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Abstract The Matuyama-Brunhes (MB) geomagnetic reversal in Chinese loess has been studied exten-
sively as an important boundary for land-ocean stratigraphic and paleoclimatic correlations. However, the
apparent timing and duration of the MB boundary remain controversial in Chinese loess deposits due to its
inconsistent stratigraphic position and the uncertain chronologies. Here we synthesized high-resolution
paleomagnetic records from four loess sequences in the central Chinese Loess Plateau and synchronized
the loess-paleosol chronology by matching the grain-size variations to orbitally tuned grain-size time series.
The synthesized paleomagnetic results reveal consistent features of the MB transition in Chinese loess,
including the stratigraphic position (Lg/Sg transition), timing (~808-826 ka), duration (~14-16 ka), and rapid
directional oscillations. Compared with the MB transition in marine records (770-775 ka), the timing of the
MB transition is relatively older and longer in Chinese loess, due to a complex interplay between different
remanence acquisition mechanisms which occurred during the course of postdepositional physical and
chemical processes.

1. Introduction

Chinese eolian deposit, covering an area of ~440,000 km? over the Chinese Loess Plateau (CLP), provides a
unique terrestrial record of past climate and environmental changes since the late Oligocene [e.g., Liu, 1985;
Liu and Ding, 1998; An, 2000; Guo et al., 2002; Qiang et al., 2011]. Changes in the geomagnetic field (i.e.,
polarity reversals and geomagnetic excursions) have been investigated extensively in Chinese loess and red
clay sequences, and provide a reliable magnetostratigraphic framework for study of the East Asian monsoon
evolution over the last 25 Ma [e.g., Heller and Liu, 1982; Burbank and Li, 1985; Liu, 1985; Kukla, 1987; Liu et al.,
1988; Sun et al., 1998a; Ding et al., 1999; Guo et al., 2002; Qiang et al., 2011]. In particular, the Matuyama-
Brunhes (MB) geomagnetic reversal, as an important chronological marker for paleoclimatic correlation, has
been studied extensively in Chinese loess deposits [e.g., Heller and Liu, 1982; Sun et al., 1993; Zhu et al.,
1993, 1994, 1998; Zhou and Shackleton, 1999; Spassov et al., 2001, 2003; Wang et al., 2006; Liu et al., 2008;
Yang et al., 2010; Jin and Liu, 2010, 2011a, 2011b; Zhou et al., 2014; Wang et al., 2014]. However, previous
work suggested that the timing of the MB reversal in terrestrial loess is inconsistent with that in marine sedi-
ments, which has caused serious confusion in the stratigraphic correlation between loess and marine
sequences [e.g., Zhou and Shackleton, 1999; Wang et al., 2006; Liu et al., 2008; Jin and Liu, 2011a; Zhou et al.,
2014].

In marine sediments, the MB reversal is generally located in marine oxygen isotope stage (MIS) 19 (an inter-
glacial stage) [e.g., deMenocal et al., 1990; Tauxe et al., 1996; Hyodo et al., 2006; Liu et al., 2008; Channell et al.,
2004, 2009, 2010; Suganuma et al., 2010, 2011], and its timing was recently constrained to be ~773.1 £ 0.4
ka [Channell et al., 2010]. In Chinese loess, however, the stratigraphic position and timing of the MB reversal
are spatially different, due to inconsistent criteria employed for stratigraphic division (Table 1, and referen-
ces therein). For example, the MB transition occurred from the middle of Lg to the top of Sg at various loess
sections, and the corresponding duration varies from 3.6 to 20 ka. Most paleomagnetic investigations sug-
gested that the position of the MB reversal is likely located in lower part of Lg (a glacial stage corresponding
to MIS 20), in contrast to its counterpart in an interglacial stage (MIS 19) in the marine records. The inconsis-
tency of the MB reversal in Chinese loess and marine sediments has been attributed to the complicated
mechanism of remanent magnetization acquisition in loess that occurs at a certain depth substantially
below the land surface [Zhou and Shackleton, 1999]. Detailed paleomagnetic investigation and redeposition
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Table 1. Stratigraphic Position, Thickness, Timing and Duration of the MB Transition in Typical Loess Sections®

Thickness Duration  Stratigraphic Demagnetization Timing (ka) in This
Section Position (cm) (kyr) Division® Methods” References Study
Luochuan Lower Lg 50 MS TD Zhu et al. [1998]
Luochuan Lg/Sg transition 40 MS and GS TD Jin and Liu [2010, 2011a] 820-825
Luochuan Bottom Lg 70 15 MS TD Zhou et al. [2014] 810-825
Xifeng Lower Lg 223 20 MS D Sun et al. [1993]
Xifeng Lower Lg 36 36 MS TD Zhu et al. [1993]
Xifeng Lg/Sg transitions 100 174 MS TD and AFD Yang et al. [2010] 810-826
Xifeng Bottom Lg 100 16 MS TD Zhou et al. [2014] 810-826
Baoji Lower Lg 70 103 MS TD and AFD Yang et al.[2010] 808-822
Baoji Lower Lg 70 MS TD Spassov et al. [2001] 808-822
Lingtai Middle Lg 50 MS AFD Spassov et al. [2001] 806-820
Weinan  Lower Lg 50 5 MS TD Zhu et al. [1994]
Duanjiapo Lower Lg 33 MS D Zhu et al. [1998]
Changwu Lower Lg 40 MS TD Zhu et al. [1998]
Yichuan Lower Lg 50 MS TD Zhu et al. [1998]
SanmenxiaTop Sg 50 77 MS TD Wang et al. [2006]
Mangshan Lg/Sg transition 85 MS and GS TD Jin and Liu [2011b]

*The stratigraphic position was cited from the determination of the original references.
bStratigraphic division criteria: MS, magnetic susceptibility and GS, grain size. Demagnetization methods: TD, thermal demagnetiza-
tion and AFD, alternating-field demagnetization.

experiments reveal that the magnetization of Chinese loess appears to be controlled by a complex time-
varying combination of depositional remanent magnetization (DRM), postdepositional remanent magnet-
ization (PDRM), and chemical remanent magnetization (CRM) mechanisms [e.g., Spassov et al., 2003; Zhao
and Roberts, 2010; Wang and Levlie, 2010; Wang et al., 2006, 2014]. The interplay between different rema-
nence acquisition mechanisms, particularly the PDRM and CRM, might cause variable downward displace-
ment of the geomagnetic excursions and reversals in Chinese loess, which has been termed as a “lock-in
effect” in previous paleomagnetic studies [e.g., Zhou and Shackleton, 1999; Spassov et al., 2003; Zhu et al.,
2007; Sun et al., 2013].

The inconsistency of the timing of the MB reversal in terrestrial and marine records originated from the well
accepted correlation between loess proxies and the marine oxygen isotope record, i.e., paleosol layers S¢ to
Sg were correlated to MIS 17 to 21 in previous land-ocean comparisons [e.g., Liu, 1985; Kukla, 1987; Kukla
and An, 1989; Ding et al., 1995; Bloemendal et al., 1995; Liu et al., 1999; Ding et al., 2002]. Based on the
assumption that the MB reversal is a global feature, this longstanding chronological conundrum for marine
and Chinese loess sequences could potentially be solved by correlating Sg to MIS 19 [e.g., Wang et al., 2006;
Liu et al., 2008; Jin and Liu, 2011a]. Recently, the MB transition has been investigated using both paleomag-
netic and cosmogenic '°Be approaches [Suganuma et al,, 2010, 2011; Zhou et al., 2014], suggesting that the
effect of the geomagnetic signal through acquisition of the PDRM and CRM processes adds uncertainty to
the synchronization of the MB transition in terrestrial and marine sedimentary records. To reevaluate the
land-ocean inconsistency, it is critically important to make a close examination of the exact stratigraphic
position, the apparent timing and duration, the detailed transitional features of the MB reversal in Chinese
loess, and of the detailed land-ocean comparison based on two alternative age models (i.e., correlation of
Sg to MIS 19 and 21, respectively).

In this study, we first synthesized high-resolution paleomagnetic records of the MB transition at the Luo-
chuan, Xifeng, Baoji, and Lingtai sections on the Chinese Loess Plateau after matching magnetic susceptibil-
ity (x) and grain-size variations generated from different studies. The stratigraphic position of the MB
reversal was redetermined based on grain-size variations. Similar to previous loess chronology and land-
ocean correlations (i.e., matching Sg to MIS 21), we then synchronized the grain-size variations of these four
loess sections using an automatic orbital tuning approach to determine the apparent timing and duration
of the MB reversal. In addition, an alternative age model was generated by correlating Sg to MIS 19. The
validity of the two different age models was evaluated by assessing the changes in sedimentation rates and
making a detailed land-ocean comparison. Finally, the similarities and differences of the MB transition in
Chinese loess and marine sediments may be linked with changes in relative geomagnetic paleointensity
and pedogenic alteration. Unlike previous paleomagnetic work, which has attempted to elucidate the com-
plex loess remanence acquisition mechanisms, here we address two basic issues related to the MB reversal
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Figure 1. The Chinese Loess Plateau and location of the investigated loess sections. Red dots denote four loess sections with high-
resolution paleomagnetic results discussed in this study.

in Chinese loess: the inconsistent stratigraphic position and poorly constrained timing of the MB reversal.
Our objectives are to reconcile the stratigraphic position of the MB reversal in Chinese loess and to provide
a better constraint of its apparent timing and duration.

2. High-Resolution Paleomagnetic Results From Four Loess Sequences

Paleomagnetic investigations have been conducted on many sections across the CLP (Figure 1). The MB
reversal is characterized by rapid directional oscillations located between lower Lg and upper Sg, with a tran-
sitional behavior at depths, varying from 33 to 223 cm (Table 1, and reference therein). For example, in the
southeastern margin of the CLP, two loess sequences located at Sanmenxia and Mangshan were chosen for
high-resolution paleomagnetic investigation of the MB reversal [Wang et al., 2006; Jin and Liu, 2011al. The
results suggest that the MB reversal is located at the Lg/Sg boundary, whereas the thickness varied from

50 cm at Sanmenxia to 85 cm at Mangshan. In the central CLP, the stratigraphic position and thickness of
the MB reversal vary across the nine sections (Table 1). Here we focus on four sections (Xifeng, Luochuan,
Baoji, and Lingtai) where rapid directional oscillations during the MB reversal have been widely identified
based on repeatable high-resolution paleomagnetic results. To facilitate the paleomagnetic comparison, we
first standardize the depths of each section by matching the y records from different studies. The latitude
of the virtual geomagnetic pole (VGP) was then calculated using the published inclination and declination
data of these sections (Figure 2). Since the MB reversal is characterized by several directional oscillations
rather than an abrupt change, hereafter we use the term “MB transition” to reflect rapid VGP changes.

Reliable determination of the stratigraphic position of the MB transition needs a consistent criterion to
define the loess-paleosol boundary. As pointed out by Liu et al. [2008], judgment of the stratigraphic bound-
ary is not straightforward based on field observation or magnetic susceptibility variations. However, a simi-
lar pattern of grain-size variations across units S; and Sg is observed at the four loess sections, enabling
reliable stratigraphic correlations between the four sites (Figure 2). In contrast, y variations exhibit different
patterns between the northern (Luochuan and Xifeng) and southern (Lingtai and Baoji) sections, indicating
that changes in local precipitation can cause significant variability in pedogenesis and associated magnetic
susceptibility enhancement. Here we employed rapid changes in grain size for fine-scale interprofile correla-
tions of the loess-paleosol boundaries. Below we summarize the main features of the MB transition based
on the VGP data and rapid grain-size variations of the four loess sections.
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Figure 2. Magnetic susceptibility (y, red and pink), grain size (blue), and latitude of the virtual geomagnetic pole (VGP, black) of four loess sections: (a) Xifeng [Yang et al., 2010; Zhou

et al., 2014], (b) Luochuan [Jin and Liu, 2010; Zhou et al., 2014], (c) Baoji [Spassov et al., 2001; Yang et al., 2010], and (d) Lingtai [Spassov et al., 2001]. The depths for each section were uni-
fied by matching the y records from different studies. Gray bars denote the MB transition inferred from the VGP latitudes. Thick purple lines indicate the loess/paleosol boundaries
inferred from rapid grain-size variations. Note that the grain size proxies were derived from bulk samples for BJ and LC sections [Ding et al., 2002], and from quartz particles for LT and XF
sections [Sun et al., 2006a].

The Xifeng (XF) section (35.7°N, 107.6°E) is situated in the largest tableland (namely Dongzhi Yuan) in the
central CLP (Figure 1), where the mean annual precipitation (MAP) is about 550 mm. The Quaternary loess-
paleosol sequence in this region is about 170 m in thickness, and is underlain by ~60 m of Neogene red-
clay deposits [Sun et al., 1998b]. As a typical loess section, many researchers have conducted paleomagnetic
work on the loess sequences developed in this region [e.g., Liu et al., 1988; Sun et al., 1993; Zhu et al., 1993,
Yang et al., 2010; Zhou et al., 2014]. Earlier work demonstrated that the MB boundary is located in the lower
part of loess unit Lg [Liu et al., 1988; Sun et al., 1993; Zhu et al., 1993, 1998]. However, the thickness of the
MB transition is quite variable, from 36 to 223 cm [Sun et al., 1993; Zhu et al., 1993]. Recently, the results of a
high-resolution paleomagnetic investigation using both thermal demagnetization (TD) and alternating-field
demagnetization (AFD) treatments suggested that the MB transition is located around the Lg/Sg transition
(Figure 2a), spanning an interval of ca. 100 cm [Yang et al., 2010; Zhou et al., 2014].

The Luochuan (LC) section (35.7°N, 109.4°E) is located in the central CLP (Figure 1), where the MAP is about
610 mm. This section has been studied as a classic loess section for half a century [e.g., Liu, 1966; Heller and
Liu, 1982; Liu, 1985; An et al., 1990; Xiao and An, 1999; Lu et al., 1999]. The total thickness of the Quaternary
loess-paleosol sequence is about 135 m, and is underlain by ~15 m of Pliocene red-clay deposits [Liu, 1985].
The magnetostratigraphy of the LC section has been investigated by many researchers [e.g., Heller and Liu,
1982; Kukla and An, 1989; Zhu et al., 1998; Liu et al., 2010; Zhou et al., 2014]. Earlier low-resolution paleomag-
netic results revealed an abrupt reversal ranging from the top of Sg to Lg [e.g., Heller and Liu, 1982; Liu, 1985;
Zhu et al., 1993]. Zhu et al. [1998] first collected continuous oriented samples from Lg to Sg for TD measure-
ments, and observed a distinct polarity transition zone in the lower part of Lg, with an interval of ca. 50 cm.
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Recently, Jin and Liu [2010] also investigated the MB transition using 10 parallel subsamples collected at a
~2 c¢m resolution from the outcrop. The paleomagnetic results also revealed a distinct polarity transition
zone corresponding to low relative paleointensity (RPI) at the Lg/Sg boundary, with an interval of ca. 40 cm
(Figure 2b). A similar high-resolution magnetostratigraphic investigation by Zhou et al. [2014] confirmed
that the MB transition was located around the Lg/Sg boundary, with an interval of directional oscillations of
ca. 70 cm (Figure 2b).

The Baoji (BJ) section (34.41°N, 107.12°E) is in the southern part of the CLP (Figure 1), where the MAP is
around 660 mm. The Quaternary loess-paleosol sequence in this section is around 160 m in thickness, with
37 pedostratigraphic units (So to Lss) clearly identified from the field outcrops [Rutter et al., 1990, 1991; Ding
et al., 1993]. Early paleomagnetic results showed that the MB boundary is located within loess unit Lg [Rutter
et al., 1990; Yang et al., 2004]. Based on high-resolution TD results, Spassov et al. [2001] found that the MB
transition at the BJ section is characterized by five directional changes over a transitional interval of ca.

70 cm within the lower part of Lg (Figure 2¢). A similar stratigraphic location and rapid swings were con-
firmed by a subsequent high-resolution paleomagnetic investigation of the BJ section [Yang et al., 2010].

The Lingtai (LT) section (34.9°N, 107.5°E, 1340 m a.s.l.) is located between the XF and BJ profiles (Figure 1),
where the MAP is 650 mm. The field outcrops at the LT section consist of two parts: the upper loess-
palaeosol sequence with a thickness of 166 m and the lower 120 m red-clay formation [Sun et al., 1998a;
Ding et al., 1999]. Early low-resolution magnetostratigraphic studies demonstrated that the MB boundary is
located in the lower part of Lg [Sun et al., 1998a; Ding et al., 1999]. Subsequent high-resolution paleomag-
netic results demonstrated that seven directional changes occurred within a transitional interval of ca.

50 cm in the middle part of Lg (Figure 2d) [Spassov et al., 2001].

3. Synchronization of the Loess-Paleosol Chronology

The loess-paleosol chronologies have been generated using a magnetic susceptibility model [Kukla et al.,
1988], a grain-size model [Porter and An, 1995; Vandenberghe et al., 1997], and an orbital tuning approach
[Ding et al., 1994, Lu et al., 1999; Heslop et al., 2000; Ding et al., 2002; Sun et al., 2006a, 2006b]. Although the
rationale of the various age models is different, the resulting time series of magnetic susceptibility and grain
size are well correlated with the marine oxygen isotope record [Kukla and An, 1989; Ding et al., 1995; Bloe-
mendal et al., 1995; Liu et al., 1999; Ding et al., 2002]. Especially for the last 900 ka, the nine loess-paleosol
alternations (S to Lg) correspond well with MIS 1 to 24 suggesting a strong coupling between the East
Asian monsoon and changes in northern hemisphere ice volume [Ding et al., 1995; Hao et al., 2012].

Since grain size records spanning the entire loess-paleosol sequences were available for four loess sections
(i.e., Xifeng, Luochuan, Lingtai, and Baoji), we focus on these four sections for further chronological synchro-
nization and intersection comparison. The chronologies of these four sections have been reconstructed
using orbital tuning methods [Lu et al., 1999; Heslop et al., 2000; Ding et al., 2002; Sun et al., 2006a]. However,
there are subtle inconsistencies among these age models due to the different tuning proxies and target
curves used (see a detailed comparison in Sun et al. [2006a]). In order to eliminate any chronological uncer-
tainties, we synchronized the grain-size variations of the Luochuan and Baoji sections to previously pub-
lished grain-size time series of the Xifeng and Lingtai sections by matching Sg to MIS 21 [Sun et al., 2006a].
Although the grain size proxies generated from bulk and quartz samples are slightly different [Sun et al.,,
2006c], these proxies from four loess sections display similar variations at glacial-interglacial timescales (Fig-
ure 2). Thus, different grain size proxies were normalized (hereafter referred to as normalized grain size,
NGS) for further orbital tuning and intersection correlation.

The chronologies for the Baoji and Luochuan sections were refined using the automatic orbital tuning
method proposed by Yu and Ding [1998], which has been employed successfully in the astronomical cali-
bration of the loess chronologies [e.g., Ding et al., 2001, 2002; Sun et al., 2006a, 2006b]. The tuning method
involves four steps as follows: (1) selection of the tuning targets, (2) construction of an initial timescale, (3)
orbital tuning of the initial timescale, and (4) finely tuning the age of each depth. The tuning targets were
generated from the orbital solution of Berger [1978], employing the SPECMAP-defined lag of 5 and 8 kyr for
obliquity and precession [Imbrie et al., 1984], respectively. Based on the previous astronomical timescales
[Lu et al., 1999; Heslop et al., 2000; Ding et al., 2002; Sun et al., 2006a], we selected the ages of the loess-
paleosol boundaries as tie points to generate an initial timescale for orbital tuning. The ages of these time
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controls were adjusted to achieve a high correlation of the filtered 41 and 23 kyr components of the NGS to
the lagged obliquity and precession parameters. Finally, the age of each depth was finely tuned using a
dynamical optimization method.

The validity of the age model (here after referred as AM1) was evaluated using three independent approaches.
First, based upon the synchronized chronologies, grain-size variations of these four sections are highly consist-
ent with each other (Figure 2), including the glacial-interglacial cycles and the precessional-scale oscillations

in thick loess layers (e.g., L, Ls, Ls, and Lg). The NGS time series are also high correlated with the stacked
quartz grain size (QGS) record, with coefficients (n = 951) of 0.7 at BJ, 0.71 at LC, 0.89 at LT, and 0.93 at XF. The
rather low coefficients at BJ and LC may be attributable to the fact that the grain size results were obtained

on bulk samples. Second, the NGS variations were compared with the marine oxygen isotope record [Lisiecki
and Raymo, 2005] and northern hemisphere July insolation [Berger, 1978]. Consistent with previous land-
ocean comparisons [Liu, 1985; Kukla, 1987; Bloemendal et al., 1995; Ding et al., 1995, 2002; Liu et al., 1999], the
most developed paleosol complex Ss is correlated to MIS 13 to 15, and Sg to Sg are corresponded to MIS 17 to
21, respectively (Figure 3). Note that four NGS time series show two evident peaks in four weakly weathered
loess layers of Ly, Ls, Ls, and Lo. These peaks correspond well to similar precessional-scale insolation maxima
(Figure 3), but are not evident in the benthic 6’80 record, due to the 180° out-of-phase nature of southern-
hemisphere and northern-hemisphere heating/cooling in the precessional band [Clemens, 1999]. Third, com-
parison of the filtered components of the NGS with the lagged obliquity and precession curves suggests that
our tuned timescales are well constrained by the obliquity and precession parameters (Figure 4). Generally,
the filtered 41 and 21 kyr components of the four NGS records are in phase with the lagged obliquity and
precession curves, with correlation coefficients ranging between 0.73 and 0.84 in the obliquity band and
between 0.65 and 0.78 in the precession band, respectively.

We are aware that there is an alternative way to explain the age of the MB boundary in Chinese loess. As
suggested by several studies [Wang et al., 2006; Liu et al., 2008; Jin and Liu, 2010, 2011a], the MB position at
the Lg/Sg boundary is consistent with its counterpart in marine sediments by assuming that Sg is correlated
to MIS 19. Following this land-ocean comparison strategy, an alternative age model (hereafter referred to as
AM2) was generated by matching the MBB at ~770 ka for the Luochuan section and expanding Lg to 790-
930 ka, as proposed by Liu et al. [2008] and Jin and Liu [2011a, 2011b]. We only select the Luochuan section
because it has been studied as a classic loess sequence for many decades, and displays proxy variations
similar to the other three sections (Figure 3).

Compared to AM1, paleosols Sg to Sg in AM2 were compressed to 680-790 ka and corresponded to MIS 17
to 19, whereas the thick loess unit (Lg) was expanded to 790-930 ka and correlated to MIS 20 to 24 (Figure
5). We evaluated the reliability of these two age models using two approaches. First, we made a peak-by-
peak correlation of loess grain size (LC NGS) and magnetic susceptibility () with the benthic §'80 stack,
with special attention paid to the amplitude match between these proxies during MIS 17 to 24. The §'80
amplitude in MIS 21 is comparable to that in MIS 17 and 19, whereas in AM2 the grain size and y are signifi-
cantly lower in upper Lo (MIS 21) compared to that of Sg to Sg (MIS 17 and 19). In AM1, however, the ampli-
tude of two loess proxies from Sg to S, and marine §'20 during MIS 17 to 21 are comparable. Therefore,
correlation of Ly (a thick, silty loess layer) to MIS 20 to 24 in AM2 seems unreasonable because of the ampli-
tude mismatch between loess proxies and benthic §'20 in MIS 21.

Second, sedimentation rate (SR) change is another criterion for evaluating the validity of the loess chronol-
ogy. It is well accepted that the SR in interglacial paleosols is lower than in glacial loess layers, due to the
shrinkage of the dust source areas and the weakening of the winter monsoon during warm and humid
interglacials [Liu et al., 1985; An et al., 1991; Ding et al., 2005]. Ding et al. [2001] further suggested coeval
changes between grain size and sedimentation rate of Chinese loess at glacial-interglacial timescales. The
SR fluctuations of the Luochuan section in AM1 exhibit distinct glacial-interglacial variations, with low SR in
paleosols and high SR in loess layers (Figure 5). Specifically in Ly, the SR (8-20 cm/kyr) is higher than that of
overlying paleosol and loess layers (S¢ to Sg, ~5 cm/kyr), because Ly is a thick silty layer related to desert
expansion and global cooling [Sun and Liu, 2000; Ding et al., 2005]. In AM2, however, the SR (8.3 cm/kyr) in
upper Lg is comparable to that of overlying Sg. Notably, the SR in lower Lg is significantly low (3 cm/kyr) due
to its expansion to MIS 22 to 24. The SR change based upon AM2 is inconsistent with the generally accepted
accumulation model of Chinese loess, implying that AM2 is unreasonable. Therefore, we adopted AM1 as a
well-accepted chronology to further address the timing of the MB transition in Chinese loess. Nevertheless,
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Figure 3. Comparison of the normalized grain size (NGS, blue) variations of four loess sections with stacked quartz grain size (QGS, dark
blue) record [Sun et al., 2006al, northern hemisphere July insolation (red) [Berger, 1978], and the benthic §'80 record (black) [Lisiecki and
Raymo, 2005]. Gray bars indicate the correlation between paleosol layers (Sq to So) and interglacial marine isotope stages (MIS 1 to 21). Sky
blue bars indicate that the grain size peaks in four thick loess layers (L, Ls, L¢, Lo) correspond to precessional insolation maxima.
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Figure 5. Comparison of y, NGS, and sedimentation rate (SR) of the Luochuan sections (based on two different age models) with the
benthic 8'20 record [Lisiecki and Raymo, 2005]. The major difference between AM1 and AM2 lies in the correlation between S¢ to Ly and
MIS 17 to 24. The yellow box indicates that S¢ to Sg were compressed in AM2 compared to AM1, while the pink box indicates that the Lg
was expanded in the AM2 relative to the AM1. Blue sky bars indicate that two grain size peaks in Lg are identical in both age models,
whereas the grain size peaks in Ly were shifted to significantly younger ages in AM2 relative to AM1. Green bars denote the MB transition
with different ages in these two age models.

since these two models were generated on the basis of different matching strategies between loess grain
size and marine '80 records, absolute dating of the Sg in the future would permit more reliable land-ocean
correlations.

4, Timing, Duration, and Rapid Swings of the MB Transition in Chinese Loess

Based on the synchronized age models and grain-size variations, the ages of the Sg/Lg and Lg/S; boundaries
are determined as 814 and 792 ka, respectively, and the stratigraphic positions of the MB transition for each
site are all located in the Sg/Lg transitional zone (Figure 6). The timing of the MB transition at the XF section
is almost identical (810-826 ka) in two parallel paleomagnetic investigations [Yang et al., 2010; Zhou et al.,
2014]. For the LC section, the termination of the MB transition is significantly older in the paleomagnetic
results of Jin and Liu [2010] than in those of Zhou et al. [2014], although the timing of the onset of the MB
transition is almost identical in these two studies. The timing of the MB transition at BJ is almost identical in
two paleomagnetic studies (808-822 ka) [Spassov et al., 2001; Yang et al., 2010]. For the LT section, the MB
transition occurred during the interval of 806-820 ka [Spassov et al., 2001]. In summary, the onset of the tim-
ing of the MB transition varies from 820 to 826 ka, while its terminal age ranges from 806 to 810 ka, except
in the LC paleomagnetic results of Jin and Liu [2010]. Consequently, the duration of the MB transition can
be estimated as ranging from 14 to 16 kyr in these four loess sections.

It is noteworthy that the timing of the MB transition is slightly younger (~2-4 ka) at LT and BJ than that at
XF and LC, possibly due to the differences in MAP and lithology. Since the MAP of LT and BJ (650-660 mm)
is higher than that of XF and LC (550-610 mm), they may have undergone strong pedogenesis resulting in
relatively high clay content. The grain size at LT and BJ is clearly finer than that at XF and LC, because of the
relatively strong pedogenesis and the long distance to the potential dust sources [Hao and Guo, 2005; Yang
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Figure 6. VGP records (black) of four loess sections and their comparison with the benthic 6'80 record (dark blue) [Lisiecki and Raymo,
2005] and the stacked NGS record (blue) of four sections. The original NGS data of the four sections are shown as light gray curves. Gray
bars denote the MB transition. Purple lines indicate the loess/paleosol boundaries.

and Ding, 2008]. Comparison of the MB boundary in Eurasian loess deposits revealed that if a loess
sequence contains relatively high clay content, a suitable microenvironment for remanence acquisition may
be formed at a relatively shallow depth [Zhou and Shackleton, 1999]. Recently, laboratory experiments sug-
gest that water content plays the most important control in the PDRM acquisition of loess [Zhao and Rob-
erts, 2010; Wang and Lavlie, 2010]. The depth of precipitation infiltration is likely to decrease in soils with
increasing clay content [Helalia, 1993]. In addition, a recent study indicated that relatively high clay content
generally resulted in low saturated hydraulic conductivity values [Wang et al., 2013]. A shallow water-
saturated zone can also cause a limited downward displacement of the MB boundary relative to the initial
position. Therefore, the lock-in depth of the PDRM process in Chinese loess may be influenced by multiple
factors, such as surface mixing, pedogenesis, lithology, and leaching intensity [e.g., Sun et al., 1993; Zhu

et al., 1994, 1998; Liu et al., 2008; Sun et al., 2013]. All of these factors could potentially result in subtle differ-
ences in the timing and duration of the MB transition in various loess sections.

Another notable feature of the MB transition is the rapid directional oscillations; however, the exact number
of the swings differs from site to site, e.g., 12 swings at XF and LC [Zhou et al., 2014], and six swings at LT
and BJ [Spassov et al., 2001] (Figure 6). Similar rapid directional swings during the MB transition were also
identified at Weinan, Duanjiapo, Yichuan, Changwu, Sanmenxia, and Mangshan (Table 1, and references
therein), and extended to the upper Jaramillo/Matuyama and Gauss/Matuyama boundaries [Zhu et al., 1994;
Yang et al., 2014]. A theoretical model reveals that the same geomagnetic polarity transition should be
repeatable in various locations [Jacobs, 1994; Meeril et al., 1996]. Two possible mechanisms have been pro-
posed to interpret these directional oscillations. One is that the weak geomagnetic field was not strong
enough efficiently to realign the detrital magnetite grains, resulting in a disorderly distribution of paleomag-
netic directions [Zhou and Shackleton, 1999; Jin and Liu, 2010]. Another possibility is that the MB transitional
zone was formed by overprinting of the PDRM and/or CRM processes, which could have disturbed the origi-
nal directions by varying degrees [Guo et al., 2001; Spassov et al., 2003; Wang et al., 2014]. Hence, the mecha-
nisms responsible for the rapid directional swings during polarity reversal merit further investigation,
especially using parallel paleomagnetic and '°Be records [Suganuma et al,, 2010, 2011; Zhou et al., 2014].

5. Comparison of the MB Transition in Chinese Loess and Marine Sediments

High-resolution paleomagnetic results from Chinese loess have been compared with the VGP and relative
paleointensity records documented in marine sediments [e.g., Liu et al., 2008; Zhou et al., 2014]. Similar to
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Figure 7. Comparison of (a) 7, VGP latitude, and '°Be production rate (normalized) of the Luochuan section [Zhou et al.,, 2014] with (b)
benthic 6'20, VGP latitude, and relative paleointensity (RPI) records of ODP Site 983 [Channell and Kleiven, 2000]. Gray bars denote the MB
transition inferred from the VGP, '°Be production rate, and relative paleointensity records. Dashed lines indicate the correlation of the S,/
Lg and Lg/Sg boundaries to MIS 19/20 and 20/21, respectively.

the MB transition in Chinese loess, the MB transition in deep-sea sediments is also characterized by rapid
directional changes (Figure 6), as seen in the VGP records of ODP Sites 983 and 1063 from the North Atlantic
[Channell and Kleiven, 2000; Channell et al., 2010]. This feature is especially clear in cores with high sediment
accumulation rates (10 cm/kyr or more) [e.g., Okada and Niitsuma, 1989; Yamazaki and Oda, 2001; Channell
et al., 2004; Hyodo et al., 2006]. It is noteworthy that the lock-in depth for the MB transition is fairly shallow
in marine sediments [e.g., Tauxe et al., 1996; Bleil and von Dobeneck, 1999; Horng et al., 2002]. A recent paleo-
magnetic study of three piston cores from the western Pacific Ocean indicated a ~15 cm downward offset
of the paleointensity minimum relative to the '°Be flux anomaly [Suganuma et al., 2010], indicating a shal-
lower PDRM lock-in depth in marine sediment than in loess [e.g., Zhou and Shackleton, 1999; Spassov et al.,
2003; Zhou et al., 2014]. Moreover, the record of higher-frequency geomagnetic field changes in marine
sediment may be smoothed by a slow accumulation rate and the filtering effect of the PDRM process
[Hyodo, 1984]. Nevertheless, rapid directional changes in marine sediment may mainly reflect the behavior
of the geomagnetic field [e.g., Oda et al., 2000; Yamazaki and Oda, 2001; Channell et al., 2004]; for example,
the results of Hyodo et al. [2006] are compatible with numerical simulations of a geomagnetic field reversal
[Glatzmaier and Roberts, 1995].

Our results confirm that the MB transition is located around the MIS 21/20 boundary in Chinese loess, con-
sistent with early land-ocean comparisons of the MB boundary [Tauxe et al., 1996; Zhou and Shackleton,
1999, and references therein]. In marine sediments, however, the MB boundary most likely occurs in late
MIS 19 (an interglacial stage) [e.g., Liu et al., 2008; Tauxe et al., 1996; Channell et al., 2010, and references
therein]. By synchronizing the timing of the MB boundary in Chinese loess and marine records, several stud-
ies have argued that paleosol unit Sg should correspond to MIS 19 instead of MIS 21 [e.g. Liu et al., 2008;
Yang et al., 2010; Wang et al., 2006; Jin and Liu, 2011a]. This adjustment may bring the marine and terrestrial
records into better age agreement for the MB boundary, but would result in a confused cycle-to-cycle corre-
lation of Chinese loess-paleosol sequences to the marine isotope stages.

We also compare the loess-derived VGP and '°Be production rate records of the Luochuan section [Zhou
et al., 2014] with the VGP and RPI records of ODP Site 983 [Channell and Kleiven, 2000] (Figure 7). In marine
sediments, the MB transition is correlated with low RPI values. However, our synthesized results indicate
that the MB transition occurs during the time interval of 810-826 ka, indicating a large downward offset
compared to the MB transition in marine sediment. However, reproducible '°Be records of geomagnetic
field intensity from the LC and XF loess sections exhibit a maximum production rate in S, (774-784 ka),
slightly older than the timing of the MB reversal in the marine record (770-775 ka). The parallel '°Be and
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paleomagnetic records suggest that the classical loess-ocean correlations seem reasonable, e.g., S; and Sg
corresponding to MIS 19 and 21, respectively. Moreover, rapidly directional oscillations during the MB tran-
sition have been widely identified in loess sections and marine sediment cores, confirming the rapidly
changing character of the MB transition in terrestrial and marine sediments. However, the magnitude and
duration of these swings are variable from land to ocean. Such a land-ocean discrepancy is likely attribut-
able to complex postdepositional physical and chemical processes, together with a variable sedimentary
environment (e.g., changes in sedimentation rate, surface mixing, and different lithologies), which can lead
to an inconsistent appearance of the spurious polarity swings.

6. Conclusions

A synthesis of high-resolution paleomagnetic records from four loess sequences (Xifeng, Luochuan, Baoji,
and Lingtai) in the central Chinese Loess Plateau indicates that the MB geomagnetic reversal can be identi-
fied consistently in the Lg/Sg transition and is characterized by rapid directional oscillations. After synchro-
nizing the loess-paleosol chronologies to previously published orbital age models, the timing of the MB
transition is estimated to be ca. 808-826 ka with durations ranging from 14 to 16 kyr. Our results reveal
approximately consistent timing, duration, and transitional feature of the MB geomagnetic reversal in Chi-
nese loess. Compared with the MB reversal in marine records (770-775 ka), the timing and duration of the
MB transition are relatively old and long in Chinese loess, due to the complexity of remanence acquisition
processes in terrestrial and marine sediments. In particular, a complex interplay between different rema-
nence acquisition mechanisms, which occurred during the postdepositional physical and chemical proc-
esses, played an important role in resulting in a downward displacement (lock-in effect) of the MB
transition in Chinese loess relative to deep-sea sediments.
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