
FORMATION. PEPOSITIOWAL HISTORY AND MAGNETIC PROPERTIES 
OF LOESSIC SILT FROM THE TIBETAN FRONT. CHINA.

Thesis submitted for the degree of 
Doctor of Philosophy 

at the University of Leicester

by

Michèle Louise Clarke BSc (Sussex) MSc (London) GRSC 
Department of Geography 
University of Leicester

September 1992



UMI Number: U054402

All rights reserved

INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Disscrrlation Publishing

UMI U054402
Published by ProQuest LLC 2015. Copyright in the Dissertation held by the Author.

Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346





CONTENTS

sec t i o n  page number

1. Introduction 1
1. 1 Scope and objectives of the thesis 1
1.2 Aims of the thesis 3
1. 3 Loess 4
1. 4 Loess in China 5

1.4.1 Distribution 5
1. 4. 2 Formation 6
1.4.3 Stratigraphy 9

1. 5 Quaternary glaciation and uplift of Tibet and the Himalayas 12
1. 5. 1 Glaciation theories 13
1.5.2 Morphology, biostratigraphy and sedimentary evidence from Tibet 14

1. 6 Loess in Tibet 21

2. Tibetan Front: sample environment and location 23
2. 1 Sampling strategy 23

2. 1. 1 The western Loess Plateau 23
2.1.2 Mountain environment samples 24

2. 2 Physical environment of the Tibetan Front 25
2.2. 1 The western fringe of the Loess Plateau 25
2.2. 2 The Oaidam Basin 30
2.2. 3 The Kunlun Mountains 34
2.2. 4 The Tibetan Plateau 35
2.2.5 The A'nyêmaqen Mountains 37

2. 3 Site Details 38
2.3.1 Lanzhou Area I: Jiuzhoutai 38
2. 3.2 Lanzhou Area II; Dawan 41
2. 3. 3 Southern Gansu I: Sala Shan 45
2. 3. 4 Southern Gansu II: Labrang 47
2. 3.5 Tibetan Plateau, Kunlun Mountains and Qaidam Basin 47

2. 4 Sampling procedure 55

3. Silt provenance: physlochemlcal properties 56
3. 1 Particle size distribution 56

3. 1. 1 Measurement of particle size 56
3. 1. 2 Results 57
3. 1. 3 Summary of particle size distribution 63

3. 2 Scanning electron microscopy 65
3. 2. 1 Results 66

3. 3 Rare earth element analysis 78
3. 3. 1 REE geochemistry of Chinese loess 78
3. 3. 2 Laboratory procedure 80
3. 3. 3 Results 82
3. 3. 4 Summary of REE 87

3.4 Discussion 90



4. Magnetic mineralogy I: low field properties
4. 1 Magnetism 95

4.1.1 Types of magnetic behaviour 95
4.1.2 Magnetic anisotropy and domains 96
4.1.3 Magnetic mineralogy 98
4.1.4 Genesis of magnetic minerals in sediments 101
4.1.5 Relaxation time and remanence 102

4.2 Low field room temperature susceptibility 103
4. 2. 1 Introduction 103
4. 2. 2 Magnetic susceptibility of Chinese loess sequences 104
4.2.3 Measurement of room temperature low field susceptibility 106
4. 2. 4 Results 106

4.3 Low temperature susceptibility 117
4.3.1 Measurement 119
4. 3. 2 Results 119

5. Magnetic mineralogy II; high field properties
5. 1 Magnetic hysteresis 125

5. 1. 1 Hysteresis parameters 125
5. 1. 2 The vibrating sample magnetometer 127
5. 1. 3 Results 128

5. 2 Thermomagnetic behaviour 140
5. 2. 1 The curie balance 142
5.2.2 Results 142

5. 3 Isothermal remanent magnetisation 159
5. 3. 1 Measurement 159
5. 3. 2 Results 159

6. Summary of magnetic mineralogy
6.1 Loess and palaeosol sequences from Lanzhou 163
6.2 Southern Gansu loess 165
6. 3 Oaidam Basin, Kunlun Mountains and Tibetan Plateau 166
6.4 Summary of the magnetic mineralogy of Tibetan Front sediments 166

7. Magnetostratigraphy
7. 1 The Earths magnetic field 168
7. 2 Remanence acquisition in sediments 170

7.2.1 Detrital and post-depositional remanence 170
7. 2. 2 Chemical remanence 171
7. 2. 3 Viscous remanence 171

7. 3 Measurement of remanence 172
7.3. 1 Demagnetisation of loess and palaeosols 172
7.3.2 Statistical analysis and data presentation 173

7. 4 Results 176
7. 5 Summary of remanence and directional results 181



8. Depositional history; fabric
Ô. 1 Introduction 184

8.1.1 Magnetic fabric parameters 185
8.1.2 Previous fabric studies on Chinese loess 187

8.2 Measurement of AMS using a Minisep delineator 190
8.2. 1 Jiuzhoutai 190
8. 2. 2 Dawan 201
8.2.3 Southern Gansu: Sala Shan and Labrang 219

8.3 Discussion of Minisep fabric 223
8.4 Measurement of AMS using a low field torque magnetometer 226

8. 4. 1 The low field torque magnetometer 226
8. 4. 2 Results 226

9. Summary and conclusions 229

10. Appendices 234

11. References 249



Ac knowledgement s

This work was funded by a NERC studentship (GT4/88/GS/61 ) and was 
supervised by Professor Edward Derbyshire of Leicester University and Dr 
John Shaw of Liverpool University. It is the result of a cooperative 
venture between several institutions in both the U. K. and China, and, as 
such, I have pleasure in acknowledging the help of a number of people who 
gave their time to contribute to the successful completion of this work.

Christine Scott spent 4 months in China acting as my field assistant, 
which involved non-stop sampling and sub-sampling under trying conditions. 
I am most grateful for her patience, enthusiasm and continued encouragment 
as well as her helpful comments on drafts of this manuscript.

Professor Wang Jingtai, of the Gansu Academy of Sciences, allowed me use 
his Institute as my home and laboratory, and offered his staff, Meng 
Xingming, Ma Jinhui and Xiao Wei, to help on fieldwork. He arranged for us 
to join the Sino-Soviet Tibetan Plateau Expedition after my numerous 
attempts at gaining permission to enter Tibet had failed. Thanks are also 
due to his wife for cooking such authentic food.

Dr. Jennifer King accompanied me on part of my first visit to China in 
1989 and arranged for me to visit Xian. We shared some difficult times and 
I am particularly grateful for her organisation skills, especially during 
the aftermath of 'Tiananmen Square*. Professor An Zhisheng of the Xian 
Laboratory for Loess and Quaternary Geology arranged access to Weinan and 
Duanjiapo sections.

In researching this thesis, I have spent time at both the Geography 
Department, University of Leicester and the Geomagnetism Laboratory, 
University of Liverpool. At Leicester, I have benefitted from the help of 
Brian White who demonstrated how best to use the magnetic equipment; Rod 
Branson who taught me the ins and outs of the Hitachi Scanning Electron 
Microscope; and both Dr Andy Saunders and Brian Dickie of the Geology 
Department who helped me with the rare earth element analysis and commented 
on my draft manuscript. The chemical analysis was carried out in the ICPAES 
laboratory by Brian Dickie and Adelaide Holmes.



The nine months I spent In the Geomagnetism Laboratory at Liverpool were 
especially productive due to the research environment created by my fellow 
"spinners". Particular thanks are due to Del Atkinson, who showed me how to 
use most of the equipment and contributed endless suggestions on methods of 
improvement. Dr. Graham Sherwood and Dr. Tim Rolph helped me get to grips 
with the mainframe and associated programmes and both gave helpful comments 
on improving the written manuscript. Grateful thanks to Dr John Share for 
arranging the emergency flight from China after Tiananmen Square and 
organising ray stay at Liverpool.

In addition to the above, I have benefitted from the advice and 
enouragement of Dr. Ann Wintle, Dr. Helen Rendell, Dr. Zhou Liping, Fang 
Xiaomin, Prof. Ian Smalley and Dr. Ernie Hailwood who ran the torsion fibre 
anisotropy. Kate Richardson, Fiona Musson, Geoff Duller and Li Shenghua 
supported my efforts on the final draft.

For my family, for all I have put them through.

The n ig h t  i s  a lw a y s  b la c k e s t  b e fo r e  th e  dawn -  C h in e s e  P ro v e rb ,



1. INTRODUCTION

Sedimentary sequences are widely used to obtain proxy records of climate 
change. Oxygen isotopic variations <S^®0) within planktonic and benthonic 
foraminifera obtained from deep sea sediments have allowed reconstruction 
of continental ice volume changes and have therefore been used to delineate 
glacial and interglacial periods (Shackleton and Opdyke, 1973). However,
the accumulation rates of deep sea sediments are too low to permit recovery 
of an accurate Pleistocene climatic variability (Shackleton et.al,, 1990). 
Higher deposition rates exist on the continents, although undisturbed thick 
sedimentary sequences are rare. The study of deuterium, aerosol and
greenhouse gas concentrations, taken from ice cores from Greenland,
Antarctica and Tibet, have provided climatic information covering the 
Holocene and Late Pleistocene (Jouzel et.al., 1990; Thompson et.aJ., 1989). 
However the length of record is limited by ice flow and deformation which 
increases with depth. The thick Pleistocene loess sequences which exist in 
Europe, Pakistan, Kazakhstan, China, New Zealand and north America provide 
another possible proxy indicator. Loess, which is considered to be a cold 
climate deposit is often intercalated with soil horizons suggesting periods 
of climatic amelioration. The Loess Plateau of China contains the thickest 
of these sedimentary records and is thought to have 27 palaeosol horizons 
related to interglacial climates. Thus the Chinese loess-palaeosol 
sequences have excellent potential for use as a comprehensive
palaeoclimatic indicator.

1.1 Scope and objectives of the thesis
The silt particles which form the Chinese Loess Plateau have long been 
thought to derive from the desert regions of northern China and Mongolia 
(Liu Tungsheng et.al., 1985; Wu Zirong and Gao Fuqing, 1991). However, the 
mechanisms by which the constituent silt particles of loess are formed are 
a major source of contention, with both desert and mountain environments 
cited as the production area of these particles. Geochemical 
fingerprinting, using rare earth elements, has suggested that the loess 
deposits within the big bend of the Yellow River were formed within the 
Tengger desert (Wen Oizhong et.al., 1983). The Loess Plateau of China lies 
in close proximity to the vast high level Tibetan Plateau and Kunlun,
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Oilian and A'nyêmaqen Mountains in addition to large areas of sand and 
gravel (gobi) desert. The tectonically active mountain areas of Tibet which 
lie to the immediate west of the Loess Plateau have been proposed as a 
source area for material in the western Loess Plateau around Lanzhou 
(Bowler et.al,, 1987: Zhang Linyuan et.al., 1991). One of the objectives of 
this thesis is to use rare earth elements to compare silts sampled from the 
mountain environments with the loess of the western Loess Plateau.

The deposits of the western Loess Plateau represent the thickest 
accumulations of loess in the world (Derbyshire, 1983) with more than 300 
metres exposed on the terrace gravels of the Yellow River near the city of 
Lanzhou. These thick continental loess-palaeosol sequences have been used 
as a proxy indicator of climatic change and, as such, have been correlated 
with climatic records obtained from deep sea cores (Kukla et.al., 1987) and 
ice cores (Chen Fahu et.al., 1991). Recently the variation in magnetic 
susceptibility with depth throughout loess profiles in China has been used 
as an indicator of climatic change due to the fact that palaeosols have a 
higher magnetic susceptibility than loess. The cause of this variation in 
loess and palaeosols is a contentious issue (Zhou Liping et.al., 1990; 
Maher and Thompson, 1991). Magnetic susceptibility is dependent upon the 
concentration, size, shape and mineralogy of magnetic grains within the 
sediment and therefore to understand the variation in magnetic 
susceptibility within loess and palaeosols some understanding of the 
mineralogy and grain size of the magnetic particles within these sequences 
is needed. Studies of the variation in magnetic mineralogy of loess- 
palaeosol sequences have been carried out for sites within the central 
Loess Plateau, an area affected by the East Asian monsoon (Zhou Liping, 
1991; Liu Xiuming et, aJ. , 1992). Part of this thesis study was undertaken to 
examine the variation in magnetic mineralogy throughout a series of loess- 
palaeosol transitions in the Lanzhou area where the climate is more arid 
(the monsoon winds are blocked by the mountains associated with the Tibetan 
Plateau) and the loess accumulation is greater in order to characterise the 
different magnetic assemblages in the soils and loess.

One of the problems concerning the study of loess is a lack in 
chronological control due to the limits of radiocarbon dating and the 
effects of underestimation of the thermoluminescence signal (Debenham, 
1985; Wintle, 1990). Magnetostratigraphy may lend a relative chronology to
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a particular sediment section and has been extensively employed in China 
for this purpose (Heller and Liu Tungsheng, 1984; Rolph et.al,, 1989). 
Recognition of the magnetic excursion known as the Blake Event, which is 
thought to have occurred 115-120ka (Trie et.al., 1991) during the last 
interglacial would form a useful stratigraphie marker horizon within these 
thick massive deposits. To date, convincing evidence for the Blake Event is 
absent from Chinese deposits.

The use of sedimentary sequences as palaeoclimatic indicators 
necessitates that the deposits are primary and undisturbed. Loess is 
thought to be an isotropic air fall deposit which may undergo reworking by 
slope processes or alluviation. Magnetic fabric techniques have been used 
within this thesis to assess the primary nature of the loess. Slopes of 35” 
are common on the western Loess Plateau, an area affected by neotectonic- 
related earthquakes (Derbyshire et.al., 1991). Reworking of deposits may be 
prevalent in this type of environment.

1.2 Aims of the thesis:

1. To study the variation in magnetic mineralogy through loess-palaeosol 
transitions at sites within the western Loesss Plateau near Lanzhou and 
attempt to characterise the different magnetic assemblages within the loess 
and palaeosols.
2. To compile a magnetost rat igraphy of these sections with the aim of 
observing the Blake Event.
3. To study the magnetic fabric of the loess deposits to assess the primary 
nature of the sediment fabric.
4. To compare the rare earth element geochemistry of Tibetan sediments 
obtained from the Qaidam Basin and Kunlun Mountains (which have been 
proposed as source areas for loess at Lanzhou (Bowler et.al., 1987)) with 
those of the Lanzhou loess and compare it with existing data on Tengger 
desert sand and loess from the central Loess Plateau (Wen Qizhong et.al., 
1983).



1.3 Loess
Loess has been defined as a clastic deposit which consists primarily of 
quartz particles 20-50um in diameter and which occurs as wind-lain sheets 
(Smalley and Vita-Finzi, 1968). The 20pm lower threshold was chosen to
separate loess from the finer aerosolic dust <10pra (Smalley and Derbyshire,

" f '1990). Along with quartz, loess may also contain fel^^sars, micas, 
carbonates and clay minerals. It is characteristically a buff colour, 
although this can vary, and highly porous with no visible evidence of
bedding structures. Unweathered loess is poorly sorted and usually exhibits 
positively skewed particle size values, indicating a tail of fines (Pye,
1987).

Smalley and Vita-Finzi (1968) have stressed that the aeolian origin of 
loess is an integral part of its definition, stating that once such 
material is redeposited by water, mass movement or any other agency, it
forfeits the right to be called loess and should be termed 'redeposited 
loess material'. In this study the nomenclature; loessic alluvium and 
loessic colluvium, has been favoured for secondary redeposited loessic 
material.

The processes by which the constituent silt-sized quartz particles of 
loess are formed has been a source of contention for the last 25 years. 
Smalley (1966) described how the high energy grinding action of glaciers 
upon the underlying bedrock produces quartz 'flour' in the size range 
characteristic of loess. More recently, the action of frost within high 
periglacial mountain areas (Minervin, 1974; Konischev, 1987) has been 
suggested as a further 'cold environment' source of silt grains resulting 
in the distinction between 'ice sheet' and 'mountain' loess (Smalley and 
Smalley, 1983; Smalley and Derbyshire, 1990).

The production of silt-sized material from bedrock is aided by the 
presence of microcracks within quartz crystals (Reizebos and Van de Waals, 
1974; Moss and Green, 1975) which can be exploited by salts and frost 
(Whalley et.al,, 1982b; Minervin 1974). In some environments weathering may 
occur by the combined action of frost and salt, with the presence of salts 
enhancing frost action (Goudie, 1974; Williams and Robinson, 1981), 
although this view is currently disputed (McGreevy, 1982).

Various mechanisms have been postulated for the hot climate formation of 
silt within deserts. Salt weathering has been suggested as an efficient
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producer of slit-sized particles (Goudie et.al., 1979). In situ salt
weathering may occur by several mechanisms, for example, the
crystallisation of salt from supersaturated solutions in confined spaces; 
or the alternate hydration-dehydration of salts, which can occur diurnally 
e.g. thenardite (Na^SO*) to mirabilite (Na^SO*.10H%0) (Pye and Sperling,
1983). The thenardite-mirabilite system is particularly effective in 
weathering due to its solubility characteristics and crystal shape:
thenardite solubility decreases rapidly below 32. 3*C and would therefore 
crystallise at night when the temperature falls producing prismatic or 
acicular crystals which concentrate crystal growth along one axis promoting 
disruption in confined spaces (Cooke, 1979). However, McGreevy and Smith 
(1982) emphasize that much work has been based on sodium sulphate, whereas 
calcium carbonate, calcium sulphate and sodium chloride are also prevalent 
in deserts and may play an important rôle.

Aeolian attrition during desert storms can produce quartz fragments by 
chipping off angular edges and causing rounding of sand grains (Whalley 
et.al., 1982a: 1987). A substantial proportion of the quartz fragments
produced in this way are within the size range of loess and the authors 
suggest that the Chinese loess could have been so produced within the Gobi 
desert. In humid tropical climates, where there has been no Quaternary 
glaciation, silt-sized quartz can be produced by chemical solution of 
regolith (Nahon and Trompette, 1982; Pye, 1983).

Once the silt constituent of loess has been formed, it undergoes a series
of transportation and deposition stages. Smalley (1980) recognised a nine 
event sequence for the Tashkent loess (Kazakhstan) and Smalley and Smalley 
11983) proposed a similar eleven event sequence for the Chinese loess. Both 
of these theories are based on the contention that the silt is formed only 
in cold mountain environments and is then transported by the action of both
rivers and wind into the central Asian deserts, which act as a sediment
trap. It is from these accumulations that silt is deflated to form loess.

1.4 Loess in China
1.4.1 Distribution
Loess is widely distibuted across China, with deposits ranging from the 
Liangdong Peninsula on the eastern Bohai Sea, to the far western piedmont 
of the Tien Shan in northern Xinjiang and as far south as Nanjing (figure
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1.2). The thickest deposits occur on the Loess Plateau which covers an area 
of 273,OOOkm^ (Liu Tungsheng et.al., 1985), encompassing the middle reaches 
of the Yellow River in the central Chinese provinces of Gansu, Shaanxi,
Shanxi and Ningxia (figure 1.3).

The distribution of loess within the Loess Plateau is closely related to 
the desert and Gobi regions to the north and northwest (Wu Zirong and Gao 
Fuqing, 1991). Liu Tungsheng et.al, (1985) believe that the Cenozoic and 
Mesozoic detrital sediments which make up these deserts, constitutes the 
source material of the loess. Silt, resident within the deserts, is 
deflated and carried in the lower 1.5km of the atmosphere by cold, low-
level northwesterly winds associated with the Mongolian anticyclone (Pye 
and Zhou Liping, 1989; figure 1.4). During atmospheric transport the 
heavier particles are "rained out" and particle size fractionation occurs 
(figure 1.4) with the finest particles being deposited furthest from the 
source area. The southeastward gradation from gravel desert (gobi) to sand 
desert to loess is a result of this type of sorting by deflation (Wang 
Yongyan, 1983).

1.4.2 Formation
The formation of silt within the Chinese deserts is also a source of 
contention (Smalley and Krinsley, 1978). Tsoar and Pye (1987) stress that 
the ultimate origin of silt within the Ordos Desert, thought to be the main 
source of silt for the central loess plateau, is uncertain. They argue that 
a proportion may have been derived from fluvioglacial outwash in the Yellow 
River (Huang He) floodplain. This suggests that the deserts act as both a 
source of silt and a storage area of secondary redeposited silt formed 
elsewhere, conforming to the transport and deposition stages of Smalley and
Smalley (1983). Recently Bowler et.al. (1987) have described a depositional
pathway for the westernmost Loess Plateau involving silt derived from the 
mountains fringing the Tibetan Plateau (see chapter 2). This silt is formed 
under glacial and periglacial conditions and transported to the Qaidam 
Basin from where it is deflated by northwesterly winds.
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This thesis is based on a study of the westernmost edge of the Loess 
Plateau and the deposits found In the mountain chains that make up the edge 
of the Tibetan Plateau. For this reason the area studied has been termed 
the 'Tibetan Front'.

1.4.3 Stratigraphy
The thick loess sequences that comprise the Loess Plateau are thought to 
represent a complete stratigraphie record covering the Quaternary period 
(Liu Tungsheng, et.al., 1985). Cold, dry periods with strong northwesterly 
winds, associated with glacial climates, are thought to favour loess 
accumulation, with pedogenesis forming palaeosols within interglacial 
periods following the incursion of moister warmer air from the southerly 
monsoons (Liu Tungsheng and Ding Menglin, 1985). The loess in China is 
divided into four chronostratigraphical units: the Early Pleistocene
Wucheng loess (Oi); Middle Pleistocene Lishi Loess (0^) - which is often 
subdivided into Upper Lishi (Q-.̂ ) and Lower Lishi (Q^i); the Late 
Pleistocene Malan Loess (Q3); and Holocene Pot ou Loess. The Wucheng loess 
commonly rests upon Neogene red clays, sands and gravels containing 
Pliocene faunas of the three-toed horse Hipparion and rhinoceros 
Chi 1 other!wa spp (Liu Tungsheng e t . a l , ,  1987). The Wucheng loess in the 
Lanzhou area rests on terrace gravels of the Yellow River which planated 
the Pliocene red clays. The Wucheng loess contains Nihewan faunas, which 
have been correlated with the Villefranchian faunas of Europe. Vertebrate 
fossils from the Nihewan series are characteristic in that they contain 
both remnants of Pliocene species as well as forerunners of Pleistocene 
species, such as the early horse Proboschihipparion sinensis. Nihewan Early 
Pleistocene faunas are found in lacustrine sediments at Yangyuan, Hebei
Province and Yuanmou, Yunnan Province as well as within the Wucheng loess 
(Liu Tungsheng and Ding Menglin, 1985). Pollen of arboreal species (.Finns, 
Quercus, Acer) and grasses sugggest that the Wucheng loess sustained a 
forest-steppe environment (Derbyshire, 1983). The basal ten metres of the 
Wucheng loess in Gansu consists of fluvial or lacustrine reworked loessic 
silt, being visibly stratified and imbricated.

The Lishi loess contains mainly herb pollen with arboreal pollen rare,
suggesting that it sustained a continental (steppe) environment, whereas
the Malan loess sustained a bush and grass flora with the virtual
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disappearance of trees indicating a progressive dessication (Derbyshire, 
1983). The presence of palaeosols within the loess sections has allowed 
stratigraphie correlation. Palaeosols are numbered SO. SI. S2 from the top 
of the section, with intervening loesses numbered LI. L2. L3 accordingly. 
SO is a Holocene palaeosol (~10ka), with SI representing the last 
interglacial (80-125ka) and the boundary between the Malan (LI) and Lishi 
loess (L2). The Upper Lishi is denoted as the loess existing between SI and 
the well-developed triple palaeosol S5. The Lower Lishi ranges between S5 
and S14 and is underlain by the Wucheng loess. This use of palaeosols to 
denote chronology is open to error if the section contains dicontinuities 
or erosional hiatuses.

The mean particle size of the loess units decreases with age, so that 
the Malan loess is generally coarser than the Lishi and the Wucheng (figure 
1.5). Voids ratios decrease accordingly, due to the particle size and the 
effects of compaction.
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Figure 1.5 Particle size envelopes for Malan. Lishi and Wucheng loesses
from Jiuzhoutai (Derbyshire, 1988)
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The Luochuan and Xifeng loess sections. In central China (figure 1.6), 
have been extensively studied and are well documented (Liu Tungsheng 
e t . a l . ,  1985: Liu Xiuming e t . a l ,  1988a). These sections are thought to
represent a stratigraphie sequence covering the Quaternary period, with a 
basal age indicating the onset of deposition at about 2.4Ma, based on 
magnetic reversal stratigraphy (figure 1.7). The Brunhes-Matuyama polarity 
boundary, dated at 730ka by fission track methods (Jacobs. 1984). occurs in 
L8 between palaeosols S7 and SB (Liu Tungsheng e t . a l . ,  1985). A recent 
study by Rolph et .  a l . (1969) suggests that the loess on the western edge of 
the Loess Plateau, at Lanzhou, also has a basal age of ~2.4Ma, contrary to 
the initial findings of Burbank and Li Ji.iun (1985) who believed that 
uplift of the mountains fringing the Tibetan Plateau inhibited deposition 
in the Lanzhou Basin until 1. 3Ma.

4 0
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L a n z h o u  L u o c h u a n

(///// ^
3 5

120110100

Figure 1.6 The position of the Luochuan, Xifeng and Lanzhou sections in 
relation to the central Loess Plateau (Kukla and An Zhisheng, 1989)

11



« Ij
(wui

XIFENG
rb/cl-a«*fi U th o lo g r lo te rp re ttd  VCP Log susceptibH H y

PoI atHj  L t lJ tu d *  tS I^ u n iU I
-30 45 0 »45 *90

Figure 1.7 The sections at Luochuan and Xifeng (Kukla. 1987).

1.5 Quaternary glaciation and uplift of Tibet and the Himalayas
The rapid uplift of the Tibetan Plateau and the Himalayas as a result of 
the Tertiary tectonic collision between India and south Tibet has had a 
critical affect upon the climate of the surrounding regions. In northwest 
China this continued uplift has strengthened both the Siberian-Mongolian 
high pressure system and the Chinese monsoon system to cause a progressive 
increase in aridity (Chao Sungchiao, 1984). The rate and time of uplift is 
important as initial uplift of the Himalayas and Tibet above the firnline 
caused the onset of glacierisation: subsequent uplift had the opposite
effect, cutting off moisture from the Indian monsoon and thus reducing 
glacierisation on the northern Himalayan slopes (Osmaston. 1989). The 
relationship between uplift and climate of Tibet is relevant to this study
because of the proximity of the western Loess Plateau to Tibet, this being
a possible source area for the constituent silt particles of loess. The 
relationship between high altitude silt production processes (cold 
weathering and glaciation) is linked to the present conflict of opinion on
the degree of Quaternary glaciation of the Tibetan Plateau (Kuhle. 1987b:
Zheng Benxing 1989b): Kuhle's ice sheet would produce vast amounts of 
glacially ground silt whereas Zheng Benxing's limited glaciation would lead
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to a progressive dominance of silt produced by cold weathering over the 
unglaciated plateau surface. Although there is a strong body of opinion 
that the grinding action at the bed of glaciers and ice sheets is the only 
mechanism capable of producing the large volumes of silt represented by the 
world's loess deposits (Smalley and Cabrera, 1970; Boulton, 1978) both 
field data and laboratory experimentation have clearly shown that the 
processes of hydration, salt weathering and frost weathering are capable of 
rapid and substantial production of silt from breakdown of quartz blocks 
(Prebble, 1967; Goudie, 1974; Goudie, 1983; Bradley, Hutton and Twidale, 
1978; Sperling and Cooke, 1985). Discrimination of glacial from non-glacial 
silts, despite the well known work of Krinsley (Krinsley and Doornkarap, 
1973; cf Bull et.al., 1986), remains a doubtful practice. Scanning electron 
microscope examination of the fragments produced in the climatic-cabinet 
experiments of Sperling and Cooke (1985), for example, revealed conchoidal 
and stepped fracture surfaces which are indistinguishable from those 
attributed by some authors to glacial crushing alone.

1.5.1 Glaciation theories
Chinese workers have found evidence for four major Quaternary glaciations 
within Tibet, named the Xixabangma (Early Pleistocene); Nieniexongla 
(Nyanyaxongla; Middle Pleistocene); Late Pleistocene Qomolomgma I and 
Qomolongma II. The Middle Pleistocene Nieniexongla glaciation was thought 
to be the most extensive (Zheng Benxing, 1989a). A contrasting view of 
Tibetan glacial stratigraphy is provided by Matthias Kuhle on the basis of 
three expeditions to the area (Kuhle, 1986; 1987a; 1987b; 1988; 1989;
1990). He cites evidence for a large inland ice sheet 2.0 to 2.4 million 
km^ covering Tibet, at the time of the last ice age (Late Pleistocene). 
These two opposing strategies have been recently criticised on the grounds 
that they attempt to make field evidence fit preconceived theories 
(Osmaston, 1989; Burbank and Cheng, 1991).

A major difficulty facing scientific reconstruction in Tibet is that as 
a politically sensitive area under military supervision by China, it is 
closed to foreign travel and study, with few exceptions. Thus the majority 
of work is unverifiable at present, fuelling the controvesy. The following 
section summarises present theories of Quaternary glaciation and outlines

13



the stratigraphical evidence for them. The areas of Tibet studied in this 
thesis are presented in chapter 2,

1.5.2 Morphology, biostratigraphy and sedimentary evidence from Tibet
The Indian plate is presently converging on the Eurasian plate at between 
five to six centimetres a year tHowell, 1989). This rate of collision has 
remained fairlv constant over the last 40Ma resulting in the present 
average elevation of 5000m for the Tibetan Plateau (Molnar, 1986). The rate 
of uplift of the plateau has been inferred from pollen and faunal fossils 
found in sedimentary sequences from both the Tibetan Plateau and Himalayan 
intermontane basins.

Heights m metres

200

4:-'. .

m̂y»fri(Jrok 7$o »

r»

BANGLADESH

«KARACHI

500,BOMBAY .

Figure 1.6 Map of Tibet and the Himalayas 
Xixabangma is located lust west of Eyerest (Oomolongma).

In the interior of the Tibetan Plateau, in the Bulong basin, south of 
the Tanggula Mountains, faunal remains of the Pliocene-age 3-toed horse 
H ip p a r io n  X iz a n g e n s is were found in the late 1970's. This species has the
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same characteristics as the European Hipparion Primigenius suggesting that 
during the Pliocene epoch the Tibetan Plateau sustained a forest and 
grassland ecology (Zheng Zuoxin et.al., 1981). This is confirmed by Wang 
Fubao and Li Bingyuan (1985) who report that during this period, the 
plateau was also occupied by a number of large lakes whose sediments 
contained rich tropical and subtropical sporo-pollen. The Chilotherium 
(rhinocerus) species found in the Bulong basin are comparable to those 
found in the Siwalik Hills of south Asia suggesting that in the Early 
Pliocene the Himalayas were not a significant barrier to faunal migration 
and that the Tibetan Plateau was at an elevation of 500-1000m (Zheng 
Benxing, 1989a). At this time the Siberian-Mongolian high pressure system 
had not vet formed and there existed only a weak high pressure belt near 
Lhasa at a latitute of about 30*N (Chao Sungchiao, 1984).

During the Late Miocene and Pliocene the tectonic activity which caused 
the progressive rise of the Himalaya also produced parallel east-west 
trending basins. In these large lacustrine sedimentary sequences were 
deposited as a result of the northward drainage from the Himalayas. The 
initiation of extensional tectonics led to several grabens being formed 
across the lacustrine depressions, which were rapidly filled in with 
erosional debris from the upthrown blocks, forming (Gongba) conglomerate 
beds (Fort. 1989). Thick Plio-Pleistocene basin sedimentary sequences in 
the Xixabangma and Oomolongma (Everest) Himalaya have been used to 
reconstruct the uplift history and palaeoclimatic evolution of the 
Himalava-Tibet region.

Unlike the Pliocene sediments, those of the Pleistocene in the Himalaya- 
Tibet region are open to varying interpretations as to their age and their 
genesis. Glacial features may be highly weathered and similar in nature to 
periglacial and fluvioglacial deposits (and vice versa), leading to 
problems of identification and interpretation. The stratigraphie evidence 
and differing interpretations are outlined here with particular reference 
to the Xixabangma and Qomolongma (Everest) regions.

In the Woma basin, south of Gylrong, between Mt. Xixabangma (8013m) and 
Mt. Ganesh (7429m), fossil faunas of Hipparion gyirongensiSt Chilotherium 
xiganzensis (Asian rhinocerus), Metacervulus capreolinus (deer). Hyaena 
sp., Palaeotragus microdon, Gazella gaudryi and Ochotcma gyirongensis 
(Gyirong pika) were found within a sedimentary series of sandstones,
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siltstones and mudstones known as the Jilong Group (Zheng Zouxing et. al. , 
1981). At Gvirong, the Jilong Group is overlain by the Gongba conglomerate 
which is indicative of the beginning of intense uplift of the plateau (Wang 
Fubao and Li Bingyuan, 1985). Further east at Nieniexongla, on the north 
slope of Xixabangma, Just south of the Lalung La Pass there are Plio- 
Pleistocene deposits exposed next to the Sino-Nepal Highway at 5000m in 
which Hipparion remains are also found beneath the Gongba conglomerate 
(figure 1.9). In addition to the fauna fossils, pollen of Cedrus, Quercus, 
and Picea were found suggesting that uplift of the area had reached 2000- 
3000m during the Late Pliocene and early Pleistocene (Osmaston, 1989).

On the Lalung La, a 30km wide ridge Just over 5000m on the edge of the 
Tibetan Plateau, Pleistocene gravels and cobbles lie uncomformably over 
Pliocene beds (Osmaston, 1989). The interpretation of these gravels varies. 
Zheng Benxing (1989a) has mapped them to be partly glacial (with 5 morainic 
surfaces demonstrating the retreat phases of a piedmont glacier) and part 
fluvioglacial outwash, which he assigns to the Middle Pleistocene extensive 
Nieniexongla glaciation (see figure 1.10). Osmaston (1989) on the other 
hand disputes that a glacier existed on the Lalung La and argues that they 
should not be used as a tvpe site for the supposed Nieniexongla glaciation 
until the morainic nature of these deposits is unequivocally established. 
Derbyshire et.al. (1991b) recently argued for the glacial nature of the 
deposits correlating them with tills at the Yaruxongla site (called
Nyanyanxongla in figure 1.9) next to the Sino-Nepal highway. They suggest 
that the Nieniexongla was a major piedmont glaciation covering about 
1140km2.

North of Xixabangma, there exists a wide apron of bouldery gravels 
sloping from 6200m to 5000m and incised by deep glacial valleys. Zheng 
Benxing (1989a) interprets this apron as a morainal plateau of the Early 
Pleistocene Xixabangma glaciation, with lower deposits interpreted as 
moraines from subsequently younger glaciations. However, Osmaston (1989)
believes that it may be a reworked periglacial deposit, as the morainic
nature of the deposit rests principally upon its topographical relationship
with other moraines.
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Figure 1.9 Road cut on the Sino-Nepal highway, just south of Nieniexongla 
and the Lalung, exposing Plio-Pleistocene deposits (Osmaston, 1989).
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Figure 1.11a Tibetan highland and bordering mountain chains under present 
day conditions without glaciation (Kuhle. 1987b).
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Figure 1, 12a A cross section of Tibet showing the ice cover during the 
Late Pleistocene according to Kuhle (1987b).
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Figure 1. 12b A cross section of Tibet showing the maximum extension of 
the Pleistocene glaciation according to the Chinese hypothesis

(Derbyshire e t . a l . .  1991b)
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Table 1.1 The different chronological interpretations of Zheng 
Benxing (1989a) and Kuhle (1988) of Tibetan moraines.

ZHENG 1989

Neoglaciation

Qomolongma III 
Qomolomgma I > 
Qomolongma I } 
Nieniexongla 
Xixabangma

age

< lOka

Late Pleistocene

Middle Pleistocene 
Early Pleistocene

KUHLE 1988 age
Sub-Recent/Recent stadium <30a

Stadium X >
Stadium IX } 320-30a
Stadium VIII c.320a
Stadium VII c. 440a

Middle Dhualagiri Stadium VII 2ka
Early Dhualagiri Stadium VI 2.4-2ka

Nauri Stadium V 5-4ka
Sirkung Stadium IV }
Dhampu Stadium III > Late

Taglung Stadium II > Glacial
Ghasa Stadium I }

On the northern slopes of Qomolongma (8848m) in the Rongbu Valley, Zheng 
Benxing (1989a) has recognised Holocene and Late Pleistocene moraines 
associated with the Rongbu glacier, which he has assigned a type location 
for the Late Pleistocene. An end moraine near the Rongbu temple, 8km from 
the glacier snout (Qomolongma II) and a series of converging lateral 
moraines near the Jilong temple 5km from the snout (Qomolongma I) have been 
interpreted to represent sub-stages of the Late Pleistocene glaciation.

Recent re-evaluation of these moraines, on the basis of weathering 
characteristics of boulders found along moraine crests, suggests that they 
are, in fact, considerably older than the previously assigned ages and may 
include deposits from the Middle Pleistocene (Burbank and Cheng, 1991). 
This interpretation, and that of Zheng (1989), is in direct contrast with 
the ice sheet hypothesis of Kuhle.

Kuhle (1987b) argues that in the highly active mountain regions of Tibet 
it is extremely unlikely that easily eroded loose rock like moraines would 
remain in situ over a long time period Je since the penultimate ice age or 
earlier. Using evidence from the Tibetan margins he concluded that during 
the late glacial stage (LGS) a large inland ice sheet 2.0-2.4 million km^ 
covered Tibet (figure 1.11) with separate outlet glaciers flowing down 
through the bordering mountain chains to altitudes of 2300 metres on the 
northern (Kunlun) scarp and 1100 metres on the southern Himalayan slopes 
(Kuhle, 1987). Terminal moraines, in the form of ice marginal ramps 
(bortensanders) are found in the Qaidam and Tarim Basins (Kuhle, 1990).

Kuhle (1989) summarises the evidence for large scale glaciation in south
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Tibet on the basis of the morphogenetic characteristics of moraines and the 
existence of erratic blocks. From these features he concludes that; outlet 
glaciers from the 2.4 million km^ ice sheet left moraines in the lower
Mayangdi Khola and Thak Khola (Dhualgiri-Annapurna area) down to 1100m asl;
while 300km to the east an outlet glacier flowed through the Bo Chu valley
down to 1600m; and the Dudh Khosi glacier draining the Cho Oyu, Qomolongma
and Lhotse area reached down to 1800m.

Cross sections of Tibet showing maximum glacial cover are shown in 
figure 1.12 indicating the disparity between the present theories.

1. 6 Loess in Tibet
Redeposited and primary tan coloured loess has been reported from the 
Yarlung Zangpo valley and tributary valley systems of south Tibet CPéwé 
et, al., 1987; in press; figure 1.13). The silt is thickest near the rivers, 
on pediments and blanketing alluvial fans where it also occurs within the 
matrix, occasionally interspersed with sand and gravel layers. It is 
prevalent within the matrix of fans or near the edges of flat, gently 
sloping valley floors where it is l-2m thick (Péwé et.al., in press). The 
thickest deposits are 10-20 metres of loess overlying till at Yangbajain on 
the southern foot of the Nyainqêntanglha Peak (7162m), northwest of Lhasa 
(Péwé et.al., in press), with a further free standing 15 metre vertical 
road-cut along the main highway south of Xigaze (Péwé et.al., 1987). 
Particle size analysis of some of the sites gave results varying from 8-55% 
sand; 26-75% silt and 2-67% clay. Unfortunately neither of these papers 
deal with the silt-producing mechanisms and thus the source of the loess, 
although Péwé et.al. (in press) disregard the possibility of in situ frost 
action on bedrock and stress the aeolian nature of the material.

Further north, thin loessic silt has been described blanketing the 
Tanggula Mountains (Xu Shuying, 1981) and the Qaidam Basin (Bowler et.al., 
1987; see chapter 2). Hbvermann (1987) reports that loess cover in 
northeast Tibet is extensive with 0. 33mm deposited per annum. He states 
that loess dominates east-facing slopes in the A'nyêmaqen Mountains (with 
west-facing slopes dominated by gelifluction), maximum cover occurring at 
altitudes of 3500-3900m where alpine meadow vegetation traps the loess. He 
also argues that in the past a thick cover of loess was formed on the north 
slopes of the Kunlun Mountains (between 3000-4100m) and the Qilian
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Mountains (2000-3300) being formed "not from the sandflelds in the deserts, 
but primarily from the piedmont regions. The periglacial region receives 
loess rather than supplying it (Hôvermann, 1987, p.126)".

Intercalations of loess within aeolian sands have been documented within 
the Kulapundaiya Valley, near the village of Pulu (Li Baosheng e t . a l . ,

1988). Pulu is located in the Kunlun Mountains 450km west of Ulugh Muztagh 
(figure 1.7). In addition to the buried layers, loess is also found 
blanketing the topography of this area up to an altitude of 4500m.

Kuhle (1987a) describes frost-induced polygonal forms within loess "some 
decimeters thick" at an altitude of 4050m on the north slopes of the 
A'nyêmaqen Mountains (34*50'N, 99*33'E), and on the right side of the 
Khumbu glacier, Qomolongma at an altitude of 5000m.
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Figure 1. 13 Map of south Tibet showing the localities (circled numbers) 
of loess-like sediment (after Péwé et ,  a l . ,  in press)
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2. THE TIBETAN FRONT: SAMPLE ENVIRONMENT AND LOCATION

2. 1 Sampling strategy
The majority of research on Chinese loess has been undertaken within the 
middle reaches of the Yellow River in the central Loess Plateau at sites 
such as Luochuan and Xifeng (figure 1.1). These sites lie on the lowland 
plains of central China, in close proximity to the Ordos and Tengger 
deserts. However, the thickest accumulations of loess in China occur near 
the city of Lanzhou in the western part of the Loess Plateau. Lanzhou is 
surrounded by the high mountains which make up the fringes of Tibet to the 
northwest, west and south. The Loess Plateau extends to the east and the 
Tengger desert lies to the north.

Both desert and mountain environments have been postulated as source 
areas for silt production. Bowler et.al. (1987), and more recently Zhang 
Linyuan et.al. (1991), suggest that silt derived from the Kunlun Mountains 
and Tibetan Plateau contributes to the Lanzhou loess. However, no silt 
deposits have been described as existing in these mountain environments 
despite the current presence of glaciers and periglacial environments - the 
two commonly cited pre-requisites for silt formation. One aim of the 
project was to sample silt from within the mountains to the west and south 
of Lanzhou for geochemical fingerprinting (REE) to compare with the work of 
Wen Qizhong et.al., (1983; 1985) who propose a desert source for Luochuan
loess,

2.1.1 The western Loess Plateau
Three regions of the Tibetan Front were chosen for sampling. Two thick 
(>270m) loess sections were sampled from the Lanzhou Basin. These were the 
best exposed sedimentary sequences in the area with one situated on the 
north side of the Yellow River (Jiuzhoutai) and the other lying to the 
south (Dawan). The top 60 metres at Jiuzhoutai and 40 metres at Dawan were 
examined in an attempt to isolate the last interglacial palaeosol. The 
difference in thicknesses examined at the two sites was dictated by the 
probable level of this palaeosol so that different loess accumulation rates 
appear to have prevailed at the two sites. Jiuzhoutai lies on the Yellow 
River whilst Dawan lies on a tributary valley to the southwest. Therefore, 
the contribution from silt brought down by the Yellow River from Tibet,
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deposited in the Lanzhou Basin on braided sections of the river at periods 
of low flow and then deflated would have been greater at Jiuzhoutai than at 
Dawan.

The Blake magnetic reversal is believed to occur 115-120ka (Trie et.al.,

1991) an age which is concurrent with part of oxygen istope stage 5. Thus 
it is likely that if the Blake Event were recorded it would occur close to 
the last interglacial palaeosol. At both sections multiple palaeosols were 
present and these were continuously sampled along with loess above and 
below them. The presence of multiple palaeosols allows for good comparison 
of magnetic mineralogy differences between the loess and soils.

One section of loessic alluvium was sampled from Sala Shan near Linxia. 
This loess was obviously stratified and was used as a control in the fabric 
experiments. Detailed discussion of sample strategy and sites can be found 
in section 2. 3.

2.1.2 Mountain environment samples
Two sites were selected for sampling within different mountain ranges. The 
selection of sites was constrained by the political sensitivity of the 
area. Travels permits are required for Tibet and the routes are strictly 
controlled. One site was chosen in the mountain range to the south of
Lanzhou (A'nyêmaqen Mtns) and a series of sites were located across a
transect from the Qaidam Basin and Kunlun Mountains to the Tibetan Plateau. 
This transect covered the area believed by Bowler et.al. (1987) to produce 
silt which is deflated and carried to the western Loess Plateau.

2.1.2.1 A*nyêmaqen Mountains
Southwest of the Lanzhou Basin loess cover thins and exists only in the 
form of river terraces, as at Linxia. The northeastern edge of the mountain 
ranges of Tibet lie south of Linxia in the form of the A* nyêmaqen 
Mountains. At an altitude of 3000m, within the A'nyêmaqen Mountains, there 
exists a 60 metre loess terrace which extends southeast from the Tibetan 
monastery at Labrang. Northwest of Labrang, between the monastery and the 
Daxia floodplain near Linxia there is no evidence of loess. Thus the 
Labrang loess is likely to have been formed within the mountain environment
and contain cold weathered and/or glacially ground silt. The presence of a
thick loess terrace in the mountains provides evidence that silt particles
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are effectively produced in this environment. Several blocks of 
consolidated loess were taken in order to compare the Labrang loess with 
the loess sampled from the Lanzhou Basin in the Chinese Loess Plateau 140km 
to the northeast.

To further assess the contribution of mountain-derived silt, surface 
sediment was taken from sites within a transect between the Tibetan Plateau 
and the Qaidam Basin, from Quraar Heyan to Go1mud (figure 2.1) ranging from 
altitudes of 3000 to 4770m across the Kunlun Mountain range. These samples 
were analysed for particle size to assess the content of silt-sized 
particles similar to those resident in the Loess Plateau around Lanzhou, 
1100km to the east. The similarity of rare earth element patterns from 
Tengger desert sand and Luochuan loess have been used to prove the desert 
origin of the Chinese loess (Wen Qizhong et.al,, 1983). For this reason the 
surface silts from Tibet were used for rare earth element analysis to 
compare with the loess from Lanzhou and the data of Wen Qizhong for the 
sand and loess from the central Loess Plateau.

2. 2. Physical environment of the Tibetan Front
The following section describes the environment of the areas sampled in 
this thesis. The 1986 Royal Geographical Society and Mount Everest 
Foundation 1:3000000 map 'Mountains of Central Asia' provides good coverage 
of the area studied

2.2. 1 The western fringe of the Loess Plateau
The western edge of the loess plateau is situated in a harsh environment of 
extreme climatic and altitudinal gradients. It is surrounded by "gobi" 
(stone) and "shamo" (sand) deserts, including the Ordos (also called the Mu 
Us) and the Tengger desert to the north and north-east; and the Taklamakan 
and the Qaidam deserts, via the Hexi corridor, to the north-west. In 
addition to these desert areas, there are mountain chains to the north 
(Qilian and Altun Shan), and the vast Tibetan Plateau with the Kunlun and 
A'nyêmaqen mountain ranges to the immediate west (figure 2. 1). As outlined 
in chapter 1, both desert and mountain environments have been postulated as 
a potential source of loess.
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Plate 2. 1 The western Loess Plateau in the vicinity of Lanzhou
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Plate 2.2 A visual comparison of sample blocks excavated from the last 
interptlacial palaeosol horizon (SI) at Dawan, Gansu and Duanjiapo, Shaanxi.

28



There is a steep climatic gradient between the area affected by the 
southerly summer monsoon and the arid north west of China. The summer 
monsoon penetrates north inland as far as the Tibetan front where it 
Impinges on the high mountain areas and meets dry cold air from the 
Mongolian high pressure system (MHPS) to the north (figure 2.2). The 
climatic difference between the centre of the loess plateau and the western 
edge and Tibetan front areas is illustrated in the form of mean annual 
rainfall in table 2.1.

Table 2. 1 Mean annual rainfall for the period between 
1951-1970 (Zhao Songqiao, 1986)

City Region Rainfall (mm)
Xian central Loess Plateau 604.2

Lanzhou western Loess Plateau 331.9
Go1mud Qaidam Basin 38.3

Evaporation potential also increases across this climatic gradient with a 
mean annual figure greater than 3000mm in the Qaidam Basin (Wang Jingtai 
et.al., 1986). The difference in texture and degree of weathering between 
loess sections across this gradient is shown by plate 2.2 which gives a 
visual comparison between palaeosols assigned to the last interglacial. 
Duanjiapo (34"12'N, 109"12'E) is situated near the city of Xian overlooking
the Ba River, in Shaanxi Province; whereas Dawan (35*54'N, 103*12'E) is 
located south-west of Lanzhou city on the westernmost fringes of the loess 
plateau, in the more arid Gansu Province.

The last glacial stage in north China has been subdivided into two cold 
stages lasting 70-53ka (with mean annual temperatures lO'C colder than 
present) and 23-11.5ka (12*C colder than present) with an intervening 
interstadial climate from 53-23ka only 4*0 colder than at present (Sun 
Jianzhong and Li Xingguo, 1986). The authors also report a short stadial 
cold phase lasting from 36-32ka.

In the western Loess Plateau there are two sites which have been 
documented as containing Last Glaciation interstadial soils. A recent 
report by Chen Fahu et.al. (1991) contains an Illustration of Jiuzhoutai 
section, near Lanzhou. A triple interstadial soil at a depth of 
approximately 16-18 metres is shown with associated TL dates of 29, 4 ±_ 
1.5ka from loess above the second soil and 74.0 + 6ka from loess below the
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bottom soil. A dual palaeosol thought to be representative of the last 
interglacial (Si) occurs at an approximate depth of 35 metres, some 18 
metres below the interstadial soil complex. At Beiyuan, Linxia, southeast 
of Lanzhou (see figure 2.1), An Zhisheng et.al. (1991) report a triple 
interstadial soil complex dated between 50-30ka. The last interglacial 
palaeosol appears to be also a triple complex.

2.2.2 The Qaidam Basin
The Qaidam Basin contains the highest sand desert in the world, at an 
elevation of 2600 - 3000m asl (plate 2. 11). It is directly north of the 
Tibetan Plateau and surrounded by the Qilian and Altun Mountains to the 
north and the Kunlun Mountains to the south. It consists of shifting and 
half-fixed sand dunes resting on gravel gobi formed by aeolian erosion of 
the Tertiary piedmont plain (Zhao Songqiao, 1986). Yardangs are prevalent 
in the centre and to the northwest of the basin (Zhu Zhenda et.al., 1986) 
which are indicative of an erosional environment (figure 2.3). The central 
and lowest part of the Qaidam Basin consists of a series of salt lakes, 
which are farmed commercially at Qarhan (36*42'N, 95'18'E; plate 2. 11). The 
Qarhan salt flat, which is the largest in the Qaidam Basin, covers an area 
of SSOOkmf and represents what remains of a much larger Early-Mid 
Pleistocene freshwater lake (Chen Kezao and Bowler, 1986). Cores from this 
and other lakes have been studied by Chen Kezao and Bowler (1986) and 
Bowler at. al, (1986) with a view to interpreting palaeoclimatic change and 
the onset of salinisation, They report that expanded freshwater or slightly 
saline water bodies existed in the Qaidam Basin from at least 40ka, based 
on radiocarbon dating of freshwater elastics and shell deposits. 
Progressive desiccation, resulting in deposition of halite, occurred from 
about 25ka until about 9ka, although Bowler et.al. (1986) point out that 
deposition of halite requires more water than is present in the more arid 
climate of today. Within the 60m thick halite deposits are thin mud layers 
representing brief humid phases, dated at 20ka, 18ka and 16ka.

The depth of deposit accumulated in the basin during the Quaternary 
exceeds 2000m (Liu Zechun et.al., 1991). Wang Jingtai et.al., (1986) 
completed preliminary magnetostratigraphy of a 528m core from Dabusan Lake 
(37*05'N, 95°25'E). The results show Brunhes age sediments. Samples of 
negative inclination do occur and these have been tentatively correlated
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with the Gothenburg, Mono Lake, Blake, Biwa I and Biwa II excursions
occurring between 298ka (Biwa II) and 9ka (Gothenburg). Liu Zechun e t . a l .  

(1991) report a depth of 1460m for the Matuyama-Gauss polarity boundary 
(2.48 Ma) and 88Q-710m for the Olduvai polarity excursion (187-167Ma) from 
boreholes around Dabusan, Tai.jinaier and Sirlea Lakes.

Chen Kezao and Bowler (1986, p.99) argue that textural analyses of the 
halite layer confirms the existence of Malan loess components in the 
evaporites. Bowler et .  a l . (1987) used this evidence, along with the 
presence of a thin Holocene loess blanket in the Qinghai basin to the 
immediate east, to explain temporal variation in loess source areas over
the Late Pleistocene and Holocene. They argue that silt generated by
glacial and periglacial processes at high altitudes is transported to low 
level fluvial outwash plains, where it is later deflated by strong 
northwest winds (leaving behind a covering of gobi), and transported
southeast to the Loess Plateau. The lakes in the Oaidam Basin, and the 
large Qinghai Lake (Koko Nor) further east, act as loess traps and record 
relatively complete sequences of loess input (figure 2.4)
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Figure 2.3 Geomorphic map of the Qaidam Basin (Wang Jingtai e t . a l . ,  1986)
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In addition to the possibility that the Oaidam Basin Is a sediment trap 
for silt produced In the high mountains, the basin Itself conforms to the 
criteria of Pye and Sperling <1983, p.61) who proposed that , . . "a 
particularly favourable environment for silt formation might be expected 
where alluvial fans extend down from actively rising mountain fronts 
towards extensive saline basins".

The largest plateau glacier In China, the Dunde glacier, Is located 
within the Olllan Mountains which fringe the northern edge of the Qaidam 
Basin. The mean annual precipitation of 300mm on the summit (5325m) Is 
sufficient to maintain a positive mass balance, although the extreme low 
temperature environment (annual air temperature: -12*C to -13°C) means that
the glacier Is effectively frozen to Its bed with negligible sliding and 
little erosion (Wang and Derbyshire, 1987). However, Wang and Derbyshire 
(1987) report that frost action Is prevalent with accumulation of large 
volumes of rock debris on the sides of the glacier. A recent study of three 
cores through the Dunde Ice cap by Thompson e t . a l . ,  (1989) has shown that 
the climate during the late glacial stage (LGS) was colder, wetter and 
dustier than during the Holocene with an abrupt change occurring at -lOka. 
The Increase In dust (particulate matter with diameters (lOpm: Smalley and
Derbyshire, 1990) and decrease In the ratio (5^®0) In the LGS are
also observed In Ice cores from Greenland, although the mean change In ®0 
Is less than that from the polar cores Implying that the decrease In 
temperature during the glacial stage on the Tibetan Plateau was less than 
that In polar regions (Thompson e t . a l . ,  1989).
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Plate 2.3 The surface of the Oaidam Basin. The vegetation matting prevents 
movement of sand onto the Golmud-Xining railway line.

Plate 2.4 The commercial salt farm at Qarhan playa, Oaidam Basin.
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2. 2. 3 The Kunlun Mountains
Zheng Benxing (1991) has recently summarised the Quaternary stratigraphie 
sequences found within the Kunlun Mountains, south of the Qaidam Basin. He 
argues that in the Pliocene the mountains stood at 500-1000m asl, with 
lakes formed on their southern slopes during the Early Pleistocene. The 
subsequent low altitude of the Kunlun Mountains during the Early 
Pleistocene (<2000m) prevented glaciation, although the mountains were 
affected by periglaciation. Uplift to 3000m during the Middle Pleistocene 
(accompanied by the eruption of the Hllonshan volcano at 0.67Ma) allowed 
widespread piedmont glaciation on the southern slopes although most 
glaciers did not extend down to the Qaidam or Tarim Basin on the northern 
slope. Due to Increasing aridity, the Late Pleistocene glaciation was less 
extensive.

Zheng Benxing (1991) lists the sedlmentological evidence for this 
chronology as follows: 536m of Early Pleistocene fluvio-lacustrine
sediments (dated 2.7-1.4Ma by palaeomagnetism) outcrop over a layer of 
sandy gravel thought to be a shore deposit near the Kunlun Pass. Moraine 
found at 4973m to the west of the Kunlun Pass is correlated with a l-3km 
wide, 24km long deeply weathered moraine platform at 4700m In the middle- 
upper reaches of the Yurunkax River on the north slope of the west Kunlun 
Mountains, sand from which has been dated by thermoluminescence (TL) at 333 
t 46ka. A further Middle Pleistocene moraine, found beyond the end moraine 
from the Late Pleistocene, along the Yurunkanx River, has been dated at 206 
t 17ka by TL (Zheng Benxing, 1991). Both of these TL dates are questionable 
as they give ages substantially beyond the underestimation limits found by 
Debenham (1985) who obtained TL dates of less than lOOka for samples 
thought to date from the Brunhes-Matuyama polarity boundary (730ka). Zheng 
Benxing (1991; p. 399) also uses radiocarbon dates to assign ages to Late 
Pleistocene moraines stating that "no obvious traces have been found for 
the early episode of the last glaciation, so far all the  ̂*C datings 
available about the moraines point to late stage of the last glaciation". 
This is not entirely surprising as the upper limit of conventional 
radiocarbon dating is in the order of 40-50ka whilst the climate 
deteriorated at about 80ka, although the glacial maximum occurred 25-15ka. 
Loess and aeolian sands from the last glaciation occur over a 65m thickness 
of alluvial-pluvial gravels near the village of Pulu in the northern slope
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of the west Kunlun Mountains. Intercalations of loess within the sands have 
been TL dated at 66.7 + 3 . 3  ka for the lowest loess layer and 6.3 + 3,Ika 
(Li Baosheng et.al,, 1988).

The sequence in the West Kunlun Mountains is summarised by Zheng Benxing 
and Li Jijun (1981) as follows: the old till plain of the Nieniexongla
glaciation is situated at 5200-5300m where it is overlain by the moraine of 
the Qomolomgma 1 glaciation, found at 5300-5350m. The end moraine of the 
Qomolongma II glaciation is located in a U-shaped valley at 5380m, with 
neoglacial end moraine at 5400m,

Contrary to the evidence of Zheng Benxing and Li Jijun (1981) and Zheng 
Benxing (1991); Kuhle (1987a) reports a terminal moraine at 3650m on the 
north slope of the Kunlun mountains, near Nachitai (35*54'N 94*27'E), with 
apparent glacigenic forms and sediments found down valley as far as 3400m. 
These, he believes, are of late glacial age.

2.2.4 The Tibetan Plateau
Immediately south of the Kunlun Pass the land becomes level to form the 
vast high-level Tibetan Plateau, lying at an altitude of 4500-4800m asl, 
between the Kunlun Mountains and the Gangdisê-Nyainqêntanglha range to the 
south. Permafrost is continuous with a mean thickness of 80-90m and a 
seasonal active layer of l-4m undergoing extensive freeze-thaw (Zhao Youwu, 
pers. comm). Thickness of permafrost in the study area within the Tibetan 
Plateau, between the Kunlun and Tanggula Mountains (see section 2.2.5) 
varies from 40-400m at the Kunlun Pass to 0-40m in the Qumar river basin 
and 20-300m in the Tanggula Mountains (Tong Boliang, 1981).

There are 123 saline lakes on the Tibetan Plateau containing 40 
different salt minerals with the degree of mineralisation decreasing from 
north to south. Whereas sulphate-chloride type lakes are found in the 
Qaidam Basin (Chen Kezao and Bowler, 1966), carbonate-sulphate type exist 
on the northern Tibetan Plateau, with gypsum dominating between the Kunlun 
and Tanggula Mountains (Chen Kezao et.al,, 1981), There have been two main 
periods of mineralisation, the first during the Pliocene and the second in 
the Late Pleistocene (figure 2.5) with rock weathering products and saline 
spring water believed to be the source of the evaporites (Chen Kezao and Xu 
Zhiqlang, 1991). The existence of Pliocene evaporites upon the Tibetan 
Plateau indicates that the desert climate of central Asia had an affect
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upon the area of the Tibetan Plateau north of the Tanggula Range (Chen
et . al.. 1981).
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Figure 2.5 Comparison of the ages and salt forming episodes of salt lakes 
across north China and Tibet (Chen Kezao and Xu Zhiqiang, 1991).
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Lake bottom sediments from Slling-co, the second largest freshwater lake 
on the Tibetan Plateau, have been recently studied to determine climatic 
fluctuations since the last glacial (Kashiwaya et.al., 1991). Core results 
from this study suggest that during the LGS, the lake level of Slling-co 
was low and the climate was arid. An abrupt change occurs ~10ka when the 
lake level rose rapidly and the climate became more humid, with an 
intervening marked arid phase 4-2ka. Grain size analysis from the 4-2ka 
year arid phase sediment shows an increase in fine material "which means 
that lighter material such as loess accumulated in the lake at this time 
(Kashiwaya et.al., 1991, p. 1780)". A comparative study by Wang Fubao and 
Fan (1987) using evidence from lakes, peat layers in sand and gravel, and 
moraines of the Arza Glacier south of the Tanggula Mountains (table 2. 2) 
suggests that the Tibetan Plateau was cold and dry 10-7.5ka, then underwent 
a warm interval 7.5-3ka, after which the climate underwent a deterioration 
3-1.5ka (correlated with the Siling-Co arid phase) with five glacial 
advances (figure 2.6).

2. 2. 5 The A* nyêmaqen Mountains
The A*nyêmaqen Mountains are a NW-SE trending extension of the eastern 
Kunlun Range located in the northeast of the Tibetan Plateau. The 
A'nyêmaqen Mountains have been classified as a humid alpine region due to 
the relatively high precipitation caused by the impinging southeast 
monsoon: 800mmyi—  ̂ falls at the snowline (4950-5000m) and 1200mmyr-i on the 
mountain summit at 6282m (Wang Jingtai, 1987). Below the snowline, and 
above 4600m freeze-thaw shattering of rock is common, forming large talus 
cones. Air temperatures are low but solar radiation is high with rock 
surface temperatures reaching 30-35*0 during the day and falling below 
freezing at night (Wang Jingtai, 1988). There are two main rivers which 
rise in the mountains, the Qiemqu and the Qinglong, both of which are 
tributaries of the Yellow River which takes a southerly then easterly 
course around the A'nyêmaqen peaks. According to the work of Li Jijun and 
associates (Shi Yafeng et.al., 1991; Li Jijun et.al., 1991; Derbyshire 
et.al., 1991) an ice cap between 50000 and dOOOOkmf existed in the upper 
Yellow River around Madoi, leaving behind glacial lake basins, rôches 
moutonnées, kames and erratic boulders, thus providing geological evidence 
of a similarly shaped ice sheet to that postulated by Sun and Yang as long
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ago as 1961. Both Shi Yafeng et.al. (1991) and Li Jijun et.al. (1991) 
attribute this ice cap to the penultimate glaciation on unspecified 
grounds. If they are correct in this assumption, and given the likelihood 
that an ice sheet of this size and location would have been wet-based, 
injections of glacial rock flour into the Yellow River system should have 
been sufficient to contribute to the loess source areas below the Longyang 
Gorge 1. e. in the Yellow River system westward (windward) of Lanzhou. 
Until such a time as the age of this ice sheet is established, however, the 
significance of this possible input into the Lanzhou loess sequence cannot 
be tested.

2.3 Site details
The sampling sites were located in three regions of the Tibetan Front:
1. the western Loess Plateau around Lanzhou; 2. Southern Gansu Province - 
southwest of the Loess Plateau on the edge of the A'nyêmaqen Mountains; and
3. the Qaidam Basin, Kunlun Mountains and the northern Tibetan Plateau. 
They cover an area extending from 35*00'N to 36*30'N and 93*00'E to 
103*45'E. The sites on the western Loess Plateau around Lanzhou consist of 
thick loess and palaeosol sequences, in excess of 250m, resting on terrace 
gravels of the Yellow River. The loess of the western Loess Plateau exists 
as a topographical blanket masking the underlying bedrock, whereas in 
southern Gansu, it is only present in the form of river terraces, with 
bedrock clearly visible on the hillsides. The Qaidam Basin, Kunlun 
Mountains and area of the Tibetan Plateau studied here are situated 800km 
to the west of Lanzhou.

2.3. 1 Lanzhou Area I - Jiuzhoutai (36*00*N, 103*45*E)
Jiuzhoutai is situated on the north bank of the Yellow River overlooking 
Lanzhou city (figure 2.7). It is the thickest accumulation of loess in the 
world, with 334m encompassing Wucheng to Holocene loess resting on terrace 
6 of the Yellow River (Chen Fahu, 1990). As Jiuzhoutai mountain is steep 
sided, with slopes of 35* prevalent, actual height measurement is difficult 
even with the use of electronic distance measuring (EDM) equipment,

The area of loess sampled in this study was chosen with reference to the 
chronological control in the form of TL dates recently undertaken by 
Lanzhou University. The lower Malan, last Interglacial palaeosol (SI) and
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Upper Lishi loess were sampled in an attempt to ascertain changes in 
palaeoclimate over the last glacial-interglacial cycle. Extensive sampling 
of the Malan loess was initially envisaged, however, after the first field 
season it became apparent that its coarse particle size, lack of 
cementation and resulting friability made it impossible to sample 
effectively and transport back to Britain in an intact state.
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Figure 2. 7 Cross section of the succession at Lanzhou (Derbyshire, 1983)

The Malan loess at Jiuzhoutai is believed to be 42m thick preceded by a 
dual SI palaeosol and capped with Holocene loess. Lanzhou University have 
obtained TL dates of 81 + 5. 9ka for the bottom of the Malan loess; 91.25 ±_ 
10.9ka for the top of SI and 123.2 + 13.Oka for the top of the Lishi loess 
from within the Scorpion Pit on Jiuzhoutai. The Scorpion Pit was so called 
to distinguish it from the main section at Jiuzhoutai which lies 45m to 
the east of the Scorpion Pit and runs continuously down the mountain in the 
form of shallow pits 0.5 to 2m in depth. Preliminary investigation of 
Jiuzhoutai in 1989 showed the main section to be in a poor state for 
sampling with pits covered in redeposited loess from sheetwash and slurry 
flow, which are common on slopes of greater than 35*.
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Plate 2.5 The Scorpion Pit section at Jiuzhoutai,

Plate 2.6 Dawan section showing the upper cultivated terrace and the 
rough grassland in which are located the sample pits.
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Seven metres of sediment were sampled from the Scorpion Pit after six days 
of extensive digging to ensure a clean undisturbed section (plate 2.3). The 
seven metres included the dual SI palaeosol dated by Lanzhou University. 
The samples from Jiuzhoutai have been labelled in the form Loess I, 
Palaeosol I, Loess II, Palaeosol II, Loess III from the topmost 
stratigraphie unit downwards to avoid repeated use of the Chinese 
nomenclature which can be. very confusing when applied to multiple 
palaeosols (SlSl; S1L2; S1S2 etc). In this roman script, Loess III 
corresponds to the Lishi loess of Chen Fahu (1990) and Loess I to the Malan 
loess. Loess II is the loess deposited between the two palaeosols (figure 
2.6X

JIUZHOUTAI

a.0)Q

loess I 

palaeosol I

loess II 

palaeosol II 

loess III

Figure 2.8 Diagrammatic representation of the sediment sampled 
in the Scorpion Pit, Jiuzhoutai.

2.3.2 Lanzhou Area II - Dawan (35"54'N, 103'12'E)
The 273m section is located on the east side of the Shua Jia valley 250m 
north of Dawan village (fig 2.9). The Shua Jia is a tributary of the Yellow 
River whose confluence lies at the west end of the Lanzhou Basin near 
Xlkou. 200m of loess outcrops over terrace 5 of the Yellow River which in 
turn rests on Pliocene Red Clays. The section is composed of a series of 5- 
8m deep pits dug into uncultivated rough pasture. The top 20m of the
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section has been excavated and levelled for cultivation and comprises wheat 
and potato fields and, as such, is unsuitable for sampling (plate 2.4).

The sampling strategy at Dawan was to identify the last interglacial 
palaeosol and sample the Malan loess above it and the Lishi loess below it. 
Previous mapping of the palaeosols at Dawan by the Lanzhou Geological 
Hazards Research Institute identified a palaeosol at 25m depth with that of 
the last interglacial. Thus the preceding five metres of loess (Loess I) 
were sampled along with the palaeosol. However, further investigation of 
the section over two field seasons identified six palaeosol horizons within 
ten metres of sediment, from 25-35m down the section, which appeared to be 
arranged in two triple pedocomplexes. As the dual palaeosol at Jiuzhoutai 
existed at a depth of 48-52m, there was an apparent discontinuity between 
Jiuzhoutai and Dawan.

2 2 0 0 - 

2 1 0 0 - 

2 0 0 0 - 

I 1900- 

1800 

1700 

1600-

D a w a n
2 130m

M a n  Po T ou 
1 8 7 7 m

M u J ia  T ai

L ian g  J ia  W a n g

lo o s s

M alan

U p p e r Lishih 

L o w e r Lishih

W u c h e n g  ) G ra v e l

f 4 V e ry  h a rd  c o m p a c t loess  r— Al l uvi um
P- 1 I I ( re -w o rk e d  loess , sill, c lay

C o n g lo m e ra te  & s o m e tim e s  sand; b e d d e d )

Figure 2.8 Cross section of the locations in the Shua Jia valley.

The roman script labelling was again used here (figure 2.9) as complete 
lack of chronological control made further estimates of age impossible. The 
palaeosols are typically 0.5 - 1.0 m thick but only palaeosol III (plate
2. 6) and VI were clearly visible as brown horizons (7. 5YR 5/4 to 7. 5YR 
7/3). Loess was typically buff yellow (lOYR 7/2 to lOYR 7/3). A speckled 
horizon was located two metres above palaeosol I at a depth of 23m (plate
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2.5). However it was discounted by the Chinese as not being the result of 
pedogenic processes (Wang Jingtai, pers. comm). Gypsum layers, indicative 
of the aridity of climate, are common within the Dawan section.

DA WAN

a.
IDQ

20.0 -j

22. 5 -

25.0 
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32. 5 J  

35. 0

loess I

palaeosol I 

palaeosol II

palaeosol III

palaeosol IV 
palaeosol V 
oalaeosol VI

Figure 2.9 Diagrammatic representation of the section sampled at Dawan.

In addition to the fifteen metre continuous section described above, a 
sample of recent soil from a depth of 1.3 metres was sampled for use in REE 
geochemistry to compare with surface silts from Tibet and the uncultivated 
Pleistocene loess from Jiuzhoutai and Dawan.
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Plate 2.7 Dawan; strongly developed palaeosol III showing mottling.
gr

. 1

Plate 2.8 Dawan: speckled horizon at 23 metres which gave no 
increased magnetic susceptibility reading.
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2.3.3 Southern Gansu I - Sala Shan (35*50'N, 103*00* E)
The site at Sala Shan lies on the Ba Xie river east of the town of Linxia 
(35*40'N, 103*10'E) and 60km SSW of Lanzhou. The Ba Xie is an east-west 
running tributary of the Tao River which, in turn, joins the Yellow River 
at Liujiaxia reservoir (figure 2. 10). Sala Shan was the site of a large 
loess landslide in 1983, which buried 4 villages and killed 227 people in 
under one minute (Derbyshire et. ai. , 1991a). Two orientated blocks were
taken from fluvially deposited loessic alluvium (plates 2.9; 2.10) to use
as a control in fabric analysis (see chapter 8).

LA N ZH O U

LINXIA

H E

LINTAO

0 K ilom etres 20 RiverR oad

#  Sample sites A rea abOVe 2500m
Figure 2. 10 Location of Sala Shan in relation to Lanzhou.
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Plate 2.9 The Ba Xie River at Sala Shan looking east. The samples 
taken from the cliffs near the path on the other side of the river.

were

m

Plate 2.10 Stratified loessic alluvium showing the location of the sample.
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2.3.4 Southern Gansu II - Labrang <35“20*N, 102*50'E)
The site at Labrang, in the mountains fringing the eastern edge of the 
Tibetan Plateau, just east of the A'nyêmaqen range, lies south of the 
Tibetan Monastery on the northern slope of the Daxia River valley. This 
area of southern Gansu is known as the Grasslands as it lies over 3000m and 
forms the eastern fringes of Tibetan pastureland, A sixty metre high loess 
terrace occurs either side of the Daxia River (plate 2.11). The sample 
blocks were taken from the northern loess terrace 300m east of the Xiahe 
Binguan (plate 2.12). As there is no chronological control and no published 
data on the loess near Labrang, two separate sample blocks were taken at a 
vertical spacing of approximately 12 metres. The upper sample, Labrang B 
was visibly coarser than the lower sample Labrang A,

2.3.5 Tibetan Plateau, Kunlun Mountains and Qaidam Basin
The Kunlun Mountains and the Tibetan Plateau were visited as part of an 
expedition run by the Lanzhou Institute of Glaciology and Cryopedology in 
May 1990, involving scientists from Lanzhou and the Soviet Siberian 
Permafrost Institute. The expedition started from the town of Golmud 
(36* 12* N, 94*38'E) in the Qaidam Basin. Seven sites along a transect
between Golmud and Wudoliang (35*06'N, 93*00'E), an army encampment on the 
Tibetan Plateau, were visited and samples of sediment collected. Just 
outside Golmud, desert sands were taken from the Qaidam Basin for 
comparison with the Kunlun and Tibetan samples. The foot of the Kunlun
Mountains, approximately 75km south of Golmud, were snow covered to a depth 
of a few centimetres. A sample of surface silt (Kunlun A; lOYR 7/3) was
taken from below the snow cover, approximately 2 metres above the road
level, near kilometre post 2798.

Next to the 1951 bridge over the Kunlun River, at 3400m, where the river 
cuts steeply through greenish bedrock as a result of neotectonic movement, 
approximately 10 metres of silt rest on the bedrock which has been gorged 
by the river. Due to the military sensitivity of the bridge no photographs 
or samples were allowed. Further upstream, at an altitude of 3600m the 
downcutting of the river exposes 30 metres of river terrace composed 
entirely of a succession of sands and gravels (plate 2. 13). The sands and 
gravels appear to be predominantly of glaciofluvial origin (Klimovsky, 
pers. comm).
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Plate 2.11 View of the Daxia Valiev looking southeast showing the truncated 
loess terrace. Photo taken from the terrace surface above the sample sites.

Plate 2. 12 Sample sites at Labrang. The partly excavated block in the 
centre foreground above the grass clumps is Labrang A, with Labrang B 
situated where Christine Scott is standing, twelve metres above A.
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Plate 2. 13 Terrace sands and gravels of the Kunlun River.

N . . / -

4 ^
Plate 2. 14 Surface silt at 3400m (Kunlun A)
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Buff coloured surface silt <10YR 7/2) was sampled from an altitude of 
3800m. The silt was excavated to a depth of 50cm although the total 
thickness was thought to be in excess of one metre (plate 2, 14). Bedrock in 
this area was visibly frost shattered, see plate 2.14. The sample was 
labelled Kunlun Glacier because just south of this site was an open area of 
flat land leading eastwards from the Kunlun River up to a series of 
glaciers, Plate 2. 15 was taken on 2 May 1990 on this expedition, whereas 
plate 2. 16 is a view of the same site taken in August 1984. The marked 
climatic difference between these two photographs indicates a large 
seasonal fluctuation in temperature suggesting that cold weathering may 
play a vital role in the breakdown of bedrock and the formation of fine 
particles in this mountain environment.

At 4100m, next, to the Golmud-Lhasa Highway, there exist four well- 
developed barchan sand dunes, approximately 8.5-lOm in height, which have 
been evolving here since 1984 (Zhou Youwu, pers. comm) and are probably the 
highest altitudinal sand dunes in the world (plate 2. 17; 2. 18), The shape
of the dunes indicates a southerly wind eminating from the Tibetan Plateau, 
bringing sediment down the Kunlun Mountains, Sand was taken from the dunes, 
bottled and labelled.

Near the Kunlun Pass at 4700m there is a relic pingo <35*35'N, 94*03'E), 
20 metres in diameter and 18 metres high (plate 2. 19) partially blown up by 
engineers building the Golmud-Lhasa Highway. The presence of this pingo 
also testifies to the ongoing prevalence of intense cold weathering in the 
area. Buff coloured silt samples (lOYR 7/2) were taken from the surface of 
the Kunlun Pass (4767m) and grey coloured silt (2.5GY 6/1) from the ice 
core of the pingo. Plate 2.20 shows the occurrence of aeolian transport at 
the Kunlun Pass.
The Tibetan Plateau is sparsely vegetated and covered exensively with silt 
and sand. At no point between the Kunlun Pass and Wudoliang was bedrock 
visible. The surface of the plateau was also covered with ice patches 
(plate 2.21) indicating that moisture is present and suggesting an 
intensive cold weathering environment. This is also demonstrated by many 
broken sections of metalled road (plate 2,22). Samples of dull brown to 
yellow surface silt (2.5YR 7/2) were collected at Qumar Heyan (35*18'N, 
93*20'E), near the broken section of the Lhasa Highway shown in plate 2.22 
(plate 2.23) at an altitude of 4550m.
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Plate 2, 15 Glacier in the Kunlun Mountains, in spring (M. Clarke 2/05/90)

 ̂ Plate 2. 16 Glacier in the Kunlun Mountains, in summer (E. Derbyshire 08/84)
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Plate 2. 17 Close up of one of the barchan dunes found at an altitude of
4100m in the Kunlun Mountains.

Plate 2. 18 View of an entire dune showing relative height. Crescent arms
point north.
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Plate 2. 19 The ice core centre of the pingo situated near the Kunlun Pass.

Plate 2.20 Active aeolian transport at the Kunlun Pass <4767 metres asl).
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Plate 2.21 The Tibetan Plateau (4550m asl) showing the presence of surface 
silt and ice patches. The Kunlun Mountains are visible to the north.

Plate 2.22 A broken section of the Golmud-Lhasa Highway at Qumar Heyan 
indicating an intense freeze-thaw environment.
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Plate 2.23 Silt on the surface of the Tibetan Plateau at Oumar Heyan

2.4 Sampling procedure
For the Gansu samples (Jiuzhoutai, Dawan, Labrang and Sala Shan) which were 
consolidated loess, the following procedure was adopted. The loess face was 
cleaned and then excavated to form blocks approximately 15cm across and 
35cm in depth. The top surface was levelled to horizontal using a small 2 
way-spirit level and a north arrow was marked on the level surface before 
the block was removed from the face. These orientated blocks were then 
placed into cardboard boxes and insulated with straw to facilitate 
transport in an intact state to the Geological Hazards Research Institute 
at Lanzhou. Here they were sub-sampled into cubes and placed in 2. 2cms 
perspex boxes prior to being transported back to Britain. At least 2 cubes 
were prepared from each sample height and the remaining material was stored 
in plastic bags before being shipped back to Britain as containei— ship 
cargo. The cubes were hand transported by plane.

The samples taken from the Qaidam, Kunlun and Tibetan Plateau were 
samples of unconsolidated sub-surface sediment and were placed into plastic 
bottles.
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3. SILT PROVENANCE; PHYSIOCHEMICAL PROPERTIES

Bowler et.al. (1987), and more recently Zhang Llnyuan et. al. (1991), .have 
suggested that silt is formed in the mountain environments of the Tibetan 
Plateau and northwestern (Kunlun) mountains as a result of both glacial 
grinding and freeze-thaw weathering, and that this silt forms a constituent 
part o f the Loess Plateau. This section describes the particle size, 
scanning electron microscopy and rare earth geochemistry of silts and 
desert sand sampled from these mountain environments, and a comparison made 
with samples obtained from the Loess Plateau,

3.1 Particle size distribution.
Particle size fractionation across the gobi, the sand deserts and the Loess 
Plateau, linked with predominant winds, has been used to account for a 
desert source for the Chinese loess (Wang Yongyang, 1983). The occurrence 
of silt on the Tibetan Plateau and in the Kunlun Mountains testifies to the 
formation of silt in these high mountain environments. The presence of 
crescentic dunes indicates aeolian transport down from the Tibetan Plateau 
and Kunlun Pass. The predominant northwesterly winds of the Siberian- 
Mongolian high pressure system deflate fines resident in the Qaidam Basin 
and carry them to the Loess Plateau (Bowler et. al. t 1987). The presence of 
a large silt component in the sediments of Qarhan Lake over the last 40ka 
has been reported by Chen Kezao and Bowler (1986). They argue that these 
silts are virtually indistinguishable both texturally and mineralogically 
fom the Luochuan loess. The particle size of silts from the Tibetan Front 
has been investigated here.

3.1.1 Measurement of particle size
The particle size of samples collected from all of the sites was measured. 
The silt grade samples were measured using a Microtechnics model 5100ET 
SediGraph which determines the concentration of particles remaining at 
decreasing sedimentation depths as a function of time. Approximately 3 
grammes of sample were ground in a pestle and mortar then dispersed in 
0,01% calgon prior to being pumped into the measurement cell which is 
placed in the path of a finely collimated x-ray beam. When the pump is 
turned off the particles in the cell settle according to Stokes' Law. The
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intensity of the x-ray beam received from the cell varies with the
concentration of particles in its path, which is related to their settling 
velocity. Thus the difference between intensities of received and emitted 
x-rays gives a measure of particle size distribution (and settling) over 
time.

The two sand grade deposits (from the Qaidam Basin and the Barchan dune 
field in the Kunlun Mountains) which were too coarse to be tested within 
the SediGraph, were weighed then shaken through a nest of sieves with mesh 
diameters of; 1000pm (1mm); 500pm; 250pm; 125pm; and 63pm.

3. 1. 2 Results
The median diameter (d®®) was calculated for the silt grade samples and
cumulative frequency graphs of particle diameter were plotted. The 
percentage mass of sediment, arranged into size classes, is presented in 
tabulated form for each sample. Folk and Ward sorting parameters were not
applicable as not all of the samples had a unimodal particle size
distribution and this non-normal distribution would make comparisons 
between samples impossible.

The cumulative frequency curves for Jiuzhoutai loess and palaeosols are 
illustrated in figure 3.1. The envelope enclosing the curves is narrow, 
Indicating little variation in grain size between the samples or between 
unweathered loess and weathered palaeosol.

Table 3. 1 Percentage mass of sediment in micron diameter size classes 
for Jiuzhoutai (JLl = loess I; JP2 = palaeosol II)

diameter (pm) JLl JPl JL2 DP2 JL3
>60 3. 1 1. 8 0. 4 1. 1 1. 6

50-60 1. 1 1. 7 2. 5 1. 6 1. 8
40-50 2. 4 3. 4 4. 8 4. 3 5. 7
30-40 6. 6 8. 5 8. 8 9. 9 10. 5
20-30 14. 5 14. 2 13. 9 16. 6 14. 7
10-20 19. 4 17. 2 17. 6 16. 6 15. 9
2-10 23. 5 22. 3 23. 1 19. 9 20. 0

0. 5-2 10. 3 10. 1 11. 5 10. 8 11. 6
<0. 5 19. 1 20. 8 17. 4 19. 2 18. 2

Samples from each of the loess and palaeosols from Dawan were analysed, 
along with two samples of recent soil material from beneath the cultivated 
surface at the top of the section. The envelope encompassing percentage
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cumulative frequency against grain diameter for the loess and recent 
material samples (figure 3.2a) is wider than that at Jiuzhoutai, and covers 
a larger grain size than that of the Dawan palaeosol samples (figure 3.2 
b). The median grain diameters calculated for each of the samples (see 
table 3. 1) confirms that loess I is generally coarser than the other 
samples, with a median diameter of 17. 8)j.m. Median diameters for the other 
loess samples range from 14.4pm - 9. 1pm, the palaeosols range from 10.8pm -■ 
5. 3pm and the recent material samples have median diameters of 15. 2pm and 
10. 0pm.
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Figure 3.1 Cumulative frequency particle size distribution for loess and 
palaeosol units from the Scorpion Pit, Jiuzhoutai.
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Table 3.2 Percentage mass of sediment in micron diameter size classes for 
Dawan samples (DLl = loess I; DP2 = palaeosol II; DH2 = recent material 2).

(yml DHl DH2 DLl DPI DL2 DP2 DL3 DP3 DL4 DP4 DL5 DP5 DL6 DP6
>60 3. 0 3. 0 0. 6 0. 8 3. 4 1. 1 1. 4 1. 8 1. 3 0. 3 3. 7 1. 9 3. 6 1. 0

50-60 2. 3 3. 9 3. 6 2. 1 2. 0 1. 3 3. 0 1. 4 2. 2 2. 0 1. 7 1. 1 3. 7 1. 1
40-50 4. 6 6. 8 7. 2 4. 4 4. 3 3. 0 3. 9 4. 4 5. 4 4. 4 3. 7 3. 7 5. 9 3. 1
30-40 9. 6 11. 2 13. 5 8. 8 9. 5 7. 0 7. 1 8. 8 12. 0 8. 6 8. 7 8. 6 10. 2 6. 7
20-30 13. 9 16. 9 20. 6 15. 5 17. 0 13. 1 14. 2 13. 4 16. 5 15. 3 15. 8 15. 1 15. 2 12. 2
10-20 16. 8 17. 3 18. 8 20. 3 19. 2 19. 1 18. 4 16. 4 17. 9 20. 5 18. 5 19. 2 15. 8 15. 4
2-10 23. 4 20. 5 15. 9 24. 4 20. 5 26. 7 25. 2 21. 0 18. 8 25. 1 21.5 24. 8 23. 9 23. 2

0. 5-2 12. 2 8. 8 10. 2 11. 7 10. 3 13. 6 11. 9 15. 4 8. 4 11. 6 10. 8 11. 7 12. 4 16. 1
<0. 5 14. 2 11. 6 9. 6 12. 1 13. 8 15. 1 14. 9 17. 4 15. 5 12. 2 15. 6 13. 9 9. 3 21. 2

One sample from each of the blocks taken from the Labrang loess terrace 
and one sample from the fluvially redeposited Sala Shan silt were analysed 
and are presented in figure 3.3. The Labrang B sample from the topmost 
block was considerably coarser than the Labrang A sample taken from 10 
metres below it, indicated by the median grain sizes, which were LA 
dso = 13. 3pm; LB dso=29. 7um.

Table 3. 3 Percentage mass of sediment in micron diameter size classes 
from Labrang, Sala Shan the Kunlun Mountain and Tibetan 
Plateau sediment.

diameter (pm) Lab A Lab B Sal a Glac Pingo KP QH
>60 3. 4 2. 9 1. 0 14. 8 8. 5 14. 7 29. 1

50-60 3. 3 11. 7 3. 8 11. 4 10. 7 10. 2 5. 0
40-50 6. 3 16. 6 7. 0 11. 9 13. 4 13. 4 5. 4
30-40 10. 5 18. 2 13. 7 10. 6 17. 1 12. 5 7. 3
20-30 15. 7 14. 7 19. 8 9. 2 19. 0 11. 3 6. 9
10-20 15. 7 8. 5 20. 6 8. 8 16. 9 11. 2 4, 6
2-10 18. 7 9. 6 16. 6 13. 0 8. 8 14. 3 19. 5

0. 5-2 11. 0 5. 3 8. 0 6. 1 2. 1 5. 7 7. 4
<0. 5 15. 4 12. 5 9. 5 14. 2 3. 5 6. 7 14. 8
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Figure 3.2 Cumulative frequency particle size distributions for (a) loess 
and recent soil and (b) palaeosols from Dawan.
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Both silt and sand samples were tested for particle size from the Qaidam 
Basin, Kunlun Mountains and the Tibetan Plateau. Figure 3. 4 shows the 
cumulative frequency diagrams against particle diameter for the four silt- 
sized samples from the Kunlun Mountains and Tibetan Plateau and the two 
sand grade samples. The median grain diameters for these silt grade samples 
indicate that they are significantly coarser than the Gansu loess and 
palaeosol samples, and are illustrated in table 3.1
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Figure 3.3 Particle size distributions from Labrang and Sala Shan.

The sand grade samples were first weighed, then shaken through a nest of 
seives with mesh sizes ranging from 63pm to 1000pm (1mm). The sand sample 
taken from the surface of the Qaidam desert, just outside the town of 
Golmud, had the majority of grains falling into the 125-250pm class. Both 
coarse sand (>1000pm diameter) and silt sized (<63pm) grains were present. 
In contrast, the sand from the barchan dune field, at 4100m in the Kunlun 
Mountains, had a very narrow size range with the majority of grains falling 
into the 125-500pm diameter class. No silt grains were present, with only 
negligible content >500pm.
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Table 3. 4 Percentage mass of sediment in micron diameter size classes 
for sand from the Qaidam Basin and Kunlun barchan dunes.

diameter Golmud barchan dune
<pm> Qaidam Basin Kunlun Mountains

>1000 5. 6 0. 0
500-1000 3. 2 0. 2
250-500 28. 2 76. 3
125-250 33. 3 21. 8
63-125 23. 2 1. 7
<63 6. 5 0. 0
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Figure 3.4 Particle size distributions from (a) Kunlun Mountain and 
Tibetan Plateau silt samples and (b) Qaidam Desert and Kunlun barchan sand.
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3.1.3 Summary of particle size distribution

Median diameters derived from the SediGraph (table 3. 6) show that the 
Kunlun (30.5 - 28.7pm), Tibetan (26.1pm) and Labrang (29.6pm) samples are 
coarser than the loess samples from Dawan (17.8 - 10.4pm), Jiuzhoutai (10.2 
- 8.8pm) and Sala Shan (17. Op). However, fine silts less than 20pm in 
diameter, which make up the bulk of the Lanzhou loess (table 3.2), 
constitute between 31% and 46% of the particle size distributions of the 
Kunlun Mountain and Tibetan Plateau samples. The presence of a barchan dune 
field at 4100m in the Kunlun Mountains, orientated with the crescent arms 
pointing down valley towards the Qaidam Basin, indicates that there is an 
effective aeolian transport system directing fine material from the Kunlun 
Mountains and the part of the Tibetan Plateau in its immediate vicinity, 
down into the Qaidam Basin. Fine material resident in the Qaidam Basin may 
be deflated by very strong frontal winds associated with the Mongolian high 
pressure system (Chen Kezao and Bowler, 1987).

Table 3. 1 Median diameter of silt samples from sites on the Tibetan front

DAWAN JIUZHOUTAI
sample d®® (pm) sample d®® (pm)

Recent 1 10. 0 Loess I 8. 8
Recent 2 15. 2 Loess II 8. 3

Loess III 10, 2
Loess I 17. 8 Palaeosol I 8. 4
Loess II 12. 5 Palaeosol II 10. 0
Loess III 9. 1
Loess IV 14. 4 LABRANG
Loess V 11. 1 Labrang B 29. 7
Loess VI 10. 4 Labrang A 13. 3

Palaeosol I 10. 8
Palaeosol II 7. 7 SALA SHAN
Palasosol III 7. 8 Ba Xie River 17. 0
Palaeosol IV 10. 1
Palaeosol V 9. 8 KUNLUN TIBET
Palaeosol VI 5. 3 Qumar Heyan 26. 1

Kunlun Pass 30. 6
Kunlun Pingo 29. 8
Kunlun Glacier 28. 7

In addition to the tabulated particle size data, scanning electron 
microscopy (plate 3.11) indicates that fine silt is present in the Kunlun 
Mountains probably formed by cold weathering and/or glacial grinding. It is 
also possible that there is some reworking of the thick fluvio-lacustrine
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sedimentary sequence reported to exist near the Kunlun Pass (Zheng Benxing, 
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Figure 3.6 Distribution of particle size of silt grade sediments from the
Tibetan Front
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Figure 3. 7 Particle size gradation across the areas of the Tibetan
Front covered in this thesis.
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3. 2 Scanning electron microscopy
The particle size and sedimentary fabric of selected samples was 
investigated at Leicester University using an Hitachi 520 scanning electron 
microscope. Figure 3. 7 is a schematic representation of the scanning 
electron microscope (SEM). A beam of electrons is emitted from an electron 
gun which passes through a series of condenser lenses and a scanning raster 
before impacting upon the sample stub. The reflected electrons are 
collected and amplified before being displayed on a video screen as a scan 
of the surface of the sample. A camera is attatched to the SEM for taking 
black and white still photographs of the scanned image. Both consolidated 
blocks of sediment and individual grains were viewed.

Filament

Spray aperture

Condenser 1

Condenser aperture

Condenser 2

Scan coils

Scan coils Scan generator

Cathode ray tube^

Video amplifi

Collector Photomultiplier

Figure 3. 7 Schematic diagram of the Scanning Electron Microscope.
(Smart and Tovey, 1982)
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Preparation of the consolidated samples was carried out following the 
procedure of McGown and Derbyshire (1974). Horizontal and vertical 
undisturbed faces were prepared and mounted on 3cm diameter stubs using 
' araldite'. The sides were painted with colloidal silver to enhance 
conductivity and the entire stub was then sputter coated with lOnm of gold 
under vacuum to prevent the samples charging when irradiated by the 
electron beam, Consolidated samples from Dawan, Jiuzhoutai, Labrang and 
Sala Shan were investigated in the SEM. Individual grains of sand from the 
Qaidam Basin and Kunlun barchan dunes were viewed along with individual 
grains of silt from the Tibetan Plateau and Kunlun Mountains. These grains 
were placed upon 'araldite' coated stubs using an artist's paint brush with 
all but one of the hairs removed. The stubs were then sputter coated with 
gold.

The small number of SEM micrographs displayed here were chosen in order 
to illustrate how the particle sizes demonstrated in section 3. 1 are 
distributed in a range of representative samples.

3. 2. 1 Results
Black and white photographs of the scanned image of the samples are 
presented. The magnification is indicated at the bottom of the photograph 
along with a micron (urn) size bar and the voltage of the electron beam 
(kV).

3. 2. 1. 1 Dawan
Images of undisturbed consolidated sediment from Dawan are shown in plates 
3. 1 to 3. 3. Plate 3. 1 is an undisturbed vertical section through a sample 
of loess I from 20.5 metres, showing poor sorting with large voids ratios 
and little cementation indicative of the highly friable nature of this 
loess. A lower magnification photograph (xl50 compared with x200 for loess 
I) of the top of palaeosol III at a depth of 30.0 metres is shown in plate 
3. 2. This photograph shows the increase in compaction of the sediment with 
depth down the section and the decrease in voids ratio. The palaeosol 
contains a larger proportion of finer grains with cementation and clay 
bridges visible. The finer grains are clearly seen in figure 3.3 (compared 
with the 43pm size bar) which is a x700 magnification of the centre of 
f igure 3. 2.
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Plate 3.1 Dawan: vertical section through loess I at 20.5m.
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Plate 3.2 Dawan: vertical section through the top of palaeosol III at 30m.
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Plate 3.3 High magnification enlargement of plate 3.2 showing large 
weathered mica surrounded by fine silt and clay particles.

M

Plate 3.4 Jiuzhoutai; vertical section through loess I from 47.5m.
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3.2.1.2 Jiuzhoutai
Plate 3. 4 shows a vertical undisturbed section through loess I at 
Jiuzhoutai which can be compared with figure 3. 1 of loess I at Dawan. This 
sample from Jiuzhoutai, at a depth of 47.5m, is generally finer than loess 
I  from Dawan with fewer void spaces. The surfaces of the larger grains are 
covered by adhesions of fine silt and clay whereas the loess I sample from 
Dawan showed a "cleaner", more open fabric.

3. 2. 1.3 Labrang and Sala Shan
Plates 3. 5 and 3. 6 are horizontal sections through Labrang A loess at 
different magnifications. The quality of the Labrang photographs is 
unfortunately poor due to a problem with the scanning raster in the SEN 
when the sample was viewed (this is also true of the Sala Shan and Qumar 
Heyan samples). The fabric shows a large grain-to-void ratio containing a 
larger proportion of platy grains and widespread cementation.
Figures 3.7 and 3.8 show a vertical section through Sala Shan alluvial 
loess. These show a marked horizontal stratification with little 
cementation, low voids ratios and a high proportion of platy grains which 
is consistent with deposition through a water column.

3.2. 1.4 Qaidam Basin, Kunlun Mountains and Tibetan Plateau
Individual sand grains from the Qaidam Desert were photographed (plate 3.9) 
along with sand grains taken from one of the barchan dunes at 4100m in the 
Kunlun Mountains (plate 3.10). The micrographs reflect the particle size 
differences between these sands, as stated in section 3. 1. The Qaidam 
Desert sand (GM5) relects a wide range of particle size and shape whilst 
the barchan dune sand (BK5/700) is of a remarkably uniform size although 
shape does vary. This attests to the sorting of sediment grains within the 
Kunlun Mountains with fine grains deflated downwind to the Qaidam Basin 
which acts as a sediment trap and thus reflects a larger range of particle 
size.

Plates 3.11 and 3. 12 show high magnification photographs of individual 
grain clusters from surface sediment at the Kunlun Glacier site (KUlc). 
Grains of varying sizes adhere together to form clusters 50-200pm in 
diameter. Clay minerals are prevalent and act as bridges and cements to 
hold the clusters together. This clustering of grains is also shown by
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samples from the Kunlun Pass (Plate 3.13; KUlf) and Qumar Heyan (Plates 
3.16 and 3.17: QH5). Aggregates of grains 50-200pm in diameter are liable 
to be deflated and thus very fine grains which would otherwise remain In 
situ are carried into the aeolian transport pathway. In it's dynamic state 
loessic material is moderately well sorted but when disaggregated in the 
laboratory for the determination of of particle size curves, most of the 
aggregates are broken down by the use of dispersants and ultrasonic 
disaggregation procedures, so that it appears poorly sorted. The sediments 
from the Kunlun Mountains appear to contain a large proportion of platy 
minerals including micas, most of which are derived from the highly 
micaceous grey granites best seen in exposure on the northern flanks of the 
central Kunlun including the area adjacent to the Kunlun Pass (Derbyshire, 
pers, comm. ). In other words, the micas in the Kunlun loessic samples 
discussed here appear to derive from local source rocks.
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Plate 3.5 Low magnification photomicrograph of loess from Labrang A

Plate 3.6 Labrang A: higher magnification detail from plate 3.5 showing 
low voids ratios and high degree of cementation.
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Plate 3.7 Vertical section through stratified loessic alluvium from 
________ Sala Shan. The horizontal fabric is clearly visible._________

A

J T
Plate 3.8 Sala Shan; high magnification photo showing very low voids 

ratios and absence of cementation.
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Plate 3.9 Sand grains from the Qaidam Desert near Golmud.

Plate 3. 10 Sand grains from the barchan dune field in the Kunlun Mts.
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Plate 3.11 Kunlun Glacier: 80pm diameter aggregate of silt and clay size 
particles from the surface silt in the Kunlun Mtns.

Plate 3. 12 High magnification detail from plate 3. 11 showing the presence 
of quartz, platy micas and clay adhesions.
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Plate 3. 13 Kunlun Pass: 200pm aggregate of silt particles.

Plate 3. 14 Kunlun Pass: detail from an aggregate showing a large 
proportion of fine particles adhering to quartz grains.
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Plate 3. 15 Kunlun Pass: detail from another aggregate - the relatively 
large size of the platy grains suggests that they may be micas.
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Plate 3. 16 Oumar Heyan: 250um diameter aggregate of fine grains from 
the surface of the Tibetan Plateau 
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Plate 3.17 Oumar Heyan: 200pm diameter aggregate of fine particles.

Plate 3. 18 Qumar Heyan: detail from plate 3. 17 showing large quartz 
grains and a high proportion of fine material.
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3.3. Rare Earth Element Analysis

The abundance of the rare earth elements (REE), otherwise known as the 
lanthanide series of elements, is related to their atomic number, with rare 
earth m eta ls with even atomic numbers more prevalent than those with odd 
atomic numbers. Most rare earth metals exhibit a trivalent state with 
ionic r a d i i  similar to that of Ca^t and thus they replace calcium in a 
number of minerals e.g. apatites (Vinogradov, 1959). Some of the REE 
exhib it other valency states, for example Eu^f and Ce*+, Although cerium 
occurs as Ce^+ in continental sedimentary and igneous rocks it is 
apparently oxidised in seawater to Ce*+ which is highly insoluble (Piper, 
1974) and often incorporated in Mn nodules (Chen et.al., 1990). Thus Ce 
anomalies are common in marine sediments. Eu may occur as Euz+ or Eu*+ in 
volcanic rocks. Eu^f is relatively stable and resembles Sr^f, thus 
occurring in strontium-rich plagioclase feldspars (Rankama and Bahama, 
1950). However evidence suggests that throughout the sedimentary 
environment Eu exists predominantly in the trivalent state (Piper, 1974). 
REE content is higher in acidic rocks than in basic (Vinogradov, 1959).

Rare earth element (REE) analysis has been used as a geochemical 
fingerprinting technique to ascertain the petrological source of various 
sediments. For example, it has been applied to the stratigraphical 
identification of tephra layers found within loess profiles across Alaska 
and the Yukon Territory, Canada; and used to. identify the source of the 
volcanic eruption (Westgate et. ai., 1985). REE geochemistry has been 
applied to loess deposits from America, China, Europe and New Zealand to 
show a general unity of composition (Taylor et.al., 1983) and has more been 
recen tly  applied to Chinese loess specifically to identify the probable 
source of the loess within the middle reaches of the Yellow River (Wen 
Qizhong et.al., 1983; Wen Qizhong et.al., 1985).

3.3.1 REE geochemistry of Chinese loess
Wen Qizhong et.al. (1983) compared REE concentrations of loess from 
Luochuan, in the middle Yellow River valley, with alluvium from the Hebei 
pla in  and wind-drifted sand from the Tengger desert. The concentration of 
REE oxides in the desert sand was a factor of 4 or 5 times lower than that 
of loess (see fig. 3.8) but the distribution patterns were similar and
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therefore the authors postulated that this was "probably indicative of the 
cognition of source material (Wen Qizhong et.al,, 1983, p. 85)", The 
alluvium gave anomalous neodymium (Nd) signals and therefore wasn't thought 
comparable. Following this study Wen Qizhong et. al. (1985) compared REE 
concentrations of loess and palaeosols from Luochuan with: a lacustrine
sediment from Luochuan; a modern moraine from Xinjiang; a sample from the 
East China continental sea shelf; and a sample of oceanic crust. None of 
these sediments gave patterns similar to that of the loess.
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Figure 3.8 Rare earth element distribution pattern normalised to chondrite 
and North American Shale (NAS) for loess and other Chinese sediments.

Wen Qizhong et.al. (1983).
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Both Tian et.al. (in press), who studied differences between loess and 
palaeosols from Xinji section on the southern margin of the Loess Plateau, 
Shaanxi, and Wen Qizhong et. al. (1985) report higher REE abundances (SREE) 
in palaeosols than in loess although the pattern of abundance is similar 
suggesting that the REE consitituents are not affected by soil formation. 
The higher abundance of^may be explained by the finer particle size of 
palaeosols than loess. Wen Qizhong et. al. (1985) argue that ZREE is related 
to particle size, with >63pm fractions containing less ZREE than finer 
fractions and with a majority of ZREE held in particles less than 20pm in 
diameter. However, REE abundance is also related to mineralogy. Heavy 
minerals, such as zircon, garnet and apatite, have high REE abundances and 
extreme HREE enrichment, which may significantly affect the REE patterns in 
siltstones and sandstones (Taylor and McLennan, 1985). Quartz contains low 
REE, whereas mica, which contributes to the silt fraction has a higher REE 
abundance. In sand-size fractions, the presence of heavy minerals will have 
a marked affect on overall REE abundance; when they are removed the ZREE 
decreases but the La/Yb ratios are raised (Taylor and McLennan, 1985).

It is worth noting that the analytical techniques used by Tian et. al. 
(in press) and Wen Qizhong et.al. (1982; 1985) to identify the abundance of
REE (chromotography and neutron activation analysis) were different from 
those used in this study (atomic emission spectrometry), although they 
should give comparable results.

3.3.2 Laboratory procedure
Samples from each of the sites were prepared and run on the inductively- 
coupled plasma atomic emission spectrometer (ICPAES) in the Department of 
Geology at Leicester University. The following preparation procedure was 
adopted; about 0.5g of sample was finely powdered and ignited at 950*C for
1.5 hours to aid digestion. Following heating, the sample was placed into a 
PTFE beaker and damped down with a few drops of distilled de-ionized water. 
The damping with water is to prevent spitting when the HF is added. 15 ml 
of 40% HF (hydrofluoric acid) followed by 4ml of 67-70% HCIO* (perchloric 
acid) was then added to each beaker and the beakers were placed on a hot 
plate at 180-200*0. After 3-4 hours, when the samples had been digested and 
the mixture had evaporated to incipient dryness, another 4ml of perchloric 
acid was added and the beakers left again to attain incipient dryness. This
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second stage of digestion ensures that any fluorides produced by the 
initial digestion are converted to chlorides or perchlorates and that all 
the HF is driven off (otherwise insoluble fluorides will be later 
precipitated and these scavenge REE's).

The digestion products are redissolved in 20ml of warmed (40-50*0 25% 
HCl (hydrochloric acid) and made up to 50ml with distilled water. The 
solutions are then transferred to the ion-exchange columns.

For REE analysis strongly acidic cation exchange resins are used. In the 
Leicester laboratory the resin used is a Dowex AG 50W-X8(H), 200-400 mesh,
which is a sulphonated gel-type polystyrene resin cross linked with 8% 
divinylbenzene. This is a finer grain size than standard resins, which are 
usually 20-50 mesh, as it allows for both slow flow rates and much cleaner 
group separations with smaller volumes of resin due to improved exchange 
kinetics. Dilute hydrochloric acid is used in the exhange column for 
separation of the REE's from other cations in the loess or sand samples. 
Using dilute HCl, the REE bearing fraction of the elutant also carries 
Ba2+. Sr2+ and some Caz+ but these can be corrected for relatively easily 
in the ICP analysis.

The ion exchange columns were topped up with 250ml IN HCl, then the 
sample solutions were run through the columns by adding them to the 
dropping funnels above each column. When only 2-3cm remained above the top 
of the resin, 450ml of 1. 7N HCl was added to the dropping funnel. When only 
2-3cm remained 600ml of 4N HCl was added to the dropping funnels and the 
solution was collected in pyrex beakers which were rinsed with 10% HNO^ 
(nitric acid). The solution in the beakers contained the REE from the 
samples plus Sr, Ba and some Ca. The solutions were then evaporated down to 
10-15ml when 2ml concentrated HNO3 was added. The addition of the nitric 
acid causes the REE's to precipitate as easily soluble nitrates rather than 
chlorides.

The samples were run on a Philips PV8050 Emission Spectrometer in 
batches of six including one standard. Inductively coupled plasma atomic 
emission spectrometry (ICPAES) is a destructive technique. Its sensitivity 
is due to the inductively coupled plasma excitation source in which argon 
gas, carrying the sample material is heated to 8000 K. At these 
temperatures atomisation occurs in which the atoms become highly excited 
and partly ionised, emitting a spectrum which is observed just above the
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plasma U'igure 3.9). The REE emit complex spectra in the ICP, concentrated 
at wavelengths of 340-440nm (Thompson and Walsh, 1983). The large number of 
spectral lines emitted by the REE are characteristic, although with such an 
intense pattern problems of spectral overlap may occur. The precision 
achieved by the ICP analysis of REE is in the order of 1-2% (Thompson and 
Walsh, 1983).
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Figure 3.9 Schematic diagram of the ICPAES system 
(Thompson and Walsh, 1983).

3. 3. 3 Results
The rare earth elements obtained from the atomic emission spectrometer were 
run in two batches. Initially a pilot study involving two samples, one of 
Dawan loess (II) and one of silt from the Kunlun Pass were measured in 
Spring 1991. The similarity of the results from these samples led to a 
further nine being submitted for analysis, including samples from Labrang, 
Sala Shan, the Qaidam Basin and recent soil from 1.3 metres below the 
cultivated surface of a wheat field at Dawan. The measurement was carried
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out by Adelaide Holmes and Brian Dickie of the Geology Department of 
Leicester University.

The abundance of rare earth elements from these samples is presented in 
table 3. 7. A check on the the performance of the atomic emission 
spectrometer was made by measuring a laboratory standard of known rare 
earth concentration ('standard' in table 3.7). The results of this standard 
from each batch of runs are labelled REE chkl and REE chk2.

Table 3. 7 Abundance of rare earth elements (ppm) in samples of silt 
and sand from the Tibetan Front

Sample La Ce Pr Nd Sm Eu Gd Dyi Er Yb Lu
Standard 20. 0 40. 4 4. 0 20. 2 4. 0 2. 0 4. 0 4. 0 4. 0 4. 0 0. 4
REE chkl 21. 4 40. 9 5. 3 19. 7 4. 3 2. 2 4. 7 4. 0 4. 1 4. 1 0. 4
Dawan 33. 3 65. 3 9. 4 40. 4 5. 4 1. 1 4. 9 3. 7 1. 9 1. 5 0. 2
Kun Pass 31. 4 61. 6 9. 0 37. 4 5. 1 1. 0 4. 7 3. 0 1. 8 1. 2 0. 2

REE chk2 20. 5 39. 5 3. 0 9. 5 5. 8 1.6- 19. 4 3. 4 3. 3 0. 3 0. 4
Golmud 19. 1 35. 8 5. 3 21. 4 2. 9 0. 9 6. 9 2. 9 2. 5 1. 2 0. 2
Barchan 19. 0 37. 4 4. 5 20. 3 3. 0 0. 7 4. 4 1. 7 1. 0 0. 7 0. 1
Glacier 29. 0 55. 6 7. 7 29. 3 4. 7 1. 2 8. 8 3. 8 3. 1 1. 6 0. 2
Pingo 37. 3 75. 1 9. 3 37. 5 5. 5 1. 4 11. 4 3. 4 2. 4 1. 5 0. 2
Oumar 20. 3 39. 9 5. 5 21. 4 2. 9 0. 8 6. 0 2. 3 2. 1 0. 9 0. 1
Sala Shan 33. 5 66. 0 8. 2 33. 6 5. 2 1. 2 7. 8 4. 0 2. 6 2. 0 0. 3
Labrang 5. 8 11. 3 1. 5 5. 8 0. 9 0. 2 1. 8 0. 8 0. 7 0. 3 0. 05
Jiuzh' tai 30. 6 59. 8 7. 8 30. 8 4. 9 1. 2 8. 1 3. 9 2. 8 1. 8 0. 3
Daw rsoil 32. 0 63. 0 8. 0 32. 8 4. 9 1. 2 7. 9 4. 0 2. 8 1. 9 0. 3

shalet 41. 0 83. 0 10. 3 38. 0 7. 5 1. 61 6. 34 5. 5 3. 75 3. 53 0. 61
chondrites i  0. 33 0. 86 0. 11 0. 63 0. 20 0. 07 0. 27 0. 34 0. 23 0. 22 0. 03

t an average concentration of REE (ppm) in shales from North America,
Europe and the Soviet Union (Haskin and Haskin, 1966)
§ an average of 10 ordinary chondrites (Nakamura, 1974)

Differences between the two REE runs are evident from the REE standard 
checks. The first batch of runs gave anomalous Pr results whereas the
second batch of runs involving nine samples showed anomalous Pr, Nd, Gd 
and Yb results, probably a result of spectral interference, and thus these 
elements were omitted from figures 3. 10 to 3. 13. As a result of this
difference the two batches of runs are plotted separately.

Chondrite normalised REE patterns for Tibetan Front sediments are shown 
in figure 3.10 and figure 3. 11. They are all enriched in LREE (light rare 
earth elements: La-Sm) and the Dawan loess and Kunlun Pass silt show
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negative Eu anomalies (Eu/Eu*; table 3.8). No Ce anomalies were observed in 
these sediments. The LREE of the nine batch run (figure 3. 11) appear to be 
arranged into three groups, with silt from the Kunlun Mountains, Sala Shan, 
Dawan recent soil and Jiuzhoutai loess II forming one group with high LREE 
abundances. The sand samples from the Qaidam Desert and the Kunlun barchan 
dune field form another group with silt from the surface of the Tibetan 
Plateau at Oumar Heyan. The LREE of this 'sand' group is less abundant than 
that of the 'silt' group by a factor of 1.5-2. The loess from Labrang is 
particularly interesting in that although the shape of the REE pattern is 
consistent with that of the other samples, the concentration of REE is 5.5 
to 6 times lower. The HREE (heavy rare earth elements; Gd-Lu) distributions 
follow similar patterns, with the 'silt' samples retaining a higher 
elemental abundance than the 'sand' (and Oumar Heyan) samples except for 
the pingo sample which has similar Er and Yb concentrations to the Qaidam 
Basin sand sampled from near Golmud. The barchan dune sand shows a low Er 
concentration. The Dawan loess and Kunlun Pass silt samples (figure 3.10) 
show REE patterns comparible of the 'silt' group (figure 3.11).

Figure 3. 12 and figure 3. 13 show REE patterns for the samples normalised 
to shales which are more indicative of REE abundance from terrestrial 
sediments. Both Dawan loess II and the Kunlun Pass silt (figure 3. 12) show 
positively sloped REE patterns from Ce-Nd with Dawan loess II showing a 
positive Nd peak slightly above the shale value. All the other elements 
show a decreased abundance with respect to that of the shale. The shale- 
normalised patterns for the other sediments (figure 3.13) reflect the three 
groupings found with the chondrite-normalised patterns.

All of the samples tested showed a lower REE abundance than that of the 
shale composite. This 'European' shale composite was used instead of the 
North American Shale Composite (NASO; Gromet et.al., 1984) or the Post- 
Archean Average Australian Sedimentary Rock (PAAS; Nance and Taylor, 1976) 
as it was though to be more representative of the crustal average over 
China.
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3.3.4 Summary of REE
Due to the spectral Interference problems associated with the runs, 
comparison of ZREE from these Tibetan Front sediments with other published 
data has not been possible. The standard used here has a ZREE of 103ppm. 
Using this batch#! gave lllppm and batch#2 67. 9ppm. Despite these problems 
differences in rare earth abundances are still evident (figures 3. 11 and 
3.13). The lower abundances shown by the sand samples may be explained by 
the coarser particle size or by differences in mineralogy. Whilst it is 
theoretically possible to overcome some of this uncertainty by comparing 
the REE from a set grain size obtained from the Tibetan Front sediment, it 
^  was not undertaken as the particle sizes of the barchan dune sand did 
not overlap with any of the silt sized samples (see section 3. 1 and 
appendix I).

The uniformity of composition of loesses from different regions of the 
world has been documented (Taylor et.al,, 1983). The presence of mica in 
the sediments of Qarhan Lake in the Qaidam Basin (Chen and Bowler, 1986) 
suggests that it may be present in the surrounding mountain environment. 
Both mica and plagioclase feldspars (containing Eu^f) have been found in 
Jiuzhoutai loess (Derbyshire et.al., 1987) and scanning electron microscopy 
carried out here shows that mica is present in Dawan loess (plates 3. 2 and 
3.3). Zhang Jing et.al. (1990) report that, across the Loess Plateau, heavy 
minerals account for 5-10% of loess, in which zircon and apatite are quite 
common. Wen Qizhong et.al. (1987) found that the majority of heavy minerals 
in Luochuan loess were concentrated in the silt fraction.

The barchan dune sand is probably depleted in REE due to the complete 
absence of fine material <63um. The different particle size characteristics 
of the Qaidam Desert sand and the barchan dune sand (shown in section 
3.1.2.4) probably account for the higher REE abundances in the Qaidam 
Desert sand, which contains 6.5% of particles <63pm. The sample from Qumar 
Heyan on the Tibetan Plateau has a lower REE content than those of the 
Kunlun and Lanzhou silts despite containing 46. 3% of particles less than 
20um, therefore it is possible to argue that the source of this silt may be 
of a lower REE content rock than that of the Kunlun Mountain silt. The 
extremely low REE content of the Labrang loess could be due to dilution of 
sedimentary carbonate minerals which have low REE abundances (Chen et.al., 
1990) although this is unlikely as the quantities of carbonate needed to
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dilute the REE at Sala Shan to the level of Labrang REE would be great. 
Alternatively, the low ZREE suggests that Labrang loess derives from a 
different source than the Loess Plateau silt and is most probably formed 
within the local mountain environment from a low ZREE content rock. The 
similarity of the Sala Shan loessic alluvium to the loess from the Lanzhou 
sites suggests that it derives from the same source.

Eu/Eu* depletion values (where Eu* = [ (Sm),s, x (Gd)^]# and N stands for 
chondrite normalised) were available only from the Kunlun Pass (0.68) and 
Dawan loess (0.71), due to the anomalous Gd signal in the second batch of 
samples. These results compare favourably with the Eu/Eu* values of 0.63- 
0.72 derived for loesses from America, Europe, New Zealand and Nanjing 
(Taylor et.al., 1983). In wet humid environments Eu^* may be reduced to
Eu2+ which would be leached out in preference to other rare earth elements
increasing the Eu depletion, however the similarity of Eu/Eu* in loess and 
palaeosols suggests that this did not occur on the loess plateau (Wen 
Qizhong et.al,, 1985).

Values of (La/Yb)^ (where (La/Yb)^ = [ (La/Yb)*.mpi* / <La/Yb),~̂ ,or,cĥ 1 > 
were also only available for the Kunlun Pass and Dawan samples. These 
results, Kunlun Pass = 17.5 and Dawan = 14.8, were significantly higher 
than those of Taylor et.al. (1983) who found (La/Yb),\, = 7.8 to 11.7 for a 
variety of loesses. They are also higher than the upper crustal average,
documented at 9.3 (Taylor and McLennan, 1981). This indicates that the
source rocks may have a higher (La/Yb)^ than the crustal average. REE
distributions derived from igneous rocks from the Ulugh Muztagh area of
northern Tibet (36*28*N, 87*29*E), in the Kunlun Mountains 600km west of 
the Kunlun Pass, have been found to give high primary (La/Yb)^ ratios of
10.7 to 35.7 (McKenna and Walker, 1990). The shape of the chondrite
normalised REE distributions obtained from these rocks were similar to the 
results obtained here for Tibetan Front sediment. Of particular interest 
were the results from potassium-poor rocks which gave decreased REE
abundances in the order 2.8-3,5 times lower than the extrusive and
intrusive igneous rocks, although the distribution pattern remained the
same. The sample from Labrang showed a REE pattern consistent with that
from the other Tibetan Front samples but 5.5-6 times less abundant.

It is possible to directly compare the REE signature from the Dawan and 
Kunlun Pass samples with the the results of Wen Qizhong et. al. (1983; 1985)
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and Tian et.al. (in press) for loess from Shaanxi Province which 
encompasses the central Loess Plateau (table 3.9). Luochuan is located 
north of Xian in the big bend of the Yellow River (see figure 1.6) whereas 
Xinji lies southwest of Xian in the southern margins of the Loess Plateau. 
The Kunlun Pass and Dawan samples have been chosen as they pose fewer 
problems with spectral interference than the other Tibetan Front samples. 
The Xinji data are an average of seven Malan and Lishi loess samples (Tian 
et.al., in press) and the Luochuan data are an average of ten Malan, Lishi 
and Wucheng loess samples (Wen Qizhong et.al., 1985). The LREE of the 
samples from the Tibetan Front compare favourably with both the Luochuan 
and Xinji loess with the exception of cerium which is more abundant in the 
Xinji loess. The distribution of HREE, however, shows a markedly greater 
abundance in the Luochuan and Xinji loess. Whilst this apparent 
dissimilarity between the sediments of the Tibetan Front and those of the 
central Loess Plateau is worth noting, further work is needed before any 
conclusions may be reached. It is possible that a variation in source area 
of these sediments may account for the higher HREE abundances in the 
central Loess Plateau or that there is a greater abundance of heavy 
minerals such as zircon, garnet and apatite within the central Loess 
Plateau as they are enriched in HREE (Taylor and McLennan, 1985).

The wind drifted sand sample from the Tengger desert (Wen Qizhong 
et.al.. 1983) showed a very low REE abundance which is considerably lower 
than that of the sand from the Qaidam Desert and barchan dune field (table
3. 7).

Table 3.8 Comparison of REE distribution of samples from Dawan and the 
Kunlun Pass with published results of REE from Luochuan loess* (Wen Qizhong 
et.al., 1985), Xinji loess (Tian et.al., in press) and Tengger desert sandt 
(Wen Qizhong et.al., 1983).

Sample La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu
Dawan 33. 3 65. 3 9. 4 40. 4 5. 4 1. 1 4. 9 3. 7 1. 9 1. 5 0. 2
Kun Pass 31. 4 61. 6 9. 0 37. 4 5. 1 1.0 4. 7 3. 0 1. 8 1. 2 0. 2

Luoch* 31. 9 62. 4 - 41. 3 6. 2 1. 2 - — - 2. 7 0. 5
Xinji 39, 0 83. 1 - 37. 6 6. 7 1. 3 5. 9 - - 2. 7 0. 5
Tenggert 3. 4 7. 7 - 1. 2 3. 9 - - - - <1.0 <1. 0
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3. 4 Discussion
Chinese scientists have long believed that the source of the central 
Chinese loess is the gobi and sand deserts to the north and northwest. The 
processes by which the constituent silt particles are formed has not been 
frequently addressed, although Whalley et.al. (1982a;1987) believe that 
aeolian attrition within desert storms could produce sufficient silt-sized 
material. Recently Bowler et.al. (1987) proposed a mountain source for some 
of the Chinese loess with silt produced within the Kunlun Mountains 
deflated from the Qaidam Basin and carried by the dominant northwesterly 
winds to the western part of the Loess Plateau. The evidence presented here 
suggests that this is indeed a viable hypothesis. Silt is readily available 
within the Kunlun Mountain system, formed by both glacial action and freeze 
thaw processes, and the presence of high altitude aeolian duneforms 
indicates the necessary transport processes. The presence of a widespread 
silt cover blanketing the surface of the Tibetan Plateau also testifies to 
the ongoing prevalence of silt producing mechanisms within this vast 
region, probably dominated by freeze thaw processes. The Plateau surface 
may also act as a high altitude sediment trap for silt produced within the 
mountain ranges rising above the Plateau, such as the Tanggula and 
A'nyêmaqen ranges, as well as the Kunlun, Karakorum and Himalayan ranges 
which fringe the Plateau.

The Qaidam Basin, as well as acting as a sediment trap for silt produced 
in the mountains to the north (Qilian) and south (Kunlun), may itself 
contribute to silt production by salt weathering processes acting on 
alluvial fans emanating from the actively rising mountain front, conforming 
to the favourable conditions proposed by Pye and Sperling (1983). The 
extensive salt flats of the Qaidam Basin contain mirabilite which, when 
linked with the large temperature gradient present in the highest sand 
desert on earth (with a mean January temperature of -lO’C; and a July mean 
of 25“C, Bowler et.al. (1986)), would produce an effective environment for 
salt weathering. Mirabilite is also present in the salt lakes on the 
northern Tibetan Plateau (see figure 2.5). The Qaidam Basin contains areas 
of shifting and half-fixed sand dunes resting on gravel gobi (Zhao 
Songqiao, 1986) which may also contribute to the production of silt via 
aeolian attrition in desert storms. Thus it is likely that the silt 
particles which form the loess have been formed by a variety of processes.
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REE geochemistry of the samples suggests that there Is a relationship 
between the source rocks of the Kunlun Mountain silt, Lanzhou loess and 
Sala Shan alluvial loess. The ratios of (La/Yb)^ for the Kunlun Pass silt 
and Dawan loess samples gave values higher than the crustal average. Rocks 
of high (La/Yb)^ have also been reported from northern Tibet in the Ulugh 
Muztagh area of the Kunlun Mountains (McKenna and Walker, 1990).

The Sala Shan site lies in the plains at the foot of the A'nyêmaqen
Mountains (which form the edge of the Tibetan Plateau) on the Ba Xie, a
second order tributary of the Yellow River. The Yellow River rises near 
Ngoring Lake on the Tibetan Plateau, an area thought to have been covered 
at some stage in the Pleistocene by an ice cap at least SOOOOkm^ (Shi
Yafeng et.al,, 1991), and passes to the north of Sala Shan. As stated
above, the volume of silt produced by this Yellow River ice sheet is not 
verifiable at present. The Ba Xie river rises on the piedmont of the 
A* nyêmaqen foothills and runs into the Tao River just east of Sala Shan. 
The REE abundance suggests that the loessic alluvium is composed of 
reworked loess from the western Loess Plateau and is not a result of silt 
produced from the A'nyêmaqen Mountains. This proposition is based upon the 
similarity of REE signature to that of the Loess Plateau samples and the 
disparity between the Sala Shan and Labrang samples.

The silt sample from the surface of the Tibetan Plateau at Qumar Heyan 
had REE distributions similar to the results obtained from the Loess 
Plateau and Kunlun Glacier samples: the abundances of each element were
lower, although not as low as the Labrang loess which also had a similar 
distribution pattern.

According to the model of Bowler et.al. (1987), silt deflated from the 
Qaidam Basin is transported to the Loess Plateau by the northwesterly winds 
eminating from the Mongolian-Siberian high pressure system. However, it is 
unlikely that the constituent particles which comprise the huge area of 
loess covering 273, OOOkm^ derive from one source alone. Figure 3.14 
summarises the various source areas which could contribute silt to the 
Loess Plateau and the mechanisms of silt formation. Transportation of the 
silt from its source is discussed by Middleton et. al. (1986) who propose a 
theoretical model of geomorphological environments from which substantial 
deflation of silt would occur (figure 3. 15) many of which are present in 
this area of the Tibetan Front.
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Figure 3. 15 A model of georaorphologlcal environments from which substantial 
deflation occurs (Middleton e t . a l . ,  1986).

Sandstorms within the desert regions, which produce aeolian abrasion are 
frequent. For example, in the south of the Taklimakan Desert, one third of 
the year is shrouded in dust and sandstorms: and in Minqin, on the margin
of the Tengger Desert, dust storms occur 148 days of the year (Zhu Zhenda, 
e t . a l , ,  1986). The sands which make up the Taklimakan and Oaidam Deserts 
were formed by erosion of alluvial fans eminating from the Kunlun Mountains 
(Zhu Zhenda e t . a l . ,  1986) and are thus liable to contain a REE signature 
similar to the Oaidam Desert and Kunlun barchan sand, that is the pattern 
of REE abundance would be similar to the mountain-produced silt but with 
lower total abundance due to the coarse particle size. As sand contains a 
lower REE signal than finer particles, silt sized chips produced by aeolian 
abrasion would also contain a lower REE signal than silt derived directly 
from the mountain source. Thus it may be possible to assess the contibution 
of 'primary' mountain silt and 'secondary' sand-derived silt to the loess 
plateau if it is assumed that the mineralogy between the sites remains 
constant and that the quantities of micas, in particular, remain fairly 
low. A predominance of desert sand-chipped silt would lead to a lower ZREE 
than a predominance of mountain derived silt. If this is upheld for the 
Lanzhou loess, the input of Kunlun mountain silt dominates that of Tengger
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and Taklimakan aeolian abraded silt.
The uplift of the Kunlun Mountains and northern Tibetan Plateau would, 

by implication, have a direct effect upon the formation of the constituent 
silt of the Chinese Loess Plateau. According to Zheng Benxing (1991) the 
Kunlun Mountains were widely glaciated in the Middle Pleistocene with 
glaciation less extensive in the Late Pleistocene due to increasing 
aridity. Therefore, if a large proportion of the silt component of the 
Loess Plateau were formed by glacial processes alone, the Middle 
Pleistocene Lishi loess would be the most extensive. Early Pleistocene 
Wucheng loess would not exist in this case, as Zheng Benxing (1991) argues 
that the low altitude of the mountains at that time (<2000m) inhibited 
extensive glaciation. The presence of loess within the Kunlun Mountains at 
Pulu, with associated TL dates suggesting that the deposition began about 
70ka (Li Baosheng et.al., 1988), indicates that during the Late Pleistocene 
substantial quantities of silt were produced in the mountain environment. 
The present observations of silt blanketing large areas of the northern 
Tibetan Plateau and Kunlun Mountains, together with the evidence from Pulu, 
suggests that the highly active geomorphic environment in this region has 
continued to produce silt throughout the Late Quaternary and Neogene 
despite the variations in palaeoclimate.
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4. MAGNETIC MINERALOGY 1 ; LOW FIELD BEHAVIOUR 

4.1 Magnetism
Magnetism is the result of the rotation of electrons about the atomic 
orbitals of an ion and the spin of the electrons about their own axes. The 
magnetic behaviour of a substance will depend upon the combination of 
electrons in its atomic orbitals which, in turn, is a result of crystal 
shape and the spin state of the electrons.

4.1.1 Types of magnetic behaviour
Materials that can only acquire an induced magnetisation in the presence of 
an applied field, the magnetisation being lost once the field is removed, 
are either paramagnetic or diamagnetic. Paramagnetic minerals have unpaired 
electrons and thus acquire a net magnetisation in the direction of the 
applied field due to a combination of orbital rotation and unpaired 
electron spins in the atoms of the material. The intensity of acquired 
magnetisation is proportional to the strength of the applied field. Common 
paramagnetic substances include olivine, biotite and clay minerals. 
Diamagnetic substances, which have no unpaired electrons and therefore no 
net spin moment, acquire a magnetisation in the opposite direction to the 
applied field due to the partial alignment of the electron orbits. These 
include quartz and calcite.

The first transition metal series of elements, which contain unpaired 3d 
orbital electrons, acquire spontaneous magnetisation due to electron spin 
coupling performed by exchange reactions between adjacent atoms in 
molecular crystal lattices. For example, non-metal ions such as oxygen 
perform exchange reactions between their p-orbitals and the d-orbitals of 
the metal. Within transition metal complexes, the ligand field within the 
lattice quenches the orbital motions of electrons leaving the spin moments 
alone to contribute to the net magnetisation. Transition metal complexes 
can exhibit ferromagnetism, antiferromagnetism and ferrimagnetism.

Ferromagnetic materials exhibit a spontaneous spin alignment of unpaired 
electrons producing a high magnetic moment. This strong magnetisation is 
retained in the absence of an applied field and at temperatures below the 
specific Curie point of that substance. Above the Curie temperature, 
thermal agitation causes disordering of the spin alignments and the
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material becomes paramagnetic, with a subsequent decrease in net 
magnetisation. Once the temperature has fallen below the Curie temperature 
the substance reverts to being ferromagnetic.

Antiferromagnetic materials have aligned but antiparallel, moments 
forming layers within the crystal lattice, resulting in a net magnetisation 
of zero (fig 4.1). Imperfect antiferromagnetism occurs if the antiparallel 
layers of the lattice are not exactly uniform, due to either lattice 
distortion, low crystal symmetry, or the presence of defects. The imperfect 
alignment results in a small net spontaneous magnetisation. 
Antiferromagnetism is destroyed at the Néel temperature, above which the 
material behaves paramagnetically.

Ferrimagnetic substances exhibit spontaneous magnetisation as a result 
of unequal antiparallel aligned spin moments. A common example of a 
ferrimagnetic substance is one in which two cation valency states occur in 
unequal proportions.

i i t t t t t  I ' t ' t ' i  m i n t  t\t\i\tmim titjiii iiiiiii \ i \ i \ i \
ferroiTiiignetic fern m ag d o iic  an tife rro m ag n etic  im p erfec t

an tiferro m ag n etic

o
N e t m agnetisation

Figure 4. 1 Arrangement of magnetic moments in ferromagnetic, ferrimagnetic, 
antiferromagnetic and imperfect antiferromagnetic materials (Tarling, 1983)

4. 1.2 Magnetic anisotropy and domains
Within a crystal lattice there are 'easy' axes along which it is easier for 
a substance to become magnetised, in either direction, than in others. 
These different magnetisation axes are a result of magnetocrystalllne 
anisotropy, which varies according to crystal structure and composition.
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Although ease of magnetisation differs, the saturation magnetisation is the 
same for all of the axes. Imperfect antiferromagnetic minerals, such as 
hæmatite and goethite have high coercivities as a result of their 
magnetocrystalllne anisotropy (Thompson and Oldfield, 1986; coercivity is 
defined as the field required to reduce the magnetisation of a grain to 
zero). In small single domain grains, in the presence of an external field 
the magnetisation of each grain will be along the easy axis that has a 
component of the applied field along it. As the grain grows, 
magnetocrystalllne anisotropy still operates. However, the grain is also 
affected bv magnetostatic interactions between the poles that form on the 
surface of the grain. The larger the grain, the greater the magnetostatic 
interaction. Magnetostatic forces are affected by the shape of the grain. 
For example, in a needle-shaped grain the 'easy' axis is situated along the 
needle length so that the surface poles occur at the points of the needle. 
The magnetic poles are thus further apart in a needle-shaped grain than a 
cubic one, with a subsequent lower magnetostatic energy. This is known as 
shape anisotropy. Strain anisotropy is the result of magnetostriction which 
occurs due to internal strain caused during the application of a magnetic 
field. The size of the grain alters during magnetostriction.

In a large grain, magnetostatic attraction between the surface poles of 
a grain becomes so large that the alignment of lattice spins alters to 
reduce the attraction and thus increase equilibrium and reduce internal 
energy. Under these conditions a Bloch wall is formed separating two
domains of antiparallel spin moments (figure 4.2). The domains become
orientated in such a way that the magnetostatic forces on adjacent domains 
are reduced by mutual interaction (Tarling, 1983). As grain size increases, 
domains will continue to form until it becomes energetically unfavourable 
to create a further domain (Bloch) wall. Thus the resulting domain 
structure represents a balance between magnetostatic energy and the domain 
wall energy (Halgedahl, 1987). Domain walls are some 0. lum thick, while the
domains may be 0. 1-0.05um in magnetite and up to 1.5pm in hæmatite
(Tarling, 1983).

Single domain grains may be subdivided into stable single domain (SSD) 
and superparamagnetic (SP), where SP grains are single domain grains which 
are so small that thermal vibrations destroy any spin alignment upon 
removal from a field. The threshold size between SP/SSD has been documented
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at 0.035-0.OSOum for magnetite (Dunlop, 1973) and 0.03pm for hæmatite 
(Tarling, 1983). Between SD and multidomain (MD) grain size there is a 
range of grain sizes where a 'mixed' magnetic behaviour is observed: the
pseudo-single domain (PSD) range (Hartstra, 1982). PSD particles are 
essentially large grains in which lattice defects in the structure act as a 
trap for domain walls, and thus zones of the grain will behave as if they 
were SD (Tarling, 1983). For equidimensional magnetite the threshold for 
the SD-PSD transition is thought to be ~0. lum and the PSD-MD transition is 
between 10-20urn (King et.al., 1982).

B l o c h  wQ

Figure 4. 2 Diagram of a domain or Bloch wall showing the canting of spins 
between two domains of opposite spin alignment (Tarling, 1983).

4.1.3 Magnetic Mineralogy
Naturally occurring remanence bearing minerals present in sediments belong 
to either the FeO-TiOf-FezO^ ternary series (figure 4.3) or to the iron 
hydroxide, iron carbonate or iron sulphide groups. Within the ternary 
series the principal minerals can be divided into two groups on the basis 
of their structure. The magnetite-ulvôspinel solid solution series 
(including maghæmite) exhibit a cubic spinel structure, whereas the 
hæmatite-ilmenite solid solution series exhibit a rhombohedral corundum 
structure and are weaker magnetically.
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Figure 4.3 Ternary diagram for iron-titanium oxides (Tarling, 1983)

Magnetite (Fe^O^) crystallises as an Inverse spinel (cubic close-packed 
face-centred) structure. Fe^+ Ions occupy tetrahedral holes in the crystal 
lattice whereas both Fe^+ and Fe^t Ions occupy octahedral holes. This Is 
because the Fe^f Ions are llgand-fleld stabilised and therefore occupy the 
higher energy state, to produce maxlmlum stabilisation energy (Jolly, 
1984). As the Ions In the octahedral holes have their spins aligned in the 
same direction, the Fe^+ Ions occupying the octahedral holes have equal and 
opposite spins to those In the tetrahedral holes and are thus 
ant Iferromagnetlcally coupled with a net spin moment of zero. The magnetic 
moment of magnetite is a result of the spin of the Fe^f ions and magnetite 
Is therefore ferrimagnetic;

t I T
[Fe3+]t_t [Fe3+ I Fe2+]==t 0̂ . (Jolly, 1984).

Magnetite has a spontaneous (saturation) magnetisation of 92 Am^kg-i and a 
Curie temperature of 575*0 (Tarling, 1983).

Tltanomagnetltes are a series of cation substituted spinel structured 
minerals with the general formula Fe-̂ ._.„.Tl,,0,i, ranging from magnetite 
(Fe^O^; where x=0) to ulvOsplnel (Fe%TiO^; where x=l), which has Fe^f Ions 
occupying tetrahedral sites and Fe^f and Tl*+ occupying octahedral sites In

99



the crystal lattice.
Maghæmite (^Fe^O^) has the same chemical formula as hæmatite but whereas 

hæmatite has a stable corundum structure, maghæmite has a metastable 
catlon-def Iclent spinel structure. Fe®+[ Fe^+o/-» I Oi /a 3 0,̂ is a possible 
structural formula (Thompson and Oldfield, 1986) with the tetrahedral sites 
filled and some vacancies In the octahedral sites. It is formed by either; 
low temperature (<200“C) oxidation of magnetite during weathering; burning; 
the dehydration of lepldocroclte (yFeOOH); or as a product of pedogenic 
redox reactions (Mullins, 1977). The temperature at which maghæmite 
converts to hæmatite (yFe^O^ -4 aFe^O^) depends upon the presence of 
Impurities and Is the subject of some discussion. Pure maghæmite is
believed to have a Curie temperature of about 645'C (ôzdemir and Banerjee,
1984) and a spontaneous magnetisation of 70-85 Am^kg-*.

Hæmatite (aFe^Os) Is a common mineral in sediments. It may exist either 
as black particles of specularlte >lum, or as a fine pigment with particles 
<lura In diameter which are a distinctive blood-red colour (Dunlop, 1972). 
It has a corundum structure of hexagonal close-packed lattices with Fe^+ 
lons coupled antlferromagnetlcally but imperfectly giving rise to a
spontaneous magnetisation In the order of 0.4-0.5 Amfkg-i (Tarling, 1983). 
Both spin canted and defect-induced Imperfect antiferromagnetism occur in 
hæmatite (Dunlop, 1970).

Goethite (aFeOOH) Is an orthorhomblc yellow-brown Iron oxyhydroxide 
mineral associated with weathered sediments, especially In humid climates. 
It is uniaxial ant 1 ferromagnetic with a weak superimposed ferromagnetism 
which may be caused by lattice distortions, Impurities or vacancies but 
which has yet to be fully explained (Dekkers, 1989). It has a Néel 
temperature of between 120*- 130*C and a saturation magnetisation of about 
1 Ara^kg-^. At higher temperatures 0 3 0 0 * 0  it dehydrates to form hæmatite.

Iron sulphides occur In sediments associated with organic, saline and 
eutrophlc freshwater environments. The presence of the cubic paramagnetic 
mineral pyrite (FeS^) has recently been reported in basal grey silts at the 
Belzhuangcun loess section, central China (King, 1990).
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4. 1. 4 Genesis of magnetic minerals in sediments
Magnetic minerals occur within sediments as a result of either detrital or 
authlgenlc processes. Weathering of bedrock can release resistant grains of 
primary ferrimagnetic magnetite Into silt and sand-sized fractions of the 
soil (Bearing et.al., 1985) from where they may be retransported and 
Incorporated as detrital particles in other sediments. Other sources of 
detrital magnetic particles Include volcanic ash and industrial fall-out. 
Authlgenlc magnetic minerals may be formed by biogenic processes, chemical 
alteration or burning. The action of fire upon soils causes non- 
ferrimagnetIc oxides and oxy-hydroxides to be reduced to magnetite, which 
may then re-oxldlse upon cooling to maghæmite (Bearing et.al., 1985). 
Biogenic ultraflne grained superparamagnetIc and single domain magnetites 
are produced through the reduction of ferric iron by both extracellular 
processes in dlsslmllatory iron-reducing bacteria and intracellular 
processes In magnetotactlc bacteria (Stolz et.al., 1990). Magnetotactic 
bacteria, which Inhabit both aerobic and anaerobic sediments (Sparks et. al, 
1990), produce Intracellular magnetite of a specific morphology and narrow 
size distribution within membrane-bound magnetosomes (Moskowitz et.al.,

1989). The crystals produced by magnetotactlc bacteria occur as cubic 
chains, hexagonal prisms, parallelapiped and teardrop-shapes (Stolz et.al.,

1990). A recent comparison between magnetites formed by magnetotactlc and 
dlsslmllatory Iron-reducing bacteria showed that, whereas the crystals 
produced by magnetotactlc bacteria are uniform In size, morphologically 
specific and of high structural perfection, the crystals formed by the 
Iron-reducing bacteria were Irregular in shape, relatively small with a 
broad size spectrum (5-23nm) and structurally ill-defined, characteristic 
of rapid uncontrolled growth (Sparks et.al,, 1990). Both types of 
bacterlally produced magnetite have been described as substitution-free. An 
Inorganic in situ mechanism for production of magnetite has been described 
by Maher and Taylor (1988) for particles similar to those produced by 
dlsslmllatory Iron-reducing bacteria.

Whilst the above section describes only the genesis of magnetic minerals 
It is worth noting that, depending on the substrate conditions, magnetic 
minerals may undergo diagenesis. For example, Karlin (1990) describes 
magnetite dissolution and subsequent formation of Iron sulphides as a 
result of redox conditions existing during the decomposition of organic
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matter. Some examples of diagenesls at high temperature are described In 
section 5.2.

4.1.5 Relaxation time and remanence
The time taken for the electron spin magnetic moments In a mineral to 
return to an equilibrium position after aligning themselves to the 
direction of an Imposed external field Is termed the relaxation time ( t ) of 
a grain. At saturation magnetisation, thermodynamic energy has been 
expended to overcome the tendency of spins to align themselves along the 
easy axis of the crystal lattice and therefore the grain is in a state of 
high energy non-equlllbrium. The relaxation time of any given grain is 
proportional to the volume of the grain (v) and the temperature of the 
surrounding environment (T), by;

1 = C exp(-vHcMs) (4, 1)
T 2kT

where C Is a frequency factor <«10^®s-^); He Is the coercivity; Ms the 
saturation magnetisation of the grain; and k Is the Boltzmann constant.

The relaxation time of a grain determines Its ability to hold a remanent 
magnetisation (remanence). When the relaxation time of a grain is in the 
order of a few seconds, a magnetisation Is rapidly acquired in the presence 
of a weak field and also rapidly lost on removal of the field. Although 
such grains can exhibit an induced magnetisation, they cannot retain a 
stable remanence and are termed superparamagnetic. The term 
superparamagnet Ism Is used to describe the behaviour of a grain which 
exists In an environment higher than Its blocking temperature or Is below 
Its blocking volume (O'Reilly, 1984). This can be seen In equation 4.1, 
where either a large T or small v will produce a small relaxation time, t . 

Therefore, for a given temperature there is a critical volume (termed the 
blocking volume, V^) below which the grains are superparamagnetlc, and for 
a given volume there Is a critical blocking temperature (T^) above which 
the grains are superparamagnetlc. Viscous grains lying at the 
superparamagnetlc/slngle domain boundary (SP/SDD), spanning grain sizes of 
0.035-0.05um for magnetite (Dunlop, 1973) and ~0.03pm for hæmatite 
(Tarling, 1983), have a time-dependent magnetisation.
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4.2 Low field room temperature susceptibility
The measurement of the low field susceptlbllty of loess and palaeosol 
sequences provides a quick and relatively easy method of studying the 
variations of magnetic minerals down a section.

4. 2.1 Introduction
Magnetic susceptibility provides a measure of the magnetisation induced In 
a sample by the application of a magnetic field. For a given field, the 
strength of the Induced magnetisation depends on the susceptibility, which 
Itself depends upon the concentration of magnetic minerals, their size, 
shape and mineralogy, and the temperature. The volume susceptibility <K), 
which Is dlmenslonless. Is defined as:

K = M / H (4.2)
where M Is the Induced magnetisation and H is the Intensity of the applied 
field. Mass specific susceptibility (%) Is a measure of the susceptibility 
per unit mass of a sample and described in units of m^kg-i. It is defined 
as:

X = K / p (4.3)
where p Is the density of the material. Table 4. 1 shows the specific 
susceptibilities for a variety of minerals.

Table 4.1 Specific susceptibilities of various minerals 
(Thompson and Oldfield, 1986).

Mineral susceptibility (10-®m^kg-^ >
Iron 20000000
magnetite 50000
maghæmite 40000
goethite 70
hæmat11 e 60
pyrite 30
water -0. 9
halite -0. 9
quartz -0.6
calcite -0.5
feldspar -0.5

Susceptibility varies with the size of the grain. Superparamagnetlc grains 
have a high susceptibility, which Increases linearly with their volume. At 
the superparamagnetlc - stable single domain (SP-SSD) boundary the applied 
field Is no longer assisted by thermal agitation and the susceptibility
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falls by a factor of 25 (O'Reilly, 1984). Susceptibility then remains 
stable with Increasing size until the multidomain threshold Is reached. 
Multidomain grains have a slightly higher susceptibility than single domain 
grains due to energetically reversible movements of the domain walls In 
response to the applied field.

1200 ' ' ' l " " 1  ' ' -p-rr.i— —1--r—Tf.TMI > 1 1 -, -, | , , , ,

▼ New MT series (This paper)
1100 _ ■ ■ MT series ( „ . )-

■ T A Ozdemir & Banerjee(1982)
1000 ■t • Bankers (1978)

900 -

' CT BOO

700
« ■ •• •# • •

^ 600 •  -

■  *■

500 I

•

C OO -

300 -

200 , , . 1 .,..1 . . . 1 . ...1
001 0 05 01 0 5 TO 50 10 0 

Grain size (;jm )
500 100 0 500-0 10000

Figure 4. 4 The variation of susceptibility with grain size
(Maher, 1988)

4. 2. 2 Magnetic susceptibility of Chinese loess sequences
Heller and Liu Tungsheng (1984) proposed that low field magnetic 
susceptibility records of Chinese loess-palaeosol sequences could be 
related to the deep sea oxygen Isotope record and, as such, can be used as 
a proxy Indicator of climate change. They reported that the magnetic 
enhancement of palaeosols, In which susceptibilities were a factor of 2.5 
higher than In loess, was mainly controlled by relative enrichment of 
detrital magnetic minerals In soils and precipitation of Iron oxides and 
hydroxides from unstable iron-bearing minerals. Kukla et. al. (1988) further 
suggested that this method may be used to 'date' loess-palaeosol sequences. 
Since these early studies, many experiments have been undertaken In this 
field (Kukla and An, 1989; Hovan et.al., 1989; Kukla et.al., 1990; Wang 
et.al., 1990; Rutter et.al., 1991; Liu Xlumlng et.al., 1992).
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Figure 4.5 Dust deposition in the Chinese Loess Plateau from Kukla (1988).

The low field magnetic susceptibility of a loess or palaeosol will depend 
upon the type, concentration and size of its constituent magnetic minerals. 
Interpretations vary as to the genesis of the ferrimagnetic minerals. Kukla 
(1988) and Kukla e t . a l .  (1988) explained the magnetic enhancement within 
palaeosols as a result of a reduction of the input of non-magnetic 
minerals, rather than i n  s i t u  pedogenetic enhancement of the magnetic 
minerals. Figure 4.5 Illustrates this theory, which Is based upon the 
contention that throughout the depositlonal history of the sediment there 
is a constant influx of natural magnetic dust from the upper atmosphere. 
The relative increase in magnetic susceptibility In soils Is Interpreted as 
resulting from the decrease In sedimentation of non-magnetic material 
during the interglacial periods. This model has been recently criticised by
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Zhou Liplng et.al. (1990) and Maher and Thompson (1991) on the grounds that 
the model discounts any in situ formation of magnetite in soils by chemical 
or biochemical processes.

4.2.3 Measurement of room temperature low field susceptibility
Low field susceptibility Is the reversible response to the application of a 
low field and Is Independent of the magnitude of the applied field. A 
Bartlngton dual frequency MSI susceptibility bridge was used to study the 
low field susceptibility at frequencies of 0.47kHz and 4.7kHz, with a noise 
level In the order of 2xlO-’m^kg-‘. The samples were tested at both 
frequencies to ascertain the percentage of superparamagnetlc grains 
contributing to the Initial susceptibility. At low frequencies (0.47kHz), 
superparamagnetlc grains flip In phase with the alternating field and make 
a large contribution to the overall susceptibility (Maher, 1988). However, 
at high frequencies (4.7kHz) the grains cannot oscillate sufficiently fast 
to remain In phase with the applied field and there Is a subsequent 
decrease In the overall susceptibility. The difference between the high 
frequency (%HF) and low frequency (%LF) susceptibility Is expressed as a 
percentage and generally termed the frequency dependent susceptibility 
(%FD%), where:

%FD% = yLF - yHF . 100 (4. 4)
XLF

Frequency dependent susceptibility has been recently applied to loess 
sequences In China because of Its apparent sensitivity to slight variations 
In palaeoclimate (Liu Xlumlng et.al., 1990). Maher (1988), using synthetic
magnetites found that the frequency dependence was affected by the 
dispersion of grains within the matrix, some SP grains forming aggregated 
SD-llke grains.

4. 2. 4 Results
Samples were measured from sections at Jluzhoutal, Dawan and Labrang; and 
surface sediment from Tibet. All of the magnetic susceptibility results are 
quoted In mass specific units and normalised to 10 grammes.
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4. 2. 4. 1 Jluzhoutal
The Scorpion Pit section was continuously sampled for 6. 30 metres 
corresponding to a depth of 46,80 - 53. 10 metres from the top of the 
section. Samples were run on the Bartlngton meter at both frequencies and 
the frequency dependence (also called frequency effect) was calculated 
using equation 4. 4. The Scorpion Pit was believed to contain a dual 
palaeosol, and the presence of two soils Is clearly reflected In the 
susceptibility results. Figure 4.6 represents the low frequency, high 
frequency and percentage frequency dependent results obtained from these 
samples. In figure 4.6 the % frequency dependence has been smoothed using a 
ten point moving average. Figure 4.7 shows the % frequency dependence both 
before and after the smoothing.

The susceptibility curve for the Scorpion Pit suggests two main soil 
horizons. These represent the palaeosol complex believed by Chen Fahu 
(1990) to date from the last interglacial. The first climatic amelioration, 
represented by a soil-forming phase (the lower palaeosol, II), occurs 
between 51.55 and 51.10 metres, with a maximum low frequency susceptibility 
value of 49. 4 x lO-^m^kg-^- at a depth of 51. 45m. Just below this soil there 
Is a minor susceptibility peak at 52.15 to 52.0 metres, which reaches a 
maximum value of 39.4 x lO-om^kg-*.

Table 4.2 Mean mass specific low frequency susceptibility values 
for Jluzhoutal loess (xlO-®m^kg-^).

unit mean standard mean sample
susceptlbllltv deviation % vFD number 

Loess I 28. 3 2. 1 2. 8 45
Loess II 26. 2 2. 4 2. 7 46
Loess III 28. 5 3. 7 2. 6 55

Above this first soil, there seems to be a return to cold climate 
deposition with 1.65m of loess with low frequency susceptibilities in the 
order of 24 to 28 x lO-'m^kg-*. Above this loess unit (II), between 49.45 
and 48. 10m there exists a dual peaked soil-forming episode (the upper 
palaeosol. I) with maximum low frequency values reaching 60.7 x 10-®m^kg-^ 
at 48. 32m; and 58. 0 x 10-®m®kg-^ at 48.82m. This upper soil is capped by 
loess I.
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Figure 4.6 Variations in %LF, %HF and %FD% down the Scorpion Pit
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Both the low frequency and high frequency curves show clear susceptibility 
peaks associated with these soils. The frequency dependence shows the same 
peaks with maximum values of 9.06% and 7.56% for the upper and lower 
palaeosol. However, the peaks are less sharply defined and the curve 
suggests a more gradual change from cold (glacial) to warm (Interglacial) 
climate, although this may be an artifact of the calculation. The mean %%FD 
of the loess units at Jiuzhoutai, shown in table 4. 2, suggests a small 2-3% 
content of ultraflne magnetic particles which remains fairly constant 
throughout the 8 metres of loess studied. One possibility Is that the 
ultraflne particles in the loess may be of detrital origin whereas the 
higher concentration in the palaeosols may be a result of augmenting this 
with ultraflne particles produced during pedogenesis,

4.2.4.1. 1 Frequency dependence: reduction of noise
As frequency dependence is the only specifically diagnostic mineral 
magnetic test used in this thesis an attempt was made to reduce the 'noisy' 
results obtained using the %%FD calculation by using the non-normalised 
frequency dependence:

XFD = xLF - xHF (4.5)

The non-normalised curves are presented next to the normalised percentage 
curves in figure 4.8, The patterns of the unsmoothed curves (figures 4,8a- 
b) are similar, with the non-normalised curves more clearly defined. Both 
of these curves were treated with a ten point moving average (figure 4,8c 
and 4,8d), The smoothed curves of %FD% and ^FD are identical in shape 
suggesting that the use of non-normalised curves does not significantly 
reduce the error shown in the non-smoothed curves.
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4. 2. 4. 2 Dawan
The studied section at Dawan consists of 15.3 metres of loess excavated 
from below uncultivated pasture. The low frequency curve (figure 4.9) 
clearly shows the presence of two triple palaeosol complexes separated by 
2.40 metres of loess (termed loess IV), These soil horizons are each
separated by at least 0.8m of loess and are thought to be distinct features 
based on magnetic fabric results (see chapter 8) which suggest that they 
are unlikely to have been caused by slumping. They have been labelled from
the top, soil I (25m) to soil VI (35.2m). Triplet I-III covers 5 metres of
sediment whereas triplet IV-VI covers just 2.2 metres.

Both of the triple soils decrease in susceptibility from the lowermost 
soil (VI and III) to the uppermost (IV and I). This is also reflected in 
the visible characteristics of the palaeosols with VI and III being
markedlv mottled brown horizons (plate 2.6) whilst IV, V, I and II are not 
noticeably different from the surrounding loess. Maximum low frequency 
susceptibility values for each soil are illustrated in table 4.3 along with 
the corresponding %%FD results which range from 4.4% to 8.5% indicating a 
higher percentage of SP and viscous grains in the palaeosols than in the 
loess which range from 2.2% to 4.5% (table 4.4).

Table 4.3. Maximum low frequency susceptibility values y (xlO*m^kg-M 
and corresponding %yFD for Dawan palaeosols.

unit max. Y depth
(metres

Palaeosol I 53. 4 6. 2 25. 22
Palaeosol II 56. 9 7. 7 27. 27
Palaeosol III 85. 0 8. 2 30. 05
Palaeosol IV 49. 2 4. 4 33. 05
Palaeosol V 54. 7 7. 3 34. 47
Palaeosol VI 80. 3 8. 5 35. 27

The smoothed percentage frequency dependence curve (yFD%), treated with a 
ten point moving average, shows peaks corresponding to palaesols I, II, 
III, V and VI. Palaeosol IV shows a small peak, between 2-3% but does not 
stand out from the surrounding loess as a distinctive increase in content 
of superparamagnetic grains, as do the other soils. However, as this is a 
relatively thin soil covering just 40cm, it is likely to be masked more 
than a thicker soil by the effects of the smoothing. There is also a dual

112



peak around 23 metres, where there is a visible mottled horizon (plate 
2.5). although samples from this height did not show obvious peaks in low 
frequency susceptibility in either laboratory or field measurements. Prior 
to using the moving average, the noise associated with the frequency 
dependent curve made it impossible to relate to the low and high frequency 
curves (.figure 4.10). As with the Jiuzhoutai frequency dependent results 
the yFD% curves were compared with non-normalised yFD (figure 4.11). These 
curves also do not appear to significantly reduce the noise.

Table 4.4 Mean low frequency susceptibility values for 
Dawan loess (xlO-*m^kg-^)

unit mean standard mean sample
deviat ion %%ED number

loess I 30.6 2. 0 3. 0 175
loess II 30.3 4. 1 2. 7 62
loess III 29. 7 4. 9 2. 8 63
loess IV 28.2 2. 9 2. 2 85
loess V 25. 7 0. 6 2. 5 17
loess VI 28. 4 1. 7 4. 5 12

4.2.4. 3 Sala Shan, Labrang and Tibet
As the samples from Labrang were taken from different parts of the loess 
terrace a continuous section could not be reconstructed. Mean low frequency 
susceptibilities from both Labrang and Tibet are shown in table 4.5. None 
of the Labrang or Tibetan samples showed any frequency effect indicating an 
absence of SP grains. Conversely the sediment from Sala Shan, on the edge 
of the Loess Plateau, showed a small frequency effect with a mean of 2%,

Table 4.5 Mean low frequency susceptibility y (xlO-sm^kg-i) 
and %yFD from Labrang and Tibet.

Site Mean Mean Sample .
X %%FD Number i F

Sala Shan 27. 6 2 10 .
Labrang 27. 5 0

1 ;
} (M- , - ^  I'l.

Go 1 mud 
Kunlun A 
Glacier

25. 1 
24. 7 
27.7

0
0
0

Barchan
Pingo

9. 0
21. 4

0
0

Kunlun Pass 22. 9 0 1 j
Qumar Heyan 8. 2 0 1 r- ^
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4. 3 Low Temperature Susceptibility
The temperature dependence of susceptibility differs with mineralogy, shape 
and grain size. Low field room temperature susceptibility has been 
described in section 4. 2. This section deals with the variations in 
susceptibility at low temperatures ranging from +20’C down to that of 
liquid nitrogen, -196‘C.

Certain minerals undergo reordering of their crystal structure at low 
temperatures which affects their susceptibility. At temperatures of about 
263°K (-10*0 the canted antiferromagnetism of hæmatite reorders to become 
near perfect antiferromagnetism as the spin direction changes from 
perpendicular to the c-axis, to parallel with it (Dekkers and Linssen, 
1989). This is known as the Morin transition and is accompanied by a loss 
of spontaneous magnetisation and a sharp drop in susceptibility. The Verwey 
transition occurs in multidomain magnetite at temperatures of about 128* to 
118*K (-145° to -153°C) depending on cation-substitution. At the Verwey
transition ordering occurs in the octohedral sublattice and the crystal 
structure transforms from cubic to orthorhombic, with a subsequent drop in 
magnetocrystalline anisotropy (O'Reilly, 1984). This minimum in the 
magnetocrystalline anisotropy, relates to the anisotropy constant Kl, and 
is accompanied by a maximum susceptibility. This peak in susceptibility in 
multidomain grains occurs only in MD magnetite because magnetocrystalline 
anisotropy influences wall positions in MD grains and the decrease in K 
allows wall movement to occur. Pyrrhotite (FeSi+.„:), the only ferrimagnetic 
iron sulphide (Collinson, 1983) undergoes a low temperature transition at 
34*K (-293*0 where the domain structure of MD grains changes to SD or PSD 
(Dekkers et.al., 1989).

The susceptibility of SP grains decreases with temperature until the 
temperature passes through the specific blocking temperatures of the SP 
grains. Their relaxation times increase beyond the period of susceptibility 
measurement (Maher, 1988), and they subsequently behave as SD grains and 
their susceptibility remains constant. The susceptibility of paramagnetic 
minerals increases with decreasing temperature according to the Curie Law:

K oc 1/T (4. 6)
Observing low-field susceptibilty changes from room temperature (293°K; 

20*0 down to liquid nitrogen temperature (78°K; -196*0) is a relatively
new technique which has been applied mainly to basalts (Radhakrishnamurty
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et. al., 1977; Senanayake and McElhinny, 1981; Urrutia-Fucugauchi et.al. ,
1984; Sherwood, 1988), and more recently to synthetic magnetites (Maher,
1988). Three main types of behaviour have been noted (figure 4.12) although 
their interpretations differ. These differences are due to varying opinions 
of magnetic carriers within basalts, and as such may not be relevant to the 
studv of sediments.

x / x .

0.5

29378 T * K

293

Figure 4. 12 The three main groups of low temperature magnetic behaviour
(Senanayake and McElhinny, 1981)

Radhakrishnamurty et.al. (1977), who base their interpretations on a purely 
magnetite mineralogy, believe group 1 behaviour, where the susceptibility 
decreases with decreasing temperature, to be the result of predominantly 
single domain (SD) or superparamagnetic (SP) magnetite grains; with Group 2 
representing cation-deficient magnetite (or magheemite); and group 3 as 
predominantly multidomain (MD) magnetite. Senanayake and McElhinny (1981; 
1982) also consider the presence of titanomagnetites and corroborate their 
interpretations with measurements of synthetic magnetites and 
titanomagnetites of known grain size. They attribute group 1 behaviour to 
predominantly MD homogenous titanium-rich (x>0.3) titanomagnetite; group 2 
behaviour to titanomagnetite grains with exsolved ilmenite lamellae with 
the subdivided regions acting as elongated SD grains; and group 3 samples 
as predominantly MD magnetite or magnetite-rich titanomagnetites (x<0.15). 
Further to this, Sherwood (1988) found that titanium-rich titanomagnetites
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which had undergone maghæmltisation gave curves indicative of group 1 
behaviour,

Maher (1988) tested ultra-fine grained synthetic magnetites ranging from
SP to SD and found that they behaved in a similar manner to group 1.

4. 3. 1 Measurement
The measurement of low temperature susceptibility was conducted using a 
Bartington MS2 susceptibility meter attached to a BBC microcomputer. A 
small hole was drilled into the centre of approximately 2cms samples of 
consolidated loess and palaeosol and a thermocouple was inserted. The
sample and thermocouple were then encased in a plasticine ball which was 
immersed into liquid nitrogen and left to cool. After sufficient time for 
the sample to stabilise at -196*0 (77’K) the plasticine ball containing the 
sample was removed and placed into a susceptibility bridge and the 
susceptibility was measured as the sample slowly warmed up to room 
temperature. The BBC programme accounts for external drift in the
susceptibility meter before plotting the graph of change in susceptibility 
with temperature.

4. 3. 2 Results
Only samples of consolidated material, chosen to be representative of both 
loess and palaeosols, were tested from Dawan and Jiuzhoutai. Values of 
percentage difference from the room temperature susceptibility are quoted. 
It is difficult to assess the contribution of SD grains to the results; 
they define an effective 'base line' due to their stability. Whilst a 
levelling off of the susceptibility may be due to SD grains, it may also be 
the result of balancing curves of decreasing SP and increasing paramagnetic 
components. However, a large SD content would cause SP and paramagnetic 
components to appear less Important. This is because, in this case, they 
would have a smaller percentage of the total susceptibility. Interpretation 
of low susceptibility behaviour is therefore highly complex.

4. 5. 3. 1 Jiuzhoutai
Three samples were tested, two loesses and a palaeosol. The loesses, from 
depths of 46.65m (loess I) and 52.45m (loess III), both showed initial 
decreases in susceptibility. Loess I showed a decrease of 25% from room
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temperature to -60*C. Between -60*C and -196*C the susceptibility then 
Increased to a value 40% above that at room temperature (figure 4. 13a). 
This curve may be interpreted as a combination of SP magnetite (the 
decrease in room temperature to -60*0 and paramagnetic clay. The presence 
of SD magnetite is difficult to ascertain due to the temperature stability 
of its susceptibility.

Loess III behaved slightly differently (figure 4.13b). There was an
initial decrease in magnetisation of 20% from room temperature down to - 
30*C after which the curve flattened off showing a very slight increase of 
1% between -30'C and -60’C. Between -60*C and -105"C the susceptibility 
increased slightly; then from -105'C to -163*C the susceptibility remained 
the same value, with possibly a small decrease towards -160*C, and finally 
increased by 15% from -163"C to -196*C to end 10% above the value at room 
temperature. This curve of initial decrease, then stepwise increase in 
susceptibility suggests the presence of SP and SD grains of magnetite or
magheemite together with paramagnetic clay. There is some evidence of a
'hump' in the curve centred at -125'C, and this probably reflects the
presence of MD magnetite. This MD peak is almost obscured by the strong
paramagnetic signal. The apparently high temperature (-125*0 of this peak 
is a common phenomenon with large samples. It is unlikely to be an artifact 
of the raeaurement procedure as the thermocouple is measuring the
temperature in the centre of the sample whilst the susceptibility meter is 
measuring the whole sample; thus the outside of the sample warms up before 
the middle (giving a too low temperature as the thermocouple lags the
sample on heating).

The palaeosol sample was taken from a depth of 51.45m from the horizon 
labelled palaeosol II. As with the loess samples, the susceptibility of the 
palaeosol initially fell 19% from room temperature to -50*C, where the 
curve then stabilised from -50*C to -120*C. Between -120*C and -196*C the 
susceptibility increased by 13%. At -196*C the susceptibility was 4% lower 
than that at room temperature. This curve seems to imply an initial 
dominance of SP grains, which 'block in' at about -50*C and then behave as
SD grains with a consequent levelling off of susceptibility. The increase 
below -120*C is due to the increasing influence of the paramagnetic 
component.

There is some similarity in the susceptibility behaviour of Loess III
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and palaeosol II, both of which show an initial decrease driven bv the
* blocking in' of SP grains and then show the increasing influence of the
paramagnetic component affecting the susceptibility at temperatures below 
120*C. The palaeosol sample comes from 51.45m, which is only 10cm above the 
loess III/palaeosol II transition.

Loess I seems to be dominated by paramagnetic material but with a small 
amount of SP behaviour. The dominance of the paramagnetic component 
probably reflects a relative paucity of ferrimagnetic material rather than 
an increase in paramagnetic clay. We might expect a greater clay content in
the palaeosol but this is more than balanced by a greatly enhanced SP
content. As the susceptibility of paramagnetic materials behaves linearly 
with temperature a future improvement of this technique would be to model 
the paramagnetic curve and subtract it from the sample curve. In this way 
it may be possible to observe the MD peak which is at present likely to be
masked by the paramagnetic component.

4. 5. 3. 3 Dawan
Four samples from Dawan were tested; one from loess and three from 
palaeosols. The loess sample was taken from a depth of 26.45m and
corresponds to Dawan loess II (figure 4.14a). The susceptibility decreased 
initially some 16% from room temperature to -30*C where it then levelled 
off to -75*C. Below -75*C the susceptibility increased slightly at first
and then more steeply to -196*C. At -196*C the susceptibility was 29% above
that at room temperature. This curve is very similar to that of the
Jiuzhoutai loess sample, being dominated initially by SP grains which 
block-in at temperatures of around -50'C. Below -75’C, the susceptibility 
behaviour is dominated by the increasing signal from the paramagnetic 
component.

The three palaeosol samples (fig 4. 14b-4. 14d) show an initial decrease
in susceptibility above -50*C due to the higher susceptibility of SP
grains. The signal from the paramagnetic minerals appears to contribute 
most strongly to the sample from the top of palaeosol IV at 32.82m below a 
temperature of -100*C. The sample from 32.82m showed a slight increase of 
8% at -196’C, whilst the other two samples (28.02m and 33. 12m) showed a 
slight decrease of 5% and 1%.
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Figure 4. 13 Variations in susceptibility with low temperature for samples 
of (a) Loess I (b) Loess III and (c) Palaeosol II from Jiuzhoutai.
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Figure 4.14 Variations in susceptibility with low temperature for Dawan 
samples of (.a) loess II; (b) palaeosol II: (c> palaeosol IV at 32.8m; (d)
palaeosol IV at 33.Im
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The three palaeosol samples (fig 4. 14b-4. 14d) seem dominated by SD grains 
with an initial decrease in susceptibility at temperatures above -50*C due 
to the higher susceptibility of SP grains. The signal from the paramagnetic 
minerals dominate the sample from the top of palaeosol IV at 32.82m below - 
lOOX. The sample from 32.82m showed a slight increase of 8% at -196*C 
whilst the other two samples (28. 02m and 33. 12m) showed slight decreases of 
5% and 1%.

Table 4. 7 Susceptibility values measured at -196*C expressed as a
percentage of the room temperature [% change =

Site Depth Unit ?» change
Jiuzhoutai 46. 65 Loess I 140

51.45 Palaeosol II 96
52. 45 Loess III 110

Dawan 26. 45 Loess II 129
28. 02 Palaeosol II 95
32. 82 Palaeosol IV 108
33. 12 99
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5. MAGNETIC MINERALOGY II; HIGH FIELD BEHAVIOUR

5.1 Magnetic hysteresis
When a field of increasing magnitude is applied to a magnetic mineral, the 
non-reversible induced magnetisation lags behind the field, producing an 
hysteresis effect (figure 5,1). Initially, when low fields are applied and 
then removed, the magnetisation returns to zero without any hysteresis i.e. 
the process is reversible. However, beyond a critical field, the reaction 
becomes irreversible and upon removal of the field the mineral retains a 
remanent magnetisation. The application of a field in the reverse direction 
will reduce the remanent magnetisation towards zero. The field required to 
reduce the magnetisation (Mrs) to zero is termed the coercivity (He).

When high fields are applied to a magnetic mineral the magnetisation 
acquired tends to saturation. Upon removal of the field this saturation 
magnetisation (Ms) is reduced to the saturation remanent magnetisation 
(Mrs).

Hysteresis properties vary with grain size and mineralogy. The 
magnetisation of paramagnetic and diamagnetic substances does not exhibit 
hysteresis but shows a reversible linear response to applied fields.

5.1.1 Hysteresis parameters
Saturation magnetisation (Ms) values depend upon magnetic mineralogy and 
lattice cation substitution. Ms values for common minerals range from 92 
Am/kg-i for pure magnetite, with Ms decreasing with increasing titanium 
substitution (O'Reilly, 1984); 70-85 Am^kg-i for magheemite and 0.4-0.5
Am^kg-i for hæmatite (Tarling, 1983); to SI Am^kg-i for goethite (Dekkers,
1989).

The intensity of the saturation remanent magnetisation (Mrs) for 
magnetite is strongly dependent on grain size, with values ranging from 45 
Amfkg-i for SD grains to 0.64 Am^kg-i for MD grains of 150-250pm (Dankers, 
1981). Mrs values for goethite vary between 0.015 Am^kg-^ and 0.1 Am^kg-i 
and show a tendency to decrease with increasing grain size (Dekkers, 1989). 
The range of Mrs values for hæmatite are in the order of 0.2 Am^kg-i for 
grains varying from 250um to less than Sum, although the finer grains have 
a slightly higher Mrs (0,261 Am/kg-i) than the coarser grains (where Mrs = 
0.219 Am/kg-i) (Dankers, 1981).
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Figure 5.1 Magnetic hysteresis loop and Initial magnetisation curve
(Thompson and Oldfield, 1986)

Mrs/Ms ratios are used to infer domain structure. Mrs/Ms ratios decrease
with increasing grain size from a theoretical ratio of Mrs/Ms = 0.5 for
random dispersions of SD grains dominated by shape anisotropy (Dunlop,
1987), to values less than 0.05 which characterise large MD grains whose
domain wall displacements are limited by the internal demagnetising field 
(Argyle and Dunlop, 1990), However, Mrs/Ms values can exceed 0. 5 when 
crystalline anisotropy dominates (Dunlop, 1987). For magnetite, MD values 
of Mrs/Ms typically fall in the range 0.01-0.03 (Dunlop, 1986). Argyle and 
Dunlop (1990) report PSD behaviour in fine magnetite grains with ratios of 
Mrs/Ms = 0.059 for 0. 54um diameter grains and Mrs/Ms = 0.093 for 0. 39p.m 
diameter magnetite grains. Mrs/Ms ratios can be used to distinguish between 
goethite and hæmatite. This is because both large single crystals and fine
grained powders of hæmatite have Mrs/Ms ratios ~ 0. 5, whereas Mrs/Ms ratios 
of goethite show a tendency to decrease with grain size and generally range
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between 0.2 and 0.35 for 250iim down to <5nm (Dekkers, 1989). Monoclinic 
pyrrhotite has been shown to give values in excess of 0.5 for SD grains 
(0.58 for 7um grains) due to its crystalline anisotropy, with values of 0.2 
obtained for 83um MD grains (Clark, 1984). The presence of 
superparamagnetic grains will decrease the Mrs/Ms value because they 
contribute to the saturation magnetisation (Ms) but do not hold a remanence 
and therefore do not contribute to Mrs.

For grains In excess of one micron, the coercivity of magnetite 
decreases with Increasing grain size (Harstra, 1982) and Increases with 
cation substitutions (O'Reilly, 1984). The coercivity for 0. lum magnetite 
has been estimated at 1x10* Am-^. ranging to 500 Am-‘ for large multidomain 
grains where Mrs/Ms ~ 0.01 (O'Reilly, 1984). For sub-micron size magnetite 
grains the coercivity decreases with grain size. The coercivity of MD 
magnetite is likely to be controlled by magnetostriction through Internal 
stresses opposing domain wall movement (Hodych, 1986). The coercivity of 
hæmatite ranges from lO^-lO* Am-^ for large grains to a maximum of 1.4 x 
10^ Am-i for 5-lOum (O'Reilly, 1984). Goethite coerclvlties vary between 2- 
25 X 10“̂ Am-i and contrary to other minerals, tend to decrease with 
decreasing crystalline size (Dekkers, 1989).

5.1.2 The Vibrating Sample Magnetometer
About 0.8 gramme samples of gently powdered and disaggregated loess and 
palaeosol were run on a Molyneux Vibrating Sample Magnetometer (VSM) at 
Liverpool University. The sample was placed In a plastic tube situated 
between four pick-up colls and vibrated at a frequency of 50Hz. An 
electromagnet within the magnetometer cycles automatically between fields 
of lOOOmT (1 Tesla) to -lOOOmT, and magnetisation Induced In the sample 
creates a voltage within the pickup coils. Samples are calibrated against 
copper sulphate of known mass and susceptibility. The sensitivity of the 
detection system is approximately 4 x 10-s Arâ ,

As magnetite saturates in a field of about 300mT, with a saturation 
magnetisation (Ms) of 92 Am^kg-i, it Is possible to estimate the mass of 
magnetite within the sample by dividing the experimental Ms value by 92. 
However, this calculation Is an approximation because It presumes that 
magnetite Is the only magnetic mineral present, 1 tesla fields are 
Insufficient to saturate hæmatite or goethite.
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5. 1. 3 Results
Hysteresis parameters have been calculated for all of the sites visited 
within this study and the figures are presented In Appendix I.

5. 1. 3. 1 Jiuzhoutai
Hysteresis curves obtained from the VSM for a loess and palaeosol from 
Jiuzhoutai are Illustrated In figure 5.2. Hysteresis parameters are plotted 
In figure 5.3 (see Appendix I for the data). Stratigraphie logs and mass 
specific low frequency susceptibility (%) are plotted to give an Indication 
of the relationship of hysteresis parameters to the presence of palaeosols. 
Ms values vary down the section reflecting variations In concentration of 
magnetic minerals. Assuming that magnetite dominates the mineralogy, the Ms 
values correspond to magnetite concentrations varying from 0.01% to 0.03%. 
Mrs/Ms ratios are higher In the palaesols than In the loess Indicating a 
higher concentration of SD and viscous grains (which hold a remanence and 
thus have a high Mrs/Ms) within the palaeosols (table 5. 1). An Increase In 
concentration of viscous grains spanning the SP/SSD boundary would account 
for the decreasing coerclvlties within the palaeosols and contribute to the 
Increased values of mass specific susceptibility (%). Frequency dependence 
results from section 4. 1 suggest that palaeosols contain an Increased 
concentration of SP grains compared with the loess. Therefore combining the 
%yFD and hysteresis results for Jiuzhoutai implies that the magnetic 
assemblage within the loess is characterised by multidomain ferrlmagnets 
whereas the palaeosols are characterised by an Increasing concentration of 
SP/SSD ferrlmagnets.
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Figure 5.2 Hysteresis curves for Jiuzhoutai (a) loess III
and (b) palaeosol II
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Table 5. 1 Variation in mean Mrs/Ms and He (xlO^Am-^) within the
loess and palaeosols in the Scorpion Pit, Jiuzhoutai.

Unit Mrs/Ms st andard standard samples
mean deviation mean deviation test ed

Loess I 0. 132 0 .0 09 9. 81 3. 09 2
Palaeosol I 0. 153 0 .005 8. 49 0. 98 4

Loess II 0. 138 0 .003 10. 67 0 .3 2 3
Palaeosol II 0. 156 0 .005 8 .8 2 0 . 6 3 2

Loess III 0. 125 0. o i l 9. 89 0. 16 2

Ms 
Arâ  kg-'

Mrs
xlO-i Am^kg-'

Mrs/Ms

0.01

He
kAm-'

0 .  lO 0. I 12 6 0  
___ »

Fiçure 5. 3 The change in hysteresis parameters down the Scorpion Pit,
Jiuzhout ai.
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5. 1. 3. 2 Dawan
The loess-palaeosol sequence was tested in the VSM using at least one 
sample per metre down the section (see figure 5.4). Hysteresis curves are 
presented in figure 5.5. Ms and Mrs values appear to behave in a similiar 
way down the section, with a large dual-peaked increase in both parameters 
at a depth of 30. 0 to 31. 5 metres, suggesting two layers of increased 
concentration of magnetic minerals. Estimated magnetite concentrations are 
similar to Jiuzhoutai, ranging from 0.01% - 0.04%.

Table 5. 2 Variation in Mrs/Ms ratios with depth at Dawan section.

depth mean standard sample
(metres) deviation number

20. 0 - 24.5 0. 118 0. 0079 11
24. 8 - 35.3 0. 143 0. 0132 31

Mrs/Ms ratios increase significantly below 24.5 metres (table 5.2), 
implying either an increase in the proportion of SD magnetic material or a 
decrease in MD or SP grains. Average %%FD values of 3, 1 for loess above 
24.5m compared to %%FD results of 2.2 to 4.5% for the other Dawan loesses 
suggests that a change in concentration of SP or viscous grains on the 
SP/SSD boundary is not the cause. The sharp fall of Mrs/Ms and He above 
24. 5m therefore indicates a large increase in concentration of multidomain 
magnetite within the upper part of loess I. The finer magnetic assemblage 
at the base of loess I may be due to intermixing with the underlying 
palaeosol.

With the exception of palaeosols I and V, the palaeosols at Dawan show 
lower coercivities than the surrounding loess. Palaeosol I at 25 metres, 
has a high coercivity (He = 11.4 Am-^) and large Mrs/Ms, indicating a high 
concentration of SD grains. Ms values also shows a large increase 
suggesting a higher concentration of magnetic material in the soil than the 
surrounding loess. The high coercivity most likely reflects the increase in 
SD grains although the presence of a harder magnetic mineral cannot be 
discounted.
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Figure 5.4 Hysteresis curves for Dawan (a) loess I (b) palaeosol VI
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Figure 5. 5 Variation in hysteresis parameters with depth 
down the Dawan section
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Table 5.3 Variation in mean Mrs/Ms and He within
the loess and palaeosols at Dawan.

Unit Mrs/Ms standard He standard samples unit %yFD
mean deviation mean deviation tested mean

Loess I 0. 119 0. 009 9. 57 1. 01 12 3. 2
Palaeosol I 0. 157 - 11. 40 - 1 6. 2

Loess II 0. 137 0. 002 10. 40 0. 50 6 2. 7
Palaeosol II 0. 150 - 8. 75 - 1 3. 9

Loess III 0. 141 0. 019 10. 29 0. 57 2 2. 8
Palaeosol III 0. 148 0. 013 9. 00 1. 60 4 7. 9

Loess IV 0. 140 0. 018 9. 12 1. 43 7 2. 2
Palaeosol IV 0. 155 - 8. 73 - 1 3. 7

Loess V 0. 125 0. 012 9. 17 2. 29 2 2. 5
Palaeosol V 0. 151 0. 002 9. 29 0. 02 2 7. 3

Loess IV 0. 141 0. 015 10. 40 0. 28 2 4. 5
Palaeosol IV 0. 160 0. 009 7. 04 0. 66 2 8. 5

Mrs/Ms values are consistently higher in the palaeosols indicating that 
there is a larger proportion of single domain grains in the palaeosols than 
in the loess. This was also the case at Jiuzhoutai. The lower coercivities 
in the palaeosols II, III, IV and VI suggest in increase in proportion of 
sub-micron viscous magnetite grains spanning the SP/SSD boundary.

Comparing the hysteresis results with %%FD and susceptibility results 
from chapter 4.1 it is possible to conclude that the palaeosols at Dawan 
are characterised bv SP/SSD grains whereas the loesses contain a higher 
proportion of MD grains. Loess I shows a coarser magnetic assemblage than 
the other loess units.
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5. 1. 3.3 Southern Gansu: Labrang and Sala Shan
Hysteresis curves for Labrang and Sala Shan are presented in Figure 5.6. 
Eight samples from Labrang were tested in the VSM, but only one from Sala 
Shan due to a scarcity of material. Ms results from Sala Shan estimate a 
low magnetite concentration of 0.01%, which is the smallest of the samples 
tested. The magnetite concentration in the Labrang samples ranged between 
0.02% to 0.03%. Mrs/Ms ratios used in conjuction with %%FD results show 
that the magnetic assemblage in Labrang loess is dominated by multidomain 
grains. Conversely the Sala Shan loessic alluvium appears to be dominated 
by a finer assemblage implying a greater propoertion of SD grains. 
Coercivity results from both sites suggested low coercivity "soft" minerals 
are dominant. At Labrang these are MD grains whereas in Sala Shan they are 
more likelv to be viscous grains on the SP/SSD boundary. This is confirmed 
by the presence of a 2% frequency dependence in Sala Shan sediment whereas 
none of the Labrang samples showed any frequency dependence.

Table 5.4 Hysteresis parameters from Southern Gansu 
(Ms (Am^kg-i), Mrs (xlO-sAm^kg-*), He (kAm-*);

(n is number of samples tested).

site Ms Mrs Mrs/Ms He %FD% n_
mean SD mean SD mean SD mean SD

Sala Shan 0.013 - 1.78 0.134 - 7.61 2 1
Labrang 0.024 0.004 2.64 0.54 0.107 0.014 8.08 0.35 0 8

5.1.3.4 Tibet, Kunlun Mountains and Qaldam Basin.
Both surface silts from the Tibetan Plateau and Kunlun Mountains and sand 
from the Qaidam Basin and Kunlun barchan dunes were tested (table 5.5). 
Hysteresis curves for the samples are shown in figure 5.7. Ms values for 
the silt samples decrease with height up the Kunlun Mountains from the 
foothills (KunlA; 3400m) to the Kunlun Pass at 4767m suggesting that the 
concentration of magnetic minerals increases towards the Qaidam Basin, The 
sample from Oumar Heyan on the Tibetan Plateau was the exception to this 
trend exhibiting a high Ms value similar to the values for the Ms peaks at 
Dawan. Mrs/Ms and coercivity values for the silt samples generally 
decreased with altitude down the Kunlun Mountains indicating that, with the
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exception of the barchan dune sand, the magnetic grain size is coarser in 
the Qaidam Basin than in the mountains. The absence of ultrafine magnetic 
particles is indicated by the lack of frequency dependence in any of the 
samples. Although trends may be inferred from these samples, there is no 
bedrock information available in this area and therefore direct comparison 
between the samples is unwise.

Table 5.5 Hysteresis parameters for Tibet, the Kunlun 
Mountains and the Qaidam Basin.

Location Ms Mrs Mrs/Ms He %
(Am^kg-*) (xlO-3Am^kg-*) (kAm-*)

Golmud 0. 025 1. 13 0. 044 2. 35 0
Kunlun A 0. 022 1. 38 0. 061 3. 09 0
Glacier 0.018 1. 77 0. 094 7. 43 0
Barchan 0. 040 0. 07 0. 019 0. 72 0
Pingo 0. 017 4. 51 0. 260 20. 50 0
Kun Pass 0. 017 1. 88 0. 108 8. 09 0
Qumar Hey 0. 039 0. 47 0. 120 8. 47 0

The surface silt from the Tibetan Plateau at Oumar Heyan has Ms, Mrs/Ms 
and He values that compare well with the Lanzhou loess samples. However, 
the Mrs value is considerably lower than the loess implying a lower 
concentration of remanence bearing minerals. As %%FD results show that 
there is no SP material in the Tibetan silt it is likely that the 
predominant magnetic mineral is not ferrimagnetic but an antiferromagnet 
such as hæmatite or goethite of MD size.

The silt taken from the exposed ice core of the erupted pingo appears to 
contain a very high proportion of SD grains (Mrs/Ms = 0.26) with a very 
high coercivity (He = 20.5 kAm-i). Although the pingo is situated at the 
Kunlun Pass hysteresis parameters from the pingo silt differ from the 
Kunlun Pass surface silt (Mrs/Ms = 0.11 and He = 8.1 kAm-*). The difference 
in magnetic assemblage between the two samples and the high proportion of 
SD grains in the pingo maybe the result of the intense freeze-thaw 
environment present during pingo formation.

The barchan dune sand, taken from 4100m in the Kunlun Mountains, had a 
high Ms value indicating a large concentration of magnetic material within 
the sand. Conversely, the Mrs and He values were very low, which along with 
a very low Mrs/Ms ratio indicates that the hysteresis parameters are 
dominated by very large low coercivity MD grains,
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Qaidam Basin sands from the vicinity of Golmud seem to contain very low 
coercivity, soft grains with a large proportion of multidomain grains. Ms 
values are similar to those of loess. The relatively low Mrs values reflect 
the soft MD of the magnetic mineralogy. The Kunlun A silt sample from the 
foothills of the Kunlun Mountains also contains a high proportion of 
magnetically soft multidomain grains verified by the zero frequency 
dependence and low Mrs/Ms and coercivity.

137



HnME=LR000

Figure 5.6 Hysteresis curves for Labrang and Sala Shan
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5.2 Thermomagnetic behaviour
For a given crystal, the change in magnetisation with temperature is 
characteristic of its mineralogy. Ferromagnetic and ferrimagnetic minerals 
lose their spontaneous magnetisation at their specific Curie temperature 
(Tc). at which thermal agitation causes disordering of the spin alignments 
and the material becomes paramagnetic. Anti ferromagnetic minerals lose 
their spontaneous magnetisation at the Néel temperature. Curie temperatures 
are affected by cation substitutions and deficiencies and are therefore a 
function of the structural composition of the mineral.

Curie temperatures provide a useful diagnostic tool, the thermomagnetic 
curves for samples indicating their magnetic mineralogy. For example, 
680°C is the Curie temperature for hæmatite (Dunlop, 1970) and 575'C for 
pure magnetite (O'Reillv, 1984). ôzdemir and Banerjee (1984) found that 
synthetic monodomain maghæmite (yFe^O^) was stable with respect to hæmatite 
(oFe^O^) at temperatures as high as 500*C, inverting to hæmatite between 
510-660*0. From this thev infer that the Curie point of pure maghæmite is 
around 645*C. Goethite has Tc values between 55-130*0 depending upon 
crystallinity, isomorphous substitution and water content (Dekkers, 1989). 
For certain temperature ranges, Curie temperatures may indicate a number of 
magnetic minerals, for example a Curie point of 300“C could indicate a 
titanomagnetite (where x ~ 0.4), a titanomaghœmite, monoclinic pyrrhotite 
or a hæmatite-ilmenite solid solution member (O'Reilly, 1984). 
Titanomagnetites have a range of Curie temperatures from 575*C to -153*C 
depending on the degree of titanium substitution (O'Reilly, 1984). 
Paramagnetic minerals have temperature dependent magnetisation and obey the 
Curie Law giving concave curves. However magnetite and hæmatite give steep 
convex curves as little magnetisation is lost at low temperatures, the 
magnetic ordering breaking down only near the Curie points (figure 5,8).

The effect of temperature upon a sample may induce chemical changes in 
its structure leading to the destruction and formation of some minerals at 
certain temperatures. For example: lepidocrocite (yFeOOH), which is
paramagnetic, dehydrates to maghæmite (yFe^Oa) at 230-270*C involving a 
strong increase in magnetisation, and, with a further increase in 
temperature, will invert to hæmatite (aFe^O^) above 350*C with a subsequent 
loss of magnetisation (see table 5.6).
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Table 5. 6 Thermochemical reactions of some magnetic minerals 
common in sediments (Tarling, 1983 unless stated).

Mineral Temperature'C Alteration product
Magnetite >500 Hæmatite
Goethite 200-400 Hæmatite
Maghæmite 350-450 Hæmatite (Tarling, 1983)

510-660 ” (Ôzdemir & Banerjee
Hæmatite >550 Magnetite
Pyrite 350-500 Magnetite
Pyrrhotite >500 Magnetite (Dekkers, 1990)
Lepidocrocite 220-270 Maghæmite

1984)

100 200 300

Temperature, (°C)
400 500 600 700

PARAMAGNETIC SALT

TEMPERATURE

( a ) (b)

Figure 5.8 Thermomagnetic curves for (a) magnetite and hæmatite and 
(b) a paramagnetic salt (after Pullaiah et.al,, 1975 and King, 1990)
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5. 2. 1 The Curie Balance
Powdered samples weighing approximately 2 grammes were analysed using a 
microprocessor controlled horizontal translation force Curie balance 
situated in the Geomagnetism Laboratory of Liverpool University. The 
samples were placed into a non-magnetic quartz cup which was suspended 
within an oven between the poles of a large electromagnet. The sample cup 
was connected to a suspended non-magnetic rod which passes through a 
feedback coil around a small magnet attatched to the rod, an oil bath to 
damp the movement and a transducer. As the sample was heated in a non- 
uniform strong magnetic field the magnetisation induced by this field 
within the sample altered, as thermal fluctuation caused breakdown in the 
magnetic ordering of constituent crystals. Changes in the induced 
magnetisation were identified by changes in the horizontal force on the 
sample cup and rod which caused a voltage change in the feedback coil in 
order to maintain the position of the sample. The change in transducer 
voltage with temperature gave a measure of the change in magnetisation of 
the sample over the temperature range 25*C to 700'C. A pure magnetite 
standard was used to calibrate the temperature of the Curie Balance.

5.2.2 Results
The Curie balance was attached to a BBC microcomputer which stored the data 
and produced plotted output at the end of each run. The Curie points were 
calculated using the extrapolation method of Grommé et.al. (1969) which 
adjusts for the contribution from the paramagnetic component. The 
percentage difference in magnetisation between the heating and cooling 
curves at 100°C was also calculated. Thermal hysteresis, in which the 
sample temperature lags behind the thermocouple, may cause the Curie 
temperature on heating to be higher than that on cooling. However, this may 
also be due to alteration of the magnetic minerals at high temperatures.

5. 2. 2.1 Jiuzhoutai
Curie curves derived from Jiuzhoutai loess and palaeosols are illustrated 
in figure 5.9. Curie points (Tc) obtained from these curves are presented 
in table 5.7. The average Tc on heating was 624,5'C which is considerably 
higher than the Curie Point of magnetite (575*0 and lower than that of 
maghæmite (645*0 and hæmatite (680*0. If both magnetite and maghæmite
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were present there would be an Inflection in the curve indicating two Curie 
temperatures: one for magnetite and one for maghæmite. The existence of
only one Curie point suggests that the mineral is an intermediary state: CD 
magnetite. The shape of the curves suggests a combination of CD magnetite 
and a paramagnetic component. On cooling the Tc was always lower than the 
heating Tc, with an average of 610.5*C. The decrease in Curie temperature 
on cooling may be due to thermal hysteresis, but may also be explained by 
reduction of a proportion of the the CD magnetite to magnetite due to the 
presence of organic matter in the samples. Whilst it is possible that the
grains are entirely CD magnetite, the existence of an oxidised outer layer
of CD magnetite surrounding a pure magnetite core is also possible.

The shape of the thermomagnetic curves (with the exception of one sample 
from palaeosol II) showed a decrease in overall magnetisation upon cooling. 
This may be due to inversion of CD magnetite to hæmatite which has a lower 
spontaneous magnetisation than magnetite and maghæmite. Conversion of a 
proportion of the CD magnetite to hæmatite would leave the unaltered
magnetite dominating the Curie curve and thus the Curie point would be 
lowered. The loess samples and one of the palaeosol samples showed a
decrease in spontaneous magnetisation upon cooling of between 24 - 42%.

Table 5.7 Curie points and percentage alteration derived from 
Scorpion Pit loess and palaeosols, Jiuzhoutai.

unit depth
(metres)

Tc heating 
C O

Tc cooling 
C O

% alteration 
at lOO'C.

Loess I 47. 0 625 605 -42
47. 5 625 610 -41

Palaeosol I 48. 3 623 610 -31
Loess II 50. 0 628 612 -34

50. 4 615 615 -31
Palaeosol II 51. 1 630 605 +210
Loess III 52. 5 625 615 -29

53. 0 625 612 -24
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Figure 5.9 Therraomagnetic curves from Jiuzhoutai (a) Loess II
(b) Loess III <c) Palaeosol I <d) Palaeosol II
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The sample from palaeosol II gave similar Curie temperatures to the other 
samples, but. on cooling the magnetisation increased to a value of 210% 
that of the initial (heating) curve (figure 5.9d), Indicating that heating 
to 700“C has formed magnetite, thus Increasing the overall magnetite 
concentration. Alteration of a magnetic mineral with a Curie point <500“C 
is unlikely as such alteration is usually indicated by a change in slope of 
the heating curve as the mineral decomposes. However one possible 
explanation is that iron-rich clays which may be present in the palaeosols 
along with organic matter convert to magnetite by about 500*0 which may not 
be seen at the Curie Point but are clearly visible upon cooling with a
subsequent Increase in magnetisation. Particle size analysis (section 3. 1) 
indicates that 30-40% of the palaeosol at both Jiuzhoutai and Dawan are 
composed of clay-sized material of less than 2um diameter. Another
possibility is that the presence of organic material within the palaeosol 
would, upon heating, produce a reducing atmosphere which could facilitate 
reduction of haematite or an oxy-hydroxide to magnetite.

From the previous sections (4. 1. 4.2 and 5.1) it is inferred that
palaeosols contain fine-grained magnetite. This would be expected to
oxidise to hæmatite above 500°C. the efficiency of this process depending 
upon the lag effects from heating of the sample in the cup and surface area 
open to oxidation from the bulk sample. However the presence of organic 
matter leading to a reducing environment upon heating would prevent
oxidation.

5. 2. 2. 2 Dawan
Thirty eight samples of loess and palaeosol were measured from the 
uncultivated pasture at Dawan, betweeen the depths of 20 and 35. 3 metres 
(table 5,8). The samples of loess and palaeosol from Dawan had heating 
Curie temperatures ranging from 610*0 to 630*0, with values of 605*0 to 
615*0 obtained from the cooling curves. These Ourie temperatures are 
indicative of CD magnetite. There was no particular difference between the 
loess and palaeosols, with only palaeosol VI exhibiting reversible Ourie 
points. Percentage change of magnetisation between the heating and cooling 
curves typically ranged from -29% to -49% (fig. 5.10), with the exception 
of palaeosols I, III, IV and VI. These samples showed a greater degree of 
reversibility, with palaeosol IV only showing a reduction of 18% and the
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top of palaeosol VI (35.225m) giving a small decrease of 7% (figure 5.11). 
It has been inferred in chapter 4 and 5.1 that palaeosols have a finer
magnetic assemblage than loesses. Therefore, due to increased surface area
to volume ratios, the finer grains would be expected to oxidise upon
heating to hæmatite. However, the samples show a greater reversibility than 
the loesses. This may be due to increased packing density and lag effects 
caused by the sample cup and use of bulk samples. An improvement of this 
method would be to use magnetic separates.

Five samples overall gave increased magnetisations upon cooling 
indicating the formation of magnetite. These samples were from palaeosols 
III and VI. which were the strongest developed soils in the section 
studied, along with one sample from palaeosol I (see fig 5, 12). The 
increase in magnetisation within some of the palaeosols reflects the
behaviour of palaeosol II at Jiuzhoutai. As the Curie points do not 
significantly differ from those of the surrounding loess, it is likely that 
the initial magnetic composition is similar. Due to the absence of 
Inflection points on the heating curves, it is unlikely that dehydration of 
an iron oxvhvdroxide or conversion of an iron sulphide is the cause of the 
magnetite formation. It is possible that, as with Jiuzhoutai, it may be 
caused bv reduction of hæmatite or that the soils contain a high 
concentration of organic matter and iron-rich clays. These clays would 
convert to magnetite above 500*C causing no change in Curie point but an 
increase in magnetisation upon cooling.
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Table 5.8 Curie points and percentage change in magnetise
of loess and palaeosol samples from Dawan.

Unit depth Tc (*C) Tc CC) %
(metres) heating cooling change

Loess I 20. 000 625 615 -34
20. 500 625 610 -32
21. 000 625 610 -44
21. 500 620 615 -43
22.025 615 610 —46
22. 800 625 615 -31
23.500 625 610 -38
24. 000 620 610 -41
24. 500 625 615 -35
24. 875 630 615 -35

Palaeosol I 25.000 625 605 +51
25.025 615 610 -32

Loess II 25. 500 625 610 -33
26. 500 625 610 -49
27. 000 630 605 -41

Palaeosol II 27. 750 623 605 -43
27. 875 625 615 -42
28.000 620 610 -36

Loess III 28.500 620 610 -36
29. 000 625 610 -34

Palaeosol III 29. 975 625 610 -35
30.200 625 610 + 18
30.350 630 610 +57

Loess IV 30.500 620 610 -36
30.525 620 610 -35
31. 000 615 612 -29
31. 500 630 615 -34
32.500 625 605 -47

Palaeosol IV 33.000 630 610 -18
Loess V 33. 500 625 615 -38

Palaeosol V 34. 000 620 605 -40
34. 500 620 610 -39

Loess VI 34. 750 620 615 -35
34. 800 615 610 -42
35.000 620 615 -45

Palaeosol VI 35.225 610 610 -7
35.250 610 610 +81
35.275 610 610 + 118
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5. 2. 2. 3 Southern Gansu: Sala Shan and Labrang
The two thermomagnetic curves derived from Sala Shan loessic alluvium on 
the Ba Xie river are dominated by paramagnetic material but show inflection 
points in their curves giving Curie temperatures indicative of CD 
magnetite.

Table 5.9 Curie points and percentage alteration at lOO'C
for Sala Shan loessic alluvium and Labrang loess.

Sample Tc heating ('O Tc cooling C O % alteration
SSRl 632 615 —45
SSMl 625 620 —40

LBAOOO 620 610 -37
LBA025 620 610 -18
LBA050 618 612 -24
LBA075 620 605 -22
LBAIOO 625 612 -26
LBBOOO 620 610 -33
LBB025 620 615 -28
LBB050 625 605 -34
LBB075 615 605 -31

The thermomagnetic curves from the Labrang loess show clear changes in 
slope so that Curie points can be more easily estimated (table 5.9). These 
ranged from 615°C to 625'C for the heating cycle and 605*C to 615*C for the 
cooling curves. The shape of the curves is consistent with those of 
Jiuzhoutai and Dawan loess, suggesting that all of the loess of the Tibetan 
front is dominated by the same combination of magnetic minerals, namely 
cation-deficient magnetite along with some hæmatite and a paramagnetic 
component. All of the samples showed a reduction in magnetisation upon 
cooling (figures 5.13).
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5. 2. 2.4 Qaldam Basin, Kunlun Mountains and Tibet
The silt samples from the Kunlun Mountains and Tibetan Plateau have Curie 
curves similar to those of the loess and palaeosols of Gansu. Curie 
temperatures of the heating curves range from 600*C - 625’C indicating the 
dominance of CD magnetite. Cooling curves gave Curie points lower than 
those of the heating curves, ranging from 585'C - 610“C, which conform to 
the temperatures expected from an increasing dominance of magnetite over 
cation-deficient magnetite. Figure 5.14 and 5.15 show the thermomagnetic 
curves derived from the Kunlun and Tibetan silt samples. The sample from 
the Kunlun A site gave a thermomagnetic curve similar to those of the Gansu 
loess with the cooling curve showing a decrease in magnetisation of 17% 
indicating that some inversion of maghæmite (or CD magnetite) to hæmatite 
may have occurred. The silt sample taken from the glacier showed an intial 
decrease of magnetisation upon cooling from 700"C - 235“C after which the 
magnetisation increased to 26% above that of the heating curve. This 
behaviour was also found in the sample from the exposed ice core of the 
pingo which showed an initial decrease in magnetisation on cooling from 
700°C - 150'C after which the magnetisation increased to 10% above that of 
the heating curve.

The silt samples from the Kunlun Pass and Oumar Heyan Con the Tibetan 
Plateau) gave thermomagnetic curves (figure 5.15) similar to those of some 
of the palaeosols from the Lanzhou sections. On cooling the magnetisation 
increases above that of the heating curve by 40% in the Kunlun Pass sample 
and 660% at Oumar Hevan (measured at lOO'C). After cooling both of these 
samples were immediately retested to ascertain the nature of the product 
material (figs. 5. 15b and 5. 15d). Both reheated curves were indicative of 
magnetite with Curie points of 615*0 and 600*0 upon heating with 605*0 and 
585*0 derived from the cooling curves. The progressive decrease in Ourie 
points suggests that upon each heating cycle magnetite becomes 
progressively more dominant as increasing amounts of OD magnetite invert to 
hæmatite. The presence of maghæmite after the initial thermomagnetic cycle 
to 700*0, when maghæmite is believed to invert at temperatures of 510*0 to 
660*0, mav be explained by the fact that the thermocouple within the sample 
cup is placed near the bottom whereas the cup is totally filled with 
sample. Thus it is possible that although the grains around the edges of 
the cup reach 700*0, thermal lagging effect and the volume of material may
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account for grains in the centre of the cup not attaining 700’C. It is also 
possible that some maghæmite remains stable at these high temperatures. 
Indeed. Ozdemir and Baner.lee (1984) found 65% of synthetic maghæmite 
unchanged at a temperature of 660"C. A change in the lattice structure of 
cation-deficient magnetite could also explain the decrease in magnetisation 
upon cooling, if it oxidised to hæmatite,

Table 5. 10 Curie points and percentage alteration for samples from Tibet.
(tempi denotes the Tc of the first mineral: tempz the secondary mineral)

Site altitude Tc Tc % alteration
(metres) heating (*C) cooling (*C) at lOO'C

Golmud 2850 635 590 +3
Kunlun A 3600 625 610 -17
Kunlun Glacier 3800 625 595 +25
Barchan 4100 5951 6I51 3652 +270
Barchan reheat 3901 6102 3601 6102 +2
Pingo 4700 625 610 + 10
Kunlun Pass 4767 620 610 +40
Kunlun P reheat 615 605 -10
Oumar Heyan 4550 625 605 +660
Oumar H reheat 600 585 -22

Thermomagnetic curves of the sand samples from the Qaldam Basin near Golmud 
and the barchan dune field in the Kunlun Mountains are presented in figure 
5.16. The sand from the Oaidam Desert around Golmud showed steep 
thermomagnetic curves. The heating Curie temperature of 635'C suggests a 
prevalence of maghæmite which may have been formed in the oxidising 
environment within the Oaidam Basin. The cooling curve indicates that 
heating has inverted the maghæmite to hæmatite leaving magnetite with a 
Curie temperature of 590°C to dominate the thermomagnetic cooling curve. 
The magnetisation of the cooling curve increases above that of the heating 
curve below 150*C in a similar manner to the behaviour of the Kunlun pingo 
and glacier silts.

The sand from the barchan dunes was unusual in that upon heating the 
Curie temperature of 595'C suggested a dominance of magnetite combined with 
paramagnetic material. Upon cooling the magnetisation decreased by some 23% 
until 380*C whereupon the shape of the curve changed and the magnetisation 
increased markedly to a total of 270% above that of the heating curve at 
100“C. The inflection of this curve gave a secondary Curie point of 365*C,
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which indicates that heating the sand to 700*C has formed a magnetic 
mineral of greater magnetisation (or a greater amount of mineral with a 
similar/smaller magnetisation) than the original sample. To study this 
product further the sample was immediately rerun, which produced an almost 
reversible thermomagnetic curve with the Curie points of the new mineral 
easily identifiable at 390*C on heating and 360*C on cooling. The original 
mineral is also present, but considerably weaker and, as such, its Curie 
points are difficult to determine, but seem to be about 610°C. Minerals 
with a Curie point around 360*C to 390*C include a titanium-poor 
titanomagnetite, an ilmenohæmatite and greigite (Tc = 333*0. The mineral 
formed is unlikely to be greigite (Fe-^S^) as it is thermodynamically 
unstable with respect to pyrrhotite (Spender et.al,, 1972) which alters to 
magnetite above 500*C. Nickel has a Curie temperature of 357*C and a 
saturation magnetisation of 57 Am^kg-i but is extremely rare and usually 
onlv found in extraterrestrial material (Tarling, 1983). Therefore, the 
mineral formed is likelv to be a titanomagnetite or an ilmenohæmatite.
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5.3 Isothermal remanence
This technique has been used here to determine whether there is a high 
coercivitv antiferromagnetic component of magnetisation, for example, 
hæmatite or goethite, present within the sediments. The other techniques 
used in this thesis, susceptibility, hysteresis and thermomagnetic 
behaviour are biased towards the ferrimagnetic minerals, as they have a 
stronger spontaneous magnetisation and swamp the antiferromagnetic 
components,

Isothermal remanence (IRM) is the remanence acquired by a sample at the 
ambient temperature upon the application of a strong magnetic field. The 
field at which saturation Isothermal remanence (Mrs) is reached depends 
upon the coercivitv spectrum of the constituent minerals. The difference in 
coercivity spectra of magnetite/maghæmlte and hæmatite means that this 
technique may be effectively applied to distinguish between the different 
components of magnetisation (figure 5. 17). The majority of magnetite and 
maghæmite grains saturate in fields of lO-lOOmT, with a maximum theoretical 
coercivitv of SOOmT. Hæmatite does not saturate until fields of betweeen 
1000-6500mT (1-6. 5T). depending upon particle size (Tarling, 1983).
Although pure goethite does not acquire an isothermal remanence until 
fields exceed 4000mT (Rochette and Pillion, 1989), defect goethite can 
acquire remanence below 4000raT.

5.3.1 Measurement
IRM acquisition was carried out in the Department of Geography at Liverpool 
University. Stepwise fields of 10-300raT were applied using a Molspin Pulse 
Magnétiser and a Trilec Pulse Magnétiser was used for larger fields of 
400mT - 4000mT. The remanent magnetisation of each sample was measured on a 
Molspin spinner magnetometer immediately after removal from the field.

5.3.2 Results
IRM acquisition curves were obtained from all of the Gansu loess sites. The 
percentage of total magnetisation acquired at fields of 30, 100, 300 and
lOOOraT was calculated along with the saturating field (table 5. 11). The IRM 
acquisition curves for all of the samples were similar to figure 5.18b 
indicating the presence of a large 'soft', low coercivity component (10- 
300raT>: a small intermediate coercivitv component (300-1000mT); and small
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hiçh coercivitv. 'hard' component OlOOOmT).
The palaeosol samples from both Jiuzhoutai (figure 5. 18) and Dawan 

(figure 5.19) show a larger percentage magnetisation acquired in fields of 
30mT and lOOmT than the loesses indicating that, as with the hysteresis 
results, the palaeosols contain a larger proportion of soft coercivity 
minerals. The fraction <30mT is likely to be held by both multidomain 
magnetite and viscous grains on the SP/SSD boundary, with PSD-SD magnetites 
saturating between 30-100mT. The strongest developed palaeosols (JPI; 
DPIII: DPVI) show the largest percentage acquisition of magnetisation at
the lower fields due to the higher concentration of viscous ultrafine 
magnetites. Both the Labrang and Sala Shan samples (figure 5.20) behave 
similarly to the loess suggesting a predominance of a harder magnetic 
component in these and the loess samples than in the palaeosols.
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Figure 5.17 IRM curves for magnetite and hæmatite (a) magnetite saturates 
in weaker fields than (b) hæmatite. When both minerals are present (c) the 
observed curve is a summation of the two curves, dominated at low fields by 
magnetite.
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The samples acquired 5-10% of their total magnetisation at fields above 
300mT, indicating the presence of a magnetically harder fraction which is 
probably hæmatite. The Sala Shan sample was the only exception, acquiring 
17% of its magnetisation above SOOmT and 7% above lOOOmT (IT) indicating 
that it contains a larger concentration of high coercivity Chard') 
minerals than the other samples.

In conclusion, the samples are dominated by a magnet ite/maghæmite 
mineralogy which contributes up to 90% (except for the Sala Shan sample) of 
the remanence bearing grains. The remaining 5-17% of the remanence is held 
by a higher coercivity phase which is likely to be either hæmatite or 
defect goethite. However the absence of evidence of goethite from the Curie 
curves (section 5. 2) suggest that it is more probably hæmatite.

Table 5. 11 Percentage of the total magnetisation acquired in fields
30mT. lOOmT, 300 and lOOOmT and the saturating field for loess samples fn
Gansu.

Site Sample Unit % total magnetisation acquired at: saturating
30mT lOOmT 300mT lOOOmT f ield(mT)

Labrang AO.100 LA 16 54 90 99 >4000
Sala Shan 11 47 83 93 >4000

J iuzhoutai 46.575 LI 15 55 91 97 1500
48.975 PI 23 62 93 97 >4000
50.400 LII 15 57 92 99 1500
51. 225 PII 21 61 91 99 >4000

Dawan 21. 825 LI 15 58 93 97 3000
25.025 PI 22 61 93 99 3000
26.550 LII 14 50 91 97 >4000
27. 875 PII 21 55 93 99 3000
30.000 P H I 33 65 93 100 1000
30.875 LIV 15 43 90 99 1500
32.500 LIV 16 43 93 100 1000
33.025 PIV 23 52 92 99 1500
33. 525 LV 13 55 90 96 3000
34. 025 PV 20 59 93 99 2000
35.275 PVI 33 70 92 100 1000
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6. SUMMARY OF MAGNETIC MINERALOGY

6. 1 Loess and palaeosol sequences from Lanzhou
Both low field and high field tests were carried out to assess the 
variation in magnetic mineralogy down two loess profiles and across the 
area of the Tibetan Front. Magnetic minerals originate within loess either 
as a result of detrital aeolian input or in situ chemical or bio-chemical 
formation. Some measure of the detrital input may be gained from the study 
of modern dust storms. Liu Tungsheng et. al. (1981) collected dust that 
settled on the roof of the Academia Sinica building in north Belling during 
a storm in April 1980. This dust originated 1500km away in the northwest of 
China, beyond the Hexi Corridor. Mineralogical analysis of the dust taken 
at the beginning of the storm prior to any mixing and addition of local 
material, indicated the presence of quartz and feldspars (usually coated 
with a film of carbonates and iron oxides) as well as hæmatite, magnetite 
and limonite. King (1990) has recently used this evidence to infer a 
detrital origin for the magnetite and hæmatite at Jiuzhoutai and a 
subsequent primary remanence for the hæmatite. The dust in this 1980 storm 
was apparently carried at high altitude by the strong west wind associated 
with the Mongolian high pressure system, from the northwest of the Hexi 
Corridor and western Inner Mongolia "which is the arid desert and gobi area 
adjacent to the loess plateau and has long been postulated as the 
provenance of the loess (Liu Tungsheng et.al., 1981, p. 155)". However there 
is no evidence that the dust did not contain reworked loess from the vast 
Loess Plateau over which the storm had previously travelled. Ideally dust 
should be collected from storms at sites to the west of the Loess Plateau 
so that interaction with existing loess deposits is minimised.

6.1.1 Jiuzhoutai
The variation in magnetic mineralogy throughout the section at Jiuzhoutai 
reflects the different magnetic assemblages present in loess and 
palaeosols. The palaeosols are dominated by ultrafine single domain and 
superparamagnetic magnetite or CD magnetite, including viscous grains which 
span the SP/SSD boundary and show a time-dependent magnetisation. The 
magnetic assemblage of loess is characterised by coarser-grained MD and SD 
magnetite.
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Thermomagnetic curves for Jiuzhoutai (figure 5.9) suggest the presence 
of cation-deficient magnetite within the loess and palaeosol horizons. One 
of the palaeosol samples showed increased magnetisation after heating
(figure 5.9d) which may be the result of the reducing environment created 
by heating in the presence of organic carbon within the soil which would 
cause the reduction of hæmatite to magnetite, or possibly the conversion of 
some clay minerals to magnetite. IRM acquisition and hysteresis showed the 
presence of a high coercivity component which is most likely to be hæmatite 
or defect goethite.

Frequency dependent susceptibility shows a higher proportion of 
superparamagnetic grains within palaeosols consistent with the proposal of 
Liu Xiuming et.al. (1990) that frequency dependence is sensitive to 
palaeoclimatic variations. The susceptibility behaviour of loess and
palaeosols at low temperature (section 4. 2) is interpreted as resulting 
from the combination of a paramagnetic component and an opposing SP 
component, with SD grains showing little variance with temperature and thus 
forming a 'baseline'.

Hysteresis parameters were derived from samples taken at intervals 
throughout the Jiuzhoutai section (section 5.1). Ms values vary down the
section in conduction with Mrs reflecting a variation in degree of
pedogenesis related to the in situ production of magnetic minerals. These 
variations contradict the magnetic susceptibility dating hypothesis 
proposed by Kukla et. al, (1988) and Kukla and An (1989) who proposed that 
magnetic enhancement of palaeosols was the result of constant sedimentation 
of ferrimagnetic minerals combined with a decreased sedimentation of 
diluting quartz and feldspars. Mrs/Ms ratios confirm that the palaeosols 
are dominated by a finer magnetic component than the loesses in agreement 
with the low temperature susceptibility behaviour. Coercivities decrease 
within the palaeosols indicating a higher percentage of 'soft' minerals, 
such as viscous grains at the SP/SSD boundary.

6.1.2 Dawan
Thermomagnetic curves for Dawan loess are similar to those of Jiuzhoutai 
loess. indicating the presence of CD magnetite, in an intermediate 
oxidation state between magnetite and maghæmite (figs 5.10-5.12). Curves 
from three of the palaeosol samples (figure 5.12) gave increased
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magnetisations upon cooling possibly indicating the reduction of hæmatite 
to magnetite in the presence of organic carbon, or the conversion of clay 
minerals to magnetite. Two of these palaeosols were the most strongly 
developed soils (III and VI) studied in this thesis.

Low field susceptibility indicates the presence of six palaeosols 
apparently arranged into two triple pedocomplexes. Frequency dependent 
susceptibility shows some relationship to these climatic fluctuations 
although they cannot explain all of the peaks in the frequency dependence. 
The noise level, in which an error of one unit may give a yFD of 5% may 
have contributed to some of the variation.

Ms and Mrs values appear to behave synchronously down the section, as in 
Jiuzhoutai. reflecting changes in concentration of magnetic minerals. Both 
Ms and Mrs suggest that there were two phases of increased magnetic 
concentration between 30.0 and 31.5 metres. The yFD curves (figure 4.8) 
suggest that this is due to an increase in pedogenesis. Mrs/Ms ratios 
increase significantly below a depth of 24.5m metres (0.5 metres above 
palaeosol I) implying that loess I contains a coarser magnetic component, 
with a greater proportion of MD magnetite or maghæmite, than the older 
loesses (II-VI). The concentration of SP/SSD grains within the loess 
indicated by yFD% appears to remain fairly stable both above and below this 
depth. The increase in the proportion of SD grains in the lowermost 0. 5m of 
loess I mav be due to intermixing of the upper palaeosol layer and the 
overlying loess. Mrs/Ms values are higher in the palaeosols than in the 
loess indicating a larger proportion of SD grains within the palaeosols. As 
with the Jiuzhoutai results, hvsteresis coercivities and IRM acquisition 
point to an increase in SP/SSD magnetite within the soils. The IRM 
acquisition curves also point to the presence of a high coercivity mineral 
component, which is most likely to be either hæmatite or defect goethite.

6.2 Southern Gansu loess
The Labrang loess gave mean low field susceptibility (y) results (27.5 x 
10-*kg-i) similar to the results obtained from loess units at Jiuzhoutai 
(26.2-28.5xlO-*kg-i) and Dawan (26.7-30.6xlO-*kg-i). None of the Labrang 
samples showed any frequency dependence (yFD%) indicating an absence of 
superparamagnetic grains within the size range affected by the test. 
Hysteresis parameters derived from a sample of Sala Shan loessic alluvium
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gave comparatively low Ms values indicating a relative paucity of 
ferrimagnetic minerals within the sample. Mrs/Ms ratios for the sites 
showed that the Labrang loess was dominated by coarser grained multidomain 
magnetite than the Sala Shan loessic alluvium and both the loess and 
palaeosol units from around Lanzhou. Thermomagnetic curves from Labrang 
indicate cation-deficient magnetite. Coercivities derived from IRM 
acquisition suggest that there is a hard component, which may be hæmatite 
or goethite and is proportionally more abundant in the Sala Shan loess ic 
alluvium. In addition to this hard antiferromagnetic component there is 
also a softer magnetite component.

6. 3 Oaidam Basin, Kunlun Mountains and Tibetan Plateau
Thermomagnetic curves of the sediments from this high altitude mountain 
dominated environment indicate that CD magnetite dominates the magnetic 
component. This is most likely explained by a CD surface coating 
surrounding the magnetite grains. Hysteresis results indicate soft 
coercivitv minerals, which with Mrs/Ms ratios and yFD% suggests a large 
proportion of multidomain magnetite. The grey silt sample taken from the 
ice core of the pingo shows a high Mrs/Ms with a high coercivity indicating 
a large proportion of SD magnetite. Magnetic grains size appears to become 
coarser toward the Oaidam Basin although in the absence of bedrock 
information no inferences can be derived from this apparent trend. IRM 
acquisition curves were not obtained for these samples due to a paucity of 
material and thus the definite presence or absence of a harder magnetic 
component e.g. hæmatite or goethite, cannot be ascertained.

6. 4 Summary of the magnetic mineralogy of Tibetan Front sediments
Thermomagnetic curves show that a combination of CD magnetite and magnetite 
dominates the magnetic mineralogy of Tibetan Front sediments and is likely 
to be a detrital component of the Lanzhou loess. The oxidising environment 
of the Loess Plateau and Tibetan Front region may be the cause of the 
cation-deficiencv causing the formation of a CD coating around magnetite 
grains.

Mrs/Ms ratios showed an increase in proportion of coarse grain magnetic 
component from the Tibetan Plateau to the Oaidam Basin sediment, which is
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dominated bv MD grains (table 6.1). No ultrafine magnetites were found 
within the Tibetan or Labrang silts.

Table 6.1 Mrs/Ms values for the Tibetan Front sediments.

Area Site Mrs/Ms mean %%FD
Tibetan Plateau Oumar Heyan 0. 120 0
Kunlun Mtns Kunlun Pass 0. 108 0

Kunlun Glacier 0. 094 0
Kunlun A 0. 061 0

Oaidam Basin Qaidam Desert 0. 044 0

A' nvêmaqen Mtns Labrang 0. 107 0

Southern Gansu Sala Shan 0. 134 2

Loess Plateau Dawan loess 0. 119 - 0. 141 2. 2-4. 5
Dawan palaeosol 0. 148 - 0. 160 4. 4-8. 5
Jiuzhoutai loess 0. 125 - 0. 138 2. 6-2. 8
Jiuzhoutai palaeosol 0. 153 - 0. 156 4. 0-7. 4

Table 6. 1 shows that the Loess Plateau silts (including Sala Shan which 
is situated at the extreme edge of the Loess Plateau in southern Gansu) 
contain a finer grained magnetic mineralogy than the sediments of the 
surroundinK mountain and desert environments.
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7. MAGNETOSTRATIGRAPHY

7.1 The Earth's Magnetic field
The Geomagnetic field is thought to be generated by the movement of 
electrical currents In the Earth's molten core. It Is described by a vector 
whose components, inclination (I), declination (D) and intensity (F) are 
used to define the field at any point on the Earth's surface (figure 6. 1).
Inclination is the angle of dip of the field below the horizontal plane,
varying from near O'* at the equator to near 90* at the poles. Declination 
is the angle between the horizontal component of the field and the true 
geographical north. The vertical and horizontal components of the intensity
F are denoted bv z and H (which can be further resolved into x and y which
correspond to north and east orthogonal components).

North m agnetic
meridian

East

/  i

z

D o w n

Figure 7.1 The relationship between the components of the magnetic field.
(Thompson and Oldfield, 1986)
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The Earth* s magnetic field is considered to be made up of a dipole and non- 
dipole field. The primary component, the dipole field, is fairly stable and 
accounts for about 90% of the Earth's field. The dipole field that best 
fits the actual field of the Earth today has its poles at 11.5* from the 
geographic poles (.Thompson and Oldfield, 1986). The secondary non-dipole 
field component comprises the remaining -10% of the field and is more 
yariable. Ma.1 or changes in the Earth's magnetic field are the result of 
changes in the dipole field with minor variations due to non-dipole 
factors.

The changes in the Earth's magnetic field over time can be studied due 
to the tact that rocks and sediments record the position of the field at 
the time ot their formation or deposition. Examination of these materials 
has shown that the field has reversed polarity, by swinging through 180°, 
many times in the past. For example, over the last 3. 6Ma there have been 
four mai or reversed and normal polarity chrons (Jacobs. 1984). Within these 
chrons there have been documented magnetic excursions, or subchrons. with a 
duration of about lOka (figure 7. 2). The study of rocks with a high 
deposition rate may also yield records of palaeosecular variation.

Age Ma subchron

0 . 9 0 - 0 . 9 7 Jaramillo

1 . 6 2 Gilsa

1 . 6 7 - 1  . 8 7 OIdu vai
2 . 0 7 Réunion
2 . 2 3 X

2 . 9 2 - 3 . 0 1 Kdena
3 . 0 5 - 3 . 1 5 Mammoth

3 . 8 - 3 . 9 Cochi fi

4 . 0 5 - 4 . 2 0 Nunivak

4 . 3 2 - 4 . 4 7 Sidufjall

4 . 8 5 - 5 . 0 Thrvera

chron

B R U N H E S

M A T U Y A M A

GAUSS

G I L B E R T

Ase Ma

•0 .73

2 . 4 8

-3.40

EPOCH 5
•5.44

Figure 7.2 Polarity timescale for the last 5 million years. Normal 
polarity periods are coloured in black (from Bradley, 1985).
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7. 2 Remanence acquisition in sediments
There are essentially three methods of remanence acquisition pertinent to 
the study of sediments. These are depositional (detrltal and post- 
deposiitional) remanence. chemical remanence and viscous remanence. 
Thermoreraanence, caused by the cooling of a substance through its critical 
blocking temperature, is of more relevance to the study of igneous and 
metamorphic rocks.

7. 2. 1 Detrital and Post-Depositional Remanent Magnetisation
An air fall deposit ^such as loess will acquire a detrital remanence (DRM) 
upon deposition. As the grains fall through the air column and are 
distributed by wind they carry a previously acquired magnetic moment which, 
if positioned in a medium free of external forces, would align to the 
direction of the Earth's magnetic field. However, upon deposition, the 
alignment of the grains is affected by the wind direction, the shape and 
size of the grain and how it fits into the surface texture of the deposit, 
For example, a small round grain will fall or roll into a hole provided 
between larger grains on the surface of the deposit. Loess fabric has been 
described as random and isotropic (Derbyshire et, al. , 1988), however,
preferential orientation of grains can be attained by the realigning of 
grain long axes to an imposed flow direction by wind or water (see chapter 
8). Once the grain is surrounded by other grains such that it is trapped 
within the sediment, due to consolidation, the magnetisation is "blocked" 
in. Subsequent realignment, caused by processes such as bioturbation, salt 
crystallisation, mass wasting or rotation of particles in water-filled 
interstices, would lead to the formation of a post-depositional remanent 
magnetisation (PDRM).

Laboratory redeposition experiments have been widely used to study 
detrital remanence, although these have been mainly concerned with 
deposition through a water matrix. In these experiments the detrital 
remanent magnetisation has been shown to correctly record the declination 
component of the applied field, however the inclination record is 
problematic and often too shallow (King, 1955). The cause of the 
inclination error has been attributed to either bedding error (King and 
Rees, 1966), where as the grain rolls down an inclined bed it tends to 
settle on a slight plateau, or berm, leading to a more horizontal
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inclination than that of the applied field; or as the result of particle 
shape and settling within the sediment matrix provided by the sediment 
(Griffiths et.al,, 1960). A more recent studv (Levi and Baner.lee, 1990) 
suggested that the size of the grain is also relevant, large multidomain 
grains being more affected by gravity and the surrounding matrix than small 
relativelv strongly magnetised single domains which will be more likely to 
orient towards the field. However, as most laboratory experiments greatly 
increase natural deposition and consolidation rates, the inclination error 
in such studies mav be a result of experimental design (Barton et.al., 
1980).

7.2.2 Chemical Remanent Magnetisation
A chemical remanent magnetisation (CRM) is formed when the growth of a new 
magnetic mineral causes it to exceed its critical blocking volume (V©); or 
when alteration of an existing magnetic mineral causes the formation of a 
new magnetic mineral at a temperature below its critical blocking 
temperature (T^). A CRM may be formed as a result of chemical changes in 
detrital magnetic minerals or the production of new magnetic minerals from 
iron-containing compounds. Weathering and diagenesis of iron-bearing 
minerals, such as olivines, pyroxenes and amphiboles, releases highly 
mobile Fe ions, which then undergo a series of reactions, hydrating to form 
iron hydroxides such as goethite and lepidocrocite (Tarling, 1983).

Chemical alteration of detrital magnetic minerals includes; Inversion of 
maghæmite to haematite (yFe^0^4aFe^0^); reduction of haematite to magnetite 
(cxFeo0-=.-̂ Fe-,0., ) ; or oxidation of magnetite to hæraatite (Fe^O^^aFe^O^). 
Heider and Dunlop (1987) found that when acicular SD magnetite underwent 
oxidation to a cation-deficient spinel (maghæmite), the CRM preserved the 
primary NRM direction. However, when the SD magnetite was further oxidised 
to hematite and maghæmite (100% Fe^Oa^aFe^O^ was never achieved), involving 
a change in lattice structure, the resultant CRM did not refelect the 
primary NRM direction or the geomagnetic field during oxidation.

7.2.3 Viscous Remanent Magnetisation
When a magnetic material is exposed to a magnetic field it will slowly 
acquire a magnetisation in the direction of the field. The rate of 
acquisition of a viscous remanent magnetisation (VRM) depends upon the
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ambient temperature, grain size and spectrum of relaxation times. VRM is 
most rapidly acquired by grains of low blocking temperature or coercivity.

7.3 Measurement of remanence
The remanence of samples from Dawan, Jiuzhoutai and Labrang were measured 
on a Minispin spinner magnetometer before and after stepwise thermal 
demagnetisation in the Geomagnetism Laboratory at the University of 
Liverpool. The magnetometer and oven were situated inside a low field cage 
(a set of Rubens colls), with a field inside the cage of less than 4% of 
the Earth's field, so that the samples were protected from acquiring a 
viscous remanence when transferring between the oven and the magnetometer. 
The magnetometer has a noise level of approximately 0. 05x10-®Am^kg-^.

7.3,1 Demagnetisation of loess and palaeosols
Thermal demagnetisation was utilised in this study instead of alternating 
field demagnetisation (A. F. ). In A. F. demagnetisation, the rock or sediment 
sample is placed in a zero direct current magnetic field and then subjected 
to cycles of alternating fields of increasing then decreasing strength with 
the effect that the magnetic minerals in the sample are forced through a 
series of hysteresis loops. All magnetic domains of coercivity less than 
the peak alternating field strength will follow the direction of the field 
as it alternates. When the field falls below the coercivity of a grain, the 
spin orientation of the domain becomes realigned. MD grains are effectively 
demagnetised by this method as the magnetic moments from the domains are 
left with an equal contribution in each of the two antiparallel preferred 
orientations and therefore cancel each other out. However, individual SD 
grains are not effectively demagnetised by this method, due to the 
dominance of their shape anisotropy. However, providing that there is no 
preferred alignment of the SD grains, then the moments will become 
rancomised and they will cancel each other out, thereby reducing the total 
SD remanence to (almost) zero. The peak fields attainable in the AF 
equipment are also not sufficient to demagnetise hematite or goethite which 
have high coercivities.

'’hermal demagnetisation involves subjecting the sample to progressive 
healing and cooling cycles in zero field, using succesively higher 
temperatures, with the remanence measured after each cycle. As the
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temperature increases, the relaxation time ( t ) of the constituent magnetic 
grains exponentially decreases, according to equation 4. 1 (see section 
4.1.4). When the temperature passes through the specific blocking 
temperature of a particular grain (T#), the relaxation time (x) is reduced 
to a few seconds and the remanence is 'unblocked', with the grain thus 
behaving superparamagnetically. Once randomised the magnetisation returns 
to the 'easy' axes of the particle, which in a random isotropic assemblage 
of grains would lead to a net remanence of zero. Progressive stepwise 
heating and cooling gives a measure of the blocking temperature spectrum of 
the sample. Grains with the shortest relaxation times (and lowest T^) are 
thermodynamically most susceptible to acquiring a secondary magnetisation 
over time, 'overprinting' the original remanence. Such secondary components 
are removed first upon thermal demagnetisation, leaving the thermally 
harder primary magnetisation at higher temperatures.

The main problem with thermal demagnetisation is that increasing 
temperature can lead to chemical alteration of magnetic minerals and such 
alteration may lead to a large Increase in sample susceptibility with an 
increased potential for contamination by a laboratory viscous remanence.

7. 3. 2 Statistical analysis and data presentation
Orthogonal vector plots were used to assess the demagnetisation behaviour 
of the samples, within the vertical (denoted +) and horizontal planes 
(denoted x) - see figure 7.6. For each sample the component of 
magnetisation was defined using more than three points (see Appendix II) 
forming a vector converging on the origin. The direction of each component 
of magnetisation was calculated using principal component analysis with 
determination of the maximum angle of deviation (MAD) (Kirschvink, 1980).

7. 4 Results
Secular variation plots were derived for Jiuzhoutai and Dawan. The expected 
average primary remanence direction for Lanzhou, predicted using the 
geocentric axial dipole is inclination: 54.1'; declination: O',

7. 4. 1 Jiuzhoutai
Samples to be measured were taken with approximately a ten centimetre 
interval down the section. Initial NRM varies from 0.28 - 0.81 x 10-*
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Am^kg-i in loess to 0. 77 - 1. 77 x 10-& Am^kg-i in the palaeosols. The
primary vectors obtained from the samples gave results indicative of stable 
conditions of the Earth's magnetic field. The secular variation curve of 
change in inclination and declination with depth is presented in figure
7.5. No evidence of a magnetic excursion was found. The deposition rate in 
the upper part of Jiuzhoutai section has been estimated at 26cm per 1000 
years (Rolph et.al., 1989) and thus an excursion with a duration of 1000 
years would be identified in two consecutive samples. The Blake Event, 
believed to occur within the last interglacial has been documented as 
lasting at least 6000 years (Tucholka et.al., 1987) and would therefore be 
observed in at least 15 samples. The magnetic fabric results (chapter 8) 
from this site suggest that reworking due to slope processes has occurred 
which mav explain the absence of the Blake Event.

JIUZHOUTAI

043.91

SO .S3

51 .73

52.38

DECLINATION
180' 3B0*

INCLINATION

Figure 7. 3 Variation in inclination and declination through seven metres of 
sediment at the Scorpion Pit. Jiuzhoutai.
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The demagnetisation characteristics of the samples give a measure of their 
blocking temperature spectra. Loss of NRM with temperature has been 
calculated and is presented in Appendix II (table II.2>, The results
suggest that the remanence holding magnetic grains within the palaeosols 
have a lower blocking temperature spectrum than those of the loess. This is 
probably due to the higher concentration of ultrafine magnetic minerals in 
the palaeosols, as for single domain grains blocking temperatures depend 
upon grain size.

7. 4. 2 Dawan
The sample spacing at Dawan was also ten centimetres although as the depth 
of section covered was fifteen metres, compared with the seven metres at 
Jiuzhoutai. a more comprehensive secular variation curve was obtained
(figure 7.5). Initial NRM intensities in loess varied from 0.21 to 1.61 x 
10-*Am2kg-i and from 1.45 to 3.09 x lO-AAmfkg-i in the strongest developed 
palaeosols. Declination varies around a 0-10° throughout the section
however the variation in inclination is more complex. At the base of the 
section, between 35 and 32 metres inclination varies about 20-30° before 
increasing to about 55* where it remains stable for the next 10 metres 
until at 22 metres it again dips rapidly by about 30° before increasing 
rapidly to 78* at 20. 2m. The change in inclination above 22 metres is a 
rapid one, whereas between 35 to 32 metres the increase is more gradual. 
These changes in inclination are not mirrored in the declination record 
suggesting that inclination errors or post-depositional alteration may be 
the cause. Repeatability of measurement is demonstrated in figure 7.6 where 
two samples from the same height have been tested. 79% of all Dawan samples 
gave well defined vectors with MAD values below 10°.

Using an estimated deposition rate of 21cm per lOOOyr (obtained by
altering the deposition of Rolph et.al,, (1989) to the thickness of loess 
at Dawan) an excursion of 1000 years would be present in two consecutive 
samples and the Blake Event in fifteen samples.

Demagnetisation characteristics were calculated and are presented in 
Appendix II, table II.4. As with the Jiuzhoutai results, the blocking 
temperature spectra of the palaeosols are lower than those of the 
surrounding loess, probably due to the finer magnetic mineralogy.
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DAWAN
DECLINATION INCLINATION

20.0

21.5 

23. I

24.6 

26. 1

g- 27.6

29.2

30.7

32.2

33.7

35.3

3 6 0 '180' 9 0 '

Figure 7.5 Variation in inclination and declination through fifteen
metres of Dawan sediment

7. 4. 3 Labrang
Nine samples from the site at Labrang were measured (table 7.1). NRM 
intensities are lower for Labrang B than Labrang A, which was sampled 12 
metres below B. although both are low and compare with initial NRM of 
loesses from the other sites. Both declination and inclination are in the 
range expected for a normal polarity sample from Gansu and the variation 
with depth is probably as much a result of computational errors as secular 
variation. Labrang A, which has average inclination values of I = 48.6*, 
shows an inclination shallowing of 5.5*. Labrang B, which is visibly 
coarser and less compacted, has an average inclination of 56.4*. which is
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2.3° steeper than the average predicted by the geocentric axial dipole.
The demagnetisation characteristics are listed in Appendix II, table II.5.

Table 7. 1 Declination, inclination and initial NRM intensities derived from 
thermal demagnetisation of Labrang loess. The number in brackets indicates 
the number of points used in calcualtion of the MAD.

Sample MAD dec inc NRM
Labrang B (Amfkg X 10-6)
0. 000 3. 5 (5) 351. 1 58. 6 0. 396
0. 025 4. 9 (4) 4. 9 54. 6 0. 290
0. 050 4. 4 (5) 346. 1 50. 7 0. 306
0. 075 9. 1 (5) 1. 9 61. 7 0. 261
Labrang A
0. 000 2. 6 (5) 356. 2 50. 4 0. 456
0. 025 6. 9 (6) 342. 8 46. 2 0. 350
0. 050 6. 4 (5) 351. 8 48. 1 0. 378
0, 075 4. 7 (5) 356. 7 54. 0 0. 467
0. 100 3. 2 (5) 354. 2 44. 5 0. 407
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7. 5 Summary of remanence and directional results
Heller and Liu Tungsheng (1982: 1984) undertook the first comprehensive
study of the magnetism of Chinese loess, based upon the Luochuan section in 
Shaanxi Province. They describe hæmatite, of chemical origin, as the 
primary remanence carrier, with a strong secondary component of viscous 
origin along the present geomagnetic field which resides largely in 
magnetite, and is removed by thermal cleaning.

The CD magnetite and hæmatite present in the samples may be either 
detrital. holding a primary remanence. or formed by post-depositlonal 
chemical alteration, and thus hold a secondary chemical remanence. The 
presence of CD magnetite in the Tibetan Plateau and Kunlun Mountain 
sediments suggests that some of the CD magnetite found in the Lanzhou loess 
and palaeosols is of detrital origin. However, the presence of 
pedogenetically produced CD magnetite holding a CRM would not necessarily 
affect the remanence as Heider et.al, (1987) have found that the chemical 
remanence (CRM) formed during maghœmitisation of magnetite holds the same 
direction as the primary NRM.

The demagnet 1st ion characteristics of the samples (appendix II) shows 
that often over 50% of the magnetisation is lost after heating to 250*C. 
Thus it is possible that up to 50% of the magnetisation of any sample is 
held by a secondary viscous component in low T« magnetite. The temperatures 
at which 90% of the NRM is lost suggests that in the loesses, more of the 
NRM is held by a grains with high T̂ ,. The palaeosol samples tend to 
demagnetise at lower temperatures than the loess units. As the present 
field holds the same direction as the field during the Brunhes Chron it is 
difficult to distinguish between a secondary viscous component and a 
primary direction.

The lack of excursions in the Jiuzhoutai and Dawan deposits suggests 
that. if they do represent sediments deposited during the last 
interglacial, these sediments have failed to record the Blake Event which 
is documented as having occurred 115-120ka (Trie et.al., 1991), although 
estimates of its exact age and duration vary. The Blake Event has been 
reported from marine cores in the Caribbean Sea (Denham, 1976; Denham 
et.al., 1977), the Mediterranean Sea (Tucholka et.al., 1987; Trie et.al., 
1991), marine deposits from Italy (Creer et.al., 1980) as well as in loess 
from Poland (Tucholka. 1977) and Alaska (Wintle and Westgate, 1986).
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Continental records of the Blake Event in the eastern hemisphere have come 
from Japan (Yaskawa et.al., 1973; Yaskawa, 1974; Manabe, 1977) and 
Indonesia (Sasa.lima et.al., 1984), However, a comprehensive record of the 
Blake Event has not been documented in Chinese loess although many authors 
have tentatively correlated spurious magnetic directions with it (Liu Chun 
et.al., 1983; Wang Jingtai et.al., 1986; Rolph et.al,, 1989). The absence 
of a magnetic excursion may be due to a sedimentary hiatus or incorrect 
stratigraphical interpretation. The dual palaeosol at Jiuzhoutai has been 
dated as covering the period from 81 to 123ka (Chen Fahu, 1990). As there 
is no chronological control at Dawan, it is not possible to refine the 
stratigraphical interpretation further. The sediments are of normal 
polarity and thus are likely to be representative of the Brunhes Chron.

The magnetic fabric results from Jiuzhoutai (chapter 8) suggest that 
slope reworking has occurred, although the primary fabric has not been 
entirely destroyed. This reworking brings into doubt the 
magnetostratigraphy obtained from Jiuzhoutai as much of the remanence is 
likely to have been affected by the slope processes resulting in 
acquisition of a secondary remanence. It is impossible to ascertain the age 
of these slope processes although as the position of the field has remained 
the same over the time of loess deposition it is unlikely that the 
remanence acquired by redeposition could be isolated from that acquired at 
initial deposition.

In contrast, the fabric results from Dawan (chapter 8.2) indicate no 
substantial post-depositional effects, although the primary fabric becomes 
more disrupted at the base of the section. The magnetostratigraphy is 
therefore considered a more accurate representation of the field during 
sediment deposition and remanence acquisition. The variation in inclination 
at the top of the section may represent a precursor to an excursion which 
would have been present in the overlying sediment prior to cultivation. 
Alternatively it mav be the result of secular variation. The inclination 
shallowing towards the base of the section, where the fabric is more 
distu-bed, mav be the result of weathering of the sediment or compaction, 
but mav also be a realistic representation of past field variations.

Bo:h Lanzhou sections show some inclination shallowing, with average 
inclinations ranging from 5.4° below the geocentric axial dipole 
inclination at Jiuzhoutai, to 7. 9° at Dawan. The large inclination error at
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Dawan is probably due to including the field swings found between 32 and 35 
metres and a#ain from 20 to 22 metres.
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8. DEPOSITIONAL HISTORY; FABRIC

8. 1 Introduction
Since Ising (1942) first coined the term anisotropy of magnetic 
susceptibility (AMS) to explain the preferred orientation of Swedish varved 
silts, magnetic fabric studies have been successfully applied to igneous, 
metamorphic and sedimentary sequences. AMS of sediments has been used to 
establish the depositional environment of the magnetic grains found within 
the sediment matrix, and thus of the sediment as a whole. Recent studies 
have included determination of the palaeocurrent directions in laminated 
cave sediments (Noel, 1983; 1986) and shales (Schreiber and Ellwood, 1988),
the latter of which have also been used to assess compaction (Jackson 
et.al.. 1989), and to the identification of areas of deformation and 
bottom current erosion in deep-sea cores (Ldvlie et.al.. 1971; de Menocal
et.al.. 1988). Fabric studies of Chinese loess are comparatively few and 
are discussed in detail in section 8. 1. 2.

The orientation of magnetic minerals within a sediment is affected by 
gravity, the topography of the depositional surface, the aligning forces of 
current and in small particles, the geomagnetic field. Loess is an air fall 
deposit, particles of which will be affected by gravity, but may also 
undergo orientation by wind currents as well as by water (in the form of 
rainsplash or slurry flow) prior to being incorporated within the 
surrounding sediment matrix. The orientation of grain long axes depends 
upon the dominant force operating on the grain. On a slope, gravity may 
dominate, with the orientation dependent upon slope angle: on steep slopes
the long axis will lie parallel to the dip direction, whilst on shallow 
slopes the grain may roll and lie parallel to the contour line and normal 
to the slope. Current has an opposite affect upon the grain with the long 
axes orientating to the current direction, unless the current is strong 
whereby some grains may roll with their long axes transverse to the current 
direction (Hrouda, 1982). Grain short axes will invariably lie normal to 
the bedding direction.

AMS has been used in this study to ascertain the depositional history of 
the sediment with particular regard to the possibility of reworking by 
post-depositional slope processes which would affect the remanence. This 
was deemed a necessity as the section at Dawan lies across the Shua Jia
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vallev from a large landslide, at Tawa, which was triggered by an 
earthquake in 1125. Some parts of the slide mass are still active, 867
years later, due to shifting of the displaced river which is undercutting
the toe of the slide.

8,1.1 Magnetic fabric parameters
Magnetic fabric is usually defined in terms of the principal components of 
the susceptibility ellipsoid, which is a summation of the susceptibility of 
all individual magnetic grains within the sediment. Kmax is defined as the 
axis of maximum susceptibility, Kint is the intermediate and Kmin is the
minimum susceptibility axis. If all three axes were equal, Kmax=Kint=Kmin,
then the sample would correspond to an average spherical shape for all the
grains in the sample, and the sample would be isotropic. An anisotropic
fabric would suggest the relative absence of spherical grains and the
presence of predominantly oblate or prolate grains (figure 8.1a). Prolate
grains are cylindrical or cigax— shaped (figure 8.1b) and characterised by 
axes Kmax > Kint = Kmin. Oblate grains are disc or pancake-shaped (figure
8. Ic) and are characterised by axes Kmax s Kint > Kmin. Using this 
notation, the parameters most useful in discussing magnetic fabric can then 
be defined:

mean or bulk susceptibility:
K = (Kmax + Kint + Kmin)/3 (8. 1)

lineation and foliation:
1 = (Kmax - Kint)/K (8.2)
f = (Kint - Kmin)/K (8. 3)

total anisotropy:
H = (Kmax - Kmin)/K (8.4)

These difference parameters were used instead of ratio parameters, for 
example L = Kmax/Kint, as they are more precise for use with spinner
magnetometers because they measure the differences in the ellipsoid axes 
with an independently measured bulk susceptibility magnititude, therefore 
including errors in the initial susceptibility measurement within the 
calculated ratios (Ellwood et.al., 1988).
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(a)

Figure Ô.1 (a) spherical (b) prolate and (c) oblate susceptibility
ellipsoids: q values derived for the prolate and oblate ellipsoids are <b)
1.98 Cc) 0.29 (Tarling, 1983).

The parameter q, the azimuthal anisotropy quotient, reflects the 
relative importance of lineation and foliation within the fabric, varying 
from 0 in pure foliar fabrics to 2 indicative of pure lineation. with the 
change from foliation to lineation occuring at 0.67 (Hamilton and Rees, 
1970).

azimuthal anisotropy quotient;
q = (Kmax - Kint)/[(Kmax + Kint)/2 - Kmin] (8. 5)

Hamilton and Rees (1970) found that for sediments composed of lOum silt the 
magnetic field was found to be an important factor in determining the
fabric orientation, with the effects declining for 25-50um. Hrouda (1982)
argues that the geomagnetic field only influences grains smaller than 30pm, 
with the orientation of larger grains controlled by hydrodynamic factors. 
The samples used in this study were of varying particle size with median 
diameters ranging from 5.Sum to 29, 7um.

Recent research by Potter and Stephenson (1988) has suggested that
anisotropy of susceptibility may be dependent upon particle size. They
found that multidomain magnetite exhibits a maximum susceptibilty parallel

186



to its easv axis whilst unaxial single domain particles exhibit a maximum 
susceptibility perpendicular to its easy axis.

8.1.2 Previous fabric studies on Chinese loess
Both magnetic and optical studies have been applied to loess from China. 
Derbyshire et. al. (1988) used scanning electron microscopy (SEM) and image 
processing as well as magnetic measurement on loesses from Jiuzhoutai, near 
Lanzhou in the western fringe of the Loess Plateau. From their measurements 
they conclude that the Late Pleistocene Malan loess has an unreworked 
primary isotropic fabric. Magnetic fabric was used on Upper, Middle and 
Lower Pleistocene loesses from Jiuzhoutai. although only Kmin axes were 
plotted (figure 8.2), They conclude that there is no evidence of a 
preferred grain orientation related to wind direction (as found by 
Matalluci et.al. (1969) in the Vicksberg loess, USA) and that the results 
suggest that the primary aeolian fabric is an isotropic one with other 
fabrics the result of reworking by slope and alluvial processes.

More comprehensive magnetic fabric studies have been carried out in the 
central Loess Plateau at Xifeng (Liu Xiuming et.al, 1988b) and Liu.iiapo 
iThistlewood and Sun Jianzhong, 1991). Liu Xiuming et.al. (1988b) studied 
the magnetic fabric of loess, palaeosols and redeposited alluvial loess 
from Xifeng in the central Chinese Loess Plateau. All of the samples showed 
a nearly horizontal foliation with an oblate susceptibility ellipsoid. They 
found that the redeposited waterlain alluvial loess fabric differed from 
the windblown loess fabric by having a stronger developed foliation (figure 
8.3) and a strong correlation between foliation and degree of anisotropy. 
Redeposited alluvial loess gave clearly foliar fabrics with the minimum 
axes perpendicular to the bedding axis, with very weak lineation and q 
values less than 0.7. Recently, Thistlewood and Sun (1991) examined the 
magnetic fabric at Liu.iiapo dust east of the city of Xian and found a weak 
sub-horizontal fabric with a WNW-ESE orientation of Kmax axes (figure 8,4) 
which they suggest broadly coincides with the sediment transport direction.

This chapter represents a comprehensive study of loess fabric from the 
Tibetan front, using magnetic techniques.
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Figure 8.2 Kmin plots for Lanzhou loess: NSI is Malan. LLl is Lishi and A/C
is WuchenR loessic alluvium (Derbvshire et.al., 1988).

1.02
wind-blown loess (•) 

redeposited water-lain loess (O) 
red clay (©)
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1.00 I .02 I .04 .06
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PiRure 8.3 Lineation versus foliation f or aeolian loess, redeposited 
wateï— lain loess and red clay (Liu Xiuming et.al. 1988b).
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Figure 8.4 Upper hemisphere kmax and kmin plots for Liu.iiapo loess
(Thistlewood and Sun. 1991)
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8.2 Measurement of AMS using a Minlsep Delineator
Measurement of AMS was carried out on a Molspin Minisep anisotropy 
delineator, with bulk susceptibility measured on a Minisep bridge at
Leicester University, 2, 2cm perspex cubes containing the loess samples were 
spun at a frequency of 6Hz about a vertical axis within two orthogonal sets 
of Helmholtz coils. One set of colls produces a field in the order of 0,7 
ml while the other set detects a field produced by the sample which varies 
with twice the rotation frequency. The magnitude of the detected field is 
proportional to the sample AMS about the axis of rotation. The sample is 
then rotated about three orthogonal axes which derive the intensity, 
declination and inclination of the three principal axes of susceptibilty of 
the sample. The accuracy of the reading is approximately +/- 5%. Each 
sample measurement was repeated three times and the average declination and 
inclination were calculated using a dispersal on a sphere statistics
programme (Fisher, 1953) to reduce the error due to noise and reject data 
with high dispersions of axes as a result of noise. The volume 
susceptibility of the samples ranged from 11 x 10-s to 42 x 10-s SI.

The data are presented following the standardisation suggested by
Ellwood et.al. (1988) with the use of the symbols: □ to represent the
maximum axis; A for the intermediate; and 0 for the minimum axis, plotted 
on lower hemisphere equal-area projections. Lineation and foliation 
parameters, degree of anisotropy and q value were derived using programmes 
on the Liverpool University IBM mainframe computer. Plots of lineation
against foliation and foliation against total anisotropy are also
presented.

8. 2. 1. Jiuzhoutai
A total of 399 cubes were measured from Jiuzhoutai. These have been
arranged into stratigraphie groups on the basis of their low field
susceptibility. The three loesses and two palaeosols are labelled simply 
loess I; palaeosol I; loess II etc. because of the lack of sufficient 
geochronological framework to identify them further.

The fabric from the loess samples shows a developed foliation with a 
slightly weaker developed lineation, reflected in the q values close to the 
0.67 foliar-linear boundary, ranging from 0.525 to 0.681 (table 8.2). Total 
anisotropy (H) varies from 0.037-0.040. The palaeosol samples both show
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different fabrics to those of the loess. Palaeosol I shows a developed 
lineation with mean q value of 0.753 and mean lineation greater than the 
mean foliation. However the total anisotropy is lower than that of the 
loess indicating that the palaeosol has a weaker fabric. Palaeosol II is 
dominated by a weak foliation with a mean q of 0.267 and a very weak mean 
lineation of 0,0033. The mean total anisotropy of 0.0151 is also lower than 
the anisotropy of the loess. The weaker fabric of the palaeosol samples is 
most probably due to the disrupting effects of bioturbation and weathering. 
Figures 8.5 and 8.6 show graphs of lineation-foliation and foliation-total 
anisotropy for the loess and palaeosol units.

Table 8.2 Mean lineation. foliation and total anisotropy parameters, with 
standard deviations (SD), for the loess and palaeosol units at Jiuzhoutai. 
The numbers of samples (n) correspond to the number of cubes measured per
unit.

unit lineation foliation total anisotropyL & n
mean SD mean SD mean SD mean SD

Loess I 0. 0154 0.0083 0.0244 0. 0138 0. 0387 0. 0178 0. 525 0. 305 103
Palaeosol I 0.0139 0.0092 0. 0125 0.0079 0.0264 0. 0134 0. 753 0. 380 83
Loess II 0.0181 0.0128 0.0209 0.0132 0. 0400 0. 0204 0. 681 0. 366 78
Palaeosol II 0.0033 0.0029 0.0118 0.0089 0.0151 0. 0106 0. 267 0. 159 32
Loess III 0. 0178 0.0147 0. 0193 0.0131 0.0371 0.0215 0. 613 0. 393 103

The stereographic projection of principal axes for loess I samples is 
presented in figure 8.7. The sample long axes (Kmax), presented in the form 
of red squares, form a distinct pattern of groupings. A proportion of the 
long axes are clustered on a plane orientated 140*-170*/320*-350* with dip 
angles of less than 50" but predominantly less than 20". There is also a 
wider distribution of maximum and intermediate axes orthogonal to this 
plane around 240°-280". The minimum axes are distributed along declination 
of 40-70" with varying dip angles ranging from 3* to 87". The scatter of 
the minimum axes suggests that the grains are not lying on a horizontal 
bedding plane but are distributed on a slope of varying angle. The dip 
angles are indicative of some sort of slope movement. This is born out by 
the wide angle of maximum (long) axes, of which some are clustered about 
declinations of 140-170", but many are widely scattered from 170" to 350*. 
Angles of dip (inclination) are generally less than 50". The intermediate
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axes are also scattered about declinations of 170* to 350*, with the 
apparent reversibility of Kmax and Kmin axes indicative of the oblate 
nature of the ellipsoid.

The slope at the Scorpion Pit is steep, with a dip angle of 
approximately 35*, falling off in a easterly direction <110") to the Yellow 
River floodplain. The minimum axes for loess I suggest a northeasterly 
downslope direction with the low total anisotropy indicating that current 
flow was not a dominant factor in deposition. Therefore it is likely that 
the loess was affected by powder flows. Thermoluminescence dates from the 
Scorpion Pit at Jiuzhoutai show that the sediment dates from 50-80ka (Chen 
Fahu et.al., 1991; Musson unpub. data) thus it is likely that these were 
active at this time and are Pleistocene events. The downslope direction 
indicated by the fabric could be the result of a different topographic 
palaeoslope than that of the present.

In the palaeosol I samples (figure 8.8) some of the maximum axes are 
closely clustered about 35*-70" with low dip angles less than 30", with 
orthogonal intermediate axes and sub-vertical minimum axes, indicating a 
sub-horizontal fabric, with a dip of approximately 15* bearing 230" 
southwest. In addition to this fabric component there is a more randomly 
orientated component with minimum axes of less than 70" some of which are 
arranged in an easterly direction, with maximum axes arranged orthogonally 
in a plane about 150"-180"/330*-360*. The fabric appears to reflect a dual 
component combination of a sub-horizontal fabric with a slope component. 
Bioturbation and weathering are likely within a palaeosol, which would 
randomise any anisotropic component and breakdown the fabric, which is 
weaker than that of the surrounding loesses I and II. This may account for 
some of the slope fabric. The fabric appears both weakly linear and foliar.

Loess II fabric is illustrated in figure 8.9, which indicates the 
dominance of a sub-horizontal southwest orientated fabric with the maximum 
axes clustered about 40"-70" with dip angles of less than 30" and the 
minumum axes tending towards the vertical with angles of 60"-88". The 
intermediate axes of this component are clustered about an orthogonal plane 
of 130"-170"/320*-360". In addition to this there is a component similar to 
that of loess I which was probably caused by easterly oriented slope 
processes. The minimum axes of this component have variable dip angles and 
declination, predominantly within 340-110*.
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Palaeosol II gave a horizontal foliar fabric indicating the absence of 
post-depositional slope processes (figure 8.10). Minimum axes are clustered 
around the vertical, with maximum axes ranged about 350*-90‘ with dips of 
less than 10*. The distribution of the maximum and intermediate axes 
suggest a grain orientation predominantly NE-SW although this is unlikely 
to be due to deposition in a flowing water medium due to the absence of 
strong lineation.

The fabric from loess 111 (figure 8.11), as with that of loess 11, 
suggests a primary horizontal foliar fabric overlain by a secondary slope 
fabric. The maximum axes and intermediate axes of the primary fabric appear 
interchangeable suggesting a dominance of oblate grains.

8.2. 1. 1 Summary of Jluzhoutal fabric results
The fabrics from Jiuzhoutai loess and palaeosols are foliar with a linear 
component demonstrated by the lineation-foliation graphs in figure 8.5 and
8.6. The palaeosol samples have weaker anisotropy (1. 5% and 2%) than the 
loess (3.7% to 4%) due to weathering effects disrupting the fabric. The 
total anisotropy appears well correlated with the foliation. The foliation 
results are weaker than those found from redeposited alluvial loess at 
Xifeng (Liu Xiuming et.al., 1988) suggesting that the primary foliar 
fabric, indicating a palaeocurrent direction predominantly NE-SW, is 
unlikely to be the result of deposition by water.
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Figure 8.5 Plots of lineation versus foliation and foliation versus 
total anisotropy plots for Jiuzhoutai loess units.
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Figure 8.6 Plots of lineation versus foliation and foliation versdus 
total anisotropy plots for Jiuzhoutai palaeosol units.
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Figure 8. 7 Lower hemisphere equal area plot of the principal axes of
susceptibility for Jiuzhoutai loess I.
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JIUZHOUTAI - PALAEOSOL I
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Figure 8.8 Lower hemisphere equal area plot of the principal axes of
susceptibility for Jiuzhoutai palaeosol I.
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Z70 90

180

Figure 8,9 Lower hemisphere equal area plot of the principal axes of 
susceptibility for Jiuzhoutai loess II.
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Figure 8. 10 Lower hemisphere equal area plot of the principal axes of
susceptibility for Jiuzhoutai palaeosol II.
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Figure 8.11 Lower hemisphere equal area plot of the principal axes of 
susceptibility for Jiuzhoutai loess III.

200



ô. 2. 2 Dawan
1024 samples were measured from 12 stratigraphie units at Dawan, from loess 
I to palaeosol VI. These were excavated from five sample pits, each of 
which had a different orientation. The downslope direction is WNW 290* with 
a slope angle of approximately 35*.

Table 8. 3 Mean lineation, foliation, total anisotropy, and q shape 
parameter, with standard deviations (SD), for the loess and palaeosol units 
at Dawan. n stands for the number of samples measured per unit.

unit lineation foliation total anisotropy ( n
mean SD mean SD mean SD mean SD

Loess 1 0.0078 0.0063 0. 0188 0. 0063 0.0266 0.0085 0. 345 0. 199 326
Palaeosol I 0.0055 0.0037 0. 0087 0. 0048 0. 0142 0.0068 0. 534 0. 271 48
Loess II 0.0074 0.0043 0. 0175 0. 0082 0.0248 0.0108 0. 386 0. 252 128
Palaeosol II 0.0100 0.0053 0. 0176 0. 0082 0.0276 0.0088 0. 472 0. 273 44
Loess III 0. 0187 0.0125 0. 0266 0. 0143 0,0453 0.0188 0. 561 0. 349 125
Palaeosol III 0. 0041 0. 0017 0. 0126 0. 0046 0.0167 0.0053 0. 320 0. 231 36
Loess IV 0.0186 0.0126 0. 0301 0. 0182 0.0488 0.0254 0. 527 0. 299 154
Palaeosol IV 0.0259 0.0119 0. 0236 0. 0084 0.0495 0.0156 0. 706 0. 255 40
Loess V 0. 0337 0.0082 0. 0305 0. 0110 0.0642 0.0144 0. 740 0. 235 36
Palaeosol V 0. 0143 0.0147 0. 0218 0. 0172 0.0361 0.0281 0. 461 0. 296 56
Loess VI 0.0135 0.0071 0. 0378 0. 0428 0.0514 0.0482 0. 343 0. 107 24
Palaeosol VI 0.0067 0.0020 0. 0168 0. 0057 0.0236 0.0074 0, 338 0. 115 7

The loesses, with exception of loess V, show a weak fabric with developed 
foliation and mean q values ranging from 0.343 to 0.561. The exception, 
loess V, is more strongly anisotropic with a developed lineation dominating 
over a developed foliation. The mean q value for loess V is 0.740 
suggesting a relative dominance of prolate susceptibility ellipsoid. The 
strength of the fabric and the dominance of lineation and does not conform 
to the strongly foliar fabric found in alluvially redeposited loess from 
Xifeng (Liu Xiuming et.al., 1988b). Total anisotropy increases from 0.027 
and 0.025 in loess 1 and II to 0. 45 and 0. 49 in loess III and loess IV. 
Loess V shows the strongest anisotropy of 0.64 with loess VI: 0.51, The
total anisotropy generally decreases up the section. Plots of lineation- 
foliation and foliation-total anisotropy for Dawan loesses are presented in 
figure 8.12.

201



n“1
a D A W A N  L O E S S  I

X10-1
1 .00

0.90
O.BO
0.70

Z  O.BO O
P  O.SO 
2Z  O.iO
_J 0.30

0.20
0 .10

0.0( .00 0.20 O.iO O.BO O.BO 
XI0“’

1 .00

1 .00

0.90
O.BO
0.70

Z  O.BO O
O.SO.1-<
O.iO

2 0.30
0.20
0 .10

0.0< 0.20 O.BO.00 1 .00

FOLIATION TOTAL ANISOTROPY

b DAWAN LOESS I I
X10-1

1 .00

0.90
O.BO
0.70

Z  O.BOO
O.SOI-<UJ

_J 0.30
0.20
0 .10

0.00
T.oo0.00 O.iO O.BO O.BO 

XI0"'

1.00

0.90
O.BO
0.70

Z  O.BOO
*"* O.SO1-<
Zj O.iOa

0.30

0.00 0.20 O.iO O.BO O.BO 1 .00
XI0-1

FOLIATION TOTAL ANISOTROPY

XI0-1
1.00

0.90
O.BO
0.70

Z  O.BOO
I- O.SO 
Z  O.iO

0.30
o#0.20 y »  °' t b o  o  oioo o _0 .10

0.0( oTiff O.BO O.SO 
XI0-1

1.00

c DAWAN LOESS I I I
XI0-1
1.00

0.90
O.BO
0.70

Z  O.BO O
O.SOI-<
O.iO2 0.30
0.20
0 .10

0.01 .00 OtiS" O.BO O.BO 
XI0-1

1 .00

FOLIATION TOTAL ANISOTROPY

Figure 8 . 12a-8.12c. Lineation-foliation and foliation-total anisotropy
plots for Dawan loess: (a) loess I <b) loess II (c) loess III
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Figure 8. 12d-8. 12f. Lineatlon-foliation and foliation-total anisotropy
plots for Dawan loess (d) loess IV (e) loess V (f) loess VI
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Fixure 8. 13a-8. 13c. Lineation-toliation and foliation-total anisotropy
plots for Dawan palaeosols: (a) p'sol I (b) p'sol II (c) p'sol III
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Figure 8. 13d-8. 13f. Lineation-foliation and foliation-total anisotropy
plots for Dawan palaeosols (d) p'sol IV (e) p'sol V (f) p'sol VI
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The paleosols from the Dawan section with the exception of palaeosol IV 
show weaklv foliar fabrics with some lineation, The mean q values range 
from 0.32 to 0.53 with only palaeosol IV giving a mean q value above 0.67 
indicative of lineation. The dominance of lineation in palaeosol IV, like 
loess V beneath it. suggests that the fabric may be a result of an increase 
in proportion of linear grains or perhaps a relative increase in proportion 
of hæmatite or a change in deposition mechanism. However. the total 
anisotropy is weaker than that of loess V indicating that weathering and/or 
bioturbation has disturbed the fabric.

The 326 samples representing 5 metres of loess I gave const itent results 
indicating a horizontal foliar ENE-WSW trending fabric (figure 8. 14) with 
the mean grain direction oriented about 7 0 V 2 5 0 ’. This fabric is apparent 
throughout all of the Dawan samples, although loess III and loess IV 
fabrics have subsequently been affected by post-depositional processes 
(figure 8.18 and 8.20). Loess II and palaeosol II show horizontal ENE-WSW 
fabrics with a superimposed fabric dipping in a NE direction with minimum 
axes showing inclinations as large as 20" from the horizontal. This dipping 
fabric is orientated about 40" in loess II and therefore has a strike some 
30" north of that of the horizontal fabric and into the face of the slope. 
The downslope direction is WNW.

Loess III and loess IV both show the primary foliar horizontal fabric 
orienated ENE-WSW although this fabric has been disturbed showing a tilt to 
the NE. Interestingly this superimposed tilt fabric is similar that at
Jiuzhoutai. some 75km east on the north bank of the Yellow River, which was
tentatively interpreted as a slope fabric.

The loess and palaeosols below loess IV (33-35. 2m) gave ENE-WSW trending 
fabrics with palaeosol IV and loess V showing a 15" dip to the WSW (figure 
8.21 & 8.22). Below loess V the fabric returned to being horizontal.

The plots of lineation and foliation indicate that the fabric was not a 
result of deposition by water and thus is most probably the result of
orientation by wind. Northwesterly winds from the Hexi Corridor are thought 
to have been predominant in the Quaternary, however the southerly monsoon 
may have also had an effect (see section 8.3).
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Figure 8. 14 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan loess I.
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DAWAN - PALAEOSOL I
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Figure 8.15 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan palaeosol I.
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Figure 8.16 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan loess II.
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Figure 8. 17 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan palaeosol II.
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DAWAN - LOESS III
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Figure ô. 18 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan loess III.
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Figure Ô. 19 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan palaeosol III.
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Figure 8. 20 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan loess IV.
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Figure 8.21 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan palaeosol IV.
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DAWAN - LOESS V

2 7 0 9 0

1 8 0

Figure 8.22 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan loess V.
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Figure 8.23 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan palaeosol V.
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Figure Ô. 24 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan loess VI.
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Figure 8. 25 Lower hemisphere equal area plot of the principal axes of
susceptibility for Dawan palaeosol VI.
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8. 2. 3 Southern Gansu: Sala Shan and Labrang
29 samples of alluvial redeposited loess from Sala Shan and 54 samples of 
loess from Labrang were tested. The Sala Shan alluvial silt is visibly 
stratified, reworked loess (plates 2.6 and 2.7) and was sampled and 
measured as a control.

Table 8, 4 Mean lineation, foliation, total anisotropy and q parameter, with 
standard deviations <SD), for Labrang loess and Sala Shan fluvially 
deposited alluvial loess, n is the number of samples measured.

site lineation foliation total anisotropy q. n
mean SD mean SD mean SD mean SD

Labrang 0.0137 0.0080 0.0138 0.0102 0.0275 0.0142 0.695 0.405 54
Sala Shan 0.0060 0.0045 0.0670 0.0133 0.0610 0.0121 0.093 0.472 29

The mean fabric parameters calculated for the Labrang loess and Sala Shan 
silt are illustrated in table 8. 4. The Labrang loess is as linear as it is 
foliar illustrated by a mean q of 0.695 with a weak anisotropy. The Sala 
Shan loessic alluvial silt on the other hand is strongly anisotropic 
dominated by a strong foliation in the order of six times greater than at
the other sites (figure 8.26). Lineation is very weak with a mean value of
0. 006 and a mean q of 0. 093 illustrating the dominance of oblate grains. 
These results are similar to those found by Liu Xiuming et.al. (1988b) for 
waterlain loess from Xifeng.

The magnetic fabric from Labrang is plotted in stereographic form in 
figure 8.27 The fabric is isotropic with no particular ordering of axes. As 
the mass specific susectpibilities of the Labrang samples do not differ 
significantly from those of Jiuzhoutai and Dawan (see section 4.1), the 
isotropy is unlikely to be the result of scatter to increased signal to 
noise ratios. The Labrang loess is situated in the foothills of the 
A'nvêmaqen Mountains at the edge of the Tibetan Plateau and is terraced by 
the Daxia river. The loess is most probably formed within the mountain 
environment and deposited by wind within the narrow valleys. The fabric of 
the Labrang loess conforms to the expectations of an air fall deposit which 
has undergone no reworking or orientation within a current.

The lower hemisphere stereographic projection for the Sala Shan alluvial 
silt is illustrated in figure 8.28. The distribution of axes suggests a 
horizontal fabric with closely clustered vertical minimum axes and maximum
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and intermediate axes ranging from 110'-285" declination with dip angles 
less than 15°. The close association of minimum axes and variation in 
declination of maximum and intermediate axes are the result of deposition 
of strata in shallow braided channels which are affected by sinusoidal 
changes in channel and thus have varying current orientation, Each sample 
within the perspex cubes comprised at least 8 stratigraphie layers of silt 
which mav each have been deposited under different flow régimes.
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Figure 8.26 Lineation-foliation and foliation-total anisotropy plots for 
Labrang loess and Sala Shan loessic alluvium.
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Figure 8,27 Lower hemisphere equal area plot of the principal axes of

susceptibility for Labrang loess.
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Figure Ô.28 Lower hemisphere equal area plot of the principal axes of
susceptibility for Sala Shan loessic alluvium.
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8.3 Discussion of Minisep fabric
The primary fabric at Jiuzhoutai appears to be orientated NE/SW with a
secondary component indicative of slope reworking which occurred during the 
last glacial stage. The sediment at Dawan shows a primary NE/SW fabric. The 
low foliation values in the Dawan sediment, when compared with waterlain 
silts from Sala Shan and published results from Xifeng (Liu Xiuming et.al,, 
1988) shows the preferred grain orientation is most likely to be the result 
of wind action.

The textural differences between the Xian (central Loess Plateau) and 
Lanzhou sediment (see plate 2.2) coupled with the presence of gypsum in the 
Lanzhou loess are indicative of the different climatic régimes under which 
they have accumulated. The influence of the East Asian monsoon, which
brings moist, warm air is strong within the central Loess Plateau but
weaker at Lanzhou. The mean annual precipitation is a good illustration of 
this effect: 604mm falls at Xian compared to only half of this (330mm) at
Lanzhou and a mere 38mm in the Qaidam Basin to the west (Zhao Songqiao, 
1986). The occurrence of gypsum nodules throughout the Lanzhou sections 
testifies to the perennial aridity of the climate. The southerly monsoon 
winds impinge upon the A'nyêmaqen Mountains resulting in a high annual
precipitation of 800mm at the snowline (Wang Jingtai, 1987; see section
2.1.5). The mountains to the south and southeast of Lanzhou (Mahan Shan,
Min Shan and Oinling Shan) are all over 3000m in altitude and, together 
with the regional attenuation of the summer monsoon rainfall amounts from 
the southeast to the northwest, account for the strong rainfall gradients 
in this region and the rapid fall off in mean annual precipitation
westwards through the Hexi Corridor and to the Oaidam Basin. The other 
climatic influence in this region is the Mongolian High Pressure system
(MHPS). This causes convergence of warm air descending from the Tibetan 
Plateau and cold air of Siberian origin to be drawn northwestwards along 
the Hexi Corridor and into the Oaidam Basin, the Kunlun and Qilian 
mountains being an important influence in this movement. The Liupan Shan 
and Ouwu Shan to the east of Lanzhou, which are well over 2000m in height, 
would attenuate any effect from northeasterly winds flowing into the 
Tengger Desert. Thus it is essential to stress the importance of regional 
topography in understanding the factors influencing the Lanzhou deposits. 
The loess sections of the central Loess Plateau are not effected by the
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same extreme topography.
The fabric of the Lanzhou sections suggests that the primary flow 

direction is NE/SW. However, taking the above discussion into account, it 
is more likely that the predominant winds effecting the Lanzhou area are 
those associated with the MHPS. Hrouda (1982) proposes that in conditions 
of strong current the long axes rotate to lie orthogonal to the current 
direction. Thus it is possible to interpret this Dawan and primary
Jiuzhoutai fabric as resulting from deposition in a strong NW wind 
associated with the MHPS. It is also possible that it is a primary NE 
orientated fabric associated with weaker NE winds from the MHPS. The fabric 
is not likelv to result from SW winds due to the presence of the mountain 
front. A SE wind associated with the monsoon is likely to have been 
severlev attenuated by the presence of the 3000m mountains lying southeast 
of Lanzhou. Whilst a NE/SW current cannot be discounted, the strength of 
the MHPS implies that the fabric is more likely to result from this than 
from NE/SW or local components.

The fabric results show some depositional variations between Dawan, 
Jiuzhoutai and Labrang. The Labrang loess appears to be random and
isotropic conforming to the criteria of Derbyshire et.al. (1988) for
unreworked loess. Labrang is situated at an altitude of about 3000m in the 
mountain range which forms the northeastern frontier of the Tibetan 
Plateau. This mountain range forms an extension of the A*nyêmaqen
Mountains. The loess at Labrang takes the form of a 60 metre river terrace 
but is not visibly stratified. Its rare earth element geochemistry shows 
it to be of a different genesis from the deposits of the Loess Plateau and 
probably formed within the local mountain environment. The narrow high 
altitude valleys would preclude substantial post-depositional sorting by 
wind and the absence of stratification and high foliation values also 
points to an absence of fluvial redeposition. The evidence therefore 
favours a primary aeolian origin for the Labrang loess, which has not 
undergone subsequent reworking.

The deposits from the Loess Plateau at Dawan and Jiuzhoutai both show 
evidence of post-depositional grain re-orientation. At Dawan, the fifteen 
metres of loess and palaeosol both show a weakly foliar horizontal fabric 
with a NE-SW orientation of grain long axes. This grain orientation lies 
orthogonal to the direction of predominant winds which are northwesterlies
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associated with the Mongolian High Pressure system (MHPS). One possible 
explanation could be that post-depositional grain alignment by wind has 
occurred, but due to the strength of the wind current, the grain long axes 
have rolled transverse to the current direction. Both Jiuzhoutai and Dawan 
show a NE-SW grain orientation, although much of the Jiuzhoutai loess 
appears to have undergone post-depositional realignment by slope processes. 
Only the Sala Shan loessic alluvium, which has visible stratification, 
showed hiKh foliation values consistent with reworking by water.
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PiRure a.29 Wind directions associated with Lanzhou sediment fabrics.
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8.4 Measurement of AMS using a low field torque magnetometer.
In addition to the Minisep samples, ten cubes of loess from Dawan and 
Jiuzhoutai were sent to the Department of Oceanography at the University of 
Southampton, where the AMS was measured by Dr. E. A. Hailwood on a low-field 
torque magnetometer. Although, in retrospect sample for sample comparisons 
between the Minisep and torque equipment would have been profitable, the 
difficulty involved in obtaining these results prevented further more 
comprehensive comparison.

8.4. 1 The low-field torque magnetometer
The torque magnetometer at Southampton is of the suspended sample type 
(King and Rees, 1962), in which a sample is placed in a perspex chamber 
situated on a glass rod which is suspended from a phosphor— bronze torsion 
fibre. Around the sample chamber and glass rod are situated a pair of 
coaxial Helmholtz coils. A current of 5mT is passed through the coils, with 
a frequency of 50Hz, causing the sample to rotate according to its degree 
of anisotropy, with the maximum anisotropy axes aligning with the field 
direction. Movement of the glass rod is damped by an oil bath. Deflection 
of the sample is measured about three axes, with the change in torque on 
the specimen in the field giving a measure of the susceptibility difference 
in the plane of measurement.

8. 4. 2 Results
Ten 2.2cm cubes of loess from Jiuzhoutai and ten cubes of loess from Dawan 
were run on the low field torque magnetometer at Southampton University. 
Lower hemisphere equal area projections of the maximum (Kmax) and minimum 
(Kmin) axes of susceptibility are presented.

8. 4. 2. 1 Jiuzhoutai
Both loess 1 and loess 111 samples show a foliar fabric with weak lineation 
and mean q values of 0.09 and 0.04, well below the 0.67 transition from 
foliar to linear. Total anisotropy is weak for both loesses.
The mean total anisotropy results are similar to those derived from the 
spinner magnetometer although the mean foliation is somewhat larger and the 
mean lineation smaller, with subsequent lower mean q values. However this 
may be due to the fact that only five samples from each loess were tested
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with the torque magnetometer whereas 103 samples were tested with the 
spinner magnetometer.

Table 8.5 Mean magnetic fabric parameters for loess samples from
Jiuzhoutai obtained from the low field torque magnetometer.

unit lineation foliation total anisotropy ÇL
mean SD mean SD mean SD mean SD

Loess 1 0.0030 0.0008 0.0324 0.0017 0.0354 0.0017 0.0902 0.0232
Loess 111 0.0015 0.0017 0.0385 0.0026 0.0445 0.0075 0.0392 0.0441

The lower hemisphere equal area projection for the maximum and minimum 
susceptibility axes is illustrated in figure 8.30. The slightly dipping NW 
orientation of maximum axes shown by eight of the samples, lies 
orthogonally to the ENE-WSW orientation of the other two samples, 
reflecting the foliar nature of the susceptibility ellispoid and the 
subsequent similarity in Kmax and Kint axes. The dominance of foliation in 
this torque fabric is reflected in both foliation and q values, implying 
that Kmax = Kmin and thus that the orthogonal axes are interchangeable. 
This explains the difference between the Minisep and torque fabrics.

8. 4. 2. 2 Dawan
The two loess units from Dawan were both dominated by a foliar fabric with 
a small lineation component and mean q values in the range 0.31 to 0.35 
(table 8.6).

Table 8.6 Mean magnetic fabric parameters for loess samples from Dawan
obtained from the the low field torque magnetometer,

unit lineation foliation total anisotropy q.
mean SD mean SD mean SD mean SD

Loess 1 0.0134 0.0030 0.0362 0.0058 0.0494 0.0079 0.3132 0.0582
Loess IV 0.0166 0.0026 0.0403 0.0059 0.0566 0.0068 0.3448 0.0538

Total anisotropy results are slightly higher than those obtained using the 
Minisep but again only five samples were run from each unit compared with 
326 for loess 1 and 154 for loess IV on the spinner magnetometer. The 
orientation of principle axes of susceptibility (figure 8.31) is similar to 
those obtained from the Minisep. The q values are higher than for the 
Jiuzhoutai samples indicating that the foliation is not as dominant.
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Figure 8.30 Lower hemisphere equal area plots of principal susceptibility 
axes measured in the torque magnetometer for samples from Jiuzhoutai.
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Figure 8,31 Lower hemisphere equal area plots of principal susceptibility
axes measured in the torque magnetometer for samples from Dawan.
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9. SUMMARY AND CONCLUSIONS

The particle size envelopes of the sediments from the Tibetan Front show 
that the samples from the high altitude mountain environments (Tibet, the 
Oaidam Basin and Labrang) have a coarser particle size than the Loess 
Plateau sediments. However, the mountain silts did not show a unlmodal 
particle distribution and fines of the size prevalent In the Loess Plateau 
(less than 30um) are abundant, contributing from 49% (Kunlun Pass) to 77% 
(Labrang A) of the overall particle size distribution In these mountain 
silts. The deposition model proposed by Bowler et.al. (1987) states that 
northwesterly winds associated with the Mongolian high pressure system 
deflate fines resident within the Oaidam Basin and carry them to the 
western Loess Plateau. The Mongolian High Pressure system (MHPS) causes 
winds to be funnelled past the Kunlun Mountains, northwest down the Hexi 
Corridor and across the Oaidam Basin. Bowler et.al. (1987) infer that these 
fine silts were formed In the Kunlun mountain environment from where thev 
were transported into the Basin. The particle size of the surface silts 
studied here (chapter 3. 1) Indicates that particles of this size are 
present within the Kunlun Mountains and Tibetan Plateau. The Kunlun River 
represents one mechanism of transporting these silts down Into the Oaidam 
Basin and the presence of the barchan dune field shows that an aeolian 
transport system is presently operating in the mountains carrying particles 
down from the vicinity of the Kunlun Pass. Although this only shows that 
sediments of the relevent size are being produced today in the mountains 
and transported Into the Oaidam Basin, there Is no reason to suggest that 
this process did not occur In the past.

The rare earth element abundances of the Kunlun Mountain silts are 
similar to those of Lanzhou loess. Wen Olzhong (1983; 1985) proposed that
the similarity of distribution of REE between Luochuan loess and Tengger 
desert sand showed that the loess derived from the desert, although the 
concentrations of REE were different. If this proposition was applied to 
the silts studied here (chapter 3. 3) then there constitute a convincing 
argument that the Lanzhou loess derived from the Kunlun Mountains. However, 
although the REE patterns are similar the data are not sufficient to 
support this hypothesis. It Is therefore only possible to suggest that 
these sediments may be related, with both showing higher (La/Yb)^ than the
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crustal average.
The Labrang loess shows a distinct REE abundance, with 5.5 to 6 times 

lower REE concentrations than the Lanzhou loess or Kunlun silt. Its 
location within the A'nyêmaqen Mountains southwest of the Loess Plateau 
suggests that it is the product of local mountain processes (cold 
weathering and glacial grinding) and the thickness of the deposit (60 metre 
loess terraces located on either side of the Daxia Valley) suggests that 
the formation and transport processes are efficient. Magnetic fabric 
indicates that the loess Is a primary aeolian deposit that has not
undergone anv reworking. Thus the Labrang loess holds good potential for 
further study. The close proximity to Its source suggests that If formation 
is related to palaeocllmate then the lag between climate change and 
deposition Is minimised.

The magnetic mineralogy of the Tibetan Front sediments appears to be
dominated bv ferrimagnetIc catlon-defIclent (CD) magnetite, although I RM
acquisition suggests that there is also a high coercivity antiferromagnetic 
mineral present which mav be hæmatlte or defect goethlte and Is more
prevalent In loess than palaeosols. The CD magnetite may exist as a coating 
around a cation-rich magnetite core. Such coatings are formed in oxidising 
environments such as that which exists In the arid northwest of China. 
Comparison of loess and palaeosols from Lanzhou shows that the palaeosols 
are characterised by a finer assemblage of superparamagnetlc (SP) and 
stable single domain grains (SSD) whilst the loess contains coarser 
multidomain (MD) and single domain grains.

Magnetostratigraphies were compiled for sections of the Jiuzhoutai and 
Dawan profiles In an attempt to locate the Blake Event. However, no 
reversals or excursions were observed (see figures 7.3 and 7.5). The Blake 
Event has been principally documented In the Caribbean (Denham, 1976, 
Denham et.al., 1977), Japan and Indonesia (Yaskawa et.al., 1973: Yaskawa,
1974; Manabe, 1977; Sasa.llma et.al., 1984) and in the Mediterranean (Greer 
et.al., 1980: Tucholka et.al., 1987: Trie et.al., 1991) and Is therefore
thought to be a global event occurring during the last Interglacial period 
at about 115-120ka (Trie et.al., 1991). Thus if it were present in China It 
would occur within the last Interglaclal palaeosol. Thermoluminescence 
dates from the Scorpion Pit Indicate that the dual palaeosol sampled here 
represents the last interglaclal (Chen Fahu et.al,, 1991; Musson,
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pers. comm, ). Fabric measurements indicate that there has been reworking of 
the sediment In the Scorpion Pit; however, the TL dates (Chen Fahu et. al, 
1991: Musson unpub. data) suggest that the reworking occurred between 50ka
and 80ka and the slope of the fabric (llO'E) Indicates that the topographic 
surface was different from that of todav. As the reworking occurred after 
the Blake Event, it is likely that remagnetlsatIon will have taken place. 
This Is borne out bv the NRM results (section 7. 4) which show declination 
and inclinations which approximate the normal field direction and do not 
suggest rotation or tilting of the particles since the magnetisation was 
locked in. Therefore remagnetlsatlon by powder flows or slumping between 
50-80ka is likelv.

The dual palaeosol representing the last interglacial occurs within the 
Scorpion Pit, Jiuzhoutai, at a depth of 48 to 52 metres. Two triple 
pedocomplexes of decreasing weathering Intensity were found between depths 
of 25 and 35 metres at Dawan. The apparent difference in sedimentation rate 
between Dawan and Jiuzhoutai may be explained by their different 
topographic settings. Jiuzhoutai Is located on the banks of the Yellow 
River in the Lanzhou Basin, whereas Dawan is situated on the Shua Jia
vallev (the Shua Jia is a minor tributary of the Yellow River)
approximately 8km south of the Lanzhou Basin. Silts transported by the
Yellow River mav be deposited on point bars or braids during periods of low 
flow, from which thev may be deflated and deposited on bluffs, in a manner 
similar to that described bv Péwé (1975) for Alaskan loess, Alaska being 
one of the few places on earth where conditions have remained similar to 
those that prevailed during the last glacial period. As Jiuzhoutai Is
situated on the Yellow River It Is possible to envisage a higher deposition 
rate compared to Dawan. The Dawan section has no geochronologlcal control 
so It is not possible to define accurately the position of the last
interglaclal palaeosol. Two triple soils occur within 10 metres. The
uppermost soils (I - III) are each separated by about 2 metres of loess. 
There is 2. 5 metres of loess separating the two soil complexes, with the
lower complex soils (IV - VI) each separated by between 0.5 and 1.0 metres
of loess. Soils III and VI are well developed brown horizons, with II and V 
less well developed and I and IV poorly developed and difficult to 
distinguish from the surrounding loess.

Fabric studies Indicate that the loess at Dawan Is predominantly foliar
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and sub-horizontal showing a primary wind orientated fabric. The low 
foliation values, when compared with Sala Shan redeposited loessic alluvium 
(section 8. 1.4. 4: plate 2.10) and the published data of Liu Xiuming et.al.

(1988) for fluvially redeposlted Wucheng loess, suggest that deposition did 
not occur within a water medium. Therefore the preferred grain orientation 
must be due to wind, as proposed by Matalucci et. al. (1969) for the 
Vlcksberg loess.

The preferred grain orientation at both sites Is either broadly NW/SE or 
NE/SW depending upon the foliation. The dominant climate conditions are the 
winter MHPS and the southerly summer East Aslan monsoon. The aridity of the 
Tibetan Front area (see section 2.1) testifies to the decreased penetration 
of the summer monsoon which Impinges upon the mountains of Tibet. The 
presence of gypsum throughout the loess sections (section 2.2) shows that 
this aridity affected the loess and palaeosols sampled here. Therefore It 
Is unlikely that the southerly monsoon winds would have a dominant effect 
upon the Lanzhou loess. However, the direction of monsoon winds reaching 
Lanzhou are Influenced bv the mountains to the west and their general 
southeasterly flow reinforced. Such southeasterly summer winds may augment 
the effect of MHPS northwesterlies funnelled through the Hexi Corridor and 
the Oaidam Basin but are unlikely to have a dominant effect due to 
attenuation by the Mahan, Min and Oinling Shan. Northeasterly winds also 
associated with the MHPS mav also have affected the grain orientation of 
the Lanzhou loess after attenuation bv the Ouwu and Liupan Shan. Thus It Is 
possible that the fabric orientation results from a combination of these 
f actors.
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9. 1 Conclusions.

1. Dawan loess I I  shows a s im i l a r  r a r e  e a r th  element d i s t r i b u t i o n  to  

s u r fa c e  s i l t  d e r iv e d  from th e  Kunlun Mountains. Both o f these  samples have 

(La/Yb),M r a t i o s  h ig h er  than  th e  c r u s t a l  average.

2. The Labrang loess I s  a p r im ary  a e o l ia n  dep os it  produced w i t h in  th e  lo c a l  

mountain environment and has a d i f f e r e n t  source from th a t  o f th e  o th e r

d e p o s its  s tu d ied . Due to  I t s  topograph ic  lo c a t io n  i t  i s  l i k e l y  th a t  i t

re p re s e n ts  s i l t  p a r t i c l e s  formed bv th e  processes o f co ld  w eatherin g  and 

g l a c i a l  g r in d in g  asso c ia te d  w i th  mountain environments.

3. The magnetic m inera logy o f th e  T ib e ta n  Front sediments shows th a t  thev  

a re  dominated bv fe r r lm a g n e t lc  m ag n e tite  w ith  a c a t l o n - d e f I c l e n t  co a tin g . A 

hard er  magnetic component, which may be hæmatlte or d e fe c t  g o e th l te  I s  a ls o  

present In  th e  Gansu lo e s s ic  s i l t s .  P a laeo so ls  c o n ta in  a h ig her

c o n c e n tra t io n  o f u l t r a f I n e - g r a i n e d  m in e ra ls  formed d u r in g  pedogenesis.

4. F a b r ic  r e s u l t s  from Dawan in d ic a t e  a weakly f o l i a r  h o r iz o n ta l  f a b r ic  

w ith  no s u b s ta n t ia l  rew ork ing . The p r e fe r r e d  g ra in  o r i e n t a t io n  i s  probab ly  

a r e s u l t  of o r ie n t a t io n  bv wind, w ith  th e  g r a in  long axes ly in g  o rthogonal  

to  th e  predominant n o r th w e s te r ly  wind d i r e c t io n .

6. No excurs ions  of th e  magnetic f i e l d  were found a t  Dawan. However the  

la c k  o f c h ro n o lo g ic a l  c o n t ro l  p rec lu des  d is c u s s io n  of th e  absence of

c e r t a in  magnetic fe a tu re s  e .g . th e  B lake Event.

7. The J iu z h o u ta i  sediment appears to  have been p a r t i a l l y  reworked by s lope  

processes b r in g in g  In t o  doubt th e  a u t h e n t i c i t y  of th e  m ag n e to s tra t ig rap h y  

r e s u l t s .  The evidence o f slumping a t J iu z h o u ta i  im p l ie s  th a t ,  I f  th e  B lake  

Event were present in  th e  sediment te s te d ,  p o s t -d e p o s l t lo n a l  rew ork ing  w i l l  

have o v e rp r in te d  the  revers ed  NRM d i r e c t io n .  Luminescence d ates  im ply th a t  

th e  rew ork ing  was a P le is to c e n e  event.
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10. APPENDICES I - Il

APPENDIX I :  MAGNETIC MINERALOGY

Table I . 1 H y s te re s is Param eters f o r  J iu z h o u ta i samples

Sample Ms Mrs Mrs/Ms He
depth <m) (Am^kg-*) (xlO-^Am^kg--1 ) (kAm-‘ )
Loess I
47 .000 0. 026 3. 63 0. 139 12. 00
47 .500 0. 027 3. 20 0. 125 7. 63

Palaeosol I
48 .275 0. 029 4. 32 0. 148 7. 21
48 .600 0. 028 4. 21 0. 151 8. 60
48.975 0. 024 3. 97 0. 159 8. 55
49.175 0. 025 3. 99 0. 154 9. 61

Loess I I
49 .675 0. 018 2. 43 0. 135 10. 80
50 .000 0. 025 3. 55 0. 139 10. 90
50.425 0. 013 1. 90 0. 142 10. 30

Palaeosol I I
51 .100 0. 027 4. 37 0. 160 8. 37

Loess I I I
52 .100 0. 018 2. 83 0. 152 9. 27
52 .500 0. 024 2. 86 0. 117 9. 77
53 .000 0. 029 3. 92 0. 133 10. 00
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Table 1.2 Hysteresis parameters for Dawan samples

Sample Mrs Mrs/Ms He
depth  <m) (Am^kg-i ) ( x lO -s A m fk g - i ) (kAm-‘ )

Loess I
20. 000 0. 029 3. 49 0. 117 9. 70
20. 025 0. 023 2. 69 0. 113 9. 48
21. 500 0. 022 2. 42 0. 109 9. 74
21. 550 0. 031 3. 80 0. 120 10. 10
21. 800 0. 028 3. 18 0. 115 9. 56
22. 500 0. 022 2. 78 0. 126 10. 10
22. 800 0. 022 2. 67 0. 120 9. 78
23. 500 0. 029 3. 71 0. 127 9. 47
24. 000 0. 030 3. 00 0. 100 6. 57
24. 200 0. 015 1. 98 0. 128 9. 67
24. 500 0. 027 2. 73 0. 120 9. 50
24. 875 0. 019 2. 67 0. 137 11 .20

Palaeosol I
25. 000 0. 024 3. 85 0. 157 11. 40

Loess I I
25. 500 0. 030 4. 25 0. 141 9. 86
26. 000 0. 018 2. 45 0. 134 10. 60
26. 225 0. 028 3. 81 0. 136 9. 84
26. 500 0. 026 3. 64 0. 139 11. 20
26. 975 0. 022 3. 01 0. 136 10. 50
27. 000 0. 021 2. 90 0. 135 10. 40

Palaeosol I I
27. 200 0. 030 4. 53 0. 150 8. 75

Loess I I I
28. 500 0. 026 3. 36 0. 127 9. 89
29. 000 0. 022 3. 52 0. 155 10. 70

Palaeosol I I I
29. 950 0. 020 3. 09 0. 152 8. 14
29. 975 0. 021 2. 72 0. 130 11. 40
30 .200 0. 027 4. 30 0. 158 8. 39
30. 325 0. 042 6. 58 0. 155 8. 07

Loess IV
30 .500 0. 019 2. 89 0. 151 10. 40
31. 000 0. 040 6. 44 0. 161 6. 58
31. 175 0. 035 5. 53 0. 158 7. 83
31. 500 0. 023 2. 83 0. 121 10. 60
31. 775 0. 026 3. 43 0. 131 9. 54
32. 000 0. 023 3. 01 0. 129 9. 48
32. 500 0. 023 2. 75 0. 123 9. 44
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Table I. 2 continued.

Sample Ms Mrs Mrs/Ms He
depth  (m) (A m fk g - i ) (x lO -^A m ^kg-*) (kAm-^)
Palaeoso l IV
3 3 .000  0 .0 2 3  3 .6 1  0 .155  8 .7 3

Loess V
3 3 .550  0 .0 2 4  2 .8 6  0 .1 1 7  7 .5 5
3 3 .700  0 .0 2 8  3 .8 2  0 .1 3 4  10 .80

P alaeosol V
33 .850  0 .025  3 .7 8  0 .1 4 9  9 .2 8
34 .500  0 .031  4 .8 5  0 .1 5 3  9 .3 1

Loess VI
34 .800  0 .0 2 6  3 .4 2  0 .1 3 0  10 .20
35 .000  0 .0 2 4  3 .7 5  0 .1 5 2  10 .60

P alaeoso l VI
35 .250  0 .0 3 8  6 .3 9  0 .1 6 7  7 .51
35. 275 0. 032 4. 96 0. 153 6. 58
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Table 1.3 Hysteresis parameters for Labrang and Sala Shan samples

Sample 
depth  <m)

m .
(x lO-

Mrs
3 A m fkg -i)

Mrs/Ms He 
(kAm-‘ )

LAOOO 0 . 029 3. 74 0. 127 8. 20
LA025 0 . 022 2. 29 0. 100 8. 22
LA050 0 . 029 2. 82 0. 097 7. 72
LA075 0 . 021 2. 07 0. 099 8. 54
LBOOO 0. 019 2. 56 0. 132 7. 71
LB025 0 . 028 2. 89 0. 104 8. 53
LB050 0 . 027 2. 68 0. 098 7. 71
LB075 0 . 021 2. 08 0. 096 7. 98

Tabl e I . 4 Hyst e r e s is param eters f o r  T ib e ta n sediment

Sample Ms Mrs Mrs/Ms He
depth  (m) (Am^kir-^ ) (x lO-^Am^kg-^) (kAm-‘ )

Golmud 0 . 025 1. 13 0. 044 2. 35
KunlA 0 . 022 1. 38 0. 061 3. 09
G la c ie r 0. 018 1. 77 0. 094 7. 43
Barchan 0. 040 0. 075 0. 019 0. 72
Pingo 0 . 017 4. 51 0. 260 20. 50
Kun Pass 0. 017 1. 88 0. 108 8. 09
Oum Heyan 0 . 039 0. 47 0. 120 5. 88
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APPENDIX I I :  MAGNETQSTRATIGRAPHY

T ab le  I I .  1 Palaeom agnetlc d i r e c t io n s  and NRM I n t e n s i t i e s  d e r iv e d  from  
th erm al dem agn etisa t ion  of loess  and p a la e o s o l samples from J iu z h o u ta i .  The 
maximum angle  of d e v ia t io n  (MAD) i s  quoted a long w ith  th e  number of v e c to r  
p o in ts  used to  d e r iv e d  I t  (n ).

Depth
(m etres)

MAD n dec* In c * NRM
(x lO -A A m fk g - i )

46 .825 6. 6 4 11. 5 47. 6 0. 43
4 6 .900 18. 4 7 1. 9 51. 0 0. 44
47. 000 10. 6 7 1. 3 44. 9 0. 46
4 7 .100 6. 9 6 355. 5 38. 2 0. 78
47. 250 12. 2 7 354. 1 54. 6 0. 48
47. 350 11. 6 7 340. 9 57. 1 0. 54
47 .500 7. 1 7 3 5 1 .6 49. 9 0. 74
47. 600 10. 1 7 14. 4 60. 5 0. 53
47. 750 4. 9 6 353. 0 61. 0 0. 56
47. 825 8. 1 7 30. 5 48. 1 0. 57
47 .900 7. 8 6 9. 3 42. 9 0. 61
48 .000 5. 6 7 15. 4 44. 4 0. 58
48 .200 12. 6 7 14. 5 47. 1 1. 18
48 .300 10. 9 7 3. 1 54. 4 1. 77
48 .400 5. 7 5 26. 8 53. 4 1. 37
48 .600 5. 3 7 359. 9 54. 7 1. 29
48. 700 8. 8 7 13. 6 64. 1 0. 77
48. 800 7. 6 7 356. 2 54. 5 1. 54
49 .000 5. 5 7 6. 2 33. 0 1. 49
49. 100 11. 5 7 18. 3 44. 8 1. 17
49 .200 17. 1 7 355. 4 40. 7 0. 82
49 .300 9. 8 7 32. 7 21. 9 1. 04
49 .500 30. 1 5 10. 2 45. 1 0. 29
49. 600 13. 4 7 17. 9 68. 1 0. 61
49 .700 6. 3 7 359. 9 44. 6 0. 47
49 .775 5. 5 5 357. 4 50. 9 0. 32
49 .950 5. 4 6 3. 3 48. 3 0. 39
50 .000 4. 9 6 12. 0 33. 4 0. 33
50. 100 2. 7 6 13. 0 49. 9 0. 77
50. 250 5. 4 6 49. 9 48. 5 0. 62
50. 350 4. 5 6 356. 1 44. 4 0. 46
50 .425 5. 0 6 22. 5 55. 8 0. 42
50. 550 4. 3 6 41. 1 79. 1 0. 47
50. 600 5. 4 6 7. 7 59. 3 0. 30
50. 700 12. 5 6 354. 7 53. 9 0. 31
50. 800 5. 6 6 356. 9 56. 9 0. 32
50. 900 4. 7 6 9. 0 54. 6 0. 28
51. 100 4. 4 7 5. 4 40. 0 0. 73
51. 200 4. 8 7 357. 5 42. 8 0. 73
51. 300 1. 4 7 9. 8 44. 7 1. 47
51. 400 1. 9 7 5. 5 50. 9 1. 15
51. 500 2. 4 7 3. 1 53. 3 0. 79
51. 600 3. 8 7 357. 5 50. 0 0. 57
51 .700 2. 9 7 1. 4
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Table II.1 continued,.

Depth
(m etres)

MAD n dec* In c *  NRM
(x lO - *A m fk e - * )

51. 800 3. 5 7 352. 8 52. 0 0. 39
51. 900 5. 8 7 354. 5 48. 3 0. 34
52. 000 2. 8 6 12. 5 60. 0 1. 08
52 .100 2. 0 6 351. 5 49. 5 1. 21
52 .200 5. 7 6 335. 7 50. 9 0. 89
52 .400 4. 9 6 359. 8 34. 7 0. 26
50. 500 3. 2 6 0. 2 34. 7 0. 44
50. 600 1. 5 5 20. 0 37. 8 1. 17
50. 750 1. 4 6 0. 0 42. 3 1. 04
50 .850 1. 7 6 356. 5 34. 7 0. 96
50 .925 1. 9 6 352. 2 46. 5 1. 12
51. 000 2. 4 6 350. 6 44. 6 0. 71
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Table II. 2 Demagnetisation characteristics of Jiuzhoutai loess
and palaeosols

Depth %NRM lo ss temp o f  50% temp o f  90%
(m etres ) Q lOO'C NRM lo s s  C O NRM lo s s  C C )
Loess I
46. 800 25. 6 170 415
46. 900 32. 1 160 510
47. 000 24. 6 150 500
4 7 .1 0 0 13. 2 230 500
47. 250 27. 7 160 480
4 7 .350 27. 2 180 500
47. 500 33. 0 150 470
47. 600 34. 3 150 380
47. 750 29. 3 180 495
47. 825 22. 2 190 530
47. 900 23. 4 200 490
Palaeosol I
4 8 .100 57. 0 80 >550
48. 200 64. 2 80 410
48 .300 73. 2 75 370
48. 400 72. 9 60 400
48. 600 82. 2 50 280
48 .700 67. 1 85 350
4 8 .800 61. 3 80 430
49 .000 61. 1 80 440
49 .100 69. 8 70 310
49. 200 72. 4 70 360
49 .300 70. 0 75 330
Loess I I
49. 500 60. 7 80 550
49. 600 54. 8 80 435
49. 700 46. 6 220 440
49 .775 30. 1 170 420
49 .950 25. 7 180 >450
50. 000 23. 7 200 >450
50. 100 22. 8 180 440
50. 250 28. 8 180 410
50 .350 28. 4 175 340
50. 425 28. 6 170 460
50. 550 34. 0 150 430
50 .600 10. 9 210 460
50. 700 14. 7 210 450
50. 800 21. 5 190 440
50. 900 26. 4 180 460
P alaeosol I I
51. 100 38. 2 130 430
51. 200 32. 7 160 500
51. 300 10. 7 250 >550
51 .400 19. 5 215 510
51. 500 31. 8 150 515
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(tablelt.2 continued)

depth %NRM lo s s temp o f  50% temp o f  90%
(m etres) @ lOO'C NRM lo s s NRM lo s s
Loess I I I
51. 600 17. 8 210 520
51. 700 24. 5 190 >550
51. 800 19. 8 210 >550
51 .900 17. 0 185 450
52. 000 25. 6 180 375
52. 100 27. 6 180 >450
52. 200 19. 6 195 >450
52. 300 14. 0 210 >450
52. 400 0. 0 250 >450
52. 500 11. 4 370 380
52. 600 0. 3 260 >450
52. 750 3. 4 230 >450
52. 850 3. 7 240 >450
52. 925 6. 1 240 >450
51. 000 0. 0 250 >450
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T a b le  I I .  3 Palaeomagnetlc d i r e c t io n s  and NRM i n t e n s i t i e s  d e r iv e d  from  
th erm al d em agn etisa t ion  of lo ess  and p a la e o s o l samples from Dawan. The 
maximum ang le  of d e v ia t io n  (MAD) i s  quoted a long w ith  th e  number of v e c to r  
p o in ts  used to  d e r ived  i t  (n ).

Depth
(m etres )

MAD n dec* In c * NRM
(x lO - * A m fk g - i )

20. 000 14. 5 5 20. 8 42. 0 0. 389
20. 300 14. 1 4 59. 2 78. 3 0. 209
20. 400 3. 6 5 23. 7 51. 0 0. 634
20. 500 5. 1 7 28. 6 58. 5 0. 824
20. 600 14. 8 7 3. 3 36. 6 0. 332
20. 700 14. 2 5 0. 7 33. 0 0. 378
20. 800 8. 8 5 327. 3 45. 5 0. 304
20. 900 6. 3 7 11. 3 31. 6 0. 564
21. 000 8. 6 7 3 5 1 .7 17. 6 0. 583
21. 200 22. 3 7 7. 5 11. 7 0. 403
21. 300 15. 7 5 23. 2 18. 9 0. 300
21 .400 14. 5 7 46. 1 14. 9 0. 389
21. 500 4. 6 8 20. 8 40. 3 0. 601
21. 600 4. 8 8 27. 3 11. 3 0. 480
21. 700 9. 5 8 16. 6 34. 9 0. 395
21. 800 4. 6 8 32. 9 36. 4 0. 552
21. 900 4. 2 8 31. 7 29. 1 0. 684
22 .000 3. 1 8 344. 8 53. 3 0. 996
22. 100 2. 2 8 341. 9 40. 0 1.381
22. 300 3. 4 8 26. 3 57. 0 0. 836
22. 400 4. 6 6 2. 6 60. 1 0. 668
22 .600 3. 4 8 18. 9 44. 7 0. 752
22. 700 7. 4 3 350. 2 56. 3 0. 480
22 .800 12. 8 5 335. 1 58. 0 0. 707
22. 900 9. 0 5 4. 4 36. 6 0. 514
23. 000 2. 9 6 3. 0 49. 2 1. 610
23. 100 3. 5 6 16. 3 56. 0 1.025
23. 200 10. 2 6 4. 3 39. 7 0. 433
23. 300 12. 8 5 39. 1 43. 2 0. 487
23. 400 18. 1 6 16. 2 48. 9 0. 337
23. 500 6. 9 5 5. 5 42. 9 0, 635
23. 600 5. 6 4 13. 6 34. 0 0. 484
23. 700 12. 2 5 23. 1 4. 8 0. 381
23. 800 5. 8 5 16. 6 43. 3 1. 078
24. 000 27. 3 5 8. 3 63. 7 0. 497
24. 100 9. 6 4 1. 0 67. 1 0. 598
24. 200 11. 8 5 8. 8 39. 4 0. 792
24. 300 8. 7 5 14. 3 47. 7 1. 225
24. 400 2. 8 5 355. 7 52. 1 0. 901
24. 500 3. 6 5 7. 7 53. 5 0. 781
24. 600 2. 1 5 15. 8 55. 2 0. 773
24. 700 4. 4 5 27. 3 65. 2 1. 067
25. 000 3. 1 5 3. 5 59. 0 0. 979
25 .100 2. 2 5 8. 9 52. 1 1. 147
25 .300 4. 6 5 352. 9 50. 0 1, 506
25. 400 3. 6 5 354. 5 50. 1 0. 919
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Table II.3 continued.

Depth
(m etres)

MAD n dec" In c " NRW
( x lO - * A m fk g - i )

25. 500 4. 9 5 12. 2 46. 9 0. 892
25. 600 4. 4 5 15. 2 62. 3 0. 965
25. 700 6. 0 5 0. 1 58. 4 0. 865
25. 800 7. 1 5 357. 0 53. 1 0. 447
25 .900 4. 2 5 15. 3 56. 9 0. 450
26. 000 4. 4 6 0. 1 65. 4 0. 504
26 .100 5. 3 6 16. 5 51. 2 0. 435
26. 200 4. 7 6 29. 0 55. 2 0. 380
26. 300 6. 2 6 2. 9 47. 2 0. 563
26. 400 2. 2 6 349. 1 65. 9 0. 479
26. 500 6. 3 6 357. 7 54. 5 0. 421
26. 600 4. 6 6 22. 7 49. 4 0. 401
26. 700 6. 7 6 0. 4 40. 5 0. 408
26. 800 3. 1 6 3 51 .5 46. 7 0. 552
26. 900 4. 7 4 349. 2 55. 1 0. 483
27. 000 6. 1 6 351. 5 46. 7 0. 471
27. 100 4. 1 6 2. 9 52. 6 1. 371
27. 200 5. 7 6 5. 6 47. 4 1. 441
27. 300 1. 8 6 14. 3 52. 1 1. 828
27. 500 7. 9 4 29. 2 52. 0 1. 780
27. 600 3. 0 4 337. 9 59. 3 1. 863
27. 700 3. 6 4 2. 0 46. 8 1. 436
27. 800 2. 8 4 355. 5 51. 6 1. 441
27. 900 3. 0 4 4. 2 46. 8 1. 623
28. 000 2. 5 4 3. 5 43. 7 1. 607
28 .200 4. 2 4 359. 8 43. 6 0. 910
28 .300 3. 7 4 344. 2 49. 0 0. 639
28 .400 3. 2 4 0. 1 60. 0 0. 498
28.500 6. 7 4 6. 8 67. 3 0. 472
28.600 6. 6 4 357. 5 69. 2 0. 576
28.700 6. 8 4 359. 7 52. 9 0. 524
28. 800 7. 4 4 13. 1 55. 1 0. 582
28 .900 1. 8 5 12. 1 60. 2 0. 735
29. 000 10. 2 4 8. 6 52. 4 0. 689
29. 100 6. 7 4 13. 6 43. 9 0. 722
29. 300 6. 2 5 8. 7 63. 1 0. 550
29. 500 12. 3 5 20. 2 47. 8 0. 709
29. 600 23. 4 5 46. 2 55. 8 0. 757
29. 700 14. 6 5 17. 3 54. 0 0. 757
29. 800 9. 9 5 17. 9 54. 0 0. 805
29. 900 12. 5 5 341. 5 60. 6 2. O i l
30. 100 16. 0 5 355. 5 67. 4 3. 089
30.200 3. 8 5 353. 2 55. 1 1. 466
30 .300 11. 4 5 10. 8 65. 6 2. 394
30 .400 1. 8 5 10. 6 63. 6 2. 186
30 .600 9. 5 5 13. 5 48. 9 0. 377
30.800 5. 5 5 8. 3 56. 2 0. 438
30.900 8. 9 6 16. 3 83. 5 0. 544
31. 000 3. 3 6 16. 0 63. 4 0. 718
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Table II.3 continued.

Depth
(metres)

MAD n dec" Inc" NRM
( x lO -A A m f k g - i )

31. 100 5. 2 6 321. 5 69. 8 0. 771
31. 200 7. 5 4 28. 9 51. 1 0. 322
31. 300 7. 1 7 343. 8 53. 3 0. 561
31. 400 3. 9 7 12. 7 45. 8 0. 627
31. 500 5. 0 7 11. 4 44. 6 0. 979
31. 600 5. 3 7 2. 2 60. 3 0. 839
31. 700 3. 5 6 31. 8 65. 0 0. 990
31. 800 2. 3 7 11. 9 63. 5 0. 874
31. 900 3. 4 7 357. 6 55. 4 1. 087
32. 000 5. 3 4 26. 6 43. 8 0. 436
32. 100 6. 0 5 17. 2 42. 7 0. 487
32. 200 10. 6 6 26. 9 27. 6 0. 325
32. 400 6. 5 7 20. 5 33. 2 0. 428
32. 500 3. 7 7 27. 9 43. 8 0. 652
32. 600 4. 2 6 43. 1 21. 6 0. 595
32. 800 3. 2 7 13. 6 39. 5 0. 903
32. 900 6. 1 5 32. 5 32. 2 0. 781
33. 000 4. 4 7 22. 5 51. 6 1. 201
33. 100 6. 8 5 350. 0 53. 3 0. 853
33. 200 8. 8 7 18. 4 10. 6 0. 597
33. 300 5. 9 5 0. 6 36. 2 0. 853
33. 500 25. 7 6 354. 4 21. 8 0. 267
33. 600 11. 3 5 6. 7 45. 6 0. 352
33. 700 8. 9 5 17. 4 44. 3 0. 470
33. 800 9. 4 5 6. 4 21. 9 0. 320
33. 900 4. 4 7 358. 1 12. 9 2. 164
34. 000 9. 1 7 3. 1 26. 3 1. 295
34. 100 12. 0 7 42. 2 4. 2 1. 001
34. 200 13. 2 7 0. 6 8. 8 1. 359
34. 300 11. 1 7 0. 1 32. 9 1. 452
34. 400 8. 9 7 11. 9 39. 7 1. 530
34. 500 5. 5 7 32. 9 42. 6 1. 369
34. 700 11. 9 7 325. 5 25. 2 0. 662
34. 800 7. 7 6 8. 1 41. 0 0. 904
34. 900 9. 5 7 12. 3 30. 9 0. 851
35. 000 8. 2 7 44. 9 49. 9 0. 746
35. 100 8. 6 7 1. 8 42. 4 1. 454
35. 200 7. 3 7 4. 4 24. 3 3. 058
35. 275 10. 2 6 46. 1 43. 2 3. 008
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T a b le  I I . 4 D em agnetisation  
and p a laeo so ls

c h a r a c t e r i s t i c s o f  Dawan loess

Depth %NRM loss temp of 50% temp, of
(metres)
Loess I

@ lOO'C NRM loss C O NRM loss

20. 000 36. 2 210 >450
20. 300 45. 9 150 375
20. 400 26. 6 210 350
20. 500 21. 6 230 425
20. 600 50. 3 200 500
20. 700 45. 5 210 330
20. 800 47. 7 120 280
20. 900 28. 0 270 500
21. 000 20. 4 360 >550
21. 100 25. 3 250 >550
21. 200 34. 5 225 >550
2 1 .300 50. 0 100 540
21. 400 33. 4 250 >550
21. 500 54. 6 80 525
21. 600 49. 3 260 525
2 1 .700 71. 6 70 500
21. 800 57. 2 80 525
21. 900 57. 3 80 425
22 .000 55. 9 70 550
22. 100 53. 0 90 490
22. 300 50. 7 100 450
22. 400 64. 1 70 325
22 .600 60. 2 80 340
22. 700 77. 9 75 325
22. 800 64. 5 75 325
22 .900 45. 3 110 355
23. 000 19. 7 220 >450
23. 100 25. 4 190 >450
23. 200 48. 0 105 310
23. 300 44. 6 115 >450
23. 400 34. 2 120 >450
23. 500 34. 1 170 410
23 .600 48. 2 105 380
23. 700 50. 8 100 325
23. 800 33. 3 200 410
24. 000 64. 7 80 >400
24. 100 57. 9 80 360
24. 200 61. 3 85 330
24. 300 50. 7 100 360
24. 400 29. 8 190 370
24. 500 20. 5 190 405
24. 600 27. 2 170 375
24. 700 31. 6 150 420
24. 800 18. 4 220 >450
24. 900 31. 4 180 >400
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T a b le  I I . 4 continued.

Depth %NRM lo s s temp o f  50% t  emp. (
(m etres ) & lOO'C NRM lo s s  C O NRM loi
P a laeo so l I
25. 000 41. 4 240 310
25. 100 44. 0 120 290
25. 300 48. 9 110 280
25. 400 40. 5 150 420
Loess I I
2 5 .5 0 0 29. 6 190 >400
25. 600 31. 7 160 420
25. 700 43. 7 115 460
25. 800 54. 2 80 405
25. 900 44. 0 170 410
26. 000 35. 2 150 455
26. 100 22. 8 200 >450
26. 200 28. 7 190 >450
26. 300 23. 3 210 >450
26. 400 28. 4 190 365
26. 500 34. 3 150 370
26. 600 31. 2 185 350
26. 700 28. 0 180 375
26. 800 28. 7 195 395
26. 900 43. 7 130 330
27. 000 44. 0 170 480
P alaeoso l I I
27. 100 43. 7 180 440
27. 200 41. 7 120 390
27. 300 48. 0 110 340
27. 500 44. 9 115 210
27. 600 68. 1 60 250
27. 700 70. 4 40 250
27. 800 76. 0 35 190
27. 900 64. 3 60 270
28. 000 70 .0 55 220
Loess I I I
28. 200 63. 3 80 280
28. 300 45. 3 115 410
28. 400 50. 3 100 290
28. 500 47. 5 110 350
28. 600 46. 9 120 370
28. 700 52. 0 95 350
28. 800 61. 4 90 280
28. 900 57. 2 90 295
29. 000 70. 7 60 325
29. 100 78. 1 50 300
29. 200 74. 2 55 350
29. 300 69. 9 60 330
29. 500 76. 2 55 305
29. 600 80. 4 40 280
29. 700 78. 9 40 280
29. 800 88. 9 30 110

of 90%
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Table II.4 continued.

Depth %NRM lo s s temp o f  50% t  emp. (
(m e tres ) @ lOO'C NRM lo s s  C O NRM lo!
P a laeoso l I I I
29. 900 82. 2 35 220
30. 100 82. 0 35 140
30. 200 76. 0 40 200
30. 300 57. 0 80 280
30. 400 62. 1 70 440
Loess IV
30. 500 39. 9 130 450
30. 600 27. 6 210 >450
30. 800 53. 9 95 320
30. 900 41. 6 120 >450
31. 000 35. 5 160 >450
31. 100 44. 0 180 >450
31. 200 26. I 250 >450
31. 300 31. 1 170 530
31. 400 16. 3 230 470
31. 500 11. 9 220 570
31. 600 11. 8 220 490
31. 700 17. 2 230 570
31. 800 19. 5 230 540
31. 900 20. 1 230 540
32. 000 6. 5 250 430
3 2 .100 43. 6 130 300
3 2 .200 25. 0 150 430
32 .400 5. 5 250 550
3 2 .500 3. 1 250 515
3 2 .600 13. 5 240 490
Palaeoso l IV
3 2 .800 4. 9 240 510
32 .900 38. 3 130 320
33. 000 35. 0 140 490
33. 100 46. 7 120 345
33. 200 29. 7 180 520
33. 300 34. 2 170 400
Loess V
33 .500 27. 0 180 >550
33 .600 25. 3 170 >500
33. 700 32. 8 170 400
Palaeosol V
33 .800 23. 5 170 375
33. 900 33. 5 140 330
34. 000 62. 1 80 345
34. 100 62. 4 75 450
34. 200 67. 6 70 340
34. 300 64. 1 75 330
34. 400 61. 0 80 340
34. 500 42. 9 140 425
34. 700 50. 2 100 380
34. 800 45. 3 120 410

o f  90%
ss C O
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Table II. 4 continued.

Depth %NRM lo ss temp o f  50% temp, o f  90%
(m etres ) @ lOO'C NRM lo s s  C O NRM lo s s  C O
Loess VI
34. 900 50. 5 100 475
35. 000 53. 0 95 360
35. 100 47. 4 110 470
Palaeosol VI
3 5 .200 65. 4 75 310
35. 275 61. 5 80 345

T ab le  I I . 5 Dem agnetisation  c h a r a c t e r i s t i c s  of Labran# loess

Depth %NRM loss temp o f  50% t  emp. o f
(m etres) e lOO'C NRM lo s s  C O NRM lo s s

LabranR B
LBO.000 22. 5 200 >350
LEO.025 27. 3 200 340
LBO.050 27. 2 205 >350
LBO.075 32. 2 160 >350

LabranR A
LAO.000 16. 9 220 >350
LAO. 025 23. 0 190 340
LAO. 050 16. 5 225 >350
LAO. 075 17. 2 225 >350
LAO. 100 13. 5 230 >350
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