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The Quaternary Chinese loess is one of the most continuous terrestrial sediments, and preserves excellent 
palaeoclimate records at different timescales. The conventional land-ocean palaeoclimatic comparison has 
been established by correlation between magnetic susceptibility of the Chinese loess and deep-sea δ18O 
records during the 1980s. However, such a correlation results in long-standing debates on the lock-in 
depth of the palaeomagnetic polarity boundaries in Chinese loess. In this study, the lock-in depth of 
palaeomagnetic signals for loess <130 ka were estimated through correlation between palaeomagnetic 
relative palaeointensity (RPI) and 10Be RPI curves, and are linearly related with the calculated loess dust 
accumulation rate. Palaeomagnetic displacement for the geomagnetic polarity boundaries and excursions 
in the middle Pleistocene loess at Luochuan, Zhaojiachuan and Lingtai sections could be estimated using 
the linear relation only in decimeter scale (generally <50 cm) which indicates paleomagnetic boundaries 
in Chinese loess can be used as reliable age control points after moderate adjustments. Based on this as 
well as a high-resolution loess magnetostratigraphy and grain-size sequence, we propose a new scheme 
for palaeoclimatic correlation between Chinese loess and marine sediments since the middle Pleistocene.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The alternating aeolian loess-paleosol sequences in the Chinese 
Loess Plateau (CLP) (Fig. 1) began to accumulate in response to the 
Tibetan Plateau uplift, evolution of polar ice-sheets, and the asso-
ciated evolution of Asian atmospheric circulation patterns since at 
least 22 Ma B.P. (An et al., 2001; Guo et al., 2002). Chinese loess 
preserves paleoclimatic records at orbital to millennial time scales 
(Porter and An, 1995; Ding et al., 2002; Sun et al., 2006, 2011). Al-
together, there are 33 loess layers accumulated during the glacial 
and 32 paleosols formed during the interglacial periods of the 
Quaternary time interval. This succession is driven by changes of 
the westerlies and the Siberian–Mongolian High associated with 
Northern Hemisphere ice volume variations (Liu and Ding, 1998).

Magnetic susceptibility and grain size of Chinese loess are gen-
erally used as two primary intensity proxies for the East Asian 

* Corresponding authors.
E-mail addresses: csjin@mail.iggcas.ac.cn (C. Jin), qsliu@sustc.edu.cn (Q. Liu).
https://doi.org/10.1016/j.epsl.2018.11.022
0012-821X/© 2018 Elsevier B.V. All rights reserved.
summer monsoon (EASM) and winter monsoon (EAWM), respec-
tively (Hao et al., 2012). A loess layer is characterized by relatively 
smaller values of magnetic susceptibility and coarser grain size 
compared to its adjoining paleosols. Since the first correlations 
between loess and deep-sea δ18O records (Heller and Liu, 1984,
1986), most loess studies established correlations between the var-
ious paleoclimatic proxies and deep-sea δ18O curve in a manner 
similar to that of Heller and Liu (1984, 1986), especially for records 
of the middle Pleistocene where S5, S7, and S8 are correlated with 
marine oxygen isotope stage (MIS) 13–15, 19, and 21, respectively 
(e.g., shadows in Fig. 2a–c). Few studies questioned this conven-
tional correlation scheme (conventional scheme hereafter) which 
however leads to an unexplained and large stratigraphic discrep-
ancy of the polarity reversal position recording between Chinese 
loess and marine sediments (Wang et al., 2006; Liu et al., 2008;
Jin and Liu, 2011). For example, the Matuyama–Brunhes bound-
ary (MBB) was commonly reported in loess horizon L8 (formed 
during a glacial period) in Chinese loess (e.g., Liu et al., 1988;
Rutter et al., 1991; Zheng et al., 1992; Sun et al., 1998; Pan et al., 
2002), whereas in marine sediments it was located in MIS 19 (an 
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Fig. 1. A schematic map of the distribution of the Chinese loess and the location of the Luochuan (LC), Xifeng (XF), and Baicaoyuan (BCY) sections. Black dashed lines 
represent mean annual precipitation in the studied area. Dots indicate other sections mentioned in the text. Zhaojiachuan section is located in the Xifeng area.
interglacial stage) (e.g., Tauxe et al., 1996; Channell et al., 2010;
Simon et al., 2018b). Although it doesn’t have to be strictly co-
eval globally for a geomagnetic excursion, its age difference at 
different locations should not be longer than its duration. Time 
scale of discrepancy of the MBB in loess and marine sediment 
is as large as about 50 kyr (within MIS 19 in marine sediments 
vs. within lower part of L8 or the L8/S8 boundary, corresponding 
to MIS 21 based on conventional scheme), larger than an orbital 
obliquity period and far larger than duration of the MB transi-
tion process. Generally, duration of the MB transition is less than 
8 kyr (e.g., Channell et al., 2010; Channell, 2017; Suganuma et al., 
2015, 2018). Thus, the time difference of the MB transition oc-
curred at different location worldwide could be neglected. Other 
factors hold the key, such as timing of the stratigraphy where the 
MBB recorded, lock-in depth, land-sea comparison, etc. To explain 
this discrepancy, Zhou and Shackleton (1999) proposed the down-
ward displacement of the MBB recording associated with post-
depositional remanent magnetization (PDRM) lock-in depth. They 
put forward that the MBB in Chinese loess should be located in 
the paleosol unit S7 which is correlated with MIS 19 based on 
the conventional scheme, displacing therefore the MBB recording 
position by few tens to over 300 cm downward to the L8 unit. 
Spassov et al. (2003) have developed a lock-in model with two 
lock-in zones, where PDRM was superposed by chemical rema-
nent magnetization (CRM), to interpret the large-scale displace-
ment of the MBB in Chinese loess. However, this large lock-in 
model has been argued by many following loess studies in which 
shallow PDRM lock-in depth was proposed (e.g., Pan et al., 2002;
Wang et al., 2006; Liu et al., 2008; Yang et al., 2008, 2010; 
Wang and Løvlie, 2010). These studies considered that the char-
acteristic remanent magnetization (ChRM) of Chinese loess is the 
PDRM which is carried by detrital magnetite of eolian origin, 
but not the CRM. Alternatively, an inaccurate climatic bound-
ary between L8 and S8 has been considered as the main cause 
for stratigraphic position confusion of the MBB (Liu et al., 2008;
Jin and Liu, 2011). In recent years, high-resolution magnetostratig-
raphy studies conducted at the Luochuan (LC) (Jin and Liu, 2010;
Liu et al., 2010), Mangshan (Jin and Liu, 2011), Xifeng (XF) (Yang 
et al., 2010; Jin et al., 2016), Sanmenxia (Wang et al., 2006), Ling-
tai and Zhaojiachuan (Liu et al., 2008) sections show that the 
recording of the MBB is located in the upper part of S8. Based 
on these results, authors proposed to correlate S8 to MIS 19, in 
contradiction with the conventional scheme (Wang et al., 2006;
Liu et al., 2008; Jin et al., 2012).

Based on conventional scheme and/or displaced model of pa-
leomagnetic signals, ages of geomagnetic polarity reversal bound-
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Fig. 2. Correlation of geomagnetic polarity between Chinese loess and marine sediment. (a, b) Time series of stacked mean grain size of quartz particles (MGSQ) and stacked 
mass-specific low-field susceptibility (χ ) from Zhaojiachuan and Lingtai sections (Sun et al., 2006). 46 ka, 2 ka and 12 ka mean recording time lag of palaeomagnetic 
signals estimated by a stacked astronomical loess timescale (Sun et al., 2006). (c, d) A stacked benthic δ18O named LR04 (Lisiecki and Raymo, 2005) (green line) and 
benthic δ18O from ODP677 site (Shackleton et al., 1990) (gray line). (e, f) 21 June insolation at 65◦N (gray line) and eccentricity (dashed line) (Laskar et al., 2004). Ages 
of the palaeomagnetic polarity for the marine sediments is cited from Ocean Drilling Program Sites 983 and 984 (Iceland Basin) (Channell et al., 2002), with exception of 
the Kamikatsura excursion which is cited from a lava record (Singer et al., 1999). (g) Magnetostratigraphy of Luochuan (LC) section (Liu et al., 2010). (h, i) Medium grain 
size (Md) and χ of LC section (Liu and Sun, 2012). (j, k) Md and χ of Baicaoyuan (BCY) section (this study). We can locate geomagnetic polarities at BCY according to 
pedostratigraphic and palaeoclimatic correlations (Md and χ curves) between BCY and LC. (For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)
aries in Chinese loess derived from astronomical loess timescale 
are generally older than widely accepted ages (shown in red lines 
and ages in Fig. 2a–c) (e.g., Heslop et al., 2000; Ding et al., 2002;
Sun et al., 2006), alternatively leading to overestimated loess ages. 
Thus, we question the rationality of the conventional scheme and 
try to give a new scheme.

In this study, new palaeomagnetic analyses on loess materials 
from the LC and XF sections covering the time interval since the 
last interglacial (MIS 5e), together with new grain-size analysis of 
the Baicaoyuan (BCY) section, were performed in order to quantify 
the lock-in depth of paleomagnetic signals in Chinese loess and 
evaluate the conventional scheme. Our objectives are to: 1) quan-
tify the displaced depth interval of paleomagnetic recording in 
Chinese loess; 2) analyze the mechanisms of the remanent magne-
tization acquisition in loess; 3) reassign the land-ocean palaeocli-
matic comparison based on loess quantitative PDRM lock-in depth 
and magnetostratigraphy.

2. Sampling and measurements

LC (35◦43′36.49′′N, 109◦25′48.76′′E) and XF (35◦45′33.59′′N, 
107◦41′28.20′′E) sections are located in the hinterland of the 
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CLP. Block samples (about 7 × 7 × (10–30) cm3) from S0 to top 
L2 at LC (∼1200 cm thick) and from top L1 to top L2 at XF 
(∼1200 cm thick) were continuously sampled after removing the 
surface weathered material. All samples were oriented in situ using 
a magnetic compass with a north direction marked on the top sur-
face. In the lab, they were sawn into 2.5 cm thick slices, and each 
slice was then cut into at least six cube specimens (2 × 2 × 2 cm3). 
One set of specimens were for relative palaeointensity (RPI) con-
struction. Other specimens were for magnetostratigraphy. Five sets 
of samples were measured for the potential stratigraphy where pa-
leomagnetic excursions are recorded. In total, 3356 oriented speci-
mens were used. Thereinto, 976 and 1280 specimens from LC and 
XF were thermally demagnetized for magnetostratigraphy, respec-
tively. And, 496 and 604 specimens from LC and XF were used for 
RPI establishment, respectively.

The anisotropy of magnetic susceptibility (AMS) of samples for 
demagnetization was measured using a KLY-3s Kappabridge prior 
to thermal treatments. Five sets of samples have been thermally 
demagnetized progressively from room temperature up to 585 
or 685 ◦C using a Magnetic Measurements Thermal Demagnetizer 
(Magnetic Measurements Ltd., Aughton, UK) which has a residual 
magnetic field of <10 nT. All remanent magnetizations were mea-
sured using a 2G Enterprises Model 760 cryogenic magnetometer 
(2G Enterprises, Sand City, CA, USA) installed in a magnetically 
shielded room (<300 nT). All magnetic measurements were car-
ried out at the Paleomagnetism Laboratory of the IGGCAS, Beijing.

Six representative bulk samples from LC and XF were selected 
for rock magnetic analysis, respectively. Mass-specific temperature-
dependent susceptibility (χ–T) curves were measured using a 
MFK1-FA Kappabridge system (AGICO Ltd.) equipped with a CS-4 
high-temperature furnace going from room temperature up to 
700 ◦C in an argon atmosphere (with flow rate of 100 ml/min) to 
avoid magnetic mineral alteration during heating. Isothermal rema-
nent magnetization (IRM) acquisition curves (to a maximum field 
of 1.5 T), backfield demagnetization curves and hysteresis param-
eters were measured using a Princeton Measurements Corporation 
vibrating sample magnetometer (VSM3900). Hysteresis parameters 
were obtained after subtraction of the paramagnetic slope.

We sampled 1861 bulk samples from S0–S15 units with 
5 or 10 cm sampling interval at BCY section (36◦15′10.29′′N, 
105◦7′50.65′′E) which is located in the western area of the CLP 
(Fig. 1). The grain size of these samples was measured with a 
SALD-3001 laser diffraction particle analyzer. Ultrasonic pretreat-
ment with the addition of 20% (NaPO3)6 solution was used to 
disaggregate the samples before measurement. Replicate analysis 
showed a precision of <5% for this procedure.

3. Results

3.1. Magnetic mineralogy

Identifying the dominant magnetic minerals in samples helps 
to determine the ChRM carriers. The χ–T curve has been widely 
used as a routine rock magnetic tool to identify magnetic miner-
alogy and possible mineral transformation upon heating (Hrouda, 
1994). The χ–T curves for representative samples exhibit a ma-
jor decrease in susceptibility at about 585 ◦C which indicates the 
dominant presence of magnetite (Fig. 3a, e). At lower tempera-
tures (<300 ◦C) the susceptibility curves increase slowly due to 
the unblocking of single domain phases and decreases steadily 
between 300 and 400 ◦C due to transformation of maghemite to 
weakly magnetic hematite (Deng et al., 2000; Liu et al., 2005b). 
The χ after cooling is always several times higher than the initial 
values before heating, which is generally attributed to the neofor-
mation of magnetite grains from iron-containing silicates/clays, or 
due to the formation of magnetite by reduction as a result of the 
burning of organic matter (Hunt et al., 1995; Deng et al., 2000;
Liu et al., 2005b).

Isothermal remanent magnetization (IRM) show shape similar-
ity of the acquisition curves, which rise steeply in the initial stages 
and reach 80% of the saturation IRM (SIRM) (here imparted by 
1.5 T) before 300 mT (Fig. 3b, f). The IRM continues to rise slowly 
after 300 mT and does not reach full saturation until 1.5 T. These 
characteristics indicate that soft magnetic components of low co-
ercivity (e.g., magnetite and maghemite) dominate the IRM, with 
the coexistence of a hard-magnetic portion (e.g., hematite, proba-
bly goethite) for both L1 and S1 at LC and XF.

After subtracting the paramagnetic contribution, all the hys-
teresis loops display a weakly wasp-waisted shape, represent-
ing a mixture of magnetic minerals with low and high coerciv-
ity (Roberts et al., 1995) (Fig. 3c, g). Hysteresis parameter ratios 
(Mrs/Ms , Bcr /Bc) were plotted on a Day plot (Day et al., 1977;
Dunlop, 2002) to determine the domain state of magnetic minerals 
in samples (Fig. 3d, h). All plots are constrained in a pseudo-single 
domain (PSD) area and cluster closely. This indicates that the mean 
grain size of magnetic minerals in samples is rather uniform across 
the sampled interval.

3.2. Relative palaeointensity reconstruction

The RPI of sediments is significant in discussing the palaeomag-
netic field evolution and can be further used as an independent 
timescale (Valet et al., 2005). RPI is obtained by normalizing nat-
ural remanent magnetization (NRM) by χ or induced magnetiza-
tions such as anhysteretic remanent magnetization (ARM) or SIRM, 
in order to eliminate the contributions of nongeomagnetic effects, 
especially concentration and grain-size changes of magnetic grains 
(Tauxe, 1993; Valet, 2003). In this study, for the sixth set of sam-
ples which are used for RPI, χ was firstly measured. Second, sam-
ples were thermally demagnetized using 300 ◦C. After this, samples 
were demagnetized under the alternating field (AF) with a peak of 
100 mT. Then, an ARM was imparted with an AF of 100 mT su-
perposed on a 0.05 mT DC field using a Model 615 anhysteretic 
remanent magnetizer. The ARM was then treated with 300 ◦C ther-
mal demagnetization. Then, SIRM was imparted with a 1.5 T DC 
field and was then treated with 300 ◦C thermal demagnetization. 
We measured the magnetization after per procedure. The resid-
ual magnetization of NRM, ARM, and SIRM after 300 ◦C thermal 
treatment is referred to NRM300, ARM300, and SIRM300, respec-
tively. The RPI was expressed by NRM300/χ , NRM300/ARM300, 
and NRM300/SIRM300. All the remanences were mass-specific. To 
eliminate influence of the viscous remanent magnetization (VRM), 
thermal treatments with 300 ◦C were selected because the VRM in 
samples could be easily removed using thermal demagnetization 
less than 300 ◦C (Pan et al., 2001). The RPI ratios were normalized 
by the average value of each sequence.

The trends of the three curves of L1 at LC or XF are gener-
ally in agreement (orange lines in Fig. 4). For S1, RPI curves show 
different shapes in variable RPI ratios at both LC (960–1160 cm in-
terval) and XF (1080–1440 interval). Superparamagnetic particles 
increase following enhanced pedogenesis (Zhou et al., 1990), lead-
ing to increased χ and ARM and further leading to lower values of 
NRM300/χ , NRM300/ARM300 for S1 relative to NRM300/SIM300. 
In addition, enhanced pedogenesis could severely smooth or wipe 
the geomagnetic secular variation (Zhu et al., 2000). Magnetic con-
centration is mainly controlled by the pedogenic content (Zhou et 
al., 1990). Fine magnetic minerals formed during pedogenesis in-
fluence the VRM and CRM. Generally, the CRM increases through 
the separation of iron when paleosol is deposited in a warm and 
humid condition, such as S1 (MIS 5 period). Thus, this process 
could alter the primary magnetization, leading to smoothing effect 
of the geomagnetic secular variation. Finally, we reconstruct RPI of 
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Fig. 3. Rock magnetism results for representative samples. (a–d) and (e–h) are results for LC and XF, respectively. (a, e) Temperature dependence of magnetic susceptibility. 
(b, f) Isothermal remanent magnetization (IRM) acquisition curves. (c, g) Hysteresis loops, after subtraction of the paramagnetic contribution. (d, h) Hysteresis ratios plotted 
on a Day plot (Day et al., 1977; Dunlop, 2002).
L1 using NRM300/SIRM300 which have similar magnetic carriers 
in loess (Liu et al., 2005a), with exception of S1 owing to its strong 
pedogenesis.

3.3. Palaeomagnetic direction

Principal component analysis calculated by a least-squares fit-
ting technique (Kirschvink, 1980) was carried out on demagnetiza-
tion data using the PaleoMag software (version 3.1d40) developed 
by Craig H. Jones and Joya Tetreault, University of Colorado at 
Boulder. For loess deposition in the Brunhes Chron, most of the 
samples show a single component (Fig. 5a, b, f). There are some 
samples show two components (Fig. 5c–e). Reliable single com-
ponent ChRM directions with maximum angular deviation (MAD) 
below 15◦ were defined between 300 and 500 ◦C, while the VRM 
were removed below 300 ◦C.
Previous palaeomagnetic studies of Chinese loess revealed that 
the Mono Lake and Laschamp excursions are recorded in the mid-
dle part of L1 (Pan et al., 2002; Zhu et al., 2007), and the Blake 
event are recorded in the lower part of S1 (Zhu et al., 1994;
Pan et al., 2002). To avoid random results of single set of samples, 
for the potential stratigraphic interval of geomagnetic excursions 
at LC and XF sections, five sets of parallel oriented samples were 
used to constrain the accurate stratigraphic positions of these ex-
cursions in a 2.5 cm sampling resolution (Fig. 6). This method has 
been used in our previous studies to usefully determine the accu-
rate stratigraphy interval of the MB reversal in Chinese loess (Jin 
and Liu, 2010, 2011; Jin et al., 2012, 2016). We should declare that 
how to define a geomagnetic excursion has always been empir-
ical (Gubbins, 1999). For example, Verosub and Banerjee (1977)
defined an excursion to be when the VGP latitude was more than 
45◦ from the geographic pole. Zhu et al. (2006) also defined a VGP 
latitude less than 60◦ as the directional abnormity. Strictly speak-
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Fig. 4. Normalized NRM300/SIRM300, NRM300/ARM300, and NRM300/χ for LC and XF, respectively. The bold lines represent a five-point running average. NRM300, ARM300, 
and SIRM300 are residual magnetization of natural remanent magnetization (NRM), anhysterestic remanent magnetization (ARM), and saturation isothermal remanent mag-
netization (SIRM) after 300 ◦C thermal demagnetization, respectively.

Fig. 5. Orthogonal projections of the natural remanent magnetization (NRM) during stepwise progressive thermal demagnetization for seven representative specimens at LC 
and XF, respectively. Solid (open) squares represent projections onto the horizontal (vertical) plane. The demagnetization temperature is given in degrees Celsius. “NRM” on 
the demagnetization diagrams refers to the NRM at room temperature.
ing, excursions should be defined by their directional deviation. 
We follow Zhu et al. (2006) to define a VGP latitude less than 
60◦ as the directional abnormity (or direction deviation). The Blake 
event at both sections displays directional deviation as well as RPI 
low values (Fig. 6e–h and 6m–p). Using ChRM directions of five 
sets of parallel samples, stratigraphic position of the Blake at LC 
is compositively determined at the interval of 1157.5–1200 cm. At 
XF the Blake is determined at the interval of 1445–1480 cm. Here 
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Fig. 6. Palaeomagnetic directions and relative palaeointensity (RPI) for five sets of parallel samples for the potential interval recording the geomagnetic excursions. (a–h) and 
(i–p) are results from LC and XF, respectively. Dec., declination of characteristic remanent magnetization (ChRM). Inc., inclination of ChRM. VGP Lat., virtual geomagnetic 
pole latitude. Normalized RPI is expressed by NRM300/SIRM300. NRM300 and SIRM300 are residual magnetization of natural remanent magnetization (NRM) and saturation 
isothermal remanent magnetization (SIRM) after 300 ◦C thermal demagnetization. Geomagnetic excursions (shaded) are determined by both palaeomagnetic direction and 
RPI.
we emphasize that for the XF section, there are 11 samples with 
VGP latitude <60◦ in the interval of 1445–1480 cm. Thereinto, 4 
samples have VGP latitude <45◦ . It looks like that the directional 
deviations for the Blake at XF is not really significant. However, 
it is very difficult to obtain the directional records for the Blake 
in the central CLP, especially while one set of samples were used, 
such as at Lingtai section in Zhu et al. (2000), Xifeng, Dingbian, 
Weinan sections in Zhu et al. (1998). Thus, in a sense, these hard-
won directional deviations for the Blake at XF could be considered 
as significant.

The AMS results, especially the inclination of the maximum 
(Kmax-Inc) and minimum (Kmin-Inc) axes of the susceptibility el-
lipsoid, have been widely used to detect post-depositional dis-
turbance (Zhu et al., 1999, 2004). In this study, except for the 
0–300 cm interval at LC, Kmax-Inc values are generally <15◦ at 
both LC and XF (Fig. 7c, m). The Kmin-Inc are generally >75◦
and are approximately perpendicular to the horizontal plane 
(Fig. 7d, n). This indicates that magnetic fabrics of the studied sed-
iments represent a primary sedimentary fabric without apparent 
disorders and disturbances. Thus, palaeomagnetic abnormities in 
Fig. 6 were not caused by post-depositional disturbance according 
to AMS results.

At Weinan and Lingtai sections, the Laschamp and Mono Lake 
were recorded within the interval L1SS1, a weakly developed pa-
leosol layer within L1 (Zhu et al., 1999, 2000). Thereinto, the 
Laschamp is located in the lower part of the L1SS1. In this study, 
the subpaleosol layer L1SS1 at LC and XF section is located at 
about 350–700 cm and 450–900 cm, respectively. Although there 
are no directional deviations for the 500–650 cm interval at LC 
(Fig. 6a–c) and 650–860 cm interval at XF (Fig. 6i–k), the RPI for 
the five sets of samples all display a distinct valley (marked with 
a green band) (Fig. 6d, l). Stratigraphic position of this RPI val-
ley in the lower part of L1SS1 is comparable with position of the 
Laschamp at Weinan and Lingtai sections. Thus, we consider that 
the RPI valley at LC and XF indicate the Laschamp excursion. Ow-
ing to lack of directional deviations, we determine range of this 
excursion using interval of the RPI valley. The Laschamp at LC is 
empirically determined at the interval of 595–655 cm and at XF is 
determined at the interval of 710–775 cm (Fig. 7h, r).

The Mono Lake were recorded at about 1–2 m above the 
Laschamp at Weinan and Lingtai sections (Zhu et al., 1999, 2000). 
There is also an RPI valley at the interval of 460–520 cm at LC 
section (Fig. 7h), about 1.3 m above the Laschamp. We consider 
that this RPI valley indicates the Mono Lake excursion. For the XF 
section, the RPI valley for the Mono Lake cannot be confidently 
determined.

We should clarify why direction deviation was not recorded at 
both LC and XF for the Laschamp and Mono Lake excursions. In 
situ remagnetization experiments indicate that interstitial void of 
loess could release remanence carrying grains, and even result in 
re-alignment of these particles along ambient field (Løvlie et al., 
2011). Although loess sedimentological redeposition experiments 
indicate that the capability of the deposited loess dust to acquire 
a PDRM is enhanced with moderate water content in sediments 
(Wang and Løvlie, 2010; Zhao and Roberts, 2010), during succes-
sive exposures to rain, wetting may allow mobile grains to re-
align thereby reducing the initial magnetization (Wang and Løvlie, 
2010). During pedogenic processes, leaching (or eluviation) caused 
by osmotic water in soil could migrate the soluble or suspended 
chemical-compounds (such as clay particles, organic matter, solu-
ble salt, carbonate, and iron and aluminum oxide, etc.) from the 
upper part of the soil to the lower part of the soil. Rainfall-
controlled leaching would enhance this process and lead to a larger 
PDRM offset and even remagnetization. Absence of palaeomagnetic 
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Fig. 7. Displacement estimation of palaeomagnetic signals since the last interglacial. Data for Luochuan and Xifeng section are shown in (a–j) and (k–t), respectively. (b, l) 
Mass-specific low-field susceptibility (χ ). (c, m) inclination of the maximum axes of the susceptibility ellipsoid. (d, n) inclination of the minimum axes of the susceptibility 
ellipsoid. (e, o) Declination of the characteristic remanent magnetization (ChRM). (f, p) Inclination of the ChRM. (g, q) Virtual geomagnetic pole latitude (VGP Lat.). (h, r) 
Normalized relative paleointensity (RPI) is expressed by NRM300/SIRM300. (i, s) 10Be RPI curves expressed by residual �Be concentration (Zhou et al., 2010). (j, t) χ at LC 
and XF from Zhou et al. (2010) (purple lines) and this study (gray lines). Horizontal bars mean stratigraphic position of Mono Lake, Laschamp, Blake geomagnetic excursions, 
respectively. The depth difference between RPI curves (h–i, and r–s) means displaced depth of these excursions in loess. Red stars in (b, l) mark positions of the selective 
samples for rock magnetism in Fig. 3.
direction deviations for the Mono Lake and Laschamp excursions 
in L1 at both LC and XF could be interpreted as remagnetization 
resulted by rainfall leaching. An alternating explanation for the ab-
sence of the paleomagnetic direction deviations of the excursions 
in L1 could be the discontinuity of Chinese loess. Zhu et al. (2007)
documented that sedimentation of the last glacial loess could be 
discontinuous at fine time scales (<2 kyr). This phenomenon may 
be caused by preservation condition of loess dust after deposition 
according to local environment (Zhu et al., 2007). It is a consen-
sus that duration of the excursions, such as the Laschamp, is about 
2 kyr. Discontinuity of L1 loess at a ∼2 kyr scale could be another 
considered reason for the absence of the paleomagnetic direction 
deviations of the excursions. However, duration of the paleomag-
netic intensity changes of a geomagnetic excursion is longer than 
its direction deviations. Therefore, loess could record the RPI lows 
of the excursions, not always paleomagnetic direction deviations.
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4. Discussion

4.1. Estimation of palaeomagnetic lock-in depth

Intensity of the geomagnetic field is the most important fac-
tor that controls the production rate of cosmogenic radionuclides 
(Beer et al., 2002), such as 10Be. 10Be can be retrieved from var-
ious geological materials, such as from marine sediments, polar 
ice core, and is therefore a ubiquitous proxy (e.g., Raisbeck et al., 
2006; Simon et al., 2016, 2017, 2018a, 2018b). When the geo-
magnetic field intensity is low, production rate of 10Be increases. 
Thus, variability in the 10Be flux can be considered as an inten-
sity proxy of the geomagnetic field (e.g., Raisbeck et al., 2006;
Suganuma et al., 2010). It is feasible to estimate the displaced 
scale of palaeomagnetic signals based on offset between 10Be RPI 
records and palaeomagnetic records involving direction and RPI, 
such as estimation of PDRM lock-in depth in marine sediments 
(Suganuma et al., 2010, 2011). For the Quaternary loess sediments, 
it is difficult to directly estimate the PDRM lock-in depth owing 
to chronological limit, especially for loess prior to the last inter-
glacial. In this study, we follow the method of correlation between 
10Be RPI and palaeomagnetic RPI to estimate the displaced scale of 
palaeomagnetic signals at LC and XF.

The 10Be RPI records for loess <130 ka was constructed from 
LC (35◦45′N, 109◦25′E) and XF (35◦42′N, 107◦38′E) sections (Zhou 
et al., 2010) where the Laschamp and Blake excursions were con-
fidently defined (Fig. 7i, s and S2c). Previous studies demonstrated 
that aeolian sediments can record faithfully palaeomagnetic polar-
ity subchrons, but they cannot consistently record transitional field 
behaviors over periods of several thousand years due to the poor 
alignment efficiency of magnetic particles during polarity reversal 
and excursions with weak geomagnetic field intensities (Jin and 
Liu, 2010; Jin et al., 2012). Although we are not sure to obtain the 
detailed geomagnetic morphology of the excursions using five sets 
of parallel samples, we hope to identify the magnetic directional 
deviations for each set of samples. Although these directional de-
viations cannot be used to reconstruct the VGP path, it could be 
used to indicate recording of an excursion. Therefore, large dis-
crepancies in palaeomagnetic records for sister samples from the 
same stratigraphic level can be a useful way to identify magnetic 
excursions. In this study, we obtained detailed ChRM direction and 
palaeomagnetic RPI records since the last interglacial period for 
both the sections (Fig. 6, 7e–h and 7o–r). For the Blake event, we 
define the middle position of the palaeomagnetic direction devia-
tion zones as the position of the excursion. For the Laschamp, we 
define the middle position of the palaeomagnetic RPI valley as the 
position of the excursion.

The χ in this study (gray lines in Fig. 7j and 7t) and in Zhou 
et al. (2010) (purple lines in Fig. 7j and 7t) are comparable at both 
LC and XF sections. This indicates the approximately consistent pe-
dostratigraphic depth and allows us to estimate the depth offset 
of the excursions revealed by palaeomagnetic RPI and 10Be RPI, 
respectively (Fig. 7h–i and 7r–s). Following marine studies (e.g., 
Suganuma et al., 2010), we define these offset depths as the dis-
placed scale of palaeomagnetic signals for the studied loess inter-
val. Downward displacement of the Laschamp is 84 and 116.5 cm 
at LC and XF, respectively. Downward displacement of the Blake is 
31.8 and 88.5 cm at LC and XF, respectively. At LC, downward dis-
placement of the Mono Lake is 83 cm and is comparable to the LC 
Laschamp.

The chronology of loess since the 130 ka in this study was es-
tablished after careful correlation between χ curves from LC and 
XF in this study and χ from LC in Zhou et al. (2010). χ at LC from 
Zhou et al. (2010) was used as the target curve. Sixteen and thir-
teen tie points were selected for χ curves from LC and XF in this 
study, respectively (Fig. S1). Linear interpolation was used to cal-
culate our ages (Fig. S2d). Here we introduce how does Zhou et al.
(2010) establish their chronology. Chronology for L1 and S1 at LC 
in Zhou et al. (2010) were established in three stages. Firstly, sub-
divisions of S1 are correlated to the MIS 5a–5e followed An et al.
(1991). Age controls were selected based on correlation between 
loess-paleosol magnetic susceptibility with the MIS stages. They 
assumed that the MIS 2/1, 5/4, and 6/5 transitions corresponded to 
the inferred L1/S0 (12.3 kyr B.P.), S1/L1 (79 ± 1 kyr B.P.) (Johnsen 
et al., 2001), and L2/S1 (129.8 ± 1 kyr BP) (Yuan et al., 2004). 
Secondly, using these age controls, weighted interpolation is em-
ployed using a grain-size-based sediment accumulation rate model 
proposed by Porter and An (1995). Finally, the LC age scale was 
also cross-checked using a combination of optical luminescence 
and 14C ages. Thus, we consider that chronology for L1 and S1 at 
LC in Zhou et al. (2010) is trustworthy. After establishment of our 
chronological sequences, age and depth of samples was plotted in 
Fig. 8c and 8d. Linear fitting was performed. The slope of the lin-
ear fitting is defined as the dust accumulation rate (DAR). In order 
to make the graph beautiful, the symbol frequency is set to 10 for 
L1 and 6 for S1 according to sample numbers at both sections, re-
spectively (Fig. 8c, d). Displaced depths of palaeomagnetic signals 
shown in Fig. 7 display a linear positive correlation with the cal-
culated DAR (Fig. 8a, b). In the first order, lower calculated DAR 
implies stronger compaction, corresponding to limited loess inter-
stitial void which would yield weaker PDRM displacement. This 
can well interpret the difference of the PDRM displacement in the 
L1 and S1, and displacement difference at the LC and XF.

Based on the above linear relation in Fig. 8a, we estimate that 
PDRM displacement of the MBB at LC is consistently to be 29.75 
and 30.17 cm based on different age models, such as the widely ac-
cepted Ding2002 (Ding et al., 2002) and Heslop2000 (Heslop et al., 
2000), respectively (Table 1). This value is also consistent with our 
previous estimation through the MBB correlation among sections 
in Jin et al. (2016). In Jin et al. (2016), after careful stratigraphic 
correlation of representative climatic tie points and the MBB at 
XF, LC, and Mangshan loess sections with different pedogenic en-
vironments, the downward shift of the MBB is estimated to be 
30.9 cm. Lock-in depth of the MBB at Zhaojiachuan and Lingtai 
sections is 48.72 and 44.59 cm based on age model of Sun et al.
(2006), respectively (Table 1). In addition, displacement of palaeo-
magnetic signals in stratigraphic interval of S9–S14 at LC is 38.59 
and 48.80 cm based on age model of Ding2002 and Heslop2000, 
respectively. At Zhaojiachuan and Lingtai sections, the displace-
ment in S9–S14 is 39.74 and 40.29 cm, respectively. If the Mono 
Lake excursion at LC is considered in the relation (Fig. 8b), all the 
estimated PDRM displacements are relatively smaller (bold values 
in Table 1). For the middle Pleistocene loess in the central CLP, the 
palaeomagnetic lock-in depth is generally in decimeter scale, gen-
erally < 50 cm. Thus, we conclude that palaeomagnetic boundaries 
in Chinese loess can be considered as age control points after mod-
erate adjustment.

4.2. Correlation between Chinese loess and deep-sea δ18O

In this study, we use content of particles over 32 μm in size 
(termed GT32) as Hao et al. (2012) and χ as proxies of EAWM and 
EWSM, respectively. In Fig. S3, paleoclimatic correlations among 
BCY, LC, Zhaojiachuan and Lingtai sections display that loess and 
paleosol sequences can be generally correlated (gray shadows). 
However, the BCY section can supply more details relative to sec-
tion in the central CLP, such as units S5, S9–S12, S13–S14. Pedo-
genesis can alter the grain-size components. BCY section is located 
in the west CLP. It has experienced relatively weaker smoothing ef-
fect of pedogenesis compared to sections in the central CLP. Thus, 
a GT32 sequence at BCY section was selected to show more details 
of EAWM (Fig. 9c).
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Fig. 8. (a, b) Linear relation between displaced depth of geomagnetic excursions and calculated loess dust accumulation rate (DAR). Squares and red circle mean excursions 
determined by both palaeomagnetic and 10Be data. (c, d) Depth-age plots of L1 and S1 at LC and XF, respectively. Squares and red circle mean excursions determined by our 
palaeomagnetic data. DAR for various intervals are estimated by slope of linear fitting (thick green lines in c and d).

Table 1
Estimated depth of displacement of palaeomagnetic signals for the Luochuan, Zhaojiachuan and Lingtai sections. The L8–S8 pedostratigraphic 
interval is where the Matuyama–Brunhes polarity reversal boundary located. The S9–S14 pedostratigraphic interval is where the Kamikat-
sura, Santa Rosa, Punaruu, Cobb Mountain, Bjorn excursions and Jaramillo boundaries located. For LC section, two loess age models termed 
Ding2002 (Ding et al., 2002) and Heslop2000 (Heslop et al., 2000) for these intervals were used for the estimation of palaeomagnetic dis-
placement, respectively. For Zhaojiachuan and Lingtai section, age model termed Sun2006 (Sun et al., 2006) was used. Bold values indicate 
the estimated PDRM displacements if the Mono Lake excursion at LC is considered in the relation in Fig. 8b.

Luochuan stratigraphy Thickness 
(cm)

Duration 
(ka) from Ding2002

DAR 
(cm/ka)

Palaeomagnetic displacement 
(cm)

L8–S8 330 78 4.23 29.75 29.25
S9–S14 1600 297 5.39 38.59 37.82

Luochuan stratigraphy Thickness 
(cm)

Duration 
(ka) from Heslop2000

DAR 
(cm/ka)

Paleomagnetic displacement 
(cm)

L8–S8 330 77 4.29 30.17 29.66
S9–S14 1600 238 6.72 48.80 47.71

Zhaojiachuan stratigraphy Thickness 
(cm)

Duration 
(ka) from Sun2006

DAR 
(cm/ka)

Palaeomagnetic displacement 
(cm)

L8–S8 490 73 6.71 48.72 47.63
S9–S14 1750 316 5.54 39.74 38.93

Lingtai stratigraphy Thickness 
(cm)

Duration 
(ka) from Sun2006

DAR 
(cm/ka)

Paleomagnetic displacement 
(cm)

L8–S8 432 70 6.17 44.59 43.63
S9–S14 1784 318 5.61 40.29 39.47
A high resolution magnetostratigraphy of LC section displayed 
that there are several palaeomagnetic deviations in the S9–L15 in-
terval except the Jaramillo (Fig. 2g). According to the conventional 
scheme, these deviations can be well correlated to palaeomagnetic 
excursions of Kamikatsura, Santa Rosa, Punaruu, Cobb Mountain, 
Bjorn in marine records (Fig. 2c–i). There is no visible land-ocean 
discrepancy of position for these excursions as well as Jaramillo 
boundaries, indicating limited palaeomagnetic recording displace-
ment. This is inconsistent with the scenario of the MBB at LC 
claimed by Zhou and Shackleton (1999). If the large MBB down-
ward displacement claimed by Zhou and Shackleton (1999) is true, 
it is almost incomprehensible to us why palaeomagnetic signals 
revealed from the middle Pleistocene loess, such as the Jaramillo, 
Kamikatsura–Bjorn etc., have limited palaeomagnetic displacement. 
An alternative interpretation is that the land-ocean discrepancy of 
the MBB position was not primarily caused by the PDRM displace-
ment, but was caused by a misleading correlation between Chinese 
loess and deep-sea δ18O.

Magnetostratigraphy at the BCY section cannot display visible 
polarity boundaries (results not shown in this study). Detailed pa-
leomagnetic measurements displayed absence of the Mono Lake 
and Laschamp excursions in the loess unit L1 at BCY (Deng, 2008). 
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Fig. 9. Correlation between Chinese loess and deep-sea δ18O since the middle Pleistocene. (a) Time series of GT32 from Baicaoyuan section. Grey dashed line is the 21 June 
insolation at 65◦N (Laskar et al., 2004) (Y coordinate not shown). (b) A stacked benthic δ18O named LR04 (Lisiecki and Raymo, 2005). (c, d) Depth series of GT32 and χ from 
BCY. Eight thick vertical lines (gray) mean position of palaeomagnetic excursions and reversal boundaries in the Matuyama Chron in marine sediments and Chinese loess, 
respectively. Palaeomagnetic polarity for the marine sediments is cited from Ocean Drilling Program Sites 983 and 984 (Iceland Basin) (Channell et al., 2002), with exception 
of the Kamikatsura excursion which is cited from a lava record (Singer et al., 1999). S1–S4 are correlated to MIS 5–11. S5 is correlated to MIS 13. S6 is correlated to MIS 15. 
S7–S8 are correlated MIS 17–19. L9–S15 are correlated to MIS 21–39.
This behavior is probably due to the viscous overprinting of the re-
manence carried by coarse-grained magnetite of eolian origin dur-
ing the last glacial period. Thus, we have a suspicion that the full 
BCY profile has been remagnetized. We cannot give the corrected 
polarity boundaries because we cannot obtain the measured po-
larity boundaries. However, position of palaeomagnetic boundaries 
at GT32 curve of BCY section can be defined by stratigraphic and 
palaeoclimatic correlation with those at LC (Fig. 2g–k). Based on 
estimated depth of palaeomagnetic displacement as well as con-
straint of palaeomagnetic polarity zones from the MBB to Bjorn, 
S8–S15 should be correlated with MIS 19–39 (Fig. 9). Then, cor-
relation of GT32 above S8 with deep-sea δ18O should also be 
adjusted. Here, we correlate S7, S6 and S5 to MIS 17, 15 and 13, re-
spectively. We carry over conventional scheme for GT32 above S4. 
Compared to the conventional scheme, we adjusted the correlation 
between the S5–S9 loess interval with deep-sea δ18O (Fig. 9).

To test this new scheme, a new loess time series was con-
structed (Fig. 9a). For the timescale of the BCY section, we directly 
correlate the unfiltered GT32 to the summer insolation at 65◦N, 
following method of Heslop et al. (2000). Age control points were 
determined by correlate minimum GT32 to maximum insolation, 
vice versa (Fig. 10). Then, interpolation and weighted by grain-size 
(Porter and An, 1995) were used to establish the loess timescale 
(Fig. S4). The two GT32 sequences with time are approximately 
same. We select the timescales weighted by grain-size for further 
analysis.

Hilbert–Huang Transform (HHT) (Ensemble empirical mode de-
composition: EEMD) (Huang et al., 1998; Wu and Huang, 2009)
analysis was used on GT32 to remove the long-term (≥400 ka) 
trend, high-frequency noises. New time series were formed by 
summing components C3–8 from the first decomposition (C0) to 
determine their periods and periodic stabilities (Fig. S5). The spec-
tra of C3–8 reveals peaks at 100, 41, 23, 19 kyr period, significant 
at the 99% confidence level (Fig. S6). The correlation coefficient 
between the filtered 41-kyr component of GT32 (after HHT) and 
obliquity record is 0.87. The correlation coefficient between the fil-
tered GT32 (after HHT) and precession frequency band is 0.85. The 
filtered orbital signals from the grain size records fit the theoret-
ical record almost cycle by cycle (Fig. S7). Cross-spectral analyses 
between GT32 (after HHT) and the theoretical orbital record show 
that for the last 1300 ka the coherency is about 0.74, 0.97, 0.83 and 
0.95 (well above the 5% significance level) at 100, 41, 23 and 19 ka 
periodicities, respectively (Fig. S6). These results suggest that the 
tuned GT32 timescale have been tightly constrained by both the 
theoretical obliquity and precession records. The timescale is well 
constructed based on our new land-ocean comparison, further in-
dicating that our new correlation of GT32 with deep-sea δ18O is 
reasonable.

5. Conclusions

Combining palaeomagnetic directions and the relative palaeoin-
tensity (RPI) curves, the Laschamp excursion and Blake event at 
Luochuan and Xifeng sections were determined. Displaced depths 
of these excursions were estimated through correlation between 
palaeomagnetic RPI and 10Be RPI curves, and are linearly re-
lated with the calculated loess dust accumulation rate. Rainfall-
controlled leaching is proposed as a dominant factor which influ-
ence the post-depositional remanent magnetization (PDRM) acqui-
sition. Palaeomagnetic displacement for the geomagnetic polarity 
boundaries and excursions in the middle Pleistocene loess are es-
timated in decimeter scale (generally <50 cm) in the central Chi-
nese Loess Plateau. Based on loess quantitative lock-in depth and 
magnetostratigraphy, we propose that S8–S15 units should be cor-
related with MIS 19–39. Units S7, S6 and S5 are proposed to be 
correlated with MIS 17, 15 and 13, respectively.
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Fig. 10. Establishment of GT32 loess time scale. GT32, content of particles over 32 μm in size. Based on palaeomagnetic constraint, unfiltered GT32 was directly correlated to 
the 21 June insolation at 65◦N (Laskar et al., 2004) approximately cycle by cycle. Age control points were determined by correlate minimum GT32 to maximum insolation, 
vice versa. Number in the insolation record are referred to i-cycle codification of Lourens et al. (1996).
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  This Supplementary Information consists of 7 figures. We display how chronology 20 

of loess since the 130 kyr in this study was established in Figure S1. The chronology 21 

was established after careful correlation between χ curves from LC and XF in this study 22 

and χ from LC in Zhou et al. (2010) (Fig. S1). χ at LC from Zhou et al. (2010) was used 23 

as the target curve. Sixteen and thirteen tie points were selected for χ curves from LC 24 

and XF in this study, respectively. Linear interpolation was used to calculate our ages.  25 

Change of the 10Be relative palaeointensity in loess since the 130 kyr is a significant 26 

foundation of this study. To display the reliability of the loess 10Be RPI, it was 27 

correlated with marine sediments RPI (Fig. S2). 28 

A GT32 sequence at BCY section was selected to show more details of EAWM. We 29 

show in Figure S3 why the BCY was selected. Paleoclimatic correlations among BCY, 30 

LC, Zhaojiachuan and Lingtai sections display that loess and paleosol sequences can 31 

be generally correlated (grey shadows). However, the BCY section can supply more 32 

details relative to section in the central CLP, such as units S5, S9-S12, S13-S14. 33 

Pedogenesis can alter the grain-size components. BCY section is located in the west 34 

CLP. It has experienced relatively weaker smoothing effect of pedogenesis compared 35 

to sections in the central CLP. Thus, a GT32 sequence at BCY section was selected to 36 

show more details of EAWM. 37 

To evaluate the loess age model, interpolation and weighted by grain-size were both 38 

used to establish the loess timescale shown in Figure S4. The two GT32 sequences with 39 

time are approximately same. Periodicity analyses were performed to test our loess time 40 

scale (Fig. S5-7). 41 
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 42 

Supplementary S1. Establishment of an age model (since 130 kyr) for Luochuan and 43 

Xifeng sections in this study. (b) Mass-specific low-field susceptibility (χ) at LC with 44 

time axis in Zhou et al. (2010). (a, c) χ at LC and XF with depth axes in this study, 45 

respectively. The chronology of loess since the 130 kyr in this study was established 46 

after careful correlation between χ curves from this study (b, c) and χ at LC from Zhou 47 

et al. (2010) (a). χ at LC from Zhou et al. (2010) was used as the target curve. Grey 48 

lines indicate the selected tie points with ages marked in (b), such as 8, 12.3…129.73 49 

ka. Linear interpolation was used to calculate our ages. 50 
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 51 

Supplementary S2. Comparison of 10Be relative palaeointensity (Zhou et al., 2010) (c) 52 

and palaeomagnetic RPI records of PISO-1500 (Channell et al., 2009) (a) and North 53 

Pacific (Yamazaki and Kanamatsu, 2007) (b) from marine sediments. The Laschamp, 54 

Blake, and Mono Lake were marked with shadow. (d) Chronology of loess < 130 kyr 55 

at Luochuan and Xifeng sections. Loess timescale since the 130 ka in this study was 56 

established after careful correlation between χ curves from LC and XF in this study and 57 

χ from LC in (Zhou et al., 2010). 58 
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 59 

Supplementary S3. Paleoclimatic correlation among Baicaoyuan, Luochuan, 60 

Zhaojiachuan and Lingtai sections. (a) Content of particles over 32 μm in size (GT32) 61 

and mass-specific low-field susceptibility (χ) of Baicaoyuan section in this study. (b) 62 

Medium grain size (Md) and χ of Luochuan section (Liu and Sun, 2012). (c, d) Mean 63 

grain size of quartz particles (MGSQ) and χ of Zhaojiachuan and Lingtai sections (Sun 64 

et al., 2006). Grey shadows mean correlation among sections. 65 
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66 

Supplementary S4. Correlation of two loess timescales which are established by 67 

interpolation and by weighted GT32 model, respectively. There is no visible difference 68 

for GT32 series with different age model.  69 
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 70 

Supplementary S5. Intrinsic components of the ensemble empirical mode decomposition 71 

(EEMD) of the GT32 from BCY. We interpolate data of GT32 to 1 kyr resolution. White noise (An) 72 

of 0.1 and the component number (Nesb) of 11 (𝐿𝑜𝑔2
1301 − 1 + 2) are used for the first EEMD 73 

decomposition. C0 represents original data of GT32. To remove high-frequency fluctuations and 74 

long term trend (≥ 400 ka), new time series were formed by summing components C3-8 from the 75 

first decomposition (C0).  76 
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77 

Supplementary S6. Cross-spectral analysis of ETP and C3-8 series (GT32 after HHT) 78 

for BCY section. ETP is sum of normalized orbital eccentricity, obliquity, and reversed 79 

precession. Orange dashed and black solid lines are ETP and C3-8 (GT32 after HHT) 80 

spectrum which are plotted on arbitrary log scales, respectively. Black dashed line is 81 

the coherency spectrum which is plotted on a hyperbolic arctangent scale with a 5% 82 

significance level (horizontal solid line). Frequencies are in cycles per thousand years. 83 

Analysis were performed using software by Howell et al. (2006). 84 
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 85 

Supplementary S7. Filtered C3-8 series (GT32 after HHT) at the obliquity (41 kyr) and 86 

precession bands (21 kyr) (orange lines) versus lagged theoretical orbital obliquity and precession 87 

(grey lines) (Laskar et al., 2004). The filtered signals and orbital records are all normalized.  88 
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