., 1999),
Shuangchiling (SCL) maar lake (19°56'N, 110°10’E; Yang et al., 2009), and northern South China Sea
(19°03'N, 114°44’E; Yang et al., 2016) in southern China (also in Figure 9). The Baikal Lake PSV record
comes from the Selenga prodelta region of and spans the last 84 kyr; its age model during the Holocene is
constrained with six reliable AMS '*C ages (Peck et al., 1996). Before the Holocene, that record shows a geo-
magnetic excursion at 20 ka and three large amplitude PSV swings at 41, 61, and 67 ka. During the Holocene,
the HML inclination variation is synchronous and strongly correlative with the Baikal Lake record: inclina-
tion highs at ~7,500 BCE, ~6,700 BCE, ~5,100 BCE, ~4,600 BCE, ~1,600-1,200 BCE, and 600-800 CE and
inclination lows at ~9,000 BCE, 300-600 BCE, and ~1,000-1,300 CE are observed in both records. The rela-
tive declination also shows similar features such as slightly eastward trends at ~4,600 BCE and 400 BCE to
200 CE. The PSV record from Erhai Lake since the last 6.5 ka, constrained by seven AMS '*C ages, is fairly
consistent with archaeomagnetic records from Luoyang in central China (Wei et al., 1981) and Japan
(Hirooka, 1971; Maenaka, 1990) for the last 2 kyr, such as the inclination lows at 300-600 BCE and
~1,000-1,300 CE (Hyodo et al., 1999). Besides the above common characteristics, the PSV record from
HML when compared with that from Erhai Lake also shows a similar inclination peak at ~3,600-3,400
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BCE and an eastward trend at ~3,600-3,200 BCE, ~2,600-2,400 BCE, and 400 BCE to 200 CE. In addition, a
PSV record based on 10 AMS *C ages from SCL reliably represents the Earth's magnetic field variations in
South China for the last ~9,000 years (Yang et al., 2009). The HML Holocene inclination shows a similar
behavior with that of SCL especially at ~6,700 BCE, 4,000 BCE, 3,600-3,400 BCE, ~1,600-1,200 BCE, and
600-800 CE. The HML relative declination behavior is consistent with the eastward trends at ~2,600-
2,400 BCE and 400 BCE to 200 CE in SCL. The more recent Holocene PSV record, based on nine AMS
14C dates from the northern South China Sea (Yang et al., 2016), is quite consistent with the SCL record.
The PSV records of HML and the South China Sea are also highly comparable; both records show seven
inclination highs at ~7,500 BCE, ~6,700 BCE, ~5,100 BCE, ~3,600-3,400 BCE, ~2,200 BCE, ~1,600-1,200
BCE, and 600-800 CE; four inclination lows at ~4,800 BCE, ~2,800 BCE, 300-600 BCE, and ~1,000-1,300
CE; and eastward (relative) trends at ~5,400-5,000 BCE, ~2,600-2,400 BCE, and 400 BCE to 200 CE.
Overall, the regional similarities in both inclination and declination especially with SCL, which is most
nearby to HML, corroborate the validity both of our revisited age model and the PSV record. Even though
the HML inclination high at ~600-800 CE up to 80° and inclination low at ~1,000-1,300 CE approaching
the equator could be of larger amplitude than the real PSV because of probable physical distortion
during the coring, we still believe that they may reflect geomagnetic behavior. Our PSV record provides a
regionally important PSV reference curve, whose conspicuous features including six inclination highs at
~7,500 BCE, ~5,100 BCE, ~4,600 BCE, ~3,600-3,400 BCE, ~2,200-1,200 BCE, and ~600-800 CE; four incli-
nation lows at ~9,000 BCE, ~4,800 BCE, ~300-600 BCE, and ~1,000-1,300 CE; and six distinctly eastward
declination trends at ~4,600 BCE, 3,600-3,200 BCE, ~2,600-2,400 BCE, and 400 BCE to 200 CE may be con-
sidered as stratigraphic markers for East Asian records.

‘We should note that all recent magnetic studies of HML unanimously reveal a dramatic rise in magnetic sig-
nal that represents a major environmental degradation during the early-middle Holocene transition (Duan
et al., 2014; Jia et al., 2015; Sheng et al., 2017; Wang et al., 2016; Wu et al., 2012, 2016; Yancheva et al., 2007).
In our study, this major climatic event commences at the depth of ~498 cm with a calibrated **C age of ~6.4
ka BP. This age is nearly identical to that of ~6.3 ka BP as reported by Wu et al. (2012), whose age model was
precisely constrained by 18 reliable AMS C dating during the Holocene. The earlier PSV study by Yang
et al. (2012) has also clearly defined this prominent magnetic increase at the depth of 320 cm with a cali-
brated *“C age of ~6.4 ka BP. Considering possible lock-in and/or old carbon effects, however, they revised
their AMS **C-based age model by visually correlating their PSV record with those from North Hemisphere,
yielding a significantly younger age of ~5.5 ka BP for this abrupt climate shift. This arbitrary shift results in a
marked age discrepancy of 1,000 years with recent studies from HML throughout the Holocene (e.g., Jia
et al., 2015; Wang et al., 2016; Wu et al., 2012). More specifically, their inclination results are generally
10° shallower than the expected geocentric dipole inclination in HML area and the degree of shallowing
increases with depth, which points to effects of compaction (Yang et al., 2012). In particular, their cores were
retrieved from SW margin of the lake, where the lake floor is almost steepest, as revealed by previous bathy-
metric measurements (Yancheva et al., 2007). The sedimentary sequence with great water-depth gradient is
prone to be controlled by very local sedimentary conditions and is therefore not an ideal position for drilling.
In addition, the average sedimentation rate of our core ranges from 33 cm/kyr during 10,000-4,500 BCE to
112 cm/kyr since 4,500 BCE, which is evidently higher than that of Yang et al. (2012; 26.5-59.3 cm/kyr). Our
core site with a higher-sediment accumulation rate and much flatter lake floor is more suitable for coring.
Also, our higher sampling resolution and better age constraints enable us to obtain a well-dated and more
accurate PSV record, which is valuable for stratigraphic correlation and dating on regional scale.

4.3. Comparison With Records From the Northern Hemisphere

In order to assess the spatial extent of PSV features, robust records from the Northern Hemisphere including
Lake Kalksjon in Sweden (Stanton et al., 2010; Stanton et al., 2011), Lake Nautajarvi in Finland (Ojala &
Tiljander, 2003), the U.K. master curve (Turner & Thompson, 1981), the Demerara Rise in the equatorial
west Atlantic Ocean (Lund et al., 2017), the Eastern U.S. stack (King & Peck, 2001), and the Eastern
Canada stack (Barletta et al., 2010) are also displayed (Figure 10). Although each record comes with uncer-
tainties in its age model, several notable magnetic inclination and declination features on centennial to mil-
lennial scale can be correlated over the various records. For instance, a trough (with number 1 in Figure 10)
at ~1,000-1,300 CE and six peaks, numbered 2-7 in Figure 10, at ~9,700-9,500 BCE, 7,600-7,500 BCE, 4,700-
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Figure 10. Comparison of Huguangyan Maar Lake inclination (left) and relative declination (right) with other records
from the Northern Hemisphere. The black, red, green, purple, gray, pink, and dark blue lines represent the directional
record from this study, Sweden (Stanton et al., 2010; Stanton et al., 2011), Finland (Ojala & Tiljander, 2003), U.K. master
curve (Turner & Thompson, 1981), west Atlantic Ocean (Lund et al., 2017), eastern U.S. stack (King & Peck, 2001), and
eastern Canada stack (Barletta, St-Onge, Stoner, et al., 2010), respectively.

4,500 BCE, 3,700-3,500 BCE, 1,400-1,200 BCE, and 400-800 CE from the HML inclination record are also
recognized in other records from Northern Hemisphere (within allowable age uncertainties). In the
(relative) declination records, five eastward trends at ~9,700-9,500 BCE, 7,600-7,400 BCE, 5,400-5,200
BCE, 1,400-1,200 BCE, and 600-800 CE are also documented in the HML and other Northern
Hemisphere records. These levels can thus be used as key regional stratigraphic markers. Perceived age
differences may be caused by the contamination of “old carbon” in lacustrine sediment as was
demonstrated in the eastern U.S. stack records (King & Peck, 2001) and the U.K. master curve (Turner &
Thompson, 1981), or possible lock-in related processes.

The comparison of Holocene PSV records from eight North American lakes indicates that some aspects of
the geomagnetic field behave coherently over roughly a continental scale (Lund, 1996). Comparisons of
inclination and declination features from eastern Canada with North American Holocene PSV records are
generally consistent and temporal offsets are within chronological uncertainties (St-Onge et al., 2003). By
comparing the PSV of eastern Canadian stack with other records, Barletta, St-Onge, Stoner, et al. (2010)
noted that the PSV spatial scale can be further extended beyond the North American continent to Iceland
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and Europe, suggesting a common, geomagnetic origin, possibly hemispheric in character. Also, the HML
record, along with other East Asian records, further suggests that such directional patterns could indeed
be hemispheric in scale.

PSV can provide a powerful probe of the dynamics of the top of the Earth's core and ultimately of the whole
geodynamo (Korte & Holme, 2010). Historically persistent regions of concentrated geomagnetic flux (i.e.,
flux lobes) at the core-mantle boundary are detected at high-latitude locations in the Northern
Hemisphere below Canada, Siberia, and Europe (e.g., Bloxham & Gubbins, 1985; Gubbins & Bloxham,
1987). High-resolution PSV reconstructions show that magnetic field pattern can be roughly divided into
two modes consistent with a geomagnetic flux lobe over North America alternating in dominance with a flux
lobe over Europe (Gallet et al., 2009; Stoner et al., 2013). The Holocene PSV may largely result from time
varying flux concentrations oscillating between a few recurrent high-latitude locations (Stoner et al.,
2013). As observed in Figure 10, both the inclination and relative declination from HML in East Asia corre-
late better with European than with North American and Canadian records. This may be attributed to the
flux lobe competition between the sites of East Asia and the North American and European reginal records
(Avery et al., 2017), with a weakening of the North American flux lobe and a strengthening of the Siberian-
European flux lobes.

4.4. Comparison With Model Predictions

For the comparison between HML data and geomagnetic field models, we calculated the site's (21°9'N,
110°17'E) model inclination and declination for three short-term models covering the past 3 kyr:
CALS3k.4 (Korte & Constable, 2011), ARCH3k.1 (Korte et al., 2009), and SED3k.1 (Korte et al., 2009).
We did the same for four long-term models for the entire Holocene: CALS10k.1b (Korte et al., 2011),
pfm9k.1a (Nilsson et al., 2014), CALS10k.2 (Constable et al., 2016), and HFM.OL1.AL1 (Constable
et al., 2016; Panovska et al., 2015). The ARCH3k.1 and SED3k.1 models are constructed based on arche-
omagnetic and sediment data covering the past 3 kyr, respectively, while CALS3k.4 uses a combination
of these two types of databases. CALS10k.1b covers the past 10 kyr and incorporates the largest number
of data to date. CALS10K.2 incorporates nearly the same sediment data as CALS10k.1b and an updated
set of lava and archeological data. CALS10k.2 is of higher temporal and spatial resolution than
CALS10k.1b due to improved data uncertainty estimates for the sediment records. HFM.OL1.A1 covers
the same time span and incorporates the same data as CALS10k.2 and has somewhat higher temporal
but somewhat lower spatial resolution than CALS10k.2. The pfm9k.1a model spans the past 9,000 years
and uses the same data set as CALS10k.1b but introduces new data processing approaches, particularly
for the sedimentary data. These include redistributing the weight given to different data types and data
sources, iteratively recalibrating relative declination data and adjusting the timescales of the sediment
records using a preliminary model. Such data processing, particularly the timescale adjustments, reduces
inconsistencies in the database and enables pfm9k.1a to capture larger amplitude PSV variations than the
other models.

Typically, inclinations derived from CALS10k.2, HFM.OL1.Al, and pfm9k.la are steeper than
CALSI10K.1b, which is closest to the HML record (Figure 11). For 8,000-7,000 BCE, the inclinations from
HML show a striking resemblance with the CALS10K.1b model within age uncertainty, whereas they are
slightly higher than CALS10K.2 and HFM.OL1. For the period of 7,000-4,500 BCE, the inclinations fit
very well with CALS10K.2, HFM.OL1.Al, and pfm9k.la, while they are slightly lower than
CALS10K.1b. During 4,500-1,000 BCE, the inclinations from HML are in excellent agreement with the
prediction of CALS10K.1b; they are generally higher than the predictions of the CALS10K.2, HFM.OL1.
Al, and pfm9k.1a models. Specifically, even though pfm9k.1a predicts the observed peak inclinations
around 4,500-4,400 BCE and 3,700-3,500 BCE, the model predictions are lower than those obtained in
the HML record, which could be due to model smoothing. During the interval of 1,000-400 BCE, it seems
that CALS10k.2, HFM.OL1.A1, pfm9k.1a, and ARCH3k.1 predictions better agree with HML inclinations
than that of CALS10K.1b, CALS3k.4, and SED3k.1. During 400 BCE to 400 CE, HML inclinations are
among CALS10K.1b, CALS3k.4, and SED3k.1 but distinctly higher than ARCH3k.1 and slightly higher
than CALS10k.2, HFM.OL1.A1, and pfm9k.1a. Although all the models capture the cusp around 400-
800 CE, which may correspond to one of the archeomagnetic jerks evidenced by Gallet et al. (2003),
the HML inclinations are distinctly higher than the model predictions, which may be attributed to the
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Figure 11. Comparison Huguangyan Maar Lake (HML) inclination (a) and relative declination (b) records with the global
field models ARCH3k.1, CALS3k.4, SED3k.1, CALS10k.1b, CALS10k.2, HFM.OL1.AL1, and pfm9k.1a calculated at the
HML location.

predictions being smoothed to a certain degree or/and to potential (small) drilling perturbations, for
example, the mechanical deformation of the sediments during the piston coring. From 800-1000 CE,
the HML inclination shows a rapid decrease, which confirm the prediction by the CALS3k.4 model.
There is a notable inclination low during 1,000-1,300 CE, which is predicted by none of these models.
However, deemed robust sediment records from South China such as SCL (Yang et al., 2009) and the
northern South China Sea (Yang et al., 2016) and quite a few archeological and volcanic data from
Japan also document this inclination low (Figure 9). Moreover, other records from the Northern
Hemisphere, such as Lake Kalksjon in Sweden (Stanton et al., 2010; Stanton et al., 2011), the U.K. master
curve (Turner & Thompson, 1981), and the Eastern U.S. stack (King & Peck, 2001), define an inclination
low during 1,000-1,300 CE as well (Figure 10). Thus, we propose that it is likely to represent a genuine
geomagnetic behavior although more reliable PSV records with robust age controls from East Asia are
necessary to improve the global models during this period. Since 1300 CE, the measured average inclina-
tion fits well with all the predictions. In Figure 11b, there is good consistency between the HML relative
declination and the long-term models during the Holocene. The three eastward trends at 7,100-6,600
BCE, 2,500-2,000 BCE, and 200 BCE to 200 CE, and two distinct westward trends at 500-300 BCE and
1,400-1,500 CE, predicted by pfm9k.la, CALS10K.1b, CALS10K.2 and HFM.OL1, CALS3k.4, and
SED3k.1, are comparable with the HML relative declination pattern within age uncertainty. In general,
the directional information from South China during the Holocene seems best predicted by the
CALS10K.1b and CALS3k.4 models, both of which are based on sediment data and supplemented by a
set of lava and archeological data. All in all, the similarities between the HML PSV record and geomag-
netic field models demonstrate that the HML PSV record, with more details than the models can deliver,
represents genuine directional variations of the Earth's magnetic field in South China during
the Holocene.
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5. Conclusions

We obtained a high-resolution Holocene PSV record from HML in South China. Six distinct inclination
peaks at ~7,500 BCE, ~5,100 BCE, ~4,600 BCE, ~3,600-3,400 BCE, ~1,600-1,200 BCE, and 600-800 CE
and three inclination lows at ~4,800 BCE, ~600-300 BCE, and ~1,000-1,300 CE are recognized. This PSV
record exhibits overall comparability with other records from East Asia with independent chronologies, col-
laborating the robustness of our age model. Centennial- to millennial-scale PSV features of the HML record
can be well correlated, within some age uncertainties, with other Holocene European, American, and
Canadian stacked PSV records, suggesting that such PSV patterns are likely hemispheric in scale. A rather
good consistency is also observed between the HML PSV record and geomagnetic field models, supporting
our arguments that this revisited PSV record may be regarded as a reliable PSV reference curve and therefore
a valuable tool for regional stratigraphic correlation and dating purpose in South China.
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