Marked ecological shifts during 6.2–2.4 Ma revealed by a terrestrial molluscan record from the Chinese Red Clay Formation and implication for palaeoclimatic evolution
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[bookmark: _GoBack]Abstract
A new molluscan fossil record from the late Miocene–Pliocene Xifeng Red Clay sequence in the central Loess Plateau, northern China, reveals the process of ecological environmental changes during ∼ 6.2–2.4 Ma. Three marked ecological shifts in mollusk assemblages occurred at about 5.4, 4.5, and 3.4 Ma, which reflect changes in the East Asian monsoon circulation. A predominantly cold-aridiphilous group reveals an extremely cold dry climate due to strengthened East Asian winter monsoon during ∼ 6.2–5.4 Ma. A predominantly thermo-humidiphilous group from ∼ 5.4–4.5 Ma indicates a strengthening of the East Asia summer monsoon circulation. The marked occurrence of meso-xerophilous taxa during ∼ 4.5–3.4 Ma implies mild climatic conditions. From 3.4 Ma, the cold-aridiphilious species again became dominant in the fossil assemblages, indicating that the winter monsoon was gradually intensifying towards the Quaternary glaciations. Climate changes in this region were characterized by stepwise cooling from 5.4 to 2.4 Ma with a 1 Ma rhythmicity. The cooling trend is in good agreement with the general global cooling trend during this period, as documented by marine δ18O records. The formation and development of the Northern Hemisphere ice sheets during the late Pliocene accelerated the climate deterioration towards the Quaternary glaciations. The history of environmental changes revealed by the Red Clay molluscan fossils is coupled in phase with the process of Tibetan Plateau uplift, which may be the major cause and forcing mechanism of late Miocene–Pliocene environmental changes in the Loess Plateau.
Introduction
Since late Cenozoic time, the Earth's climate has undergone a significant and complex evolution, marked by a general global cooling trend (e.g., Miller et al., 1987, Zachos et al., 2001). It is hypothesized that the uplift of the Tibetan Plateau and the consequent increase in chemical weathering rate was probably one of the major causes of the general cooling of the Northern Hemisphere through a draw down of atmospheric CO2 (Ruddiman and Kutzbach, 1990, Raymo et al., 1988, Raymo and Ruddiman, 1992). The uplifted Tibetan Plateau in the late Cenozoic induced a strengthening of the Asian monsoon system (Prell and Kutzbach, 1992), the drying of the Asian interior (Rea et al., 1998, Guo et al., 2004), and a marked ecological shift (Quade et al., 1989). However, the detailed environmental effect of the Tibetan Plateau uplift on adjacent areas, especially for the period of the late Miocene to Pleistocene, is less well known (e.g., Fort, 1996, Xiong et al., 2003). The loess–paleosol deposits from the Chinese Loess Plateau provide an important archive of the evolution of atmospheric circulation and paleoenvironmental changes in East Asia. Thus, they provide a regional record of the Late Miocene to Pliocene uplift of the Tibetan Plateau and general global cooling (Liu, 1985, An et al., 2001, Ding et al., 1999, Guo et al., 2002).
The Chinese loess–soil sequence, which is dated back to 2.4–2.6 Ma (Ding et al., 2001), is underlain directly by reddish clay-silt-sized sediments called the Red Clay Formation (Liu, 1985). Field observations and geochemical and sedimentological studies have demonstrated that the Red Clay Formation is also wind-blown in origin, thus extending the age of aeolian deposits to about 7–8 Ma in the eastern Loess Plateau (Ding et al., 1998, Ding et al., 2001, Sun et al., 1998a, Lu et al., 2001). Moreover, a recent loess–paleosol study has extended this aeolian record back to 22 Ma in the western Loess Plateau (Guo et al., 2002). These extensions provide good opportunities to reconstruct the long-term monsoon history and ecological succession from these aeolian sequences by using uniform proxy records. Here, we present a new molluscan record from the late Miocene–Pliocene Red Clay sequence at Xifeng, in Gansu Province. The paper has three objectives: to address the succession of molluscan assemblages and their environmental implications; to investigate the process of ecological environmental changes in the Loess Plateau from 6.2–2.4 Ma; and to interpret the major causes and forcing mechanisms of the late Miocene–Pliocene ecological environmental changes in this region. We interpret the succession of molluscan assemblages in the context of variations in East Asian monsoons and the late Cenozoic global cooling that is closely linked with the phased tectonic uplift and the development of Northern Hemisphere glaciation. This study is important for improving our understanding of the environmental effects of the Tibetan Plateau uplift on adjacent areas, as well as the patterns and processes of climate changes and the response of the ecological system.
Section snippets
General setting and methods
The Xifeng section (107°58′E, 35°53′N) is located in the central part of the Loess Plateau (Fig. 1) at an elevation of ca. 1300 m above sea level. The site is situated at present in the northern margin of the East Asian summer monsoon (Zhang and Liu, 1992). The mean annual temperature of this region varies from ∼ 8.9 to 9.1 °C, and the mean annual precipitation ranges from ∼ 580 to 590 mm. The average temperature of July, the warmest month, is about 22.3 °C. In the summer season, the East Asian
Composition of mollusk taxa in the Xifeng Red Clay sequence
Terrestrial molluscan fossils are abundant in the Xifeng Red Clay sequence. They are especially enriched in the middle part (22.2–34.5 m), forming molluscan fossil layers or a conglomerated contribution. All levels yielded mollusk shells; the minimum count is three shells at the top, and the maximum reaches 348 at a depth of 27.3 m (Fig. 3). Twelve mollusk species were identified in the sequence. These include Metodontia cf. yantaiensis, Metodontia cf. huaiensis, Microcystis perdita, 
Climatic and ecological history of the Loess Plateau from ∼6.2–2.4 Ma
The variations in Red Clay molluscan assemblages provide information on paleoenvironmental changes in the Loess Plateau during the late Miocene to Pliocene. Four major significant changes in molluscan associations indicate the processes of ecological succession and climatic change from the late Miocene to the onset of the Quaternary.
Firstly, from ∼ 6.2 to ∼ 5.4 Ma, the molluscan fauna was dominated by relatively abundant cold-aridiphilous taxa such as species of Cathaica, an analogous Quaternary
Conclusion
Our study of mollusks in the Xifeng Red Clay sequence provides a continuous terrestrial biological record of the late Miocene and Pliocene time. The high similarity in molluscan composition between the late Miocene–Pliocene Red Clay Formation and the overlying Quaternary loess–paleosol sequence shows that there has been continuous and consistent deposition during the past 6.2 Ma, which was confirmed also by previous comparative studies on physical and chemical properties (Ding et al., 2001, Guo 
Acknowledgements
We thank Wang Luo and Peng Shuzhen for their help with fieldwork, and Gu Zhaoyan, Han Jingtai, and Jiang Wenying for their valuable suggestions and helpful discussions. The paper has benefited from careful reviews by Alan Beu and Denis-Didier Rousseau. Their thoughts and comments were most helpful. Special thanks to Kam-biu Liu for helpful remarks and language correction. This research was supported by the Chinese Academy of Sciences (grants KZCX3-SW-139 and KZCX2-SW-133) and the National

