
The Geoarchaeology of the Qinling Mountains of Central
China: An Examination of Loess-Paleosol Sequences
and Biomarkers at Mid-Pleistocene Paleolithic Sites

Item Type text; Electronic Dissertation

Authors Fox, Mathew Lyman

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 24/05/2023 21:09:02

Link to Item http://hdl.handle.net/10150/642160

http://hdl.handle.net/10150/642160


1 
 

 
 
 

THE GEOARCHAEOLOGY OF THE QINLING MOUNTAINS OF CENTRAL CHINA: AN 
EXAMINATION OF LOESS-PALEOSOL SEQUENCES AND BIOMARKERS AT MID-

PLEISTOCENE PALEOLITHIC SITES 
 

by 
 

Mathew L. Fox 
 
 

__________________________ 
Copyright © Mathew L. Fox 2020 

 
 
 

A Dissertation Submitted to the Faculty of the 
 

SCHOOL OF ANTHROPOLOGY 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 

 

2020 
 
 
 
 
 
 

 
 
 



2 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 
 

 
 
 

ACKNOWLEDGEMENTS 
 
  I would like to take a moment a give special thanks to the numerous people and 

organizations that made this research possible. First and foremost, I would like to thank my 

mentors at the University of Arizona. Without constant guidance, advice, and encouragement 

from John Olsen, Vance Holliday, Steve Kuhn, and Jessica Tierney this dissertation would have 

not been possible. I would like to give special thanks to John Olsen for years of financial 

support, guidance in Paleolithic research, and dedication to writing and research of the highest 

caliber, Vance Holliday for his guidance in the principles and practices of stellar 

geoarchaeological research, and Steve Kuhn for his detailed knowledge of hominin 

paleoecology, Paleolithic archaeology and statistical research. It has been an honor to learn from 

and work with these incredible advisors. I would like to take a moment and also give a very 

special thanks to Jessica Tierney for taking me under her wing, teaching me biomarker 

geochemistry from the ground-up, providing years of financial support, and offering me free 

access to her laboratory. Without her continuous input, close guidance, and help with analytical 

problems, a large majority of this research project would simply have been impossible to 

conduct. I would also like to give special thanks to Wang Shejiang and Lu Huayu. I cannot 

express in words how their generosity in helping with this complex international collaboration by 

providing students to help with field research, financial support and constant guidance during my 

stay in both the Qinling Mountains and at Nanjing University, made all of this possible. I would 

like to also give thanks to both the Leakey Foundation, the Je Tsongkhapa Endowment for 

Central and Inner Asian Archaeology, and the University of Arizona School of Anthropology as 

their generous financial support made this project come to fruition.  Finally, I would like to thank 



4 
 

my wife, Jennifer; without her constant support and feedback this dissertation would have not 

been possible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

 
TABLE OF CONTENTS 

 
Abstract ...........................................................................................................................................8 
 
Loessic Geoarchaeology and the Application of Biomarker Research to the 
Qinling Paleolithic ........................................................................................................................10 
   Introduction .................................................................................................................................10 
   Paleolithic sequences of the Qinling Mountains .........................................................................14 
   Study sites: Longgangsi-1 (LGS-1), Hanzhong and Liuwan, Luonan ........................................17 
   Structure of the dissertation ........................................................................................................23 
    
Present Study ................................................................................................................................26 

Appendix A ................................................................................................................................26 
Appendix B ................................................................................................................................27 
Appendix C ................................................................................................................................27 
Summary ....................................................................................................................................28 
Figures ........................................................................................................................................29 
Tables .........................................................................................................................................33 

 
Summary and Conclusions .........................................................................................................37 

Summary of analytical results ....................................................................................................37 
Future directions and relating biomarker results to archaeological interpretations ...................41 
Regional Gradients and the central Chinese Paleolithic ............................................................45 
Conclusion ..................................................................................................................................49 

 
References .....................................................................................................................................53 
 
Appendix A: Using the Isotopic Composition of Leaf Wax Lipids (n-alkanes) to 
Reconstruct Hominin Paleoenvironments in the Qinling Mountains Region 
of Central China ...........................................................................................................................59 
Abstract ..........................................................................................................................................59    
Introduction ....................................................................................................................................60 
   Regional Setting: loess paleosol sequences of the Qinling Mountains .......................................63 
       The Hanzhong and Luonan Basins .........................................................................................64 
       Vegetation reconstruction through the analysis of leaf wax lipids (n-alkanes) ......................68 
Materials and methods ...................................................................................................................70 

Field methods and sampling strategies ...................................................................................70 
       Organic geochemical analyses ................................................................................................71 
       Magnetic susceptibility and grain size analysis ......................................................................73 
       Statistical methods and calculation of C4 biomass .................................................................73 
Results ............................................................................................................................................75 
       Pedostratigraphy .....................................................................................................................75 
       Grain size and magnetic susceptibility ...................................................................................76 
       Concentrations, CPI, and δ13C of n-alkanes ...........................................................................77 
       Percentage of C4 vegetation ....................................................................................................78 



6 
 

       Rank sum statistics and correlations .......................................................................................79 
       Observations of modern precipitation patterns .......................................................................79 
  Discussion ....................................................................................................................................80 
      Correlation between δ13Cwax values and pedostratigraphic units .............................................84 
      Implications for the Qinling Paleolithic and future directions.................................................85 
  Conclusion ...................................................................................................................................87 
  Figures..........................................................................................................................................89 
  Tables ...........................................................................................................................................94 
  References ..................................................................................................................................101 
 
Appendix B: Reconstructing Paleotemperatures through the Analysis of brGDGTs at 
Pleistocene Archaeological Sites in the Qinling Mountains of Central China .....................108 
   Abstract .....................................................................................................................................108    

Introduction ..............................................................................................................................109 
The brGDGT paleothermometer ..........................................................................................112 

Regional Setting .......................................................................................................................114 
The Qinling Mountains Region ............................................................................................114 
Research Sites: Longgangsi and Liuwan ..............................................................................115 

   Materials and Methods ..............................................................................................................117 
Field methods and sampling methodology ...........................................................................117 
Molecular analyses ...............................................................................................................118 
Calculation of MBT'5me and mean annual air temperature ...................................................120 
Statistical analysis ................................................................................................................120 
Magnetic susceptibility analysis ...........................................................................................121 

   Results .......................................................................................................................................122 
Concentration of branched GDGTs ......................................................................................122 
Comparing mean MBT'5me values between loess and paleosol units ...................................122 
Correlations between MBT'5me values, magnetic susceptibility, and leaf wax data .............123 
Differences in temperature variance .....................................................................................123 

   Discussion .................................................................................................................................124 
       The relationship between loess, paleosols, and brGDGT data .............................................124 

Temperature and δ13Cwax variability in the northern and southern QMR.............................127 
Hominins and paleoclimates in the QMR ............................................................................128 
Significance to paleoanthropological research .....................................................................130 

    Conclusion ...............................................................................................................................131 
    Figures......................................................................................................................................135 
    Tables .......................................................................................................................................141 
    References ................................................................................................................................147 
 
Appendix C: The Chinese Paleolithic and Regional Gradients .............................................151 
    Abstract ....................................................................................................................................151 

Introduction ..............................................................................................................................151 
Regional overview and the East Asian Monsoon .....................................................................156 

Evolution of the East Asian Summer Monsoon ...................................................................157 
Overview of the Chinese Loess Plateau and Lithostratigraphy............................................165 
Chronostratigraphy of Chinese loess-paleosol sequences ....................................................173 



7 
 

The chronology of China’s earliest hominin occupations ....................................................175 
Archaeological overview of the northern Chinese Paleolithic .............................................178 
Overview of the Qinling Mountains Region (QMR) and Paleolithic industries ..................183 

The Regional Gradient Concept ...............................................................................................189 
The Regional Gradient Model ..............................................................................................189 
Testing Regional Gradients and ways forward ....................................................................196 
Methodological approaches: Biomarkers, proxy comparisons, and “the three prongs” ......199 
Theoretical advances ............................................................................................................204 

Conclusion ................................................................................................................................206 
    Figures......................................................................................................................................208 
    Tables .......................................................................................................................................222 
    References ................................................................................................................................223 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



8 
 

 
Abstract 

  
 The sequences associated with hominin occupations and Paleolithic cultures of northern 

China represent one of the world’s richest records of human evolution and technological 

development throughout the Pleistocene. Furthermore, the famous loess-paleosol sequences of 

the central Chinese Loess Plateau are widely regarded as one of earth’s most robust terrestrial 

archives of Quaternary climate change. The combination of these facts has led to widespread 

agreement that the northern Chinese Paleolithic represents one of the most profound places on 

earth to examine and test models of human evolution-climate interactions. Since the 

paleoenvironmental conditions in which Eurasian hominins evolved is a core concern of 

Paleolithic archaeology, loessic geoarchaeology, and evolutionary anthropology, this dissertation 

attempts to build preliminary paleoclimatic and theoretical frameworks for further testing.    

 

The research presented here has three primary concerns: (1) to test the applicability of 

biomarker organic geochemistry to Paleolithic sites in central China, (2) to develop preliminary 

paleoenvironmental frameworks associated with significant occupations in the Qinling 

Mountains of central China, and (3) to develop a theoretical framework that synthesizes 

traditional geoarchaeology with modern quantitative paleoclimatology and East Asian Monsoon 

reconstructions.  

 

In terms of basic interdisciplinary research, this dissertation demonstrates that biomarker 

organic geochemistry, such as the analysis of n-alkane leaf waxes and branched glycerol dialkyl 

glycerol tetraethers, is not only applicable to archaeological sites in northern China but 

represents a robust avenue in the construction of paleoenvironmental frameworks. Next, this 
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research also demonstrates that both the ratio of C3 to C4 vegetation and temperature gradate on a 

north-to-south axis, and Paleolithic occupations associated with the northern and southern 

Qinling Mountains contain important differences that may have been of some significance to 

hominins throughout the Middle to Late Pleistocene. Finally, I present the Regional Gradient 

Model that attempts to demonstrate that climates, ecological regions, loess-paleosol sequences, 

and Paleolithic traditions are best described by regional gradients and not simple binary 

relationships. Although many findings in this dissertation are preliminary in nature, I argue this 

interdisciplinary work represents an important contribution to paleoclimatology, loessic 

geoarchaeology and Paleolithic research in northern China.          
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Loessic Geoarchaeology and the Application of Biomarker Research to the 
Qinling Paleolithic 
 
Introduction  
 

The course of research presented in this dissertation first focuses on the reconstruction of 

Middle Pleistocene (~0.7-0.06 Ma) hominin paleoenvironments in the Qinling Mountains Region 

(QMR) of central China (Chapters 2 and 3). This is accomplished through (a) field 

interpretations of loess-paleosol stratigraphy at archaeological sites, (b) the analysis of organic 

biomarkers (n-alkanes, GDGTs), and (c) the application of statistical tests (such as linear 

correlations). This aspect of the research has two fundamental goals, one that is methodological 

in nature and the other theoretical. More specifically, archaeological research conducted in the 

region by the Chinese Academy of Sciences’ Institute of Vertebrate Paleontology and 

Paleoanthropology (IVPP) and Nanjing University (NJU) has been explicitly concerned with 

multi-disciplinary approaches to paleoenvironmental reconstructions in the region. Previously, 

this has consisted of the analysis of soil characteristics (grain size, magnetic susceptibility), 

stable isotopic geochemistry, chronostratigraphy, and the analysis of pollen (e.g., Lu et al., 

2011b; Sun et al., 2016; Sun et al., 2017a; Sun et al., 2018; Yang et al., 2019). Present 

(including this dissertation) and future research within the QMR is now emphasizing novel 

geochemical approaches and inter-proxy comparisons. Therefore, one goal of this research is to 

test the viability of using organic geochemistry at archaeological sites and, eventually, to 

compare and contrast results with previous datasets.   

Another fundamental aspect of this research is to use the reconstruction of vegetation (n-

alkanes) and temperature (brGDGTs) regimes to help us understand prehistoric behavior within 

the QMR. For example, do we observe a correlation between the expansion of C4 (grassland) 

vegetation, patchy environments, and the rise of multi-functional bifacial technology? That is to 
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say, does the establishment of grassland-forest mosaics facilitate the need for formalized, multi-

functional tools as the search for and usage of resources became an unpredictable process             

(especially in relation to predictable, sub-tropical forest ecosystems). Also, do increasingly warm 

and humid conditions associated with predictable monsoons correlate with archaeological 

evidence for more intense occupations? These ideas are based on the logic that fluctuations 

between interglacial and glacial periods may have significantly affected local ecosystems, 

vegetation regimes and faunal communities, in turn altering opportunities of subsistence 

activities such as forging and hunting.    

Next, this dissertation is also concerned with how archaeological models are developed 

within the QMR, and how Paleolithic researchers demarcate southern China from northern 

China. In particular, this dissertation attempts to ask the critical question of whether Paleolithic 

industries, ecological trends, and climatological patterns fall into broad, dichotomous regional 

patterns, especially the distinction between north and south China, or if gradients are a more 

appropriate conceptualization. Ultimately, I argue that both that Paleolithic cultures and 

ecological regimes should not divided into northern and southern “types” (or environmental 

zones) but instead should be characterized according to their location within a gradient. I also 

argue that the ways Paleolithic cultures are characterized regionally should be considered a 

fundamental issue within the Chinese Paleolithic. The goal of this dissertation is not to provide a 

final answer to these difficult questions. Instead, with a few targeted research papers, I hope to  

lay the groundwork for future research and provide a new mental template (Regional Gradients) 

useful to Paleolithic research in China. This idea will be further explored in Chapter 4 where I 

present the Regional Gradient Model.  
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In this dissertation, the QMR is defined as the geographic area that extends roughly from 

105-112°E and 32-34°N, contains numerous intermontane basins, the central crest of the Qinling 

Mountains, and its northern and southern piedmonts. Within a wide variety of disciplines, the 

QMR is regarded as a unique mountainous region for it is a known biological hotspot 

(extraordinarily high levels of biodiversity), it is an important transitional zone between southern 

and northern China, and contains countless archaeological sites that date from the Early 

Pleistocene to modern times (Tang et al., 2006; Lu et al., 2011a; Lu et al., 2011b; Sun et al., 

2014; Wang and Lu, 2016; Sun et al., 2017b; Sun et al., 2018). The intermontane basins of 

greatest archaeological (Paleolithic) significance are the Ankang, Hanzhong, Luonan, Lushi, and 

Yunxian Basins (Fig. 1).  

The QMR should be regarded as one of the most significant archaeological regions in 

eastern Eurasia. Paleolithic research over the last several decades has demonstrated that these 

basins are associated with some of northern China’s earliest and longest occupations throughout 

the Early and Middle Pleistocene (Sun et al., 2018). Since the early 2000s, Paleolithic 

archaeologists and geoscientists working in the Qinling Mountains have surveyed and mapped at 

least 400 sites and made significant research advances in the reconstruction of hominin 

paleoenvironments, loessic geoarchaeology, and the analysis of lithic industries. These research 

projects have focused on the descriptive and statistical analysis of lithics from representative 

sites, geochronology, and correlating loess-paleosol stratigraphy in the QMR to type sections 

(e.g., Luochuan, Xifeng) in the central Loess Plateau (e.g., Wang, 2007b, a; Lu et al., 2011a; Lu 

et al., 2011b; Sun et al., 2013; Sun et al., 2014; Wang et al., 2014a; Wang et al., 2014b; Sun et 

al., 2016; Wang and Lu, 2016; Wang et al., 2016; Lu et al., 2017; Sun et al., 2017a).   
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Following initial surveying and mapping projects, excavations in the region have 

demonstrated that Paleolithic occupations span approximately one million years (~1.2-0.05 Ma), 

contain Mode I (Oldowan-like) and, in limited cases, Mode II (Acheulean-like) stone tool 

industries. A large majority of prehistoric artifacts are associated with loess-paleosol couplets 

adjacent to large river systems such as the Luohe, Maping, and Hanshui. The QMR is also 

considered especially significant since Lantian, located in the northern piedmont of the Qinling 

Mountains, is one of only a handful of localities in northern China that contains early  

Pleistocene hominin fossils (~1.2-1.6 Ma) in association with archaeological material (Wang et 

al., 2014a; Wang et al., 2014b).   

 From a geoarchaeological perspective, the QMR is an especially promising research area 

because Paleolithic assemblages are contained within well-preserved, stratified loess-paleosol 

sequences. These stratigraphic sequences, which are often exposed on the landscape and easily 

accessed, contain a wealth of stratigraphic, geomorphic, and environmental information (Fig. 2). 

Similar to the Chinese Loess Plateau (CLP), the alternation between soils and loess is thought to 

reflect changes in the East Asian Summer Monsoon (EASM) and long-term interglacial-glacial 

cyclicity (An, 2000; Lu et al., 2011b; Maher, 2011; An, 2014; An et al., 2014; Sun et al., 2018). 

The association of archaeological sites with loess-paleosol sequences is also significant as these 

sites may be stratigraphically correlated with type sections of the CLP, such as Xifeng and 

Luochuan (Sun et al., 2014; Sun et al., 2018; Wang et al., 2019). 

In the future, these stratigraphic correlations may be critical in the analysis of population 

dynamics, hominin mobility and home ranges throughout northern China (Keates, 2004). For 

example, a fundamental question is if the region represents a refugium when periods of increased 

aridity and the loss of resource-rich habitats (glacials) on the CLP force hominins to migrate 
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south into the mountains and beyond (Sun et al., 2018). One way to begin to answer these 

questions is to systematically study associations between archaeological material and major 

stratigraphic units (such as S5), and explore whether these associations are unique to the QMR or 

mirror patterns observed on the central Chinese Loess Plateau.  

 Another major question for paleoanthropology concerns whether hominin populations in 

north-central China migrated between the CLP and QMR, or if these regions contains different 

populations all together? It is still unclear if hominin populations associated with the QMR are 

more closely related to populations of southern China, populations of the north, or perhaps both 

regions. Recent archaeological work in the QMR has definitively demonstrated that hominins 

were able to expand into mountainous regions and sustain occupations throughout a majority of 

the Pleistocene. These results call into question the notion that the QMR represents a 

biogeographic barrier that separates northern and southern hominin populations (and Paleolithic 

industries).  

 

Paleolithic sequences of the Qinling Mountains 

 The first phase of Paleolithic research in the Qinling Mountains occurred from the 1960s 

through the 1980s with a particular focus on the Lantian area and the northern piedmont of the 

QMR (e.g., Dai and Ji, 1964; Dai, 1966; Jia et al., 1966; Wei, 1977; Huang and Qi, 1987; Wang 

and Lu, 2016). Paleolithic sequences within the QMR are often divided into three major stages, 

early, middle and late (Sun et al., 2018). This tripartite classification is predominately based on 

the stratigraphic association of archaeological material with specific geologic units, in particular, 

the Wucheng, Lishi and Malan Loess Formations that date to the early, middle, and late 

Pleistocene, respectively (Wang and Lu, 2016). However, it is critical to note that Mode I 
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technologies dominate Paleolithic sequences from the late-Early Pleistocene (~1.2 Ma) to 

approximately 0.04 Ma. That is, similar to most Paleolithic sequences in north central China and 

the CLP, the QMR lacks a traditional “Middle Paleolithic” that would be defined by the presence 

of Mode III (prepared-core) technologies(Dennell, 2009; Bar-Yosef and Wang, 2012; Wang and 

Lu, 2016).    

Thus far, the earliest archaeological site known in the intermontane region is Longgangsi 

Locality 3 (LGS-3) (Hanzhong), dated to 1.2-0.7 Ma (Sun et al., 2018). All archaeological 

artifacts recovered from early QMR sites (such as LGS-3) appear to be Mode I retouched tools 

(such as scrapers and points) and debitage, and are manufactured on local quartz or quartzite 

cobbles and pebbles from highly local river sources (Sun et al., 2018). Assemblages associated 

with the earliest occupations tend to contain small numbers of artifacts or isolated finds, which is 

interpreted to represent either discontinuous occupations or small populations. The primary 

modes of production are direct hard-hammer percussion and the bipolar technique. The majority 

of lithics are small (<50 mm) and most retouched tools are categorized as light-duty scrapers 

(Fig. 3) (Sun et al., 2018).  

 Liuwan (discussed in this dissertation), Qiaojiayao, and Longyadong Cave (Lu et al., 

2011a; Lu et al., 2011b; Sun et al., 2018) have yielded Paleolithic assemblages associated with 

middle QMR sequences dating to 0.6-0.3 Ma. As with all other sites described in this 

dissertation, terms such as “middle” refer to stratigraphic position and correlations, and not the 

middle Paleolithic. As with earlier sequences, these artifact assemblages are dominated by Mode 

I typologies, direct hard-hammer percussion, utilization of the bipolar technique, and local quartz 

and quartzite raw materials derived from nearby riverbeds. Technological diversity appears to 

increase throughout middle QMR sequences with the appearance of both small and large tool 
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types and the presence of hammer stones, cores, flakes, retouched scrapers, and an abundance of 

debitage (Sun et al., 2018).  

 Late QMR sequences date to 0.3-0.05 Ma and are represented by the sites of Hejialiang, 

Dishuiyan, and Houfang (Sun et al., 2018). Late Paleolithic assemblages are very similar to 

middle QMR sequences in terms of manufacturing technique, utilization of local raw materials, 

and technological diversity. However, late  Paleolithic assemblages are unique, not only within 

the QMR but within the whole of northern China, as these sequences are associated with bifacial, 

Acheulian-like large cutting tools (Wang, 2006; Sun et al., 2018). The presence of Mode II 

technologies in late QMR sequences is of great interest to Paleolithic archaeologists as this is one 

of only a few areas in China associated with such technologies. To date, all Acheulian-like tools 

are firmly associated with late QMR sequences and only appear in the archaeological record after 

0.25 Ma.    

 The presence of handaxe technology in China has been a principle concern among 

archaeologists for the last several decades. In large part, this can be attributed to the formulation 

of the Movius Line Theory, which argued that East Asia lacks Mode II technologies. This 

concept is further explored in Chapter 4. Outside of the QMR (Luonan), bifacial technology is 

most often associated with the Bose Basin (Fengshudao, Nanbanshan), where it is earlier, and 

Dingcun, and Danjiangkou (Li et al., 2004; Li et al., 2009; Wang et al., 2014c; Li et al., 2015; 

Yang et al., 2016; Gao and Guan, 2018).  

 The Paleolithic sequences of the Qinling Mountains are also directly correlated with 

long-term interglacial-glacial cycles, which have in turn been stratigraphically correlated with 

CLP type sections (Sun et al., 2018). Stratigraphic correlations between the QMR and CLP are 

based on grain-size analyses and soil-loess magnetic susceptibility curves, where finer grain 
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sizes and high magnetic susceptibly values are thought to correlate with intensified weathering 

regimes, soil formation, and warm, wet interglacial conditions. Conversely, low magnetic 

susceptibility values are believed to reflect the deposition of silt-sized quartz dust (loess) and 

cool, arid glacial conditions (Sun et al., 2018). Current models argue that stratigraphic 

correlations with Luochuan and Xifeng demonstrate that around 1.2 Ma, aridity increased and 

the difference between interglacial and glacial conditions became more pronounced (Sun et al., 

2018). Between 1.2-0.7 Ma, two extremely cold and arid glacials dominated the region (1.265-

1.273, 0.79-0.85 Ma, respectively). After 0.7-0.6 Ma, the contrast between interglacial and 

glacial conditions reached a maximum, and interglacial-glacial periods became paced on ca. 100 

Ka cycles. Since the pacing and strength of these oscillating conditions is of great concern to 

Paleolithic archaeologists working in the region, this dissertation addresses these conditions 

through the reconstruction of vegetation and temperature regimes.  

 

Study Sites: Longgangsi-1 (LGS-1), Hanzhong and Liuwan (LW), Luonan 
 
 This dissertation presents geoarchaeological results from two key localities within the 

QMR, Longgangsi (LGS) of the Hanzhong Basin and Liuwan (LW) of the Luonan Basin. Under 

the guidance of Drs. Wang Shejiang (IVPP) and Lu Huayu (NJU), these Paleolithic sites were 

specifically chosen for several reasons. First, LGS and LW flank the crest of the central Qinling 

Mountains, and so exhibit important differences if the region represents a transition between 

technological, ecological, and climatological endmembers. That is, southern pebble core 

industries should be associated with tropical or semi-tropical forests and northern core-and-flake 

industries associated with semi-arid grassland forest mosaics. Next, the LGS and LW sequence 

contain evidence for relatively long-term hominin presence (presumably H. erectus) with date 
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ranges of approximately 0.6-0.06 Ma. If this is the case, major stratigraphic markers, such as 

paleosol unit S5, can be correlated and data compared. Finally, both the IVPP and Nanjing 

University have been extensively studying these sites, and the addition of biomarker 

geochemical data will be used in inter-proxy comparisons.    

The Longgangsi Site (N 34° 04’ 04”, E 106° 58’ 07”) is situated on the western reaches 

of the Hanzhong Basin, which is located on the southwestern flank of the QMR. This area is 

defined as a series of river terraces that contain multiple Paleolithic localities. As with most 

Paleolithic sites in the basin, LGS localities are contained within well stratified loess-paleosol 

sequences (~2-14 m) that cap fluvial terraces (Fig. 4). Archaeological excavations at LGS have 

demonstrated that sites in the area range from approximately 1.2-0.06 Ma and river terraces 

correspond with different stages of the Pleistocene (Sun et al., 2017b; Sun et al., 2018). Terraces 

(T) are located adjacent to the Hanshui River and are named T1-T5 (youngest to oldest).      

 In relationship to modern floodplains, elevations of the terraces are as follows: T1 ranges 

from 3-5m, T2 is 10-15m, T3 is 30-40 m, T4 is 60-70m, and T5 ranges from 80-90m (Yang et 

al., 2019). Currently, ages of the terraces are as follows: T5 dates to approximately 1.2 Ma, T4 

dates to 0.7 Ma, T3 dates to 0.6 Ma, and T2 dates to 0.1 Ma (Sun et al., 2012; Sun et al., 2017b; 

Yang et al., 2019). To date, no Paleolithic materials have been discovered on T1 (youngest 

terrace), which suggests that Paleolithic occupations at LGS are largely associated with the 

middle to late Pleistocene. These occupations span more than a million years, multiple glacial-

interglacial cycles, and hominins appear to have been present regularly if not continuously from 

~1.2-0.04 Ma. As discussed in Chapters 2 and 3, the seemingly continuous presence of hominins 

in the area may be related to the fact that temperatures and vegetation regimes in the southern 

basin appear to stable and relatively mild. Currently, the oldest locality at LGS is Longgangsi-3 
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(LGS-3), which is located on the fifth terrace (T5) and dates to 1.26-0.76 Ma (Sun et al., 2018; 

Yang et al., 2019). This archaeological sequence is currently associated with stratigraphic units 

L15 (MIS 38) to S7 (MIS 19) (from CLP type sections), which is based on magnetic 

susceptibility correlations, cosmogenic, and luminescence dating (Sun et al., 2018).       

 Of the numerous archaeological sites within the LGS research area, the locality reported 

in this dissertation is Longgangsi-1 (LGS-1), located on the third terrace (T3) and currently dated 

to 0.6-0.07 Ma (Fig. 4) (Sun et al., 2017b; Sun et al., 2018). Although archaeological results 

have yet to be published, over 4,000 stone artifacts have been recovered from LGS-1. As with 

other Middle Pleistocene QMR sites, the assemblage is dominated by local quartz and quartzite 

that was manufactured into simple Mode I-like artifacts such as small, irregular flakes and 

scrapers. There is also an abundance of hammer stones, spheroids, cores, and debitage. 

Archaeological material at the site appears to grade up-profile, which the greatest concentration 

of artifacts associated with upper geologic units such as paleosols S1 and S2. The exact function 

of the site has not yet been identified, but with such high density of artifacts and adjacency to the 

Hanshui, one plausible hypothesis is that, throughout the Pleistocene, LGS-1 represented a 

quarry and manufacturing site that was intensively revisited throughout the Pleistocene. This 

stands in contrast to Liuwan (discussed below) that appears to reflect a short-term logistical 

camp.  

The loess-paleosol sequence of LGS-1 is approximately 12m thick containing a 20cm 

thick modern plow zone, a Neolithic occupation (20-55 cmbs), five major buried soils, six loess 

units and, at the bottom of the sequence, fine-grained fluvial sands (Table 1). Every paleosol at 

LGS-1 was determined to be a well-developed Btb or Btkb defined by the presence of strongly 

expressed subangular to prismatic structures, clay translocation and cutans (clay coatings), and 
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some accumulation of carbonates (Btk) (Table 1). With the presence of features such as 

prismatic structures and cutans, one can reasonably assume that vertical mixing processes and 

pedoturbation may affect quantitative soil characteristics and proxy records (such as down 

profile migration of signals), however, since this has not been studied in any capacity it is 

currently unclear what affect these processes have on our records.  

The most distinctive feature of stratigraphy at the site was the presence of a ~3.5m thick 

paleosol that has a depth of 340-745 cmbs. This buried soil can be further broken down into at 

least four distinct subunits containing a complex mixture of pedofeatures which include: 

manganese (Mn) staining, gleying, iron (Fe) depletion or accumulation, dendritic staining 

patterns, very hard to medium hard consistencies, cutans, prismatic structures, and irregular 

redox masses. Currently, it is unclear if this unit represents multiple, discrete paleosols (i.e., S3-

S4) or is simply a very thick paleosol. Loesses (C horizon) at the site are distinguished from 

paleosols by yellow-brown colors (e.g., 10YR 5/8), lack of pedofeatures, and massive structures 

(Table 1). Boundaries between paleosols and loess at the site are irregular to straight and the top 

of loess units tend to grade into paleosols (~5-10 cm boundary thickness) while the top of 

paleosols tend to share sharp boundaries with overlaying loesses. As has been extensively 

explored in the CLP literature (An, 2014 references therein), this demonstrates that paleosol 

parent material is aeolian dust that is rapidly deposited that then slowly turns into soils. As 

previously mentioned, the alternation between aeolian units and soils is thought to reflect 

interglacial-glacial cyclicity. These concepts are further explored in Chapter 4.         

 As fieldwork was being conducted (June-August 2015), I originally hypothesized that 

there may be a strong correlation between pedostratigraphic units and patterns in the distribution 

of archaeological material. That is to say, the density of archaeological material should increase 
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in paleosols as these units should represent stable occupational surfaces associated with 

intensification of summer monsoons, increases in warm, humid conditions, and the expansion of 

mosaic environments (An, 2000; An, 2014; An et al., 2014). Since major events in human 

biocultural evolution (e.g., the rise of bipedalism, speciation events, technological diversification 

and the florescence of new Paleolithic industries) are thought to be related to environmental 

factors, such as the expansion of C4 (grassland) environments and increased climatic variability, 

one might expect that paleosols should reflect conditions that could support long-term 

occupations or settings that hominins had adapted to over the course of the Plio-Pleistocene 

(Trauth et al., 2007; Dennell, 2009; Potts, 2012; Maslin et al., 2015; Potts and Faith, 2015; Vrba, 

2015). Although detailed archaeological results are still unavailable (and I was not present during 

excavations), preliminary results and discussions with Dr. Wang Shejiang have demonstrated my 

original hypothesis appears to be incorrect. More specifically, as of the writing of this 

dissertation, we do not observe that Paleolithic artifacts concentrate in paleosols (or vice versa). 

In the concluding chapter, this issue will be explored in further detail.     

 The second site studied in this dissertation is Liuwan (LW) (N 34° 08’ 36”, E 110° 08’ 

10”), located on the northern fluvial terraces of the Luonan Basin (Fig. 5). As has been well-

reported, the Luonan Basin contains hundreds of open-air and stratified Paleolithic sites, the 

famous Longyadong Cave and, in late-Middle Pleistocene contexts (~0.25 Ma) Mode II stone 

tool industries (Wang et al., 2005; Wang and Shen, 2006; Lu et al., 2011a; Lu et al., 2011b; 

Zhang et al., 2012; Wang and Lu, 2016; Zhang et al., 2017; Sun et al., 2018; Wang et al., 2019). 

Similar to LGS, Paleolithic artifacts recovered from the site come from a well stratified loess-

paleosol sequence that cap river sands. As with sites in the Hanzhong Basin, loess and paleosols 

are differentiated based structure, color, and pedofeatures (Table 2). Since excavations have yet 
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to be conducted at LW, it is unclear if there are strong stratigraphic associations between 

archaeological material and pedostratigraphic unit. However, discussions with Dr. Wang 

Shejiang indicate that surveys conducted at the site (thus far) demonstrate recovered artifacts do 

not concentrate in buried soils, suggesting occupations are associated with both glacial and 

interglacial conditions.    

 From a stratigraphic perspective, the Liuwan site represents an alternation between buried 

soils and loess, and its most prominent feature is a two-meter thick paleosol (410-610 cmbs), 

which may contain an unconformity between units S4 and L3. This paleosol complex is defined 

by extremely well-defined prismatic structures (~5-10 cm in length), cutans covering all ped 

faces, and redoximorphic features such Mn staining, Fe nodules, and dendritic patterns in 

gleying. Based on stratigraphic correlations with CLP type sections, it is believed this complex 

represent paleosols S3 and S4 with L3 missing (Sun et al., 2014). The missing L3 unit may 

suggest that the deposited aeolian unit was relatively thin and completely converted to a soil 

during pedogenesis. Perhaps in the Luonan Basin, glacial conditions associated with the 

deposition of L3 may have been mild.  Paleosols at the site should represent S1-S5 based on OSL 

dating and stratigraphic correlations with the CLP (Sun et al., 2014; Wang et al., 2019). 

However, it is important to note that stratigraphic designation at the LW site are still up for 

debate as it is unclear if buried soils at the bottom of the profile represent the S5 tripartite (S5ss1, 

S5ss2, S5ss3) or units S5, S6, and S7. Since these units are outside of the range of OSL dating, it 

is currently not possible to build a high-resolution age model of the site. In this dissertation, I 

considered the bottom three paleosols to represent the S5 tripartite (Table 2), however, in the 

future this may be revised. In the field, the major difference between the LGS and LW site is that 

paleosols at LW appear more well-developed with a strong expression of prismatic soil 



23 
 

structures and thick cutans covering a majority of soil peds. Based on field observations, paleosol 

units S3 and S4 appear the most well-developed (Table 2).  

 As previously mentioned, archaeological excavations have yet to be conducted at the site, 

however, lithics recovered thus far mirror patterns associated with Middle Pleistocene Paleolithic 

occupations. As of 2019, over 200 artifacts have been recovered from Liuwan and include: stone 

hammers, scrapers, points, small irregular flakes, and debitage (Wang et al., 2019). Similar to 

other “Middle” Paleolithic sites in the QMR, the primary mode of production is direct hard 

hammer or the bipolar technique, and raw materials are mostly local quartz or quartzite 

recovered from nearby riverbeds. Although the chronology of bifacial LCTs remain uncertain, to 

date, at least eight LCTs have been recovered from the area. Until excavations are conducted at 

the site, all results and interpretations from LW should be considered preliminary. 

    

Structure of the dissertation 

 The three article manuscripts appended to this dissertation (A-C) give details regarding 

regional backgrounds, study sites, methods, results, and conclusions of each study. Each 

appendix is formatted according to the Journal of Human Evolution as this journal is the main 

target for each article. However, please note that these manuscripts may be submitted to other 

journals or need revision before widespread publication. Thus, both the formatting and content of 

each appendix is subject to revision and will likely be different when fully published in peer-

reviewed journals. Appendices A and B contain several co-authors; however, all writing, 

analytical work, field research and data analysis is wholly my own work. Most coauthorships 

reflect help with proper analytical methods (e.g., HPLC, IRMS parameters), age models, site 

identification (in the QMR), and archaeological records.  
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 This dissertation first begins with an introductory chapter that aims to summarize major 

concepts associated with loessic geoarchaeology in China, the Qinling Paleolithic and a broad 

overview of study sites (LGS-1 and LW). This chapter is then followed up by a Summary and 

Conclusion chapter. In the concluding chapter, I summarize the significance of biomarker results 

and discuss potential advances in loessic geoarchaeology and approaches to paleoenvironmental 

frameworks associated with the Paleolithic of the Qinling Mountains and the central Chinese 

Loess Plateau. The analytical results and theoretical ideas presented in this dissertation provide a 

baseline for future research on hominin paleoenvironments, reconstruction of the EASM, and 

application of organic geochemical methods to archaeological problems in the region. 

This dissertation pursues a series of methodological and theoretical goals that 

complement Paleolithic and paleoenvironmental research conducted in the Qinling Mountains 

since the early 2000s. First, in appendices A and B I tested the viability of applying organic 

geochemistry and the analysis of biomarkers to archaeological sites in the Hanzhong and Luonan 

Basins. Since organic geochemical methods have never before been applied at sites in the region, 

it was unknown if biomarkers could (a) be successfully extracted from Qinling loess-paleosol 

sequences and (b) provide useful information when reconstructing hominin paleoenvironments. 

This research demonstrates that it is possible to extract sufficient organic material for testing, 

providing useful paleoenvironmental information (such as C3:C4 and paleotemperatures). 

However, large amounts of soil and sediment are needed when applying these methods to QMR 

sequences. Since the overall concentration of biomarkers is extremely low in both QMR loess 

and soils, a minimum of approximately 100 grams (g) is required to achieve sufficient 

concentration for analysis. This is a critical point because this research project originally 
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intended to also examine the isotopic composition of rainfall (δDwax), however, it was not 

possible since many samples weighed less than 100 g.       

 In addition to this analytical problem, I analyzed the isotopic composition of leaf waxes 

as a proxy for the ratio of C3 to C4 biomass (Appendix A), followed by an analysis of soil 

glycerol dialkyl glycerol tetraethers (GDGTs) as a means to reconstruct temperature regimes 

associated with Middle and Late Pleistocene occupations (Appendix B). Since researchers from 

Nanjing University and the IVPP have been interested in the application of new quantitative 

methods (such as biomarkers), results from this dissertation are expected to be synthesized with 

isotopic data from bulk soil organic matter (δ13CSOM), analysis of pollen, and field observations 

of loess-paleosol sequences at the Longgangsi (LGS) and Liuwan (LW) sites. The combination 

of these results should provide a holistic framework when researchers examine specific 

environments associated with long-term Paleolithic occupations of the Qinling Mountains. 

Biomarker results will also be used in proxy comparison exercises to examine the pros and cons 

of both novel and established methods.  

 This research is the first examination of long-term trends in both the percentage of C4 

vegetation (seasonal, summer grasses) and temperature variability at Paleolithic sites in the 

Qinling Mountains. Since the ratio of C3 to C4 biomass has been a primary concern in hominin 

paleoecology (e.g., Levin et al., 2004; Cerling et al., 2011a; Cerling et al., 2011b; Potts, 2012; 

Cerling et al., 2013; Blumenthal et al., 2016; Blumenthal et al., 2017; Uno et al., 2018), and the 

QMR might have been a refugium spanning Pleistocene interglacial-glacial cycles, access to 

biomarker results should assist in the development of paleoenvironmental interpretations at key 

archaeological localities. The other major facet of this dissertation is the argument for a new 
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synthesis in loessic geoarchaeology through the incorporation of quantitative paleoclimatology 

and new statistical models with established field and laboratory methods.   

 

Present Study 

Appendix A  

Appendix A is entitled: Using the Isotopic Composition of Leaf Wax Lipids (n-alkanes) to 

Reconstruct Hominin Paleoenvironments in the Qinling Mountains Region of Central China. 

This study presents leaf wax isotope (δ13Cwax) results that examine diachronic trends in the ratio 

of C3 (forest) to C4 (grass) biomass at the Longgangsi (Hanzhong) and Liuwan (Luonan) 

archaeological sites. The other major research goal of this study is to determine how similar or 

how different vegetation regimes were in the southern versus northern Qinling Mountains. 

Results demonstrate that there are important, observable differences between the Hanzhong 

(southern QMR) and Luonan (northern QMR) regions. In Hanzhong, vegetation regimes appear 

relatively stable, with C3 vegetation dominating the record (85-90%) for over 0.6 Ma. This 

suggests hominin paleoenvironments in the region were predominately characterized by stable 

evergreen deciduous vegetation, which is in agreement with both modern observations and proxy 

data. In Luonan, the ratio of C3 to C4 vegetation is significantly higher with C4 vegetation 

reaching as high as 34%, suggesting periods in which grassland-forest mosaics were established 

in the basin. These results may also agree with archaeological findings. That is to say, the 

presence of Mode I industries and technological stability dominate the record in Hanzhong, 

whereas the presence of bifacial (Acheulean-like) tools and higher levels technological diversity 

in Luonan make it unique compared to the southern QMR.  
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Appendix B 

Appendix B is entitled: Reconstructing Paleotemperatures through the Analysis of 

brGDGTs at Pleistocene Archaeological Sites in the Qinling Mountains of Central China. This 

study presents temperature reconstructions derived from the analysis of soil GDGTs. This 

chapter presents several significant findings including (1) soils GDGT results agree with δ13Cwax 

results, (2) temperature regimes are significantly different between the southern and northern 

QMR, (3) there is little correlation between reconstructed temperatures and pedostratigraphic 

units (such as paleosols). The temperature regimes of the southern QMR appear relatively stable 

with a range of ± 3.5° C, while in the northern QMR temperature regimes are significantly more 

variable with a range of approximately 17° C. This agrees with observed trends in southern 

versus northern vegetation regimes, where the south is characterized by stable C3 environments 

and the north is more variable.     

 

Appendix C 

Appendix C is entitled: The Chinese Paleolithic and Regional Gradients. This research 

provides an overview of established models in loessic geoarchaeology and studies of the 

northern Chinese Paleolithic. This manuscript also introduces a new heuristic, the Regional 

Gradient Model (RGM), in which hominin paleoenvironments are reconceptualized in relation to 

geological, ecological, and precipitation gradients that are modulated by long-term trends in the 

East Asian Summer Monsoon. Loessic geoarchaeology may be advanced through a new 

synthesis, combining traditional field methods and classical sedimentology with quantitative 

paleoclimatology and new statistical methods.  
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Summary  

 This dissertation presents the analysis of biomarkers at the Paleolithic sites of 

Longgangsi-1 and Liuwan in central China. Results from these sites, which straddle the central 

crest of the Qinling Mountains, provide evidence that sites further to the south are associated 

with more stable ecological conditions and the maintenance of expedient, Mode I-type 

technologies. This stands in contrast to sites further north, which are associated with higher 

percentages of C4 vegetation, more variable temperatures, and higher levels of intra-site 

variability. These results are in good agreement with predictions made by the comprehensive 

behavioral model, and further build upon this notion by presenting the Regional Gradient Model. 

This framework builds upon decades of research in Paleolithic archaeology, loessic geology, and 

recent advances in paleoclimatology. Although many aspects of the RGM are purely speculative 

at this point in time, the idea that regional gradients are a defining feature of central China and 

may help explain differences between Paleolithic industries along a north-south transect 

represents a promising research field for the years to come.    
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Figures 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1- Global STRM imagery (via GeoMappApp) of the Qinling Mountains Region. 
Currently, five major basins are under investigation, including: Hanzhong, Ankang, Yunxian, 
Luonan and Lushi. In this dissertation, sites in the Hanzhong and Luonan Basins are discussed.  
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Figure 2- Exposed loess-paleosol stratigraphy in the Hanzhong and Luonan Basins of the Qinling 
Mountains. (a) Yaochangwan site, (b) Liuwan site. Light yellow layers represent loess (glacials) 
while dark red-brown layers represent paleosols (interglacials). These exposed stratigraphic 
sections are often rich in Paleolithic artifacts and contain a wealth of environmental and 
archaeological information.  
 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Figure 3- Representative artifacts from Lower Paleolithic sites in the Qinling Mountains Region. 
Artifacts a1-a10 recovered from LGS-3 (small, irregular flakes), artifacts from b1-b6 recovered 
from Liuwan (small, irregular flakes), b7-b11 recovered from Longyadong (small, irregular 
flakes), and c1-c9 were recovered from the Luonan Basin (spheroids, scrapers, and bifacial 
LCTs).  After Sun et al. (2018). 
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Figure 4- Fluvial terrace system of the Hanzhong Basin. Red stars represent the center of major 
archaeological units that contain Paleolithic artifacts. Longgangsi-1 (T3) is discussed in this 
dissertation. Figure adapted from Sun et al. 2018.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5- Fluvial terraces of the Luonan Basin. Note that only the first two terraces are displayed 
here as geologic mapping of the region is currently underway. Figure adapted from Lu et al. 
2011 
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Tables 
 

 
Longgansi-1 Field Descriptions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1- Table of soil field descriptions for Longgangsi-1. Nomenclature used in this table 
follows USDA guidelines for describing soils in the field (Schoeneberger et al., 2012). 
 
 
 
 
 
 
 
 
 

Unit Horizon Depth (cmbs) Boundary Structure Color Clay Films

S1 Ap 0-20 G/S M  N/A none
Aban 20-55 C/S M 7.5YR 4/4 none
Btb1 55-105 D/S 3-abk, vc 2.5YR 2.5/3 m/c/D
Btb2 125-165 D/S 2-abk, co 5YR 3/4 m/c/D

L1 Cb 165-220 G/S M 7.5YR 4/6 f/d/D
S2 Btb 220-255 G/S 2-abk, co 7.5YR 4/4 m/c/D
L2 CBb 250-270 G/S 1-abk, m 10YR 6/6 none
S3 Btkb 270-325 C/S 2-abk, vc 10YR 5/6 f/d/D

CB 325-340 C/S 1-abk, m 10YR 5/6 m/c/D
Btb1 340-410 G/I 3-abk, vc 10YR 6/6 vm/c/P
Btb2 410-445 D/S 2-abk, co 7YR 7/6 m/d/P
Btb3 445-485 D/S 3-Pr, co 10YR 5/6 c/d/P

L3 Cb 485-550 below srf. 3-Pr, co 7.5YR 4/6 vm/c/P
S4 Btb 550-690 C/S 3-Pr, co 7.5YR 4/6 vm/c/P
L4 CBb1 690-750 below srf. 1-abk, m 7.5YR 6/6 m/c/P

CBb2 750-770 C/I 1-abk,m 7.5YR 6/6 m/c/P
S5 Btb 770-875 C/I M 10YR 6.5/6 m/d/P
L5 Cb1 860-1000 below srf. 1-abk, co 7.5YR 6/6 f/d/D

Cb2 1000-1165 C/I M to 1-abk, m 7.5YR 6/6 c/p/D
Fluvial Sands Cb 1165-1250 (bs) n/a Single grain 10YR 6/6 none
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Longgangsi-1 Biomarker Samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2- List of n-alkane and GDGT samples with stratigraphic associations. Please note that 
N/A samples were either lost during shipping (upper 4 units) or contained concentrations too low 
for analysis. All other samples (Xfd, PSDA) were sampled at a consistent 10cmbs and processed 
at Nanjing University.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Unit Horizon Depth (cmbs) Sample

S1 Ap 0-20 N/A
Aban 20-55 N/A
Btb1 55-105 N/A
Btb2 125-165 N/A

L1 Cb 165-220 LGSP1-220
S2 Btb 220-255 LGSP1-240
L2 CBb 250-270 N/A
S3 Btkb 270-325 LGSP2-80

CB 325-340 N/A
Btb1 340-410 LGSP2-130,  LGSP2-140
Btb2 410-445 LGSP2-180
Btb3 445-485 LGSP2-205, LGSP2-220, LGSP3-150, LGSP3-170

L3 Cb 485-550 LGSP2-240, LGSP2-260, LGSP3-20, LGSP3-30
S4 Btb 550-690 LGSP2-400, LGSP3-50, LGSP3-70, LGSP3-90, LGSP3-110, LGSP3-130
L4 CBb1 690-750 LGSP3-190, LGSP3-210, LGSP3-230

CBb2 750-770 N/A
S5 Btb 770-875 LGSP4-30, LGSP4-60, LGSP4-120, LGSP4-100, LGSP4-80
L5 Cb1 860-1000 LGSP4-160, LGSP4-180, LGSP4-200, LGSP4-220, LGSP4-240

Cb2 1000-1165 LGSP5-20, LGSP5,40, LGSP5-60 LGSP5-80, LGSP5-130, LGSP5-170
Fluvial Sands Cb 1165-1250 (bs) LGSP5-220
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Liuwan Field Descriptions  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3- Table of soil field descriptions for Liuwan. Nomenclature used in this table follows 
USDA guidelines for describing soils in the field (Schoeneberger et al., 2012). 
 
 
 
 
 
 
 

Unit Horizon Depth (cmbs) Boundary Structure Color (Dry) Clay Films

Plow Zone Ap 0-55 C/S 1-sbk, m 7.5YR 5/4 none
L0 Cb 55-160 C/I M 10YR 6/6 c/D/D
S1 Btb 160-260 C/I 2-abk, co 7.5YR 5/6 m/C/D
L1 Cb 260-285 C/I M 10YR 6/6 none
S2 Btb 285-340 G/S 2-PR, co 7.5YR 5/6 m/C/D

Btb2 340-375 G/S 2-PR, co 7.5YR 5/6 m/C/D
L2 Cb 375-410 G/S M 10YR 6/4 c/D/P
S3-S4 Btkb 410-610 C/S 3-PR, co 5YR 5/4 m/C/D
L4 Cb 610-630 C/S M 10YR 6/6 vf/P/P
S5ss1 Btkb 630-690 G/S 1-abk, m 7.5YR 5/4 c/D/P
L5 Cb1 690-705 G/S M 10YR 6/4 f/P/P

Cb2 705-720 D/S M 10YR 6/6 f/D/P
Cb3 720-730 C/S M 10YR 6.5/6 f/D/P

S5ss2 Btkb 730-790 D/S 1-abk, m 7.5YR 5/8 c/D/P
L5 Cb 790-870 G/S M 10YR 6/6 f/D/P

E 730-743 C/S M 10YR 7/2 f/P/D
CBb 743-765 G/S 1-PR, m 10YR 6/6 c/D/P
CBb 765-798 C/I 2-PR, m 10YR 5/6 m/D/P
Cb 798-827 G/S M 10YR 5.5/6 f/P/P
Cb 827-859 G/S M 10YR 7/6 f/P/P
Cb 859-879 C/S 1-abk, m 10YR 6/6 m/C/P
Cb 879-892 C/S M 2.5YR 7/6 c/D/P
Cb 892-910 C/S 1-PR, m 10YR 6.5/6 m/D/P

S5ss3 Btb 910-952 G/S 2-sbk, co 5YR 4/6 m/C/D
Btb2 952-1000 (bs) n/a 2-sbk, m 7.5YR 4/4 f/P/F
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Liuwan Biomarker Samples  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4- List of n-alkane and GDGT samples with stratigraphic associations. All other samples 
(Xfd, PSDA) were sampled at a consistent 10cmbs and processed at Nanjing University.  
 
 
 
 
 

 

 

 

 
 

Unit Horizon Depth (cmbs) Sample

Plow Zone Ap 0-55 LWP1-10, LWP1-30, LWP1-50
L0 Cb 55-160 LWP1-70, LWP1-90, LWP1-110, LWP1-130, LWP1-150
S1 Btb 160-260 LWP1-170, LWP1-190, LWP1-210, LWP1-230, LWP1-250
L1 Cb 260-285 LWP1-270
S2 Btb 285-340 LWP1-290, LWP1-310, LWP1-330

Btb2 340-375 LWP1-350, LWP1-360
L2 Cb 375-410 LWP1-380, LWP1-400
S3-S4 Btbk 410-610 LWP1-420, LWP1-440, 460,480,500,520,540,560,580,600
L4 Cb 610-630 LWP2-620, LWP3-680
S5ss1 Btbk 630-690 LWP3-680
L5 Cb1 690-705 LWP3-700

Cb2 705-720 LWP3-715
Cb3 720-730 LWP3-725

S5ss2 Btkb 730-790 LWP3-740, 760, 780,790
L5 Cb 798-827 LWP4-800, 810, 820

Cb 827-859 LWP4-840, 850
Cb 859-879 LWP4-870
Cb 879-892 LWP4-885
Cb 892-910 LWP4-900

S5ss3 Btb 910-952 LWP4-920, 940
Btb2 952-1000 (bs) LWP4-1010
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Summary and Conclusions 
 

Summary of analytical results 

 The research presented in this dissertation represents the first application of biomarker 

organic geochemistry to archaeological sites in the Qinling Mountains and serves as a template 

for a new synthesis in loessic geoarchaeology. From a theoretical perspective, this dissertation 

offers a new heuristic, the Regional Gradient Model, in which paleoenvironments associated 

with hominin occupations are conceptualized in relationship to broad climatological patterns 

modulated by EASM variability. This preliminary model stands as an alternative approach 

within loessic geoarchaeology and aims to complement established models through the 

combination of modern paleoclimatology with classical sedimentology and soil science.  

This biomarker research is significant because it represents the first attempt to examine 

diachronic patterns in vegetation and temperature regimes through the analysis of leaf wax 

isotopes (δ13Cwax) and branched glycerol dialkyl glycerol tetraethers (brGDGTs). Although 

previous research in the region has been concerned with hominin paleoenvironments (e.g., Lu et 

al., 2011b; Zhang et al., 2017; Sun et al., 2018), most such studies relied on traditional methods 

(e.g., soil characterizations, stratigraphic correlations) or more qualitative approaches (e.g., 

paleosols as a proxy for interglacial conditions). Consequently, researchers working in the region 

have become increasingly interested in quantitative methods that could then be compared to 

previous results. The analysis of biomarkers will soon be used in proxy comparison exercises in 

order to examine the pros and cons of both novel and established methods. Here, it is critical to 

note that proxy comparisons heavily rely on accurate age-models and the detailed analysis of 

scale (e.g., site-specific versus basinal), thus, these comparisons will be possible pending new 
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age models, post-depositional models, and a more comprehensive study of proxy scale. It is 

hoped that within the next few years we will be able to undertake this pressing research task.    

 Another major facet of this present study was to test the viability of biomarker research at 

Paleolithic sites in the region as it was unknown if a sufficient amount of organic material could 

be extracted. Previous soil characterizations and isotopic work (δ13CSOM) conducted by Dr. 

Zhang Hongyan (Nanjing University) demonstrated that stratigraphic sequences in the QMR 

contained extremely low levels of organic matter, thus, it was unknown if organic geochemical 

methods could be applied to archaeological loess-paleosol stratigraphy (Zhang et al., 2017). 

After several Total Lipid Extractions (TLE) and initial testing it was discovered that a sufficient 

amount of lipids could be extracted, however, if samples weighed less than 100 grams (g) 

concentrations were often too low to replicate results or test δD. Thus, any future biomarker 

research in the region should be aware of the fact that during fieldwork, samples taken should 

weigh no less than 150g, and during lipid extraction a minimum of two 66mL cells should be 

used. Another important analytical finding of this research is that QMR loess-paleosols contain 

very low concentrations of Fatty Acid Methyl Esters (FAMEs). The original plan was to study 

the isotopic composition of both normal (n) alkanes and FAMEs, however, all test samples 

analyzed contained little or no FAMEs.   

 This research also examined the relationship between biomarker results and 

pedostratigraphic unit. More specifically, both nonparametric (KS, Mann-Whitney) and 

parametric statistical tests (e.g., linear correlations, F-test, t-test) were applied to leaf wax 

isotopes, brGDGTs, magnetic susceptibility values (χfd) and particle size distribution analysis 

(PSDA). A significant finding of these tests was that there was very little correlation between 
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percentage C4 biomass, increased temperatures, and paleosols (and vice versa). Furthermore, 

nonparametric tests demonstrate there is no statistically significant difference between biomarker 

data associated with loess and data associated with paleosols. Since several studies have argued 

that paleosols should directly correlate with the expansion of grassland ecosystems and warm, 

wet interglacial periods (e.g., Xie et al., 2003; Liu et al., 2005; Zhang et al., 2006; Dong et al., 

2018), this finding certainly warrants further testing. From an ecological perspective, it may be 

argued that the expansion of C4 vegetation is not simply related to higher temperature regimes, 

the intensification of seasonal precipitation, and interglacial conditions. It is likely that a 

combination of both abiotic and biotic factors affects the ratio of C3 to C4 biomass. Perhaps local 

conditions, such as plant community interactions, faunal impacts on vegetation, soil type, and 

nutrient loads also have a strong impact on the formation, expansion, and maintenance of 

grassland ecosystems. If this is the case, then directly correlating increased δ13Cwax values with 

paleosols (χfd) represents an oversimplification of regional ecology. 

 The mismatch between biomarker results and pedostratigraphic unit also extends to 

reconstructed temperatures derived from brGDGTs. Since paleosols are widely regarded as a 

proxy for warm interglacial conditions, one would expect a strong correlation between higher 

mean annual temperatures (increased MBT'5me values) and paleosols. One would also expect 

increased concentrations of brGDGTs in paleosols as the production of these biomarkers is 

related to soil microbial growth and development. However, in both cases there is little 

correlation between MBT'5me values, brGDGT concentrations, and pedostratigraphic unit. There 

are several plausible explanations regarding this mismatch, such as pedostratigraphy was not 

correctly mapped in the field, subsoils and intercalated loess (which are not reported here) reflect 

important climatic substages, post-depositional processes affect results, or the RSME of current 
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temperature reconstructions is simply too high. Regardless of which explanation can be regarded 

as the best, it is clear these results need to be further explored. A good starting position is to 

explore detailed stratigraphy at the sites and see if subunits help explain data variability within 

larger units.  

Although biomarker results are not closely correlated with field observations of paleosol 

and loess units, patterns of variation within the two sequences show significant differences in 

levels of climatic variation in the southern and northern QMR. That is, in the Hanzhong Basin 

(southern QMR), the fraction of C4 biomass (ƒC4) has an average of approximately 13%, and C3 

vegetation appears to dominate the entire record. Temperature variability in the basin has a range 

of approximately 7°C, thus, brGDGT results demonstrate temperature regimes in Hanzhong were 

relatively stable throughout the last 600-700 Ka. The combination of leaf wax isotope and 

brGDGT data suggests that conditions in Hanzhong were relatively stable with high levels of C3 

forest vegetation and mild temperatures. If these data can be successfully replicated, it may 

suggest that conditions in the basin would have been ideal for hominin occupations. With access 

to rich riparian niches, abundant raw materials for tool manufacture, and mild temperature 

regimes, hominins in the basin would not have been subjected to large fluctuations in either 

vegetation or temperature conditions. 

 This stands in contrast to the northern QMR, where conditions in the Luonan Basin were 

significantly different. The overall temperature range is more than twice that of Hanzhong, with 

MAT ranging from approximately 3-21 °C. This pattern is also in good agreement with n-alkane 

results where isotopic variability (and reconstructed ƒC4) is significantly higher in the north. In 

Luonan, there are periods when C4 vegetation reached as high as 20-30%, suggesting larger 
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fluctuations in ecological conditions and the development of C3-C4 mosaic environments. In 

order to statistically test if LGS was observably different from LW, we applied an F-test which 

demonstrated a significant difference in variance between the sites. Thus, throughout the 

Pleistocene, hominins in the basin would have experience periods of greater vegetation and 

temperature variability than Hanzhong, despite the fact that the two basis are separated by less 

than 150 km on a north-south axis.  This findings shows that while the Qinling mountains were 

not necessarily a barrier, they did mark a point of rapidly change in climatic conditions and 

vegetation. 

Future directions and relating biomarker results to archaeological interpretations       

 How do biomarker results help us understand QMR Paleolithic sequences or do they have 

any bearing on archaeological interpretations? These are complex questions that must be 

addressed through exploration of several key points. First, two points of caution. These results 

represent the first application of biomarkers to study of paleoenvironmental conditions at 

Paleolithic sites in the region. Furthermore, these results derive from only two, out of the 

hundreds, of sites in the region. Perhaps the most pressing issue raised here is how well these 

patterns hold up when one begins to incorporate sites outside of the QMR. It is possible that 

these gradational trends only apply to the southern and northern QMR, and when sites such as 

Dingcun, Nihewan (northern China), Bose, and Yuanmuo (southern China) are added to the mix, 

these patterns will no longer be relevant. I argue that all analytical results, major conclusions or 

theoretical frameworks based on this research should be thoroughly tested and replicated in the 

following fashion. 
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 First, it is imperative to see if biomarker results can be replicated at the sites themselves. 

Since both LGS and LW are multi-component sites, biomarkers should be sampled and analyzed 

from different sections of the sites. Next, sites of a comparable age and in close proximity to 

LGS and LW (e.g., Yaochangwan, Shangbaichuan) should be sampled and analyzed. This would 

test if local post-depositional processes (e.g., pedoturbation) or trends in microstratigraphy 

significantly affect biomarker results. If this is the case, these results could be used in refining 

the application of organic geochemistry to terrestrial records. The next major issue to consider is 

if observed trends in variance can be replicated on a basinal scale. For example, LGS is located 

in the far western Hanzhong Basin and is topographically unique from the eastern edge of basin. 

Thus, it is currently unknown if results presented in this dissertation can be replicated on a larger 

scale. Until further work is completed, what can be said is that biomarkers (a) appear to work 

well in the region, (b) produce results relevant to Paleolithic research, and (c) provide access to 

both novel information (like temperature reconstructions) and data that can be used in future 

proxy comparisons. 

 Accepting for a moment the hypothesis that biomarker results can be successfully 

replicated in the region, and that the results are consistent with findings from this study, we can . 

ask what this information can contribute to Paleolithic research? First, understanding the 

oscillations between arid glacial and humid interglacial conditions is one of the primary concerns 

of archaeologists working in the QMR (Sun et al., 2018). This primary concern comes in one of 

two forms: (1) archaeological occupations are associated with both loess (glacials) and paleosols 

(interglacials) suggesting hominins were not marginalized by glacial conditions, or (2) there are 

observable decreases in occupations associated with loess, suggesting glacials did marginalize 

hominins (Sun et al., 2018). Since it is currently unknown exactly how glacial conditions 
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affected hominin occupations, reconstructions of both temperature and vegetation regimes are 

considered especially important in QMR research. 

 One of the most important contributions biomarker research can make is providing 

access to quantitative temperature reconstructions, and the analysis of long-term temperature 

trends. Access to these data will provide a framework in which to examine how extreme 

temperature fluctuations were in the region. If we observe that temperature regimes fluctuated 

between relatively low and high values, and that hominin occupations appear to not be affected 

by these swings, it may provide evidence that hominins in the QMR developed either 

technological or logistical practices to deal with these conditions for over one million years. 

Conversely, if low temperatures are associated with a decrease in archaeological occupations, 

this suggests glacial conditions were sufficiently harsh to marginalize hominins. Currently, our 

observations demonstrate there is either little to no correlation between paleosols and the 

archaeological record (or hominin occupations in interglacial periods) and, thus, the analysis of 

biomarkers could substantially contribute to our understanding of the effects of climate cycles on 

hominin occupations in central China.   

The next major contribution biomarker research makes to the QMR Paleolithic is the 

reconstruction of vegetation regimes through novel methods. Since researchers in the region 

have already studied vegetation regimes through the analysis of pollen and δ13CSOM, biomarkers 

will augment proxy comparisons and the development of a better understanding of ecological 

circumstances that are in direct association with Paleolithic occupations. Since every proxy is 

known to have problems (e.g., transport distance, post-depositional alterations, chemical 
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degradation, chemical alterations), it is imperative that archaeologists use multiple lines of 

evidence when building arguments based on environmental information.   

Taken at face value, one could argue that biomarker results are in agreement with the 

archaeological record of the QMR. In the southern QMR, archaeological sequences are 

dominated by stable, long-term Mode I industries, expedient technologies and utilization of 

easily accessible, highly local raw materials. Biomarker results show mild temperature regimes 

and fairly predictable C3 ecosystems, suggesting hospitable and stable environmental conditions. 

Conversely, in the northern QMR both temperature and vegetation regimes are considerably 

more variable with relatively large swings in temperatures and the development of mosaic 

environments. These patterns seem in agreement with the archaeological record, as technological 

variability appears higher in the basin with a larger number of tool types and the presence of 

bifacial large cutting tools.  

However, this argument is based on a number of assumptions, and directly correlating 

trends in paleoclimatic variability with the archaeological record is one of the most difficult tasks 

in Paleolithic research. As previously mentioned, there are inherent problems with the analysis of 

proxies, the mapping of stratigraphy, understanding local effects of glacial-interglacial cyclicity 

on ecological circumstances (to name only a few), and how these factors all relate to the 

archaeological record. In addition, hominins are cognitively complex species with rich social 

networks, intricate information systems, and often behave in unpredictable ways. Furthermore, 

hominins often behave individually in maladaptive ways such as through the propagation of 

altruistic behavior or the exploration of dangerous territories for no obvious reason. Thus, there 

are ancient human behaviors that share little or no correlation with climatic variability or local 



45 
 

environmental conditions. Since this is one of the fundamental problems Paleolithic 

archaeologists face, the incorporation of novel methods, such as biomarkers, and the 

development of multiple lines of converging evidence are key to untangling issues central in 

hominin paleoecology.  

Regional Gradients and the central Chinese Paleolithic 

 The other major contribution this dissertation makes is the presentation of the Regional 

Gradients concept and paths forward in reconceptualizing the analysis of Paleolithic industries 

throughout central China. As demonstrated in Chapter 4, precipitation, ecological, and 

pedostratigraphic gradients are a defining feature in central China and may help in future 

exploration of lithic industries and patterns in hominin adaptations. This concept is built upon 

decades of field observations and research within loessic geology, geoarchaeology and East 

Asian climatology. The RGM also attempts to demonstrate that the incorporation of modern 

paleoclimatology and novel methods (e.g., brGDGTs) represents a robust path forward in 

advancing geoarchaeological studies of the central Chinese Paleolithic. Below, I summarize 

specific predictions of the RGM, however, please note that this model is still in its infancy and 

further research may nullify many of these working hypotheses.  

In terms of archaeological research, the RGM stipulates that Middle Pleistocene 

Paleolithic industries should not be divided into large geographic areas such as northern and 

southern China (as in the Geographic Dichotomy Alternative model), but instead into 

technological gradients that correlate to regional patterns modulated by EASM variability (Fig. 

4.11). This model does not discount the observation that there are important differences between 

far northern and southern industries, but instead attempts to emphasize that an examination of 
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patterns between Paleolithic “endmembers” has explanatory power. Paleolithic sites firmly 

associated with southern China (e.g., Bose) and northern China (e.g., Nihewan) represent 

technological endmembers, and that inter-site variability between endmembers may be related to 

the EASM and ecological patterns. 

As a specific example, the RGM argues that the northern Chinese Lower Paleolithic 

contains continuous variations across space, and these gradation patterns are intimately related to 

patterns in regional gradients. I hypothesize that lithic technologies and adaptive frameworks, 

such as foraging behavior, on the SE Loess Plateau are significantly different than those 

associated with the NW Loess Plateau (even during the same exact period). This is due to the 

fact the hominin occupations in SE CLP, such as the Wei River Valley, are associated with more 

consistent monsoonal regimes and lower percentages of C4 vegetation. As precipitation and 

ecological variability increases to the NW, hominins in regions such as Gansu would have had to 

deal with patchy C3-C4 ecosystems and much higher levels of environmental variability. In the 

archaeological record, one would expect to see higher levels of variability (such as a greater 

diversity of tool types and manufacturing methods) in regions such as Gansu. In this model, 

Middle Pleistocene Paleolithic industries associated with regions such as the central loess plateau 

should not be considered relatively homogenous (i.e., northern Paleolithic), but instead 

subdivided into several unique traditions that grade into one another. These traditions may be 

defined by several variables such as: overall percentage of irregular flakes, diversity of 

manufacturing methods, density of artifacts in loess versus paleosols, diversity of site types. 

Variables such as these should correlate to environmental parameters such percentage C4 

vegetation and variance in temperature as these patterns directly affect the spatial distribution of 

flora and faunal communities and subsistence activities. In total, spatial variability of Paleolithic 
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traditions should vary more substantially than geographical dichotomies, and this variability is 

correlated to climatological gradients. The RGM also argues that stratigraphic correlations, based 

on standard marker horizons such as S5, may miss important differences across regional 

gradients. One remedy is the mapping of geologic subunits in loess-paleosol sequences, and a 

focused analysis of geospatial variability.   

The RGM is also explicitly concerned with intra-site variability, as recent archaeological 

research is starting to demonstrate that sites previously determined to be part of classical 

southern pebble-core industries (e.g., Longgangsi), in fact, represent a more complex mixture of 

both “classical” southern (cobble-pebble) and northern (irregular flake) traditions. Furthermore, 

detailed analyses of key northern sites, such as Xiaochangliang and Donggutuo (Nihewan), 

clearly demonstrate that classifying lithic industries in the region as Mode I traditions 

significantly underrepresents intra-assemblage variability (Yang et al., 2017). This is further 

evidence that classifying the central Chinese Paleolithic into northern and southern traditions is 

likely insufficient. Researchers can now clearly demonstrate that detailed analyses of key 

Paleolithic sites shows lithic variability is much higher than previously thought and is (on some 

level) likely related to fluctuations between interglacial-glacial conditions and monsoonal 

regimes (Gao et al., 2017; Pei et al., 2017; Sun et al., 2017b; Yang et al., 2017). Perhaps the 

incorporation of RGM concepts will help explain not only what is happening between sites, but 

also within sites, such as local patterns in environmental variability through time.   

Although the exact ratio of northern-style to southern-style artifacts has yet to be fully 

explored across regional gradients, I hypothesize that this ratio will increase on a north-to-south 

axis. That is, as one moves further north, artifacts associated northern endmembers (e.g., small 
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irregular flakes) will become more prevalent and technological variability will also increase. The 

RGM hypothesizes that these patterns are directly linked to central Chinese environmental 

gradients. The key difference between the RGM and other models is that it predicts that we 

expect a gradual shift from southern-to northern-style Paleolithic industries, rather than an abrupt 

one centered around the QMR as a boundary. We expect variation within Paleolithic sequences, 

especially north of the QMR, however the question remains if we see more southern-style 

assemblages north of the mountains during warm, interglacial periods, but a return to more 

northern-style ones during colder intervals?  As previously mentioned, patterns in both 

ecological and precipitation regimes are observably more variable in the north as continentality 

increases and rainfall becomes spatially heterogeneous. The formation of these patchy, northern 

environments may help explain why northern Paleolithic industries are more variable than their 

southern counterparts.  

The last major issue to consider is whether or not variability in Paleolithic records 

represents local adaptation to fluctuating climatic and ecological patterns, or if changes in the 

archaeological record reflect shifting populations. This leads to the critical question if 

populations in northern China migrate between RGM zones during periods of increased climatic 

variability or if populations associated with central southern China are largely isolated from their 

northern counterparts? In a paleodemographic model, hominin populations are interconnected 

throughout central China and migrate through the QMR into either northern or southern China, 

which is likely controlled by local environmental conditions and competition between groups. In 

this scenario, variability in northern Paleolithic records may reflect changes in mobility and not 

“stable” populations continually adapting to changing climatic conditions. For example, during 

interglacials when the EASM is known to push further north and conditions on the CLP become 
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more “hospitable”, perhaps southern populations expand their territories and establish new home 

ranges. Conversely, during the onset of glacial periods, when the EASM retreats south and the 

CLP may become cooler and more arid, these populations retreat to predicable resource zones, 

such as well-established sub-tropical forests. Since archaeologists currently believe that the 

intermontane basins of the QMR were connected, and the RGM stipulates these mountains do 

not represent an insurmountable barrier, it is very likely there was admixture between southern 

and northern populations, and that hominin home ranges changed in the face of interglacial-

glacial cyclicity. In the archaeological record, one might expect that in situ adaptions are 

reflected by gradual changes, whereas, changes in mobility and unique populations appear much 

more abrupt.  

Conclusion 

 The analysis of biomarkers at two Paleolithic sites in the Qinling Mountains of central 

China should be considered significant for three reasons: (1) it represents the first application of 

organic geochemistry to archaeological problems in the region, (2) it provides the first 

quantitative temperature reconstruction in the QMR, and (3) it aims to facilitate a new synthesis 

in loessic geoarchaeology through the presentation of the Regional Gradient Model. Through the 

analysis of both leaf wax isotopes (δ13Cwax) and branched glycerol dialkyl glycerol tetraethers 

(brGDGTs), the research reported here has demonstrated that paleoenvironmental conditions in 

the southern and northern QMR were meaningfully different, and these differences may help 

explain variations in the archaeological records between the basins. 

In the southern QMR (Hanzhong), both temperature and vegetation regimes were stable 

for long periods throughout the Middle and Late Pleistocene and can be characterized as 
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temperate. These conditions appear to be in good agreement with the archaeological record, as 

technological stability is a defining feature of the LGS-1 site. Furthermore, archaeological 

assemblages associated with sites such as LGS appear less variable when taken in comparison to 

their northern counterparts. This is due to the fact that the central crest of the QMR represents an 

important transitional zone across a well-defined monsoonal gradient, and that sites associated 

with regions further to the north (e.g., LW) are significantly more variable and associated with 

mosaic environments. In the Hanzhong Basin, it can be argued that fairly predictable rainfall 

regimes, stable temperatures, and consistent C3 ecosystems facilitated the maintenance of 

expedient and simple Mode I technologies. With access to ecosystems such as well-established 

subtropical forests and rich riparian zones, the development of highly diverse or formal toolkits 

was simply not necessary. Over the long term, if hominins knew they had access to areas rich in 

resources, there would be no need for technological traditions more complex than those that 

would serve their immediate needs. However, that is not to say that lithic industries in the region 

are a simple monolith, as recent research is beginning to demonstrate that assemblages are a 

more complex mixture of both small flake and large cobble traditions (Wang and Lu, 2016). 

These results are also in agreement with Gao’s comprehensive behavioral model (2013) where 

stable environments, continuity of populations throughout the Pleistocene, low-intensity resource 

exploration, high mobility, and high flexibility among hominins helps explain characteristics of 

the central Chinese Paleolithic. Biomarker results presented in this dissertation demonstrate that 

environments of the southern QMR were essentially what Gao’s model predicts.    

In the northern QMR, temperature and vegetation variability were significantly higher, 

suggesting hominins experienced more variable rainfall regimes, the development of C3-C4 

mosaic environments, and had to contend with cooler MATs. It can be hypothesized that the 
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oscillation between C3-dominated and C4 mosaic environments throughout the Pleistocene may 

have triggered the need for more diverse toolkits or formalized tool traditions (such as bifacial 

LCTs). Unlike the southern Hanzhong Basin, where hominin occupations are associated with 

long-term stable environments, hominins in the northern QMR had to deal with variable and 

perhaps unpredictable conditions. If this is truly the case, then one would expect a greater 

investment in formal, multifunctional tool traditions as access to resources would have been 

patchy. In this scenario, tools such as expedient irregular flakes or simple pebble tools would 

have been insufficient as the gathering and processing of resources may have been an 

unpredictable process that required flexible toolkits.  

These observed patterns may also relate to a fundamental aspect of human evolution and 

the role of long-term technological development. One of the central aspects of hominin evolution 

is the fact that our ancestors inadvertently fine-tuned the process of offloading biological 

adaptations onto technology. That is, unlike other species that must develop unique, biological 

adaptations (e.g., phenotypic variation) to environmental change, hominins have the ability to 

quickly develop technology to deal with a wide variety of situations. This uniquely human 

process may be fundamental in explaining the central Chinese Lower Paleolithic, which is much 

more diverse and complex than previously believed.        

Finally, the last question this dissertation asks is simply how well the Regional Gradients 

concept will work outside of the LGS and LW sites. One could easily argue that both the 

ecological and climatic regimes associated with the QMR are wholly unique in comparison to 

regions such as the CLP or subtropical southern China, and that correlated patterns between 

biomarker results and assemblages should be isolated to these unique intermontane basins. 
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Furthermore, one of the only other areas within China that is associated with bifacial technology 

is in the Bose (Baise) Basin (e.g., Fengshudao), which is firmly located in the south and directly 

correlated to stable, subtropical ecosystems (Li et al., 2018). This may point to the fact that the 

development of Mode II traditions is not the simple result of adaptation to environmental 

variability, but instead relates to other factors such as access to raw materials or the processing of 

specific resources (Moncel et al., 2018). This remaining question will be the focus of future 

RGM projects as Paleolithic industries of the south have received much less attention than areas 

such as the CLP or the QMR.  
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Abstract 

The Qinling Mountains of central China have been the focus of numerous archaeological 
research projects, as this region contains some of the oldest (1.2 Ma) hominin occupations in 
eastern Eurasia and is one of the only areas in that region yielding Acheulean-like handaxe 
technology. Previous research has argued that these mountains represent a substantial physio-
geographic barrier that separates the semi-arid or arid north from the semi-temperate or tropical 
south and defines northern and southern Paleolithic industries. However, there is growing 
evidence that paleoclimatological and archaeological models associated with the Qinling 
Mountains need reformulation. Here, we use the carbon isotopic values of leaf wax lipids (n-
alkanes) to reconstruct the ratio of C3 to C4 vegetation at long-term Pleistocene Homo erectus 
occupations of the Hanzhong and Luonan basins that flank the central Qinling Mountains. In the 
southern basin of Hanzhong, isotopic variability is low (1.5‰) and vegetation regimes are 
dominated by C3 vegetation (85-90%) throughout large portions of the middle to late Pleistocene. 
Conversely, in the northern basin of Luonan, isotopic variability is higher (4.2‰) and C4 
vegetation increases to approximately 34% during some periods, which we interpret as the 
expansion of forest-grassland mosaics. Our research demonstrates that there are key differences 
between the southern and northern Qinling Mountains, and that these basins are located within 
an important inflection point along a monsoonal gradient. Therefore, we argue that this region 
should be thought of as an important transitional zone rather than a hard boundary separating 
northern and southern China. Finally, we demonstrate that analysis of leaf wax d13C as a 
vegetation proxy in direct association with QMR hominins can improve understanding of 
behavioral and evolutionary trends in the region.      
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Introduction 

 Paleoclimatic variability and the expansion of C4 biomass are considered to be critical 

landscape-level changes that relate to notable events in human evolution, such as technological 

changes and innovation, anatomical adaptations, and hominin dispersals (Bobe and 

Behrensmeyer, 2004; DeMenocal, 2004; Kingston, 2007; Maslin and Christensen, 2007; Trauth 

et al., 2007; Cerling et al., 2011; Donges et al., 2011; Potts, 2012b; Levin, 2015; Potts and Faith, 

2015; Wang and Lu, 2016; Wang et al., 2016). There is a large body of research, as well as 

theoretical models, that aim to quantitatively describe these climate-hominin evolution 

relationships, including variability selection, accumulated plasticity, turn-over pulse, and shifting 

heterogeneity (Vrba, 1993, 1996; Potts, 1998; Vrba, 2005; Kingston, 2007; Kingston et al., 2007; 

Potts, 2012b, a; Grove, 2014, 2015; Grove et al., 2015; Potts and Faith, 2015; Grove, 2018). 

Regardless of the strengths and weaknesses of these models, all are impacted by their primary 

development and testing within the context of African paleoanthropology and Pleistocene 

archaeology. Africa is emphasized because its fossil and archaeological records are some of the 

most important in the world; however, there may be room to considerably improve upon these 

ideas through the integration of records from regions such as eastern Eurasia. 

The research results presented here aim to broaden the scope of existing models through 

reconstruction of vegetation and monsoonal regimes associated with long-term Middle to Late 

Pleistocene Homo erectus occupations of the Qinling Mountains Region (QMR) of central China. 

Furthermore, we propose that monsoonal variability in East Asia, and its modulating effects on 

local climate, vegetation regimes, and hominin behavior during the Pleistocene, is an enormously 

complex issue best described by regional gradients and not simplified north-versus-south 
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demarcations that are commonly used. Established models often describes the QMR as a major 

physio-biogeographic barrier that periodically impedes the East Asian Summer Monsoon 

(EASM) and separates the arid north from the temperate south in central China (An, 2014). 

Modern observations demonstrate that the QMR affects monsoonal circulation and biogeography 

in the region on some level; however, simply describing the QMR as a major barrier may 

oversimplify monsoonal circulation and vegetation patterns in the region. Additionally, the QMR 

has been described as a cultural barrier that separated northern and southern Paleolithic industries, 

although growing evidence suggests that this region is, in fact, an important transition zone or 

technological inflection point rather than a simple boundary (Sun et al., 2017a; Sun et al., 2017b; 

Gao and Guan, 2018; Sun et al., 2018). We apply organic geochemical techniques that have been 

used in African paleoanthropology and paleoclimatology but rarely applied in eastern Eurasia. In 

particular, we analyze leaf wax (n-alkane) lipid biomarkers to reconstruct the ratio of C3 to C4 

biomass and potential vegetation patterns that are directly associated with some of the most 

significant Paleolithic sites that flank the Qinling Mountains (Fig. 1). By studying basins to the 

north and south of the central QMR, we are able to examine the influence of the QMR boundary 

in this portion of central China.   

In terms of climate-hominin evolution models, our research seeks to examine the proposed 

relationship between Asian monsoonal variability and unique hominin behaviors such as long-term 

technological variability, occupational intensity, and subsistence activities (Dennell and 

Roebroeks, 2005; Dennell, 2009; Wang and Lu, 2016; Li et al., 2018; Sun et al., 2018). That is, 

we begin to test whether or not long-term vegetation patterns would have been of any significance 

to hominins occupying the region. Like others, we focus on the EASM since it has been widely 
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demonstrated that regional climate and vegetation patterns are modulated by monsoonal 

precipitation in China (Liu and Ding, 1998; An, 2000; Wang et al., 2005; An et al., 2014; Sun et 

al., 2015; Yang et al., 2015). Furthermore, it is well established that late Cenozoic patterns in 

EASM circulation began at least 2.6 million years ago (Ma), with loess-paleosol sequences as 

major terrestrial markers of this phenomenon (An, 2000; Huang et al., 2000; Roe, 2009; An, 

2014).  

Existing models argue that interglacial times were characterized by an intensified summer 

monsoons that migrated northward, fostering intensified pedogenesis, resource-rich zones, and 

grassland mosaics ripe for hominin exploitation across large portions of central China (Dennell 

and Roebroeks, 2005; Dennell, 2009; An, 2014; Wang and Lu, 2016). Paleolithic industries 

(Mode I) associated with these conditions appear extremely stable and opportunistic, as the 

establishment of warmer climates, stable precipitation, and resource expansion would have 

supported the manufacture of expedient technologies. Conversely, glacial times were 

characterized by less intense summer monsoons that migrated south, resulting in greater aridity, 

cooler temperatures, and the spread of mosaic environments (or patchy resources). We 

hypothesize that weaker monsoonal circulation and more variable C3 (forest) and C4 (grassland) 

environments are correlated with greater technological variability, such as the presence of Mode 

II, Acheulean-like technology and large cutting tools (LCT). 

Our research also aims to inform both archaeological and paleoanthropological studies of 

the Chinese Loess Plateau (CLP). The Pleistocene stratigraphy in the QMR consists of a series of 

alternating buried soils (paleosols) and loess units that share key quantitative characteristics (i.e., 
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magnetic susceptibility, grain size) with traditional loess-paleosol sequences (LPS) of the central 

loess plateau. Previous research in the region successfully correlated the LPS in the Qinling 

Mountains to CLP type-sections such as Luochuan (Lu et al., 2011a; Lu et al., 2011b; Sun et al., 

2017b; Sun et al., 2018). Identifying connections between Paleolithic industries, hominin behavior, 

and climatic variability as recorded in the LPS has a rich history and well-developed theoretical 

basis in Asian paleoanthropology, archaeology, and geoscience (Wu and Olsen, 1985; Chang, 

1986; Ranov, 1995; Dennell, 2009; Liu and Chen, 2012; Gao and Guan, 2018). This approach is 

referred to as “loessic geoarchaeology” (Ranov, 1995; Liu, 1999). However, to date, this method 

generally lacks quantitative climate reconstructions, relying instead on the qualitative analysis of 

pedostratigraphy and classical sedimentology. Here, we improve upon this established framework 

by synthesizing modern paleoclimatology, organic geochemistry, quantitative characterizations of 

soils and sediments, and the statistical analyses of LPS units. We demonstrate that the application 

of biomarker-based paleoclimatology can assist in determining whether EAM variability has 

bearing on hominin activity and occupations in the region.  

Regional Setting: loess paleosol sequences of the Qinling Mountains Region   

 The Qinling Mountains Region (QMR) of central China is a large east-west orogenic belt 

that formed during the Middle Paleozoic when the North and South China Blocks collided (Dong 

and Santosh, 2016). With an average elevation of 1500-2500 meters (m) above sea level, the 

present day topographic expression of the range is related to Mesozoic-Cenozoic tectonism and 

is characterized by two major zones (South Qinling, North Qinling) that both contain a wide 

variety of deep and narrow intermontane rifted basins (Dong and Santosh, 2016). The underlying 

stratigraphy of QMR basins contains a variety of units, including conglomerates, sandstones, 
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carbonates, siltstones, and mudstones. During the early Quaternary, basins in the region began to 

fill with aeolian dust, thought to be sourced from the same regions that fed the central CLP, the 

Tibetan Plateau, and local fluvial deposits (Lu et al., 2011b; Sun et al., 2017a; Sun et al., 2018). 

Similar to sequences of the loess plateau, during interglacial times when the EASM intensified, 

pedogenesis outpaced loess deposition and thick soil units formed under increased precipitation 

regimes and warmer temperatures. Conversely, during glacial times when the EASM either 

migrated south or decreased in intensity, loess deposition began to outpace soil formation and 

loessic units form under regimes defined by cooler temperatures, decreased precipitation and 

intensified dust storms. Similar to the type sections of the central CLP (e.g., Xifeng, Luochuan), 

stratigraphy forming under these conditions tends to be gradational and is often not characterized 

by simple (or well-defined) alternations between loesses and paleosols. For example, loess layers 

can be intercalated with weakly formed subsoils, or conversely, thin loessic units are found 

within larger paleosols (An, 2000; An, 2014). Although Quaternary stratigraphy in the QMR is 

broadly similar to the central CLP, there are a few key characteristics that define these unique 

LPS in the region: (a) paleosol units tend to be extremely well-developed (e.g., strongly 

expressed soil structures, high percentages of pedogenic clay, deep red colors), (b) paleosols tend 

to be thicker than loess units, and (c) many stratigraphic units are extremely fine-grained. This 

may result from the great distance between the QMR and major dust sources and low rates of 

aeolian deposition due to the topographic complexity of the QMR.  

The Hanzhong and Luonan Basins  

Current research areas are defined by two separate basins located on the southern and 

northern flanks of the Qinling Mountains. Our first site, Longgangsi-1(LGS-1), is located on the 
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western fluvial terraces of the Hanzhong Basin (N 34° 04’ 04”, E 106° 58’ 07”) (Fig. 1). 

Stratigraphy at the site, and in the basin in general, is defined by alternating loess-paleosol units 

approximately 10-14 m thick that cap a series of fluvial terraces. Terraces (T) in Hanzhong are 

designated from T1 through T6. T1 represents the lowest (youngest) terrace that dates to the late 

Holocene, T5 dates to at least 1.2 Ma, and T6 is to be determined (Sun et al., 2012; Sun et al., 

2017a; Sun et al., 2018). Our analyses targeted the 12.5 m deep LPS of T3, as this terrace, to 

date, is believed to contain some of the richest archaeological assemblages and series of Middle 

to Late Pleistocene occupations. Although a detailed age model of the site is still under 

construction, preliminary dating and stratigraphic correlations put the age range of LGS T3 from 

0.6 – 0.07 Ma (Sun et al., 2017b; Sun et al., 2018). The elevation of T3 is approximately 535 

masl with a mean annual temperature of 15° C and an annual precipitation regime of 860 mm. As 

with most monsoonal areas in the region, a majority of the precipitation (53%) falls between 

June and September and, overall, the greatest amount occurring in June, July, August, and 

September (64%). Due to LGS’s location on the southern flank of the QMR and reliable 

monsoonal precipitation, modern vegetation in the region is dominated by temperate broad-leaf 

deciduous forests (~90% C3 biomass), however, with extensive agriculture having been 

undertaken in the basin for hundreds (if not thousands) of years, today it is difficult to find 

undisturbed, natural vegetation in the lower reaches of the valley.  

Archaeologists at LGS have already excavated over 4000 lithic artifacts, however, much 

of these data have yet to be analyzed and published. Although still under analysis, we observe 

that archaeological material is predominately Mode I-style retouched scrapers and flakes 

manufactured from local quartz or quartzite retrieved from nearby river banks (Sun et al., 2017a; 



66 
 

Sun et al., 2018). Preliminary analyses of the material also demonstrate that the archaeological 

assemblage of LGS-1 appears to mirror other archaeological sites (of similar ages) and reflect 

trends observed on a basinal level. Raw materials in the basin are dominated by quartz, quartzite, 

siliceous limestone, and igneous cobbles. The method of production of Mode I tools are direct 

hard-hammer and bipolar reduction, and assemblages primarily consists of cores, small flakes, 

retouched tools, and debitage. Retouched tools are further categorized as choppers, picks, 

scrapers, spheroids, and unifacial, Mode I points. The exact function of many of these tools has 

yet to be fully identified but we believe reflect expedient technologies used to process local 

resources such as small animals and edible vegetation. Recent surveys in the region have yielded 

simple bifaces, however, to date all such artifacts are surface finds and have no firm 

chronometric framework. Archaeological material is found throughout most of the entire 

sequence with no preferential distribution in either loess or paleosol units. In stratigraphic terms, 

the only major patterns observed thus far is that archaeological material appears to grade down 

profile, suggesting that archaeological occupations associated with the late-Middle to Late 

Pleistocene were much more intense than those associated with the early Middle Pleistocene 

(Sun et al., 2018).  

The second study site, Liuwan (LW), is a 12 m thick Paleolithic sequence located on 

fluvial terraces of the northern Luonan Basin (N 34° 08’ 36”, E 110° 08’ 10”). Average elevation 

of the basin is 993 masl with annual precipitation of 706 mm, and an average annual temperature 

of 11° C (Lu et al., 2011b). Precipitation largely follows monsoonal patterns with 48% of rainfall 

occurring in July, August, and September and 61% in June, July, August, and September. As 

with sites excavated in Hanzhong, Paleolithic materials at Liuwan (and the basin in general) are 
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predominately discovered within alternating loess-paleosol sequences that range from 2 to 25 m 

thick and cap fluvial terraces (Lu et al., 2011a; Lu et al., 2011b). Based on current estimates and 

preliminary dating, the age range of LW falls between 0.625-0.01 Ma (Wang et al., 2019). In 

comparison to LGS, over the last several years more geochronological work has been done in the 

region generating several radiocarbon and Optically Stimulated Luminescence (OSL) dates. For 

further detail on the age model, see Sun et al. (2014) and Wang et al. (2019). As with other 

basins in the Qinling Mountains, loess sedimentation appears much lower than at classical CLP 

sequences, as paleosol units are clay-rich, thick and exceptionally well-developed (e.g., strong 

prismatic structures, thick cutans). Modern vegetation on the terraces consists of grassland-forest 

mosaics; however, like LGS, intense anthropogenic activity has greatly altered natural 

vegetation. Geologically, the LW site seems broadly similar to LGS, but archaeologically, the 

site assemblage is unique in several critical ways. 

 First, unlike LGS, surveys of the site area have discovered no less than eight bifacial 

Large Cutting Tools (LCTs). Second, the overall variability of the assemblage is higher with a 

wider series of cores, stone hammers, flakes, cleavers, picks, choppers, spheroids, and scrapers 

(Sun et al., 2014). These findings are in agreement with previous research that demonstrates the 

uniqueness of the Luonan Basin, as it contains some of the only Acheulean-like handaxes in 

China (Dennell, 2009; Gao and Guan, 2018). Although only 429 artifacts have been discovered 

at the site thus far (unlike the several thousand recovered at LGS), this might be due to the lack 

of extensive excavations undertaken yet at LW. A majority of these finds are defined as small 

retouched tools (such as scrapers) and debitage manufactured from highly local quartzite 

retrieved from adjacent riverbeds. Although the variability of archaeological materials tends to 



68 
 

be higher in the Luonan Basin, many of the core characteristics that define Paleolithic industries 

in the basin are similar to those discovered in Hanzhong. First, vein quartz and quartzite are the 

dominant raw materials, and both direct hard hammer and bipolar techniques are the primary 

modes of production. Artifacts can be categorized into several major categories including: 

hammer stones, cores, flakes, burins, retouched tools, and debitage (Lu et al., 2006; Wang, 

2007b). Retouched tools are further categorized into picks, cleavers, scrapers, spheroids, Mode I 

points, and bifacial handaxes (LCTs) (Wang, 2007a). As with Hanzhong assemblages, the exact 

function of tools, particularly LCTs, remain unknown but a majority of tools appear expedient 

and opportunistic. To date, there is no evidence that archaeological materials have a preferential 

distribution throughout the profile. This suggest that occupations throughout the Middle and Late 

Pleistocene span both glacial and interglacial times. For details of the archaeological record at 

LW,  see Lu et al. (2011b) and Sun et al. (2014). 

 
Vegetation reconstruction through the analysis of leaf wax lipids (n-alkanes) 
 
 In order to examine vegetation change, we analyzed compound-specific carbon isotopes 

of plant waxes in direct association with two Paleolithic localities in the QMR. In our analysis, 

we target normal (n) alkanes, which are long-chain organic compounds derived from cuticular 

waxes of vascular plants (Eglinton and Hamilton, 1967; Diefendorf and Freimuth, 2017). These 

waxes are thought to be associated with plant protective functions, such as forming barriers 

against harmful chemicals, disease, insects, and ultraviolet light, as well as inhibiting excessive 

water loss (Eglinton and Eglinton, 2008; Diefendorf and Freimuth, 2017). Leaf waxes have an 

extremely high resistance to biodegradation as these compounds are chemically inert, insoluble 

and have a negative volatility (Eglinton and Eglinton, 2008) and are therefore well-preserved in 
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paleosols and sediments. Leaf waxes are incorporated into the sedimentary record through either 

in situ pedogenic processes or by wind and water and, in the case of the QMR, are believed to 

represent basin-scale vegetation patterns. On the CLP and in the QMR, the chain lengths of C29 

and C31 are the most abundant homologues (Liu et al., 2018). Carbon isotopic values of leaf 

waxes (δ13Cwax ) depend on several factors including atmospheric CO2, photosynthetic pathway 

(C3 versus C4) and variables that impact stomatal conductance, such as aridity (Eglinton and 

Eglinton, 2008). In terrains containing a mosaic of C3 and C4 plants through time, photosynthetic 

pathway is the dominant factor controlling δ13Cwax with C4 and C3 plants exhibiting average 

isotopic values of -22‰ and -34‰, respectively (Rommerskirchen et al., 2006; Eglinton and 

Eglinton, 2008; Vogts et al., 2009; Tierney et al., 2010; Dubois et al., 2014; Garcin et al., 2014). 

Previous studies in the CLP have argued that the ratio of C3 to C4 biomass should track EASM 

variability (Xie et al., 2003; Liu et al., 2005b; Zhang et al., 2006; Dong et al., 2018). More 

specifically, during interglacial times we would expect to observe an increase of C4 plants, such 

as graminoid grasses, because rising temperatures and increased summer seasonal precipitation 

favor the expansion of these communities. Although the analysis of leaf waxes is relatively 

common in paleoclimatology, African paleoanthropology, and studies of classical CLP 

sequences, it has not been applied in the QMR, and never studied in relation to the central 

Chinese Paleolithic.  
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Materials and methods 

 
 Field methods and sampling strategies  
 
 During June through August 2015, three loess-paleosol sequences were targeted for 

pedostratigraphic analysis and sampling: Longgangsi and Yaochangwan (YCW) in the 

Hanzhong basin, and Liuwan in Luonan. These sites represent local pedogenesis, alluviation, and 

aeolian deposition. The mapping and sampling strategies employed were identical for all three 

localities and consisted of the following procedure. First, we carried out detailed mapping and 

description of the alternating loess-paleosol sequences following the protocols laid out by the 

United States Department of Agriculture’s National Soil Survey Center (Schoeneberger et al., 

2012). We also adopted conventional pedostratigraphic unit designations, in which loess units 

are labeled as (L), paleosol units are labeled as (S), and numbering begins at the top of the 

section (An, 2014). After each section was mapped and all major stratigraphic units identified, 

sampling trenches were cut into exposed profiles. The location of each trench was specifically 

chosen to avoid areas that appeared to have significant pedogenic cracking, surface vegetation, 

or an abundance of modern root systems. Each trench was cut back from the modern surface a 

minimum of 50 centimeters (cm) to avoid contamination by modern organic matter and surface 

runoff. At each locality, three unique sets of samples were taken and included: bulk samples for 

particle size and magnetic susceptibility analyses, bulk samples for the biomarker research, and 

large (10x10x20 cm) in situ blocks for petrographic (micromorphologic) study. Bulk samples for 

particle size and magnetic susceptibility analyses were collected every 10 cm, biomarker samples 

were collected every 20 cm, and the in situ blocks were extracted from every major stratigraphic 

unit at the LW and LGS sites. Approximately 100 grams (g) of soil and sediments were taken for 
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all bulk samples, and each in situ block weighed approximately 200-300 g. Also, in order to 

avoid cross-contamination between biomarker samples, all sampling equipment (e.g., trowels, 

chisels) was thoroughly cleaned with filtered water and disinfected with Kimwipes after each 

sample was collected. Biomarker samples were then allowed to air-dry indoors before sealing in 

Whirl-Pak bags. In total, 424 samples were taken for particle size and magnetic susceptibility 

analyses, 211 samples for biomarker analyses, and 41 in situ blocks for micromorphology.   

 

Organic geochemical analyses 

 To date, two of the three sites have been processed for biomarker analyses (LW and 

LGS). There are a few small data gaps in the record presented (particularly at the top of the LGS 

section), due to the loss of several bulk samples during shipping from China. Ninety-five of the 

211 samples were processed for geochemical analyses. During the initial phases of laboratory 

work it was discovered that all samples contained extremely low levels of organic matter and, 

therefore, in order to extract a sufficient amount of lipids for analysis, at least 100g of 

soil/sediment were required for processing. Each sample was freeze-dried, homogenized by hand 

(ceramic pestle and mortar), and mixed with precombusted, laboratory-grade diatomaceous 

earth. This mixture was then extracted with a Thermo (DIONEX) accelerated solvent extractor 

350 using a 9:1 mixture of dichloromethane:methanol. Internal standards were added to the total 

lipid extraction (TLE) for compound quantification and included 100 µL of a 25ng/µL multi-

component general recovery standard consisting of a 5α-androstane (for n-alkanes), and 50µL of 

a 1ng/µL C46 GDGT standard (for GDGTs). n-alkanes and GDGTs were separated via column 

chromatography using deactivated silica gel as the solid phase and hexane (containing the n-
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alkanes) and ethyl acetate:hexane (2:1)(containing the GDGTs) as eluents. Concentrations of n-

alkanes were determined using a Trace 1310 Thermo gas chromatographer with a flame 

ionization detector (GC-FID) coupled with a programmable temperature evaporation (PTV) 

inlet. The initial PTV temperature of 60°C was ramped to 325°C at a rate of 10°C/sec. The oven 

program begins at 60°C and is held for two minutes, ramps to 170°C at a rate of 20°C/min, then 

gradually ramps to 325°C at a rate of 8°C/min and a hold on that temperature for the remainder 

of each run. Peak areas of n-alkanes were integrated using the ORIGAMI Matlab software 

package and concentrations were calculated based on comparison to the internal standard (5α-

androstane) (Fleming and Tierney, 2016). The δ13C values of n-alkanes were analyzed on a 

Thermo Scientific Delta V Plus stable isotope mass spectrometer with a Conflo IV, Trace 1310 

GC, and GC Isolink II. All stable carbon isotope ratios are reported as delta values (δ) relative to 

the Vienna Pee Dee Belemnite (VPDB) standard in per mil notion (‰) which is defined as:  

 

δ13C = � 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− 1� × 1000 

 

Rsample and Rstandard represent the ratio of 13C/12C in both the sample and standard, and the VPDB 

standard is defined as 0‰. Here, we report the δ13C values of C29 and C31 n-alkanes which are 

exclusive to higher plants (Zhang et al., 2003a). All samples were run in duplicate with an 

average analytical error of ±0.3‰. Finally, calculation of the Carbon Preference Index (CPI) 

follows Freeman and Collarusso (2001) through the application of the following equation: 

 

CPI = 0.5 (C25 + C27 + C29 + C31 + C33)(C25 + C27 + C29 + C31 + C33)
(𝐶𝐶26+𝐶𝐶28+𝐶𝐶30+𝐶𝐶32+𝐶𝐶34)(𝐶𝐶24+𝐶𝐶26+𝐶𝐶28+𝐶𝐶30+𝐶𝐶32)
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Magnetic susceptibility and grain size analysis 
 
Magnetic susceptibility measurements were obtained at Nanjing University (NJU) by 

extracting a representative 10 g split from air-dried bulk soil and sediment samples, followed by 

analysis on a Bartington M2 magnetic susceptibility system. Because fine-grained soils and 

sediments exhibit a frequency-dependent susceptibility, each sample was measured in both low 

and high frequencies (LF = 0.46 kHz, HF = 4.6 kHz) and at least twice in order to reduce 

analytical error (Maher, 2016). Also, we report the absolute value of frequency-dependent 

magnetic susceptibility (χfd) which is calculated by χLF – χHF and should represent pedogenic 

magnetic susceptibility (Maher, 2016). Grain size measurements were obtained via laser 

diffraction and particle size distribution analysis (PSDA) on a Malvern Mastersizer 2000 particle 

size analyzer. Before grain size was analyzed, each sample was pretreated with hydrogen 

peroxide (H2O2) to remove unwanted organic matter, followed by pretreatment with hydrochloric 

acid (HCl) to remove carbonates. Finally, sodium hexametaphosphate ((NaPO3)6) was added to 

pretreated samples to facilitate dispersion. The statistical analyses of PSDA results (e.g., 

calculation of median grain size) were obtained through the use of GradiStat software available 

at http://www.kpal.co.uk/gradistat.html (Blott and Pye, 2001).    

 

Statistical methods and calculation of C4 biomass  

At each site, loess and paleosol populations (n1 and n2 respectively) were defined based 

on field observations and pedostratigraphic mapping. To limit errors in field descriptions, our 

stratigraphy was also compared to previous research and is in agreement with results produced 

by Nanjing University and the Chinese Academy of Sciences’ Institute of Vertebrate 

http://www.kpal.co.uk/gradistat.html
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Paleontology and Paleoanthropology (IVPP) (Lu et al., 2011b; Sun et al., 2014; Sun et al., 

2017a). We applied both parametric and non-parametric statistical tests in order to determine 

whether n-alkane data from the two populations were statistically distinguishable, and if 

biomarker data can be correlated to magnetic susceptibility, which should reflect the degree of 

pedogenesis and precipitation intensity (EASM strength). Since n-alkane populations were not 

normally distributed, and unequal in size, we applied a Mann-Whitney test to whether we can 

reject the null hypothesis that the two populations are the same. Recognizing that there may be 

error in defining populations based on field descriptions, we also attempt to correlate biomarker 

results and quantitative soil data. Since it has been widely demonstrated that increased magnetic 

susceptibility is related to increased rates of soil formation and heightened EASM intensity, it 

was determined that this proxy would be the most useful in comparison to our biomarker results 

(Zhang et al., 2003a; Sun et al., 2006; An et al., 2014; Lu et al., 2017). We applied our 

correlations to the magnetic susceptibility and δ13Cwax values of the two most abundant n-alkane 

homologues in our samples (C29, C31). In these analyses, correlation coefficients and p-values 

were obtained by following Ebisuzaki’s method for calculating statistical significance when data 

are serially correlated (Ebisuzaki, 1997). Finally, in order to estimate changes in the ratio of C3 

to C4 biomass through time, we adopt the model developed by Tierney et al. (2017) where the 

fraction of C4 vegetation (ƒC4) is calculated using Bayesian inference and Monte Carlo sampling. 

Since there is a paucity of modern isotopic data from the QMR, we used the average isotopic 

endmembers of n-alkanes of -22 and -34‰. Since C31 is clearly the most abundant homologue, 

we used this chain length to calculate ƒC4.    
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Results  
 
 
Pedostratigraphy 
  

Determination of paleosol (S) and loess (L) layers in the field was based on color, 

consistency, and the presence (or absence) of pedofeatures such a soil structure, hypocoatings 

and pedogenic staining, and coatings on peds (cutans). The assignment of specific paleosol and 

loess unit numbers are based off of previously developed age models by Lu et al. (2011a) and 

Sun et al. (2014). In the field, paleosols were easily identified by deep red and dark brown colors 

(e.g., 5YR 3/4), the presence of well-developed subangular or prismatic structures, clay rich 

textures and large peds (10 x 5 x 5 cm) often with dendritic Mn staining and clay coatings on 

each face. Loess layers were defined by yellow to yellow-brown colors (e.g., 10YR 6/4), massive 

structures, rigid consistency, silty textures, and lack of identifiable pedofeatures. At both LW and 

LGS, paleosol layers were usually much thicker than their loess counterparts (Fig. 2), and 

contacts between the units ranged from smooth to irregular and boundaries gradated between 5-

10 cm. Therefore, it should be noted that any given boundary determined in the field could be 

shifted in either direction approximately 5 cm. At LW, the most distinguishing feature of the 

stratigraphy was the third paleosol unit (S3/S4, 410-610 cmbs) that was approximately 2.0 m 

thick and contained a variety of structures (angular, subangular, prismatic), large dendritic Mn 

stains, gleying, mottling, cutans, and areas of in-filled pedogenic cracking. It could be argued 

that this layer contained several sublayers (such as intercalated loesses or subsoils), however, we 

did not have the time to sufficiently determine each subunit and give them a specific designation. 

At LGS a similar complex paleosol was identified (S3, 270-480 cmbs) that contained a 

comparable range of features. Also, unlike LW where we were unable to reach the bottom of the 
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LPS at the site (largely to due monsoonal rains), at LGS we reached fluvial sands approximately 

11 m down. These sands were largely massive and unconsolidated but did contain areas of 

weakly formed crossbedding and some Fe staining.   

 

Grain size and magnetic susceptibility 

 At LGS we collected a total of 103 magnetic susceptibility measurements, with a range of 

8.8-270 in the low frequency and 9.1-238.1 in the high frequency (Table 1). Outside of the high 

Xfd values associated with modern Ap horizons (plow zones), magnetic susceptibility values are 

the highest at a depth of 140-160 cmbs and 430, 450, and 470 cmbs. Overall, variability in 

magnetic susceptibility is the highest at the bottom of unit S3, throughout unit L3, and the top of 

paleosol S4. To date, we do not observe strong patterns of high magnetic susceptibility directly 

correlating with paleosols and vice versa. Also, in our analysis of 104 grain size samples the only 

result of note is the sharp increase in grain size near the bottom of the profile (~1000 cmbs) that 

is associated with fluvial deposits underlying our LPS at the site (Fig. 

2f). As we would expect, our PSDA results show a large majority of the profile is dominated by 

clay and silt fractions and vary by approximately 15 µm. We did not observe any discernable 

pattern in grain size and its relationship to pedostratigraphic unit as one might expect (e.g., finer 

grain sizes associated with paleosols and vice versa) We suggest that our bulk grain size work 

needs refining, potentially by extractions and a further analysis of the quartz fraction, which 

represents wind intensity and the winter monsoon.  

At LW, we processed a total of 198 samples, and both magnetic susceptibility and grain 

size show more distinctive patterns that appear to correlate with pedostratigraphic unit. In 
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particular, we observe magnetic susceptibility peaks associated with units S1, S3, S4, and the top 

subunit of S5(ss1) (Table 2). Another result of note is that magnetic susceptibility values 

drastically drop off after approximately 700 cmbs and show no correlations throughout the rest 

of the profile. Similar to LGS, median grain size results are dominated by clay and silt fractions 

and vary by approximately 10 µm. The finest grain sizes are correlated with unit S2 and S5(ss3). 

However, like LGS correlations between PSDA data and pedostratigraphic unit are weak and 

suggest that these preliminary results should be refined through the analysis of the quartz 

fraction.      

 
Concentrations, CPI, and δ13C of n-alkanes 
 

The most abundant homologues of n-alkanes fall within a chain length range of C27-C33. 

At both LGS and LW sites, the two most abundant homologues are C29 and C31 with C31 

containing the greatest concentrations. At LW C29 and C31 have average concentrations of 20.95 

and 34.63 ng/g respectively. Concentrations of C29 range from 4.45 to 64.1 ng/g while C31 

concentrations range from 5.54 to 120.58 ng/g. C27 and C33 are much lower with concentration 

averages of 7.41 and 9.54 ng/g and an average range of 1.40 to 42.76 ng/g. CPI values at the site 

range from 7.65 to 13.85 and show a strong preference for odd over even chain lengths and, 

therefore, demonstrate that these n-alkanes represent epicuticular waxes derived from higher 

plants (Eglinton and Hamilton, 1967; Freeman and Collarusso, 2001; Eglinton and Eglinton, 

2008; Diefendorf and Freimuth, 2017). Similar to LW, the C29 and C31 chains lengths are the 

most abundant at the LGS site. C29 concentrations range from 1.26 to 11.88 ng/g and C31 

concentrations range from 1.64 to 21.56 ng/g. The average abundance of C29 is 5.05 ng/g, while 

C31 average concentration is 9.13 ng/g. C27 and C33 have average concentrations of 1.91 and 3.36 
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ng/g and range from 0.68-4.44 and 0.75-8.87 ng/g respectively. CPI values at the site range from 

4.95 to 11.14 and also show a strong preference for odd over even chain lengths.      

On the southern face of the QMR, δ13Cwax values from LGS are relatively stable down 

section, with isotopic values ranging by 1.5‰ and a standard deviation of 0.36 (Fig. 2d). The 

isotopic values of C29 range from -30.24 to -31.79‰ and have an average value of -31.16‰. 

δ13Cwax values of C31 are slightly more negative with a mean of -32.47%, and minimum and 

maximum values of -31.76 and -33.05‰ respectively (Table 3). At our northern site in the QMR 

(Luonan), isotopic ranges are approximately three times higher, as we observe a higher standard 

deviation of 0.83 and a 4.2‰ range in both C29 and C31 isotopic values (Fig. 2a). δ13Cwax values 

of C29 have an average of -30.88‰ and range from -28.31 to -32.53‰. C31 δ13Cwax values range 

from -29.96 to -33.66‰ and have an average of -31.88‰ (Table 4).  

 
Percentage of C4 vegetation 
 

In the southern Qinling Mountains, ƒC4 ranges from 8-18% with a mean of 12.7%, 

implying stable C3 vegetation throughout most of the Middle and Late Pleistocene (Fig. 3b). The 

largest C4 excursion (18%) occurs at a depth of 520 centimeters below surface (cmbs), which 

should correlate with the bottom of L3 or the top of S4.  The next largest excursion (17%) occurs 

at 670 cmbs, which correlates to the boundary between S4 and L5. Finally, the last two major C4 

excursions occur at 1060 cmbs and 1170 cmbs, which are both directly related to loess unit L5.       

In the northern QMR (Liuwan), ƒC4 has a mean of 17.7%, and a larger range of about 

30%, with minimum and maximum percentages of 3 and 34% (Fig. 3a). The largest C4 

excursions are associated with paleosol units S1, S3, and S5, which have age ranges of 79-129, 

290-417, and 503-556 Ka respectively (Sun et al., 2014). The most prominent C4 excursion 
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(33.7%) occurs at 640 cmbs and is associated with the bottom of the S4 and S5 paleosol 

complex. This excursion should correlate with Marine Isotope Stage (MIS) 13 (Fig. 3). The 

second largest excursion (29%) occurs at 210 cmbs and appears to be associated with the 

boundary of L1 and S1.  

 
Rank sum statistics and correlations  
 

The Mann-Whitney ranked sum test indicates no substantial difference in the means of 

δ13Cwax between loess and paleosol units at LW, but a significant difference at LGS. At LGS, 

linear correlations show no significant relationship between δ13Cwax and χfd or grain size results 

(Fig. 4b and Fig. 4c). There is a weak relationship between the C29 homologue and grain size, 

which can describe 19% of observed variability (Table 5). At LW, three of the four linear 

regressions show no significant statistical relationship. The only significant relationship observed 

is between the C31 homologue and magnetic susceptibility (pedogenic proxy), where our p-value 

equals 0.046 and the model explains 29% of the variability (Table 5). In total, eight of our 10 

statistical tests showed no significant relationship between pedostratigraphic units (or their 

quantitative descriptors) and δ13Cwax values.  

 
Observations of modern precipitation patterns  
 

In order to gain a better understanding of EAM precipitation patterns relevant to the 

QMR and our leaf wax data, we observe modern precipitation data from the Climate Research 

Unit’s (CRU v. 4.02) gridded dataset at a resolution of 0.5°C 

(https://crudata.uea.ac.uk/cru/data/hrg/). Observations of precipitation patterns in the region 

demonstrate that there is no clear boundary (or barrier) that separates a distinctive “northern” and 

https://crudata.uea.ac.uk/cru/data/hrg/


80 
 

“southern” China (Fig. 5a). We can see from observations of both mean annual and mean 

summer precipitation that there is a well-defined precipitation gradient with the QMR and our 

sites lying in a critical transition zone at 33-34° N latitude (Fig. 5a, Fig. 5b, Fig. 5c). That is, the 

QMR appears to lay near the direct center of vegetation endmembers as regimes transition from 

evergreen broad-leaf forests to ecosystems dominated by grasslands and shrubby vegetation.  

A notable feature of this precipitation pattern is mean annual JAS, when precipitation 

sources shift and the QMR gradient shifts its axis from SE-NW to SW-NE (Fig. 5c). 

Furthermore, observations of the CRU dataset are in good agreement with our biomarker results. 

On the southern flank of the QMR (LGS), we observe that Hanzhong consistently receives more 

precipitation, which, in our data, is reflected by stable C3 vegetation regimes and low isotopic 

variability (1.5‰) over long periods. Conversely, in the northern QMR, which consistently 

receives less precipitation, we observe greater ranges of isotopic values (~4.0‰) and about a 

20% increase in C4 biomass relative our southern site. Since there is broad consensus that the 

general patterns of EASM circulation were established at least 2.6 Ma, observations of CRU data 

should give us some insight into the relationship between leaf wax data and regional 

precipitation patterns.   

 
Discussion  
 

Our main finding shows that there are important differences between the northern and 

southern Qinling Mountains, and that these changes may have had a bearing on technological 

variability throughout the Pleistocene. We originally hypothesized that vegetation regimes on the 

southern edge of the Qinling Mountains might be substantially different from those to the north, 

as the QMR should represent a major physio-geographic boundary. Although we can observe 
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noteworthy differences between the vegetation regimes of LGS versus LW, at most the 

differences are approximately 20% ƒC4. We argue that the variability of these vegetation regimes 

impacted hominins on several levels, but not enough to be able to significantly define the QMR 

as a substantial boundary. Therefore, these results demonstrate that the QMR should be 

considered an important transition zone or inflection point rather than a barrier that separates 

northern versus southern China.  

In the southern QMR, the vegetation cover was consistently 85-90% C3 throughout the 

Middle and Late Pleistocene (0.6-0.07 Ma), with very little variation. The ratio of C3 to C4 

biomass varies by 10% at most, with ƒC4 ranging from 8-18%, and a C4 average of approximately 

13%. Therefore, local vegetation regimes associated with Middle to Late Pleistocene hominin 

occupations are represented by approximately 85-90% C3 vegetation. Interestingly, this stable 

vegetation pattern fits well with the observed Paleolithic technology in the Hanzhong basin, with 

Mode I industries consistently represented throughout the same period (Sun et al., 2017a; Sun et 

al., 2018). That is, preliminary analyses by the IVPP of the lithic materials from LGS (and 

related sites in Hanzhong) show no major periods of technological change or periods of high 

technological variability.  

We also hypothesized that there might be preferential distribution of archaeological 

material in soils, as these pedostratigraphic units are thought to represent warm, interglacial 

periods and stable surfaces (intensified EASM) that have been argued are more suitable for 

hominin populations (Dennell, 2009; Li et al., 2014; Zhu et al., 2019). However, published 

results from earlier  LGS localities (LGS-3) and preliminary findings from LGS-1 demonstrate 

that there is no major preferential distribution of Paleolithic material in paleosol layers (Sun et 
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al., 2018). Therefore, perhaps fluctuations between glacial and interglacial periods were not great 

enough to significantly diminish hominin populations in the region. As stable C3 habitats in the 

southern QMR favored stability throughout long periods during the Pleistocene. This agrees with 

previous research in the QMR suggesting that inferred links between interglacial (strong EASM) 

conditions and occupational intensity may represent an oversimplification of climatic patterns 

and related hominin behaviors (Lu et al., 2011b; Zhang et al., 2017). However, further testing of 

these links would require detailed statistical analyses of the distribution of archaeological 

assemblages down-section, which may represent a rich research avenue in the future.   

In contrast with the southern QMR, isotopic ranges at our northern site (LW) are 

approximately three times higher with C4 vegetation cover fluctuating between 3 and 34%. C4 

excursions are associated with paleosol units (or paleosol boundaries) S1, S3, and S5, which 

should have age ranges of 79-129, 290-417, and 503-556 Ka respectively (Sun et al., 2014). 

These paleosol layers should correlate with intensified EASM activity during MIS periods 5, 9, 

and 13. We hypothesize that during these periods of intense summer monsoon activity, EASM 

gradients we able to migrate further north, thus facilitating strong seasonal precipitation and the 

expansion of grassland biomass in the region.  

By far the largest C4 excursion is associated with the top of S5 (ss1), which should 

correlate with MIS 13. Since S5 is an extremely thick and well-developed paleosol that is an 

important stratigraphic marker, it is likely that this large C4 excursion is associated with some of 

the strongest EASM events throughout the Middle to Late Pleistocene. In total, we interpret these 

data to indicate that the northern region of the QMR experienced more dynamic vegetation cover 

changes than the southern region, including fluctuations between temperate broad-leaf forests 
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and grassland-forest mosaics. Geographically, LW is less than 150km north of LGS, however, 

these sites sit on a relatively steep precipitation gradient so, arguably, EASM variability has a 

greater impact on the northern QMR. These results are also in agreement with observations of 

precipitation data as the northern QMR consistently drier as the site receives less precipitation. 

This is likely due to the northward extent of precipitation gradients (between glacial and 

interglacial periods) and the alteration of EASM circulation by the topographic complexity of the 

QMR.  

As with the southern QMR, the archaeological record appears to be in agreement with 

our biomarker results. That is, throughout the Middle to Late Pleistocene, both technological and 

climatic variability are higher in the northern Qinling Mountains. Current observations in the 

Luonan Basin demonstrate that there are, at a minimum, two more tool types (LCTs, cleavers) 

than discovered in Hanzhong, and these tools exhibit a fair amount of variability in shape, size, 

and perceived function. Furthermore, the archaeological record of the Luonan Basin also appears 

to be a complex mixture of large, chopper “southern” Paleolithic industries and “northern” small 

flake industries. This stands in contrast to industries of the southern Hanzhong Basin, which are 

predominately defined by four, simple tool types (chopper, picks, scrapers, spheroids, Mode I 

points) that are relatively uniform in nature. These observations suggest that either hominins 

developed unique technological adaptations in the southern versus northern QMR, populations 

migrated throughout the region, or that different populations occupied these basins throughout 

the Pleistocene.  

Obviously, one should be careful in describing a direct causal relationship between 

patterns of vegetation variability and variations in Paleolithic technology; however, it is 
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interesting that we observe greater technological variability in the basin that contains higher 

vegetation and monsoonal variability (and vice versa). We hypothesize that in the northern 

QMR, periods of heightened climatic variability and shifts in forest-grassland mosaics created 

the need for diverse technologies to deal with a wider variety of environments. In particular, the 

presence of bifacial technology suggests the hominins began to invest more time and energy into 

relatively well-developed, and presumably multifunctional technologies that were useful in a 

wide variety of situations (such as digging, processing meat, modifying vegetation). These types 

of technological adaptations may have been necessary when dealing with shifts to mosaic 

environments and the development of patchy resources. This contrasts with southern QMR, 

where long-term technological stability is associated with relatively consistent C3 vegetation 

patterns like stable temperate broad-leaf forests. Perhaps there was no need for the formulation 

of diverse lithic industries, as hominins in the region would have had access to predictable 

resources and/or environments for long periods. The combination of easily accessible raw 

materials (from nearby rivers) and stable ecological conditions likely facilitated technological 

traditions that were quickly and easily manufactured, versus long-term investments in more 

“complex” tool types useful in highly variable conditions. However, this idea would need a 

substantial amount of supporting paleoclimatological, fossil and archaeological evidence, so we 

consider these results and our interpretations preliminary.  

Correlation between δ13Cwax values and pedostratigraphic units 

 Another key finding in our study is that the correlation between δ13Cwax values and 

pedostratigraphic units was much lower than expected. Several studies argue that the expansion 

of C4 vegetation should be coupled with the formation of soils during times of a stronger EASM, 
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as increased seasonal precipitation and warmer temperatures facilitate pedogenesis and the 

expansion of C4 grasslands (Zhang et al., 2003b; Liu et al., 2005a; Liu et al., 2005b; Zhang et 

al., 2006; Dong et al., 2018). However, when we statistically test this relationship using both 

parametric and non-parametric methods, there are few significant relationships. Furthermore, in 

our correlations, which should provide more robust results, only one instance shows a significant 

relationship and can only explain 29% of the variance. Since paleosols in China are most often 

defined by magnetic susceptibility values, we originally expected that we would observe a strong 

relationship between increased magnetic susceptibility and more positive δ13Cwax values. 

However, we find only a weak relationship at the Liuwan site, and no relationship at LGS. We 

consider several explanations: incorporation of these signals into the sedimentary record may 

operate on different timescales, post depositional processes may cause signals to migrate down 

profile, or the relationship between the expansion of C4 biomass and increased EAM strength is 

still not well understood.  

Implications for the Qinling Paleolithic and future directions 

There is consensus that the QMR is one of the most significant archaeological regions in 

China, in part because of its association with bifaces, which are extremely rare in eastern 

Eurasia, as well as some of the only Homo erectus fossils found in China (Dennell, 2009; Gao et 

al., 2017; Gao and Guan, 2018). Historically, the QMR was also hypothesized to represent an 

important barrier that separated the southern pebble core industry and the northern core and 

retouched small flake industry (Gao et al., 2017). However, much like describing the QMR as a 

“climatic boundary” that separates an arid (or semi-arid) north from a temperate (or tropical) 

south, this north-versus-south conceptualization may be a generalization of the archaeological 
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patterns and Paleolithic industries in the region. However, this point is not lost on researchers 

working in the region as recent publications now describe the QMR as more of a transition zone 

than a boundary (Gao and Guan, 2018; Sun et al., 2018). Although there are clearly 

demonstrable differences between the climates, vegetation regimes, and Paleolithic industries 

north of the QMR, perhaps we should describe the QMR as a critical inflection point. 

Recent research conducted in the Hanzhong, Ankang, and Luonan basins of the QMR 

argues that these depressions were likely interconnected throughout the Middle and Late 

Pleistocene, and thus represented an important corridor for hominins migrating throughout 

central China (Sun et al., 2018). This research also demonstrates that Paleolithic industries in the 

southern QMR are more variable than previously thought with the discovery of scrapers, points, 

flakes and some retouched tools (versus simple pebble-core industries). Thus, the archaeological 

variability between the northern and southern QMR appears much more gradational than 

previously thought. If the QMR represented a true climatic and biogeographic barrier throughout 

the Pleistocene, then one would expect the vegetation regimes and Paleolithic industries on either 

side of this boundary to be substantially different from one another. However, as seen in recent 

archaeological discoveries, climatological observations, and our vegetation reconstructions, these 

patterns appear more nuanced. In our conceptualization, the QMR represents a critical transition 

zone within a larger EASM gradient, and this region does not represent a barrier that is great 

enough to impede migrating hominins and technological innovation. Consequently, future 

studies should emphasize further analysis of this QMR gradient and refine the historical 

narratives associated with simple north-versus-south models of the central Chinese Paleolithic, 

EAM circulation, and regional vegetation variability.       
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Conclusion  
 
 Through the analysis of leaf wax lipids (δ13Cwax), we have demonstrated that the 

Hanzhong and Luonan Basins contain important and observable differences, and that these 

differences appear gradational in nature. On the southern flank of the Qinling Mountains Region 

(Hanzhong), δ13Cwax values vary by approximately 1.5‰ and are dominated by C3 vegetation 

regimes throughout the Middle to Late Pleistocene. On the northern flank of the QMR (Luonan), 

δ13Cwax values vary by approximately 4.2‰ and vegetation regimes appear more variable. 

Throughout certain periods of the Pleistocene, C4 vegetation was as high as 34%, which we 

interpret as the expansion of forest-grassland mosaics. These periods of heightened 

environmental variability would have been of some significance to hominin occupants of the 

area. We also observe that there is little significant correlation between δ13Cwax values and 

pedostratigraphic units; a phenomenon which needs further investigation.   

We recognize that the scope of our study is limited. Nevertheless, these results represent 

an important step in reformulating how we discuss studies of Chinese loess-paleosol sequences, 

monsoonal and vegetation variability in central China, and the evolution of East Asian hominins 

and Paleolithic technology. In particular, our research aims to refine traditional narratives 

associated with loessic geoarchaeology, such as the QMR as the major geographic feature that 

defines the arid north from the temperate south or that this feature is a significant biogeographic 

barrier. Instead, we argue that the QMR is an important transition zone related to climatological 

and vegetation gradients that were of some significance to hominins who occupied the area. 

Therefore, even though variability in the northern QMR is demonstrably higher than the south, 

this change is much more gradational in nature. However, these differences are not trivial, nor 
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should they be discarded, but reformulated into models that examine the nature of this QMR 

gradient. Dividing China into large northern and southern regions initially provided a useful 

framework; however, we now recognize that reality is much more nuanced. Through new 

observations of regional precipitation, vegetation, and technological gradients, this proposed 

framework may help us understand the larger technological or evolutionary trends that define 

hominins who occupied a temperate south, an arid north, or the transitions in between.  
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Figure 1- Global multi-resolution topography of the Qinling Mountains Region (QMR) of central 
China. The Longgangsi site (LGS) is located in the Hanzhong Basin, south of the central QMR, 
while Liuwan (LW) is located in the Luonan Basin, north of the central QMR.  
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Figure 2- Pedostratigraphy, isotopic values (δ13Cwax) and quantitative soil and sediment results 
from Longgangsi (LGS) and Liuwan (LW). (a) In the northern site of LW, isotopic variability is 
higher than LGS with values ranging by 4.2‰, and the largest isotopic excursions are associated 
with paleosol units S1, S3/S4, and the upper most S5 (subsoil 1). (b) Frequency dependent 
magnetic susceptibility (χfd) at LW, which should represent pedogenic magnetic susceptibility, 
and (c) median grain size results from laser diffraction at LW. (d) At LGS, isotope values only 
range by 1.5‰ and are largely consistent from the Middle to Late Pleistocene. (e) frequency 
dependent magnetic susceptibility (χfd) at LGS, and (f) median grain size results from laser 
diffraction at LW. 
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Figure 3- Reconstruction of C4 vegetation (%, ƒC4) using the Tierney et al. (2017) Bayesian model, 
and based on the most abundant homologue of C31. (a) At LW, there are periods where ƒC4  increases 
to 30-35%, which suggests expansion of forest-grassland mosaics that would have been of 
significance to hominins occupying the QMR throughout the Middle and Late Pleistocene. (b) At 
LGS we observe that ƒC4 never reaches beyond 20% demonstrating that environments in the basin 
mostly consisted of C3 vegetation (forests) and were stable for long periods, which is unique in 
comparison to the Luonan Basin. 
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Figure 4- Linear regression models testing the significance of relationships between both C29 and C31 
δ13Cwax values and magnetic susceptibility (χfd ) or median grain size. Of the eight tests applied, there 
is only a single instance (a) of significant correlation where C31 δ13Cwax values positively correlate 
with magnetic susceptibility at LW and explain 29% of observed variance. All other tests fail to 
show major significance.  
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Figure 5- Modern precipitation data from the Climate Research Unit’s (CRU v. 4.02) gridded dataset at a 
resolution of 0.5° (https://crudata.uea.ac.uk/cru/data/hrg/). In MAP (a) there is a well-defined 
precipitation gradient that is driven by EAM patterns in the region. In (b) and (c) a portion of the gradient 
shifts its axis from SE-NW to SW-NE as EAM precipitation sources are influenced by input from the 
Indian Ocean. The LGS consistently receives more precipitation which is reflected in results by low 
isotopic variability and stable C3 vegetation regimes. 
 
 
 
 

https://crudata.uea.ac.uk/cru/data/hrg/
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Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample ID Depth (cm) Weight (g) Low Freq (1) Background (1) Low Freq (2) Background (2) High Freq (1) Background (1) High Freq (2) Background (2)
LGS-0 0 10.037 236.8 -0.1 236.8 -0.1 206.7 -0.7 208.9 -0.6
LGS-10 10 10.002 242.1 -0.8 242.6 -0.8 214.2 -0.7 214.3 -0.6
LGS-20 20 10.095 266.2 -0.7 264.8 -0.7 233.9 -0.7 233.7 -0.6
LGS-30 30 10.02 270 -0.8 270.3 -0.8 238 -0.7 238.1 -0.6
LGS-40 40 10.015 265.9 -0.9 265.7 -0.9 1 -0.7 234.6 -0.7
LGS-50 50 10.011 253.4 -0.9 253.3 -0.7 232.7 -0.7 223.2 -0.7
LGS-60 60 10.093 234.5 -0.8 235.7 -0.8 223.5 -0.7 206.6 -0.7
LGS-70 70 10.035 227.9 -0.8 227.1 -0.7 206.7 -0.5 200.1 -0.5
LGS-80 80 10.003 202.9 -0.9 203 -0.8 200.1 -0.8 179.4 -0.7
LGS-90 90 10.031 198.7 -0.7 198.3 -0.7 179.1 -0.8 174.9 -0.7
LGS-100 100 10.069 154.4 -0.6 155.1 -0.6 175 -0.7 136.2 -0.7
LGS-110 110 10.001 133.3 -0.8 134 -0.8 136.3 -0.6 117.5 -0.6
LGS-120 120 10.028 127.5 -0.8 127.6 -0.8 117.6 -0.8 113.8 -0.7
LGS-130 130 10.084 135.1 -0.8 135.2 -0.7 114 -0.5 119.2 -0.7
LGS-140 140 10.037 161.5 -0.8 161.8 -0.6 119.3 -0.7 142.2 -0.7
LGS-150 150 10.042 163.1 -0.8 163.6 -0.8 142.7 -0.5 144.4 -0.7
LGS-160 160 10.062 163.8 -0.8 164.1 -0.6 144.4 -0.6 144.6 -0.7
LGS-170 170 10.06 102.8 -0.7 103.1 -0.8 144.7 -0.6 91.2 -0.6
LGS-180 180 10.055 95.1 -0.9 96.1 -0.8 91.1 -0.5 85 -0.7
LGS-190 190 10.075 57.8 -0.9 58.1 -0.8 52 -0.7 52.1 -0.7
LGS-200 200 10.088 47.2 -1 47.8 -0.8 43.1 -0.4 43.2 -0.6
LGS-210 210 10050 36.9 -0.8 36.9 -0.8 33.8 -0.7 33.7 -0.6
LGS-220 220 10.026 29.7 -0.8 29.9 -0.9 27.3 -1.1 27 -1.3
LGS-230 230 10.075 20.8 -0.9 21 -0.9 19.5 -1.1 19.4 -1.1
LGS-240 240 10.054 22.7 -0.8 22.9 -0.8 20.9 -1 21 -1.2
LGS-250 250 10.006 20.5 -0.9 20.4 -0.9 18.8 -1.2 18.9 -1
LGS-260 260 10.072 13.6 -0.9 13.7 -0.8 12.8 -1.1 12.7 -1.2
LGS-270 270 10.024 11.2 -0.9 11.3 -0.8 10.8 -0.8 10.6 -1.3
LGS-280 280 10.072 12.4 -0.8 12.3 -0.9 11.9 -0.7 12.2 -0.8
LGS-290 290 10.034 12.1 -0.7 12 -0.9 11.5 -1.1 11.5 -1.1
LGS-300 300 10.023 11.2 -0.8 11.3 -0.8 10.7 -1.1 10.9 -0.8
LGS-310 310 10.047 11.1 -0.8 11 -0.8 10.7 -1 10.8 -0.8
LGS-320 320 10.055 11.7 -0.8 11.7 -0.8 11.4 -0.9 11.3 -0.8
LGS-330 330 10.011 12.4 -0.9 12.5 -0.8 12.1 -0.7 12 -0.9
LGS-340 340 10.012 12.7 -0.8 12.6 -0.8 12.1 -1 12.2 -0.7
LGS-350 350 10.003 16.9 -0.8 17 -0.7 15.7 -1.1 15.8 -0.9
LGS-360 360 10.083 30.7 -0.8 30.7 -0.7 28.1 -0.8 28.1 -0.8
LGS-370 370 10.027 35.7 -0.9 35.6 -0.8 32.5 -0.7 32.4 -0.7
LGS-380 380 10.04 42.5 -0.7 42.4 -0.7 38.3 -0.6 38.3 -0.6
LGS-390 390 10.057 55.1 -0.8 55.3 -0.8 49.3 -0.8 49.6 -0.7
LGS-400 400 10.052 65.6 -0.8 65.7 -0.8 58.6 -0.8 58.6 -0.8
LGS-410 410 10.038 77.3 -1 77.5 -1 70.8 -0.6 70.7 -0.6
LGS-420 420 10.021 71.5 -1 71.9 -1 63.7 -0.9 63.6 -0.9
LGS-430 430 10.009 161.6 -0.8 162.2 -0.9 144.2 -0.8 144.3 -0.8
LGS-440 440 10.015 70.6 -1 70.5 -1 63.1 -0.7 63.1 -0.9
LGS-450 450 10.063 158.1 -1.2 158.1 -0.8 140.3 -0.8 140.1 -0.8
LGS-460 460 10.045 104.6 -0.7 104.8 -0.7 93.3 -0.8 93.4 -0.7
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Table 1- Raw magnetic susceptibility data (low, high frequencies) from Longgangsi-1. Please 
note number in Sample Identification (SID) represents sampling location in cmbs.  
 

LGS-470 470 10.056 148.6 -0.7 148.3 -0.7 132 -0.8 132.3 -0.8
LGS-480 480 10.052 92.8 -0.6 92.7 -0.7 82.7 -0.7 82.8 -0.8
LGS-490 490 10.013 96.8 -0.6 96.9 -0.7 86.8 -0.7 87 -0.7
LGS-500 500 10.015 81.9 -0.5 81.7 -0.7 72.9 -0.8 73.1 -0.8
LGS-510 510 10.045 70.7 -0.6 70.6 -0.7 62.8 -0.8 63.1 -0.6
LGS-520 520 10.009 100.5 -0.7 100.4 -0.6 89.3 -0.6 89.2 -0.8
LGS-530 530 10.071 74.2 -0.6 73.7 -0.7 65.3 -0.7 65.3 -0.7
LGS-540 540 10.035 91.2 -0.7 91.1 -0.7 80.5 -0.7 80.5 -0.7
LGS-550 550 10.021 82.3 -0.8 82.3 -0.7 73.1 -0.7 72.7 -0.7
LGS-560 560 10.018 72.2 -0.9 72.1 -0.9 64.3 -0.9 64.5 -0.8
LGS-570 570 10.058 10 -1.4 103.6 -0.9 91.7 -0.8 92.2 -0.8
LGS-580 580 10.005 103.3 -1.2 103.2 -1.2 91.7 -0.7 91.4 -0.8
LGS-590 590 10.057 86.1 -1 85.8 -1.1 76.7 -0.8 73.6 -0.8
LGS-600 600 10.018 72.7 -9 72.8 -0.8 65.4 -0.7 65.4 -0.7
LGS-610 610 10.024 53.1 -0.8 53.3 -0.7 48.2 -0.7 48.2 -0.8
LGS-620 620 10.086 52.1 -0.7 52 -0.6 47.4 -0.8 47.3 -0.8
LGS-630 630 10.009 51.1 -0.6 51 -0.7 46.4 -0.8 46.4 -0.7
LGS-640 640 10.005 44.6 -0.7 44.6 -0.6 40.3 -0.6 40.3 -0.7
LGS-650 650 10.022 45.9 -0.7 45.9 -0.7 41.8 -0.7 41.6 -0.7
LGS-660 660 10.034 41.6 -0.8 41.8 -0.7 38 -0.4 38 -0.7
LGS-670 670 10.069 26.4 -0.7 26.4 -0.7 24.3 -0.8 24.3 -0.7
LGS-680 680 10.053 22 -0.6 21.9 -0.8 20.4 -0.7 20.4 -0.7
LGS-690 690 10.012 15.8 -0.9 15.9 -0.7 15 -0.8 14.9 -0.7
LGS-700 700 10.041 16.1 -0.8 16.3 -0.8 15.1 -0.8 15.2 -0.7
LGS-710 710 10.074 11.1 -1.2 11.5 -8 11 -0.7 10.9 -0.8
LGS-720 720 10.019 10.7 -1.3 11.1 -1 10.6 -0.8 10.6 -0.7
LGS-730 730 10.002 11 -0.8 10.9 -1 10.5 -0.8 10.5 -0.8
LGS-740 740 10.026 9.8 -1 10 -0.7 9.7 -0.8 9.6 -0.8
LGS-750 750 10.074 10.9 -1 11.2 -0.7 11 -0.8 11 -0.1
LGS-760 760 10.013 8.8 -1 9.1 -0.8 9.1 -0.8 9 -0.8
LGS-770 770 10.046 12.8 -0.8 12.9 -0.8 12.8 -0.8 12.7 -0.8
LGS-780 780 10.021 21.1 -0.8 21.1 -0.8 19.9 -0.8 20 -0.8
LGS-790 790 10.002 35.9 -0.7 35.9 -0.6 32.9 -0.8 32.9 -0.9
LGS-800 800 10.015 21.4 -0.8 21.4 -0.7 20.6 -0.7 20.6 -0.8
LGS-810 810 10.059 56.8 -0.7 56.8 -0.7 21.1 -0.8 51 -0.7
LGS-820 820 10.008 46.8 -0.7 46.8 -0.7 42.5 -0.7 42.5 -0.7
LGS-830 830 10.03 28.8 -0.8 28.8 -0.7 26.9 -0.7 26.9 -0.5
LGS-840 840 10.016 42.2 -0.6 42.2 -0.7 38.4 -0.7 38.3 -0.7
LGS-850 850 10.004 26 -0.7 26 -0.6 24.2 -0.8 24.3 -0.8
LGS-860 860 10.019 23.2 -0.7 23.2 -0.8 21.7 -0.7 21.6 -0.8
LGS-870 870 10.069 36.6 -0.6 36.6 -0.7 35.1 -0.7 35 0.8
LGS-880 880 10.058 18.3 -0.7 18.3 -0.7 17.1 -0.8 17.3 -0.7
LGS-890 890 10.062 15.5 -0.7 15.5 -0.8 15.3 -0.6 15.2 -0.6
LGS-900 900 10.032 11.8 -0.7 11.8 -0.8 11.5 -0.7 11.5 -0.7
LGS-910 910 10.021 12 -0.6 12 -0.9 11.6 -0.7 11.7 -0.7
LGS-920 920 10.09 14.6 -0.9 14.6 -0.8 13.8 -1.2 14.1 -0.9
LGS-1000 1000 10.017 11.4 -1.1 11.4 -0.8 11.4 -0.7 11.4 -0.7
LGS-1060 1060 10.017 17.3 -1.1 17.3 -0.7 17.1 -0.8 17 -0.7
LGS-1080 1080 10.005 17.9 -1 17.9 -0.8 17.6 -0.7 17.5 -0.7
LGS-1090 1090 10.048 23.2 -0.9 23.2 -0.8 22.9 -0.6 22.7 -0.7
LGS-1100 1100 10.037 20.4 -0.8 20.4 -0.8 20.1 -0.7 20.2 -0.7
LGS-1110 1110 10.086 64 -1 64 -0.9 57.6 -0.7 57.7 -0.7
LGS-1120 1120 10.006 22.7 -0.8 22.7 -0.7 22.5 -0.7 21.9 -1.1
LGS-1130 1130 10.003 22.7 -0.9 22.7 -0.8 22.6 -0.8 22.6 -0.6
LGS-1140 1140 10.042 26.5 -0.8 26.5 -0.7 26.1 -0.7 26.1 -0.7
LGS-1150 1150 10.02 24.5 -0.9 24.5 -0.8 24.2 -0.7 24.2 -0.7
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Sample ID Depth (cm) Weight (g) Low Freq (1) Background (1) Low Freq (2) Background (2) High Freq (1) Background (1) High Freq (2) Background (2)
LWP1-10 10.00 10.044 70.00 -1.10 69.70 -1.00 62.90 -1.00 63.00 -0.80
LWP1-20 20.00 10.085 77.00 -1.00 77.00 -0.80 69.30 -0.70 69.10 -0.80
LWP1-30 30.00 10.076 85.30 -0.70 85.20 -0.60 76.40 -0.80 76.70 -0.70
LWP1-40 40.00 10.077 84.90 -0.80 84.90 -0.80 76.20 -0.80 76.30 -0.80
LWP1-50 50.00 10.060 94.70 -0.80 94.70 -0.90 86.00 -0.50 85.20 -0.80
LWP1-60 60.00 10.001 115.10 -0.70 115.10 -0.80 102.80 -0.80 102.80 -0.70
LWP1-70 70.00 10.063 146.60 -0.90 146.50 -0.80 131.70 -0.70 131.70 -0.80
LWP1-80 80.00 10.007 133.00 -0.80 132.60 -0.70 119.40 -0.70 119.20 -0.70
LWP1-90 90.00 10.076 139.70 -0.70 139.60 -0.70 125.50 -0.80 125.50 -0.80
LWP1-100 100.00 10.053 137.40 -1.00 137.00 -0.70 123.30 -0.90 123.30 -0.80
LWP1-110 110.00 10.070 117.90 -0.70 117.80 -0.70 106.50 -0.70 106.30 -0.80
LWP1-120 120.00 10.051 119.40 -0.70 119.10 -0.70 106.90 -0.80 106.80 -0.80
LWP1-130 130.00 10.017 140.00 -0.70 140.10 -0.80 126.10 -0.70 126.10 -0.90
LWP1-140 140.00 10.079 135.30 -0.90 135.30 -0.70 121.70 -0.70 121.80 -0.70
LWP1-150 150.00 10.074 200.80 -0.70 200.50 -0.70 178.40 -0.80 178.20 -0.70
LWP1-160 160.00 10.051 206.50 -0.80 206.00 -0.70 183.50 -0.70 183.40 -0.80
LWP1-180 180.00 10.022 212.20 -0.90 212.70 -0.70 189.30 -0.30 189.40 -0.20
LWP1-190 190.00 10.048 200.50 -0.70 200.30 -0.80 178.50 -0.40 178.80 -0.30
LWP1-200 200.00 10.078 204.10 -0.80 203.90 -0.70 181.90 -0.50 181.60 -0.60
LWP1-210 210.00 10.095 200.50 -0.70 200.70 -0.70 178.80 -0.70 178.30 -0.70
LWP1-220 220.00 10.051 187.20 -0.70 187.10 -0.70 166.10 -0.90 166.50 -0.90
LWP1-230 230.00 10.042 146.50 -0.80 146.70 -0.70 131.00 -0.80 130.20 -0.90
LWP1-240 240.00 10.059 151.70 -0.60 151.90 -0.70 135.50 -1.00 135.20 -1.10
LWP1-250 250.00 10.091 137.10 -0.70 137.70 -0.80 122.60 -1.10 122.90 -1.00
LWP1-270 270.00 10.011 70.30 -0.70 70.20 -0.60 62.70 -0.90 62.70 -0.90
LWP1-280 280.00 10.017 49.20 -0.70 49.30 -0.60 44.10 -1.00 44.20 -0.90
LWP1-290 290.00 10.044 73.80 -0.70 73.70 -0.70 65.60 -1.10 65.60 -0.90
LWP1-300 300.00 10.043 85.60 -0.70 85.50 -0.70 75.60 -1.00 75.60 -1.00
LWP1-310 310.00 10.092 82.70 -0.60 82.70 -0.70 72.80 -1.10 72.90 -1.00
LWP1-320 320.00 10.042 58.90 -0.70 58.70 -0.70 51.80 -1.00 51.70 -1.00
LWP1-330 330.00 10.077 66.50 -0.80 66.50 -0.80 58.90 -1.00 59.10 -0.80
LWP2-350 350.00 10.020 73.10 -0.70 73.30 -0.60 64.70 -1.10 64.90 -0.90
LWP2-360 360.00 10.030 65.50 -0.70 65.50 -0.60 58.00 -1.00 57.90 -1.10
LWP2-370 370.00 10.066 40.40 -0.70 40.20 -0.80 36.00 -0.90 35.90 -1.00
LWP2-380 380.00 10.059 124.90 -0.70 124.90 -0.80 111.00 -1.00 110.90 -1.00
LWP2-390 390.00 10.049 77.00 -0.70 76.80 -0.70 68.60 -0.90 68.50 -1.00
LWP2-400 400.00 10.048 81.20 -0.70 81.10 -0.70 72.50 -0.90 72.40 -0.90
LWP2-420 420.00 10.006 62.00 -0.60 62.00 -0.70 54.90 -0.90 54.80 -0.80
LWP2-430 430.00 10.017 160.10 -0.70 159.90 -0.60 142.30 -1.00 142.30 -0.80
LWP2-440 440.00 10.073 220.30 -0.40 220.40 -0.70 195.90 -1.00 195.90 -0.90
LWP2-450 450.00 10.064 223.00 -0.50 222.60 -0.60 198.20 -0.80 198.00 -0.90
LWP2-460 460.00 10.030 152.30 -0.80 152.60 -0.80 136.80 -0.90 136.80 -0.90
LWP2-470 470.00 10.010 135.00 -0.60 134.80 -0.70 120.00 -1.00 120.10 -0.90
LWP2-480 480.00 10.085 112.70 -0.70 112.60 -0.60 100.50 -0.80 100.50 -0.90
LWP2-490 490.00 10.035 134.70 -0.70 134.10 -0.70 119.30 -0.80 119.10 -0.90
LWP2-500 500.00 10.018 116.20 -0.70 116.20 -0.60 103.70 -0.90 103.60 -0.80
LWP2-510 510.00 10.047 75.60 -0.50 75.70 -0.70 67.70 -0.80 67.80 -0.80
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Table 2- Raw magnetic susceptibility data (low, high frequencies) from Liuwan. Please note 
number in Sample Identification (SID) represents sampling location in cmbs. 
 
 
 
 
 

LWP2-520 520.00 10.031 67.60 -0.70 67.10 -0.60 60.30 -0.90 60.30 -0.90
LWP2-530 530.00 10.013 56.40 -0.60 56.10 -0.60 50.70 -0.80 50.70 -0.80
LWP2-540 540.00 10.024 58.50 -0.60 58.40 -0.60 52.80 -0.80 52.60 -0.70
LWP2-550 550.00 10.059 47.00 -0.70 47.10 -0.60 42.70 -0.80 42.80 -0.80
LWP2-560 560.00 10.030 67.50 -0.60 67.60 -0.80 60.50 -0.80 60.20 -1.10
LWP2-570 570.00 10.025 64.40 -0.60 64.50 -0.70 58.10 -0.80 58.00 -0.70
LWP2-580 580.00 10.027 28.10 -0.60 28.10 -0.50 25.30 -0.80 25.30 -0.80
LWP2-590 590.00 10.006 102.30 -0.60 102.00 -0.70 91.40 -0.80 91.20 -0.80
LWP2-600 600.00 10.040 29.80 -0.80 29.80 -0.60 27.00 -0.70 27.10 -0.80
LWP2-620 620.00 10.007 26.00 -0.70 26.00 -0.70 23.60 -0.80 23.60 -0.70
LWP3-640 640.00 10.079 83.80 -0.50 83.80 -0.60 74.00 -0.80 74.10 -0.80
LWP3-650 650.00 10.024 114.40 -0.70 114.40 -0.60 100.90 -0.90 100.70 -0.80
LWP3-660 660.00 10.053 87.40 -0.60 87.20 -0.60 77.50 -0.80 77.50 -0.80
LWP3-670 670.00 10.083 46.00 -0.60 46.10 -0.60 41.00 -0.80 41.10 -0.70
LWP3-680 680.00 10.082 28.30 -0.60 28.30 -0.80 25.70 -0.70 25.70 -0.70
LWP3-700 700.00 10.056 31.50 -0.70 31.50 -0.60 28.40 -0.70 28.40 -0.70
LWP3-710 710.00 10.032 43.40 -0.60 43.30 -0.60 38.70 -0.70 38.60 -0.70
LWP3-725 725.00 10.070 28.60 -0.60 28.70 -0.70 25.80 -0.70 25.90 -0.60
LWP3-740 740.00 10.025 34.80 -0.60 34.70 -0.70 31.20 -0.80 31.20 -0.70
LWP3-750 750.00 10.020 41.50 -0.70 41.50 -0.60 37.50 -0.70 37.40 -0.80
LWP3-760 760.00 10.031 32.60 -0.50 32.50 -0.60 29.70 -0.80 29.50 -0.90
LWP3-770 770.00 10.078 25.50 -0.60 25.60 -0.60 23.60 -0.70 23.60 -0.70
LWP3-780 780.00 10.026 26.90 -0.70 26.90 -0.60 25.00 -0.70 25.00 -0.70
LWP3-800 800.00 10.011 20.00 -0.60 20.00 -0.70 18.80 -0.70 18.70 -0.80
LWP3-810 810.00 10.042 19.90 -0.70 20.00 -0.70 18.60 -0.70 18.70 -0.50
LWP3-820 820.00 10.028 17.90 -0.70 18.00 -0.70 17.00 -0.80 16.90 -0.80
LWP3-830 830.00 10.004 16.50 -0.50 16.50 -0.60 15.40 -0.80 15.50 -0.80
LWP3-840 840.00 10.016 19.10 -0.70 19.10 -0.70 18.10 -0.80 18.10 -0.60
LWP3-850 850.00 10.040 19.60 -0.60 19.50 -0.50 18.60 -0.80 18.70 -0.60
LWP3-860 860.00 10.035 17.90 -0.80 18.00 -0.70 16.90 -0.80 17.10 -0.70
LWP4-740 740.00 10.019 11.50 -0.60 11.50 -0.70 11.20 -0.90 11.10 -0.80
LWP4-750 750.00 10.021 16.20 -0.50 16.10 -0.70 15.30 -0.80 15.50 -0.70
LWP4-760 760.00 10.064 16.90 -0.60 17.00 -0.60 16.30 -0.70 16.30 -0.70
LWP4-770 770.00 10.062 15.30 -0.60 15.20 -0.60 14.50 -0.70 14.60 -0.70
LWP4-780 780.00 10.018 17.30 -0.60 17.30 -0.60 16.40 -0.70 16.50 -0.60
LWP4-790 790.00 10.036 15.70 -0.70 15.70 -0.60 14.90 -0.80 15.00 -0.70
LWP4-810 810.00 10.071 19.70 -0.60 19.60 -0.70 18.60 -0.70 18.50 -0.70
LWP4-820 820.00 10.042 21.30 -0.70 21.30 -0.70 20.00 -0.80 19.80 -0.80
LWP4-840 840.00 10.034 9.90 -0.70 10.00 -0.60 9.60 -0.80 9.70 -0.60
LWP4-850 850.00 10.004 13.50 -0.70 13.50 -0.60 12.60 -0.70 12.60 -0.70
LWP4-870 870.00 10.073 25.60 -0.60 25.70 -0.70 25.10 -0.80 25.10 -0.70
LWP4-885 885.00 10.003 7.60 -0.70 7.40 -0.80 7.40 -0.70 7.40 -0.80
LWP4-900 900.00 10.041 11.10 -0.60 11.10 -0.60 10.90 -0.70 10.80 -0.70
LWP4-920 920.00 10.008 17.30 -0.70 17.20 -0.80 16.60 -0.70 16.70 -0.70
LWP4-930 930.00 10.095 19.20 -0.70 19.30 -0.70 18.50 -0.80 18.50 -0.70
LWP4-940 940.00 10.075 40.30 -0.70 40.50 -0.70 37.50 -0.60 37.60 -0.60
LWP4-960 960.00 10.035 33.70 -0.60 33.60 -0.80 31.40 -0.70 31.30 -0.70
LWP4-970 970.00 10.037 50.40 -0.70 50.60 -0.70 46.50 -0.70 46.70 -0.60
LWP4-980 980.00 10.058 37.00 -0.60 36.70 -0.70 34.10 -0.80 34.20 -0.70
LWP4-990 990.00 10.087 37.10 -0.60 37.10 -0.70 34.60 -0.70 34.50 -0.20
LWP4-1000 1000.00 10.063 40.60 -0.70 40.70 -0.70 37.70 -0.80 37.60 -0.80
LWP4-1010 1010.00 10.045 33.60 -0.70 33.60 -0.70 28.90 -0.30 28.80 -1.00
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Table 3- Raw n-alkane isotope data from Longgangsi-1. 
 
 
 

Sample ID Sample Depth (cmbs) C29 C31 C29 STD C31 STD
LGSP1-220 220 -31.40 -32.53 0.04 0.23
LGSP1-240 240 -31.35 -32.42 0.21 0.04
LGSP2-80 330 -31.74 -33.03 0.01 0.07

LGSP2-130 380 -31.25 -32.87 0.19 0.16
LGSP2-140 390 -30.24 -32.53 0.24 0.13
LGSP2-180 430 -31.56 -32.92 0.03 0.04
LGSP2-205 455 -31.48 -32.85 0.09 0.09
LGSP2-220 470 -31.44 -32.67 0.17 0.07
LGSP2-240 490 -31.35 -32.46 0.06 0.03
LGSP2-260 510 -31.56 -32.67 0.16 0.11
LGSP2-400 650 -31.55 -33.00 0.15 0.25
LGSP3-20 520 -31.10 -31.97 0.18 0.27
LGSP3-30 530 -30.84 -31.77 0.29 0.08
LGSP3-50 520 -30.65 -32.11 0.11 0.12
LGSP3-70 570 -30.93 -32.39 0.13 0.03
LGSP3-90 590 -31.60 -32.79 0.04 0.09

LGSP3-110 610 -31.12 -32.59 0.01 0.01
LGSP3-130 630 -31.09 -32.35 0.24 0.12
LGSP3-150 650 -31.04 -32.21 0.05 0.08
LGSP3-170 670 -30.95 -31.99 0.13 0.03
LGSP3-190 690 -30.82 -32.42 0.18 0.10
LGSP3-210 710 -31.23 -32.83 0.07 0.05
LGSP3-230 730 -31.23 -32.79 0.18 0.19
LGSP4-30 780 -31.66 -32.81 0.01 0.01
LGSP4-60 810 -31.31 -32.49 0.01 0.05
LGSP4-80 830 -31.20 -32.86 0.17 0.10

LGSP4-100 850 -31.79 -32.89 0.23 0.04
LGSP4-120 870 -31.03 -32.47 0.28 0.19
LGSP4-160 910 -31.12 -32.30 0.17 0.28
LGSP4-180 930 -30.53 -32.01 0.29 0.17
LGSP4-200 950 -30.78 -32.23 0.12 0.17
LGSP4-220 970 -30.90 -32.20 0.09 0.14
LGSP4-240 990 -31.67 -33.05 0.10 0.07
LGSP5-20 1020 -30.64 -32.44 0.11 0.09
LGSP5-40 1040 -30.54 -32.34 0.03 0.05
LGSP5-60 1060 -30.92 -31.91 0.28 0.04
LGSP5-80 1080 -31.42 -32.64 0.25 0.20

LGSP5-130 1130 -31.22 -32.21 0.24 0.08
LGSP5-170 1170 -31.21 -31.92 0.01 0.11
LGSP5-220 1220 -31.02 -31.98 0.29 0.17
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Sample ID Sample Depth (cmbs) C29 C31 C29 STD C31 STD
LWP1-10 10 -31.76 -31.11 0.11 0.12
LWP1-30 30 -32.53 -30.67 0.08 0.22
LWP1-50 50 -30.70 -31.09 0.09 0.10
LWP1-70 70 -30.59 -31.70 0.09 0.12
LWP1-90 90 -30.68 -31.63 0.06 0.04

LWP1-110 110 -30.79 -31.69 0.21 0.13
LWP1-130 130 -30.84 -31.75 0.05 0.07
LWP1-150 150 -31.03 -31.60 0.21 0.09
LWP1-170 170 -29.17 -31.01 0.20 0.19
LWP1-190 190 -28.86 -30.50 0.12 0.09
LWP1-210 210 -29.70 -31.10 0.09 0.24
LWP1-230 230 -30.22 -31.61 0.18 0.23
LWP1-250 250 -30.60 -31.77 0.09 0.14
LWP1-270 270 -30.77 -31.72 0.06 0.24
LWP1-290 290 -30.80 -31.77 0.10 0.05
LWP1-310 310 -30.63 -31.88 0.08 0.08
LWP1-330 330 -30.26 -31.61 0.05 0.03
LWP1-350 350 -29.87 -31.30 0.23 0.15
LWP1-380 380 -30.70 -31.61 0.20 0.05
LWP2-400 400 -30.38 -31.69 0.08 0.20
LWP2-420 420 -30.32 -31.68 0.04 0.16
LWP2-440 440 -29.51 -31.51 0.17 0.23
LWP2-460 460 -31.03 -32.08 0.22 0.10
LWP2-480 480 -30.70 -31.91 0.28 0.01
LWP2-500 500 -31.40 -32.09 0.02 0.03
LWP2-520 520 -31.95 -32.35 0.12 0.16
LWP2-540 540 -31.69 -32.06 0.14 0.14
LWP2-560 560 -31.68 -31.80 0.13 0.25
LWP2-580 580 -31.53 -31.88 0.22 0.13
LWP2-600 600 -31.02 -31.88 0.07 0.07
LWP2-620 620 -30.25 -31.11 0.16 0.08
LWP3-640 640 -28.31 -29.96 0.19 0.11
LWP3-660 660 -30.96 -31.89 0.07 0.17
LWP3-680 680 -31.42 -32.36 0.10 0.06
LWP3-700 700 -31.09 -32.08 0.14 0.02
LWP3-715 715 -30.72 -31.87 0.02 0.05
LWP3-725 725 -31.06 -32.27 0.18 0.15
LWP3-740 740 -31.00 -32.35 0.05 0.14
LWP3-760 760 -31.00 -32.30 0.09 0.11
LWP3-780 780 -31.59 -32.97 0.12 0.10



100 
 

 
 
 
 
 
 
 
 
 
 
 
Table 4- Raw n-alkane isotope data from Liuwan. 
 
 
 

Summary of statistical tests 
a. Mann-Whitney (ranked sum) results: paleosol versus loess units 

Site n1 n2 R1 R2 U-statistic z-score significance 
Liuwan (LW) 17 33 410 865 257 -0.4813 no 
Longgangsi 
(LGS) 

15 21 355 311 80 -2.487 yes 

 
b. Linear correlation results: δ13Cwax versus magnetic susceptibility (χfd) 

Site C29 R2 C29 p-value C31 R2 C31 p-value significance 
Liuwan (LW) 0.22 0.1342 0.29 0.0457 no (C29), yes (C31) 
Longgangsi 
(LGS) 

0.003 0.723 0.0006 0.897 no (C29), no (C31) 

 
c. Linear correlation results: δ13Cwax versus median grain size (µm) 

Site C29 R2 C29 p-value C31 R2 C31 p-value significance 
Liuwan (LW) 0.006 0.622 0.003 0.843 no (C29), no (C31) 
Longgangsi 
(LGS) 

0.192 0.069 0.067 0.1833 no (C29), no (C31) 

 
 
 
Table 5. Summary of statistical tests comparing pedostratigraphic units, and their quantitative 
descriptors to δ13Cwax values. Most importantly, out of ten tests (two non-parametric, eight 
parametric), only two show significant results, which are (a) the ranked sum test at LGS and (b) 
correlation between χfd and δ13Cwax at LW.  
 

LWP3-800 800 -32.16 -33.31 0.20 0.30
LWP3-820 820 -32.25 -33.67 0.18 0.18
LWP4-735 735 -31.58 -32.68 0.34 0.19
LWP4-755 755 -32.18 -33.61 0.10 0.03
LWP4-775 775 -32.11 -33.28 0.21 0.14
LWP4-790 790 -32.17 -33.52 0.17 0.11
LWP4-810 810 -31.80 -33.17 0.04 0.00
LWP4-840 840 -31.95 -32.89 0.20 0.16
LWP4-885 885 -31.28 -32.40 0.22 0.02
LWP4-900 900 -31.35 -32.56 0.26 0.18
LWP4-920 920 -30.94 -32.21 0.07 0.05
LWP4-940 940 -30.95 -32.11 0.16 0.07
LWP4-970 970 -31.21 -32.21 0.16 0.17
LWP4-990 990 -31.38 -32.56 0.02 0.01

LWP4-1010 1010 -31.50 -32.62 0.04 0.03
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Abstract 
 

The relationship between paleoclimatic variability and hominin occupation is a core research 
topic in Eastern Eurasian paleoanthropology and Paleolithic archaeology. Changes in climate and 
environment may be key to understanding long term trends in technological patterns, 
occupational intensity and duration, and human evolutionary processes. Here, we present new 
temperature records from the loess-paleosol sequences in the Hanzhong and Luonan Basins of 
the Qinling Mountains of central China, based on analysis of branched glycerol dialkyl glycerol 
tetraethers (brGDGTs). These stratigraphic packages mirror those in the south-central China 
Loess Plateau and are associated with long-term Homo erectus occupations throughout the 
middle and late Pleistocene. Our results show that (I) there is no significant difference in 
brGDGT data between loess and paleosol units in the region, (II) concentrations of brGDGTs 
between loess and paleosols are statistically indistinguishable, (III) temperature variance in the 
northern versus southern Qinling Mountains is significantly different, and (IV) our biomarker 
results appear to be in good agreement with recent archaeological findings and help establish a 
paleoclimatic baseline for future work in the area.  Through the analysis of brGDGTs, we are 
able to develop a more holistic understanding of both paleoenvironmental conditions and levels 
of climatic variability that may have been of some significance to hominins in the Qinling 
Mountains.  More broadly, we argue that biomarker techniques can provide a robust 
paleoenvironmental framework in paleoanthropological research.              
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Introduction 
 

Core research topics in eastern Eurasian Paleolithic archaeology include variations in the 

East Asian Summer Monsoon regime and patterns in paleoclimatic variability associated with 

archaeological occupations. The reconstruction of these trends is widely regarded as key to 

understanding long-term trends in technological patterns, occupational intensity and duration, 

and human evolutionary processes. Here, we present temperature reconstructions based on the 

analysis of branched glycerol dialkyl glycerol tetraethers (brGDGTs) from loess-paleosol 

sequences in the Hanzhong and Luonan Basins of the Qinling Mountains of central China. These 

stratigraphic packages appear to mirror those on the south-central Chinese Loess Plateau and are 

associated with long-term hominin occupations throughout the Middle and Late Pleistocene. 

Quantitative temperature reconstructions based on brGDGTs are a relatively new development, 

especially in the context of central China, and this research represents the first long-term 

temperature record associated with hominin occupations in the Qinling Mountains.  

Our results have produced some key findings including: (I) there is no significant 

difference in brGDGT data between loess and paleosol units in the region, (II) concentrations of 

brGDGTs between loess and paleosols are statistically indistinguishable, (III) temperature 

variability in the northern versus southern Qinling Mountains is significantly different, and (IV) 

our biomarker results appear to be in agreement with recent archaeological findings and help 

establish a paleoclimatic baseline for future work in the area. Furthermore, our research 

demonstrates the viability of applying biomarker geochemistry to hominin sites in central China. 

Through the analysis of biomarkers such as brGDGTs, we are able to develop a more holistic 
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understanding of both paleoenvironmental conditions and levels of climatic variability that may 

have been of some significance to hominins in the Qinling Mountains.     

          The research presented in this chapter utilizes the latest advances in branched glycerol 

dialkyl glycerol tetraether (brGDGT) paleothermometry to reconstruct temperature regimes 

associated with Middle to Late Pleistocene hominin occupations in the southern and northern 

Qinling Mountains of central China. This research has a series of specific goals including: (1) to 

test the viability of applying biomarker organic geochemistry to hominin sites in central China, 

(2) to examine if brGDGT data correlate with loess-paleosol units at each site, (3) to examine 

differences in paleoclimatic variably in the northern and southern Qinling Mountains, (4) to 

examine long-term trends in both temperature and vegetation regimes, and (5) to see if the 

analysis of biomarkers helps us understand patterns in Paleolithic occupations throughout the 

Pleistocene in central China. This research also examines changes in the East Asian Summer 

Monsoon (EASM) and the relationship between stratigraphic sequences in the Qinling 

Mountains and those located in the Chinese Loess Plateau (CLP). Previous work in the region 

demonstrates that stratigraphy at hominin sites in the study area is dominated by loess-paleosol 

sequences, and these stratigraphic packages may mirror those located on the south-central CLP 

(Lu et al., 2011a; Lu et al., 2011b; Sun et al., 2012; Sun et al., 2013; Sun et al., 2014; Sun et al., 

2017b; Sun et al., 2018). Similar to sequences in the CLP, the alternation between loess and 

paleosols also likely reflects variations in the EASM and glacial-interglacial variability.   

In addition to the analysis of brGDGTs, this research aims to correlate temperature results 

with our previous analysis of normal (n)-alkane leaf wax isotopes in order to develop an 

understanding of hominin paleoclimates in the region. Since this type of work is the first of its 
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kind, these results represent a significant contribution to both paleoanthropological research and 

paleoclimate studies in the region. Finally, this research is part of a larger framework developed 

by the Chinese Academy of Sciences’ Institute of Vertebrate Paleontology and 

Paleoanthropology (IVPP) and Nanjing University, and will be integrated into a larger database 

that records large-scale Pleistocene occupations throughout the entire region. The major 

contribution of this study using biomarkers (brGDGTs and n-alkanes) the development of a 

quantitative paleoclimatic framework in the Qinling Mountains, something that currently does 

not exist.  

 This research builds upon the notion that paleoclimatic variability influenced hominin 

adaptations throughout the Plio-Pleistocene (Potts, 1998; Kingston, 2007; Kingston et al., 2007; 

Dennell, 2009; Potts, 2012; Grove, 2015; Grove et al., 2015; Potts and Faith, 2015; Grove, 

2018). Since climatic variability in central China is dominated (or modulated) by variations in 

the EASM, understanding temporal-spatial trends in monsoon regimes is key to reconstructing 

paleoclimates that hominins experienced. Furthermore, if loess-paleosol sequences in the Qinling 

Mountains mirror those on the CLP, this research may inform hominin studies over a larger 

geographical area. Finally, there is growing evidence that the Qinling Mountains in central China 

were of some significance to hominins in the region (Sun et al., 2017b; Sun et al., 2018). 

Originally, it was hypothesized that these mountains represented a substantial barrier throughout 

the Pleistocene, however, recent discoveries demonstrate that basins in the area were connected 

sufficiently enough to allow populations to migrate, and intermontane zones may have been 

relatively hospitable with high levels of biodiversity and access to predictable resources and 

readily available raw materials (Sun et al., 2017b; Sun et al., 2018).    
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The brGDGT paleothermometer  

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are membrane-spanning lipids 

produced by bacteria that appear to be ubiquitous in soils. They represent a relatively new and 

promising paleothermometer (Weijers et al., 2011; Peterse et al., 2012; Tierney, 2012; Schouten 

et al., 2013; Naafs et al., 2017). The major principle of the brGDGT proxy is that bacteria alter 

cell-membrane rigidity and the degree of cyclization and methylation based on soil pH and 

environmental temperature (Tierney, 2012; Naafs et al., 2017). Although the species that 

produces brGDGTs remains elusive, these biomarkers are thought to be produced by 

acidobacteria based on the stereochemistry of the molecule, the production of iso-diabolic acid 

(13,16-dimethyl octacosanedioic acid), and the fact acidobacteria represent a large proportion of 

soil-microbial communities (Tierney, 2012; Schouten et al., 2013; Russell et al., 2018). 

BrGDGTs are separated into three major types (I, II, III) based on the number of methyl groups 

which can be 4, 5, or 6 (tetra, penta, or hexa-methylated respectively) (Fig. 1). These molecules 

are structurally similar with branched C30 chains and have mass-to-charge ratios (m/z) ranging 

from 1018-1050 (Tierney, 2012). Since brGDGTs are large molecules difficult to analyze 

through standard gas chromatographic mass spectrometry (GC-MS), it was only after the 

development of High Performance Liquid Chromatography (HPLC) mass spectrometry that 

studies could effectively utilize this proxy (Hopmans et al., 2000; Tierney, 2012; Hopmans et al., 

2016). Now, through the utilization of HPLC-MS, one can analyze the exact degree of 

cyclization and methylation in brGDGTs and reconstruct soil pH and temperatures at a particular 

site. Although diagenesis appears to affect brGDGTs, such as through the removal of polar 

heads, the core molecule remains intact and is preserved over geological time as long as there are 
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no major thermal or pressure forces at work (e.g., metamorphism) (Tierney, 2012). Originally, 

brGDGT temperature reconstructions were based on the MBT/CBT proxy developed by Weijers 

et al. (2007) and later refined by (Peterse et al., 2012) with the formula: 

MBT` = 𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼`+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼`+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼`+𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼`

 
 

CBT = −log (𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼`
𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼`

) 
 

MAT (°C) = 0.81 − 5.67 𝑥𝑥 𝐶𝐶𝐶𝐶𝐶𝐶 + 31.0 𝑥𝑥 𝑀𝑀𝐶𝐶𝐶𝐶` 
 

However, recent advances in the proxy demonstrate that the newly discovered 6-methyl 

BrGDGTs appear to be largely pH dependent, and thus should be removed from the calculation 

of the MBT index (De Jonge et al., 2014; Naafs et al., 2017). Therefore, when analyzing and 

studying soil brGDGTs, one should only calculate the degree of methylation of 5-methyl 

brGDGTs (Naafs et al., 2017). As described below, heref we follow the newer calibration 

developed by Naafs et al. (2017). One major shortcoming of the brGDGT proxy is that the root 

mean square error (RSME) in the Naafs et al. (2017) calibration equals 5.3° C, so results and 

interpretations should be approached with some caution. However, there are two major 

advantages to this circumstance: first, a significant amount of data used in newer soil brGDGT 

calibrations come from the central CLP and, second, the brGDGT proxy is evolving rapidly with 

calibrations improving all the time. Finally, we argue that even if absolute temperature values are 

slightly off, the overall trends in temperature variance, which is a major portion of this study, 

will hold up in the face of new calibrations.     
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Regional Setting 
 
The Qinling Mountains Region 
 
 Our research targets two major basins, the Hanzhong and Luonan, which flank the 

southern and northern limits of the Qinling Mountains in central China (Fig. 2). In conventional 

models, the Qinling Mountains Region (QMR) represents an important biogeographical 

boundary between warmer tropical to sub-tropical southern China and the cooler temperate and 

semi-arid areas of northern China and the CLP (An, 2014; Sun et al., 2018). This is largely due 

to the fact that climatological regimes south of the QMR are mostly dominated by a combination 

of the East Asian Summer Monsoon (EASM) and the larger Asian Monsoon (AM), whereas 

areas to the north of the QMR are influenced by the EASM, the AM, and a winter “monsoon” 

(which is a wind phenomenon controlled by the formation of the Siberian High-Pressure Cell) 

(An, 2014). Although the notion of the QMR as a substantial environmental boundary represents 

an oversimplification of climate regimes in the region, it is clear that sites directly to the south 

and north of the QMR do exhibit observable differences in both temperature and precipitation 

variability. 

 From a geological perspective, the QMR is a large east-west orogenic belt that covers 

most of southern Shaanxi Province and formed during the Middle Paleozoic when the North and 

South China Blocks collided (Dong and Santosh, 2016). The average elevation of the QMR 

ranges between 1500-2500 meters above sea level and contains a series of deep and narrow 

intermontane basins (Fig. 2). These basins are unique in central China since they contain rare 

floral and faunal communities and high levels of biodiversity. Currently, it is believed that most 

of today’s topographic complexity in the region formed throughout the Mesozoic and Cenozoic 
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(Dong and Santosh, 2016). Quaternary geology in the QMR is dominated by alluvium, fluvial 

terraces, and loess-paleosol sequences (Sun et al., 2014; Sun et al., 2016; Sun et al., 2018). 

Previous work in the region has argued that loess-paleosol sequences in the QMR closely mirror 

those in the CLP, with paleosols representing warm interglacial periods when pedogenesis 

outpaced loess deposition and, conversely, loess layers represent cool and arid glacial periods 

when loess deposition outpaced pedogenesis (An, 2014; Maher, 2016). Loess-paleosol sequences 

in the QMR region range from 2-25m deep and are largely found capping uplifted fluvial 

terraces adjacent to major rivers such as the Hanjiang and Luohe (Lu et al., 2011a; Lu et al., 

2011b; Sun et al., 2014; Sun et al., 2017a; Sun et al., 2017b; Sun et al., 2018). Although these 

sequences appear to be broadly similar to those of the CLP, they do exhibit some unique 

features, which are likely due to factors such as decreased rates of loess deposition and modified 

atmospheric circulation related to the topographic complexity of the QMR. In particular, 

paleosols tend to be extremely well-developed, much thicker than the loess units, and 

stratigraphic units and boundaries show strong gradations.   

 
Research Sites: Longgangsi and Liuwan   
 
 The first study site, Longgangsi (LGS), is located in the Hanzhong Basin, on the southern 

flank of the QMR (N 34° 04’ 04”, E 106° 58’ 07”) (Fig. 2). This site was an ideal candidate for 

biomarker research because extensive archaeological excavations at LGS have exposed a long 

loess-paleosol sequence rich in Paleolithic materials (Fig. 3a). Previous work at the site exposed 

a stratigraphic section roughly 14 meters deep, extending from the modern surface down to 

fluvial sands lacking archaeological remains. This site is located on the third river terrace of the 

Hanzhong Basin (T3) and is believed to date from 0.6 – 0.07 million years ago (Ma) (Sun et al., 
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2017b; Sun et al., 2018). The elevation of T3 is approximately 535 masl with a mean annual 

temperature of 15° C and an annual precipitation regime of 860 mm. Similar to other regions 

dominated by the EASM, a majority of the precipitation (53%) falls between June and 

September and, overall, the greatest amount occurs in June, July, August, and September (64%). 

From an archaeological perspective, cultural remains at the site are dominated by Mode I simple 

retouched scrapers manufactured from quartz or quartzite pebbles retrieved from nearby 

riverbanks (Sun et al., 2017b; Sun et al., 2018).  

 The second study site, Liuwan (LW), is located in the Luonan Basin of the northern 

QMR (N 34° 08’ 36”, E 110° 08’ 10”) (Fig. 2). This site was chosen because current age 

estimates of the section have a comparable age range to that of LGS (0.625-0.01 Ma), and 

surveys of the area revealed the presence of archaeological materials that can be directly 

compared to those discovered at LGS (Lu et al., 2011a; Lu et al., 2011b). However, Luonan is 

unique is comparison to Hanzhong as this basin is narrower and exhibits a much greater range of 

topographic complexity. It is also higher with an average elevation of 993 masl, has an annual 

precipitation regime of 706 mm, and an average annual temperature of 11° C (Lu et al., 2011a). 

Similar to patterns observed in Hanzhong, precipitation follows the EASM with 48% of rainfall 

occurring in July, August, and September and 61% in June, July, August, and September. From 

an archaeological perspective, LW contains small percentages of  Mode II or Acheulean-like 

bifacial  technology and, in comparison to Hanzhong, exhibits much greater technological 

variability, including the presence of cores, hammerstones, flakes, cleavers, picks, choppers, 

spheroids, and scrapers at the site (Sun et al., 2014).   
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Materials and Methods 
 
 
Field methods and sampling methodology 
 
 Fieldwork was carried out during the summer of 2015 (June-August), when three sites 

were selected based on several criteria. These criteria included one or more of the following 

parameters: abundant archaeological materials, good exposure and continuity of the stratigraphic 

section, lack of easily identifiable post-depositional alterations, and an estimated Middle to Late 

Pleistocene age range. Furthermore, these well-preserved stratigraphic sections should represent 

basin-scale pedogenesis and loess deposition. Two of the three sites, Longgangsi and 

Yaochangwan, are located in the Hanzhong Basin and are less than 20 km distant from one 

another. The third site, Liuwan, is in the northern Luonan Basin and is located approximately 

313 km northeast of LGS and YCW. The mapping and description of each site followed 

fieldwork protocols laid out in the USDA National Soil Survey Center’s Field Book for 

Describing and Sampling Soils (Schoeneberger et al., 2012). Color designations of each 

stratigraphic unit were determined using a Munsell soil-color chart. Before each site was mapped 

and sampled, each stratigraphic exposure was carefully examined to avoid large vertical cracks, 

abundant modern root systems and vegetation, and post-depositional alterations such insect and 

other animal burrows (krotovina). Once a section was chosen, the face of the exposure was cut 

back a minimum of 50 cm to avoid contamination by surface runoff and modern organic matter. 

A fresh trench was cut into the exposure and each stratigraphic unit was mapped and sampled. 

Two stratigraphic designations were given to each unit with the first following Schoeneberger et 

al. (2012) and the second following the conventions developed on the Chinese Loess Plateau 
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where S(#) and L(#) represent age-constrained paleosols and loess units, respectively (An, 2014). 

At all three sites, we collected bulk soil/sediment samples every 10 cm and biomarker samples 

every 20 cm with sample weights ranging from 50-100 g. We intended to collect a minimum of 

100 g because we suspected organic matter in these loess-paleosol sequences was quite low. 

However, at our first site (LGS), we underestimated sample weights in the field and only 

collected about 50 g from each horizon. At both LGS and LW we also collected large (20x10x10 

cm), vertically-oriented blocks from each major unit for future petrographic and chemical 

analyses. Finally, in order to avoid cross-contamination between biomarker samples, all 

sampling equipment (e.g., trowels, chisels, etc.) was thoroughly cleaned with filtered water and 

disinfected with Kimwipes after each sample was collected. Biomarker samples were then air-

dried indoors before sealing in Whirl-Pak bags. Four-hundred twenty-four samples were taken 

for particle size and magnetic susceptibility analyses, 211 samples for biomarker analyses, and 

41 in situ blocks for micromorphology analysis.   

 

Molecular analyses 
 
 Samples from two of the three sites (LGS and LW) have been processed in the laboratory 

thus far with the remaining samples stored in a sterile freezer for future analysis. It is important 

to note that data gaps in the record are either the result of samples destroyed or lost during 

shipping from China to the U.S., or concentrations of biomarkers too low to produce acceptable 

results. Of the 211 biomarker samples taken in the field, 95 have been processed for both GDGT 

and compound specific isotope analysis of normal (n) alkane leaf waxes. As we suspected in the 
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field, every sample we analyzed contained very low concentrations of organic matter and 100-

150g samples produced the best results.  

GDGTs were analyzed on an Agilent 1260 Infinity HPLC system coupled to an Agilent 

6130 single177 quadrupole mass detector using the method of Hopmans et al. (2016), where we 

use high-performance liquid chromatography (HPLC) to separate 5-methyl and 6-methyl 

brGDGT isomers (De Jonge et al., 2013). Samples were first freeze-dried, homogenized in a 

sterile ceramic pestle, and mixed with precombusted, laboratory-grade diatomaceous earth. This 

mixture was then extracted with a Thermo (DIONEX) accelerated solvent extractor 350 using a 

9:1 mixture of dichloromethane (DCM):methanol (CH3OH) for five minutes at 100° C and 1600 

PSI.  The resulting total lipid extraction (TLE) was then dried under a gentle stream of N2 before 

compound separation via column chromatography using deactivated silica gel as the solid phase 

and hexane and ethyl acetate:hexane (2:1) as eluents. Internal standards were added to the TLE 

for compound quantification and included 100 µL of a 25ng/µL multi-component general 

recovery standard consisting of a 5α-androstane and 50µL of a 1ng/µL C46 GDGT standard. In 

our GDGT analysis, the polar fraction was dried under N2 before being rehydrated with 

hexane:isopropanol 99:1 (v/v) and filtered through a 0.45 um PTFE filter. After initial testing of 

samples, sample injections were 10 µL. We then separated GDGTs using isocratic elution at 0.2 

ml/min, beginning with 82 % A and 18% B for 25 min, followed by a linear gradient to 65% A 

and 35% B for 25 min, where A = hexane and B = 182 hexane:isopropanol 9:1. GDGR peaks 

were manually analyzed using the ORIGAMI software package in MATLab (Fleming and 

Tierney, 2016).  
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Calculation of MBT'5me and mean annual air temperature 
 
 After we analyzed GDGTs via HPLC and converted peak areas to concentrations in ng/g, 

we calculated degree of cyclization and methylation because these chemical properties correlate 

with both soil pH and mean annual air temperatures (MAAT) (Tierney, 2012; Schouten et al., 

2013; Naafs et al., 2017). We calculated methylation of branched tetraethers (MBT) by 

following Naafs et al. (2017) where they improve upon the index developed by De Jonge et al. 

(2014). The premise of this new index is that 5-methyl brGDGTs co-elute with the newly 

discovered 6-methyl BrGDGTs which are largely pH dependent, and thus should be removed 

from the calculation of the MBT index (De Jonge et al., 2014; Naafs et al., 2017). This new 

equation should remove bias introduced by soil pH and simply calculates the degree of 

methylation of 5-methyl brGDGTs (MBT'5me).  

 
MBT'5me = (𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼)

(𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼+ 𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)
 

 
Once the MBT'5me index is calculated, these values can then be converted to mean annual air 

temperature (MAAT) values following the calibration provided by Naafs et al. (2017). 

 
MAAT(°C) = 40.01 x MBT'5me – 15.25       RMSE = 5.3 °C 
 
 
Statistical analysis 
 
 Since we aimed to determine if there are significant relationships between paleosols, 

loesses, and biomarker data, we applied several statistical tests. First, we determined if 

concentrations of brGDGTs are significantly different between loess and paleosols through the 

application of a standard t-test. Next, in order to test if mean values associated with loess and 
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paleosols are significantly different, we separated each group into unique populations based on 

stratigraphic unit where n1 = paleosol and n2 = loess. Once each population was sufficiently 

defined, we tested for normality using a Kolmogorov-Smirnov (KS) test, followed by applying a 

t-test. Next, since field interpretations of loess-paleosol stratigraphy are prone to inaccuracy, we 

aimed to correlate a quantitative measure of pedogenesis and loess deposition, magnetic 

susceptibility (Xfd), with our calculated MBT'5me values. We also examined if MBT'5me values 

correlate with leaf wax data, which should reflect the relationship between local temperature 

regimes and variability in the ratios of C3 to C4 biomass. In these analyses, correlation 

coefficients and p-values were obtained by following Ebisuzaki’s (1997) method for calculating 

statistical significance when data are serially correlated. Finally, in order to test if the northern 

and southern QMR are significantly different in terms of variance, we applied an F-test where we 

compare MBT'5me values from the LW and LGS sites.    

 

Magnetic susceptibility analysis 

Magnetic susceptibility measurements were obtained by subsampling a representative 10 

g split from air-dried bulk soil and sediment samples, followed by analysis on a Bartington M2 

magnetic susceptibility system. Since very fine-grained soils and sediments exhibit a frequency-

dependent susceptibility, we report the absolute value of frequency-dependent magnetic 

susceptibility (χfd) which is calculated by χLF – χHF and represents pedogenic magnetic 

susceptibility (Maher, 2016). Each sample was measured in both low and high frequencies (LF = 

0.46 kHz, HF = 4.6 kHz) and at least twice to reduce analytical error. 
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Results 
 
 
Concentration of branched GDGTs  
 
  At the LGS site, concentrations of brGDGTs have an average range of 79.96 ng/g with 

minimum and maximum values at 0.23 and 80.18 ng/g respectively (Table 1, 2). The non-

averaged range of values is 0.0094 to 466.52 ng/g. Overall, the average concentrations of all 

brGDGTs is 5.27 ng/g. We also observed no significant difference in brGDGT concentrations 

between loess and paleosols at the site. At LW, we observed an average range of 19.58 ng/g with 

average minimum and maximum vales at 0.22 and 19.80 ng/g, respectively (Table 3, 4).  The 

non-averaged values of brGDGTs range from 0.047 to 63.66 ng/g. Similar to the LGS site, the 

average concentrations of all brGDGTs is 4.18 ng/g. Also, as with LGS we observe no 

statistically significant difference in brGDGT concentrations between loess and paleosols and the 

site.     

 
Comparing mean MBT'5me values between loess and paleosol units  
 
 After verifying normality, we first applied a t-test to values associated with loess and 

paleosols at each site. The aim of this test was to examine if higher mean MBT'5me values are 

associated with paleosols and vice versa for loess (Table 5, 6). Currently, our tests show no 

significant difference in mean values associated with each stratigraphic unit. At LGS, our first t-

test produced a p-value of 0.222, and at LW our t-test produced a p-value of 0.827. Thus, we can 

say with confidence that we have observed no significant difference between mean values 

associated with buried soils and aeolian dust at both sites.    
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Correlations between MBT'5me values, magnetic susceptibility, and leaf wax data 
 
 We next attempted to statistically test if MBT'5me values show any correlation with 

magnetic susceptibility, which should reflect the degree, or intensity, of pedogenesis at the site 

(Maher and Possolo, 2013; Maher, 2016). Ideally, one would expect that higher MBT'5me values 

would positively correlate with higher magnetic susceptibility values since paleosol units should 

reflect warm, interglacial periods. However, at both sites we observed no significant relationship. 

At LW, we observe an R-value of 0.384 and a p-value of 0.225 (Fig. 4a). At LGS we observe an 

R-value of -0.033 and a p-value of 0.947 (Fig. 4b). In neither is there a significant correlation 

between MBT'5me  and χfd values. The next step was to test whether MBT'5me values correlated 

with leaf wax isotope data (δ13Cwax). The premise of this correlation is that higher MBT'5me 

values might correlate with more positive δ13Cwax values as the expansion of C4 biomass should 

reflect an intensified summer monsoon during warmer interglacial periods. We tested this 

relationship between both the C29 and C31 homologues. Similar to our first tests, we observed no 

significant relationship between MBT'5me values and leaf wax isotopes (Fig. 5a). At LGS, the 

correlation between MBT'5me and C29 δ13Cwax values produced an R-value of 0.1050 and a p-

value of 0.531 (Fig. 5b). Our C31 correlation produced an R-value of 0.217 and a p-value of 

0.412 (Fig. 5a). Similar to all other tests we apply, correlations at the LW site are always slightly 

stronger than at LGS.   

 
 
Differences in temperature variance   
 
 The major significant relationship we observed is the difference in temperature variance 

between the southern and northern QMR. At LGS, we observed a mean annual temperature value 
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of 15.7 °C with an overall range of 7.8 °C. These values are also in agreement with modern 

climatological data (Fig. 6). Our minimum temperature value is 12 °C and our maximum 

temperature value is 19.8 °C. The standard deviation of these values is relatively small with a 

value of 1.8. Overall, our data show that temperature regimes appear relatively stable throughout 

the Middle and Late Pleistocene. In contrast, in the northern QMR (LW site) we observed a 

much larger temperature range of 17.7 °C with values ranging from 3.10 to 20.8 °C. Our analysis 

shows that even though mean temperature values are relatively similar (13.6 °C), both the 

standard deviation (4.1) and overall range is much higher. When we applied an F-test, in which 

we compared variance between the LGS and LW sites, we observed a significant difference 

between the northern and southern QMR with a p-value of 0.0055. Thus, we were able to reject 

the null hypothesis and demonstrate that scales of temperature variability differ between LGS 

and LW, with the northern LW site showing greater temperature ranges.     

 
 
Discussion 
 
The relationship between loess, paleosols, and brGDGT data  
 
 The first major finding of our research is there is little or no significant relationship 

between stratigraphic unit and brGDGT data. It is widely understood that loess-paleosol 

sequences in central China reflect variations in glacial-interglacial cyclicity with paleosols 

representing warm and humid interglacial periods and loesses representing cool and arid glacial 

periods (An, 2014; An et al., 2014; Maher, 2016). Thus, one would expect that higher MBT'5me 

values and greater temperatures should correlate strongly with paleosol units. These results 

should also correlate with more positive δ13Cwax values as the expansion of C4 biomass should 
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reflect an increase in seasonal, summer precipitation and higher temperatures (intensified 

EASM). One might also expect that the concentrations of brGDGTs would increase in paleosol 

units, especially in the Qinling Mountains, since the production of these biomarkers is related to 

soil microbial growth and development. Since paleosol units at both sites are well-developed and 

thicker than the interstratified loess layers, one would expect a significant difference in overall 

concentrations. However, when we tested these hypotheses from several different angles we 

observed no major relationships.  

There is no statistical difference in concentrations in brGDGTs between paleosols and 

loess. In all stratigraphic units and at both sites Ia, Ib, IIa’ show the greatest concentrations, 

followed by IIa, IIb, IIb’ (Fig. 7). At both sites IIIb, IIIb’, IIIc, and IIc’ are nearly absent. IIc and 

IIc’ tend to exhibit very low concentrations (Fig. 7). One trend we observed is that the 

distribution of brGDGTs is almost identical at both sites. Since the southern QMR is heavily 

dominated by the EASM, warmer temperatures, and has a slightly lower elevation, one might 

expect that the distributions of brGDGTs might be different than those found in the northern 

QMR. 

The next test applied examined differences in MBT'5me values between loess and paleosol 

units. By separating values based on stratigraphic unit we originally hypothesized that higher 

temperatures should correlate with paleosol formation. However, at both LGS and LW there 

were no observable differences between buried soils and loess. There are several plausible 

explanations for this, including: (1) our field interpretations of the stratigraphy are incorrect or 

do not sufficiently map out subsoils and intercalated loess units (2) the RSME of the brGDGT 

proxy is too great to statistically bear out these differences, or (3) the formation of soils and 
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deposition of aeolian dust in the QMR are related to other, more complex, processes than glacial-

interglacial cyclicity.  

The most easily testable explanation is error related to field interpretations of stratigraphy 

at the sites. Since magnetic susceptibility is widely regarded as an excellent proxy for pedogenic 

intensity and precipitation amount in loess-paleosol sequences, we attempted to correlate 

MBT'5me with χfd values (Maher and Possolo, 2013; Maher, 2016). Similar to our other findings, 

MBT'5me and magnetic susceptibility values share a weakly positive statistical relationship at 

both sites. However, when comparing the two sites, we see that the northern QMR shows a much 

better correlation with approximately 40% of variability explained in this test. This stands in 

contrast to LGS where the relationship is negative and only approximately 3% of variability can 

be attributed to changes in temperature. This trend is particularly interesting since we observed a 

similar pattern in leaf wax data where δ13Cwax
 values showed a much stronger statistical 

relationship to χfd at LW than at LGS (Fox et al. in press). If there are other processes unique to 

the QMR, this may suggest that sites such as LW are more similar to CLP type sections (e.g., 

Luochuan) than those in the southern QMR.     

 The other major attempted correlation was a comparison between MBT'5me and δ13Cwax
 

values. As previously stated, the logic behind this test is that higher temperatures should 

correlate with more positive δ13Cwax
 values as increased EASM precipitation throughout 

interglacials should facilitate the expansion of C4 biomass in the region (Xie et al., 2003; Liu et 

al., 2005; Zhang et al., 2006; Dong et al., 2018). Similar to our comparison with magnetic 

susceptibility, we observed a weak relationship between the two variables. At both LGS and LW, 

the C31 homologue shows a much stronger correlation than that of C29. Using C31, we observed 
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that approximately 22% of variance can be explained in this test. From a paleoclimatological 

perspective, this may suggest that the expansion of C4 biomass in the QMR is not simply related 

to temperature increases and interglacial variability. There may be other, more complex 

compounding factors such as changes in precipitation source, community competition, soil 

formation processes, and ecosystem variability throughout the Middle and Late Pleistocene.   

           
Temperature and δ13Cwax variability in the northern and southern QMR 
 
 Although many initial tests failed to show strong statistical relationships between 

pedostratigraphic unit and brGDGT data, one major trend observed is temperature variance 

between the southern and northern QMR. Furthermore, these patterns in temperature follow 

observed trends in leaf wax data quite closely (Fig. 8). More specifically, in both brGDGT and 

δ13Cwax
 data, we see that the northern QMR is much more variable with temperatures ranging 

from 3.1 to 20.8 °C, and δ13Cwax values exhibiting a ~4‰ range. This contrasts with the southern 

QMR where temperature only has a range of 7 °C and leaf wax isotopes only have a range of 

1.5‰. In both cases, our tests demonstrate that there is a statically significant difference in 

variance between LGS and LW.  

In the southern QMR (LGS), both temperature patterns and the ratio of C3:C4 remained 

relatively consistent throughout the Middle and Late Pleistocene (0.6 – 0.07 Ma) (Fig. 8). These 

temperature and vegetation patterns suggest that the Hanzhong Basin remained under the 

influence of a relatively strong EASM throughout the entire period. That is, south of the central 

QMR, consistent monsoonal regimes appear to be the dominating force throughout both glacial 

and interglacial periods. Vegetation regimes are largely dominated by C3 plants, with the fraction 

of C4 (ƒC4) varying from 8-18% and a mean value of approximately 13% (Fox et al. in press). 
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With an average temperature of 15.7° C and 85-90% C3 vegetation, Hanzhong appears to be a 

basin dominated by stable, warm temperature regimes and large amounts of C3 forest vegetation 

that would have been extremely hospitable to hominins occupying the region.    

This contrasts with the northern QMR (LW) where both temperature and vegetation 

variability is much higher. Although the average temperature value is similar to the southern 

QMR at 13.6 °C, the overall range is almost 20° C with minimum temperature values at 3° C. 

This pattern of heightened variability is also reflected in C3-C4 ratios where the range of ƒC4 is 

roughly 30%. Our leaf wax data demonstrates that, unlike the southern QMR, sites like LW in 

the northern QMR experienced a sustained fluctuation between stable C3 environments and C3-

C4 mosaic environments (Fox et al. 2020). These patterns suggest that throughout some periods 

in the Middle and Late Pleistocene, the EASM either (a) weakened sufficiently to remain south 

of the central QMR, or (b) the EAWM became the dominant climatological force in the basin.  

 
 
Hominins and paleoclimates in the QMR  
 
 Our results suggest that a few fundamental differences in both the temperature and 

vegetation regimes are associated with hominin occupations in the northern versus southern 

QMR.  In the southern QMR, hominins occupying the region would have experienced temperate 

and stable temperature regimes with landscapes largely dominated by C3 vegetation. These 

patterns suggest that in the Hanzhong Basin, lower EASM variability would have facilitated the 

establishment of stable habitats. Although it is well known that fluctuations in either the intensity 

or precipitation source of the EASM varied greatly during the Pleistocene (An, 2014), these 

changes were not great enough to fundamentally reconfigure temperature and vegetation patterns 
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in the basin. Consequently, from the Middle to Late Pleistocene, the Hanzhong Basin might have 

been an ideal region for hominins to occupy and maintain expedient technologies. Our biomarker 

results seem to be in agreement with current archaeological models. More specifically, 

excavation at sites like LGS-1 have demonstrated that Paleolithic assemblages are dominated by 

extremely stable Mode I (Oldowan-like) industries over long periods of time throughout the 

Pleistocene (Sun et al., 2017b; Sun et al., 2018). Technological variability in the basin (i.e., 

presence of unique tool types and forms) is also lower in Hanzhong compared to Luonan. 

Perhaps long-term technological stability in the basin can be partially correlated with observed 

patterns in long-term temperature and vegetation stability. Over the past several decades there 

has been vigorous debate over the so-called “Movius Line” and the supposed absence of Mode 2 

(Acheulean-like) technological traditions in eastern Eurasia (Movius, 1948; Dennell, 2009). In 

fact, Mode 2 technologies were produced in different parts of East Asia throughout the Middle 

Pleistocene (Dennell, 2009). However, such technologies are not ubiquitous, and are absent from 

large areas of south and central China.  Our results suggest the lack of Mode II technology in 

regions such as Hanzhong may be related to long-term climatological stability. That is to say, 

once hominins successfully occupied Hanzhong there may have been no need to develop highly 

diverse toolkits since stable temperature regimes and continuing access to predictable C3 

resources and easily accessible local raw materials would have facilitated very stable patterns in 

expedient and reliable technologies.          

In the Luonan Basin, the picture appears quite different with identifiable periods of 

increased temperature and vegetation variability. Consequently, throughout the Pleistocene 

hominins occupying the basin would have experienced periods in which C3 habitats fractured 
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into mosaic landscapes with C4 vegetation reaching up to 30% and MAAT as low as 3° C. These 

results suggest that the northern QMR mirrors trends we observed in the CLP much more closely 

than the southern QMR with periods dominated by a weakened EASM or an intensified winter 

“monsoon.” This may be related to processes such as changes in circulation patterns or 

orographic effects controlled by the topographic complexity of the QMR. Similar to observations 

made at LGS, trends in our biomarker data appear to be in agreement with archaeological finds. 

Luonan is famous for the discovery of bifacial (Mode 2 or Acheulian-like) artifacts and higher 

levels of technological variability in comparison to Hanzhong (Dennell, 2009; Lu et al., 2011b). 

Thus, we argue that the presence of more diverse tool assemblages may be related to increased 

variability in temperature and vegetation regimes. Prehistoric human occupations at LGS appear 

to have been much more intense than at LW, with over 4,000 lithic artifacts excavated thus far. 

At LW, archaeological finds are scattered throughout the sequence and artifacts only number in 

the hundreds. This could be related to differences in site function (such as a short-term camp 

verses a stone tool manufacturing center), or excavations conducted at LGS were simply more 

intense. However, if future research rules these explanations out, perhaps prehistoric population 

levels in the Luonan Basin were smaller on average due to fluctuations in local habitats that were 

unfavorable to human ancestors occupying the region.          

     

Significance to paleoanthropological research 
 
 The research presented here is an important contribution to ongoing studies in the QMR 

for several reasons. This application of biomarker research to hominin sites is the first of its kind 

in the region. Although some of these interpretations may be considered preliminary or open to 
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debate, our organic geochemical analyses and results have demonstrated this approach will 

produce robust datasets and should be of significance to ongoing archaeological studies in the 

region. With intensive ongoing research being conducted by both the IVPP and Nanjing 

University, these results can be integrated with existing datasets including recent advancements 

in geochronology, sedimentology, stable isotopic geochemistry, and paleontology. Second, our 

application of quantitative paleoclimatology in the region provides valuable insight into the 

environmental circumstances of hominin occupations throughout the Middle and Late 

Pleistocene. Through the reconstruction of both temperature and vegetation regimes, we are able 

to gain a more wide-ranging insight into long-term technological trends and patterns in hominin 

behavioral paleoecology.    

 In total, the combination of both brGDGT and leaf wax data demonstrates that hominin 

occupations of the southern QMR are associated with stable temperature and vegetation regimes, 

which, in turn, are associated with access to abundant and predictable resources. These results 

help explain the maintenance of expedient Mode I technologies in the basin, as the development 

of formal toolkits was not necessary. This stands in contrast to the Luonan basin where 

temperature and vegetation regimes are significantly more variable, and sites are associated with 

higher levels of intra-assemblage variability. It is likely that interglacial-glacial cyclicity 

triggered the need for the development of flexible tools such as bifacial LCTs.   

     

 
Conclusion 
 
 This research had several goals including: (1) to test the viability of applying biomarker 

organic geochemistry to loess-paleosol sequences in the QMR, (2) to test if trends in brGDGT 
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data correlate with pedostratigraphic unit, (3) to test if there are significant differences in data 

variance between the southern and northern QMR, (4) to examine long-term trends in both 

temperature and vegetation variability in the QMR region, and (5) to see if  biomarker results 

yield insights into questions related to archaeological patterns and hominin occupations. Here, 

we argue that even if the presented interpretations are open to debate, we have successfully 

achieved all our major research goals.  

I. Viability of applying biomarker organic geochemistry to loess-paleosol sequences in the 

QMR. This study demonstrates that the application of biomarker research to sequences 

in the Qinling Mountains has the potential to make contributions to ongoing studies and 

should be further pursued. The only major caveat is that the concentration of organic 

matter in the region is relatively low and, thus, a minimum of 150g should be sampled in 

the field for analysis. 

 
II. Testing if trends in brGDGT data correlate with pedostratigraphic unit. Our results 

demonstrate that at both Longgangsi and Liuwan (Hanzhong and Luonan respectively) 

there is little to no significant relationship between brGDGT data and pedostratigraphic 

units. First, there is no statistical difference in brGDGT concentration between loess and 

paleosol units. Next, there is no statistical difference in mean values when we separate 

brGDGT data by pedostratigraphic unit. Finally, the best correlation we observed is 

when we compared MBT'5me with magnetic susceptibility (χfd) values, although, at best, 

the correlation between the two variables accounted for only approximately 39% of the 

relationship.  
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III. Differences in variance between the southern and northern QMR. We observed, in both 

brGDGT and n-alkane data, a statistically significant difference in variance when we 

compared LGS and LW. In the southern QMR (LGS), both temperature and vegetation 

regimes remained relatively consistent throughout the Middle and Late Pleistocene. At 

the site, temperatures only ranged by 7° C (12-19.8° C) and leaf wax isotopes only had a 

range of 1.5‰. This suggests that Hanzhong was dominated by stable, warm 

temperatures and C3 vegetation regimes. In the northern QMR (LW), both temperature 

and vegetation variability was much greater with a 20° C and 4‰ range. This suggests 

that throughout the Middle and Late Pleistocene, the area experienced significant 

fluctuations in both temperature and vegetation regimes. These results are also in 

agreement with modern climatological patterns and observations.  

 
IV. Long-term trends in temperature and vegetation variability in the QMR. As stated 

above, our major finding is that the southern QMR was dominated by stable regimes that 

differed significantly from the northern QMR (which was much more variable). These 

results also suggest that loess-paleosol sequences in Hanzhong may not mirror CLP type 

sections as closely as the northern QMR. These differences may reflect the relationship 

between changes in the EASM and the topographic complexity of the QMR.  

 
V. Biomarker results and questions related to archaeological patterns and hominin 

occupations. We argue that the trends we observed in our biomarker results are in 

agreement with current archaeological finds. In the Hanzhong Basin, Paleolithic cultures 

appear to have been dominated by a Mode I stone tool tradition during most of the 
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Pleistocene, suggesting technological stability was a key feature of the region. These 

trends in the archaeological record are closely mirrored in our biomarkers where both 

temperature and vegetation stability is the dominant pattern. In Luonan, the presence of 

bifacial tools and greater technological variability may be related to increased 

climatological variability in the basin. In contrast to Hanzhong, the record from the LW 

site suggests that heightened variability was a key feature throughout the Middle and 

Late Pleistocene.    
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Figures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1- Visualization of the three branched GDGT types. From Tierney et al. 2012. 
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Figure 2- SRTM Map (GeoMapApp) of the Qinling Mountains Region. The Hanzhong Basin, 
which is south of the central crest of the Qinling Mountains, is associated with predictable 
monsoons, abundant C3 resources and stable temperature regimes. The northern Luonan basin is 
significantly more variable with higher levels of C4 vegetation and fluctuating temperature 
regimes. Loess-paleosol sequences of the Qinling Mountains are also directly correlated to 
Chinese Loess Plateau type sites (such as Luochuan and Xifeng). Patterns of environmental 
stability appear to correlate with patterns observed in the archaeological record.    
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Figure 3- The Longgangsi-1 (left) and Liuwan (right) localities. To date, over 4,000 lithic 
artifacts have been recovered from LGS-1, which suggests this site was occupied for long 
periods of time and may have represented an intensely occupied area such as a quarry site. 
Liuwan has yet to be excavated, however, initial surveys and sampling of the site suggest 
occupations associated with this area where much less intense suggesting this area may have  
acted as a temporary logistical camp, perhaps during the maintenance of season rounds.  
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Figure 4- Liner correlations between brGDGTs, soil magnetic susceptibility data (Xfd). As seen 
in both plots there is little correlation between datasets suggesting that higher Mean Annual 
Temperatures do not precisely correlate with paleosols. This suggests that soil formation in the 
region is likely not simply related to the onset of interglacial conditions or that current RSME 
values of reconstructed temperatures (5.3°) is too high to produce robust results.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5- Liner correlations between brGDGTs and leaf wax isotope data. Similar to previous 
correlations, leaf wax and brGDGT do not track one another. This suggests that the expansion of 
C4 vegetation is not simply related to interglacial periods. 

b a 

a b 
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Figure 6- Modern temperature data from the QMR. Since there are no readily available data from 
Luonan, here we report data from the Lushi Basin (<100km east of Luonan). Similar to results 
observed in brGDGT data, the Hanzhong Basin is associated with higher MATs.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7- Bar plots of brGDGT concentrations at the Liuwan and Longgangsi sites. 
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Figure 8- Loess-paleosol stratigraphy in comparison to both reconstructed temperatures 
(MBT5me) and leaf wax isotopes (δ13Cwax). (a) northern Qinling Mountains, Liuwan site, (b) 
southern Qinling Mountains, Longgangsi site. As observed in both biomarker datasets, patterns 
in variance between the southern and northern QMR are significantly different. This comparison 
also serves as a check on brGDGT results, which are in good agreement with leaf wax isotope 
data. This suggests that the brGDGT paleothermometer works well in the region. 
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Tables 

 
Longgangsi-1 HPLC data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1- Raw HPLC data for Longgangsi-1 site, peak areas of both isoprenoidal and branched GDGTs. Blank cells are the 
result of concentrations that were too low for further analysis. 

Sample ID Mass (g) Standard (ng) '744' '1302' '1300' '1298' '1296' '1292' '1292' 1050-5' 1050-6' 1048-5' 1048-6' 1046-5' 1046-6' 1036-5' 1036-6' 1034-5' 1034-6' 1032-5' 1032-6' '1022' '1020' '1018'
LGSP2_260 48.022 500 4222562 22041 6731 7894 5031 38706 6978 23567 48161 4846 9869 4448 2060 208426 285221 176717 167966 88399 25508 754325 493645 151427
LGSP2_400 42.496 500 81128 231 10 133 6 3214 2468 1002
LGSP5_1180 44.483 500 4268554 4128 600 441 1524 200 5876 8531 4011 2671 34709 12179 4494
LGSP1_220 56.635 500 805406 6239 5338 4451 3309 21928 4215 16669 5632 883 1046 217 2739 38349 113690 86417 59265 45384 18758 425597 231716 34193
LGSP1_240 57.716 500 3160242 14126 8007 3366 2265 16424 2690 9411 22617 6450 9800 53645 46031 95787 80896 11588 10799 222428 123928 48640
LGSP2_80 95 500 2735764 9362 1053 3377 1872 8962 2665 15812 22467 5160 10640 4048 4555 82699 122550 70971 63489 20819 13608 177478 172155 91265
LGSP3_50 58.83 500 3061869 2119 1079 730 4 1415 223 6277 5288 1982 5732 3823 5393 1749 983 22382 8606 6870
LGSP3_170 64.805 500 3019511 2624 838 354 957 1166 178 7084 13582 7251 5215 32181 21192 10018
LGSP4_80 53.548 500 3049230 1783 388 363 187 777 197 1851 1412 7776 8719 5219 4979 1586 1295 39472 16788 7379
LGSP4_220 58.003 500 2464840 9187 4183 3247 1136 7605 1270 1794 2613 437 682 1239 1190 6746 12664 3356 2971 1106 1653 20466 9312 6815
LGSP5_40 49.236 500 3127349 4198 2044 886 1014 215 4476 5566 1399 1343 445 245 13852 6463 2534
LGSP2_130_HEX_ETA 64.075 50 229894 11238 4108 3946 2114 14489 2481 7879 13550 2614 5790 2975 1672 61515 103103 59806 63768 23719 9055 263106 169597 63706
LGSP2_140_HEX_ETA 57.629 50 221897 3865 1446 953 232 3346 437 6412 7468 4068 3606 936 420 26696 13796 6331
LGSP2_180_HEX_ETA 51.454 50 235047 4139 1937 1837 519 3441 379 2130 1931 644 993 8430 11557 8744 6954 2898 1427 33400 19301 10171
LGSP2_205_HEX_ETA 52.685 50 212711 5783 2722 2592 1206 8034 2703 2370 6010 907 2620 732 657 12659 37173 23199 28969 6440 4353 70103 61759 22579
LGSP2_220_HEX_ETA 47.166 50 268137 5784 2408 2095 1024 8293 2059 2704 9315 1680 4949 1189 1398 16642 46326 28307 30298 9025 5412 86159 58925 32635
LGSP2_240_HEX_ETA 48.118 50 224240 1985 812 661 115 2028 258 707 1264 4291 9152 4362 5277 1075 725 21465 11829 5491
LGSP3_20_HEX_ETA 70.922 50 362008 5557 1682 1511 359 6452 533 972 1267 4700 9563 5821 4872 1426 817 22983 12298 6429
LGSP3_30_HEX_ETA 61.707 50 358232 4004 1173 1011 284 3864 337 700 901 4655 8309 4473 4583 1340 697 22885 12704 6966
LGSP3_70_HEX_ETA 41.865 50 342934 2284 840 616 160 3038 107 290 539 2111 4247 2645 2012 412 253 11819 5509 2253
LGSP3_90_HEX_ETA 73.443 50 404498 2729 1147 700 2745 155 955 1329 4639 10147 4742 5070 1601 343 28343 15357 8378
LGSP3_110_HEX_ETA 53.658 50 394523 2763 957 490 108 2729 162 511 1348 6045 11711 5919 5614 29878 17062 7189
LGSP3_130_HEX_ETA 51.23 50 402333 2475 686 466 129 2369 269 871 971 6098 10614 5351 5109 1285 355 28693 14847 5088
LGSP3_150_HEX_ETA 49.353 50 413594 2891 886 554 289 2918 161 843 713 4650 9434 4774 4827 27293 15401 5645
LGSP3_190_HEX_ETA 41.535 50 395783 3077 1256 723 3241 130 511 651 3605 7650 3842 3900 19587 12859 6315
LGSP3_210_HEX_ETA 41.523 50 420176 4355 1100 883 193 3374 393 1031 1200 4811 8713 6010 5567 1111 788 23166 14430 7316
LGSP3_230_HEX_ETA 39.069 50 389088 3011 803 613 234 2679 269 522 1244 4692 10140 3785 4739 22797 12120 3435
LGSP4_10_HEX_ETA 74.394 50 288561 2921 1174 1071 419 4341 548 3355 4998 615 1166 210 294 19054 29233 16124 16699 3522 1427 78421 45511 17281
LGSP4_30_HEX_ETA 56.315 50 398065 5923 1217 921 271 3450 606 3029 3272 18965 24165 14818 11019 3428 1126 79886 44317 17536
LGSP4_60_HEX_ETA 102.245 50 445528 5993 1888 1659 689 6266 1236 4525 5492 30355 43805 19737 16205 4896 1852 139129 58815 25116
LGSP4_100_HEX_ETA 59.06 50 517129 3556 1151 1077 243 2970 649 2306 1959 670 496 180 281 13366 12606 9475 6500 2773 1231 47408 20403 9702
LGSP4_120_HEX_ETA 54.243 50 635765 3443 1654 1050 354 2613 570 2150 2414 8664 13705 10476 5311 3521 1477 34424 18803 12044
LGSP4_160_HEX_ETA 71.721 50 1228367 7101 3230 2337 523 3000 725 1946 2317 9123 14201 9212 7880 2125 1157 33290 20493 9413
LGSP4_180_HEX_ETA 55.85 50 488562 4769 1459 718 341 2307 448 1365 1837 6800 10059 8039 4864 1370 486 21277 12124 4137
LGSP4_200_HEX_ETA 53.209 50 482613 4347 2014 1398 277 2227 287 1153 1382 4960 9502 5832 5213 16831 9784 2971
LGSP4_200_HEX_ETA 53.209 50 436875 4083 1456 1075 384 2422 278 1073 1206 4295 7972 4765 4491 14484 8816 2490
LGSP4_240_HEX_ETA 62.47 50 400653 5839 2723 1778 231 1855 216 1340 1535 8423 9419 5106 4411 1264 890 26939 11862 3893
LGSP5_20_HEX_ETA 60.467 50 460759 6871 4280 3403 811 2515 360 761 541 6108 8741 4358 4064 22695 11424 3154
LGSP5_60_HEX_ETA 57.605 50 464274 3289 1010 844 452 3553 506 2068 3200 11848 18233 10493 6443 3817 1599 48856 24202 15331
LGSP5_80_HEX_ETA 58.069 50 423972 5508 2494 773 206 3234 310 1073 567 8476 9258 4570 4133 33058 14247 4844
LGSP5_130_HEX_ETA 73.953 50 457642 5723 1695 874 287 1546 177 1431 1590 14704 14688 6568 5588 1055 370 61050 24297 8517
LGSP5_170_HEX_ETA 44.907 50 470154 1904 587 338 128 2097 55 224 145 6150 4032 1455 1209 26986 7903 1536
LGSP5_200_HEX_ETA 53.063 50 484231 2063 536 390 1513 136 62 119 3572 4480 1505 1177 26778 8150 1687
LGSP5_220_HEX_ETA 47.226 50 451139 1959 685 385 1352 40 162 69 4053 3592 1495 1037 23872 6500 1608
LGSP5_240_HEX_ETA 51.965 50 439695 1203 305 234 1501 51 138 117 3580 4325 1585 1132 22711 7696 3229
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Longgangsi-1 HPLC data cont. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2- Calculated concentrations (ng/g) of both isoprenoidal and branched GDGTs at the Longgangsi-1 site. Zero values are 
the result of concentrations that are too low for further analysis. 

Sample ID Mass (g) Standard (ng) '1302' '1300' '1298' '1296' '1292' '1292' 1050-5' 1050-6' 1048-5' 1048-6' 1046-5' 1046-6' 1036-5' 1036-6' 1034-5' 1034-6' 1032-5' 1032-6' '1022' '1020' '1018'

LGSP2_260 48.022 500 5.434818 1.659714 1.946484 1.240532 9.544035 1.720619 5.811096 11.87543 1.194915 2.433475 1.096777 0.50795 51.3932 70.32913 43.57446 41.41666 21.79722 6.289703 185.9997 121.7218 37.33852
LGSP2_400 42.496 500 3.350142 0 0 0.145028 1.928869 0.087017 0 0 0 0 0 0 0 0 0 0 0 0 46.61193 35.79285 14.53178
LGSP5_1180 44.483 500 1.087013 0.157996 0.116127 0 0.40131 0.052665 0 0 0 0 0 0 1.547309 2.246441 1.056204 0.703346 0 0 9.139812 3.207058 1.183391
LGSP1_220 56.635 500 6.838884 5.851252 4.878966 3.627162 24.03639 4.620275 18.27173 6.17352 0.967901 1.146574 0.237865 3.002357 42.03628 124.6214 94.72605 64.96337 49.7477 20.56159 466.5184 253.9956 37.48068
LGSP1_240 57.716 500 3.872332 2.194943 0.922715 0.6209 4.502279 0.737404 2.579819 6.199954 1.768126 2.686455 0 0 14.7056 12.61839 26.2579 22.17586 3.176596 2.960309 60.97375 33.97214 13.33359
LGSP2_80 95 500 1.801094 0.20258 0.649679 0.360142 1.724141 0.512702 3.041968 4.32228 0.992699 2.04696 0.778768 0.876307 15.90992 23.5766 13.65365 12.21423 4.005232 2.617954 34.14383 33.11978 17.55788
LGSP3_50 58.83 500 0.588187 0.299506 0.202632 0.00111 0.392772 0.0619 0 0 1.742355 1.467831 0 0 0.550159 1.591075 1.061179 1.496976 0.485483 0.272859 6.212744 2.388834 1.906959
LGSP3_170 64.805 500 0.670484 0.214126 0.090454 0.244533 0.297936 0.045483 0 0 0 0 0 0 1.810104 3.470472 1.852775 1.332537 0 0 8.222889 5.41498 2.559799
LGSP4_80 53.548 500 0.545994 0.118814 0.111159 0.057264 0.237935 0.060326 0.566817 0.432386 0 0 0 0 2.381183 2.669951 1.598173 1.52468 0.485668 0.396558 12.0872 5.140857 2.259613
LGSP4_220 58.003 500 3.212954 1.462914 1.135568 0.397291 2.659684 0.444155 0.627413 0.91384 0.152831 0.238515 0.433313 0.416177 2.359267 4.42896 1.173688 1.039043 0.3868 0.578101 7.15754 3.25667 2.383399
LGSP5_40 49.236 500 1.36318 0.663731 0.287703 0 0.329267 0.069815 0 0 0 0 0 0 1.453453 1.807399 0.454285 0.436101 0.144501 0.079557 4.498041 2.098674 0.822844
LGSP2_130_HEX_ETA 64.075 50 3.814545 1.39439 1.339402 0.717561 4.918041 0.842133 2.674391 4.599314 0.887277 1.965316 1.009812 0.567532 20.88021 34.99654 20.30012 21.64495 8.051006 3.073564 89.3068 57.56678 21.6239
LGSP2_140_HEX_ETA 57.629 50 1.511218 0.565387 0.372624 0.090712 1.308288 0.170867 0 0 0 0 0 0 2.507096 2.919993 1.590591 1.409948 0.365977 0.16422 10.43815 5.394245 2.475425
LGSP2_180_HEX_ETA 51.454 50 1.711164 0.800803 0.759461 0.214567 1.422594 0.156688 0.880594 0.798323 0.266245 0.41053 0 0 3.485168 4.777946 3.614983 2.874954 1.198104 0.589957 13.80838 7.979505 4.20494
LGSP2_205_HEX_ETA 52.685 50 2.580158 1.214454 1.156453 0.538072 3.58447 1.205977 1.057405 2.681437 0.404669 1.168946 0.326591 0.293129 5.647971 16.5852 10.35052 12.92488 2.873287 1.942145 31.27733 27.55455 10.0739
LGSP2_220_HEX_ETA 47.166 50 2.286717 0.952008 0.828263 0.404841 3.278656 0.81403 1.069032 3.682706 0.664192 1.956598 0.470074 0.552702 6.579452 18.31509 11.19124 11.97838 3.568054 2.139646 34.06315 23.29613 12.90232
LGSP2_240_HEX_ETA 48.118 50 0.919835 0.376275 0.306303 0.05329 0.939761 0.119555 0.327619 0.585729 0 0 0 0 1.988419 4.240972 2.02132 2.445324 0.498147 0.33596 9.946728 5.481474 2.54449
LGSP3_20_HEX_ETA 70.922 50 1.082209 0.327565 0.294263 0.069914 1.256508 0.1038 0.189294 0.246744 0 0 0 0 0.915311 1.862366 1.133623 0.948808 0.277709 0.159108 4.475871 2.394999 1.252029
LGSP3_30_HEX_ETA 61.707 50 0.90566 0.26532 0.228677 0.064238 0.873994 0.076226 0.158332 0.203796 0 0 0 0 1.052909 1.879403 1.011743 1.036624 0.303093 0.157654 5.176332 2.873503 1.575632
LGSP3_70_HEX_ETA 41.865 50 0.795435 0.292542 0.214531 0.055722 1.058025 0.037264 0.100997 0.187714 0 0 0 0 0.735185 1.479076 0.921158 0.700707 0.143485 0.088111 4.11613 1.918585 0.784638
LGSP3_90_HEX_ETA 73.443 50 0.459311 0.193049 0.117815 0 0.462004 0.026088 0.160734 0.223681 0 0 0 0 0.780778 1.707815 0.798114 0.853319 0.26946 0.057729 4.770337 2.584697 1.410079
LGSP3_110_HEX_ETA 53.658 50 0.652596 0.226035 0.115734 0.025509 0.644565 0.038263 0.120694 0.318385 0 0 0 0 1.427774 2.766032 1.398014 1.325976 0 0 7.056912 4.029889 1.697977
LGSP3_130_HEX_ETA 51.23 50 0.600392 0.166412 0.113044 0.031293 0.574679 0.065255 0.21129 0.235548 0 0 0 0 1.47927 2.574774 1.298061 1.239355 0.311719 0.086117 6.960428 3.601627 1.234261
LGSP3_150_HEX_ETA 49.353 50 0.708158 0.217028 0.135704 0.070791 0.714772 0.039437 0.206495 0.174651 0 0 0 0 1.13903 2.310884 1.169404 1.182387 0 0 6.685494 3.772516 1.382758
LGSP3_190_HEX_ETA 41.535 50 0.935893 0.382022 0.219906 0 0.985775 0.03954 0.155425 0.198007 0 0 0 0 1.096488 2.326806 1.168573 1.186215 0 0 5.957535 3.911162 1.920755
LGSP3_210_HEX_ETA 41.523 50 1.248068 0.315241 0.253053 0.05531 0.96693 0.112627 0.295467 0.343899 0 0 0 0 1.37875 2.496995 1.722362 1.595406 0.318393 0.225827 6.638976 4.135389 2.096639
LGSP3_230_HEX_ETA 39.069 50 0.990377 0.264123 0.201628 0.076967 0.881176 0.088479 0.171696 0.409176 0 0 0 0 1.543291 3.335246 1.244961 1.55875 0 0 7.498382 3.986507 1.129839
LGSP4_10_HEX_ETA 74.394 50 0.68034 0.27344 0.24945 0.097591 1.011077 0.127637 0.781424 1.164101 0.143242 0.271577 0.048912 0.068477 4.437932 6.808757 3.755496 3.889421 0.820321 0.332367 18.2653 10.60012 4.024976
LGSP4_30_HEX_ETA 56.315 50 1.321094 0.271445 0.205424 0.060445 0.769504 0.135165 0.675602 0.729802 0 0 0 0 4.230043 5.389875 3.305076 2.45773 0.764597 0.251148 17.81815 9.884672 3.911312
LGSP4_60_HEX_ETA 102.245 50 0.657805 0.207231 0.182096 0.075626 0.68777 0.135666 0.496674 0.602814 0 0 0 0 3.331832 4.808134 2.166377 1.778697 0.537396 0.20328 15.27111 6.455666 2.756788
LGSP4_100_HEX_ETA 59.06 50 0.582156 0.188431 0.176317 0.039782 0.486221 0.106248 0.377517 0.32071 0.109686 0.081201 0.029468 0.046003 2.18816 2.06374 1.551161 1.064121 0.45397 0.201528 7.761208 3.340194 1.588323
LGSP4_120_HEX_ETA 54.243 50 0.499191 0.239809 0.152237 0.051325 0.378852 0.082643 0.311722 0.349999 0 0 0 0 1.256169 1.98705 1.518886 0.770027 0.5105 0.214146 4.99104 2.726194 1.746226
LGSP4_160_HEX_ETA 71.721 50 0.403009 0.183315 0.132634 0.029682 0.170262 0.041147 0.110443 0.131499 0 0 0 0 0.517766 0.805962 0.522817 0.447221 0.120602 0.065664 1.889337 1.163057 0.534224
LGSP4_180_HEX_ETA 55.85 50 0.873885 0.267351 0.131568 0.062486 0.422741 0.082093 0.250127 0.336617 0 0 0 0 1.246052 1.84324 1.47309 0.891293 0.251043 0.089056 3.898859 2.221637 0.758076
LGSP4_200_HEX_ETA 53.209 50 0.8464 0.392144 0.272203 0.053934 0.433617 0.055881 0.224499 0.269088 0 0 0 0 0.965756 1.850124 1.135543 1.015018 0 0 3.277146 1.905032 0.57848
LGSP4_200_HEX_ETA 53.209 50 0.878228 0.313176 0.231226 0.082596 0.520957 0.059796 0.230796 0.259403 0 0 0 0 0.923827 1.714727 1.024922 0.965986 0 0 3.115417 1.896266 0.535583
LGSP4_240_HEX_ETA 62.47 50 1.166457 0.543973 0.355191 0.046147 0.370573 0.04315 0.267692 0.306647 0 0 0 0 1.682662 1.881633 1.020025 0.881185 0.252509 0.177795 5.381602 2.369671 0.777704
LGSP5_20_HEX_ETA 60.467 50 1.233098 0.768107 0.610717 0.145545 0.451352 0.064607 0.136572 0.09709 0 0 0 0 1.096167 1.568696 0.782105 0.729342 0 0 4.072939 2.050199 0.56603
LGSP5_60_HEX_ETA 57.605 50 0.614893 0.188824 0.157789 0.084503 0.664249 0.094599 0.386621 0.598254 0 0 0 0 2.215035 3.408738 1.961711 1.204547 0.713605 0.29894 9.133839 4.524668 2.866196
LGSP5_80_HEX_ETA 58.069 50 1.11862 0.506506 0.156989 0.041837 0.656793 0.062958 0.217916 0.115152 0 0 0 0 1.721391 1.880207 0.928121 0.839371 0 0 6.713748 2.893423 0.983768
LGSP5_130_HEX_ETA 73.953 50 0.845497 0.250414 0.129122 0.0424 0.228401 0.026149 0.211411 0.234901 0 0 0 0 2.17232 2.169956 0.970335 0.825553 0.155862 0.054663 9.019324 3.589558 1.258273
LGSP5_170_HEX_ETA 44.907 50 0.450903 0.139013 0.080045 0.030313 0.496609 0.013025 0.053047 0.034339 0 0 0 0 1.456434 0.954853 0.344571 0.286314 0 0 6.390787 1.871577 0.363753
LGSP5_200_HEX_ETA 53.063 50 0.401444 0.104301 0.075891 0 0.294418 0.026465 0.012065 0.023156 0 0 0 0 0.695084 0.871773 0.292861 0.229035 0 0 5.210792 1.585927 0.328277
LGSP5_220_HEX_ETA 47.226 50 0.459741 0.160757 0.090352 0 0.317289 0.009387 0.038018 0.016193 0 0 0 0 0.951163 0.842975 0.350849 0.243364 0 0 5.602312 1.525428 0.377368
LGSP5_240_HEX_ETA 51.965 50 0.263253 0.066743 0.051206 0 0.328464 0.01116 0.030199 0.025603 0 0 0 0 0.783413 0.946441 0.346846 0.247716 0 0 4.969856 1.684118 0.706603
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Liuwan HPLC data 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3- Raw HPLC data for Liuwan site, peak areas of both isoprenoidal and branched GDGTs. Blank cells are the result of 
concentrations that were too low for further analysis. Note- the number in the Sample ID column (SID) represents sample 
depth in cmbs. 

Sample ID Mass (g) Standard (ng) '744' '1302' '1300' '1298' '1296' '1292' '1292' 1050-5' 1050-6' 1048-5' 1048-6' 1046-5' 1046-6' 1036-5' 1036-6' 1034-5' 1034-6' 1032-5' 1032-6' '1022' '1020' '1018'
LWP1-10 111.267 500 237717 74292 36161 42913 16713 248317 17250 45581 43176 254254 156431 47041 50740 249 2574 628781 154416 9824
LWP1-30 101.004 500 382793 71553 21526 28371 13289 273325 38732 24562 59751 106583 218385 27900 94241 3421 5167 235053 134218 18547
LWP1-50 127.097 500 470917 76099 13871 27722 11507 144120 42079 30563 94353 94432 339263 80330 183222 8258 10091 284099 233978 40635
LWP1-70 104.936 500 250128 6508 3785 8371 3982 59396 14319 9755 52897 45914 186847 156195 6516 6820 211438 199136 38922
LWP1-90 97.244 500 506944 6081 2822 1627 2124 27289 2350 1825 10082 6622 33187 23678 1745 1290 39151 30317 6936
LWP1-110 109.619 500 492066 5972 2996 1675 2064 26735 2235 2449 10579 10009 38172 14809 25259 2420 1817 46368 35186 7429
LWP1-130 97.726 500 428602 2449 1039 329 690 6952 579 659 910 1715 4480 2307 1697 11574 4781 1469
LWP1-150 110.143 500 472948 5413 2932 2539 2274 23908 3301 3622 17011 17321 63222 22978 32314 3998 2380 90219 55833 11272
LWP1-170 94.778 150 1155130 174538 14003 8599 3230 20309 1816 17346 9508 1579 2027 28701 41688 25589 14373 8407 3948 134938 60159 26726
LWP1-190 102.185 150 1127812 297470 17556 9087 1249 12667 1557 26062 12949 9800 2795 3313 1959 28097 44443 28421 14997 5828 10737 118759 47357 19921
LWP1-210 104.557 150 607480 131028 12088 8334 2294 26872 3020 61450 30380 27351 8125 10910 6885 54968 89147 70471 35903 17651 6601 205389 100783 65274
LWP1-230 103.873 150 1546998 460533 27301 16218 3963 37572 3791 36183 17157 9412 6507 5460 4768 57956 105704 60530 33778 18803 8278 213823 81057 34796
LWP1-250 110.346 150 1536635 159808 15092 12412 4617 52091 4865 42913 45460 14807 8113 6405 6228 75432 138120 95506 18089 5302 153447 87607 53488
LWP1-270 103.07 150 2010762 125146 14001 8702 2257 21979 2203 48208 33049 17991 8893 7128 10879 57178 118416 72869 48504 19824 248269 136807 58220
LWP1-290 101.935 150 1859020 155485 12761 7700 1896 22279 2153 20642 34411 8145 8293 3691 3510 43273 118224 64371 65021 2614 27254 214868 127278 43632
LWP1-310 109.868 150 1584738 14394 5151 4588 1904 17742 2208 37110 25307 13228 5415 5242 5842 57488 77222 69931 34447 21566 8592 156015 89256 37802
LWP1-330 101.372 50 380094 14913 4380 4356 2341 21351 2590 25265 17051 10012 5033 3683 3192 40856 67084 42715 33448 14208 6463 174799 64500 26995
LWP1-360 120.05 50 191560 152120 33828 28059 14358 281138 13407 16330 52377 6584 15466 3534 3948 52022 189160 80601 177110 24102 15274 269455 235453 48023
LWP1-380 109.698 50 353318 13383 5026 4967 2172 30471 2367 10230 14078 2963 1503 1112 1988 46523 66315 25828 24974 7440 5016 221798 82855 31504
LWP1-350 116.301 50 223536 43102 7537 9722 9897 4140 482 15579 4838 3640 626 1269 653 57720 39487 18621 9080 7516 331008 77982 41500
LWP2-400 107.898 50 193146 5956 1207 1201 1250 4057 712 6267 4883 1317 597 511 316 26757 31968 12494 8493 3523 1357 115500 33606 15473
LWP2-420 116.81 50 160412 5413 1217 637 1083 5477 757 3823 6175 967 1214 169 119 17386 32338 12833 18138 4205 1390 75580 36939 8765
LWP2-440 127.915 50 162972 92111 8705 8837 7576 7064 615 15858 9334 1478 1748 367 416 50699 43770 20814 5113 4247 238340 59127 18036
LWP2-460 112.993 50 200493 11310 1935 2046 1502 11484 1427 6220 9007 2462 2154 217 161 18877 37627 16784 24327 5385 98354 47149 12070
LWP2-480 105.199 50 183658 5240 1180 931 649 4890 665 5113 5780 926 1814 230 95 16228 41172 11462 3303 4955 84273 28247 10057
LWP2-500 99.82 50 175609 6782 744 958 846 3119 194 16555 13690 4584 2406 1968 1964 30412 53469 29027 24140 8426 4308 106472 58017 25950
LWP2-520 126.754 50 168196 2897 966 805 967 4235 575 5553 5648 1030 671 96 185 14714 29893 15256 13422 4674 2450 54552 32051 16440
LWP2-540 118.148 50 175578 4912 1337 1312 974 5935 782 8873 8309 2253 1274 814 648 16649 31486 18773 16492 5605 2661 53869 36694 16910
LWP2-560 106.292 50 156394 4401 1126 771 329 9422 1139 9747 6535 2517 519 202 71 19158 28232 19251 21774 20056 11507 175110 116555 62615
LWP2-580 104.36 50 4318239 4339 1030 1197 423 3158 284 9627 7611 2841 1364 568 1329 21229 34131 26066 18938 6288 5430 100990 60050 24885
LWP2-600 117.409 50 509420 16988 3097 4449 16480 7078 877 32128 16239 3964 5623 1543 4967 33063 55033 72269 78005 20648 18761 287093 114441 54217
LWP3-640 118.698 50 152073 2549 591 789 1858 2722 474 5807 6092 1914 345 922 742 14499 27892 14464 9137 6368 3154 70957 24235 11808
LWP3-660 113.63 50 177398 3804 1258 745 1150 5195 1033 7807 7326 1438 2060 393 493 18052 35412 19587 17376 5182 5778 103793 68363 42195
LWP3-680 108.596 50 427810 3398 752 433 275 2172 112 28159 7591 3958 727 1258 4827 26326 59244 54673 26871 13755 22780 363157 279962 174735
LWP3-700 104.703 50 416013 3077 1663 403 1215 3006 280 3243 2583 10238 12967 6680 3754 2118 1211 35316 15973 9230
LWP3-715 111.551 50 191417 2370 525 389 278 2181 221 11242 5818 2717 75 83 200 15879 24185 11641 4693 12093 182197 69093 34070
LWP3-725 106.165 50 162141 1221 370 196 104 1003 32 6113 2088 1928 271 375 145 8090 9686 7309 2557 2878 899 32877 13932 7783
LWP3-740 108.633 50 186679 3742 1504 1076 301 1469 253 12086 5848 4799 1012 1763 830 13137 19971 17484 8227 9915 46580 34843 19990
LWP3-760 106.895 50 422583 3445 1676 476 557 2580 913 9050 6981 2706 438 712 921 13925 27003 14040 5945 6422 2438 46440 21407 13652
LWP3-780 106.611 50 433047 3133 1380 838 204 1798 106 8136 9541 3510 3113 2541 4146 19738 32022 9320 3561 3682 1650 26910 18235 12011
LWP3-800 98.336 50 487915 2800 697 552 284 1640 106 2742 4858 624 807 157 1525 6147 12829 5787 3809 1656 2052 26832 18385 11815
LWP3-820 103.928 50 483567 3125 483 373 267 2200 43 14455 51012 6006 3930 1583 2277 8890 24952 7751 6117 1803 3407 33460 37672 20477
LWP4-735 106.616 50 438042 1803 398 1156 414 3550 92 10932 3495 1528 519 595 1096 15612 19242 11003 4331 4144 1599 75871 28200 12633
LWP4-755 102.483 50 220709 4639 626 537 280 3039 582 8910 10592 3789 2490 1461 3245 16016 24973 14594 9415 5680 5629 57488 21687 4830
LWP4-775 105.009 50 430762 2520 772 380 543 2223 303 15764 7442 6750 1710 2245 2529 14869 18116 18625 8367 8621 4968 38462 27017 27898
LWP4-790 117 50 170273 6051 1779 1938 856 9563 796 27342 15369 11148 4168 4538 3947 26136 40022 32968 14317 12651 7717 65862 27829 14092
LWP4-810 120.572 50 173083 3936 1603 999 731 5392 445 21055 11480 8086 2936 2911 3817 21762 23884 21808 11347 8329 6823 62109 24470 14183
LWP4-820 116.039 50 184340 5024 1600 1038 679 5447 359 9982 8699 3455 2060 1313 2222 18804 22389 32513 22836 13750 11332 148903 48191 25048
LWP4-840 120.007 50 131404 2293 698 421 307 3949 153 44842 22392 20782 5095 7383 5093 39698 40340 45789 18631 20380 10297 108003 31095 18703
LWP4-850 117.241 50 179100 4174 1295 740 400 4598 252 30515 11977 13782 3382 4877 1856 24611 21838 28221 12671 3968 59010 18090 9027
LWP4-870 46.244 500 4687260 2665 779 519 148 2970 169 67982 22885 32804 5499 10525 2882 41844 42363 60985 34680 97833 29000 17889
LWP4-885 126.231 50 155046 957 102 100 98 1203 279 26976 9551 11916 3386 4610 3487 17811 15395 21458 8480 11426 5924 58792 17448 9428
LWP4-900 114.71 50 179180 2791 1173 443 583 3042 253 18018 9228 9502 2153 2835 3758 17352 18597 20660 9536 5729 65892 16863 8423
LWP4-920 128.9 50 78357 1129 521 269 348 1136 64 4761 1803 2010 608 538 581 3275 3961 5759 2204 2401 651 9276 3004 1645
LWP4-940 42.85 500 4365378 1749 259 190 73 9069 2027 3695 244 967 221 4027 2743 9220 4081 365 8989 3064 1297
LWP4-970 111.793 50 197059 2657 1017 709 657 4323 435 6336 4224 2797 791 816 801 9711 12091 8212 4614 2808 190 24904 7947 2992
LWP4-990 118.308 50 200322 1574 494 407 427 2129 516 5767 4212 2518 2342 2756 2215 16534 23256 16294 9926 7063 46980 7559 1766
LWP4-1010 114.613 50 188744 9870 4462 6211 2286 23463 2316 7655 7387 1957 1167 584 807 18463 28799 9333 10955 1988 1348 60915 19072 4541
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Liuwan HPLC data cont. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4- Calculated concentrations (ng/g) of both isoprenoidal and branched GDGTs at the Liuwan site. Zero values are the 
result of concentrations that were too low for further analysis. Note- the number in the Sample ID (SID) column represents 
sample depth in cmbs.

Sample ID Mass (g) Standard (ng) '1302' '1300' '1298' '1296' '1292' '1292' 1050-5' 1050-6' 1048-5' 1048-6' 1046-5' 1046-6' 1036-5' 1036-6' 1034-5' 1034-6' 1032-5' 1032-6' '1022' '1020' '1018'
LWP1-10 111.267 500 140.4383 68.35713 81.12081 31.5935 469.4073 32.60862 86.16427 81.61797 0 0 0 0 480.6303 295.7101 88.92419 95.91662 0.470698 4.865774 1188.619 291.9011 18.57085
LWP1-30 101.004 500 92.53271 27.83754 36.68952 17.1854 353.4653 50.08842 31.76371 77.2703 0 0 0 0 137.8337 282.4166 36.08043 121.873 4.424055 6.681991 303.9718 173.5714 23.98508
LWP1-50 127.097 500 63.5725 11.58772 23.15874 9.612856 120.3967 35.15246 25.53209 78.82175 0 0 0 0 78.88774 283.4176 67.10704 153.0622 6.898668 8.429941 237.334 195.4634 33.94616
LWP1-70 104.936 500 12.3974 7.210229 15.94632 7.585504 113.1463 27.27695 18.58277 100.766 0 0 0 0 87.4638 355.9339 0 297.5434 12.41264 12.99175 402.7785 379.3438 74.1444
LWP1-90 97.244 500 6.167685 2.862228 1.650193 2.154278 27.67801 2.383499 1.851016 10.22572 0 0 0 0 6.716397 33.66008 0 24.01553 1.769875 1.308389 39.7091 30.74917 7.034873
LWP1-110 109.619 500 5.535803 2.777171 1.552657 1.913245 24.78227 2.071755 2.270124 9.806306 0 0 0 0 9.277939 35.3839 13.72734 23.41407 2.243242 1.684286 42.98126 32.616 6.886383
LWP1-130 97.726 500 2.923442 1.240284 0.392737 0.823673 8.298803 0.691169 0.786667 1.086293 0 0 0 0 2.047245 5.347905 2.753932 2.025758 0 0 13.81622 5.707218 1.753588
LWP1-150 110.143 500 5.195624 2.814256 2.437039 2.182681 22.9479 3.168438 3.476547 16.32787 0 0 0 0 16.62542 60.68313 22.05525 31.01633 3.837448 2.284424 86.59598 53.59085 10.81934
LWP1-170 94.778 150 23.91348 1.918554 1.178151 0.442543 2.78254 0.24881 2.376579 1.302693 0 0 0.216339 0.27772 3.932329 5.711681 3.505954 1.969247 1.151845 0.540916 18.48788 8.242396 3.661734
LWP1-190 102.185 150 38.71779 2.285036 1.182736 0.162566 1.648698 0.202654 3.392151 1.685402 1.275538 0.363789 0.43121 0.254977 3.65702 5.784566 3.699191 1.951964 0.758555 1.397495 15.45731 6.163843 2.592857
LWP1-210 104.557 150 30.94356 2.854701 1.968157 0.541751 6.346089 0.713203 14.51203 7.174538 6.459209 1.918799 2.576505 1.625961 12.98124 21.05295 16.64242 8.478849 4.168458 1.558892 48.50465 23.8009 15.4151
LWP1-230 103.873 150 42.98922 2.548457 1.513896 0.369933 3.507221 0.353877 3.377563 1.601549 0.878579 0.607407 0.509673 0.445077 5.41 9.867116 5.650274 3.153064 1.755197 0.772724 19.95967 7.566401 3.248091
LWP1-250 110.346 150 14.13717 1.335091 1.098009 0.408436 4.60815 0.430375 3.796233 4.021549 1.309879 0.717704 0.566608 0.55095 6.672976 12.21857 8.448792 0 1.600216 0.469033 13.57445 7.750019 4.731734
LWP1-270 103.07 150 9.057645 1.013345 0.629821 0.163354 1.590766 0.159446 3.489132 2.391975 1.302128 0.643645 0.515901 0.787385 4.138351 8.57055 5.274012 3.510556 1.434794 0 17.96887 9.901629 4.213767
LWP1-290 101.935 150 12.30757 1.01011 0.609501 0.15008 1.763517 0.170423 1.633938 2.723837 0.644726 0.656441 0.292165 0.277838 3.425318 9.35814 5.095351 5.146803 0.206914 2.157318 17.00809 10.07482 3.453735
LWP1-310 109.868 150 1.240064 0.443766 0.395263 0.164032 1.528499 0.190222 3.19708 2.180235 1.139611 0.46651 0.451606 0.503297 4.952674 6.652787 6.024657 2.967659 1.857942 0.740213 13.44092 7.689533 3.256697
LWP1-330 101.372 50 1.935201 0.568375 0.565261 0.303782 2.770634 0.336094 3.278538 2.21264 1.299217 0.653112 0.477928 0.414213 5.30172 8.705223 5.542955 4.340414 1.843716 0.838678 22.68297 8.369908 3.503034
LWP1-360 120.05 50 33.0742 7.354943 6.100637 3.121742 61.12552 2.914974 3.550497 11.3879 1.431505 3.362645 0.768369 0.858381 11.31071 41.1275 17.52441 38.50757 5.240299 3.3209 58.58538 51.19261 10.44125
LWP1-380 109.698 50 1.72647 0.648378 0.640766 0.280198 3.930902 0.305354 1.319718 1.816128 0.382241 0.193894 0.143453 0.256461 6.001686 8.554947 3.331933 3.221763 0.959795 0.647088 28.61298 10.68868 4.064164
LWP1-350 116.301 50 8.289656 1.449565 1.869798 1.903455 0.796232 0.092701 2.996254 0.930476 0.700068 0.120396 0.244062 0.125589 11.10108 7.594396 3.581311 1.746324 1.445526 0 63.6616 14.998 7.981549
LWP2-400 107.898 50 1.428978 0.289586 0.288147 0.299903 0.973365 0.170825 1.503594 1.171541 0.315978 0.143234 0.1226 0.075815 6.419605 7.669841 2.997591 2.037661 0.845247 0.325575 27.71104 8.062834 3.71232
LWP2-420 116.81 50 1.444412 0.324746 0.169978 0.288989 1.46149 0.201999 1.020134 1.647745 0.258036 0.323945 0.045096 0.031754 4.639304 8.629116 3.424375 4.839968 1.122068 0.370909 20.16787 9.856853 2.338864
LWP2-440 127.915 50 22.09261 2.087874 2.119534 1.817086 1.694284 0.147506 3.803505 2.238738 0.354495 0.419254 0.088024 0.099777 12.16004 10.49813 4.99219 1.226341 1.018633 0 57.1653 14.18147 4.325893
LWP2-460 112.993 50 2.496214 0.427071 0.45157 0.331504 2.534618 0.314951 1.372807 1.987922 0.543385 0.475406 0.047894 0.035534 4.166316 8.304602 3.704373 5.369178 1.188516 0 21.70757 10.40619 2.663953
LWP2-480 105.199 50 1.356063 0.305373 0.240934 0.167955 1.265486 0.172096 1.323196 1.49581 0.23964 0.469446 0.059522 0.024585 4.199654 10.65493 2.966258 0.854785 1.282308 0 21.80906 7.310059 2.602657
LWP2-500 99.82 50 1.934476 0.212216 0.273257 0.24131 0.889654 0.055336 4.722096 3.904893 1.307526 0.68628 0.561346 0.560205 8.674624 15.25133 8.279571 6.885618 2.403406 1.2288 30.36974 16.54859 7.401897
LWP2-520 126.754 50 0.679424 0.226553 0.188794 0.226788 0.993221 0.134853 1.302328 1.324608 0.241563 0.157368 0.022515 0.043387 3.450829 7.010713 3.577942 3.14782 1.096179 0.574591 12.79391 7.516822 3.855622
LWP2-540 118.148 50 1.183946 0.322259 0.316233 0.234765 1.430521 0.188487 2.138671 2.002729 0.543044 0.307074 0.1962 0.156188 4.012931 7.589113 4.524882 3.975089 1.350981 0.641384 12.98412 8.844404 4.07584
LWP2-560 106.292 50 1.323734 0.338679 0.231902 0.098957 2.833952 0.342589 2.931705 1.965599 0.757064 0.156105 0.060758 0.021355 5.762348 8.491628 5.790321 6.549189 6.032449 3.461079 52.66963 35.05744 18.83336
LWP2-580 104.36 50 0.048141 0.011428 0.013281 0.004693 0.035038 0.003151 0.106812 0.084444 0.031521 0.015134 0.006302 0.014745 0.235537 0.378685 0.289204 0.210118 0.069766 0.060246 1.120489 0.666258 0.2761
LWP2-600 117.409 50 1.420152 0.258901 0.371925 1.377685 0.591702 0.073315 2.685816 1.357538 0.33138 0.470068 0.128991 0.415228 2.76398 4.600614 6.041498 6.521013 1.726119 1.56837 24.00022 9.566967 4.532399
LWP3-640 118.698 50 0.706064 0.163705 0.21855 0.51466 0.753985 0.131296 1.608519 1.687463 0.530172 0.095564 0.255391 0.205532 4.016174 7.72599 4.006479 2.530918 1.763915 0.873647 19.65485 6.713013 3.270776
LWP3-660 113.63 50 0.943558 0.312039 0.184793 0.28525 1.288587 0.256229 1.936478 1.817168 0.356687 0.51097 0.097481 0.122286 4.477686 8.783725 4.858433 4.310008 1.285363 1.433197 25.7452 16.95701 10.46621
LWP3-680 108.596 50 0.365703 0.080933 0.046601 0.029596 0.233757 0.012054 3.030557 0.816966 0.425972 0.078242 0.13539 0.519496 2.833284 6.376019 5.884074 2.891939 1.480355 2.451653 39.08406 30.13036 18.80551
LWP3-700 104.703 50 0.353209 0.190896 0.04626 0.13947 0.345059 0.032141 0.372264 0.296503 0 0 0 0 1.17522 1.488482 0.766797 0.430922 0.243125 0.139011 4.053923 1.83354 1.059512
LWP3-715 111.551 50 0.554963 0.122935 0.091089 0.065097 0.510707 0.05175 2.632447 1.362353 0.636218 0.017562 0.019435 0.046832 3.718255 5.663203 2.725877 1.098921 2.831719 0 42.66358 16.17894 7.977892
LWP3-725 106.165 50 0.354659 0.107473 0.056931 0.030208 0.291338 0.009295 1.775621 0.606494 0.560019 0.078716 0.108925 0.042118 2.349873 2.813457 2.123018 0.742722 0.835962 0.261129 9.549661 4.046777 2.260699
LWP3-740 108.633 50 0.922607 0.370818 0.265293 0.074213 0.362188 0.062378 2.979857 1.44185 1.183215 0.249513 0.434675 0.20464 3.238985 4.923938 4.310757 2.028403 2.444587 0 11.4845 8.590695 4.928623
LWP3-760 106.895 50 0.38132 0.185513 0.052687 0.061653 0.285575 0.101058 1.001727 0.772713 0.299522 0.048481 0.07881 0.101944 1.541331 2.988908 1.55406 0.65804 0.710838 0.269857 5.140351 2.369498 1.511113
LWP3-780 106.611 50 0.339307 0.149456 0.090756 0.022093 0.194725 0.01148 0.881138 1.033301 0.380137 0.337141 0.275193 0.449016 2.137648 3.468019 1.009366 0.38566 0.398765 0.178697 2.914383 1.974871 1.300805
LWP3-800 98.336 50 0.291791 0.072635 0.057524 0.029596 0.170906 0.011046 0.285746 0.506257 0.065028 0.084098 0.016361 0.158922 0.640585 1.336922 0.603069 0.396939 0.172573 0.213841 2.796188 1.915918 1.231252
LWP3-820 103.928 50 0.310907 0.048054 0.03711 0.026564 0.218879 0.004278 1.438132 5.0752 0.597539 0.390997 0.157493 0.226539 0.884469 2.482482 0.771149 0.608582 0.179381 0.338963 3.328946 3.747999 2.037263
LWP4-735 106.616 50 0.193031 0.04261 0.123763 0.044323 0.380067 0.00985 1.170392 0.374179 0.163589 0.055565 0.063701 0.117339 1.671439 2.06007 1.177994 0.463682 0.443661 0.171191 8.122836 3.019124 1.352503
LWP4-755 102.483 50 1.025469 0.13838 0.118706 0.061895 0.671783 0.128653 1.96959 2.341403 0.837573 0.550424 0.32296 0.71732 3.540399 5.520378 3.22606 2.081222 1.255586 1.244312 12.70795 4.793995 1.06769
LWP4-775 105.009 50 0.278552 0.085334 0.042004 0.060021 0.245723 0.033493 1.742499 0.822613 0.746122 0.189018 0.248155 0.279547 1.643569 2.002481 2.058744 0.92486 0.952936 0.549146 4.251459 2.986367 3.08375
LWP4-790 117 50 1.518677 0.446493 0.486398 0.214839 2.400118 0.19978 6.862283 3.857305 2.79792 1.046083 1.138945 0.990616 6.559602 10.0447 8.274294 3.593274 3.175142 1.936809 16.53002 6.98451 3.536804
LWP4-810 120.572 50 0.943027 0.384063 0.239351 0.17514 1.291871 0.106618 5.044573 2.750496 1.937327 0.703437 0.697447 0.914516 5.213963 5.722373 5.224984 2.71863 1.995547 1.634724 14.88071 5.862773 3.398108
LWP4-820 116.039 50 1.174346 0.373996 0.24263 0.158714 1.273221 0.083915 2.333265 2.033367 0.807597 0.481519 0.30691 0.519386 4.395383 5.233366 7.599823 5.337851 3.214024 2.648823 34.80566 11.26451 5.8549
LWP4-840 120.007 50 0.727041 0.221315 0.133486 0.09734 1.252109 0.048512 14.21804 7.099826 6.589344 1.61547 2.340926 1.614836 12.58704 12.79059 14.51831 5.907327 6.461882 3.264867 34.24449 9.859285 5.930156
LWP4-850 117.241 50 0.993911 0.308365 0.176208 0.095248 1.094873 0.060006 7.266216 2.851957 3.281763 0.80532 1.161309 0.44195 5.860358 5.200053 6.71997 0 3.017212 0.944858 14.05143 4.307581 2.149504
LWP4-870 46.244 500 0.614742 0.179694 0.119719 0.03414 0.685097 0.038984 15.68157 5.278937 7.566976 1.268467 2.427827 0.664798 9.652254 9.771973 14.06755 0 7.999718 0 22.56737 6.689499 4.126498
LWP4-885 126.231 50 0.244487 0.026058 0.025547 0.025036 0.307333 0.071277 6.891614 2.440014 3.044205 0.865028 1.177726 0.890831 4.550213 3.932992 5.48192 2.166403 2.919024 1.513417 15.01971 4.457477 2.408591
LWP4-900 114.71 50 0.678952 0.28535 0.107766 0.141823 0.740011 0.061546 4.383144 2.244847 2.311502 0.523749 0.689656 0.914189 4.22113 4.523995 5.02585 0 2.319773 1.393664 16.0292 4.102174 2.049019
LWP4-920 128.9 50 0.558899 0.257915 0.133165 0.172274 0.562364 0.031682 2.35688 0.892555 0.995028 0.300984 0.266331 0.287618 1.621252 1.960849 2.850929 1.091066 1.188588 0.32227 4.59198 1.487097 0.814339
LWP4-940 42.85 500 0.467506 0.06923 0.050787 0.019513 0 0 2.424135 0.541815 0.98767 0.065221 0.258478 0.059073 1.076413 0.733201 2.464497 0 1.090847 0.097564 2.402751 0.819004 0.346687
LWP4-970 111.793 50 0.603046 0.230824 0.160918 0.149116 0.98117 0.09873 1.438051 0.958701 0.634821 0.179529 0.185204 0.181799 2.204058 2.744235 1.863838 1.047217 0.637318 0.043123 5.652339 1.803692 0.67908
LWP4-990 118.308 50 0.332072 0.104221 0.085866 0.090086 0.449162 0.108862 1.216682 0.888619 0.53123 0.494099 0.581442 0.467306 3.488231 4.906392 3.437597 2.09412 1.490104 0 9.91152 1.594746 0.372579
LWP4-1010 114.613 50 2.281288 1.031318 1.43557 0.528371 5.423086 0.535305 1.769327 1.707383 0.452328 0.269733 0.134982 0.186525 4.267419 6.656415 2.157169 2.532068 0.459493 0.311568 14.0795 4.408179 1.049577
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Table 5- Calculated MBT5me values and reconstructed temperatures (°C) at Longgangsi-1. 
 
 
 

SID Depth (cmbs) MBT5e Temp (C)
LGSP1_220 200 0.786 16.211
LGSP1_240 240 0.691 12.385
LGSP2_80 330 0.688 12.295
LGSP2_130_HEX_ETA 380 0.758 15.076
LGSP2_140_HEX_ETA 390 0.804 16.917
LGSP2_180_HEX_ETA 430 0.733 14.096
LGSP2_205_HEX_ETA 455 0.769 15.531
LGSP2_220_HEX_ETA 470 0.749 14.719
LGSP2_240_HEX_ETA 490 0.788 16.278
LGSP2_260 510 0.734 14.129
LGSP3_20_HEX_ETA 520 0.764 15.298
LGSP3_30_HEX_ETA 530 0.792 16.443
LGSP3_50 550 0.732 14.054
LGSP3_70_HEX_ETA 570 0.782 16.039
LGSP3_90_HEX_ETA 590 0.814 17.299
LGSP3_110_HEX_ETA 610 0.813 17.266
LGSP3_130_HEX_ETA 630 0.781 16.013
LGSP3_150_HEX_ETA 650 0.825 17.751
LGSP3_170 670 0.816 17.381
LGSP3_190_HEX_ETA 690 0.830 17.945
LGSP3_210_HEX_ETA 710 0.776 15.798
LGSP3_230_HEX_ETA 730 0.810 17.156
LGSP4_10_HEX_ETA 760 0.767 15.441
LGSP4_30_HEX_ETA 780 0.779 15.913
LGSP4_60_HEX_ETA 810 0.789 16.333
LGSP4_80 830 0.795 16.549
LGSP4_100_HEX_ETA 850 0.729 13.930
LGSP4_120_HEX_ETA 870 0.725 13.740
LGSP4_160_HEX_ETA 910 0.738 14.288
LGSP4_220 920 0.714 13.306
LGSP4_180_HEX_ETA 930 0.681 12.002
LGSP4_200_HEX_ETA 950 0.718 13.474
LGSP4_240_HEX_ETA 990 0.726 13.787
LGSP5_20_HEX_ETA 1020 0.769 15.498
LGSP5_60_HEX_ETA 1060 0.758 15.076
LGSP5_80_HEX_ETA 1080 0.787 16.236
LGSP5_130_HEX_ETA 1130 0.798 16.679
LGSP5_40 1140 0.783 16.091
LGSP5_170_HEX_ETA 1170 0.823 17.682
LGSP5_1180 1180 0.839 18.304
LGSP5_200_HEX_ETA 1200 0.877 19.836
LGSP5_220_HEX_ETA 1220 0.849 18.699
LGSP5_240_HEX_ETA 1240 0.864 19.311
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Table 6- Calculated MBT5me values and reconstructed temperatures (°C) at Liuwan. 
 
 
 

SID Depth (cmbs) MBT5e Temp (C)
LWP1-10 10 0.696 12.585
LWP1-30 30 0.709 13.124
LWP1-50 50 0.731 14.008
LWP1-70 70 0.890 20.351
LWP1-90 90 0.900 20.777
LWP1-110 110 0.765 15.375
LWP1-130 130 0.792 16.438
LWP1-150 150 0.782 16.028
LWP1-170 170 0.756 14.993
LWP1-190 190 0.693 12.460
LWP1-210 210 0.665 11.368
LWP1-230 230 0.681 11.983
LWP1-250 250 0.579 7.930
LWP1-270 270 0.713 13.286
LWP1-290 290 0.750 14.775
LWP1-310 310 0.632 10.053
LWP1-330 330 0.710 13.152
LWP1-350 350 0.831 17.980
LWP1-360 360 0.788 16.269
LWP1-380 380 0.803 16.869
LWP2-400 400 0.783 16.092
LWP2-420 420 0.781 15.991
LWP2-440 440 0.783 16.083
LWP2-460 460 0.790 16.359
LWP2-480 480 0.789 16.313
LWP2-500 500 0.715 13.348
LWP2-520 520 0.744 14.503
LWP2-540 540 0.708 13.083
LWP2-560 560 0.880 19.972
LWP2-580 580 0.766 15.382
LWP2-600 600 0.768 15.489
LWP3-640 640 0.755 14.947
LWP3-660 660 0.825 17.761
LWP3-680 680 0.882 20.049
LWP3-700 700 0.750 14.762
LWP3-715 715 0.880 19.975
LWP3-725 725 0.717 13.451
LWP3-740 740 0.704 12.904
LWP3-760 760 0.688 12.264
LWP3-780 780 0.606 8.988
LWP3-800 800 0.795 16.571
LWP3-820 820 0.747 14.621
LWP4-840 840 0.548 6.662
LWP4-850 850 0.508 5.083
LWP4-870 870 0.459 3.101
LWP4-885 885 0.564 7.313
LWP4-900 900 0.619 9.531
LWP4-920 920 0.502 4.849
LWP4-970 970 0.596 8.611
LWP4-990 990 0.593 8.488
LWP4-1010 1010 0.705 12.938
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Abstract 
 
 Throughout the Pleistocene, a defining feature of central Chinese paleoenvironments are 
gradational patterns in sediment deposition and soil formation, distribution of ecological zones, 
and precipitation, which are all modulated by variations in the East Asian Summer Monsoon. An 
analysis of these patterns demonstrates that China should not be described by large regional 
dichotomies (north versus south), but by modulated patterns that grade along a NW-SE axis. In 
this paper I present the Regional Gradient Model, which is based on decades of field 
observations and paleoenvironmental research. The Regional Gradient Model argues that 
Chinese paleoenvironments and patterns in climate should not divided into large northern and 
southern regions that are separated by the Qinling Mountains but, instead, into several unique 
zones that correlate to environmental gradients. This model also argues that the Chinese 
Paleolithic correlates to regional gradients where typical southern and northern industries 
represent technological endmembers, and that variability in between endmembers has significant 
explanatory power. The Regional Gradient Model also argues that the Qinling Mountain Region 
does not represent a firm boundary separating northern and southern regions, but instead 
represents an important transitional zone that was significant to hominin throughout central 
China. This model does not represent a wholesale replacement of dichotomous models, but 
instead attempts to refine them through the incorporation of modern, quantitative 
paleoclimatology.   
 
 
Introduction  
  

Over the last several decades, research on understanding the Pleistocene climates, 

environments, and Paleolithic cultures of China has advanced considerably. Hundreds of new 

localities have been discovered, archaeologists have a better understanding of technological 

trends and distributions, and paleoenvironmental records are increasingly abundant and accurate. 
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Furthermore, since the early 2000s with the publication of Chinese cave records (i.e., Wang et 

al., 2001), and advances made in proxy records and modelling studies, Chinese paleoclimatology 

and studies of the East Asian Summer Monsoon (EASM) are in quite a different place than they 

were two decades ago. Researchers working in China may be getting closer to correlating 

patterns in paleoclimatic variability and hominin evolution, which is widely regarded as one of 

the fundamental pillars of paleoanthropological research (Trauth et al., 2007; Potts, 2012b, a; 

Grove, 2015; Maslin et al., 2015; Potts and Faith, 2015). In light of these advances, this paper 

has three major goals: 

 
I. Critically examine the models and mental templates commonly used in loessic geology, 

geoarchaeology, and studies of the northern Chinese Paleolithic. 

II. Demonstrate that a new approach in Chinese loessic geoarchaeology provides a 

promising avenue for advancing the field. This new synthesis consists of two major 

parts: (a) merging traditional sedimentology and soil science with paleoclimatology and 

modelling studies, and (b) incorporating variability selection (or similar) models of 

human paleoecology into Chinese loessic geoarchaeology. 

III. Propose a new testable model, the Regional Gradient Model, which conceptualizes 

environmental and climatic variability in relationship to distinctive regions that fall 

along a monsoonal gradient.   

 

 In attempting to achieve these goals, this paper briefly explores models of hominin 

behavior and Paleolithic technology associated with loess-paleosol sequences (LPS) in northern 

and central China. More specifically, this discussion examines Early to Middle Pleistocene 

Paleolithic occupations (~1.2-0.5 Ma) that are in direct association with the pedostratigraphic 

sequences of the central Chinese Loess Plateau (CLP) and Qinling Mountains Region (QMR). 
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This paper also posits that CLP and QMR hominin occupations represent some of the oldest and 

most important epicenters in East Eurasian human evolution, and that characteristics of the 

central Chinese Paleolithic, such as the persistence of Mode I technologies, extreme long-term 

technological stability, and regional isolation of Mode II industries may be intimately related to 

EASM patterns and the climatological, ecological, and geologic gradients that define central 

China. However, it is critical to note here that this approach, which I call the Regional Gradient 

Model, also attempts to build upon Gao Xing’s comprehensive behavioral model (Gao, 2013). 

This model argues that characteristics of the Chinese Paleolithic are not exclusively the result of 

adaptations to abiotic factors (such as climate variability), but also signify major behavioral 

characteristics such as high flexibility in tool technology, low-intensity resource exploitation, 

high mobility, and long-term continuity of populations. Thus, characteristics of the Chinese 

Paleolithic reflect both responses to climatic forcings and ecological conditions alongside factors 

such as population dynamics and patterns in mobility. 

 Below, I will briefly examine core issues associated with geoarchaeological research in 

China and loess-paleosol pedostratigraphy. After reviewing major concepts, I will present the 

Regional Gradient Model (RGM) and potential paths forward. In total, this RGM paper first 

demonstrates that climatological and ecological gradients are intimately related to one another in 

China and, through the examination of loess-paleosol stratigraphy, these gradients have persisted 

throughout the Pleistocene. Next, the RGM provides a testable hypothesis, which stipulates that 

Paleolithic industries grade along a north-south axis and are also intimately related to central 

Chinese gradients.  
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Both the stratigraphic sequences and behavioral models I examine are also directly linked 

to traditional geologic frameworks in which the formation of soils is regarded as a terrestrial 

proxy of warm, wet interglacial periods that facilitated stable hominin populations, and loess 

units signal cooler and more arid glacial conditions and expansion of deserts that potentially 

marginalized hominins in the region (An, 2000; Dennell, 2009; Morgan et al., 2011; An et al., 

2014; Sun et al., 2018; Zhu et al., 2019). This approach, which examines relationships between 

LPS variability and hominin occupations or Paleolithic cultures, has been referred to as either the 

loessic Paleolithic or loessic geoarchaeology (Ranov, 1995; Liu, 1999). This subfield of 

archaeological research has a tradition of more than 50 years in China and has, historically, 

utilized methods developed in classical sedimentology, soil science, and geomorphology. 

Conventional studies focus on mapping soils versus loess at Paleolithic sites, followed by the 

analysis of quantitative soil and sediment characteristics (e.g., grain size, magnetic susceptibility) 

and paleomagnetic boundaries (e.g., Lu et al., 2011a; Lu et al., 2011b; Morgan et al., 2011; Sun 

et al., 2014; Zhu et al., 2015; Sun et al., 2017b; Zhu et al., 2018). These studies then correlate 

stratigraphy with CLP type sequences (e.g., Luochuan, Xifeng), broad climatological patterns 

(e.g., interglacial-glacial cyclicity), archaeological assemblages and the distribution of sites 

(Wang et al., 2008a).   

Recent studies (e.g., Fox et al., 2020b, a) aim to expand loessic geoarchaeology through 

the incorporation of quantitative paleoclimatology and the application of statistical tests. This 

approach draws on recent developments in monsoon reconstructions as a way to complement 

traditional geoarchaeological approaches developed in soil science and sedimentology. In these 

studies, it is argued that a new synthesis in loessic geoarchaeology should focus on the 
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combination of molecular paleoclimatology (biomarkers), isotopic geochemistry, and the 

development of novel statistical models with traditional field methods and soil characterizations. 

This new approach in loessic geoarchaeology has an explicit focus on the notion that broad 

north-versus-south regional dichotomies should be reformulated into a spectrum where typical 

northern and southern ecological conditions (and related stone tool industries) represent 

“endmembers,” and that variation between endmembers has significant explanatory power when 

applied to Paleolithic research. From an archaeological perspective, the ultimate goal of this 

research is to argue that the Chinese Paleolithic is not a simple monolith defined by north-versus-

south demarcations or its differences from Africa or the west, but instead represents a suite of 

unique adaptations and practices that (on some level) share a connection to East Asian 

monsoonal variability and ecological conditions unique to China. This approach also 

hypothesizes that the Qinling Mountains lie at the center of a steep climatological gradient, and 

instead of representing a boundary between the south and north, these mountains represent an 

important transitional zone.  

From a theoretical perspective, this new approach considers hypotheses developed in 

hominin paleoecology and biological evolution such as variability selection, pulsed variability, 

or turnover pulse, in the context of the Chinese Paleolithic (Potts, 1998, 2012b; Maslin et al., 

2015; Potts and Faith, 2015; Vrba, 2015). Although fossil remains are limited in central China 

(making it difficult to examine phenotypic variability), these theories could be reformulated into 

a new framework that aims to test if increasing climatic variability and aridity trends in the 

Pleistocene have any bearing on the development, spread, and diversification of technology (or 

technological adaptations) within China. For example, after the mid-Pleistocene transition we 
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observe that monsoonal variability changes pace to precessional timescales, and that transitions 

between stadial and interstadial conditions are extraordinarily abrupt (Wang et al., 2001). Thus, 

we must ask ourselves how this transition to extreme perturbations affected technological 

traditions (if at all), and how similar or different were lithic industries throughout central China 

(particularly along a north-south axis).  

I also aim to consider the intensity and duration of archaeological occupations, which 

may have been significantly impacted by cyclicity in Earth’s climate cycles. For example, does 

the spread of C4 biomass (grassland ecosystems) correlate with interglacials and, if so, do these 

periods significantly correlate with an increase in the density of archaeological materials on the 

CLP and within the QMR? If these patterns were recognized it might suggest that adaptations to 

grasslands and C4 mosaic environments and increased climatic variability (presumably 

developed in African and Eurasian settings) continued to benefit hominins in China. However, as 

discussed in previous chapters, a direct correlation between C4 biomass, paleosols, and the 

density of archaeological materials is not a straightforward matter and must be further explored. 

By specifically targeting theoretical frameworks developed over the past several decades, 

researchers are able to (a) examine the viability of said models across much larger 

spatiotemporal scales, such as Pleistocene eastern Eurasia, and (b) develop new human 

biocultural models that are regionally specific but draw from this rich history.  

    
Regional overview and the East Asian Monsoon 
 
 This paper focuses on central China, the Qinling Mountains of Shaanxi Province, and the 

central Chinese Loess Plateau (Shaanxi, Shanxi, Gansu, Ningxia). Areas such as the Tibetan 

Plateau and China’s far northwest (i.e., Xinjiang) and northeast (Dongbei or Manchuria) are not 
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taken into consideration here because these regions reflect unique environmental circumstances 

and are outside the influence of EASM variability. The area under direct consideration falls 

within ~105°-120° N and from the Tropic of Cancer (roughly 23° N latitude) to ~45° N. This 

paper is also directly concerned with the connections between the central Loess Plateau and the 

Qinling Mountains, as recent archaeological excavations and geological fieldwork demonstrate 

that hominin occupations within the QMR are mainly located within loess-paleosol sequences 

(Lu et al., 2011a; Lu et al., 2011b; Sun et al., 2016; Sun et al., 2017b). These stratigraphic 

sequences appear to share key characteristics with CLP type sections such as Luochuan and 

Xifeng. More specifically, loess deposition is related to arid glacial conditions, whereas 

intensified pedogenesis (and the formation of paleosols) represents warmer interglacial periods. 

Although the CLP and Qinling Mountains are linked and both are influenced by EASM 

variability, the QMR likely represents a unique transition zone that was an important area 

connecting subtropical and semi-arid regions in central China. Throughout the Pleistocene, the 

intermontane basins of the QMR may have represented an ecological refugium associated with 

rich fluvial systems, abundant resources, and tempered climatic conditions, and thus the QMR 

transition zone is especially important within the central Chinese Paleolithic.  

  
 
Evolution of the East Asian Summer Monsoon 
 
 Developing a comprehensive understanding of the modern EASM, and its evolution 

throughout the Pleistocene should be a primary concern among loessic geoarchaeologists 

working in the CLP and QMR. That is, since monsoon variability (pacing, strength, location) in 

China strongly modulates loess deposition, soil formation, and environmental conditions such as 
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distribution of vegetation, EASM variability is the key feature driving both the formation of 

stratigraphy in the region and broad patterns in ecological regimes (Sun et al., 2010; An et al., 

2014; Chiang et al., 2015; Cheng et al., 2016; Maher, 2016). Here, it is critical to note that 

EASM variability is often understood and discussed differently among loessic geologists (and by 

extension loessic geoarchaeologists) and paleoclimatologists. CLP geologists often focus on 

broad patterns in interglacial-glacial cyclicity and associated effects on loess deposition and soil 

formation, while paleoclimatologists often focus on ocean and atmospheric circulation. In turn, 

this has led loessic geologists and climatologists to publish different theories on the pacing and 

dynamics of EASM variability, which, on closer examination, conflict with one another or are 

incompatible in many instances (discussed below). Thus, synthesizing paleoclimatology, climate 

modelling studies, and new proxies (such as biomarkers) with traditional loessic geology should 

represent a robust avenue in the advancement of Chinese paleoanthropology and 

geoarchaeology.  

 Modern climatological observations of the EASM demonstrate that precipitation in the 

region is characterized by four distinctive rainfall regimes, spring, pre-Meiyu, Meiyu, and 

summer, making the EASM unique in comparison to standard monsoonal regimes (Roe, 2009; 

An, 2014; Chiang et al., 2015). The EASM is known to have a complex seasonal evolution in 

which persistent springtime rainfall evolves into pre-Meiyu precipitation that surges over the 

South China Sea and southern China (Chiang et al., 2015). During the first half of June, Meiyu 

rainfall begins to persist as precipitation rapidly migrates north into central China and along the 

Yangzi River Valley (Chiang et al., 2015). After approximately 20-30 days Meiyu precipitation 

abruptly ends as summer rainfall migrates further north (to ~35°N latitude), leaving portions of 
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southern and central China relatively dry (Chiang et al., 2015). This complex evolution of four 

substages stands in contrast to other monsoonal regions, which are predominantly defined by the 

abrupt onset of summer precipitation that then ends in September. Another defining 

characteristic of the modern EASM is that precipitation falls along a well-defined gradient, 

where south and southeast China experience persistent monsoonal precipitation year-over-year. 

These regions are also directly associated with subtropical and broad-leaf deciduous vegetation. 

This stands in contrast to the north and northwest where intense continentality and high levels of 

precipitation variability fluctuates on a near annual basis. These regions are associated with C4 

grasslands and grassland-forest mosaics.   

The EASM is also unique in comparison to other monsoons (e.g., Indian, African) as 

rainfall regimes are able to penetrate deep into the north, reaching as far as 42°N, and 

precipitation patterns are intimately linked to the presence of the Tibetan Plateau and its effects 

on the westerlies (Chiang et al., 2015). Prior to May, the westerlies are located south of the 

plateau, which is directly linked to springtime rainfall (Chiang et al., 2015). As the westerlies 

migrate to the north of the Tibetan Plateau, pre-Meiyu precipitation begins, which is then 

followed by the evolution of the Meiyu front in central China as the jet pushes further north and 

away from the northern boundary of the Plateau (Chiang et al., 2015). Finally, as the jet weakens 

and is displaced even further north, Meiyu precipitation ends and rainfall intensifies in northern 

China (Chiang et al., 2015). These observations demonstrate that modern patterns in the EASM 

are tied to meridional transitions and the northward migration of the westerly jet stream. These 

observations have also led some researchers to argue that the EASM is not a true “monsoon” as 

patterns are extratropical in nature and rainfall is not directly associated with the intertropical 
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convergence zone like the south Asian Monsoon (Molnar et al., 2010). However, since the 

conventional definition of a monsoon is “the differential heat capacity of land and water and the 

resulting thermal differences between continents and oceans… [and where in the] summer when 

continents warm, the surface low pressure intensifies, and moist air flows from oceans (high 

surface pressure) to warmer land (low surface pressure),” here, the EASM is considered a 

monsoon in the most basic sense (Bonan, 2016, p.85).  

Over geological time, EASM variability may be best understood through the analysis of 

δ18O of speleothems from caves in southern China. However, some researchers argue this may 

not be the case since features of the caves are unique (especially in terms of power spectra) when 

compared to CLP records and ocean cores (An, 2014). Since a detailed review of this debate is 

outside the purview of this paper, here, it is argued that the combination of (a) the high-

resolution nature of the record, and (b) spatial continuity over several interglacial-glacial cycles 

makes cave records a gold standard in reconstructing EASM variability since at least the Middle 

Pleistocene.   

Currently, the best records come from Dongge, Hulu, and Sanbao caves that cumulatively 

provide a high-resolution record of EASM variability over the last 640 Ka (Fig. 1). Several 

studies demonstrate that these caves are remarkably similar over large geographic ranges, and 

thus likely provide the most robust proxy record of the EASM to date (Wang et al., 2001; Wang 

et al., 2008b; Cheng et al., 2009; Cheng et al., 2016).  In light of these features and as part of my 

new proposed synthesis, any geoarchaeological (RGM) project in northern China that 

specifically discusses EASM and paleoenvironmental variability should take cave records into 

consideration and, in particular, discrepancies between cave records and other proxies. For 
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example, spectral analysis of CLP sequences often shows the greatest frequency in the obliquity 

band (~40 Ka), so either LPS proxies are recording signals unique to the CLP or EASM 

variability in the north is controlled by other processes.    

There are two key differences between CLP loess-paleosol records and speleothems: 

First, in terms of geochronology, there are no high-resolution numerical age-models associated 

with the CLP, and many of the type sections used in large, regional correlations (e.g., Xifeng, 

Luochuan) are orbitally tuned to δ18O benthic stacks from the South China Sea and ice core 

records from Greenland (Maher, 2016). This stands in contrast to cave records, where uranium-

thorium (U-Th) dating has provided researchers with an age model that has a temporal resolution 

of 70-200 years over the entire record and does not use orbital tuning in any form (Wang et al., 

2008b; Cheng et al., 2009; Cheng et al., 2016).  

The second key difference between these records is that the formation of loess-paleosol 

sequences is related to a whole host of climatic, geological, and biological factors, while the δ18O 

of speleothems is directly controlled by the δ18O of precipitation (Wang et al., 2001; Wang et al., 

2008b; Cheng et al., 2012; Chiang et al., 2015; Cheng et al., 2016). In turn, these speleothem 

records are thought to directly record precipitation in relationship to external climate forcings, 

while CLP records (particularly paleosol units) record multiple variables and aggregate them 

over time (Goldsmith et al., 2017).     

 The most distinctive feature of cave records is that, at least since 640 Ka, East Asia 

experienced relatively large and abrupt changes in regional climate and variations in monsoon 

regimes (Fig. 2) (Clemens et al., 2010; Hong et al., 2014; Chiang et al., 2015; Dutt et al., 2015; 

Sun et al., 2015; Cheng et al., 2016). δ18O of cave records varies on millennial (1-2 Ka) and 
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precessional (19-21 Ka) timescales, with extraordinarily abrupt transitions between relatively 

high and low isotopic values (Chiang et al., 2015; Cheng et al., 2016). We see from the 

composite record that heavy isotopes are strongly correlated with stadial events and periods of 

low Northern Hemisphere (NH) summer insolation controlled by precessional changes in Earth’s 

orbit (Chiang et al., 2015). Thus, patterns in monsoonal variability are related in part to global 

factors as these patterns are tied to orbital configurations and changes in NH insolation. This fact 

also stands in contrast to CLP records, as they are likely influenced by a combination of 

mechanisms on annual or decadal (dust storms), millennial (soil formation), precessional 

(EASM), and obliquity (EASM, EAWM) timescales.       

  During the first decade of research on oxygen isotopes in speleothem records (~2000-

2010), the predominant interpretation of cave records was that light δ18O values reflect the 

intensity of monsoonal precipitation, derived from the “amount effect” idea in which isotopically 

light rainfall is correlated with stronger rainfall (Dansgaard, 1964; Chiang et al., 2015). 

However, recent instrumental data from East Asia demonstrate that EASM rainfall is highly 

heterogeneous in the region, and that the amount effect is a relatively weak force controlling 

δ18O values (Chiang et al., 2015). This realization caused an intense debate among 

climatologists, and broad interpretations of cave records, and what is controlling δ18O values of 

speleothems, are not widely agreed upon. Below, I provide a brief overview of some plausible 

interpretations of the Chinese cave records out of a number in the paleoclimate literature. 

Many members of the original research group now argue that cave records specifically 

reflect the seasonality of monsoon rainfall, referring to this concept as the “summer monsoon 

intensity” model (Cheng et al., 2009; Chiang et al., 2015; Cheng et al., 2016). In this framework, 
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δ18O values are predominantly controlled by the ratio of low to high δ18O precipitation, which is 

controlled by atmospheric circulation and unique source regions, such as distant Indo-Pacific 

versus “local” ocean rainfall (Cheng et al., 2009). In turn, summer precipitation has a different 

isotopic signature than winter precipitation (Cheng et al., 2009; Cheng et al., 2016).  

This framework shares some similarities with another model, which postulates that cave 

δ18O values reflect changes in the transport distance of rainfall and moisture source (Maher and 

Thompson, 2012). Since the EASM is a unique and complex mixture of seasonal precipitation 

patterns, atmospheric circulation (e.g., westerlies, East Asian Jet), and moisture derived from 

both the western Pacific and Indian Ocean, precessional patterns in δ18O values may be 

controlled by changes in the relative input from the Indian and Pacific oceans (Maher and 

Thompson, 2012). If this were the case, δ18O values would not be directly recording seasonal 

paleorainfall, but rather changes in rainfall transport distance and atmospheric circulation that 

share teleconnections with inter-hemispheric temperature gradients, sea surface temperatures 

(SST), and changes in land-surface heating (Maher and Thompson, 2012).     

Another interpretation of cave records is the Jet Transition Hypothesis (JTH), where 

monsoonal variability is predominately controlled by the “seasonal meridional position of the 

westerlies relative to the Tibetan Plateau” (Chiang et al., 2015, p.125). Based on modern climate 

dynamics and modeling experiments, Chiang et al. (2015) argue that there is a strong 

relationship between the seasonal position of the westerlies and precessional maxima. As NH 

insolation increases, the equator-to-pole temperature gradient decreases, resulting in a more 

northern position of the jet and earlier onsets of spring and summer rainfall regimes (Chiang et 

al., 2015). Since the position of the westerlies is known to be related to North Atlantic cooling, 
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NH ice sheet dynamics, orbital changes, and global temperature regimes, this idea directly 

addresses scale as it is attempts to connect global, regional, and local patterns in variability 

(Chiang et al., 2015). In terms of CLP research, this idea may also be particularly promising as it 

attempts to relate cave records to patterns in loess deposition because variations in regional dust 

storms may be strongly influenced by the position of the westerlies (Nagashima et al., 2011; 

Nagashima et al., 2013).  

 Regardless of which model one subscribes to, there are a few key points loessic 

geoarchaeologists must consider:  

• Unlike loess-paleosol sequences in northern China, cave records are associated with high-

resolution numerical age models, and these models are not orbitally-tuned. 

• Spectral analysis of the caves demonstrates that EASM variability is paced on 

precessional timescales and is strongly related to patterns in NH insolation. 

• Throughout the Middle and Late Pleistocene, the onset of stadial events and climate 

variability was extraordinarily abrupt.   

With these facts in mind, I argue that loessic geoarchaeologists studying the connection 

between the northern Chinese Paleolithic and EASM variability should begin to compare their 

results with Chinese cave records and think critically about why there are mismatches (which 

usually exist). For example, if we observe a lack of precessional frequency in data such as grain 

size and magnetic susceptibly, are we dealing with post-depositional alteration or aggregation of 

proxy signals in paleosol units, or is northern EASM variability somehow unique from the 

south? However, there is one major downfall of this proposal- As I will discuss below, age 

models associated with Middle Pleistocene LPS in central China often lack the resolution to 
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examine power spectra (such as precessional frequencies), so comparisons between proxy 

records can be difficult. Here, I propose we begin with the analysis of Paleolithic records 

associated with the Late Pleistocene-Early Holocene, which are often within the range of 

radiocarbon dating (~50Ka-present) and are associated with well-established age models.  

We should also be cautious of the argument that all interglacials were “warm and wet” while 

all glacials were “cool and dry.” In addition to cave records, there are sequences, such as ODP 

1143, that may tell a different story than CLP records. Loessic geoarchaeologists could easily 

draw from both cave and marine core records when building comprehensive interpretations of 

paleoenvironmental conditions. For example, the analysis of ODP core 1143 may show periods 

of dry and warm versus periods of wet and cool, which are directly associated with EASM 

regimes and, in turn, may be related to El Niño variability (Zhang et al., 2007). If this is the case, 

CLP sequences may share interesting teleconnections with variability in the western Indo-Pacific 

and may link paleoclimatic trends from northern China to patterns in Southeast Asia, which is 

associated with significant Homo erectus occupations (e.g., Java). As with other concepts, 

loessic geoarchaeologists should be extraordinarily careful in arguing for the simple alternation 

between warm/wet interglacials and cool/arid glacials as this may be oversimplifying eastern 

Eurasian climate regimes, EASM variability and LPS formation.  

 
Overview of the Chinese Loess Plateau and lithostratigraphy 
 
 Another major consideration in loessic geoarchaeology relates to the nuances of CLP 

pedo- and chronostratigraphy. Although the CLP is widely regarded as one of the world’s most 

comprehensive records of Quaternary climate change, there a several pressing issues we must 

directly address. In particular, how well does soil formation reflect interglacial conditions (and 
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vice versa), how effective are stratigraphic correlations over long distances, and do loess-

paleosol records match other proxy records (such as cave and ocean cores)? This also directly 

relates to QMR research as a majority of Paleolithic records are contained within LPS and are 

stratigraphically correlated to CLP type sections.  

The Chinese Loess Plateau covers an area of approximately 450,000 km2 and extends 

from roughly 100° to 115° E longitude and 35-45° N latitude (Fig. 3) (An, 2014; Maher, 2016). 

This region is defined by thick stratigraphic sequences (~10-350 m) that contain a series of 

alternating loess-paleosol couplets that are believed to represent a significant archive of 

interglacial-glacial cyclicity over the last 2.6 million years (Ma) (An, 2000; An et al., 2014; 

Maher, 2016). In established models, paleosols represent, or serve as a proxy of, warmer and/or 

more humid interglacial periods that are defined by: (1) the intensification and northward 

migration of the East Asian Summer Monsoon (EASM), (2) increased summer seasonal 

precipitation patterns that facilitate intensified soil formation, and (3) periods when pedogenesis 

outpaces the input of aeolian dust (loess). The combination of these factors (among others) leads 

to the formation of thick soils that are easily identified by well-developed soil structures (e.g., 

prismatic, angular, sub-angular blocky), red-brown colors (e.g., 5YR 4/4), and pedofeatures such 

as cutans (i.e., clay translocated downward and coating grains and peds during the course of soil 

formation). In conventional models, the formation of paleosols significantly correlates with 

increases in magnetic susceptibility and finer particle size, as intensified precipitation, 

weathering, and soil formation facilitate the development of both ultra-magnetic and 

phyllosilicate minerals (such as magnetite and kaolinite) (An, 2000; Maher, 2011; Maher and 

Possolo, 2013; Maher, 2016).   
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 However, it is important to note that both field and laboratory observations demonstrate 

that paleosols often contain subunits and that certain quantitative characteristics, such as 

magnetic susceptibility, do not always perfectly correlate with pedostratigraphic units (Fig. 4). 

This suggests one of two factors may be affecting observations: (1) post-depositional alterations 

affect both the frequency and magnitude of magnetic susceptibility signals, or (2) subsoils and 

intercalated loess affect signals within a larger unit (such as a paleosol) (Maher, 2011; Maher, 

2016). In post-depositional models, processes such as pedoturbation or translocation of materials 

(illuviation) may cause magnetic susceptibility maxima to migrate down-profile. In this scenario, 

there is a mismatch between field identification of paleosols and observed trends in soil 

characteristics. In a scenario where there are important subunits, one would expect to observe a 

large amount of variability within a single loess-paleosol couplet.   

As observed in both CLP type sections (Lingtai) or in QMR sequences (Liuwan), 

intercalated loess layers are common within paleosols and, vice versa, subsoils are commonly 

identified with loess (Fig. 5a, 5b). This suggests that throughout interglacials, temporary 

decreases in EASM strength and increased loess deposition interrupt landscape stability and soil 

formation or, conversely, within glacials there are temporary increases in EASM strength that 

drive short-term pedogenesis (stadial-interstadial conditions). This also demonstrates that during 

interglacial periods, it is unlikely that dust storms in northern China completely shut off and the 

input of parent material (loess) totally ceased. These observations emphasize the fact that CLP 

(and QMR) soil stratigraphy is much more complex and gradational than the simple alternations 

between paleosols and loess which are commonly reported (Fig. 5b).  
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Although field researchers are aware that pedostratigraphic units contain important 

subunits (reflecting climatic substages), due to logistical concerns it is still common to map and 

report simplified stratigraphy in CLP research. Mapping and reporting simplified stratigraphy is 

a good starting point and has its own advantages; however, simplified maps may miss important 

trends in regional stratigraphic variability (Fig. 5a). Although mapping detailed pedostratigraphy 

(i.e., including all subunits) is time-consuming, loessic geoarchaeologists working within the 

RGM need to focus on the intensive mapping of stratigraphic sections to illuminate complex and 

gradational loess-paleosol stratigraphy.  

In terms of plant functional types (PFT) and the basic ecology of the modern CLP, it has 

been observed that the abundance of C4 vegetation grades on a south (southeast)-north 

(northwest) axis (Liu, 2005). This vegetation gradient can also be extended throughout central 

China as broad patterns in ecological zones track precipitation. That is, in northern China (CLP) 

environments are dominated by shrubs and grasses (e.g., Sophuora viciifolia, Vitex chinensis, 

Artemisia spp. and members of the Gramineae family), whereas southern and southeastern China 

are dominated by broad-leaf sub-tropical or tropical vegetation. The percentage of C4 vegetation 

increases the further north one travels as continentality increases and monsoonal precipitation 

becomes more variable. These observations demonstrate the strong correlation between 

precipitation and ecological gradients throughout central China.  

The correlation between precipitation and ecological gradients also persisted throughout 

the Pleistocene and may also be related to interglacial-glacial cyclicity. Researchers have argued 

that paleosols and intensified EASM regimes during interglacials should significantly correlate 

with the expansion of warm-season C4 grasses (Zhang et al., 2003; Vidic and Montanez, 2004; 
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Liu et al., 2005a; Liu et al., 2005c). This may be related to processes such as intensified seasonal 

precipitation and temperature increases, which favor short-lived, seasonal grasses such as wild 

millet (e.g., Panicum miliaceum, Setaria italalica). During cooler glacial periods when the 

EASM weakens, the expansion of C3 communities (such as Pinus) may outcompete C4 summer 

grasses as seasonal precipitation regimes weaken. However, the distribution of PFT is related to 

a whole host of factors including soil type, geomorphology, aspect, community interaction and 

competition (to name a few). As demonstrated in previous chapters, the expansion of C4 biomass 

within the QMR is not directly correlated with paleosols at Longgangsi or Liuwan. It is still 

unclear if the formation of LPS within the Qinling Mountains is unique in comparison to the 

CLP, so the proposed connections among EASM, climate variability and C3-C4 ratios should be 

considered preliminary and still under investigation.  

At the other end of the spectrum, conventional models argue that loess layers are a proxy 

for cooler and/or more arid glacial periods when (1) the EASM weakens, (2) winter “monsoons” 

intensify, and (3) the input of aeolian dust outpaces pedogenesis (An, 2000; An, 2014; An et al., 

2014). It is argued that winter “monsoons” (which are not conventional monsoons) are related to 

the expansion of Northern Hemisphere ice sheets and the strengthening of the Siberian High 

Pressure Cell, which drives large wind storms out of the north and northwest that subsequently 

blanket large portions of northern China in fine, silt-size dust (An, 2000; Roe, 2009). During 

glacial periods, aridification and cooling trends drive intensified loess deposition, which, in turn, 

leads to the formation of thick stratigraphic units, largely composed of angular silt-sized aeolian 

quartz, plagioclase, and feldspar. Researchers also observe that both the thickness of 

stratigraphic packages and particle size distributions decrease on a NW-SE axis (LPS gradient), 
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which reflects atmospheric circulation and loess source regions such as the Ordos (Hetao) and 

Mu Us (Maowusu) Deserts or Tarim and Qaidam Basins (An, 2000; An, 2014). However, it is 

important to note that there is still considerable debate as to the major source areas that feed the 

CLP. Quantitatively, loess should correlate with low magnetic susceptibly and coarser grain sizes 

(Maher, 2016).  

In total, established models in CLP research tell a relatively elegant story. Interglacials 

are defined by intensified EASM regimes, increases in C4 vegetation, warm and wet and 

conditions, and paleosols form synchronously across the whole of northern China. Conversely, 

the onset of cool and dry glacial periods facilitates the weakening of the EASM, loss of C4 

vegetation, intensification of the East Asian Winter Monsoon (EAWM), and loess blankets the 

entire region in a relatively homogenous dust. By implication, through simply mapping loess 

versus paleosols (and characteristics such as magnetic susceptibility), we can understand 

interglacial-glacial cyclicity in a large portion of East Asia. As one might suspect, developments 

in fields such as climatology and paleoclimatology are now refining (or even directly 

challenging) these narratives (Roe, 2009; Chiang et al., 2015; Licht et al., 2016). 

For example, modern observations demonstrate that dust storms in China are 

predominantly extreme springtime (not winter) phenomena, in which approximately 800 Tg of 

aeolian sediment is emitted into the atmosphere (Roe, 2009; Nagashima et al., 2011; Nagashima 

et al., 2013; Guan et al., 2017). Currently, East Asian spring-time dust storms account for ~5-

10% of all global dust emissions (Guan et al., 2017). In light of these observations, it may be an 

oversimplification to argue that loess deposition versus soil formation is controlled by the 

relative intensity of “winter” versus summer monsoons (Roe, 2009). Roe (2009) argues in a 
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modeling study that loess deposition is not controlled by Asian winter monsoons sensu stricto, 

but rather spring time lee cyclogenesis events associated with the Mongolian-Altai, strong 

meridional temperature gradients (producing cold air surges out of Siberia), and the displacement 

of the subtropical jet to the south of the Tibetan Plateau. Although portions of the study are based 

on climate modelling results, this research is significant in several ways. First, the study takes a 

dynamic approach that tends to be rare in traditional CLP geoarchaeological research, and it 

emphasizes modern observations in atmospheric circulation and dynamical patterns. This stands 

in contrast to EAWM models commonly cited in CLP research, which tend to emphasize large, 

conceptual frameworks (such as the long-term persistence of the Siberian High or Siberian 

Anticyclone) that have yet to be quantitatively tested and results sufficiently reproduced. 

Secondly, this work highlights how the jet stream may be inextricably linked to East Asian 

tectonics, and how these patterns may have driven loess deposition and monsoon variability 

throughout the Pleistocene (discussed below). Finally, it stresses how models of interglacial-

glacial LPS formation may be unrealistic and need reformulation, which is especially important 

to loessic geoarchaeology. 

The next issue to consider in CLP research is related to the regional nuances of the timing 

and rapidity of soil formation across northern China, and how to stratigraphically correlate 

geographically extensive sequences (especially without numerical age models). Researchers have 

observed that major paleosols, such as marker horizons (e.g., S5), are found throughout the CLP 

and appear to correlate over large geographic distances. This has led researchers to argue that 

major paleosols, such as S5, accurately reflect the synchronous onset of interglacial periods over 

the whole of northern China (An, 2000; An, 2014; An et al., 2014; Zhu et al., 2015). However, it 
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is well known that soil formation is affected by a wide variety factors including climate, 

organisms, relief/topography, parent material, and time (Holliday, 1992; Jenny, 1994; Birkeland, 

1999; Holliday, 2004; Schaetzl and Thompson, 2015). On the CLP, the formation of paleosols is 

directly related to the strength and location of the EASM, so the timing and intensity of soil 

formation in the southeast greatly differs from patterns in the northwest (as discussed above) 

(Derbyshire et al., 1995a). In this geologic gradient, soils in the southeastern CLP form under 

relatively intense monsoon conditions and are located 1000-2000 km from loess source areas 

(Derbyshire et al., 1995a; Derbyshire et al., 1995b). This stands in contrast to sequences in 

Gansu, where monsoon conditions are substantially weaker and loess source areas are <500-1000 

km away. Even though marker horizons, such as S5, can be located in both areas, directly 

correlating them across this gradient likely underrepresents local and regional differences.  

 Since the geography of the CLP includes a wide variety of landscapes, vegetation 

regimes, and EASM gradients, one should be careful in making broad stratigraphic correlations 

over large distances (in the absence of numerical age models). In fact, it is quite common within 

CLP field research to misidentify marker horizons or incorrectly label soil and loess layers. It is 

clear from field observations that paleosols are spatially extensive and are found throughout the 

whole of northern China, however, without mapping detailed pedostratigraphy and building 

numerical age-models we cannot truly understand the complexities of regional stratigraphic 

correlations.  

 
 
Chronostratigraphy of Chinese loess-paleosol sequences  
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One of the most prevalent problems in CLP research is that age-models are often too 

qualitative to make broad, regional correlations over the Early and Middle Pleistocene. For 

example, paleosol (which may have specific date ranges) are often correlated over the entire CLP 

based on field observations and through visually matching magnetic susceptibility or grain size 

curves, particularly to well-studied type sections such as Lingtai, Luochuan or Xifeng (An, 

2014). However, much of the chronostratigraphy of type sections is not based on numerical age-

models but is orbitally tuned to ocean and ice core records (e.g., the South China Sea and 

Greenland records). This fact must always be kept in mind as the chronology of Early to Middle 

Pleistocene Paleolithic occupations has historically heavily relied on dating sites via stratigraphic 

correlations and is likely subject to revision.  

For decades, relative dating techniques dominated CLP Pleistocene research, because (a) 

most of northern China is cratonic (tectonically stable) and lacks datable volcanic sequences, and 

(b) there are no Early to Middle Pleistocene datable cave sites that contain hominin fossils and 

archaeological material. Historically, perhaps the most commonly utilized dating method was 

paleomagnetism, in which researchers identify either paleomagnetic reversals (such as the 

Matuyama-Brunhes Boundary at ca. 0.78 Ma), or geomagnetic excursions (such as the Cobb 

Mountain Event at ca. 1.21 Ma). The identification of geomagnetic events gave researchers 

chronological tie points used to calibrate age-models built from inferred sedimentation rates 

(ISR) and linear correlations. The next phase of chronological work in CLP research was 

concerned with optically stimulated luminescence (OSL) dating of aeolian quartz. This new 

method was initially promising and works extraordinarily well in the Holocene-Late Pleistocene. 

The dose rate of CLP quartz is approximately 200 Gy and, therefore, standard methods are not 
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applicable for loess samples older than about 0.1 Ma (Sun et al., 2018). As one might suspect, 

with the age range of 14C dating around 40 to 50 thousand years (Ka), and standard OSL around 

0.1 Ma, there is a huge geochronological gap between ~0.1 and 0.78 Ma. This is particularly 

troubling in paleoanthropological research as this period is critical for understanding 

technological, behavioral, and cultural trends throughout the Middle Pleistocene. This issue is 

also problematic when correlating CLP records with the speleothem records in southern Chinese 

caves such as Dongge, Hulu, and Sanbao (discussed below) (Chiang et al., 2015; Cheng et al., 

2016).  

Geochronologists working in the region are now fine-tuning newer methods, such as 

thermally transferred OSL (TT-OSL) and K-feldspar post-infrared (IR) IR-stimulated 

luminescence (post-IR IRSL), which have extended dating ranges by 100-200 Ka (Sun et al., 

2018). 26Al/10Be cosmogenic nuclide dating is also promising, with a potential age range of 0.3-

5.0 Ma, which would help fill in current chronological gaps in CLP and QMR stratigraphic 

sequences (Sun et al., 2018). In the coming decades, as geochronologists refine 

chronostratigraphy in the region, I expect several LPS models and geographic correlations will 

require serious revision. 

These observations are noteworthy because researchers may be tempted to build age 

models on concepts, such as ISR, which tend to be reliable in lacustrine or marine sequences, but 

can be uncertain when applied to LPS in northern China. To emphasize the point, ISR between 

loess and soil are fundamentally different, with one unit (loess) characterized by rapid, 

punctuated events, and the other (soil) defined by a relatively slow and continuous process. 

Researchers also need to consider that, unlike soil, which forms (slowly) from the top down, 
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loess is deposited (rapidly) from the bottom up. Consequently, issues such as the migration of 

magnetic minerals and other proxy signals, depositional and post-depositional processes, and 

stratigraphic mixing need to be carefully considered in the long-term. Finally, another major 

problem is that proxy signals associated with paleosols are time-averaged as soils form over 

hundreds to thousands of years and constantly mix through pedoturbation and processes such as 

illuviation. Thus, any particular datum point associated with paleosols represents decadal or 

centennial timespans. Consequently, there are no high-resolution proxy records from either CLP  

or QMR sequences.  

 

The chronology of China’s earliest occupations 

Dating the earliest hominin occupations represents one of the most difficult and pressing 

issues in Chinese Paleolithic archaeology. Similar to CLP chronostratigraphy, China’s earliest 

occupation sites (e.g., Nihewan, Hanzhong, Lantian) are almost exclusively associated with 

cratonic environments and geologic contexts that are not easily dated. These sites are located in 

either fluvio-lacustrine or loess-paleosol sequences that are devoid of datable material such as 

volcanic ash. In fact, the only Early to Middle Pleistocene H. erectus site in China that has a 

relatively well established, numerical age-model is Zhoukoudian Locality 1, near Beijing, 

generated through a convergence of evidence including 230U-234Th and 26Al/10Be dating (Shen et 

al., 2001; Shen et al., 2009).    

As of the writing of this paper, researchers widely agree that the earliest hominin 

occupations in northern China are currently dated to ~1.66 Ma at the Majuangou III site in the 

Nihewan Basin west of Beijing (Zhu et al., 2004; Dennell, 2009; Dennell, 2013b). However, it is 
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important to note that the exact date is an estimate, since archaeological material there occurs 

within fluvio-lacustrine sequences between the Olduvai subchron (1.77 Ma) and the Cobb 

Mountain geomagnetic excursion (1.21-1.24 Ma), with 1.66 Ma determined by inferred rates of 

sedimentation (Zhu et al., 2004). The calculation of this chronology is similar to the nearby 

Shangshazui site, where artifacts (~30 lithics) were discovered between the Olduvai and 

Jaramillo subchrons, plus inferred sedimentation rate (7.2 cm/Ka), led to a date range of 1.7-1.6 

Ma (Ao et al., 2013). Several of the earliest Paleolithic occupations in China are located in the 

Nihewan Basin, including Lanpo (1.6 Ma), Xiaochangliang (1.36 Ma), Xiantai (1.36 Ma), 

Banshan (1.32 Ma), Feiliang (1.2 Ma), and Donggutuo (1.1 Ma) (Dennell, 2009; Ao et al., 2013). 

Similar to the CLP and QMR, these chronologies are based on correlations, paleomagnetic 

stratigraphy, inferred sedimentation rates, and faunal assemblages, so we must approach these 

dates with caution.     

Similar to the CLP and Nihewan, the oldest Paleolithic occupations of the QMR are still 

up for debate, as the early to late Early Pleistocene (~2.0-1.2 Ma) chronostratigraphy of 

archaeological sequences is dated by stratigraphic correlations, wiggle-matching of magnetic 

susceptibility or grain size curves, faunal assemblages, and paleomagnetism (Zhu et al., 2015; 

Sun et al., 2018). Since the 1970s, researchers working in the QMR have been especially 

concerned with the famous Lantian sites and, in particular, dating the Gongwangling human 

cranium discovered in 1964. Date ranges for the specimen are 0.7-1.63 Ma, with the age of 1.15 

Ma cited most often (Zhu et al., 2015; Sun et al., 2018). Researchers know from the most basic 

paleomagnetic stratigraphy that the fossil is older than 0.78 Ma, as it was discovered below the 

Matuyama/Brunhes boundary, and there is reliable evidence it falls between the Jaramillo and 
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Olduvai subchrons, yielding an age range of 1.07-1.77 Ma (Zhu et al., 2015). Recent research by 

Zhu et al. (2015) argues that the fossil dates to 1.63 Ma, based on revised paleomagnetic/LPS 

stratigraphy and stratigraphic correlations. However, I suggest we regard this early date with 

caution since their argument is based on magnetic susceptibility wiggle matching, faunal 

assemblages, and stratigraphic correlations up to 10 km away. This is not to suggest that the new 

chronostratigraphic framework is necessarily incorrect, but that independent replication of the 

results is necessary to establish that the Lantian occupation is at least 0.5 Ma older than 

previously believed.           

 Even more recently, Zhu et al. (2018) argued that they successfully dated the Shangchen 

Site (near Gongwangling) to an astonishing 2.12 Ma, which would substantially revise our 

understanding of Out-of-Africa I and hominin evolution in eastern Eurasia. However, since this 

chronology relies on the identification of marker horizons, wiggle-matching, and extensive 

stratigraphic correlations (Zhu et al., 2018, supplemental information), I believe that until these 

results are independently replicated, additional sites of a similar age are found, or there are 

advances in techniques like cosmogenic nuclide dating, we cannot say with certainty that 

hominin occupations in either the CLP or QMR are older than ~1.7 Ma.  

 Regardless of this debate (or specific chronologies), it is clear that areas such as Lantian, 

Hanzhong, and Nihewan (i.e., the CLP and QMR) are associated with some of the oldest 

Paleolithic occupations in eastern Eurasia, dating to ~1.2-1.7 Ma. Furthermore, these occupations 

appear to span hundreds of thousands of years and many interglacial-glacial cycles, and they are 

directly associated with rich archaeological traditions and a wide variety of environments and 

ecosystems. One consideration in this research is the nature and continuity of early human 
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occupations in northern China. This is particularly true in areas such as Nihewan, which lies at 

~40º north latitude, or the QMR, which may have had relatively low mean annual temperatures 

(MAT) during glacial periods (Fox et al. 2020b). If we see that hominin occupations were 

present, or remained stable, throughout these periods, it would suggest that hominins in the 

region developed unique adaptations to cope with cold and/or arid glacial conditions. This is 

particularly interesting as, to date, there is no evidence for unique technological traditions (e.g., 

diversified toolkits, fire resources) associated with CLP and QMR glacial conditions in the Early 

and Middle Pleistocene. Other plausible explanations are that areas such as Nihewan and Lantian 

were either mostly abandoned during intensified glacial conditions, or they facilitated seasonal 

rounds in which hominins retreated to ecological refugia during cold winters but were able to 

maintain occupations throughout the summers. As many others have noted, occupational 

intensity and duration should represent another core concern within the Chinese Paleolithic, 

which we simply cannot answer without better paleoclimatic reconstructions, more robust 

patterns in archaeological sequences in relation to interglacial-glacial cyclicity over the long 

term, and more finely resolved chronological frameworks (Dennell, 2009; Bar-Yosef and Wang, 

2012; Dennell, 2013b).  

     

Archaeological overview of the northern Chinese Paleolithic  
  

Throughout the Early and Middle Pleistocene (~1.6-0.06 Ma), the Paleolithic of northern 

China was largely defined by a few key characteristics which include: long-term technological 

stability, core-and-flake industries, primary utilization of direct hard-hammer percussion and/or 

the bipolar technique, multifunctional lithic technologies, and the utilization of highly local raw 
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materials (such as nearby quartzite river cobbles) (Wu and Olsen, 1985; Brantingham, 1999; 

Keates, 2001; Dennell, 2009; Bar-Yosef and Wang, 2012; Wang et al., 2014a; Gao et al., 2017). 

The distribution of sites in the region tends to concentrate in the southcentral portion of the CLP, 

in ecological zones associated with warm temperate deciduous broad-leaved forests, and sites are 

predominately associated with fluvial systems and loessic tablelands (Fig. 6). After decades of 

research and observations, in the 1970s Chinese archaeologists proposed “two culture traditions” 

as the primary model to explain Paleolithic variability and behavioral trends in northern China 

(Gao et al., 2017). In this model the two traditions, Kehe-Dingcun and Zhoukoudian Locality 1-

Shiyu, were separated based on perceived differences in lithic assemblages, such as simple large 

chopper-chopping tools and trihedral points (Kehe-Dingcun) versus scrapers and burins 

(Zhoukoudian Locality 1-Shiyu) (Gao et al., 2017). However, recent studies have demonstrated 

this framework is inadequate to explain Paleolithic variability (particularly within sites), and 

newer models are currently being developed. One such model, originally developed by Zhang 

Senshui and referred to as the “Geographic Dichotomy Alternative” (GDA) (Gao et al. 2017, 

section 18.8), postulates that the Chinese Paleolithic can be separated into two large regions, the 

north and the south. In the GDA model, the northern Chinese Paleolithic is largely characterized 

by small flake artifacts, such as scrapers, choppers, and points produced through direct hard-

hammer percussion and/or the bipolar technique (Gao et al., 2017). This stands in contrast to the 

southern Chinese Paleolithic defined by core-tools manufactured from pebbles (Gao et al., 

2017). Zhang argues that southern Paleolithic industries can be differentiated from their northern 

counterparts by the relative lack of scrapers and points, large pebble tools mostly manufactured 

through direct hard-hammer percussion, and a coarse simplicity in tool manufacture. However, 
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as argued in Gao et al. (2017) (to which the RGM subscribes), similar to the two-traditions 

model, the GDA is likely an oversimplification of archaeological assemblages, particularly when 

regarding in-site variability or unique regions such as the QMR.  

The characteristics presented above make the northern (CLP) Paleolithic unique in 

comparison to other significant prehistoric regions, such as East Africa and Europe, as long-term 

technological stability and the simplicity of tool manufacture dominate the record for over a 

million years. Furthermore, the lack of a wide-ranging traditional “Middle Paleolithic” (e.g., 

Mode III) or sites dominated by bifacial (i.e., Mode II) technologies also separates the CLP 

Paleolithic from Eurasian or African counterparts. These differences, particularly the perceived 

lack of Acheulean-like tools in China, led to the development of the Movius Line Theory (MLT), 

which argued that East Asian hominins either missed a critical stage of human cultural evolution 

or, in some capacity, were cognitively inferior to European and African hominins (Movius, 1944; 

Movius, 1948; Dennell, 2009; Bar-Yosef and Wang, 2012). Underlying this argument was the 

notion that the manufacture of bifacial and other “advanced” lithic technologies required a series 

of complex cognitive and social tasks, such as the development of mental templates, 

intergenerational cooperation, increasingly complex ecological knowledge (the evolution of 

resource extraction), the identification, utilization and trade of novel raw material sources, and 

both lateral and vertical transference of information. In the absence of “advanced” (Mode II) 

stone-tool traditions, researchers debated whether Asian hominins lacked some core evolutionary 

feature or were culturally stunted. However, the discovery of bifacial technology areas such as 

the Luonan and Hanzhong Basins of the QMR and Levallois-like industries at Shuidonggou and 
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Jinsitai, Ningxia quantitatively falsified the argument that East Asian hominins lacked the 

cognitive ability to produce these industries.  

With the knowledge that hominins in the CLP and QMR certainly had the cognitive and 

physical ability to manufacture more “advanced” lithic industries, several alternative models 

emerged to explain long-term technological stability and the relatively small number of sites that 

contain Mode II and Mode III-like technologies. Perhaps the most famous is the Bamboo 

Hypothesis (BH), which argues that hominins in China relied heavily on the utilization of 

bamboo and other readily available wood-resources for the manufacture of tools (Pope, 1989; 

Dennell, 2009; Bar-Yosef et al., 2012). Experimental results demonstrate that bamboo is easily 

modified into sharp points, diverse toolkits, and is readily available (albeit in certain regions such 

as southern China) (Bar-Yosef et al., 2012). However, there are several problems with this 

hypothesis, the first being that there is no evidence that the CLP was ever covered in extensive 

bamboo forests, or that archaeological sites in the region share a strong correlation with 

paleoecological evidence of bamboo forests or abundant woody resources throughout the 

Pleistocene. In fact, recent research suggests that H. erectus occupations might be correlated with 

C4 ecosystems and patchy mosaic environments, which would stand in almost direct opposition 

to the Bamboo Hypothesis (Dennell, 2004; Dennell, 2009; Dennell, 2013a). 

Other major models under consideration are related to demography, biogeography, and 

ecological circumstances (Brantingham, 1999; Dennell, 2009; Bar-Yosef and Wang, 2012; Gao 

et al., 2017). In a demographic model, the persistence of Mode I industries is related to small 

hominin populations, discontinuous occupations, and great distances between groups 

(Brantingham, 1999; Dennell, 2003, 2009). Without demographic pressures and with access to 
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abundant resources, there would be no need for the development of increasingly complex 

toolkits. In biogeographic models, after Out-of-Africa I (ca. 1.8 Ma), populations of H. erectus in 

eastern Eurasia were isolated from western European and African hominin populations, once 

again leading to long-term technological stability. A leading researcher in the field, Dennell 

(2009), has argued that biogeographic barriers formed during aridification events, sea level 

change and glacial periods, and thus large portions of these arguments have a strong climatic 

component (discussed in further detail below). As elegant as some aspects of this argument are, 

as with the Bamboo Hypothesis, there is little quantitative evidence pointing to the formation of 

biogeographic barriers large enough to reorganize Eurasian hominin evolution. Finally, 

ecological models postulate that the Chinese Paleolithic was “based on conscious consideration 

of ecological and resource factors” (Gao et al., 2017). In following the ecological model, one 

could argue that within Chinese landscapes, dominated by an abundance of easily available 

resources (i.e., raw materials, plants, and animals) and small populations, technological stability 

and simplified toolkits represented an optimal adaptation to local circumstances.      

 The other major consideration in this debate is related to the quality (or lack thereof) of 

raw materials. In both the CLP and QMR, quartz and quartzite retrieved from local riverbeds 

dominate raw material sources. Since these materials tend to have poor flaking qualities in 

comparison to high-quality materials (e.g., obsidian, chert), the persistence of Mode I 

technologies may be related to cost-benefit ratios. That is, the cost of investment in Mode II 

practices, such as bifacial reworking and soft hammer retouch, may outweigh the benefit of using 

said technologies. In this model, hominins in the region made a conscious choice to simply 

invest in expedient, irregular flake and core technologies.  
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 As with other debates in archaeology and human evolution, theories based on a single 

factor, such as ecological circumstance or raw material quality, likely do not sufficiently explain 

the complexities of hominin behavior. In all reality, characteristics of the Chinese Paleolithic are 

likely related to several variables including unique ecological regimes associated with the 

EASM, qualities of raw materials, population densities, patterns in mobility (e.g., seasonal 

rounds), and information networks. Fox et al. (2020a) and Fox et al. (2020b) demonstrate that 

archaeological sites such as LGS-1 are firmly associated with long-term stability in both 

temperature and vegetation regimes. These results point to the fact that environmental stability 

may have directly impacted the persistence of Mode I industries, however, I further hypothesize 

that low population densities and patterns of high mobility also likely contributed to observed 

patterns in LGS stone tool industries.    

 
Overview of the Qinling Mountains Region (QMR) and Paleolithic industries 
 

Often regarded as a physio-geographic boundary separating China’s tropical south and 

arid north, the Qinling Mountain Range is a large east-west orogenic belt with an average 

elevation of 1500-2500 m above sea level (Fig. 7) (An, 2014; An et al., 2014; Sun et al., 2018; 

Wang et al., 2019). The QMR has a complex tectonic history dating from the Mesozoic to 

Cenozoic, and is in some ways related to the uplift of the Tibetan Plateau over the last 15-20 Ma 

(Dong and Santosh, 2016). The modern topography of the QMR is defined by a series of deep 

and narrow rifted basins that are now predominately filled with Quaternary alluvium and loess-

paleosol sequences laying atop uplifted fluvial terraces. Underlying Quaternary LPS and alluvial 

sequences, basins in the QMR contain a wide variety of metamorphic complexes, conglomerates, 

sandstones, carbonates, siltstones, and mudstones (Dong and Santosh, 2016).  
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Since the QMR is located on the southern edge of the CLP, pedostratigraphy in the region 

looks very similar to loess-paleosol sequences in areas such as the Wei River Valley (southern 

CLP). Similar to the CLP, the alternation between loess and paleosol units in the region is 

thought to be related to interglacial-glacial cyclicity and its control on EASM variability. 

However, recent evidence from QMR sequences suggests not all “loess” units are aeolian in 

origin and may be comprised of alluvium that is difficult to distinguish from loess in the field 

(Yang et al., 2019). If this is the case, some of the alternations between paleosols and “loess” 

may be complicated by alluvial and geomorphic processes not directly tied to simple patterns in 

EASM variability. It is currently unclear if this applies to the CLP at large and certainly requires 

further investigation. 

In addition to its unique tectonic history and designation as the major geographic 

boundary between northern and southern China, the QMR is exceptional as a region home to rich 

archaeological records and high levels of biodiversity. Ecologically, the QMR represents one of 

the eight areas in China that contain the highest levels of biodiversity with over 3,000 unique 

plant species alone (Tang et al., 2006). The QMR is also home to a wide variety of rare animal 

species: pandas, golden snub-nose monkeys, golden eagles, takins, crested ibises, and clouded 

leopards. With such a wide variety of unique resources and mountainous landscapes, the QMR 

has been an important region throughout both historic and prehistoric times. As discussed below, 

the QMR is also home to some of China’s earliest and most significant Paleolithic sites. Since 

the QMR is defined by a series of interconnected intermontane basins rich in ecological 

resources and, in terms of the EASM, is an important transition zone, this area is unique and is 

firmly associated with some of the most significant Paleolithic occupations in China.            
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 Since at least the 1960s, the QMR has been widely recognized as an important region in 

Chinese paleoanthropology, including archaeological research, for two major reasons: (1) the 

northern piedmont of the QMR is host to the Lantian sites (Gongwangling and Chenjiawo, 

Shaanxi), which are part of only a handful of sites in China to contain hominin fossils in direct 

association with late Early Pleistocene archaeological material, and (2) the Luonan Basin of the 

northern QMR is one of the only regions in China to contain bifacial (or Acheulean-like) tools 

(Fig. 8) (Lu et al., 2006; Dennell, 2009; Lu et al., 2011b; Li et al., 2013; Wang et al., 2014b; 

Habu et al., 2017). Furthermore, findings by both local farmers and archaeological surveys since 

the 1950s demonstrate that there are hundreds of Paleolithic sites in the region, many of which 

are well stratified and associated with relatively well-preserved sedimentary sequences (Sun et 

al., 2018). As of 2018, at least 400 Paleolithic sites are known to archaeologists working in the 

region (see Table 1 for list of important sites in the region) (Wang and Lu, 2016; Sun et al., 

2018). Because the QMR is associated with fossil and archaeological finds that have garnered 

great interest, rigorous surveys and excavations in the region during the past few decades have 

produced a wealth of data.    

 In terms of archaeological research, the intermontane basins of the QMR that are of 

greatest interest are the Ankang, Hanzhong, Luonan, Lushi, and Yunxian basins (Fig. 7). 

Currently, most Paleolithic sites in the QMR are found within loess-paleosol or alluvium-

paleosol sequences that cap uplifted fluvial terraces. These fluvial terraces (T) are numbered 

from 1-5, with the first terrace (T1) representing middle to late Holocene sequences, and T5 

representing, at a minimum, the late Early Pleistocene (~1.2 Ma) (Sun et al., 2017b). 

Archaeological research in the QMR currently emphasizes T2-T4, as sites such as Longgangsi 
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(T3), Yaochangwan (T3), Fanba (T2), Shangbaichuan (T3), and Liuwan (T3) either contain 

deeply stratified sites with numerous in situ archaeological assemblages or are known to contain 

important Pleistocene records such as pollen and faunal remains (Sun et al., 2017a; Sun et al., 

2018; Wang et al., 2019; Yang et al., 2019). Although sites such as Liuwan and Yaochangwan 

have yet to be excavated, initial surveys and geological fieldwork provide preliminary 

frameworks for future excavations and research projects.   

The greatest advances made in QMR Paleolithic research come mostly from the 

Hanzhong and Luonan basins, which have the highest number of excavated archaeological sites 

believed to date from the late-Early to late-Middle Pleistocene (~1.2-0.06 Ma). A collaborative 

project linking Nanjing University (NJU), the Chinese Academy of Sciences’ Institute of 

Vertebrate Paleontology and Paleoanthropology (IVPP), and numerous international institutions 

(e.g., University of Arizona, University of Cincinnati, La Trobe University, Vrije Universiteit 

Amsterdam, Muséum National d’Histoire Naturelle) has intensively investigated the 

chronostratigraphy, tectonics, sedimentology, paleoclimatology, and paleoecology of the region 

for more than a decade (Lu et al., 2011a; Lu et al., 2011b; Zhang et al., 2012; Sun et al., 2014; 

Sun et al., 2016; Wang and Lu, 2016; Lu et al., 2017; Sun et al., 2017a; Sun et al., 2017b; Zhang 

et al., 2017; Wang et al., 2019; Yang et al., 2019). These multidisciplinary research projects are 

principally directed by Dr. Wang Shejiang (IVPP), Dr. Lu Huayu (NJU), and Dr. Sun Xuefeng 

(NJU).        

In the Hanzhong Basin, recent surveys and excavations have identified several key 

Middle Pleistocene sites including: Longgangsi-1 (0.58-0.07 Ma), Longgangsi-2 (0.75-0.58 Ma), 

Longgangsi-3 (1.2-0.71 Ma), Houfang (0.013-0.09 Ma), Dishuiyan (0.11-0.05 Ma), Hejialiang 
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(~0.09 Ma), Yaochangwan (0.58-0.47 Ma), Luojiacun (0.58-0.47 Ma), and Wutaicun (0.88-0.85 

Ma) (Li et al., 2014; Sun et al., 2018; Xia et al., 2018). In the Luonan Basin, out of the hundreds 

of sites (or open-air sites), the Longyadong Cave, Liuwan, Shizilukou, Zhanghuokou, Mengwa, 

Guoyan, and Shangbaichuan have been of intense interest (Wang et al., 2004; Sun et al., 2018). 

See Table 1 for a list of significant QMR Middle Pleistocene sites and related references (An and 

Ho, 1989; Lu et al., 2007; Lumley and Li, 2008; Li et al., 2009; Shen et al., 2013; Li et al., 2014; 

Sun et al., 2014; Liu et al., 2015; Sun et al., 2018).  

A few key technological features characterize Qinling lithic industries, many of which 

are shared with conventional Middle Pleistocene stone tool traditions in central China. The most 

commonly utilized raw materials in tool manufacture were quartz, quartzite, siliceous limestone 

and igneous cobbles collected from nearby riverbanks and terraces (Lu et al., 2006; Wang and 

Lu, 2016). As with other industries in northern China, simplicity in manufacturing and the 

utilization of either direct hard-hammer percussion and/or the bipolar technique dominate the 

record (Wang and Lu, 2016). In the southern QMR and Hanzhong Basin, assemblages are 

organized into four main categories: cores, flakes, retouched tools and debitage (Fig. 9) (Wang 

and Lu, 2016). Retouched tools can be further subdivided into choppers, picks, heavy-duty 

scrapers, spheroids, Mode I-like points and, in rare cases, handaxes (usually surface finds) 

(Wang and Lu, 2016; Gao et al., 2017). Originally, assemblages from Hanzhong (such as those 

at LGS), were thought to belong to the traditional pebble-core industry (as discussed above). 

However, recent work in the region has revealed that small flakes, retouched flakes, and 

spheroids were underestimated in previous reports (Wang and Lu, 2016). Recent excavations at 

Longgangsi, carried out by Wang Shejiang, demonstrate that earlier fieldwork (and related site 
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classifications) missed many of the smaller artifacts, which may be a result of the survey 

methodology employed or modern industrial activities in the region. In new excavations, we see 

that large pebble tools and choppers represent a very small portion of the overall assemblage. In 

this context, portions of the southern QMR industry look quite similar to the northern Chinese 

flake tradition, even though Hanzhong is south of the central Qinling Mountains and is 

traditionally thought of as part of “southern China.” These types of sites call into question 

models such as the GDA.  

 In the northern QMR, particularly in the Luonan Basin, archaeological assemblages in 

direct association with Pleistocene LPS or alluvial sequences mostly consist of simple cores, 

flakes, and retouched flake and pebble tools (Fig. 10) (Wang et al., 2008a; Lu et al., 2011b; Sun 

et al., 2014; Yu et al., 2017). Retouched tools include choppers, scrapers and points. As with the 

southern QMR, lithic industries are predominately characterized as Mode I, reflecting simple and 

expedient manufacturing techniques, utilization of highly local raw materials (~1-2 km), and lack 

of highly specialized tool kits. The well-known bifacial, handaxe, cleaver and knife or 

Acheulean-like (Mode II) tools are currently associated with late-Middle Pleistocene sequences 

that date to less than 250 Ka or are found as undatable surface finds (Gao and Guan, 2018; Sun et 

al., 2018). When comparing the northern and southern QMR, technological variability appears 

higher in the northern basins such as Luonan, however, throughout most of the Early and Middle 

Pleistocene, assemblages in both regions were dominated by Mode I traditions and appear quite 

similar over long periods of time. Also similar to the CLP Paleolithic, technological stability 

persists until approximately 40 Ka, when Upper Paleolithic assemblages appear in the record.       
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The Regional Gradient Concept 
  

The hope in briefly reviewing major concepts associated with the central Loess Plateau, 

the QMR and the northern Chinese Paleolithic is to demonstrate that climatological, ecological, 

and geologic gradients are a defining feature of Chinese paleoenvironments and may help 

explain the diversification of lithic industries throughout central China (particularly on a north-

south axis). This discussion also attempts to emphasize that lithic industries in China should not 

be defined as a simple monolith relative to African or European Paleolithic industries. As 

discussed above, recent research in China now demonstrates that both intra- and inter-site 

variability is much higher than previously believed, and that lithic industries should not simply 

divided into northern and southern traditions (Gao et al., 2017). This paper hypothesizes that 

northern and southern Paleolithic industries fall along a spectrum and this technological 

spectrum is intimately related to environmental gradients unique to China. Below, I attempt to 

fully define the Regional Gradient concept and how it may inform future archaeological research 

in central China.    

 

The Regional Gradient Model 

As an alternative approach within Chinese loessic geoarchaeology, I propose the 

Regional Gradient Model (RGM), in which researchers working in central China may test the 

notion that EASM variability, loess-paleosol sequences, and Paleolithic cultures correlate to 

regional climatological, environmental, and technological gradients. This heuristic 

conceptualizes broad trends in Chinese hominin paleoenvironments in relationship to a well-

defined gradient that is tied to monsoonal patterns (Fig. 11). This proposal stands as an 
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alternative to traditional models, which often divide China into two major regions, the 

subtropical south and the semi-arid north, that are separated by the Qinling Mountains. The 

RGM argues that there are three major, interrelated gradients to consider: soil-stratigraphic (or 

geological), precipitation, and ecological; the analysis of these gradients provides anthropologists 

with stratigraphic and paleoenvironmental frameworks on a scale more relevant to studies of 

hominin paleoecology and Paleolithic archaeology. 

From a geological perspective, the RGM incorporates decades of field research that have 

demonstrated that loess-paleosol sequences grade on a SE-NW axis (An, 2000; An, 2014; An et 

al., 2014; Maher, 2016). Field observations along this transect reveal that loess layers are 

thickest and coarsest in the northwest due to intense continentality, weak summer monsoon 

precipitation, and proximity to dust sources (Fig. 12a). Conversely, soils are thickest, finest, and 

most well-developed in the southeast (Fig. 12b). This is likely the result of proximity to EASM 

sources (western Indo-Pacific, Indian Ocean), intense monsoon precipitation, heightened 

weathering, and long transport distance from dust sources such as the Tarim and Qaidam Basins. 

In the Qinling Mountains, stratigraphic sequences are defined by relatively thick soils that are 

well developed (e.g., strongly expressed soil structure, high clay levels) and very thin loess strata 

(Fig. 12c). The topographic complexity of the QMR may alter monsoonal circulation, leading to 

long periods of landscape stability and the suppression of loess deposition, potentially making 

the region a hospitable refugium and important transition zone between the southeast and 

northwest regions. Collectively, these characteristics demonstrate that pedostratigraphic 

gradients contain important clues to long-term trends in monsoonal pacing, strength, and location 

in central China (see An et al., 2014 for a comprehensive review on the topic). From a climate 
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perspective, this model builds upon the observation that rainfall regimes in central China largely 

fall along a SE-NW axis modulated by monsoons flowing off the western Indo-Pacific and the 

Indian Ocean.  

In modern China, precipitation gradients are strongly correlated with the distribution of 

ecological zones and the ratio of C3 to C4 biomass (Fig. 13). However, this pattern is not isolated 

to modern times as the analysis of both loess-paleosol stratigraphy and paleoclimatic proxies 

(e.g., leaf wax δ13C, soil δ13C, pollen) demonstrates the diachronic connection between a well-

defined monsoonal gradient and broad patterns in ecology (Liu et al., 2005a; An et al., 2014; 

Yang et al., 2015). However, it is common in loess-paleosol research (and standard loessic 

geology) to divide China into two large regions, the subtropical south and the semi-arid north, 

separated by the Qinling Mountains (e.g., Zhang et al., 2012; An et al., 2014; Zhu et al., 2015; 

Fang et al., 2017; Sun et al., 2017b; Yang et al., 2019). As an alternative to the notion that China 

is a binary system with a well-defined boundary, we could refer to regions that fall along a 

monsoonal gradient within the QMR as a significant inflection point (or transition zone). Instead 

of two major zones, the semi-tropical south and the semi-arid north, the RGM proposes a 

minimum of five distinct regions. These zones – tropical, sub-tropical, Qinling Transitional, 

semi-arid, and arid – relate to observed trends in ecology, precipitation, and stratigraphy (such as 

the relative thickness of soils versus loess). The RGM also stipulates that the analysis and 

reconstruction of these zones throughout the Pleistocene may contain important clues about 

patterns in archaeological assemblages and occupations throughout the QMR and across the 

CLP. In this conceptualization, the RGM emphasizes the significant connections between EASM 
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variability, ecosystem ecology, and regional climatic gradients, and how the analysis of these 

gradients may be a useful heuristic for Paleolithic archaeologists.   

 In terms of hominin paleoecology, this model hypothesizes that trends in regional 

gradients would have been of significance to human ancestors occupying central China. For 

example, throughout interglacials on the CLP, hominin adaptations in southeast regions would 

significantly differ from those in the northwest. In the southeast portion of the plateau, well-

developed soil surfaces, intense precipitation regimes, dense vegetation and higher levels of C4 

biomass dominated interglacial landscapes. In contrast, during the same period, intense 

continentality, weaker soil development, increased aridity, and fragmented C3-C4 landscapes 

defined the northwest. However, these geological and environmental differences are not binary 

but fall along a spectrum that is predominantly controlled by EASM variability. Recognizing and 

discussing these regional subtleties, and how regional gradients ebb and flow over the course of 

time, may be crucial in developing stratigraphic correlations between Paleolithic sites across the 

CLP and the formulation of regionally specific models of hominin behavior.     

I hypothesize that Paleolithic cultures in central northern and southern China cannot be 

divided into large, geographically bounded regions, but instead correlate to regional gradients 

with the QMR as a significant transition zone (connecting southern and northern regimes). In 

reformulating archaeological research questions in relation to this proposed gradient, Paleolithic 

researchers may identify patterns in technology and occupations that have yet to be explored 

(discussed below). However, it is important to note that the RGM is a preliminary model because 

much more data are yet needed to test whether this framework is useful to Paleolithic 

archaeologists working on the CLP and adjacent areas. Preliminary results presented in Fox et al. 
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(2020a) and Fox et al. (2020b) suggest that the RGM concept may work well in the context of 

the Qinling Paleolithic. That is to say, we observe in our biomarker data there are significant 

differences in southern (Hanzhong) versus northern (Luonan) records; these differences in both 

vegetation and temperature variability fit expectations of the RGM model (as visualized in Fig. 

11) and correlate well to archaeological record (Fig. 14). 

Another aspect of the RGM is to examine the language of dichotomies commonly used in 

loessic geology and loessic geoarchaeology, such as ‘tropical south versus arid north’ or ‘warm-

wet interglacials versus cool-dry glacials.’ Here, large scale observations are not discounted 

(since, in the broadest sense, they are true), but, instead, the RGM attempts to reformulate 

regional patterns into discernable units that grade into one another. That is to say, the RGM 

postulates that interconnected trends in climatic, environmental and behavioral patterns may best 

be explained by gradients and not dichotomies. For example, researchers should carefully 

reconsider that paleosols are always a proxy for warm-wet interglacial periods, and that these 

periods directly correlate with the expansion of stable hominin populations, intensified 

occupations, or technological change. In established models, some hypothesize that paleosols 

correlate with rich archaeological assemblages, as interglacial periods were relatively hospitable 

or, conversely, glacial conditions were sufficiently harsh to marginalize populations. In this 

framework, there are two major dichotomies to consider: (1) the distribution of archaeological 

material versus loess and soil, and (2) interglacial and glacial conditions that influenced hominin 

adaptations.  

The RGM hypothesizes that the distribution of archaeological materials grades from one 

pedostratigraphic unit into another (versus a simple majority in soils), and that broad patterns in 
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interglacial-glacial cyclicity could be refined (such as with the addition of stadials and 

interstadials). In light of recent developments in fields such as paleoclimatology, geochronology, 

and Paleolithic research, I argue that correlating broad patterns in interglacial-glacial cyclicity to 

Pleistocene hominin behavior should be reevaluated.  

Age-models associated with CLP and QMR pedostratigraphy are often too coarse to 

correlate hominin behaviors with specific patterns in interglacial-glacial cyclicity. This is largely 

because Early to Middle Pleistocene chronostratigraphy in the region is based on paleomagnetic 

boundaries, stratigraphic correlations, and inferred sedimentation rates. Furthermore, hominin 

adaptations to interglacial or glacial conditions across the CLP or within the QMR could have 

varied widely depending on the strength and location of monsoonal regimes. 

Several sites in both the CLP and QMR (e.g., Longgangsi, Liuwan, Lantian) demonstrate 

direct association between hominin occupations and loess and, by extension, glacial conditions 

or periods of increased aridity. This suggests that either (a) glacial conditions in regions, such as 

the Qinling Mountains or southern plateau, were not sufficiently harsh enough to completely 

marginalize hominins and cause abandonment events, or (b) subsoils (reflecting interstadial 

conditions) are insufficiently reported. Researchers working in China undoubtedly recognize that 

correlating interglacials and paleosols to significant occupations oversimplifies the issue. 

However, the notion that paleosols represent warm-wet interglacials (and vice versa with loess), 

and such conditions were salubrious for hominins, still remains a theme in both the scientific 

literature and comprehensive reviews (e.g., Dennell, 2004; Dennell, 2009; Lu et al., 2011b; 

Morgan et al., 2011; Fang et al., 2017; Sun et al., 2018; Zhu et al., 2019). In order to reformulate 

this language, the RGM emphasizes the gradational nature of environmental and climatic 
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conditions and, through the combination of modern climatological observations, novel proxies, 

and paleoclimate models with traditional sedimentological (or pedological) approaches, 

researchers may be able to refine paleoenvironmental models that are directly concerned with the 

archaeological record.   

 The RGM also takes scale into consideration, as the scale of inquiry can greatly affect 

both design and potential outcomes when one approaches a particular research problem. For 

example, one fundamental question archaeologists face within variability selection models is 

how particular patterns in paleoclimatic and monsoonal variability are associated with regionally 

specific behaviors and adaptive frameworks, such as the production of unique lithic industries, 

patterns in human mobility and subsistence, and occupational intensity. As I will discuss in 

further detail below, it is widely known that planetary level processes, such as orbital 

configurations (i.e., precession, eccentricity, and obliquity) and patterns of insolation (W/m2) are 

directly related to monsoon variability in East Asia (Wang et al., 2001; Wang et al., 2008b; 

Cheng et al., 2009; Chiang et al., 2015; Cheng et al., 2016). In turn, these patterns of variability 

relate to the composition of ecosystems, ratios of C3 and C4 biomass, and precipitation and 

temperature regimes that would likely have been of some consequence to hominins occupying 

China throughout the Pleistocene. However, understanding how to connect these processes, 

which often operate on vastly different temporal and spatial scales, is a particularly interesting 

problem in paleoanthropology. Since at least the mid-Pleistocene (0.6-0.7 Ma), EASM 

variability has been paced on precessional timescales (19-21 Ka), however, variations in 

ecosystem ecology and local vegetation regimes, which directly affect human behavior, operate 

on annual, decadal, or centennial timescales. Furthermore, archaeologists have long noted that 
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technological stability in a large majority of the CLP dominates the record for ~1.0 Ma, thus 

patterns in orbital pacing (e.g., precession) are not synchronized with patterns of technological 

change. This suggests that variability selection models may need refinement in relation to 

Chinese records.    

Finally, the RGM emphasizes that models of human biological evolution and behavior 

that have been developed in African paleoanthropology should be tested, and eventually 

reformulated in the context of the Chinese Paleolithic. How well do models, such as variability 

selection, turnover pulse, pulsed climate variability, red-queen, or the aridity hypothesis, work 

within East Asian paleoanthropology (Vrba, 1993, 1996; Potts, 1998; Kingston, 2007; Maslin et 

al., 2015; Potts and Faith, 2015; Vrba, 2015)? It is imperative that these questions be asked and 

rigorously tested in China, because many human evolution-climate models postulate that these 

forces are not restricted to Africa. However, based on the unique characteristics of Chinese 

hominins and technology (discussed below), it is unlikely that models like variability selection 

are a perfect fit. If this is the case, researchers are in a position to either develop new models of 

hominin paleoecology or significantly expand upon previous constructs.  

 
Testing Regional Gradients and ways forward 

 
After reviewing the complexities associated with EASM variability, CLP loessic geology 

(and geoarchaeology), and the northern Chinese Paleolithic, I argue that a novel heuristic, the 

Regional Gradient Model, and a new synthesis in Chinese loessic geoarchaeology promise 

advances within the field. The Regional Gradient Model is not designed as a wholesale 

replacement of dichotomous models (such as the GDA) but represents an alternative approach in 

the analysis of hominin paleoenvironments and how those paleoenvironmental frameworks relate 
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to trends in human evolution and the archaeological record. Here, I ask if we reformulated 

questions in paleoclimatology and Paleolithic archaeology around regional gradients, which 

patterns would emerge or how much explanatory power does this model have? As stated above, 

the RGM would need a substantial amount of testing, and approaching this problem is discussed 

below.  

  First, to test the RGM we must work towards formalizing Chinese loessic 

geoarchaeology in the context of a modern synthesis that combines both traditional approaches 

(e.g., sedimentology, pedology) with paleoclimatology. Since traditional loessic geologists 

discuss EASM variability from a stratigraphic perspective, and paleoclimatologists discuss 

EASM variability from a dynamical perspective, there are important differences between how 

these two fields understand climatic variability during the Pleistocene. As discussed earlier, this 

can be easily seen when comparing the interpretation of CLP pedostratigraphy to interpretations 

of δ18O records from southern Chinese caves. Since neither approach is “wrong,” the systematic 

combination of sedimentological and climatological approaches should provide loessic 

geoarchaeologists with a methodological and theoretical package that is more holistic in nature.  

From a methodological perspective, this package would focus on fieldwork that 

emphasizes the mapping of detailed pedostratigraphy along with sampling protocols that 

emphasize a multi-proxy approach. This field program would emphasize the explicit analysis of 

pedostratigraphic gradients, detailed mapping of subunits (i.e., subsoils and intercalated loess), 

sampling for isotopic and organic geochemistry, quantitative pedology, and archaeological 

micromorphology. Since the RGM is specifically concerned with long-term variations in the 

summer monsoon, the formation of soils, and how these relate to the archaeological record, 
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fieldwork would be particularly interested in targeting subsoils and differences between 

paleosols (e.g., S5 versus S4). Since the field characteristics of soils (e.g., structure, color, clay 

content, redox features) give loessic geoarchaeologists important insights into the intensity of 

pedogenesis, post-depositional processes, duration of interglacial conditions, and the location 

and strength of the EASM, the detailed mapping of pedostratigraphy (versus the simplified 

approach) can be particularly useful.  

In the lab, this approach would aim to synthesize results that examine long-term EASM 

variability, soil characteristics, post-depositional alterations, and site formation processes. These 

results could then be compared to Chinese cave and ocean core records in proxy comparison 

exercises. Loessic geoarchaeologists working in the CLP and the QMR could then test the notion 

that Chinese paleoenvironments and ecological zones fall along a gradient that is modulated by 

EASM variability throughout the Pleistocene. From an archaeological perspective, we should 

test if archaeological assemblages or trends in technological traditions share any correlation with 

environmental gradients. For example, loessic geoarchaeologists could test to see if the ratio of 

pebble to flake artifacts systemically decreases from the southeast to the northwest, and if these 

ratios share any correlation with specific pedostratigraphic units such as well-developed 

paleosols.   

The RGM also deemphasizes the language of dichotomies, such as the “arid north” 

versus the “tropical south” and, alternatively, underscores that long-term trends fall along a 

spectrum. It is obvious on the broadest scale that central China can be divided into large, 

dichotomous regions, however, since the primary concern of geoarchaeologists is an examination 

of local paleoenvironmental conditions, site formation processes, site chronologies, and how 
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these conditions affect human behavior and culture, it is critical that we develop and test models 

on a finer scale (Holliday, 1992; Holliday, 2004; Goldberg and Macphail, 2008; Goldberg et al., 

2013). The advantage of the RGM is that it presents testable hypotheses and has a foundation 

built on the last two (or so) decades of paleoclimatic and archaeological research in China.  

 Another major concern of loessic geoarchaeologists testing the RGM should be an 

examination of paleoenvironmental change associated with the earliest human occupations in 

China (~1.2-1.7 Ma) and, in particular, localities associated with the southern and northern 

flanks of the Qinling Mountains. Since the RGM stipulates that the QMR represents a significant 

climatological, ecological, and technological inflection point in central China, an intensive focus 

on early Paleolithic sites within this zone should be an effective way to examine if monsoonal 

gradients correlate with environmental patterns that would have been of significance to H. 

erectus populations. For example, loessic geoarchaeologists could focus on the reconstruction of 

the ratio of C3 to C4 vegetation, and then statistically compare these patterns in PFTs to 

pedostratigraphic units and archaeological assemblages. If paleosol units predominately reflect 

intensified summer monsoons and warm and wet conditions that would have facilitated 

hospitable habitats, one would expect a significant increase in δ13C values in soils and subsoils 

(reflecting expansion of C4 biomass), and these values should correlate with an increase in 

archaeological artifacts (potentially reflecting intensified occupations). Below, I discuss a series 

of methodological and theoretical approaches that could be applied to testing the RGM.       

 
Methodological approaches: Biomarkers, proxy comparisons, and “the three prongs”  
   

Here, I propose several methodological approaches that may assist with advancing loessic 

geoarchaeology and testing of the RGM. Due to limitations associated with this paper, a full 
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exploration of this proposal is outside of the scope of this work, therefore, the section below 

should serve as a framework for future research. It is currently planned to apply RMG 

frameworks to geoarchaeological research within the QMR over the next several years.     

First, beyond sampling for quantitative soil and sediment characteristics (e.g., magnetic 

susceptibility, grain size, CaCO3 content, organic matter), which is standard in the field, I 

suggest researchers also sample for biomarkers, as these proxies provide access to novel 

information (such as temperature reconstructions) currently unavailable in the field. Proxies such 

as the δD and δ13C of leaf waxes and glycerol dialkyl glycerol tetraethers (GDGTs) are 

particularly promising because these biomarkers are often well-preserved in loess-paleosol 

sequences, have little to no transport distance, and are directly related to EASM variability 

(Freeman and Collarusso, 2001; Liu et al., 2005a; Liu et al., 2005b; Eglinton and Eglinton, 2008; 

Zech et al., 2013; Buggle and Zech, 2015). Furthermore, biomarkers work well in proxy 

comparisons where signals, such as the δ13C of leaf waxes (C3:C4), can be directly compared to 

pollen and phytolith records, thus giving researchers access to more comprehensive 

paleoenvironmental reconstructions. Biomarker results could also be incorporated with 

micromorphology (e.g., compositional studies), which is a method that works well for studying 

archaeological site formation and occupations associated with soil units and stable surfaces. This 

protocol, which I refer to as the “three-pronged approach,” argues that the systematic 

combination of geochemistry, petrography, and quantitative soil characterizations is an 

advantageous multi-proxy approach. This framework should be especially useful since it (a) 

gives researchers multiple lines of evidence when building an argument, (b) provides a more 

holistic methodological toolkit, and (c) is often relatively inexpensive and can be accomplished 
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in a timely manner. The only major limitation is that biomarker geochemistry can be very time 

consuming depending on the concentration of organic matter and which proxies are targeted.     

The other major promise of biomarker research is that it provides a means to accomplish 

quantitative temperature reconstructions, which are virtually absent from CLP Paleolithic 

research. This is particularly important since studies undertaken during the past two decades 

suggest that variations in temperature regimes, particularly in glacial times, influenced human 

occupational intensity and mobility patterns (e.g., Lu et al., 2011b; Morgan et al., 2011; Dennell, 

2013b; Zhu et al., 2019). Regardless if one subscribes to the notion that glacial temperature 

regimes were severe enough to force hominin migrations, these proposals are helpful in 

formulating testable hypotheses addressable through the analysis of biomarkers such as soil and 

lacustrine GDGTs or nearshore alkenone records. If sampling density is sufficiently high (~2-5 

cm), biomarker records could then be compared with magnetic susceptibility and grain size 

curves, δ18O cave records, and precessional frequencies. The application of GDGT research at 

Paleolithic sites may also allow the development of calibrations directly at archaeological sites, 

which improves the accuracy of site-level temperature reconstructions and contributes to Chinese 

paleoclimatology in general.  

Additionally, this new synthesis emphasizes the use and refinement of statistical models, 

which test data variation within and between loess-paleosol units. For example, one could use 

simple non-parametric tests, such as Mann-Whitney, to examine if we can observe significant 

variations between pedostratigraphic units. This could be particularly important in determining if 

the “wiggles” we observe are correlated to pedostratigraphic unit, or just superficially appear so. 

Another statistical approach loessic geoarchaeologists could utilize is the application of linear 
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regressions between biomarker results and quantitative soil and sediment characterizations. This 

would allow researchers to test if the expansion of C4 biomass is correlated with paleosol units 

and interglacial periods. Since the formation of both mosaic environments and C4 ecosystems is 

believed to have affected patterns in hominin paleoecology, formally testing this in the context of 

CLP and QMR sites represents a robust research avenue.     

 In terms of geochronology, researchers are working to refine methods such as OSL, apply 

new methods such as cosmogenic nuclide dating, and search for alternative ways to date 

Pleistocene CLP sequences. However, within CLP and QMR research it is still common to date 

sequences through visual wiggle-matching of magnetic and grain size curves to CLP type 

sections that are, themselves, orbitally tuned or rely on inferred sedimentation rates and 

paleomagnetic tie points. Because this is the best we can currently do within the CLP, I am not 

suggesting that we throw out the proverbial baby with the bathwater, but instead we must be 

explicit in how age models are constructed and that spatially extensive LPS correlations may be 

revised in the future. Since we are currently at a point where researchers are intensively working 

on the construction of better age models, the best loessic geoarchaeologists can do is build 

paleoenvironmental frameworks with high sampling resolutions (~2-5 cm) that specifically target 

EASM proxies between paleomagnetic tie points (e.g., the Matuyama-Brunhes boundary, 

Olduvai subchron). Hopefully, in the future when chronologies are refined, researchers will have 

already produced rich geochemical, pedological, and micromorphological records.  

 Another avenue for testing the RGM is sampling transects along a southeast-northwest 

axis to follow monsoonal and vegetation gradients. For example, one could sample one or two 

significant localities from the Hanzhong, Ankang, or Yunxian Basins across the QMR to 
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Luonan, through the Wei River Valley (e.g., Dingcun), up onto the CLP and into Gansu and 

Ningxia. Such a transect would cover a substantial portion of the EASM gradient and most of the 

Chinese Loess Plateau. These datasets could then be comprehensively compared to one another 

to test the notion that regional gradients really do exist. As stated above, this approach would 

also emphasize developing local calibrations that are used in biomarker and geochemical 

research. These site-specific calibrations should be developed directly at Paleolithic localities, as 

such calibrations currently do not exist and would represent a substantial contribution to both 

paleoclimatic and archaeological research. This framework could follow in the footsteps of 

research such as Yang et al. (2015), in which the team analyzed bulk organic matter δ13C values 

across a southeast-northwest monsoonal gradient and examined the northward extent of the 

monsoon from the LGM to present. If our research followed a similar gradient across the CLP, 

we could also directly compare biomarker and bulk organic matter δ13C values to see what sort 

of pitfalls each proxy must deal with.  

On the site level, I suggest taking a quasi-facies approach where, at particularly important 

sites, we sample several profiles along the face of exposed sections in order to determine the 

intensity of local effects such as microtopography, changes in vegetation cover, post-depositional 

mixing, and overprinting (contamination). This fieldwork program would emphasize collecting 

micromorphology samples in direct conjunction with biomarker and bulk sediment samples, as 

petrographic methods are extraordinarily useful for verifying field interpretations, determining 

the extent of post-depositional alterations, and investigating local soil formation processes which 

likely vary from site-to-site. This method is also convenient as samples are easy to collect, 

inexpensive to process, and free to analyze if one has access to a polarized light microscope. 
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These protocols would focus on taking samples at either the 2, 5 or 10 cm mark (depending on 

the site stratigraphy) and would consist of 100 grams (g) of bulk sediment, 100 g for biomarker 

research, and one medium to large sediment block (10x10x5 cm3) from each stratigraphic unit. 

The three-pronged approach represents a robust methodological toolkit applicable to virtually 

any Paleolithic site located on the CLP or elsewhere in East Asia. 

  
 

Theoretical advances 
 
 Another aspect of advancing loessic geoarchaeology is the incorporation of human 

evolution-climate models, such as variability selection, turnover-pulse, the aridity hypothesis, or 

pulsed climate variability, into CLP Paleolithic research (Vrba, 1996; Trauth et al., 2007; Potts, 

2012a; Maslin et al., 2015; Potts and Faith, 2015). The reasoning behind this proposal is twofold: 

(1) it expands the scope of these hypotheses by testing them outside the context of African sites, 

and (2) it allows researchers to reformulate such models in the context of Chinese sites.   

 After 20 to 30 years of development, variability models are providing specific, testable 

hypotheses, and are directly concerned with Plio-Pleistocene monsoonal variability, precession-

paced climate regimes, and periods of intensified climate change, all of which are relevant to 

hominin sites in northern China (Potts and Faith, 2015). Since variability selection explicitly 

postulates that “key adaptions evolved and spread during intervals of high climate and landscape 

variability and…those adaptations enable the linage to adjust to novel environments,” CLP 

loessic geoarchaeologists are in the unique position to reaffirm, refine or challenge this idea 

through the incorporation of rich Paleolithic and paleoclimatic datasets (Potts and Faith, 2015, 

p.18). These ideas also give loessic geoarchaeologists firm theoretical models to test and, in 
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particular, examine if these frameworks have major shortfalls or are specific to Africa. Since we 

know from cave records that climate fluctuations in East Asia were abrupt and dramatic 

throughout the last 640 Ka, CLP Paleolithic sites may provide a way to independently test ideas 

associated with variability models.   

 Another promising aspect of incorporating and testing these models in loessic 

geoarchaeology is that many frameworks emphasize the importance of Pleistocene aridity trends 

and the expansion of C4 ecosystems, which are major trends observed in the CLP (Kingston, 

2007; Maslin et al., 2015). More specifically, researchers postulate that major periods in human 

evolution, such as the evolution of bipedal locomotion, the development of Mode II and Mode 

III technologies, and migrations into novel environments should correlate with increased aridity, 

the expansion of mosaic environments and expansive C4 ecosystems (Maslin et al., 2015). Since 

we believe that the expansion and contraction of C4 biomass in East Asia is inextricably linked to 

EASM variability and interglacial-glacial cyclicity, we already have a quantitative basis to 

further test whether the ratio of C3 to C4 vegetation had any bearing on East Asian hominin 

evolution and behavior.    

 The turnover-pulse hypothesis (T-PH) is another promising framework, as it postulates 

that large environmental pulses are directly linked to punctuated events in speciation and 

changes in adaptive frameworks (Vrba, 1996; Maslin et al., 2015; Vrba, 2015). This model 

argues that rapid habitat and climate change favors generalist behavior, as specialists are wholly 

dependent on specific environmental variables and thus will be selected against in periods of 

rapid change. This idea could also be of particular use to loessic geoarchaeologists, as Paleolithic 

technology in northern China may be multifunctional and simplified in response to 
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environmental perturbations and the favoring of generalist behavior. If this is the case, it is not 

patterns in climatic variability that drive evolutionary change, but rather periods of stability 

punctuated by rapid environmental fluctuations that select against highly specialized behavior. 

As with other theoretical frameworks mentioned, the CLP Paleolithic may be an ideal place to 

extend the scope of the turnover-pulse hypothesis.      

 
Conclusion 
 
 In this chapter, I have presented the Regional Gradient Model in which I argue that one 

avenue for substantially advancing loessic geoarchaeology is reconceptualizing paleoclimatic 

trends and Paleolithic cultures in relation to gradients that are strongly modulated by EASM 

variability throughout the Pleistocene. This framework stands as an alternative to established 

models that often describe climates, environments, geographical regions and technological trends 

in terms of dichotomies, such as warm and wet versus cool and dry, or the semi-tropical south 

versus the arid north. This model encourages the incorporation of modern paleoclimatology into 

studies of Pleistocene loess-paleosol sequences that are often characterized from a perspective 

developed in traditional sedimentology and pedology. Through the use of (relatively) new 

proxies such as leaf wax isotopes and GDGTs, loessic geoarchaeologists are given access to 

novel datasets, such as quantitative temperature reconstructions, that are virtually absent from the 

field. Additionally, in terms of methodology, I argue that archaeologists should systemically 

employ a “three-pronged approach,” combining geochemistry, petrography, and quantitative 

pedology. The combination of these methods represents a robust toolkit that is relatively 

inexpensive and provides access to multiple lines of evidence when constructing arguments or 

testing hypotheses. In terms of theoretical frameworks, I also argue that if we test climate-human 
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evolution models such as variability selection or turnover-pulse, we can expand the scope of 

these hypotheses, and determine if such ideas are regionally specific or have broader 

implications.     
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Figure 1. Map showing the location of Chinese cave records (Dongge, Hulu, Sanbao) in relation 
to the Chinese Loess Plateau and the Qinling Mountains Region.  
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Figure 2. Composite record of Chinese cave paleoenvironmental records. Note correlation between Northern Hemisphere 
insolation and δ18O values. This record demonstrates that East Asian Monsoon variability is paced on the precessional 
timescale and that transitions into stadial periods were abrupt and consistent throughout the last 640 Ka. Data retrieved from 
the NCDC database, reproduced from Cheng et al. 2016. 
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Figure 3. Map of the distribution of loess in China and the position of the Chinese Loess Plateau 
(CLP). Figure adapted from Maher 2016.  
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Figure 4. Plotting magnetic susceptibility versus simplified pedostratigraphy in the northern and 
southern Qinling Mountains. (a) Liuwan Site in the northern Qinling Mountains, (b) Longgangsi 
Site in the southern Qinling Mountains. In both sections of the Qinling Mountains, magnetic 
susceptibility maxima do not perfectly correlate with paleosols, suggesting either post-
depositional alternation of signals or that the mapping of simplified stratigraphy (i.e., not 
reporting intercalated loess and subsoils) does not sufficiently capture the complexities of soil 
formation and loess deposition over the last several glacial-interglacial cycles.   
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Figure 5. A comparison of (a) simplified versus (b) detailed pedostratigraphy at the Lingtai Type 
Section in the south-central Chinese Loess Plateau. Detailed stratigraphy adapted from An et al. 
2014. 
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Figure 6. Distribution of significant Pleistocene Paleolithic (and fossil) localities in and near the 
Chinese Loess Plateau and the Qinling Mountains. (1) Longangsi, (2) Ankang, (3) Yunxian, (4) 
Danfeng, (5) Shangluo, (6) Liuwan (Luonan), (7) Lantian, (8) Qin’an, (9) Yuweigou, (10) 
Zhuanglang, (11) Zhangjiachuan, (12) Qianxian, (13) Dali, (14) Ruicheng (Kehe, Xihoudu), (15) 
Shaanxian, (16) Sanmenxia, (17) Mianchi, (18) Luoyang, (19) Lingjing, (20) Changwu, (21) 
Jingchuan, (22) Pingliang, (23) Pengyang, (24) Zhenyuan, (25) Qingyang, (26) Tongxin, (27) 
Huanxian, (28) Huachi, (29) Yichuan (Hukou), (30) Jixian, (31) Xiangfen (Dingcun), (32) 
Qinshui, (33) Linxia, (34) Lingwu (Shuidonggou), (35) Wushenqi (Xarusgol), (36) Gujiao, (37) 
Shuozhou (Zhiyu), (38) Xujiayao (Houjiayao), (39) Nihewan Basin (Donggutuo, 
Xiaochangliang, Majuangou), (40) Zhoukoudian  
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Figure 7. The Qinling Mountains Region (QMR) and the location of principal intermontane 
basins associated with Paleolithic localities and hominin occupations.  
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Figure 8. Typical lithic artifacts from the Lantian area, Shaanxi. (1, 2) cleavers, (3) picks, (4, 5) 
scrapers, (6) chopper, (7, 8) handaxe, (9) pick, (10) point, (11) scraper. From Wang et al. 2014. 



216 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 9. Representative lithic assemblage from Longgangsi Localities 2 and 3 (Hanzhong, 
southern Qinling Mountains): (a, b, c) flakes, (d) scraper, (e) point, (f, g) flakes, (h, i) scraper, (j) 
core, (k, l, m) flakes, (n) scraper, (o) chopper. Figure from Sun et al. 2017.  
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Figure 10. Representative artifacts from the Liuwan Site in the Luonan Basin: (a, b, c) flakes, (d, 
e, f) scrapers, (g, h) cores, (i, j) flakes, (k, l) points, (m, n, o) scrapers, (p, q) cores. Figure from 
Sun et al. 2014. 
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The Regional Gradient Model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Visualizing the Regional Gradient Model. This model predicts that both climatic 
variability and percentage C4 biomass decreases on a NW-SE axis, which is largely controlled by 
observed patterns in EASM variability. This defining gradient would have been of significant to 
hominins throughout central China as hominins in NW central China would have dealt with 
substantially more variable conditions and patchy environments (forest-grassland mosaics) than 
their counterparts in the S and SE. Thus, adaptations to interglacial periods throughout both the 
CLP and QMR should be observably different along this gradient. The Regional Gradient Model 
also predicts that patterns in lithic industries (such as the ratio of flake to pebble artifacts) should 
correlate to climatic and ecological gradients. Precipitation base map (JJAS, 0.5°) created from 
CRU 4.04 (https://climexp.knmi.nl/start.cgi) and is based on over a century (1901-2019) of 
precipitation data.  
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Figure 12. Map of loess-paleosol stratigraphic gradients. In the northwest Loess Plateau (a, 
Lanzhou), the relative thickness of dust layers is much greater than soils due to proximity to dust 
sources and weak East Asian Summer Monsoon source regimes. Note in the northwest, loess 
layers are 20-30 meters thick while in the southeast they are ~5 meters thick. In the eastern Loess 
Plateau (b, Sanmenxia), soil units are much thicker than loess due to proximity to East Asian 
Summer Monsoon sources (Western Indo-Pacific), intense weathering regimes, and distance 
from dust sources (e.g., Tarim and Qaidam Basins, Mu Us Desert). In the Qinling Mountains (c, 
Liuwan), loess layers are very thin (~1-2 meters) while soils are (in relative terms) extremely 
thick and well developed. These stratigraphic gradients contain important paleoclimatological 
clues regarding the ebb and flow of monsoonal gradients throughout the last 2.6 Ma.   

a 

b 
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Figure 13. Visualization of precipitation and ecological data showing regional gradients 
throughout China. Zones that are largely outside of monsoonal areas (i.e., Tibet, the far northeast 
and northwest) are not currently considered within the Regional Gradient Model. (a) Modern 
observations/station data (CRU 4.01) that clearly demonstrate that precipitation in China falls 
along a well-defined monsoonal gradient, and (b) six major ecological zones in China that 
largely follow precipitation/EAM gradients. Panel (b) adapted from An et al. 2014   
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Figure 14. Biomarker records from (a) Longgangsi-1 and (b) Liuwan. As predicted by the RGM, 
records associated with sites further south (a) are significantly less variable and contain lower 
levels of C4 vegetation than their northern counterparts (b). It is also observed that the Qinling 
Mountains represent an important transitional zone between subtropical and semi-arid regions in 
central China.  
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Table 1. List of significant Middle Pleistocene Paleolithic localities in the Qinling Mountains 
Region.  
 

Site Age (Ma) Basin Terrace Reference
Gongwangling 1.6-1.15 Lantian (Bahe) n/a Zhu et al. 2015, Zhu et al. 2003, An and Ho 1989

Yunxian 0.9-0.71 Hanzhong n/a De Lumley and Li 2008, Sun et al. 2018
Chenjiawo 0.71-0.68 Lantian (Bahe) n/a An and Ho 1989

Bailong Cave 0.76 ± 0.06 Hanzhong n/a Liu et al. 2015
Huanglong Cave 0.10-0.08 Hanzhong n/a Shen et al. 2013

Longgangsi-3 ~1.27-0.71 Hanzhong T5 Sun et al. 2017a
Wutaicun ~0.88-0.85 Ankang T4 Sun et al. 2017a

Shangbaichun ~0.79-0.76 Luonan T2 Lu et al. 2007
Longgangsi-2 ~0.75-0.58 Hanzhong T4 Sun et al. 2017a
Yaochangwan ~0.58-0.47 Hanzhong T3 Sun et al. 2012

Luojiacun ~0.58-0.47 Ankang T3 Sun et al. 2017
Liuwan ~0.58-0.47 Luonan T2 Sun et al. 2014

Qiaojiayao ~0.58-0.47 Lushi T2 Lu et al. 2011b
Wujiagou ~0.58-0.47 Yunxian T3 N/A
Jiuchang ~0.58-0.47 Yunxian T3 N/A

Longya Cave 0.39-0.27 Luonan T2 Sun et al. 2013
Jijiawan 0.4-0.1 Lantian (Bahe) T3 Zhuo et al. 2016

Dali 0.27-0.26 Weihe Valley T3 Sun et al. 2017c
Houfang 0.13-0.09 Hanzhong T2 Li et al. 2016, Sun et al. 2016
Hejialiang 0.09 Hanzhong T2 Sun et al. 2012
Dishuiyan 0.11-0.05 Hanzhong T2 Sun et al. 2016
Shizilukou 0.11-0.05 Luonan T3 Xing 2014

Zhanghuokou ~0.22-0.07 Luonan T3 Wang and Lu 2016
Guoyuan 0.09 Luonan T3 Wang and Lu 2016
Yanling 0.23-0.08 Luonan T3 Wang and Lu 2016

Huaishuping 0.09-0.06 Luonan T4 Wang and Lu 2016
Zhuangzicun 0.07 Lushi T2 Wang et al. 2008

Diaozhai 0.05 Lantian (Bahe) T2 Zhuo et al. 2016
Ganyu 0.20-0.10 Lantian (Bahe) T2 Zhuo et al. 2016

Longgangsi-1 ~0.58-0.07 Hanzhong T3 Sun et al. 2018
Beitaishanmiao ~0.58-0.07 Hanzhong T3 Sun et al. 2018

Pengjiahe ~0.58-0.07 Hanzhong T3 Sun et al. 2018
Liangshancun 0.19-0.14 Hanzhong T2 Sun et al. 2018

Chihe 0.15-0.11 Hanzhong T2 Sun et al. 2018
Liangfeng-2 0.17-0.11 Hanzhong T2 Sun et al. 2018

Erligou 0.13-0.11 Hanzhong T2 Sun et al. 2018
Yangjiaping 0.12-0.07 Hanzhong T2 Sun et al. 2018
Liangfeng-1 0.15-0.07 Hanzhong T2 Sun et al. 2018

Shuanghongcun 0.17-0.11 Hanzhong T2 Sun et al. 2018
Qujiahe 0.13-0.10 Yunxian T3 Sun et al. 2018
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