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3 DAN ZHANG, NAI-QIN WU, FENG-JIANG LI, DENIS-DIDIER ROUSSEAU, XIAO-YUN CHEN, 
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5

6 Zhang, D., Wu, N.-Q., Li F.-J., Rousseau, D.-D., Chen, X.-Y., Dong, Y.-J. & Lu, H.-Y.: Climatic 

7 structures and intensities of the last two glacials documented by terrestrial mollusks from Chinese loess 

8 sequences.

9

10 Knowledge of the structures and intensities of past glaciations is crucial for understanding Quaternary 

11 palaeoclimatic evolution. Terrestrial mollusks are a reliable proxy of past environmental conditions and 

12 can provide specific climatic insights into glacials. Here we compare the climatic evolution of the last 

13 two glacials, based on mollusk fossils from the L2 and L1 loess units (equivalent to marine isotopic 

14 stages (MIS) 6 and 4–2, respectively) of the Xifeng and Luochuan sections of the Chinese Loess 

15 Plateau (CLP). The results show that both glacials had a tripartite structure but with different 

16 intensities, as indicated by variations in the abundance of the dominant cold-aridiphilous mollusk 

17 species, Vallonia tenera and Pupilla aeoli. The first stage, from ~191 to 184 ka for MIS 6, and from 

18 ~71 to 57 ka for MIS 4, was characterized by a cold, arid climate, as indicated by the abundance of V. 

19 tenera and P. aeoli, and the limited occurrence of thermo-humidiphilous (TH) species. The second 

20 stage, from ~184 to 155 ka for MIS 6, and from ~57 to 29 ka for MIS 3, was characterized by a 

21 relatively mild, humid climate, reflected by a decrease in V. tenera and P. aeoli, and an increase in TH 

22 species. The last stage, from ~155 to 130 ka for MIS 6, and from ~29 to 11.7 ka for MIS 2, experienced 

23 the coldest and driest conditions, as indicated by the dominance of V. tenera and P. aeoli in late MIS 6 

24 and by the reduced occurrence of the grassland biomass, necessary for the growth of CA species, in 

25 MIS 2. The climate during MIS 2 was much colder and drier than that during late MIS 6. We suggest 

26 that the structures of the glacials were controlled mainly by insolation driven by changing astronomical 

27 configurations, among which obliquity likely played the major role. The different glacial intensities 

28 across the CLP may also have been related to variations in Northern Hemisphere ice sheets and the 

29 temperature of the tropical oceans.

30
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44 The climate of the Quaternary period was characterized by the alternation of long, cold glacials and 

45 short, warm interglacials (Hays et al. 1976; Shackleton et al. 1984; Lang & Wolff 2011). 

46 Understanding the characteristics of different glacials is crucial for reconstructing the Quaternary 

47 climatic history and for exploring the driving mechanisms of the glacial-interglacial cycles. In recent 

48 years, numerous studies have focused on glacial climatic variations at orbital and millennial timescales 

49 based on the study of marine, ice, and terrestrial (lake, loess, and speleothem) deposits (Hays et al. 

50 1976; Dansgaard et al. 1993; Liu & Ding 1993; Porter & An 1995; Petit et al. 1999; Cheng et al. 

51 2016). However, because most studies have focused on glacial inceptions and terminations, as well as 

52 on abrupt climatic changes during glacials, the climatic structures and intensities of different glacials 

53 remain poorly investigated.

54 The loess records from the Chinese Loess Plateau (CLP) of north-central China are of particular 

55 value for investigating the structure and intensity of past glacials, and they have been used as evidence 

56 in several important studies of the climatic variations of glacial cycles. Magnetic susceptibility (Kukla 

57 & An 1989; An et al. 1991a) and chemical weathering indexes (Liu & Ding 1993; Guo et al. 1998) 

58 have been widely used to document the effects of changing summer monsoon intensity, while the 

59 grain-size record has been found to reflect the winter monsoon intensity (An et al. 1991b; Ding et al. 

60 1995) and high-frequency climatic oscillations (Porter & An 1995; Ding et al. 1999). The carbon and 

61 oxygen isotopic ratios in carbonate concretions from loess and palaeosol sequences have been used to 

62 characterize variations in pedogenic intensity (Han et al. 1997; Liu & Ding 1993). Additionally, 

63 mollusk assemblages have been regarded as reliable biological proxies that enable the interpretation of 

64 past environmental conditions (Wu et al. 1996, 1997, 1999; Rousseau & Wu 1997, 1999).

65 Terrestrial mollusks are climatically sensitive and they are the only abundant biological remains 

66 available for reconstructing the climatic variations preserved in European (Ložek 1964, 1990; 

67 Rousseau 1985; Rousseau & Puisségur 1990), Chinese (Liu 1985; Wu et al. 1996, 1997, 1999, 2000) 

68 and North American loess deposits (Rousseau & Kukla 1994; Rossignol et al. 2004). Terrestrial 

69 mollusks are generally well-preserved in loess units, with shell dissolution occurring rarely – especially 

70 in Chinese loess units – due to weak carbonate leaching and palaeosol development during glacials. 

71 This is especially true for fossil records from the thick upper loess layers of the L2 and L1 units across 

72 the CLP, which are the equivalents of marine isotopic stages (MIS) 6 and 4–2, respectively. These 

73 thick loess layers can provide detailed palaeoenvironmental information which enables us to determine 
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74 the climatic structures and intensities of the corresponding glacials. In previous studies, Wu et al. 

75 (1996, 1997, 1999, 2000) and Rousseau & Wu (1997, 1999) presented high-resolution records of 

76 mollusk assemblages in Chinese loess sequences. Such records have been used to reconstruct 

77 short-term climatic instability (Wu et al. 1999, 2002), long-term evolution of summer and winter 

78 palaeo-monsoons (Wu et al. 1996, 2006, 2007; Li et al. 2006, 2008; Wu & Wu 2011), and their 

79 potential relationships with orbital forcing (Wu et al. 2000, 2001; Li & Wu 2010). However, 

80 distinctions in the climatic structures and intensities of different glacials themselves have not been 

81 investigated in detail.

82 Here we present a new record of terrestrial mollusks from the L2 and L1 loess units of the Xifeng 

83 section in the central CLP, which is combined with an equivalent record from the Luochuan section 

84 (Wu et al. 1996, 1997, 1999, 2000; Rousseau & Wu 1997, 1999), with the aim of investigating the 

85 climatic variability of the last two glacials.

86

87 Geographical background and site description

88 Loess-palaeosol sequences are extensively distributed in the CLP and alternations of the loess and 

89 palaeosol layers in the CLP are well correlated with the marine oxygen isotope record, with loess layers 

90 developed during glacials and palaeosols mainly during interglacials (Liu 1985; Kukla 1987). The 

91 Xifeng (35°46′N, 107°41′E) and Luochuan (35°45′N, 109°25′E) sections, in the central CLP (Fig. 1), 

92 are regarded as representative loess sequences for studying Quaternary climatic variations (e.g. Liu 

93 1985; Kukla 1987; Kukla & An 1989; Wu et al. 1996, 1999; Rousseau & Wu 1997; Guo et al. 1998; 

94 Hao et al. 2012). The modern climate of the CLP is influenced by the East Asian monsoon and is 

95 characterized by in-phase variations in temperature and precipitation. The monsoon carries warm, 

96 moist air to the CLP during the summer, which results in heavy rainfall. During the winter, monsoon 

97 winds from the Siberian High prevail over the CLP, resulting in a dry, cold climate (Ding et al. 1995, 

98 1999, 2002). The Xifeng section is ~160 km west of the Luochuan section.

99 The complete sequences of the Xifeng and Luochuan sections are ~176 m and ~137 m in 

100 thickness, respectively (Liu 1985; Kukla & An 1989). The thicknesses of the L2 and L1 units are ~6 m 

101 and ~10 m in Xifeng, and ~5 m and ~8.5 m in Luochuan (Fig. 2). These two units were deposited 

102 during the last two glacials (Liu 1985; Kukla 1987) and correspond to MIS 6 (~191–130 ka) and MIS 

103 4–2 (~71–11.7 ka) (Kukla 1987; Ding et al. 2002) (Fig. 2).
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104 Materials and methods

105 A total of 164 mollusk fossil assemblages were analyzed at 10-cm intervals from the L2 and L1 loess 

106 units of the Xifeng section (Table S1). Each sample weighed ~15 kg. Parallel to the mollusk samples, 

107 we measured the low-field magnetic susceptibility every 10 cm using a portable Bartington magnetic 

108 susceptibility meter. All mollusk samples were washed and sieved with a mesh diameter of 0.5 mm in 

109 the field, and the mollusk shells were further sieved and dried in air. Subsequently, in the laboratory, all 

110 mollusk fossils were picked out and identified under a binocular microscope. All identifiable remains 

111 (whole shells and shell fragments) were considered in the total count of individuals following the 

112 method of Puisségur (1976). The abundance of each species was expressed as the number of 

113 individuals of that species per 15 kg of sediment. For the Luochuan section, 140 fossil snail 

114 assemblages (Table S1) were analyzed using the same method, as described in Wu et al. (1996, 1999, 

115 2000) and Rousseau & Wu (1997, 1999).

116 The uniformity of the stratigraphy of the loess deposits over hundreds of kilometers across the 

117 CLP enabled us to apply a previously published chronology to our mollusk sequences (e.g. Liu 1985; 

118 Kukla & An 1989; Ding et al. 2002; Hao et al. 2012). The chronology of the Xifeng and Luochuan 

119 mollusk sequences was established using the correlations between our measured magnetic 

120 susceptibility records and the recently published grain-size timescales of the Xifeng and Luochuan 

121 sections (Hao et al. 2012) (Fig. 2, Table 1). Key age control points (Table 1) were defined by 

122 comparing our magnetic susceptibility records with those of Hao et al. (2012).

123 Vallonia tenera and Pupilla aeoli are dominant cold-aridiphilous (CA) species in the fossil snail 

124 assemblages in the CLP (Wu et al. 1996, 1999, 2000, 2001, 2002; Rousseau & Wu 1997, 1999). These 

125 species prefer a relatively cold and arid environment, such as steppe and desert steppe (Wu et al. 2018). 

126 In previous studies, the two species were commonly regarded as a proxy for the strength of the winter 

127 monsoon (Wu et al. 1996, 1999, 2000, 2001, 2002, 2006; Li et al. 2006, 2008; Wu & Wu 2011), and 

128 their abundance generally varies in parallel with global palaeoclimate curves reconstructed for the 

129 associated marine isotopic stages (Fig. 2). Therefore, we used the abundances of the two species to 

130 reconstruct past variations in the structure and intensity of glacials in the CLP.
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131 Results

132 Fossil mollusk assemblages

133 Mollusks were abundant in the L2 and L1 loess units of the Xifeng and Luochuan sections; the average 

134 shell concentrations were 220/15 kg and 206/15 kg, respectively. In the Xifeng section, 15 species were 

135 identified from the L2 and L1 loess layers, and 23 species were identified in the Luochuan section. 

136 Identifications were based on previously archived specimens and on the monographs of Yen (1939), 

137 Chen & Gao (1987), and Nekola et al. (2015). The principal species are shown in Fig. 3. As in previous 

138 studies (Liu 1985; Wu et al. 1996, 1999, 2000, 2001, 2002, 2007, 2018; Dong et al. 2019), the mollusk 

139 species (Table 2) were subdivided into three ecological groups: cold-aridiphilous (CA), 

140 cool-humidiphilous (CH), and thermo-humidiphilous (TH).

141 The CA group comprises Vallonia tenera, Pupilla aeoli, Pupilla cf. muscorum, Cathaica 

142 pulveraticula, Cathaica pulveratrix, Cathaica richthofen, and Cathaica sp.. The CH group comprises a 

143 single species, Vallonia cf. pulchella. The TH group comprises Gastrocopta armigerella, Gastrocopta 

144 coreana, Gastrocopta sp., Punctum orphana, Metodontia yantaiensis, Metodontia huaiensis, 

145 Metodontia beresowskii, Metodontia sp., Succinea sp., Kaliella lamprocystis, Kaliella sp., 

146 Macrochlamys angigyra, Opeas striatissimum, Trichochloritis sp., Vitrea pygmaea, Vertigo 

147 chenchiawoensis, and Limacidae.

148 Xifeng section. – As shown in Fig. 4A, the composition of the mollusk assemblages from L2 (MIS 6) 

149 exhibits a tripartite pattern, which is confirmed by the cluster analysis results. The CA species (e.g. V. 

150 tenera, P. aeoli and P. cf. muscorum species) are dominant, whereas species from the CH and TH 

151 groups are relatively rare. In the lower portion of L2 (~191–184 ka), the number of individuals of the 

152 CA group increased rapidly to reach the maximum, from ~800 to ~1600/15 kg. Thereafter, during 

153 ~184–155 ka, the number of individuals of the CA group decreased substantially to reach their lowest 

154 concentration of ~80/15 kg. A few species of the CH and TH groups appeared simultaneously, such as 

155 V. cf. pulchella, G. armigerella, P. orphana, and Succinea sp., mostly between ~184 and 160 ka. 

156 Finally, in the upper part of L2 (~155–130 ka), the CA group increased again to reach a second 

157 maximum, ~570/15kg; this interval is also characterized by the rarity of individuals of the TH group.

158 A tripartite division is also evident in L1 (Fig. 4A). In subunit L1-5 (~71–57 ka), the CA group 

159 species (e.g. V. tenera, P. aeoli and P. cf. muscorum) were overwhelmingly dominant, and their 
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160 composition was similar to that of the lower part of L2. In subunits L1-4, L1-3, and L1-2 (~57–29 ka), 

161 individuals of the CA group decreased while those of the CH and TH groups reappeared, similar to the 

162 variations observed in the middle of L2. However, in subunit L1-1 (~29–11.7 ka), the composition of 

163 the mollusk species differs substantially from that in the upper part of L2. Species of the CA and TH 

164 groups in L1-1 were extremely rare. Furthermore, the total concentration of individuals (< 50/15 kg) in 

165 L1-1 reached the lowest level overall, and in contrast to the upper part of L2, high concentrations of the 

166 CA were not observed.

167 Luochuan section – The mollusk assemblages in the Luochuan section also reveal a tripartite structure 

168 in L2 (Fig. 4B), which is similar to that of the Xifeng section. In the lower part of L2 (~191–184 ka), 

169 the predominant species are V. tenera and P. aeoli, and the CA-group increased rapidly to a high 

170 concentration (~800/15 kg) during this period. The abundance of the CA group decreased in the middle 

171 part of L2 (~184–155 ka), with a minimum concentration of ~80/15 kg, whereas the abundances of the 

172 TH and CH groups increased, from ~70 to ~280/15 kg. In the upper part of L2 (~155–130 ka), the 

173 abundance of the CA group increased to another peak (~580/15 kg), accompanied by the decreasing 

174 representation of the TH group.

175 The variations in the fossil mollusk species of L1 in the Luochuan section also exhibit a tripartite 

176 structure (Fig. 4B). In subunit L1-5 (~71–57 ka), the composition of the snail assemblage shows a 

177 similar pattern of variations to that of the lower part of L2, which is also dominated by species of the 

178 CA group. The CA group also decreased in subunits L1-4, L1-3 and L1-2 (~57–29 ka), whereas the 

179 species of the CH and TH groups both exhibit similar trends to those of the middle part of L2. A major 

180 difference is evident between subunit L1-1 (~29–11.7 ka) and the upper part of L2: species of the CA 

181 and TH groups were both extremely rare in subunit L1-1, whereas those of the CA group did not reach 

182 higher values in the upper part of L2.

183 Units L2 and L1 of the Xifeng and Luochuan sections therefore show a similar trend of variation 

184 of their fossil snail records over time. However, there were slight differences in species composition 

185 between the two sections during the two glacials. First, the Xifeng section yielded a significant 

186 proportion of the CA species P. cf. muscorum (Fig. 4A, B), whereas this species is poorly represented 

187 in the Luochuan sequence. Second, the species compositions of the Xifeng and Luochuan sections are 

188 different: the Xifeng section is characterized by G. coreana and K. lamprocystis, whereas the Luochuan 

189 section is characterized by C. pulveraticula, C. richthofen, Gastrocopta sp., M. beresowskii, O. 
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190 striatissimum, Kaliella sp., Trichochloritis sp., V. pygmaea, V. chenchiawoensis, and Limacidae. In 

191 summary, despite minor variations in the mollusk assemblage composition, both sequences are 

192 dominated by the CA group, and there is a low number of individuals of the TH group.

193 Variations in V. tenera and P. aeoli during MIS 6 and MIS 4–2

194 During the last two glacials, V. tenera and P. aeoli dominated the mollusk assemblages (>40–50%); 

195 they have a similar ecological significance (Fig. 5). The variations in their total abundances are well 

196 correlated with the marine isotope stages (Figs 2, 6), which reflects global glacial and interglacial 

197 climatic oscillations. In some intervals, such as early MIS 6 (191–184 ka) and MIS 4 (71–57 ka), both 

198 comprised more than ~80% of the total number of individuals. Furthermore, the numbers of individuals 

199 of V. tenera and P. aeoli were also distributed continuously in units L2 and L1 units and they show the 

200 same pattern of temporal variation in both sequences (Fig. 6). Therefore, we reconstructed the pattern 

201 of climatic evolution of the last two glacials (i.e. their structure and intensity) based on the variations in 

202 the abundances of these two species.

203 During the early part of MIS 6 (~191–184 ka), the maximum concentration of the sum of V. 

204 tenera and P. aeoli in the Xifeng and Luochuan sections reached ~1200/15 kg (representing ~90% of 

205 all species) and ~800/15 kg (representing ~95% of all species), respectively (Fig. 6). This interval is 

206 also characterized by the presence of several TH members, such as the genus Metodontia (Fig. 4). 

207 Subsequently, during ~184–155 ka, the concentrations of V. tenera and P. aeoli in both sections 

208 decreased rapidly to a minimum of ~60/15 kg, representing ~70% of the individuals of all species in 

209 the Xifeng section and ~30% in the Luochuan section. In addition, TH species were better represented, 

210 including G. armigerella, P. orphana, Limacidae, and the genus Metodontia (Fig. 4). In the final stage 

211 of MIS 6 (~155–130 ka), the total number of V. tenera and P. aeoli increased again and reached 

212 ~520/15 kg in the Xifeng section (representing ~90% of all species), and ~560/15 kg in the Luochuan 

213 section (representing ~95% of the individuals of all species). However, the CH and TH groups in late 

214 MIS 6 were much less well-represented than in early MIS 6 (Fig. 4). Overall, the variations in V. tenera 

215 and P. aeoli during MIS 6 show similar trends to the pattern of global changes indicated by the marine 

216 isotope record (Fig. 6).

217 During MIS 4 (~71–57 ka), the maximum concentration of V. tenera and P. aeoli occurred in both 

218 the Xifeng (~350/15 kg) and Luochuan sections (~460/15 kg) (Fig. 6), associated with a low number of 

219 individuals of TH species (Fig. 4). During this period, both the CA and TH groups were represented by 
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220 a lower number of individuals than in early MIS 6 (Fig. 4). Subsequently, in MIS 3 (~57–29 ka), both 

221 V. tenera and P. aeoli decreased at Xifeng (~20/15 kg) and Luochuan (~50/15 kg) representing ~50% 

222 and ~30% of the number of individuals of all species, respectively (Fig. 6); however, there was a 

223 significant increase in the counts of the TH species (Fig. 4), such as G. armigerella, G. coreana, P. 

224 orphana, Limacidae, and the genus Metodontia.

225 Finally, during MIS 2 (~29–11.7 ka) (i.e. the Last Glacial Maximum, LGM), individuals of V. 

226 tenera and P. aeoli were extremely rare in both the Xifeng and Luochuan sections (Fig. 6), and the total 

227 number of the individuals of the CA and TH groups did not exceed 50/15 kg (Fig. 4). This interval is 

228 also characterized by low values of magnetic susceptibility, reflecting cold and dry environmental 

229 conditions (Fig. 4). The low number of mollusk individuals observed during this interval could not 

230 have been caused by intensive decalcification, which occurs as a result of intensive pedogenic 

231 processes associated with a warm and humid interglacial environment.

232 Discussion

233 As mentioned previously, the two studied loess sections, 160-km apart, yielded terrestrial mollusk 

234 assemblages dominated by species of the CA group during the last two glacials. Although there are 

235 slight differences in mollusk species composition in the two sections (Fig. 4), which may reflect local 

236 conditions, our records clearly document changes in the structure and intensity of the last two glacials 

237 on the orbital timescale.

238 Structure of the last two glacials in the CLP

239 The results (Figs 4, 6) show that the last two glacials (MIS 6 and MIS 4–2) had similar climatic 

240 structures, consisting in both cases of two cold and dry intervals (the early and late stages) and a 

241 relatively mild and humid intervening stage. This tripartite structure documented by our snail records 

242 corresponds well to the global glacial structure revealed by sea level variations (Grant et al. 2014; 

243 Spratt & Lisiecki 2016). Furthermore, these characteristics of glacials have also been documented 

244 elsewhere, in terrestrial (Rousseau 1991; Tzedakis et al. 2006; Hao et al. 2012), marine (Bühring et al. 

245 2004; Raymo et al. 2004), and ice (Petit et al. 1999) records. In terrestrial records, magnetic 

246 susceptibility (Hao et al. 2012, 2015), organic carbon isotope composition (δ13CTOC), and the 

247 proportion of C4 plants (Zhou et al. 2016) from the CLP show higher values in the middle part of the 

248 last two glacials compared with the early and late stages. Moreover, mollusk assemblages (Rousseau 
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249 1987, 1991) and tree pollen (Tzedakis et al. 2006) records from European loess sequences indicate that 

250 both the TH mollusk species and arboreal pollen were more abundant during the middle part of the last 

251 two glacials, whereas their abundances were very low during the early and late parts. This trend of 

252 development is almost parallel to that of the mollusk records from the CLP. In marine and ice 

253 sediments, such as the South China Sea (Bühring et al. 2004), North Atlantic (Raymo et al. 2004), and 

254 Antarctic ice cores (Petit et al. 1999), the oxygen isotopic records exhibit prominent negative δ18O 

255 excursions in the middle part of the last two glacials and positive values in the early and late parts.

256 Intensity of the last two glacials in the CLP

257 Our mollusk records show that the variations in glacial intensities within MIS 6 and MIS 4–2 were 

258 different. During MIS 6, the most intense stage occurred in the later part, the second strongest stage 

259 was in the early part, and a mild climatic stage occurred in the middle part. During the last glacial (MIS 

260 4–2), the coldest and most arid climate occurred during MIS 2; in comparison, MIS 4 experienced less 

261 cold and arid conditions, whereas relatively mild and humid interstadial conditions prevailed during 

262 MIS 3.

263 The most prominent difference between the last two glacials is that the climatic conditions during 

264 MIS 2 were much colder and more arid than those during the late stage of MIS 6. The extreme 

265 environment of MIS 2 reduced the extent of the grassland environment necessary for the growth of the 

266 CA species, resulting in a low total number of snail individuals (Fig. 4). A modern analog for the 

267 conditions of MIS 2 has been found in Yakutia (Horsák et al. 2013). The much colder and drier 

268 environment of MIS 2 in the CLP is also characterized by minima in organic carbon isotopes and of the 

269 proportion of C4 plants (Zhou et al. 2016), and the dominance of desert steppe (Jiang et al. 2014). MIS 

270 2 is also characterized by a higher ratio of herbs and Pinus to total pollen in a record from the South 

271 China Sea (Sun et al. 2003), and by lower sea surface temperature (SST) in the South China Sea 

272 (Herbert et al. 2010), Pacific Ocean (Liu & Herbert 2004), Indian Ocean (Herbert et al. 2010), and 

273 Atlantic Ocean (Lawrence et al. 2009). Rousseau (1991) also inferred colder temperatures during MIS 

274 2 from mollusk assemblages in European loess deposits. The results of a climate simulation indicated 

275 that the atmospheric temperature of the Northern Hemisphere during MIS 2 was ~1.2 °C lower than 

276 that during the late part of MIS 6 (Bintanja et al. 2005).

277 Possible causes for structure and intensities of glacials in the CLP

278 The similar structure of the last two glacials (MIS 6 and MIS 4–2) may have been caused primarily by 
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279 insolation variations driven by Earth orbital parameters, especially obliquity. The prominent increase in 

280 the abundance of V. tenera and P. aeoli in both the early and late stages of glacials (Fig. 6) corresponds 

281 approximately to periods of low obliquity (Fig. 7), and the decreases in their abundance in the middle 

282 stages of glacials correspond to intervals of higher obliquity (Fig. 7). These observations agree with the 

283 results of previous studies (Wu et al. 2000, 2001), which indicated that both the CA and TH mollusk 

284 groups are tightly coupled to variation in obliquity, with a period of 41 kyr.

285 Obliquity is an important factor controlling the latitudinal distribution of insolation (Milankovitch 

286 1941). During the early and late stages of the last two glacials, low obliquity reduced the summer 

287 insolation at both northern high and middle latitudes and weakened the summer insolation gradient 

288 between middle and low latitudes (Fig. 7). At high latitudes, the reduction of northern summer 

289 insolation promoted ice sheet expansion, thereby enhancing the Asian winter monsoon which in turn 

290 resulted in the passage of cold, dry air across the CLP (Ding et al. 1995); and at mid-latitudes, the 

291 reduced insolation caused climatic cooling across the CLP. In addition, the decreasing insolation 

292 gradient between northern low and middle latitudes (Fig. 7) limited the transport of heat and moisture 

293 (Berger 1976; Young & Bradley 1984) from low-latitude oceans to the mid-latitude CLP, thus 

294 weakening the strength of the summer monsoon circulation. Under the combined effects of these 

295 factors, the glacial climatic conditions in the CLP became colder and more arid during the early and 

296 late stages of the last two glacials, and the resulting environment favored the growth of members of the 

297 CA group (Fig. 4), especially V. tenera and P. aeoli.

298 In contrast, during the middle intervals of the last two glacials, relatively high obliquity resulted in 

299 increased summer insolation in northern high and middle latitudes, and in an increased summer 

300 insolation gradient between northern middle and low latitudes (Laskar et al. 2004) (Fig. 7); 

301 consequently, the strength of the winter monsoon was reduced. Conversely, the summer monsoon in 

302 low to middle latitudes was enhanced, which increased the transport of heat and moisture from the 

303 low-latitude oceans to the mid-latitude CLP. These combined effects weakened the glacial intensity 

304 and resulted in relatively mild climatic conditions during the middle stages of the last two glacials, 

305 which limited the growth of the mollusk species of the CA group, especially V. tenera and P. aeoli 

306 (Fig. 6).

307 Although external astronomical factors, as discussed above, may have imparted the tripartite 

308 structure of the last two glacials (MIS 6 and MIS 4–2), internal factors within the climate system may 
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309 also have influenced the variations in glacial intensity. The results of simulated ice sheet changes (Abe 

310 et al. 2013) showed that the largest North American ice volume occurred in the late stages of the last 

311 two glacials, corresponding to the increased abundance of V. tenera and P. aeoli in our records (Fig. 7), 

312 both records indicating the occurrence of the coldest and most arid periods. The variations of European 

313 ice sheet volume were only about half those of the North American ice sheets (Fig. 7) during the same 

314 periods, which implies that North-American ice volume may have had a major role in the climate 

315 system and therefore a greater impact on the CLP. The second largest North American ice sheet 

316 volume occurred in the early stages of the last two glacials, in parallel with the variations of V. tenera 

317 and P. aeoli (Fig. 7), both records documenting an intermediate glacial intensity. In the middle parts 

318 of the glacials, a relatively low North American ice volume was associated with a lower abundance of 

319 the individuals of V. tenera and P. aeoli (Fig. 7), and thus was closely related to relatively mild 

320 climatic conditions in the CLP. Furthermore, the North American ice volume during MIS 2 was larger 

321 than that during the late stage of MIS 6 (Bintanja et al. 2005; Abe et al. 2013) (Fig. 7), which was 

322 related to a much greater glacial intensity during MIS 2 compared with MIS 6.

323 A second possible factor influencing the intensity of the last two glacials across the CLP may have 

324 been tropical ocean circulation. Influenced by the Southeast Asian summer monsoon, the climate of the 

325 CLP is sensitive to changes in the SST of the tropical Pacific and Indian oceans (Zhang & Lin 1985; 

326 Liu & Ding 1993). Increased SST generally favors an increase in warm, humid airflows to the CLP. 

327 Reconstructed SSTs for the tropical Pacific Ocean (Liu & Herbert 2004; Herbert et al. 2010) and 

328 Indian Ocean (Herbert et al. 2010) indicate lowest SSTs during the late stages of the last two glacials, 

329 less low SSTs during the early stages, and relative high SSTs during the middle stages. In addition, 

330 marine records also indicate that the SST during MIS 2 was much lower than that during the late MIS 6 

331 (Liu & Herbert 2004; Herbert et al. 2010). As a result, the heat transport capacity from the tropical 

332 oceans to the CLP during MIS 2 was much weaker than during late MIS 6. Therefore, the much colder 

333 tropical oceans and a larger Arctic ice sheet may have contributed to the extremely cold and arid 

334 climatic conditions during MIS 2.

335 Overall, the combined influences of the variations in the Northern Hemisphere ice sheets and 

336 changes in the circulation of the tropical oceans seemingly led to the observed diverse glacial 

337 intensities in the CLP. The relatively large North American ice sheet and cooler tropical oceans may 

338 have promoted a stronger glacial climate, while the smaller North American ice sheet and warm 
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339 tropical oceans resulted in a mild interstadial climate.

340

341 Conclusions

342 We have obtained terrestrial mollusk records from the L2 and L1 loess layers at two sites in the CLP, 

343 and they indicate that the last two glacials both exhibit a tripartite structure but with different glacial 

344 intensities. The first stage, from ~191 to 184 ka for MIS 6, and from ~71–57 ka for MIS 4, was 

345 dominated by a cold, arid climate, as indicated by the abundance of V. tenera and P. aeoli, and the 

346 limited occurrence of thermo-humidiphilous (TH) species. The second stage, from ~184 to 155 ka for 

347 MIS 6, and from ~57 to 29 ka for MIS 3, was characterized by a relatively mild, humid climate, as 

348 reflected by decreases in V. tenera and P. aeoli, and an increase in TH species. During the third stage, 

349 from ~155 to 130 ka for MIS 6, and from ~29.0–11.7 ka for MIS 2, the climatic conditions of MIS 2 

350 were much colder and drier than those during the late MIS 6 stage, which reduced the extent of 

351 grassland environments necessary for the growth of both CA and TH species such that their 

352 abundances were rare (< 50/15 kg).

353 We consider that the tripartite structure was mainly imparted by variations in obliquity. The cold, 

354 arid climatic conditions during the early and late glacial stages may have been influenced by lower 

355 obliquity that reduced the summer insolation at high latitudes and weakened the summer insolation 

356 gradient between middle and low latitudes. The relatively mild, humid climate during the middle stage 

357 of the glacials was primarily driven by a higher obliquity that reduced the Northern Hemisphere ice 

358 volume and enhanced the transport of heat and moisture from low-latitude oceans to the mid-latitude 

359 CLP. Hence, we suggest that glacial intensity was impacted by both external and internal factors. 

360 Besides the external effects of obliquity, variations in Northern Hemisphere ice sheets and the 

361 circulation of the tropical oceans may have played important roles in driving the observed variations in 

362 glacial intensity at different times. Relatively small ice sheets and warm tropical oceans would have 

363 promoted the mild, humid interstadial conditions during the middle stages of MIS 6 and MIS 3 in the 

364 CLP. Relatively large ice sheets and cooler tropical oceans, on the other hand, may have strengthened 

365 the cold, arid climate during the early and late stages of both glacials. Different from the cold, dry 

366 climate during late MIS 6, MIS 2 was characterized by the coldest and most arid climate in the CLP 

367 during the last two glacials, which may have been caused by a much larger North American ice sheet 
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368 and lower tropical SSTs. We note that further modelling simulations are needed to substantiate this 

369 hypothesis.
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560 Figure 1. Location of the study sites in the CLP. A. Inset map shows the location of the CLP and the 

561 pathways of the East Asian winter monsoon (EAWM) (blue arrows) and summer monsoon (EASM) 

562 (red arrows); B. Map of the CLP showing the locations of the Xifeng and Luochuan sections (blue 

563 triangles).

564 Figure 2. Comparison of the variations in magnetic susceptibility (MS, grey lines) and the abundance 
565 of Vallonia tenera and Pupilla aeoli (VP, purple lines) from the Xifeng and Luochuan sections (this 
566 study), a previously published magnetic susceptibility record (red lines) (Hao et al. 2012), and the 
567 LR04 marine oxygen isotope stack (blue line). S = palaeosol; L = loess; LR04 is benthic δ18O stack of 
568 57 global records compiled by Lisiecki & Raymo (2005). 1-7 = Marine Isotope Stages 1-7.

569 Figure 3. Typical mollusk species identified in the L2 and L1 units of the Xifeng and Luochuan 

570 sections. 1 and 2 = Pupilla aeoli; 3 and 4 = Pupilla cf. muscorum; 5–7 = Vallonia tenera; 8–10 = 

571 Punctum orphana; 11–13 = Cathaica pulveratrix; 14–16 = Cathaica sp. The scale bars represent 1 mm.

572 Figure 4. Variations in the counts of whole mollusks in the upper two loess units (L2 and L1) of the 

573 Xifeng section (A), and the Luochuan section (B) (number of individuals counted per 15 kg). 

574 Cold-aridiphilous (CA, dark blue solid shading), cool-humidiphilous (CH, light blue shading), 

575 thermo-humidiphilous (TH, red shading) species; total mollusk individuals (black shading), sum of the 

576 number of mollusk species (blue line), and the results of a cluster analysis of the assemblages. The light 

577 blue background represents cold, dry glacial periods, and the light orange background represents mild, 

578 humid interstadial periods. S = palaeosol; L = loess; MS = magnetic susceptibility; CONISS = 

579 constrained incremental sum of squares; MIS = Marine Isotopic Stage.

580 Figure 5. Results of hierarchical cluster analysis of all of the mollusk species within the interval of 
581 L2-S0 (L = loess; S = palaeosol) at Xifeng (A) and Luochuan (B). The Y axis represents the distance 
582 between the identified species and the cluster center.

583 Figure 6. Variations in the total of V. tenera and P. aeoli (VP) in the upper two loess units (L2 and L1) 
584 of the Xifeng and Luochuan sections. Magnetic susceptibility (MS, orange lines), VP individuals 
585 (purple lines, on a reversed scale), VP percentages (black lines, on a reversed scale), and the LR04 
586 marine δ18O stack (blue line, on a reversed scale). The Luochuan data are from Wu et al. (1996, 1999, 
587 2000) and Rousseau & Wu (1997, 1999). The light blue background represents cold, dry glacial 
588 periods, and the light orange background represents mild, humid interstadial periods. The red stippled 
589 area indicates period in which snail fossils were rare (<50/15 kg). LR04 is a benthic δ18O stack of 57 
590 global records compiled by Lisiecki & Raymo (2005). MIS = Marine Isotopic Stage.

591 Figure 7. Comparison of profiles of the counts of V. tenera and P. aeoli (VP, purple lines) in loess units 

592 L2 and L1 of the Xifeng and Luochuan sequences with records of North American and European ice 

593 volume (equivalent to sea level) (Bintanja et al. 2005), the LR04 benthic δ18O stack (Lisiecki & Raymo 

594 2005), and Earth orbital parameters (obliquity, precession, 65°N insolation and the mean summer 

595 insolation gradient between 35°N and 0°) (Laskar et al. 2004). The light blue background represents 

596 cold, dry glacial periods, and the light orange background represents mild, humid interstadial periods. 
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- 2 -

597 The red stippled areas are intervals in which snail fossils were rare (< 50/15 kg). LR04 is a benthic 

598 δ18O stack comprising 57 global records compiled by Lisiecki & Raymo (2005). MIS = Marine 

599 Isotopic Stage. Note that several X axes are reversed so that the warming occurs in a consistent 

600 direction (i.e. to the right).

601 Table 1. Selected age-control points for the Xifeng and Luochuan profiles, used to establish a 

602 chronology via comparison with a grain-size age model of Hao et al. (2012).

603 Table 2. List of mollusk species identified in loess units L2 and L1 of the Xifeng and Luochuan 

604 sections

605
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606 Supporting information

607 Table S1. Dataset of the number of Vallonia tenera and Pupilla aeoli (VP) individuals in loess units L2 

608 and L1 of the Xifeng section.

609 Table S2. Dataset of the number of Vallonia tenera and Pupilla aeoli (VP) individuals in loess units L2 

610 and L1 from the Luochuan section.
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Table 1. Selected age-control points for the Xifeng and Luochuan profiles, used to establish a chronology 

via comparison with a grain-size age model of Hao et al. (2012).

Xifeng depth (m) Luochuan depth (m) Age (ka) Unit

0.0 0.0 0.0 S0 top
0.7 0.6 4.6 S0
2.0 1.5 11.7 S0 bottom
3.5 3.0 29.7 L1
4.7 3.7 34.2 L1
4.9 4.2 36.1 L1
5.6 4.8 39.6 L1
6.9 5.8 49.1 L1
8.0 6.8 52.6 L1
8.8 8.0 57.7 L1
9.1 8.1 59.1 L1
12.1 9.9 71.0 L1/S1 boundary
12.4 10.1 73.8 S1
12.6 10.2 85.0 S1
13.3 10.4 96.6 S1
13.5 10.6 101.3 S1
14.0 11.2 112.4 S1
14.9 11.8 130.0 S1/L2 boundary
15.4 11.9 131.9 L2
16.8 13.6 149.4 L2
18.3 14.7 160.4 L2
19.3 15.4 168.9 L2
20.1 16.4 183.3 L2
21.0 17.2 191.0 L2/S2 boundary
21.4 17.4 197.6 S2
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Table 2. List of mollusk species identified in loess units L2 and L1 of the Xifeng and Luochuan sections

Family Genus Species

Valloniidae Vallonia
Vallonia tenera (Reinhardt, 1877)
Vallonia cf. pulchella (Muller, 1774)

Pupillidae

Pupilla

Gastrocopta

Pupilla aeoli (Hilber, 1883)
Pupilla cf. muscorum (Linne, 1758)
Gastrocopta armigerella (Reinhardt, 1877)
Gastrocopta coreana Pilsbry, 1916
Gastrocopta sp.

Endodontidae Punctum Punctum orphana (Heude, 1882)

Vertiginidae Vertigo Vertigo chenchiawoensis Li, 1966

Succineidae Succinea Succinea sp.

Ariophantidae Macrochlamys
Macrochlamys angigyra Yen, 1939
Kaliella lamprocystis Moellendorff, 1899
Kaliella sp.

Bradybaenidae

Cathaica

Metodontia

Cathaica pulveratrix (Martens, 1882)
Cathaica pulveraticula (Martens, 1882)
Cathaica richthofen (Martens, 1873)
Cathaica sp.
Metodontia yantaiensis (Crosse and Debeaux, 1863)
Metodontia huaiensis (Crosse, 1882)
Metodontia beresowskii (Moellendorff, 1899)
Metodontia sp.

Subulinidae Opeas Opeas striatissimum (Gredler, 1882)

Camaenidae Trichochloritis Trichochloritis sp.

Pristilomatidae Vitrea Vitrea pygmaea (Boettger, 1880)

Limacidae
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Table S1. Dataset of the number of Vallonia tenera and Pupilla aeoli (VP) individuals 
in loess units L2 and L1 from the Xifeng section.

Depth (m) Age (ka) Lithology
Magnetic 

susceptibility
Vallonia 
tenera

Pupilla 
aeoli

VP

2 11.7 L1 49.49 2 2 4
2.1 12.9 L1 54.76 4 0 4
2.2 14.1 L1 44.78 4 0 4
2.3 15.3 L1 47.96 1 0 1
2.4 16.5 L1 41.58 0 0 0
2.5 17.7 L1 39.60 0 0 0
2.6 18.9 L1 43.78 3 2 5
2.7 20.1 L1 39.70 3 4 7
2.8 21.3 L1 44.55 6 8 14
2.9 22.5 L1 44.06 5 2 7
3 23.7 L1 43.75 5 3 8

3.1 24.9 L1 46.27 5 5 10
3.2 26.1 L1 46.77 12 5 17
3.3 27.3 L1 49.25 16 10 26
3.4 28.5 L1 53.66 23 15 38
3.5 29.7 L1 54.11 16 18 34
3.6 30.0 L1 63.78 31 29 60
3.7 30.4 L1 53.73 18 24 42
3.8 30.8 L1 57.77 38 28 66
3.9 31.2 L1 64.32 52 36 88
4 31.5 L1 61.03 53 42 95

4.1 31.9 L1 59.33 91 51 142
4.2 32.3 L1 57.51 69 28 97
4.3 32.7 L1 61.27 38 25 63
4.4 33.1 L1 61.00 26 26 52
4.5 33.4 L1 63.05 30 30 60
4.6 33.8 L1 66.17 33 33 66
4.7 34.2 L1 59.33 22 44 66
4.8 35.1 L1 65.20 21 48 69
4.9 36.1 L1 75.13 20 70 90
5 36.6 L1 71.00 20 51 71

5.1 37.1 L1 73.23 13 68 81
5.2 37.6 L1 67.84 26 60 86
5.3 38.1 L1 75.12 27 49 76
5.4 38.6 L1 72.16 33 37 70
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5.5 39.1 L1 71.50 26 40 66
5.6 39.6 L1 72.40 16 44 60
5.7 40.4 L1 65.99 8 36 44
5.8 41.1 L1 63.73 9 15 24
5.9 41.8 L1 60.98 9 15 24
6 42.5 L1 67.33 3 16 19

6.1 43.3 L1 66.83 8 19 27
6.2 44.0 L1 67.01 10 11 21
6.3 44.7 L1 65.67 14 20 34
6.4 45.4 L1 64.95 22 21 43
6.5 46.2 L1 66.03 18 20 38
6.6 46.9 L1 72.95 24 74 98
6.7 47.6 L1 69.95 24 53 77
6.8 48.3 L1 71.29 9 68 77
6.9 49.1 L1 58.54 18 31 49
7 49.4 L1 60.10 11 35 46

7.1 49.7 L1 68.53 10 34 44
7.2 50.0 L1 68.23 4 31 35
7.3 50.3 L1 68.81 7 46 53
7.4 50.7 L1 70.71 8 37 45
7.5 51.0 L1 72.92 6 58 64
7.6 51.3 L1 75.86 5 63 68
7.7 51.6 L1 78.28 11 55 66
7.8 51.9 L1 81.41 6 62 68
7.9 52.3 L1 82.90 8 75 83
8 52.6 L1 88.89 11 43 54

8.1 53.2 L1 82.23 8 54 62
8.2 53.9 L1 80.10 19 61 80
8.3 54.5 L1 82.44 30 83 113
8.4 55.2 L1 78.43 18 49 67
8.5 55.8 L1 70.73 30 116 146
8.6 56.5 L1 69.50 35 139 174
8.7 57.1 L1 65.69 21 100 121
8.8 57.7 L1 50.72 51 142 193
8.9 58.2 L1 45.10 53 140 193
9 58.6 L1 42.64 73 130 203

9.1 59.1 L1 36.10 100 162 262
9.2 59.5 L1 39.18 132 194 326
9.3 59.9 L1 36.68 144 176 320
9.4 60.3 L1 38.38 132 187 319
9.5 60.7 L1 42.65 130 222 352
9.6 61.1 L1 36.18 111 243 354

Page 32 of 39Boreas

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

9.7 61.5 L1 38.42 114 198 312
9.8 61.9 L1 37.81 120 221 341
9.9 62.3 L1 36.22 144 191 335
10 62.7 L1 35.61 80 89 169

10.1 63.1 L1 33.16 90 57 147
10.2 63.5 L1 34.83 303 27 330
10.3 63.9 L1 35.68 283 10 293
10.4 64.3 L1 35.68 295 11 306
10.5 64.7 L1 34.69 245 10 255
10.6 65.1 L1 33.33 225 14 239
10.7 65.4 L1 27.27 232 10 242
10.8 65.8 L1 30.46 276 18 294
10.9 66.2 L1 37.24 232 12 244
11 66.6 L1 38.34 268 36 304

11.1 67.0 L1 30.00 206 30 236
11.2 67.4 L1 39.69 172 22 194
11.3 67.8 L1 37.31 108 38 146
11.4 68.2 L1 39.80 112 48 160
11.5 68.6 L1 44.95 137 68 205
11.6 69.0 L1 43.28 115 61 176
11.7 69.4 L1 39.49 59 56 115
11.8 69.8 L1 37.88 33 33 66
11.9 70.2 L1 37.76 14 12 26
12 70.6 L1 37.50 10 12 22

12.1 71.0 L1 58.59 15 34 49
12.2 71.9 S1 97.98 35 20 55
12.3 72.8 S1 117.59 1 4 5
12.4 73.8 S1 120.00 140 45 185
12.5 79.4 S1 98.01 101 50 151
12.6 85.0 S1 116.92 211 50 261
12.7 86.6 S1 100.50 178 81 259
12.8 88.3 S1 114.36 131 68 199
12.9 89.9 S1 105.00 154 138 292
13 91.6 S1 110.45 140 154 294

13.1 93.2 S1 109.50 111 40 151
13.2 94.9 S1 132.16 229 122 351
13.3 96.6 S1 143.28 109 46 155
13.4 98.9 S1 134.00 112 71 183
13.5 101.3 S1 124.75 90 62 152
13.6 103.5 S1 128.36 72 60 132
13.7 105.8 S1 144.28 8 23 31
13.8 108.0 S1 147.26 17 22 39
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13.9 110.2 S1 149.49 13 21 34
14 112.4 S1 150.00 6 14 20

14.1 114.4 S1 148.48 58 30 88
14.2 116.3 S1 147.26 7 4 11
14.3 118.3 S1 142.13 1 3 4
14.4 120.2 S1 129.44 3 6 9
14.5 122.2 S1 121.50 1 9 10
14.6 124.1 S1 101.49 16 6 22
14.7 126.1 S1 99.50 7 16 23
14.8 128.0 S1 96.52 9 16 25
14.9 130.0 L2 77.78 13 15 28
15 130.4 L2 65.83 11 19 30

15.1 130.8 L2 61.58 19 37 56
15.2 131.1 L2 41.71 9 30 39
15.3 131.5 L2 34.48 24 32 56
15.4 131.9 L2 31.19 39 23 62
15.5 133.2 L2 48.00 42 40 82
15.6 134.4 L2 32.50 79 99 178
15.7 135.7 L2 30.00 80 104 184
15.8 136.9 L2 32.00 153 106 259
15.9 138.2 L2 32.00 205 178 383
16 139.4 L2 33.00 203 198 401

16.1 140.7 L2 33.17 203 219 422
16.2 141.9 L2 32.66 163 180 343
16.3 143.2 L2 35.35 193 209 402
16.4 144.4 L2 33.83 272 248 520
16.5 145.7 L2 37.44 174 253 427
16.6 146.9 L2 37.37 194 261 455
16.7 148.2 L2 37.50 126 379 505
16.8 149.4 L2 41.00 145 217 362
16.9 150.2 L2 39.49 148 208 356
17 150.9 L2 38.78 76 192 268

17.1 151.6 L2 32.99 78 108 186
17.2 152.3 L2 35.68 46 54 100
17.3 153.1 L2 34.02 69 44 113
17.4 153.8 L2 35.00 62 43 105
17.5 154.5 L2 34.50 152 30 182
17.6 155.3 L2 33.33 182 11 193
17.7 156.0 L2 31.98 193 17 210
17.8 156.7 L2 28.64 209 7 216
17.9 157.4 L2 30.65 254 11 265
18 158.2 L2 31.86 246 4 250

Page 34 of 39Boreas

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

18.1 158.9 L2 32.02 369 27 396
18.2 159.6 L2 31.66 343 12 355
18.3 160.4 L2 39.50 212 11 223
18.4 161.2 L2 32.18 116 14 130
18.5 162.1 L2 29.44 129 26 155
18.6 162.9 L2 29.56 120 13 133
18.7 163.8 L2 31.09 90 38 128
18.8 164.6 L2 32.49 40 26 66
18.9 165.5 L2 37.82 35 39 74
19 166.3 L2 42.86 7 58 65

19.1 167.2 L2 43.88 16 42 58
19.2 168.0 L2 52.45 30 79 109
19.3 168.9 L2 51.02 27 53 80
19.4 170.7 L2 49.74 30 68 98
19.5 172.5 L2 46.50 42 95 137
19.6 174.3 L2 46.00 50 84 134
19.7 176.1 L2 41.00 66 79 145
19.8 177.9 L2 41.00 48 76 124
19.9 179.7 L2 43.00 104 93 197
20 181.5 L2 38.00 134 127 261

20.1 183.3 L2 37.31 129 156 285
20.2 184.1 L2 40.30 256 281 537
20.3 185.0 L2 52.97 415 309 724
20.4 185.9 L2 56.44 553 510 1063
20.5 186.7 L2 61.69 561 568 1129
20.6 187.6 L2 62.69 413 483 896
20.7 188.4 L2 62.50 401 244 645
20.8 189.3 L2 66.00 546 176 722
20.9 190.1 L2 73.63 680 243 923
21 191.0 L2 83.00 759 238 997
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Table S2. Dataset of the number of Vallonia tenera and Pupilla aeoli (VP) individuals 
in loess units L2 and L1 from the Luochuan section.

Depth (m) Age (ka) Lithology
Magnetic 

susceptibility
Vallonia 
tenera

Pupilla 
aeoli

VP

1.5 11.7 L1 41.10 1 0 1
1.6 12.9 L1 41.80 2 1 3
1.7 14.1 L1 34.80 1 0 1
1.8 15.3 L1 37.10 0 3 3
1.9 16.5 L1 30.70 1 2 3
2 17.7 L1 32.80 1 2 3

2.1 18.9 L1 32.40 0 2 2
2.2 20.1 L1 34.10 2 2 4
2.3 21.3 L1 32.50 0 0 0
2.4 22.5 L1 34.00 3 1 4
2.5 23.7 L1 33.40 5 1 6
2.6 24.9 L1 34.50 6 4 10
2.7 26.1 L1 39.10 2 6 8
2.8 27.3 L1 42.70 3 7 10
2.9 28.5 L1 39.70 5 11 16
3 29.7 L1 47.60 5 7 12

3.1 30.3 L1 49.00 12 4 16
3.2 31.0 L1 51.20 8 17 25
3.3 31.6 L1 52.70 17 9 26
3.4 32.2 L1 52.20 25 30 55
3.5 32.9 L1 52.00 23 26 49
3.6 33.5 L1 52.10 27 13 40
3.7 34.2 L1 53.20 18 21 39
3.8 34.6 L1 60.70 1 21 22
3.9 34.9 L1 65.50 6 20 26
4 35.3 L1 66.10 2 16 18

4.1 35.7 L1 65.90 4 30 34
4.2 36.1 L1 70.80 8 27 35
4.3 36.7 L1 70.50 16 3 19
4.4 37.3 L1 69.00 40 6 46
4.5 37.9 L1 70.80 15 15 30
4.6 38.4 L1 66.90 3 36 39
4.7 39.0 L1 67.90 8 51 59
4.8 39.6 L1 68.20 6 71 77
4.9 40.6 L1 73.70 1 47 48
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5 41.5 L1 69.90 6 67 73
5.1 42.5 L1 70.90 10 64 74
5.2 43.4 L1 68.40 12 54 66
5.3 44.3 L1 67.60 9 50 59
5.4 45.3 L1 67.70 28 50 78
5.5 46.2 L1 66.50 16 35 51
5.6 47.2 L1 67.20 22 35 57
5.7 48.1 L1 68.80 22 43 65
5.8 49.1 L1 60.00 18 50 68
5.9 49.4 L1 62.70 23 47 70
6 49.8 L1 72.90 29 62 91

6.1 50.1 L1 69.60 43 78 121
6.2 50.5 L1 72.40 42 62 104
6.3 50.8 L1 69.00 30 62 92
6.4 51.2 L1 75.40 10 73 83
6.5 51.5 L1 80.10 4 90 94
6.6 51.9 L1 75.70 12 86 98
6.7 52.2 L1 83.10 4 75 79
6.8 52.6 L1 88.10 7 67 74
6.9 53.0 L1 81.30 2 62 64
7 53.4 L1 78.70 2 74 76

7.1 53.9 L1 69.90 0 81 81
7.2 54.3 L1 64.10 0 98 98
7.3 54.7 L1 65.60 7 119 126
7.4 55.2 L1 65.50 27 132 159
7.5 55.6 L1 66.20 10 79 89
7.6 56.0 L1 62.80 9 101 110
7.7 56.5 L1 53.80 34 93 127
7.8 56.9 L1 55.40 38 147 185
7.9 57.3 L1 55.80 59 205 264
8 57.7 L1 49.10 63 189 252

8.1 59.1 L1 33.30 92 214 306
8.2 59.8 L1 33.80 195 270 465
8.3 60.4 L1 33.90 95 156 251
8.4 61.1 L1 34.80 77 104 181
8.5 61.7 L1 31.60 109 110 219
8.6 62.4 L1 31.40 72 55 127
8.7 63.1 L1 34.60 43 46 89
8.8 63.7 L1 37.20 225 195 420
8.9 64.4 L1 34.40 181 166 347
9 65.1 L1 36.00 216 227 443

9.1 65.7 L1 37.80 114 226 340
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9.2 66.4 L1 38.40 242 241 483
9.3 67.0 L1 37.30 142 105 247
9.4 67.7 L1 37.50 155 154 309
9.5 68.4 L1 43.50 88 122 210
9.6 69.0 L1 41.40 89 126 215
9.7 69.7 L1 48.20 117 117 234
9.8 70.3 L1 50.80 110 107 217
9.9 71.0 L1 71.30 64 17 81
10 72.4 S1 73.70 41 32 73

10.1 73.8 S1 129.30 22 16 38
10.2 85.0 S1 104.50 12 11 23
10.3 90.8 S1 111.40 6 20 26
10.4 96.6 S1 128.30 9 33 42
10.5 98.9 S1 114.40 22 23 45
10.6 101.3 S1 105.80 25 31 56
10.7 103.2 S1 131.60 41 17 58
10.8 105.0 S1 132.80 63 32 95
10.9 106.9 S1 161.40 28 12 40
11 108.7 S1 170.80 18 11 29

11.1 110.6 S1 168.00 5 4 9
11.2 112.4 S1 180.30 0 0 0
11.3 115.4 S1 171.20 4 0 4
11.4 118.3 S1 165.60 3 1 4
11.5 121.2 S1 154.20 0 0 0
11.6 124.1 S1 122.70 0 0 0
11.7 127.1 S1 97.50 0 0 0
11.8 130.0 L2 74.90 0 0 0
11.9 131.9 L2 23.30 18 34 52
12 132.9 L2 25.20 31 44 75

12.1 134.0 L2 24.40 60 121 181
12.2 135.0 L2 21.50 68 122 190
12.3 136.0 L2 24.40 107 190 297
12.4 137.1 L2 24.70 197 213 410
12.5 138.1 L2 25.10 169 293 462
12.6 139.1 L2 27.10 226 284 510
12.7 140.2 L2 29.20 227 253 480
12.8 141.2 L2 31.80 194 249 443
12.9 142.2 L2 32.10 217 333 550
13 143.3 L2 33.00 197 314 511

13.1 144.3 L2 33.80 185 352 537
13.2 145.3 L2 33.80 269 288 557
13.3 146.3 L2 36.10 213 316 529
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13.4 147.4 L2 34.70 136 244 380
13.5 148.4 L2 34.70 183 208 391
13.6 149.4 L2 36.10 176 172 348
13.7 150.4 L2 33.70 173 161 334
13.8 151.4 L2 30.00 210 96 306
13.9 152.4 L2 30.20 131 43 174
14 153.4 L2 30.70 145 64 209

14.1 154.4 L2 27.50 153 40 193
14.2 155.4 L2 25.60 84 84 168
14.3 156.4 L2 27.00 77 62 139
14.4 157.4 L2 24.00 55 21 76
14.5 158.4 L2 23.10 54 25 79
14.6 159.4 L2 24.50 78 23 101
14.7 160.4 L2 30.30 98 25 123
14.8 161.6 L2 30.20 88 24 112
14.9 162.8 L2 32.50 65 18 83
15 164.0 L2 41.40 48 29 77

15.1 165.2 L2 53.60 29 170 199
15.2 166.4 L2 60.50 44 53 97
15.3 167.7 L2 71.60 31 38 69
15.4 168.9 L2 72.80 29 64 93
15.5 170.3 L2 59.10 16 43 59
15.6 171.8 L2 68.20 25 103 128
15.7 173.2 L2 68.90 36 138 174
15.8 174.6 L2 64.70 31 70 101
15.9 176.1 L2 51.50 65 93 158
16 177.5 L2 43.30 125 88 213

16.1 179.0 L2 39.10 154 57 211
16.2 180.4 L2 35.60 130 93 223
16.3 181.8 L2 35.20 122 84 206
16.4 183.3 L2 33.70 113 99 212
16.5 184.2 L2 38.20 153 148 301
16.6 185.2 L2 43.40 116 139 255
16.7 186.2 L2 46.20 202 218 420
16.8 187.1 L2 52.80 268 188 456
16.9 188.1 L2 56.00 273 229 502
17 189.1 L2 61.40 469 308 777

17.1 190.0 L2 74.80 55 19 74
17.2 191.0 L2 82.50 415 204 619

Page 39 of 39 Boreas

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60




