
 

 

1 

 

Main Manuscript for 1 

Eccentricity-paced geomagnetic field and monsoon rainfall variations 2 

over the last 870 kyr 3 

Weijian Zhoua,b,c,1*, Xianghui Konga,b,1, Greig A. Patersond, Youbin Suna,e, Yubin Wub,f, Hong Aoa, 4 

Feng Xiana,b, Yajuan Dua,b, Ling Tangg, Jie Zhoug, Zhengguo Shia, A. J. Timothy Jullh,i, Guoqing 5 

Zhaoa,b, Zhisheng Ana,c* 6 

aState Key Laboratory of Loess, Institute of Earth Environment, Chinese  Academy of Sciences, Xi’an 7 

710061, China 8 

bShaanxi Key Laboratory of Accelerator Mass Spectrometry and Application, Xi’an AMS Center, Xi’an 9 

710061, China 10 

cInterdisciplinary Research Center of Earth Science Frontier, Beijing Normal University, Beijing 100875, 11 

China 12 

dGeomagnetism Laboratory, Department of Earth, Ocean and Ecological Sciences, University of Liverpool, 13 

Liverpool, UK 14 

eSchool of Human Settlements and Civil Engineering, Xi’an Jiaotong University, Xi’an 710049, China 15 

fUniversity of Chinese Academy of Sciences, Beijing 100049, China 16 

gXi’an Institute for Innovative Earth Environment Research, Xi’an 710061, China 17 

hIsotope Climatology and Environmental Research Centre, Institute for Nuclear Research, Debrecen H-18 

4026, Hungary 19 

iUniversity of Arizona, Tucson, Arizona 85721, USA 20 

Contributed by Zhisheng An (anzs@loess.llqg.ac.cn) 21 

* To whom correspondence should be addressed. Email: anzs@loess.llqg.ac.cn (Zhisheng An) and 22 

weijian@loess.llqg.ac.cn (Weijian Zhou) 23 

1These authors contributed equally. 24 



 

 

2 

 

Author Contributions: Z.A. and W.Z. supervised the project. W.Z. designed the research and methods. W.Z. 25 

and X.K. wrote the original manuscript. W.Z., X.K. and F.X. collected and processed samples. X.K. and G.Z. 26 

performed experiments in the lab. W.Z. and X.K. performed the data analysis with help from G.A.P., Y.S., 27 

H.A., and Y.D. All authors participated in discussion and interpretation of the data and contributed to 28 

improving the manuscript. 29 

Competing Interest Statement: The authors declare no competing interest. 30 

Classification: Physical Sciences/Earth, Atmospheric, and Planetary Sciences 31 

Keywords: Chinese loess; Cosmogenic 10Be; Geomagnetic field; Asian monsoon rainfall; Orbital 32 

eccentricity 33 

 34 

This PDF file includes: 35 

Main Text 36 

Figures 1 to 4 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 



 

 

3 

 

Abstract 52 

Whether there are links between geomagnetic field and Earth’s orbital parameters remains 53 

unclear. Synchronous reconstructions of parallel long-term quantitative geomagnetic field 54 

and climate change records are rare. Here, we present 10Be-derived changes of both 55 

geomagnetic field and Asian monsoon (AM) rainfall over the last 870 kyr from the Xifeng 56 

loess-paleosol sequence on the central Chinese Loess Plateau. The 10BeGM flux (a proxy 57 

for geomagnetic field induced 10Be production rate) reveals 13 consecutive geomagnetic 58 

excursions in the Brunhes chron, which are synchronized with the global records, providing 59 

key time markers for Chinese loess-paleosol sequences. The 10Be-derived rainfall exhibits 60 

distinct ~100 kyr glacial-interglacial cycles, and superimposed precessional (~23 kyr) 61 

cycles that match with those in Chinese speleothem δ18O record. We find that changes in 62 

the geomagnetic field and AM rainfall share a common ~100 kyr cyclicity, implying a 63 

likely eccentricity modulation of both the geomagnetic field and climate. 64 

Significance Statement 65 

Whether the geomagnetic field is forced by Earth’s orbital parameters or related to climate 66 

has long been a controversial topic. Using Chinese loess 10Be, we simultaneously derive a 67 

credible geomagnetic field record by removing the climate factors and a quantitative record 68 

of Asian monsoon (AM) rainfall for the past 870 kyr. We show that changes in 10Be-derived 69 

geomagnetic field and AM rainfall contain a ~100 kyr cyclicity, indicating that both 70 

geomagnetic field and AM rainfall variability may be modulated by orbital eccentricity. 71 

We suggest that eccentricity influences AM rainfall through modulating the amplitude of 72 
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precession, while eccentricity may affect the geomagnetic field through global ice volume 73 

changes. 74 

Main Text 75 

Introduction 76 

Classical Milankovitch theory holds that the variation of Earth’s orbital-induced summer 77 

solar insolation is the main driving force of global climate change (1). However, whether 78 

the geomagnetic field intensity is modulated by Earth’s orbital parameters, or it interacts 79 

with paleoclimate change remains controversial (2). Previous studies reveal that Earth’s 80 

orbital signals such as eccentricity and obliquity cycles have been observed in the records 81 

of paleomagnetic inclination/intensity from marine sediments (3–7), implying a likely 82 

relationship between geomagnetic field and orbital parameters. However, other studies 83 

have argued that sedimentary records of paleomagnetic intensity (relative paleointensity) 84 

may be contaminated by climate and/or sediment diagenetic processes (8–10), leaving the 85 

relationship between climate and the geomagnetic field inconclusive. This therefore leads 86 

to an apparent argument on the relationship between geomagnetic field, climatic change, 87 

and Earth’s orbital parameters, with several hypotheses on the relationship between 88 

geomagnetic field intensity and Earth’s climate (11–14). Synchronous orbital-scale 89 

reconstructions of both the climatic and geomagnetic signals from the same sedimentary 90 

sequence under the same time scale may enable a clearer understanding of any covariation 91 

of the geomagnetic field and climate related to Earth’s orbital forcing. 92 

The loess-paleosol sequence on the Chinese Loess Plateau provides continuous 93 

terrestrial records for both the geomagnetic field and Asian monsoon (AM) variations 94 
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throughout the Quaternary (15–17). The long-lived cosmogenic nuclide 10Be (~1.39 Ma 95 

half-life) from the loess-paleosol sequence is an ideal candidate for simultaneously 96 

disentangling the geomagnetic field and AM rainfall signals (18–20). The meteoric 10Be is 97 

produced by cosmic-ray spallation in Earth’s atmosphere and its production rate is 98 

governed by the geomagnetic field intensity, hence, its flux in sediments can be used to 99 

derive geomagnetic field records (21–24). Solar magnetic field variations can also 100 

influence atmospheric 10Be production via fluctuations in solar wind rigidity (21), but it 101 

mainly acts on shorter periods than considered when exploring long-term geomagnetic 102 

field variation. Once produced in the atmosphere, 10Be becomes attached to atmospheric 103 

dust particles at the surface and deposits on the ground mainly via scavenging during 104 

rainfall events (25). The 10Be fallout flux to the ground thus can be deconvolved to 105 

quantitatively reconstruct the rainfall amount (26, 27). Once on the ground, 10Be becomes 106 

an immobile oxidized component in eolian sediments, enabling robust extraction of both 107 

geomagnetic field and rainfall changes (18, 27). 108 

The Xifeng loess section in the central Chinese Loess Plateau is located at mid-latitude 109 

where the production rate of meteoric 10Be is very sensitive to changes of geomagnetic 110 

field intensity (28) and its deposition is closely associated with AM rainfall amount (18, 111 

27). We have successfully reconstructed the history of paleomonsoon rainfall and 112 

geomagnetic field variations separately over the last 130 kyr and 550 kyr using loess 10Be 113 

(19, 27), yet their potential relationship has not been investigated. Here we extend the 114 

paired reconstructions of geomagnetic intensity and monsoon rainfall back to 870 kyr to 115 

address their relationships under the same chronological framework. 116 
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Results and Discussion 117 

Samples and Chronology. We collected Chinese loess samples from ~65 m thick loess-118 

paleosol strata (S0-S8) at the Xifeng section by manually cutting freshly exposed hill slope 119 

profiles (SI Appendix and Fig. S1). We measured magnetic susceptibility, grain size, 10Be 120 

concentration and bulk density for 1302 samples in laboratory (SI Appendix). The Chinese 121 

loess chronology has been established via interpolation between age control points using 122 

different models (17, 29, 30). Here, we constructed an initial grain-size age model by 123 

correlating changes of Xifeng loess grain size with the glacial-interglacial cycles in the 124 

marine isotope records (30, 31) (Fig. 1, Table S1). We then refined the initial timescale 125 

based on common features observed in the Xifeng 10Be-based rainfall record and the 126 

absolute U/Th dated Chinese speleothem δ18O variations (32) (Table S1). Reliability of the 127 

refined age model is further verified by good correlations between the time series of Xifeng 128 

loess 10Be-derived geomagnetic reversal/excursions with those of two VADM stacks (33, 129 

34) and 10Be/9Be stacks (23) from marine sediments (Fig. 2). Using this age model, the 130 

10Be concentrations have been corrected for radioactive decay and the loess accumulation 131 

rate is calculated to convert the 10Be concentration into flux (SI Appendix). 132 

10Be-derived geomagnetic excursion events. The 10BeGM flux in Xifeng loess reflects the 133 

geomagnetic field modulated 10Be production rate variation (Fig. 2, see Materials and 134 

Methods and SI Appendix). We also convert the 10BeGM flux into the absolute VADM for 135 

further comparison using a similar method reported in (23) (SI Appendix and Fig. S2). 136 

10BeGM flux variation over the last 870 kyr matches well with the relative geomagnetic 137 

paleointensity stacks from SINT 2000 (33) and PISO 1500 (34) and with the 10Be/9Be ratio 138 
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record from marine sediments (23). Geomagnetic polarity reversal/excursions are 139 

accompanied by abrupt drops of geomagnetic field intensity. Because 10Be production rate 140 

is anti-correlated with geomagnetic field intensity (21), peaks of 10BeGM flux record in 141 

Xifeng loess can be used to detect globally recorded geomagnetic reversal/excursion events. 142 

In the 10BeGM flux record, the most prominent peak between ~770 and 786 kyr can be 143 

readily correlated to the Brunhes/Matuyama (B/M) geomagnetic polarity reversal (Fig. 2). 144 

The B/M reversal recorded in the paleosol layer S7 is synchronous with those recorded in 145 

marine sediments and in ice cores (i.e., corresponding to MIS 19) (22, 23, 35), enabling a 146 

better correlation of Chinese loess with marine and ice-core records (20).  147 

Another 13 10BeGM flux peaks that exceed more than 30% amplitude of the relative loess 148 

10BeGM flux variation at B/M reversal (at least higher than long-term average 10BeGM flux 149 

value +0.5s) are identified (Fig. 2A). By correlating these 10BeGM flux peaks with global 150 

geomagnetic records, 13 successive geomagnetic excursions in the Brunhes chron were 151 

identified, including Laschamp (~43 kyr), Norwegian Greenland Sea (~66 kyr), Fram Strait 152 

(~93 kyr), Blake (~120 kyr), Baffin Bay/6a (~163 kyr), Iceland Basin (~188 kyr), Pringle 153 

Falls (~205 kyr), Portuguese Margin (~284 kyr), Levantine (~373 kyr), Emperor (~472 154 

kyr), Big Lost (~540 kyr), La Palma/15b (~593 kyr), and Stage 17/Osaka Bay (~674 kyr) 155 

(Fig. 2) (23, 36–41). Moreover, a significant 10BeGM flux peak at ~440 kyr is correlated 156 

with the troughs in SINT 2000 and PISO 1500 stacks and the marine 10Be/9Be ratio peaks 157 

of similar age, although there is no reported excursion that can be assigned to this record. 158 

Another possible excursion, West Eifel 1, may be assigned to the 10BeGM flux peak at ~730 159 

kyr (42) although it does not reach our 0.5s threshold. It appears that most of the 160 
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geomagnetic polarity events tended to occur in the interglacial, interstadial stages, or the 161 

transition of interglacial/glacial as shown by correlating with loess grain size and benthic 162 

d18O records (Fig. 2A, E and F). 163 

The 10BeGM flux record from Xifeng loess provides the first long and continuous 164 

geomagnetic record from terrestrial sediments over the past 870 kyr, with coverage of 165 

globally reported geomagnetic excursions during Brunhes chron and the B/M reversal. The 166 

good agreement between 10Be-derived geomagnetic reversal/excursions and those from 167 

around the globe (Fig. 2) confirms that Chinese loess is qualified to record the global 168 

geomagnetic field variations, supporting that our chronology is robust. More importantly, 169 

these geomagnetic events provide independent time markers for correlating Chinese loess-170 

paleosol sequences with global records (e.g., marine sediments and ice cores).  171 

10Be-derived AM rainfall variability. The 10Be-derived AM rainfall from Xifeng loess 172 

ranges from ~300 mm/yr in glacials to ~1000 mm/yr in interglacials over the last 870 kyr 173 

(Fig. 3D, SI Appendix). Glacial-interglacial (~100 kyr) cycles are prominent in the 10Be-174 

estimated rainfall, which correlates with the global ice volume change as indicated by the 175 

benthic δ18O record (31) (Fig. 3E). In addition to the ~100 kyr cycle, precession cycles in 176 

the 10Be-rainfall record are in good agreement with variations of the 640 kyr Chinese 177 

speleothem δ18O records (32) (Fig. 3B). The ~100 kyr cyclicity in 10Be-derived AM rainfall 178 

may be related to its relatively high mid-latitude (~36°N) in the north of Qinling mountains 179 

whereas the ~23 kyr speleothem record (~32°N) in the south of Qinling mountains (Fig. 180 

S1A). With an average altitude of about 2500 m, the Qinling mountains have an important 181 

influence on atmospheric circulation in the troposphere, and serve as a key boundary 182 
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dividing the northern and southern climates in China and the East Asian Continent (43). 183 

The AM climate variations recorded by speleothem (south of Qinling mountains) and loess 184 

deposits (north of Qinling mountains) are both affected by the low-latitude monsoon 185 

circulation (18, 27, 32, 44). The AM climate recorded by loess in north of the Qinling 186 

mountains, however, also responds sensitively to high-latitude and inland cold air 187 

circulation relevant to ice volume changes (45, 46). 188 

A high-pass (<23 kyr) filtered results of the 10Be-derived rainfall and speleothem δ18O 189 

records show cycle-to-cycle correlation (Fig. 3C), except for attenuated correlation 190 

between ~500 kyr to ~640 kyr corresponding to S5, which is a paleosol affected by 191 

prolonged and enhanced pedogenesis. The 10Be-estimated rainfall amount during S5 is 192 

comparable to that of other paleosol interglacials, differing from the remarkable increase 193 

of magnetic susceptibility at S5-1 (MIS 13) (Fig. 1). While magnetic susceptibility indicates 194 

that the summer monsoon intensity is extremely high during MIS 13, many proxies such 195 

as speleothem δ18O, Chinese loess δ13C and δDwax records exhibit similar summer monsoon 196 

intensity during all the past interglacials since 870 kyr (32, 47, 48). These proxy 197 

discrepancies demonstrate that monsoon rainfall amount is not always equivalent to the 198 

summer monsoon intensity. Moreover, the S5 (MIS 13-15) interglacial is characterized by 199 

prolonged high monsoon rainfall, with relatively weaker precessional fluctuations than 200 

shown in other interglacials (Fig. 3D). These special features may be caused by a strong 201 

asymmetry of hemispheric climates during MIS 13 (49, 50) and the extra-long 202 

interglaciation in NH during MIS 13-15 (51), which lead to atypical pedogenic processes 203 

in S5. The long duration of pedogenesis would have promoted magnetic susceptibility 204 
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enhancement, but might attenuate the sensitivity of AM rainfall response to precession-205 

induced insolation variation. 206 

Based on the 10Be-rainfall record, we also find that the amplitude of the precession signal 207 

in AM rainfall is highly related to eccentricity variability. The 23 kyr (±20%) bandpass 208 

filtered from 10Be-rainfall curve matches well with Earth’s precession variation both in 209 

terms of frequency and amplitude (Fig. S3). The amplitude of the precession cycle in the 210 

10Be-rainfall was reduced during ~300-600 kyr and enhanced significantly around ~100-211 

300 kyr and ~600-700 kyr. The only exception is reduced precessional rainfall variability 212 

during S5 or MIS13-15 with high eccentricity.  213 

Dynamically, eccentricity could influence AM rainfall through two mechanisms, one is 214 

its direct modulation of precession amplitude (52, 53) and the other is an indirect effect 215 

through global ice volume changes (54). The classical sea-breeze monsoon mechanism 216 

involves increased low-latitude boreal summer insolation leading to surface warming and 217 

amplified land/sea temperature contrast, in turn, enhancing atmospheric water content, 218 

low-level advective convergence and thus rainfall over land (55, 56). Eccentricity-219 

modulated low-latitude interhemispheric insolation gradient also contributes to the 220 

precessional amplitude variability of monsoon rainfall (Fig. 3A, Fig. S3), since increased 221 

insolation difference between the northern and southern hemispheres can result in more 222 

intense cross-equatorial pressure gradient and monsoon circulation (18, 27, 57–59). 223 

Indirectly, eccentricity-induced amplitude modulation of summer insolation can generate 224 

large-amplitude glacial cycles (54). Strong northern hemispheric cooling by large ice sheets 225 

leads to decreased local land-sea thermal contrast, high-tropospheric westerly wave train 226 
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and significant feedback of dust aerosols, thus weakening the East Asian summer rainfall 227 

during glaciations (60). We suggest that both direct and indirect mechanisms are 228 

responsible for the apparently warmer/wetter interglacial periods and larger precessional 229 

climate oscillations observed during periods of increased variance of eccentricity. 230 

Co-variation of geomagnetic field and monsoon climate on eccentricity timescales. 231 

There is a consensus that the geomagnetic field protects Earth’s life and environment from 232 

cosmic-ray radiation by shielding the surface from high-energy particles (13). However, 233 

there are still different views on whether there is correlation between geomagnetic field 234 

intensity and Earth’s climate (61–63). Our 10Be-reconstructed geomagnetic field (10BeGM 235 

flux) and AM rainfall variations over the past 870 kyr make it possible to explore the 236 

relationship between geomagnetic field and orbital forcing. Comparison between the 10Be-237 

rainfall and the 10BeGM flux shows that increased monsoon rainfall generally corresponds 238 

to the decreased geomagnetic field intensity (10BeGM flux increases) (Fig. 4A). Meanwhile, 239 

the geomagnetic reversal/excursions occurred mainly in the interglacial, interstadial stages, 240 

or the transition of interglacial/glacial (Fig. 2). The spectral results show that AM rainfall 241 

is dominated by orbital cycles at both ~100 kyr and ~23 kyr periods, while the 10BeGM flux 242 

only shows a 100 kyr cyclicity (Fig. 4B). The ~100 kyr periodicity of geomagnetic field 243 

change is also evident in global relative geomagnetic paleointensity records, including a 244 

10Be/9Be ratio stack,  and two VADM stacks from marine sediments (Fig. S4) (23, 33, 34). 245 

A cross-wavelet spectrum between the AM rainfall and 10BeGM flux time series exhibits 246 

a strong coherency at ~100 kyr period (Fig. 4C). We infer that the common ~100 kyr 247 

periodic variations of the geomagnetic field and AM rainfall are likely related to the 248 
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modulation by orbital eccentricity variability. Eccentricity modulates the ~100 kyr glacial 249 

cycle and precessional amplitude variations of AM rainfall. As for geomagnetic field, the 250 

main geomagnetic field is generated by movement of liquid iron in Earth’s outer core, a 251 

process known as the geodynamo (64, 65). Thermochemical convection is the main power 252 

source in the core, but changes of Earth’s motion state play a role in controlling the patterns 253 

of convection, hence, the generation of the geomagnetic field (65, 66). Earth’s eccentricity-254 

paced ~100 kyr glacial cycles (54) lead to redistribution of global water between global 255 

oceans and polar ice sheets (61, 67). During glacial periods, a relative increase of mass 256 

distributed at high latitude can lead to an increase in Earth’s rotational velocity through 257 

conservations of angular momentum (11, 68, 69) (Fig. S6) and therefore a decrease of 258 

length of day (LOD). LOD correspondingly increases as these ice caps recede 259 

redistributing mass away from the poles. Decadal to millennial scale variations in Earth’s 260 

rotation rate (or LOD) are suggested to be linked to geomagnetic secular variation and 261 

geodynamo simulations suggest that small periodic changes in LOD can manifest as 262 

amplified variations in dipole field strength with a similar period (64, 66). We speculate 263 

that the shifting glacial mass distribution over the eccentricity-paced glacial-interglacial 264 

cycles may have a sufficiently large impact on Earth’s rotation rate to manifest as a ~100 265 

kyr signal in the geomagnetic field strength (11, 61). This is consistent with the common 266 

~100 kyr cyclicity in the cross-wavelet analysis between benthic d18O and 10BeGM flux (Fig. 267 

S7). Finally, the cross-wavelet analysis between 10Be-rainfall and 10BeGM flux indicates 268 

that their variations are in-phase before ~550 kyr, but 90° out of phase since ~400 kyr (Fig. 269 

4C, the arrows vary through time), indicating a complex or unstable responses of AM 270 

rainfall and geomagnetic field intensity to Earth’s eccentricity variations. Such phase 271 
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changes may be partly related to different orbital cycles (~100 kyr and ~23 kyr for 10Be-272 

rainfall and ~100 kyr for 10BeGM flux).  Future studies are needed to confirm the above 273 

interpretation of a possible link between Earth’s orbital eccentricity and geomagnetic field 274 

variations. 275 

To summarize, we reconstruct the relative geomagnetic field intensity and AM rainfall 276 

records from Chinese loess 10Be over the last 870 kyr. Based on the 10Be-derived 277 

geomagnetic field intensity variations, successive global geomagnetic excursions have 278 

been identified for the first time in a Chinese loess-paleosol sequence. The quantitative 279 

reconstruction of AM rainfall shows both ~100 kyr glacial-interglacial and ~23 kyr cycles, 280 

while the 10Be-derived geomagnetic field variation has a predominant ~100 kyr cyclicity. 281 

Our geomagnetic field and AM rainfall records provide reliable evidence that eccentricity 282 

likely modulates both the geomagnetic field and climate, resulting in their co-variation on 283 

orbital time scales. This is likely due to eccentricity-induced mass transfer through the 284 

formation and melting of polar ice-caps, impacting Earth’s rotation rate and thus the 285 

geomagnetic field. 286 

 287 

Materials and Methods 288 

10Be Sample Preparation. Approximately 1 g of loess sample was spiked with ~0.5 mg 289 

9Be carrier and leached in HCl along with H2O2 over night to remove calcium carbonate 290 

and organic matter. The sample solution was centrifuged, the supernatant was collected 291 

and dried into salts which were then dissolved in HCl. The Be in this dissolved solution 292 

was separated on cation-exchange resin columns in 1 M HCl, then precipitated as 293 
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hydroxides, and transformed to oxides (BeO) in a muffle furnace at 900 °C. BeO was mixed 294 

with copper powder for 10Be/9Be measurement by 3MV Accelerator Mass Spectrometer at 295 

Xi’an AMS Center, Institute of Earth Environment, Chinese Academy of Sciences (SI 296 

Appendix).  297 

Reconstructions of geomagnetic field and AM rainfall from loess 10Be. The loess 10Be 298 

variation was controlled by both the climate factors and geomagnetic field intensity 299 

modulation. The climate components in the loess 10Be came from long-range dust input 300 

from the source regions and the in-situ atmospheric fallout by wet precipitation (18). 301 

Similarly, loess magnetic susceptibility (χ) also contains the detrital fraction from the 302 

primary eolian dust and a pedogenic fraction formed during post-depositional soil 303 

development. Therefore, loess χ and 10Be concentration were strongly correlated (SI 304 

Appendix). By using a detrital end-number of loess χ (i.e., SUS(D)) to estimate the dust 305 

fraction of 10Be (i.e., 10Be(D)) (SI Appendix and Fig. S5), we can differentiate the 306 

pedogenic fraction of χ (i.e., SUS(P)) and the 10Be components only associated with wet 307 

precipitation rate and geomagnetic field intensity (i.e., 10Be(P, GM)). The linear regression 308 

between SUS(P) and 10Be(P, GM) allows us to further remove the precipitation effect from 309 

10Be(P, GM) (SI Appendix). After removing the detrital and pedogenic contributions, the 310 

residual 10Be flux (i.e., 10BeGM flux) reflects primarily the meteoric 10Be production rate 311 

variation modulated by geomagnetic field changes, which is supported by similar 312 

variability to the SINT 2000 (33) and PISO 1500 VADM stacks (34), as well as 10Be/9Be 313 

ratio stack from marine sediments (23) (Fig. 2). By correcting the 10Be(P, GM) flux for 314 

variations in 10Be production rate linked to changes in magnetic field intensity (27), a 315 
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10Be(P) flux only dependent on wet precipitation was obtained and used to calculate AM 316 

rainfall (SI Appendix). 317 
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Figures 502 

Figure 1. Comparison of Xifeng loess proxies with benthic d18O stack. (A-C) Xifeng loess 10Be 503 

concentration, mean grain size (MGS), and magnetic susceptibility (c) on depth scale. (D) LR04 504 

benthic d18O stack (31). The grey bars denote interglacial stages (MIS 1–21). L and S indicate the 505 

Chinese loess and paleosol layers. The numbers on the bottom indicate interglacial marine isotope 506 

stages 1-21. 507 

 508 

Figure 2. Comparison of loess 10Be derived paleomagnetic polarity events with marine 509 

geomagnetic paleointensity records. (A) Standardized geomagnetic modulated 10Be flux derived 510 

from Xifeng loess (gray) and 5 points averaging curve (blue). (B) SINT 2000 VADM stack (33). 511 

(C) PISO 1500 VADM stack (34). (D) 10Be/9Be ratios stack from marine sediments (23). (E) Xifeng 512 

loess mean grain size. (F) LR04 benthic d18O stacks (31), the red and blue areas indicate interglacial 513 

and glacial stages respectively. S1-S8 indicates the Chinese paleosol layers. The blue numbers on 514 

the bottom indicate interglacial marine isotope stages 1-21. The gray bars denote the 13 515 

geomagnetic excursions (I-XIII) and Brunhes/Matuyama (BM) reversal determined by loess 10Be. 516 

I-Laschamp; II-Norwegian Greenland Sea; III-Fram Strait; IV-Blake; V-Baffin Bay/6a; VI-Iceland 517 

Basin; VII-Pringle Falls; VIII-Portuguese Margin; IX-Levantine; X-Emperor; XI-Big Lost; XII-La 518 

Palma/15b; XIII-Stage 17/Osaka Bay. 519 

 520 

Figure 3. Comparison of Xifeng loess 10Be reconstructed AM rainfall history with other 521 

climate records. (A) The interhemispheric summer solar insolation gradient (June 30°N minus 522 

30°S) (52). (B) Chinese speleothem δ18O (32). (C) High-pass (<23 kyr) filtered results of Chinese 523 

speleothem δ18O (black) and 10Be-rainfall (orange). (D) 10Be reconstructed rainfall. (E) LR04 524 

benthic d18O stack (31). 525 
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Figure 4. Spectral results and cross-wavelet transform spectra of Xifeng loess 10Be-derived 526 

AM rainfall and geomagnetic field variations. (A) Comparison of 10Be-rainfall (red) and 10BeGM 527 

flux records (blue). (B) Spectral results of 10Be-rainfall (red) and geomagnetic field (blue) records, 528 

black lines indicate the 95% false-alarm level. (C) Cross-wavelet spectrum of 10Be-rainfall and 529 

10BeGM flux, black contours indicate the 95% false-alarm level. 530 
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Supplementary Text 

Sample collection and measurements. We sampled ~65 m thick loess section covering 

the strata of S0-S8 loess-paleosol sequences at 1 cm interval in field from Xifeng (35.8°N, 

107.6°E) in the central Chinese Loess Plateau (Fig. S1). To ensure the continuity of field 

sampling, different adjacent profiles were excavated (Fig. S1B), and cross-sectional 

(horizontal) correlation was carried out using a water-tube bubble level. A total of 1302 

samples were crushed and homogenized in the lab. The laboratory measurements for 10Be 

concentration, magnetic susceptibility, grain size and bulk density were conducted at 4 cm 

intervals for ~83% loess samples, at 2 cm intervals for ~4% samples around B/M reversal 

and at ~10 cm interval on average for the remaining samples. Magnetic susceptibility was 

measured using a Bartington MS2 susceptibility meter at 465 Hz. For grain size analysis, 

all the samples were pretreated by adding 30% hydrogen peroxide (H2O2) and 6 N 

hydrochloric acid (HCl) to remove organic matter and calcium carbonate, and then 

measured using a Malvern Mastersizer 2000 laser-diffraction analyzer at the State Key 

Laboratory of Loess and Quaternary Geology, Chinese Academy of Sciences in Xi’an. The 

10Be was chemically extracted and purified at the Xi’an Accelerator Mass Spectrometer 

(AMS) Center, Xi’an (see Materials and Methods), and measured using a 3MV AMS with 

precision better than 3%. Isotope ratios were normalized to 10Be/9Be ratio of the NIST 

SRM-4325 standard of 2.68×10-11 and corrected by each chemical processing blank. Bulk 

sample density was derived by dividing the weight of a 2 cm cubic loess sample by its 

volume obtained by measuring the height, width, and length. Bulk density was used in 

combination with the loess accumulation rate and decay-corrected 10Be concentrations to 

calculate the 10Be flux record. 
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Separating rainfall and geomagnetic signals from loess 10Be. Zhou et al. (2007) 

indicated that there was a strong similarity between loess susceptibility (c) and 10Be 

concentration, which suggested that they were both related to common climate factors (1). 

For loess 10Be and c, they both have inherited dust recycled fractions (1). Furthermore, 

loess c is well known to be linked to soil moisture content (2, 3), which is correlated with 

Asian monsoon (AM) rainfall. Similarly, the fallout flux of meteoric 10Be is also known to 

be linked to rainfall amount, where 10Be is scavenged from the atmosphere by falling 

raindrops (4, 5). However, there is an additional effect controlling 10Be flux, which is the 

modulation of 10Be production rate by geomagnetic field variations. Zhou et al. (2007) 

developed a method to deconvolve the climate and geomagnetic field effects from one 

another, in order to independently derive records of rainfall and geomagnetic field intensity 

(1).  

We began by correcting the magnetic susceptibility record for inherited fraction from 

recycled dust using the observed relationship between remnant magnetic coercivity and 

magnetic susceptibility (6). This revealed a two-component mixing relationship between 

dry (inherited) and wet (in-situ produced) magnetic susceptibility. Based on this 

relationship we estimated the background value of magnetic susceptibility from recycled 

dust to be ~25×10-8 m3/kg (1). As shown in Fig. 1 of the main paper, it is at the same level 

as the low values of magnetic susceptibility during all glacial periods since 870 kyr. This 

makes sense, since glacial periods are much dryer than interglacials. We use this same 

value in our current paper.  

We next use the observed linear relation between the 10Be concentration and the 

magnetic susceptibility (Fig. S5A) to derive the inherited dust signal of 10Be. We calculate 
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the recycled dust fraction of 10Be by using this linear-regression correlation and the 

recycled dust value of magnetic susceptibility (~25×10-8 m3/kg). We estimated this to be 

~150×106 atoms/g, which is also consistent with the lowest level of 10Be concentration 

during (very dry) glacial periods (Fig. S5B). We likewise use this value to correct for 

recycled (inherited) 10Be in the current paper. 

We note however, that only ~76% of the covariance in the magnetic 

susceptibility/10Be data is explained by the observed linear relationship (Fig. S5A). Zhou 

et al. (2007) asserted that the remaining residual variance was mainly associated with 

geomagnetic field variations affecting 10Be production rate and hence its meteoric flux (1). 

This geomagnetic field modulated 10Be fraction is transformed into flux (10BeGM flux) 

through multiplying by the loess accumulation rate (determined from the age model) and 

bulk density, and finally a long-term trend is further detrended from it. For further 

comparison, we calibrate the Xifeng loess 10BeGM flux by using absolute virtual axial dipole 

moment values (VADM) to reconstruct a 10Be-derived VADM record adopting the same 

method reported in (7) (Fig. S2). We separate our dataset into four intervals: 0-50 kyr 

including the Laschamp excursion, 50-750 kyr excluding the Laschamp excursion and the 

Brunhes-Matuyama reversal periods, 750-870 kyr including the Brunhes-Matuyama 

reversal, and the whole interval 0-870 kyr. For each time interval, average 10BeGM flux and 

absolute VADM values (7) are calculated to discriminate the data in three clusters defined 

as data lower than mean-1σ, data comprised between mean-1σ and mean+1σ, and data 

higher than mean+ 1σ limits.  

The method of precipitation reconstruction in this study is the same as Beck et al. 

(2018) (8). We adopt the same formula reported in (8), but modify the intercept according 
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to the modern average precipitation observation record (550 mm/yr) in the Xifeng region. 

Thus, the equation is given by: 

Rainfall (mm/yr)(at time t) = {loess accumulation rate (cm/yr) × bulk density (g/cm3)× 

(10Be(M) (atoms/g) - 10Be(D) (atoms/g))/(10Be production rate(at time t)/10Be production 

rate(modern))} × (1.90475 × 10-4 (mm × cm2/atom)) + (501.5 mm/yr) 

The 10Be(M) and 10Be(D) indicate measured and dust-recycled 10Be concentration 

respectively, and the {10Be production rate(at time t)/10Be production rate(modern)} is calculated 

from the SINT 2000 record of paleomagnetic field variations (8–10). 

Additionally, climatic residual error in the 10BeGM flux and/or uncertainty in 10Be-rainfall 

is not significant to change our assessment of their orbital-scale variations that we focused 

on in this study. 
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Supplementary Figures S1-S7 

 
Fig. S1. Location (A) and outcrops (B) of the Xifeng loess on the Chinese Loess Plateau.   

The red dot and yellow square in A indicate the location of the Xifeng loess profile and 

Chinese speleothem of Cheng et al. (2016) (11) respectively. Also shown in B are freshly 

cut sections and strata joints during field sampling. The horizontal dashed lines denote 
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transfer from the bottom of upper sampling profile to the top of lower sampling profile at 

the same depth level. 
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Fig. S2. Comparison of loess 10Be derived paleomagnetic polarity events with other 

geomagnetic paleointensity records. (A) 10Be-derived VADM from Xifeng loess (gray) 

and 5 points averaging curve (blue). (B) SINT 2000 VADM stack (10). (C) PISO 1500 

VADM stack (12). (D) 10Be/9Be ratios stack from marine sediments (7). (E) Xifeng loess 

mean grain size. (F) LR04 benthic d18O stacks (13), the red and blue areas indicate 

interglacial and glacial stages respectively. S1-S8 indicates the Chinese paleosol layers. The 

blue numbers on the bottom indicate interglacial marine isotope stages 1-21. The gray bars 
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denote the 13 geomagnetic excursions (I-XIII) and Brunhes/Matuyama (BM) reversal 

determined by loess 10Be. I-Laschamp; II-Norwegian Greenland Sea; III-Fram Strait; IV-

Blake; V-Baffin Bay/6a; VI-Iceland Basin; VII-Pringle Falls; VIII-Portuguese Margin; 

IX-Levantine; X-Emperor; XI-Big Lost; XII-La Palma/15b; XIII-Stage 17/Osaka Bay. 
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Fig. S3. Xifeng loess 10Be reconstructed AM rainfall (A), the result after 23 kyr (±20%) 

bandpass filtering (B, orange) and 30°N to 30°S June solar insolation gradient (C, 

blue) compared with orbital precession (B, green) and eccentricity (14) (B & C, black) 

parameters. 
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Fig. S4. The spectral results of (A) SINT 2000 (10), (B) marine sediment 10Be/9Be ratio 

stack (7) and (C) PISO 1500 (12). Dashed lines indicate the 95% false-alarm level. The 

~100 kyr cycle is predominant in these records.  

 

  



 
 

12 
 

 
 

 

Fig. S5. Determination of recycled dust 10Be concentration. (A) Linear relationship 

between the 10Be concentration and magnetic susceptibility (χ) after removing a few 

deviated data (red points) during the B/M reversal interval with minimum geomagnetic 

field intensity. (B) The 10Be concentration record (red) of Xifeng section and the recycled 

dust 10Be concentration (blue line). 
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Fig. S6. Illustration showing an influence of eccentricity modulated glacial-

interglacial cycles on perturbation of Earth’s core and thus the geomagnetic field 

changes. The thick (thin) arrow circle around the Earth’s axis indicates faster (slower) 

Earth’s rotation rate. 
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Fig. S7. The cross-wavelet result of benthic d18O (13) and Xifeng loess 10BeGM flux 

(standardized data). 
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Supplementary Table 

Table S1. Age control points for Xifeng loess chronology* 

Numbers Depth (cm) Age (kyr) Note 

1 1 0.11 SCP 
2 52 5.8 SCP 
3 116 11.8 SCP 
4 140 14 FCP, MIS1/2 
5 276 22 SCP 
6 420 31 SCP 
7 592 43 SCP 
8 1020 69 SCP 
9 1116 78 FCP, MIS4/5 
10 1168 86 SCP 
11 1204 98 SCP 
12 1300 110 SCP 
13 1356 120 SCP 
14 1428 129 FCP, MIS5/6 
15 1775 164 SCP 
16 1965 177 SCP 
17 2015 187 SCP 
18 2075 192 FCP, MIS6/7 
19 2105 196 SCP 
20 2125 210 SCP 
21 2225 225.4 SCP 
22 2305 233 SCP 
23 2385 242 FCP, MIS7/8 
24 2551 273.8 SCP 
25 2607 281 FCP, MIS8/9 
26 2695 294 SCP 
27 2735 301 SCP 
28 2783 309 SCP 
29 2831 315 SCP 
30 2871 329 SCP 
31 2911 334 FCP, MIS9/10 
32 3251 367 FCP, MIS10/11 
33 3307 374 SCP 
34 3359 387 SCP 
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35 3383 398 SCP 
36 3491 419 FCP, MIS11/12 
37 3543 427 SCP 
38 3887 462 SCP 
39 4007 474 FCP, MIS12/13 
40 4071 494 SCP 
41 4135 513 SCP 
42 4187 531 FCP, MIS13/14 
43 4339 564 FCP, MIS14/15 
44 4435 578 SCP 
45 4655 622 FCP, MIS15/16 
46 5071 664 FCP 
47 5231 678 FCP 
48 5331 692 FCP, MIS16/17 
49 5439 704 FCP, MIS17/18 
50 5559 724 FCP 
51 5687 744 FCP 
52 5839 760 FCP, MIS18/19 
53 6035 791 FCP, MIS19/20 
54 6287 836 FCP, MIS20/21 
55 6375 852 FCP 
56 6499 870 FCP, MIS21/22 

*Because both the Chinese loess-paleosol sequence (15, 16) and speleothem δ18O sequence 

(11, 17) record the Asian monsoon variation with the same precession cycle, we use 

speleothem δ18O record with high-precision U/Th dated ages to refine the time scale of 

Xifeng loess based on common features observed in the Xifeng 10Be-based rainfall record 

and the absolute U/Th dated Chinese speleothem δ18O variations.  

FCP: First-order age control points by correlating rapid changes in Xifeng loess grain size 

with the glacial/interglacial transitions in the marine isotope records (13). SCP: Second-

order age control points based on common features observed in the rainfall-related 10Be 

flux and the U/Th dated Chinese speleothem δ18O variations (11). MIS: Marine isotope 

stage. The average age resolution of Xifeng section is ~0.7 kyr. 
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