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Interpreting sediment geochemical records from a minera logical perspective: a 

quantitative method for reconstructing historical environmental changes in China

Abstract

Ningning Li

Geochemistry is increasingly important in reconstructing historical environmental 
changes and linking it with current climate conditions. Previous studies have attempted 
to use various climate proxies as independent tools for quantifying past environmental or 
climate conditions. However, most of them lack detailed and comprehensive 
geochemical data and are not fully quantitative. In addition, results from bulk 
geochemical analysis (element concentrations and their ratios) are not directly correlated 
to environmental/climate changes, but minerals are. Therefore, historical environmental 
changes can be quantified if the mineralogy of the corresponding sediment is known and 
can be obtained as quantitative data. This thesis is to present a newly developed 
numerical model, the mineral dissolution model, for converting geochemical records 
from sediments into quantitative mineralogical data and linking these data with relevant 
environmental/climate events.

Two different sites, the Chinese Loess Plateau and the Chaohu Lake from China, have 
been selected for this study. Attempts are given to examine the applicability of the 
model to different sites with different climate conditions; and to discuss the reliability of 
the model for reconstructing palaeoclimate change by comparing with other methods.

New detailed and comprehensive geochemical data have been provided for quantitative 
mineralogical analysis. The rainfall rates for the Chinese Loess Plateau and the mineral 
compositions of the Chaohu Lake sediments were estimated by the model and presented 
in this thesis. The results indicate that quantitative mineralogical analysis can be used as 
an independent proxy for historical environmental study and can avoid site-specific 
factors; and that the mineral dissolution model is a useful tool for reconstructing 
palaeoclimate changes, although refinements are needed for some parameters.
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Chapter 1 Introduction

1.1 Introduction

It is recognised that palaeoclimate change study has been an important role to play 

for current climate change studies and future climate forecast (e.g. An, 2000; Dearing 

et al., 2006). Many studies have been conducted to reconstruct 

palaeoclimate/environmental change using different methods, including 

environmental magnetism (e.g. Thompson and Oldfield, 1986; Evans and Heller, 

2001; Bloemendal and Liu, 2005), geochemistry (e.g. Gallet et al., 1996; Wan et aL, 

2003; Jahn et aL, 2001; Boyle, 2007), grain size (e.g. Zheng et aL, 1991; Derbyshire 

et aL, 1997; Ding et aL, 2002) and palynology (e.g. Wang et aL, 2008). However, no 

method is perfect. The difficulty in distinguishing between magnetite and 

maghaemite in sediments complicates the interpretation of the magnetic 

susceptibility records. The indirect link between element ratios and the contemporary 

environment and the variation in mineral groups limit the determination o f the 

relationship between mineral and weathering. The same particle size distribution can 

be attributed to different climate and environment scenarios. Pollen and charcoal 

analyses sometimes could be site-specific and plausible when compared to the 

chronology. In addition, most o f these methods are qualitative or semi-quantitative.

Therefore, this thesis is to provide a new approach to quantitatively reconstructing 

historical environmental change by combining quantitative mineralogical analysis 

with the geochemical records o f sediments from different sites.

Two different landforms in China -  Chinese Loess Plateau (CLP, central North China) 

and Chaohu Lake (East China) are selected for this study. Attempts are given (1) to 

quantify the mineral-weathering relationship along with the climate change in CLP 

within last 0.5 million years, and then to estimate the palaeo-precipitation rates in 

this area; and (2) to investigate the environmental change and the evolution of

1



Chaohu Lake during middle to late Holocene using geochemical proxies. Previous 

studies at both sites have shown significant progress (e.g. Maher et aL, 1994; Chen et 

aL, 2005; Jia et al., 2006; Wang et aL, 2008), but lack detailed and comprehensive 

geochemical and mineralogical analyses. Thus, it is expected to provide new 

evidence based on geochemical/mineralogical data.

1.2 Aims and objectives

The aims of this study are:

• To provide a new approach to quantitative geochemistry, interpreting patterns in 

terms o f mineralogy and assess its sensitivity and applicability to historical 

environment studies by comparing with other methods.

• To create a numerical model based on a mineral depletion predictive model 

(Boyle, 2008) and ALLOGEN, a computerized model developed by Boyle 

(2007), to estimate the palaeo-precipitation rates and examine the model’s 

reliability by comparing with the rainfall-susceptibility elimo-function model 

proposed by Maher et al. (1994).

As stated above, two sites in China have been selected for this study. There are 
sub-objectives for each site.

(1) For the Chinese Loess Plateau site:

• To undertake comprehensive and detailed mineralogical analysis from three 

loess sections on a latitudinal and climate gradient. This is expected to yield a 

better understanding o f the composition and origin o f loess minerals, their 

temporal and spatial changes in concentration and structure, and their correlation 

with weathering history and climate change.

• To examine the mineral-weathering relationship and reconstruct the 

palaeo-rainfell rates quantitatively using a mineral dissolution model. This 

model is part of the weathering rate predictive model proposed by Boyle (2008) 

but it was not designed for loess mineralogical study and must be optimised for

2



Chinese loess. It will represent an entirely new approach to loess mineralogical 

study.

(2) For the Chaohu Lake site:

• To calculate the mineral compositions of the lake sediment using quantitative 

geochemistry and then to decipher the environmental change and the evolution 

of Chaohu Lake through the interpretation o f the mineral data and the records o f 

other environmental proxies.

• To attempt to distinguish the effects o f human activities and environmental 

changes on the lake by using relevant records.

3



Chapter 2 Literature Review

According to previous studies, several methods have been widely accepted for 

palaeoclimate reconstruction from sedimentary archives, such as magnetic 

susceptibility, geochemistry, micromorphology, grain size analysis and pollen 

analysis. These methods have also been used in this study. Therefore, a brief view 

has been given on these approaches, especially on their application to loess and/or 

lake sediments. In addition, previous studies have also carried out on 

mineral-weathering relationship within Chinese loess, the environmental change 

around the Chaohu Lake and the application o f quantitative mineralogical analysis.

2.1 Methods for palaeoclimate reconstruction used in this study

2.1.1 Magnetic properties

The application of environmental magnetic techniques (Thompson and Oldfield, 

1986) represents one o f the earliest attempts to extract palaeoenvironmental 

information from Chinese loess (e.g. Heller and Liu, 1982). Historically, Liu’s study 

(1975; cited in Liu, 1985) showed that the magnetic susceptibility ofpalaeosols is 

higher than that in loess at Heimugou on the Chinese Loess Plateau. After that, An et 

aL (1977) used magnetic susceptibility at low fields to distinguish loess and 

palaeosoL Since then, this approach has become increasingly important for obtaining 

high-resolution records from loess/palaeosol sequences in China (e.g. Liu, 1985; 

Kukla et aL, 1988; Heller and Liu, 1994). One o f the first and most significant 

findings was that high and low values o f magnetic susceptibility correspond to 

palaeosols and loess, respectively. Furthermore it was shown that the alternating 

to ess-pa laeosol sequences in the extensive central Chinese Loess Plateau recorded at 

least 56 soil-forming intervals and the major interglacial soils in the last 2.6 Ma 

(Heller and Liu, 1982; Liu, 1985; Kukla et al., 1988; Rutter et al., 1990; Guo et aL, 

1996a), almost all of them characterised by increased magnetic susceptibility values.

4



This implied an alternating glacial-interglacial pattern o f Quaternary climate, which 

matched the record from other archives, such as the deep-sea sediment record. 

Researchers (e.g. Heller and Liu, 1984; Cao, 1997; Florindo et aL, 1999; Kemp e ta l,

2001) studying the loess-palaeosol sequences have undertaken some comparisons 

between magnetic susceptibility and marine oxygen isotope records, which generally 

show a good agreement between these two climate proxies (Figure 2-1), and this 

clearly underlines the climatic significance o f loess magnetic properties.

ODP 677 Xifeng
8 180  (%o to PDB) Susceptibility (10-8 m8/kg) Lithology

0 -1 -2 -3 0 100 200 300 400

Figure 2-1 Correlation of the marine 5lsO record and loess magnetic susceptibility. 
From: Heller and Evans (1995)

Initially Heller and Liu (1984) suggested that the magnetic susceptibility 

enhancement of palaeols resulted from carbonate dissolution during warm, humid 

interglacial weathering conditions. Later, Kukla (1988) suggested a different 

mechanism, whereby the flux o f magnetic minerals from some distant, unknown 

source was alternately diluted and concentrated by variations in the accumulation 

rate o f the weakly magnetic sediment matrix. Thus susceptibility values were lower 

during cool, dryer glacial periods when the loess accumulation rate was the most 

rapid. However, the work o f Zhou et al. (1990) and Zheng et aL (1991) showed that
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the magnetic mineral assemblages in the palaesols were much finer-grained than in 

the loess layers, and in addition that they were concentrated in the fine (clay/fine silt) 

soil particle size fractions. This clearly indicated that the origin o f the magnetic 

enhancement was the pedogenic formation of fine-grained secondary ferrimagnetic 

minerals (e.g. magnetite, maghemite), a process which had been previously well 

documented in temperate zone soils (e.g. Tite and Linington, 1975; Mullins, 1977). 

This accorded with the concept o f increasing weathering intensity and soil formation 

during interglacials. A further development was the suggestion that loess and 

palaeosol magnetic properties could be used to quantitatively reconstruct past 

climates on the Chinese loess plateau, specifically the intensity o f the East Asian 

summer monsoon, which delivered the bulk o f the precipitation to the area. Maher et 

a l (1994) and Liu et aL (1995) demonstrated a near-linear relationship between 

modern precipitation on the loess plateau and the magnetic properties o f modern 

soils, or the early Holocene palaeosol, SO (e.g. Figure 2-2).
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Figure 2-2 B-C horizon magnetic susceptibility versus modern annual rainfall. 
From: Maher et aL (1994)
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Maher et a l (1994) suggested that the increases in monsoonal rainfall during 

interglacials were particularly enhanced at the westernmost sites, adjacent to the 

northeastern edge of the Tibetan plateau, while a decline in rainfall during glacial 

periods was also identified across the whole area, with the greatest reduction in the 

southeast areas. They also argued that climate change, rather than soil-forming 

duration, is the key factor in controlling pedogenic susceptibility. One advantage, 

they suggested, of using magnetic properties is that the reconstructions o f 

palaeoprecipitation based on magnetic susceptibility measurements can be directly 

compared with palaeorainfall results from GCM. However, they thought that 

attention should be paid to the limitation o f the use of modern annual rainfall data in 

developing the magnetic climofunction at the contemporary calibration sites, 

although Maher et aL (1994) argued that the northern hemispheric pattern o f rainfall 

is in good agreement with the their climofunction data, regardless o f the 

discrepancies in the general pattern. Later, Han et al. (1996) obtained another 

climofunction (Figure 2-3) from 63 sites covering almost the entire Loess Plateau 

and the regions with loess deposits outside the main Loess Plateau area. This 

climofunction, obtained using polynomial regression analysis, showed a more 

complex, non-linear relationship between the magnetic susceptibility o f modern 

surface soils and both mean annual precipitation (MAP) and mean annual 

temperature (MAT). Han et aL (1996) concluded that linear and logarithmic 

climofunction coefficients between magnetic susceptibility and climate parameters 

could lead to an incorrect reconstruction o f palaeoprecipitation. However, all o f the 

climofunctions obtained so far imply that in general magnetic susceptibility increases 

with increasing MAT and/or MAP.
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Figure 2-3 
Susceptibility 
Climo functions 
developed by Han et 
aL (1996)

Top: Susceptibility 
versus mean annual 
temperature

Bottom: Susceptibility 
versus mean annual 
precipitatioa

Nevertheless, the actual mechanism of susceptibility enhancement remains debatable. 

For example, magnetic susceptibility should be enhanced in all of the palaeosols, as 

is generally observed on the Chinese Loess Plateau. However, in the case o f the 

Weinan and Lantian loess sections, in the southernmost part ofthe Loess Plateau, this 

is not the case. In addition, it is widely accepted that S1SS3 corresponds to marine 

oxygen isotope substage 5e, and formed under the warmest and most humid climatic 

conditions during the last interglacial. Zhu et aL (2001b), however, pointed out that 

the magnetic susceptibility values within S1SS3 are much lower than those within 

S1SS2 and S1SS1 based on the magnetic susceptibility records for the Znojmo 

section in Czech Republic and for the Weinan section in the Chinese Loess Plateau.
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In addition, previous studies focused on the general similarity o f magnetic 

susceptibility records and precipitation curves; however, now some researchers have 

started to examine the relationship in more detail and in some cases have pointed to 

the differences between these two data sets. Guo et aL (2001), in particular, have 

argued that there are complexities in interpreting the magnetic susceptibility records 

of the loess-palaeosol sequences solely in terms o f palaeoprecipitation. In addition, 

Guo et aL (2001) suggested that there is an increasing gradient inpedogenic intensity 

from north to south, but within the same spatial trend, no obvious increases can be 

found in maghemite content and magnetic susceptibility in S8, both o f which are 

commonly used as indicators o f pedogenesis. Derbyshire et al. (1997) examined the 

correlation o f magnetic susceptibility and palaeoclimate changes between Luochuan, 

Beiyuan and Lanzhou on the Chinese Loess Plateau. It is accepted by them that 

loess-palaeosol sequences in the western parts o f the Loess Plateau possibly provide 

an even higher resolution climatic record than that derived from the main Loess 

Plateau sites further east. However, Derbyshire et al. (1997) also pointed out some 

discrepancies between the magnetic susceptibility curves derived from the three sites 

over very short distances on Gaolan Mountain (near Lanzhou). Later, Maher et aL 

(1998) also suggested that any causal links between climate and magnetic properties 

are likely to be site-specific. Thus, although qualitative agreement o f magnetic 

properties between stratigraphic sections at different localities is relatively easy to 

establish, their relative magnitudes maybe different.

Further research was undertaken on the pedogenic process and environment 

corresponding to palaeoclimate change and palaeoprecipitation, especially in soils 

containing high or low amounts o f magnetic iron oxides. Maher’s study (1998) 

showed that pedogenic ferrimagnets are relatively abundant in well-drained, not very 

acidic soils (pH ~5.5-7), on weatherable, iron-bearing (but often not iron-rich) 

substrate, while the rates o f magnetic depletion appear to be highest in permanently 

wet soils, very acidic podsols and in areas with annual rainfall excess o f -2000 mm 

p.a. Thus, they (op. cit.) concluded that in those soils that favour magnetic
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enhancement processes, there is a correlation between the maximum value o f the 

pedogenic susceptibility and the annual rainfall. Similarly, Liu et aL (2003) also 

suggested that ferrimagnets are produced while the soil moisture is below the critical 

value, which will also result in a positive correlation between the magnetic 

susceptibility records and pedogenic intensity. If the soil moisture exceeds the critical 

value, however, ferrimagnetic dilution occurs and the susceptibility/pedogenesis 

correlation is negative. If the soil moisture oscillates around the critical value, it is 

difficult to establish the correlation between magnetic susceptibility and pedogenic 

enhancement. Thus, the time-averaged soil moisture is the critical parameter that 

controls pedogenic formation or ferrimagnetic depletion. However, annual rainfall 

may be an insensitive measure o f soil moisture (Derbyshire et aL 1995), so further 

investigation is required to establish the correlation between the pedogenic 

susceptibility and contemporary climate change (Maher, 1998; Liu et aL, 2003). In 

addition, Liu et aL (2003) pointed out that further detailed investigation o f magnetic 

susceptibility is needed to clarify relationships between magnetic susceptibility and 

climate, specifically properties such as Curie temperature, IRM acquisition, and 

magnetic hysteresis. Different Curie temperatures correspond to different magnetic 

minerals; and IRM acquisition curves can be used to distinguish between 

ferrimagnets and haematite. Thus, these techniques may provide some evidence on 

mechanism and source o f any link between magnetic properties (Maher, 1998).

2.1.2 Geochemistry

Geochemical techniques, such as measurement of Rb/Sr ratio, AbCL/CaO ratio and 

iron oxide state, are also used to reconstruct palaeoclimate on the Loess Plateau. It is 

agreed that Rb/Sr ratio and AhCL/CaO ratios correspond to pedogenic weathering of 

soils relative to the so-called ‘parental loess’ (Ding et aL, 2001). Typically, the ratios 

of Sr/Rb and AbCL/CaO are widely used in reconstructing the climate change o f the 

Loess Plateau in the Pliocene and Pleistocene (Chen et al., 1999a; Ding et al. 2000; 

Gallet et aL, 1996), because the soluble elements Ca and Sr are very sensitive to
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climatic changes. In addition, Ding et al. (2001) have attempted to use other 

chemical components o f red clay1 and applied various geochemical methods, 

including rare earth elements (REE) patterns, U/Pb, Sr/Rb, Sr/Ba and Ca0/A1203, 

etc. They found that “the eolian loess and red clay materials must have been subject 

to thorough sedimentary differentiation and moderate chemical weathering in the 

source area” (Ding et aL, 2001, p. 901); and in comparison with magnetic 

susceptibility, the ratios o f CaO/AhCL, Sr/Rb and Sr/Ba may be more sensitive 

proxies for reconstructing late Cenozoic climate change. Similarly, Li et al. (2006) 

have also used the concentrations o f Rb and Sr, REE patterns and magnetic 

susceptibility; however, in this study the samples were sieved into different 

grain-size classes. From Li et al.’s (op. cit.) study, it is suggested that grain-size 

sub-population analysis is an effective way o f reconstructing the palaeoenvironment; 

and that the clay mineralogy within loess is sensitive to changes in chemical 

weathering and its variation can affect the changes in Rb/Sr ratios, but not magnetic 

susceptibility.

However, proxies of the long-term evolution o f East Asian summer monsoon, such as 

magnetic susceptibility (MS) and Rb/Sr ratio, have their own limitations. Magnetic 

properties do not clearly show some climate signals that are recorded by other 

proxies, such as pedological indicators (Guo et al., 1998). Differences can be found 

between the Rb/Sr ratio records for palaeosols S2, S3, S4 and the morphology o f the 

soils at the same section (Tang et al., 2003). Therefore, several researchers have 

suggested another proxy, ie. the CBD (citrate-bicarbonate-dithionite) extractable free 

Fe2C>3 (FeD) to total Fe203 (FeT) ratio in loess sections, which is regarded to be 

sensitive to the palaeo-weathering intensity o f Chinese loess (op. cit.). Compared 

with magnetic properties and the Rb/Sr ratio, the FeD/FeT ratio is a better indicator 

of pedogenic processes within loess-palaeosol sequences. In addition, the results of

1 The red clay is a deposit underlying the loess-palaeosol sequences. There is a 
prominent boundary between the red clay and the overlying loess-palaeosol 
sequences. Some researchers believe that red clay extend the history o f dust 
accumulation back to at least ~5-7 Ma.
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several studies (e.g., Ding et al., 2001; Guo et a l, 1999) show that the FeD to FeT 

ratio in loess sections clearly shows higher values in palaeosols than in loess 

horizons, which suggests that the FeD to FeT ratio, by reflecting the proportion of 

pedogenic iron oxides, is a good proxy indicator o f the summer monsoon evolution. 

However, the FeD to FeT ratio is not a ‘perfect’ proxy, either. This is because there 

are some uncertainties in the interpretation o f the results o f the CBD treatment. For 

example, it is unclear which iron minerals are being dissolved by the CBD treatment. 

In particular, it is been questioned whether or not the CBD treatment can selectively 

dissolve the pedogenic magnetic minerals but leave unaffected the lithogenic 

magnetic components (cf. L iueta l, 1994).

Another approach for extracting climatic information from loess is the use of stable 

isotopes and their ratios. One example is 10Be. Gu et al. (1996) have reported the 

results o f ,0Be analysis of Chinese loess and red-clay deposits and concluded that 

10Be is mainly present in authigenic minerals in palaeosols, but in loess samples the 

enhancement of 10Be is related to the dust source region. Later, based on this study, 

Gu et al. (1997) added the measurements o f U and Th series, and suggested that most 

of the weathering in the dust-source regions may have occurred during the 

interglacials. In addition, Sr isotopic composition of the loess-palaeosol calcites has 

been measured. Yang et aL (2000) found the 87Sr/86Sr ratio is closely correlated with 

records o f magnetic susceptibility and suggested that the enhancement o f this ratio 

corresponds with increased summer monsoonal precipitation.

Element analysis is useful for palaeoclimate study, but is difficult to obtain an 

overview of weathering history or environmental change. This is because: 1) element 

variation is not directly affected by weathering processes or environmental change, 

but minerals are; 2) it becomes complicated and difficult to interpret the variation 

when a large number o f elements are involved. This makes the procedure o f element 

analysis hard to follow. Therefore, mineralogical analysis is preferred, because the
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variation in minerals can directly indicate weathering or pedogenic process, 

especially when quantitative analysis is required.

2.1.3 Soil micro morphology

The initial implementation o f soil micro morphology as an environmental indicator 

was the analysis o f the relationship between the shapes o f quartz and calcite grains 

within the medium-sand fraction and the wind transportation regime (Butzer, 1963). 

Although it was used in combination with analyses of grain size, geo morphology and 

sedimentology in order to reconstruct the palaeoclimatic history of the Euraffican 

subtropics during the Pleistocene (op. cit.), it was considered as an independent 

method until some scientists recognized it as a descriptive and diagnostic tool in 

palaeopedology (e.g. Lowe and Walker, 1997; Kemp, 1985; Catt, 1990; FitzPatrick, 

1993). Subsequently, attempts have been made to use micromorphology to describe 

the characteristics of minerals in loess/palaeosols (Kemp, 1996, 1999; Bronger et aL, 

1998; Tsatskin et al., 2001; Guo et al., 1996a) and other sediments (e.g. Srivastava, 

2001) and their changes during weathering, which could be affected by contemporary 

climate conditions.

Fiowever, there are several drawbacks in using micro morphology: (1) the method is 

time-consuming and it may be difficult to analyse sufficient samples to characterise 

the micro morphology of a sedimentary sequence; (2) it is nearly impossible to 

distinguish all the mineral species within the sample and to give an accurate 

interpretation, because there could be different processes that contribute to the 

micromorphological features; and (3) even if some conclusions can be drawn, it is 

still a qualitative technique. The initial method for micromorphological analysis is to 

observe thin section samples under an optical microscope, which is qualitative and 

empirical After that, scanning electronic microscope (SEM) has been used as an aid 

for micromorphological analysis (e.g. Holdren et aL, 1979); however, it has not been 

widely used for mineral particle analysis until recently (Pal et aL, 2003; Liu et aL, 

2003; Jeong et aL, 2008). According to current techniques, it is possible to undertake
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quantitative analysis using SEM with chemical analysis equipment (e.g. energy 

dispersive X-ray analysis). However, this can only provide qualitative or 

semi-quantitative element analytical information (Rivière & Myhra, 1998; Pye & 

Croft, 2004), meaning that the mineral identification still needs to be undertaken 

based on individual experience and knowledge. Therefore, even with modern 

techniques, it is still difficult to provide a large amount o f quantitative data using this 

type o f approach.

2.1.4 Grain size analysis

Grain size analysis o f sediments is a well-established method o f providing 

palaeoenvironmental information (e.g. Syvitski, 1991), and has been extensively 

applied to Chinese loss. For example, the method has been applied to extracted 

quartz grains to reconstruct variations in winter monsoon strength during the 

Pleistocene (e.g. Xiao et aL, 1995). Xiao (op. cit.) suggested that medium-diameter 

quartz grains are a proxy for average winter monsoon wind strength, while the 

proportion of maximum-diameter grains reflects the maximum wind strength. This 

study provided a semi-quantitative approach to palaeoclimate reconstruction. Ding et 

aL (2002) compared the grain size variation o f the loess-palaeosol sequences with 

marine isotope oxygen records, and demonstrated a high-level correlation between 

them, suggesting that the climate in North China showed a similar cyclicity to that of 

the high latitude north hemisphere region. However, caution is needed in interpreting 

grain size records of loess-palaeosol sequences: (1) both regional and local climate 

events can affect the grain size distribution (Ding et al., 2002), so it is necessary to 

distinguish these two from each other when reconstructing the climate conditions; (2) 

the results obtained using the methods are significantly dependent on the sample 

dispersal methods used, and on the type of analytical instrument (e.g. Parker and 

Bloemendal, 2005).

The interpretation of the grain size distribution of lake sediments is normally only 

indirectly related to the climate. It is suggested (Li et aL, 2008) that a high proportion
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of coarse grains indicates a relatively low lake level. This is also partially supported 

by He et a l (2005), who suggested that the average grain size in lake sediments 

decreases because o f the increasing lake level during humid periods on 

long-timescales; while on short-term scales in a given climate condition, instead of 

the lake level, the precipitation intensity is the major factor affecting the grain size 

distribution o f lake sediment -  when the rainfall is intense, more coarse material will 

be brought into the lake, increasing the average grain size. This could complicate the 

interpretation of the relationship between the grain size distribution of lake sediments 

and the corresponding humidity level/lake level, which could be mainly controlled 

by the climate. However, Huang et aL (2008) argued that only short-term rainfall 

changes can be reconstructed from grain size analysis, based on the study of Lake 

Bosten sediments in Xinjiang Province, China. Their observations indicated that the 

grain size distribution of the lake sediment can only represent flood events and strong 

precipitation in the surrounding area, but cannot reveal the lake level or wind speed 

changes, which is related to long-term historical climate change. In contrary, Zhai et 

aL (2002) found that changes in the intensity o f the winter monsoon in North China 

in the past 8500 years are correlated to the annual laminations of grain size in the 

Angulinuo lake sediment, which consists o f lacustrine and aeolian deposits, and the 

latter are transported by the winter monsoon. Recent research (Jia et aL, 2006; Wang 

et aL, 2008) on Chaohu Lake and its catchment have also shown that the grain size 

distribution can reflect the mineralogical composition o f the samples, revealing the 

sedimentary environment. However, particle size analysis cannot be directly applied 

to palaeoclimate reconstruction, because grain size variations could be influenced by 

both short-term environmental change and long-term climate change; and 

furthermore, it can be also affected by site-specific factors (Wang et al., 2008).

2.1.5 Pollen analysis

Pollen analysis has long been used for palaeoclimatic reconstruction, for example 

using the indicator species approach, in which the modern distribution o f a species is
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strongly related to contemporary climate (e.g. Steven & Schofield, 1973; Betancourt 

& Devender, 1981; Barnosky, 1984; Lowe & Walker, 1997). By comparing the 

pollen records with other palaeoclimate proxies, e.g. marine isotope records 

(Barnosky, 1984) or grain size distribution (Wang et aL, 2008), it has been shown 

that pollen records can reveal alternating warm and cool climate changes as the other 

proxies do, in spite of various discrepancies. However, the interpretation o f pollen 

data can sometimes be difficult because o f narrow geographical distribution and 

broad ecological tolerance o f species (Steven & Schofield, 1973). Modern pollen 

analysis techniques have been improved by using regional pollen data to 

reconstructing regional vegetation patterns and applying transfer functions for data 

calibration (BartleinetaL, 1986; Huntley, 1992; Lowe & Walker, 1997).

2.2 Loess mineralogy

2.2.1 Detrital minerals

‘Detrital’ is a term used to describe particles o f rock derived from pre-existing rock 

through processes of weathering and erosion. Detrital particles can include lithic 

fragments (particles o f recognisable rock), or o f monomineralic fragments (mineral 

grains). These particles are often transported as clasts through sedimentary processes 

to depositional sites such as riverbeds, lakes or the ocean thereby forming 

sedimentary successions. Minerals such as biotite, quartz, albite, and K-feldspars are 

commonly found to be detrital minerals (Liu, 1985; Guo et al., 1993; Kim et aL, 

2006) which are of igneous or metamorphic origin and forming under conditions of 

high temperature and/or high pressure. Goldich (1938) determined the relative 

stability of the common high-temperature minerals under weathering conditions. 

Figure 2-4 shows the exogenic stability o f various high-temperature minerals, 

including the minerals mentioned above. This illustration can be interpreted as 

showing that, for instance, the equilibrium conditions for olivine formation deviate 

more significantly from the environmental conditions established at or near the earth 

surface than they do for any other high temperature mineral (Degens, 1965).
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Figure 2-4 Weathering stability series o f primary rock-forming minerals (From: 

Goldich, 1938; cited by Degens, 1965).

In addition, according to previous loess mineralogical studies (Liu 1985; Guo et aL, 

1993; Chen et aL, 2005) and on the basis of the results reported here (Chapter 5, 

Section 5.2), Chinese loess samples are relatively rich in clay minerals. Some of 

them may be detrital, because they could have been formed at the source area by 

partial decomposition o f minerals like feldspar. The clay minerals found in loess 

samples so for are mainly kaolinite, illite and chlorite. Regardless o f various clay 

mineral groups, they are potentially important and valuable for constructing the 

weathering history and the past precipitation conditions in the Chinese Loess Plateau. 

Therefore, clay minerals are discussed individually in this review.
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2.2.2 Quartz

In the loess scientific literature, some researchers have investigated the grain size 

distribution and the origin of quartz components in loess, including Chinese loess. It 

is stated by some scientists that most quartz grains in loess are silt size, which is 

described as either the range 20-50 pm (Nemecz et aL, 2000) or 20-60 pm (Smalley 

et aL, 2005). In addition, it has been ascertained that most quartz constituents in 

loess-palaeosol sequences of central China are o f aeolian (detrital) origin and are 

resistant to the weathering process, as mentioned above. Thus the quartz in loess 

sections could be a potential indicator o f weathering intensity. Xiao et al. (1995) 

measured the median and maximum diameters o f quartz components in loess and 

palaeosol materials collected from Luochuan section, in the southern part of Chinese 

Loess Plateau. The long-term variations in grain size o f quartz were compared with 

the curve o f equivalent magnetic susceptibility as a summer monsoon proxy and with 

the marine oxygen isotope record. Then Xiao et aL (1995) argued that the medium 

grain size o f quartz in loess and palaeosol materials could be used as a reliable proxy 

for average intensity of winter monsoon under palaeoclimatic conditions, and the 

maximum grain size of quartz component as a proxy of maximum wind strength. 

This agrees with other scientists’ work (e.g. Lu and An, 1998; An, 2000; Ding et aL,

2002). In addition, comparing with the magnetic susceptibility of the bulk samples, 

Sun et al. (2006) also suggested that the mean grain size o f quartz is a more reliable 

proxy indicator o f dust transport dynamics, unaffected by pedogenic modification 

and can be used to clearly delineate variations o f the East Asian palaeomonsoon.

2.2.3 Feldspars

Feldspar is the most abundant mineral group in the lithosphere, occurring in many 

kinds o f sediments and rocks and with various grain sizes. Studies o f feldspar 

weathering have been undertaken in different regions and environments.
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In order to test the hypothesis that profiles o f a (buried) palaeosol developed on the 

higher/older terraces o f the River Thames in SE England are more weathered than 

those formed on lower/younger terrace surfaces, Read et al. (1996), based on 

previous studies, developed a weighted index of feldspar weathering (IFW) using the 

following simple formula:

TT,„ , (L x 1) + (ML x 2) + (MH x 4) + (H x 8)
n

where L, ML, MH and H represent the numbers o f grains o f the low, medium-low, 

medium-high and high weathering class, respectively; n= number o f grains.

Their results provided a semi-quantitative support for the hypothesis mentioned 

above, and indicated that the feldspars in the parent material are generally less 

weathered than those in the soil. In addition, Read et al. (1996) suggested that this 

technique (IFW) could also be applied to other regions where chronosequences 

extend across texturally variable parent materials.

However, because ofpossible variations in composition and structure o f the feldspars, 

the nature of the parent material samples, soil processes and environments over time, 

the usefulness of IFW could be questioned. Another more precise and more detailed 

model was suggested by White et aL (2001) in order to calculate differential rates of 

feldspar weathering in granite regolith developed on the Panola Granite in Georgia, 

USA. The results o f the model implied that differential feldspar weathering in the 

low-permeability Panola bedrock environment is more dependent on relative feldspar 

solubilities than on differences in kinetic reaction rates (White et aL, 2001). 

Nevertheless, this model is site-specific, so its general applicability is unclear.

In addition to the intensity of feldspar weathering, another research area is the 

mechanism of feldspar weathering. Dultz (2002) has attempted to investigate the 

effects ofparent material and weathering on feldspar content in three soils developed 

from Pleistocene calcareous till, glacial sand and loess in NW Germany using
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different particle size fractions. They used quartz o f 2-2000pm and 2-63 pm fractions 

as indices to establish the mass balances for feldspar. Thus, the original feldspar 

content in soil horizons is calculated by comparison with the actual feldspar content 

using the following equation:

Oringinal feldspar contentin the A horizon 
Index (quartz) in the A horizon 

_ Actual feldspar contentin the C horizon 
Index(quartz) in theC horizon

It was found that in the 100- to 500- pm sand fraction, there is a lower feldspar 

content than in coarser or finer fractions, which could mainly result from: (1) 

physical weathering o f feldspars in this sand fraction into silt and clay size and (2) 

the decomposition of feldspar-containing rock particles o f gravel size and aeolian 

sedimentation. Dultz (2002) argued that the change in feldspar contents has its 

highest intensity in a soil derived from glacial sand.

Another complexity o f feldspar weathering is its possible kinetic change. The 

observation on Greek albite of Beig and Luttge (2006) indicated that the dissolution 

rates o f albite crystals could be differential because o f a kinetic change in dissolution 

mechanism with deviation from equilibrium conditions. Beig and Luttge (2006) then 

argued that a mineral sample’s reaction history can have a significant impact on its 

subsequent dissolution rate.

2.2.4 Iron oxides

Iron oxides in Chinese loess mainly include magnetite, hematite, goethite and 

maghaemite (Liu et aL, 2004; Maher, 1998). In the literature, scientists have 

attempted to identify those iron minerals using optical microscopy, X-ray diffraction, 

magnetic susceptibility and other methods, and to discuss the formative 

environments of different iron compounds and the conditions for possible hydration 

or dehydratioa However, their arguments remain controversial.
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Ji et aL (2001) have undertaken a study on Chinese loess at Luochuan section based 

on diffuse reflectance spectroscopy (DRS). They concluded that hematite appears to 

be concentrated in more weathered palaeosols, while goethite is concentrated in less 

weathered loess. Torrent et aL (2006) also reach the same conclusion using a 

different standard for DRS, although in another study Torrent et al. (2007) argued 

that the results of DRS could vary, depending on different methods and different 

external standards. The hematite enhancement in palaeosols is probably because the 

formation o f hematite is favoured by high temperatures and dry conditions followed 

by a short period of limited precipitation (Maher, 1998; Balsam et aL, 2004). It is 

difficult to interpret the environmental significance o f goethite in loess, because this 

mineral can form under a wide range of conditions (Schwertmann and Taylor, 1989; 

Ji et aL, 2001). However, it is said that this hydrated iron oxide is commonly formed 

as a surface coating on many minerals during weathering and hydrothermal alteration 

(Krauskopf and Bird, 1995). Therefore, it is difficult to directly use the 

hematite/goethite ratio for palaeoenvironmental interpretation, although this ratio is 

very sensitive to environment (Torrent et aL, 2007).

Unlike goethite, the environmental conditions favouring the formation of magnetite 

and maghemite are relatively precise. Liu et aL (2003) suggested that (1) 

ferrimagnets (including magnetite and maghemite) are produced while the soil 

moisture is below a critical value, which will also result in a positive correlation 

between the magnetic susceptibility records and pedogenic intensity; (2) If  the soil 

moisture exceeds the critical value, however, ferrimagnetic dilution occurs and the 

susceptibility/pedogenesis correlation is negative; and (3) If the soil moisture 

oscillates around the critical value, it is difficult to establish the correlation between 

magnetic susceptibility and pedogenic enhancement. Thus, the time-averaged soil 

moisture is the critical parameter that controls pedogenic formation or ferrimagnetic 

depletion.
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Figure 2-5 A model of rainfall vs. pedo genie production o f hematite and ferrimagnets, 
primarily magnetite. Source: Balsam et al. (2004). Arrow A indicates conditions 
typical fo r  the formation o f the Wucheng and Lower Lishi loess2 when rainfall was 
high enough to produce significant amounts o f hematite but moderate to low 
amounts o f ferrimagnets and hence low MS values. Arrow B is indicative o f 
conditions during the formation o f palaeosol S5 which is usually characterized by 
the highest magnetic susceptibility values observed within the loess-palaeosol 
sequence, and by high hematite contnet. Arrow C is typical o f loess sections above 
S5 where MS falls o ff slightly and hematite and goethite exhibit modest decreases.

Since the hematite/goethite ratio cannot be directly applied to palaeoenvironmental 

study (Torrent et aL, 2006), it seems better to use the hematite-magnetite (or 

maghemite) relationships as an indicator of the environment in Chinese loess 

sections. According to the conceptual model (Figure 2-5) o f Balsam et al. (2004), 

hematite-magnetite relationships can be summarised as follows: (1) hematite can 

reach a maximum when the temperature is high and the period o f soil moisture is too 

short to produce significant magnetite; (2) as the length o f the wet season increases, 

hematite formation first plateaus, and then decreases rapidly, while magnetite 

increase and reaches a maximum when the rainfall and temperature are above a 

certain threshold; and (3) with further increase in rainfall, magnetite concentration

2 These terms are used to describe the stratigraphy of the Chinese loess. The base of the loess is 
Wucheng loess, containing traces of the Villafranchian Nihewan fauna in the early Pleistocene. 
Moving upward, elements of Zhoukoudian faunas have been found in the Lishi loess of middle 
Pleistocene age.
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decreases although the magnetite/hematite ratio continues to increase. If the soil is 

saturated with water for long periods, hematite is no longer produced and iron oxides 

are reductively dissolved.

This model is partly supported by the data o f Torrent et aL (2006), who suggested 

that the hematite is positively correlated with the degree o f pedogenesis. However, 

precautions should be taken for its application. One problem is that the formation of 

iron oxides in sediments is directly related to soil moisture rather than precipitation. 

In addition, in some circumstances annual rainfall is not a good indicator o f soil 

moisture, in other words, their relationship could be nonlinear. The other problem is 

that the thresholds o f the rainfall rate (Arrows A, B and C on Figure 2-5) mentioned 

in the model could be site-specific, because changes in temperature and/or biological 

processes could also affect the formation of iron oxides, especially during a 

long-term process.

2.2.5 Calcite and dolomite

In order to understand the weathering processes o f calcite and dolomite, it is 

important to investigate the chemical composition o f these carbonates and their 

relevant chemical reactions with water (H2O).

Calcite

It is well known that calcium carbonate can be dissolved under acid conditions, 

where in nature it is commonly in contact with water and carbon dioxide.

CaC03 + H2CO3 -» Ca2+ + 2HC03'

When pH values in the solution increase, the reverse reaction could undergo like this: 

Ca2+ + HCCV + OH' -*• CaC03 + H20
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In general, the dissolution o f CaCC>3 mainly depends on the pH of its environment. In 

nature, normally this could be interpreted as that when the solubility o f CO2 in water 

increases, more CaCC>3 can be dissolved, while anything that decreases the amount 

o fC 0 2 causes CaCC>3 to precipitate (Krauskopfand Bird, 1995).

Based on this, it can be concluded that any fector with effect on C 0 2 solubility will 

affect the dissolution process o f CaCC>3, either directly or indirectly. Therefore, both 

temperature and pressure are naturally included in these factors. Because of less 

solubility of CO2 under high temperatures and low pressures, the dissolution o f 

CaCC>3 will increase; while the situation will reverse under low temperatures and 

high pressures. In addition, some organic activities can accelerate CaCC>3 

precipitation directly or indirectly; and decay of organic matter makes C 0 2 more 

soluble, resulting in more dissolution ofCaCCb (Krauskopf and Bird, 1995).

An indicator that links calcite with weathering could be the 87Sr/86Sr ratio, because 

the presence of strontium, normally associated with calcite, is sensitive to chemical 

weathering. Yang et a l (2000) compared the 87Sr/86Sr ratio o f loess-palaeosol calcite 

in one loess section in China with its magnetic susceptibility and marine isotope 

record curves, and found that those three plots were consistent with each other. Yang 

et aL (2000) therefore suggested that variation in 87Sr/86Sr ratio o f loess-palaeosol 

calcites is largely attributed to changes in chemical weathering intensity closely 

related to palaeoclimate. They further concluded that the Sr isotopic composition of 

the loess-palaeosol calcites could be a proxy of chemical weathering associated with 

the East Asian summer monsoon.

Dolomite

Dolomite [CaMg(C03)2] has a close connection with calcite in terms o f their 

interactions, which can be described as:

CaCC>3 [calcite] + Mg2+ + 2HCC>3‘ <-» CaMg(C03)2 [dolomite] + H2CO3
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and 2CaCC>3 [calcite] + Mg2+ <-*• CaMg(C03)2 [dolomite] + Ca2+

Bowers et al. (1984) and Krauskopfand Bird (1995) show that dolomite is favoured 

over calcite by low activity ratios o f Ca2+ to Mg2"1" and by an increase in temperature. 

It could be considered as an intermediate stage during the conversion of calcite to 

magnesite.

Dolomite is known as a common sedimentary material formed under normal 

conditions o f temperature or pressure, but its origin remains uncertain both in the 

laboratory and from the observation. Some scientists (Krauskopf and Bird, 1995) 

suggested that most dolomite is not a primary precipitate but forms rather as a 

product of slow reactions altering originally deposited calcium carbonate. Evidence 

from the Chinese Loess Plateau (Liu et aL, 2006) shows that the dolomite in 

loess-palaeosol sequences is detrital in origin and it only exists in the zones where 

modern rainfall is less than 540mm/yr permitting its preservation. Thus, the 

weathering of dolomite maybe aproxyofpalaeoclimate change.

2.2.6 Clay minerals

Since clay minerals are sensitive to environmental changes, especially unstable 

mixed-layer clay minerals (Li et al., 2006), it can be proposed that they could be 

potential indicators o f loess-palaeosol alternations and the intensity o f weathering. 

For instance, the illite could degrade significantly with increased weathering 

intensity (Liu, 1985; Ji et aL, 1999; Li et al., 2006).

Little work has been done in this area. Kalm et al. (1996) estimated compositions of 

clay minerals from the loess-palaeosol sequence at Baoji in the southern Chinese 

Loess Plateau using X-ray diffraction, and suggested a possible history of climate 

change base on variations in concentrations o f clay minerals related to weathering 

intensity and environmental change. Recently, using the same laboratory method but 

with a different calculation approach, Gylesjo and Arnold (2006) analysed <2pm 

diameter minerals in red clay-loess sequences at Lingtai in the central part o f the
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Chinese Loess Plateau. Compared with the work o f Kalm et aL (1996) at Baoji, the 

changes in clay mineral concentrations at both sites are consistent, and thus Gylesjo 

and Arnold (2006) concluded that the finding drawn from the Lingtai data are 

applicable over a broad region. In addition, both studies considered illite as an 

indicator of weathering intensity and thus East Asian summer monsoon intensity. In 

addition, Liu (1985) also suggested that in northern Chinese loess, illite crystallinity 

could be used to distinguish loess and palaeosols, being higher in loess than that in 

palaeosols. Other scientists (Jiet al., 1999; Li et al., 2008), however, suggested that 

although some structurally unstable clay minerals such as kaolinite or interstratified 

illite-smectite can indicate weathering intensity, some structurally stable clay groups 

such as illite are preferably used as indicators of formation environments o f source 

material and their provenances rather than as proxies o f weathering. This is 

supported by a recent study on illite in loess-palaeosol sequences at Luochuan(Chen 

et aL, 2005), which showed that two types of illites -  one with good (higher) 

crystallinity, the other with poor (lower) crystallinity -  are mutually exclusive 

throughout the section. Their results indicated no obvious relationship between illite 

crystallinity and loess stratigraphy.

2.2.7 Biotite

Biotite [K(Mg,Fe2+)3AlSi30io(OH,F)2] is a mineral group including many species. It 

can be considered as a trioctahedral mica, commonly occurring in soils under 

conditions where other ferromagnesian minerals are rapidly altered. It can be formed 

either by intercrystalline exchange reactions, where Fe2+-Mg2+ replacement involved,

e-g.

Fe3Al2Si30i2 + KMg3AlSi30io(OH)2 <-> Mg3Al2Si30i2 +KFe3AlSi30io(OH)2

garnet biotite (phlogopite) garnet biotite (annite)

or by redox reactions, such as a reaction involving K-feldspar, biotite, and magnetite:
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KAlSisOg + Fe304 + H2O <-*• KFe3AISi30io(OH)2 + V2O2

K-feldspar magnetite biotite (annite)

The weathering o f biotite is much more rapid than that o f muscovite, a dioctahedral 

mica (Leonard and Weed, 1970; Kretzschmar et al., 1997). The main initial point of 

biotite weathering is the replacement o f interlayer K+ by other hydrated cations such 

as Ca2+, Mg2"1“, or FT. Biotite can be weathered in two different ways: (1) 

edge-weathering. Biotites release their interlayer K+ from all adjacent interlayers at 

similar rates, resulting in edge-expansion and formation o f a zone of vermiculite 

surrounding a zone o f remnant biotite; and (2) layer-weathering. Some biotites 

almost completely release the K+ from some interlayers while other interlayers 

remain intact, resulting in regularly interstratified biotite-vermiculite (hydrobiotite) 

or random mixed layer o f biotite and vermiculite (Buol and Weed, 1991; 

Kretzschmar et a1., 1997).

In nature, the products o f biotite weathering can vary under different chemical 

environments (Ismail, 1970). In addition, the rate o f weathering as well as 

weathering pathways may also be affected by the chemical structure and grain size of 

the biotite (Harris et a l, 1985; Kretzschmar et aL, 1997). Under laboratory conditions, 

the chemical weathering o f biotite follows the pathway biotite —» interstratified 

biotite-vermiculite —> vermiculite (Farmer and Wilson, 1970; Kretzschmar et aL, 

1997; Blum and Erel, 1997). However, under natural conditions in soils o f 

temperature-humid climatic regions, biotite weathering usually follows the pathway 

biotite —»inter stratified biotite- vermiculite —» vermiculite (—>

hydroxyl-Al-interlayered vermiculite, kaolinite, smectite) (Feldman et al., 1991). 

Under arid and semi-arid regions, the weathering pathway could be biotite —* 

vermiculite —> smectite (Ismail, 1970). In addition, compared to feldspar weathering, 

the rate o f biotite weathering is enhanced in the younger soils, and this rate decreases 

systematically with soil age (Blum and Erel, 1997).
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Biotite weathering appears to play an important role in the genesis, mineralogy, 

chemical properties and physical properties o f soils developed from biotite-rich 

parent rocks. However, the application o f biotite weathering in loess sections is 

questionable, because the small amount o f biotite in loess makes the quantification 

difficult.

2.2.8 Mineral-weathering relationships in loess

Since detrital minerals in Chinese loess are mainly affected by weathering process, it 

is possible to quantify the relationship between detrital minerals and weathering 

intensity, which is indicative o f the contemporary East Asian Monsoon regime. 

Therefore, the mineral-weathering relationship is clearly important for palaeoclimate 

studies on the Chinese Loess Plateau (CLP). During the last fifteen years, this 

research field has increasingly attracted the attention o f geophysicists, geochemists 

and mineralogists. Initially, Anderson & Hallet (1996) created a numerical model to 

simulate magnetic susceptibility profiles in loess and to quantify the rates of dust 

deposition and pedogenic processes. They found that the rates o f the two processes 

have varied dramatically over the last 140 kyr and the Luochuan loess sequence has 

the best fit with the Sl80  records when driven by the model. However, Maher (1998) 

emphasized that caution is needed when interpreting magnetic properties of 

palaeosols as they tend to be more site-specific. Balsam et al (2004) used both iron 

oxide mineralogy and magnetic susceptibility and attempted to find the relationship 

between weathering and the nature o f soil magnetic minerals. The ratio of 

hematite/goethite was found to consistently decrease throughout the Pleistocene, and 

they suggested that precipitation on the Loess Plateau became less seasonal and/or 

occurred during times when temperature was lower. Similarly, another mineral 

magnetic study (Deng et al., 2006) suggested that there is a long-term decrease over 

the Quaternary period in chemical weathering intensity in both glacial-stage source 

region and interglacial-stage depositional area, as the relative contributions o f both
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aeolian and pedogenic hematite have decreased during glacial and interglacial times, 

respectively.

With regard to other minerals within loess-soil sequences, because o f the complexity 

when interpreting magnetic properties and ratios between iron minerals, researchers 

have tried to find other approaches to associate with magnetic studies. Kalm et aL 

(1996) used X-ray Diffraction (XRD) to estimate quantitatively the clay composition 

within loess. The ‘quantitative analysis’ in this study means it is based on the relative 

height o f the first-order diffraction peak o f each mineral and normalized to 100%. It 

was suggested that the variation in the concentrations of different clay minerals in 

different periods is due to contemporary changes in humidity and weathering 

intensity. This has also been supported by another clay mineralogical study (Gylesjo 

& Arnold, 2006), which has apphed similar but a technically advanced approach to 

quantitatively analyze the XRD pattern. However, their results also indicated that the 

changes of clay minerals appeared to be more variable than shown by the earlier 

study over the same timescale. A recent clay mineralogical study (Li et aL, 2008) has 

used XRD and a wet chemical method as a combination to decipher the impact of 

monsoon changes on the silicate weathering process. Their results suggested that 

during last 130 kyr, there are two types of cycles in silicate weathering within 

loess-palaeosol sequences: the -23 kyr cycles are correlated with the changes of 

summer monsoon intensity, while the -100 kyr glacial-interglacial alternation may 

correspond to the variation o f the winter monsoon. In addition, it is also argued that 

the enhancement of silicate weathering could be another mechanism relating late 

Cenozoic tectonic activity to global cooling. The major difficulty or uncertainty is 

how to distinguish various species within each type o f clay minerals and how to 

analyze them individually and quantitatively. This issue has limited the application of 

clay mineralogy within loess weathering study. An alternative way may be to 

measure the concentrations o f elements within the loess samples, and relate relevant 

geochemical proxies to possible weathering or climate contexts. This is because the
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measurement of elements using chemical approaches could be more technically 

straightforward and precise.

Although many methods have been developed to reconstruct climate change within 

CLP, there are still some major uncertainties: (1) most previous mineralogical studies 

focus on one or two mineral/mineral groups, and foil to distinguish different 

sub-species within the same mineral group, e.g. feldspars, clays; (2) most o f them are 

qualitative or semi-quantitative analyses, which limits the application o f these 

analytical tools. Detailed geochemical and mineralogical studies of loess are still rare. 

Only one article published recently (Jeong et aL, 2008) has conducted both 

quantitative bulk and single particle mineralogical studies using XRD, bulk chemical 

analysis, electron microprobe, SEM and TEM. They have refined the determination 

of mineral types and their composition within loess/palaeosols, attempted to ascertain 

the origin o f the minerals, and tried to explain the possible weathering paths and 

environments at both source and depositional regions. This work indicates that loess 

mineralogy can be used as a complementary approach associated with other 

established climatic proxies; and that it can provide a new insight into the source 

lithology and weathering in the source and depositional areas. However, because 

only one loess section in the western CLP was selected for loess mineralogical study 

as lar as the upper L2 loess, some important weathering periods older than L2 may 

have been missed and there needs to be a further systematic comparison among loess 

sections with similar weathering intensity but from different localities in order to 

help clarify the regional aeolian process (Jeong et aL, 2008).

2.3 Previous studies in Chaohu Lake

Although Chaohu Lake has been studied in relation to eutrophication and 

environmental pollution for a long time, detailed palaeo-environmental changes for 

the long record are less well known. A recent study (Dai and Dearing, in preparation) 

has been conducted on an alluvial core collected from the catchment near the inflow 

where the biggest river, Hangbu River, draining into the lake. The Holocene records
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in magnetic proxies, geochemical/mineralogical properties, grain-size composition 

and pollen distribution, reveal that the evolution process o f the lake and its catchment 

experienced seven different climatic periods during last 10k years (op. cit.). In 

addition, it is concluded that changes in sea level and climate are the dominant 

factors contributing to the evolution o f Chaohu Lake. This is also supported by Jia et 

aL (2006), who proposed three shrinkages o f the lake during last c.6000 years, 

according to the grain size analysis and organic chemical analysis (TOC and TN 

contents) o f the alluvial core collected on the catchment. In addition to the close 

relationship between the evolution o f Chaohu Lake and changes in sea level and 

Yangtze River during the Holocene, both studies also suggested that human activity 

is another important factor contributing to the lake shrinkage in the late Holocene.

Another important study in this field was undertaken by Wang et aL (2008), who 

collected the lake sediment samples from the western part of the Chaohu lake and 

undertook grain size distribution and pollen analysis. Comparing the results from 

these three papers, some discrepancies can be found. For example, all the three 

papers suggested a warm yet generally dry climate period. However, Jia et aL (2006) 

suggested it was 2239 -  2136 a. BP, and 4860-2170 a. BP by Wang et al. (2008), 

while Dai and Dearing (in preparation) argued that it was a cooling period although 

the temperature has slightly gone up during 3150 -  2150 a. BP and the grain size 

distribution o f Chaohu lake sediment has also been affected by the formation of the 

underwater delta at c. 2150 a.BP.

However, these studies also have similar problems: 1) none of them have provided 

enough details in radiocarbon dating procedure, Le. materials/equipment used, 

laboratory methods, calibration methods, etc., which could make the radiocarbon 

ages plausible; 2) although historical records in the climate indicators have been 

obtained, it is not clear yet that there is a simple, linear relationship between these 

proxies and regional climate/environmental change. In other words, variation in grain 

size distribution, pollen assemblage, or element ratios does not necessarily only
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attribute to the local or regional environmental change; and 3) there are also issues in 

the research methods themselves, resulting in misinterpretation or even wrong 

understanding o f the data. As mentioned in Section 2.1, drawbacks o f using grain 

size distribution, pollen data or other methods for palaeoclimate reconstruction, can 

complicate the interpretation o f the results. Moreover, these issues can also be the 

reasons for the discrepancies between the conclusions o f the studies on the Chaohu 

Lake although the site-specific factor can also affect the results and data interpreting.

In addition, although both elemental and XRD analyses have been undertaken on 

Chaohu lake sediments and its catchment samples, previous studies do not have 

detailed and comprehensive quantitative mineralogical data, which can indicate the 

sedimentary environment or deposit process in this area. Lack of these data means 

more difficulties in relating geochemical database with contemporary environmental 

conditions.

2.4 Computerised model for quantitative mineralogy and palaeo-precipitation 

reconstruction

2.4.1 Quantitative mineralogy

Quantifying mineral concentrations in sediments is an important step in 

reconstructing environmental change from a mineralogical perspective. Initial 

successful attempt was given to identify mineral species by using infrared spectra 

and comparing their chemical compositions with those of standards to determine the 

mineral content (Lyon et al., 1959). However, this can only be applied to those 

samples without complicated mineral mixture. Along with the development of 

laboratory techniques and better understanding of mineralogy, electron-probe and 

electron microscope were used for mineral identification and attempts have also been 

given to use image analysis to determine the mineral composition quantitatively 

(Sweatman & Long, 1969; Jones, 1982; Miller et aL, 1982; Dilks & Graham, 1985; 

Petruk, 1988). However, there were many uncertainties due to sample preparation,
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equipment performance, and personal knowledge of mineralogy. Additionally, for 

the microscopy analysis on thin sections, sample heterogeneity could also affect the 

accuracy of mineral quantification (Ward et al., 1999). Therefore, another approach 

has been proposed to use X-ray diffraction (XRD) analysis for the mineral content 

calculation Some numerical models have been developed (Hill and Howard, 1987; 

Taylor, 1991; Taylor and Matulis, 1991). The principle is to calculate a series of 

XRD profiles of the multi-mineral sample based on various possibilities of mineral 

composition within it, and then to compare these calculated XRD profiles with the 

observed one by XRD measurement so that the best fit can be found out.

XRD has also been computerised using newly developed software, such as 

SIROQUANT (Taylor, 1991) and ROCKJOCK (Eberl and Smith, 2009; Uhlik and 

Eberl, 2006). The SIROQUANT programme is based on the Rietveld technique -  

using a formula to quantify the intensity o f the mineral XRD spectrum and to refine 

the profile by least-square analysis (Rietveld, 1969, cited by Ward et al., 1999, 

p.1050). The Microsoft Excel-based ROCKJOCK programme is based on three 

published methods as described in Eberl’s report (2003): ‘(1) the matrix flushing 

technique o f Chung (1974), in which integrated intensities o f the unknown minerals 

are compared to that o f an internal standard (in the case o f RockJock, AI2O3, 

corundum), thereby obviating the need fo r measuring the mass absorption coefficient 

fo r  a sample; (2) the whole-pattern fitting routine o f Smith and others (1987) for  

measuring integrated intensities by fitting the sum ofpure mineral patterns to that o f 

the measured XRD pattern; and (3) the quantitative method o f Srodon and others 

(2 0 0 1 ) fo r  some aspects o f sample preparation, and for the method o f measuring clay 

mineral content from non-basal reflections rather than from the more commonly 

used basal reflections. ’

N orm ative mineral calculation is another important num erical method for

quantitative mineralogy. It is based on  the elem ent concentrations from chem ical

analysis and the chem ical com position  o f  reference minerals (Garrels & M ackenzie,
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1971; Boyle, 2001), provided that the mineral identification can be determined by 

complementary observations from thin sections or XRD measurements (Ward et aL, 

1999). Normative mineral calculation can also be used to test the sensitivity o f the 

quantitative XRD analysis method (op. cit.).

2.4.2 Numerical model for chemical weathering rate estimation

In order to reconstruct the palaeoclimate conditions, ie. temperature and 

precipitation rates, it is necessary to estimate the chemical weathering rate from the 

data o f mineral composition. A theoretical model was proposed by Sverdrup and 

WarfVinge (1988) for the weathering rate o f silicate minerals, and showed the 

correlation o f the weathering rate to the exposed sur fece area of the mineral, the soil 

moisture saturation and the chemical driving force. This model has been tested by 

field observation and been proved that the model-calculated weathering rates are in 

agreement with the observed ones. This concept have been extended and further 

developed as a computerised model called PROFILE (WarfVinge and Sverdrup, 1992) 

and it was initially used to calculate the critical load o f acidity for forest soils and 

surface waters at Lake Gàrdsjon in southwest Swedea This model is based on mass 

balance calculation for different soil layers with three sub-models -  soil solution 

equilibrium sub-model, the weathering rate sub-model and the ion exchanged 

sub-model. The weathering rate sub-model was developed to use independent and 

measurable soil properties to obtain the weathering rate. In addition, the difference 

between this sub-model and the previous model is that the weathering rate here is 

defined as the release o f alkalinity and base cations rather than the dissociation o f the 

silicate structure (op. cit.).

This weathering rate sub-model has also been used as a fundamental concept to build 

a process model of soil mineral chemical weathering (Boyle, 2007) for a broader 

application. This new model, named ALLOGEN, has been compared to river flux 

studies, chronosequences and lake sediment chemical stratigraphy, and performed 

well. However, further development is needed to correct the calculation o f runoff
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extremes (op. cit.) and improve its function on hydrological impact and DOC 

production (Boyle, 2008). Therefore, a newly developed model (Boyle, 2008) was 

presented for quantifying climate inpacts on long-term average surface water 

acidity.

Another model for weathering rate estimation is created by White and Blum (1995). 

They attempted to use it to examine the effect o f precipitation, runoff and 

temperature on chemical concentrations and fluxes, and concluded that the model 

shows a linear relationship between precipitation and weathering rates at any fixed 

temperature, but it increases exponentially with increasing temperature. This model 

has been improved later because White and others (1996) found that time needs to be 

taken into account in calculating mineral weathering rates. The principle of the 

model is to calculate mineral dissolution rate from mineral loss using a series of 

formula with parameters such as temperature, precipitation and time.

2.5 Summary

Based on the review on the methods commonly used for palaeoclimate 

reconstruction, it can be concluded that every method has its drawbacks. Therefore, 

the mineralogy method has been proposed. Literature research has been undertaken 

on the application of mineralogy onto loess and lake sediments. It is found that little 

detailed and comprehensive geochemical/mineralogical data have been provided for 

Chinese loess and Chaohu lake sediments, and that previous studies lack quantitative 

geochemical/mineralogical analyses. However, this information is very important for 

palaeoclimate study. Therefore, in this thesis, attempts will be placed on develop 

reliable quantitative mineralogical methods for palaeocenvironmental study, based 

on the detailed geochemical/mineralogical data.

35



Chapter 3 Study areas & Sampling

3.1 Chinese Loess Plateau

3.1.1 Location and modern climate

The Chinese Loess Plateau (CLP) is located in central-north China between 34 and 

45°N, and has a total area o f -380,842 km2. The Yellow River runs through it. The 

Plateau has a distinctive topography. There are three types o f landfbrm: 1) Mao -  a 

tapered hill, derived from loess deposition in the North Loess Plateau; 2) Liang -  

ridge-shaped, formed by historical weathering, usually found in the Central Loess 

Plateau; 3) Yuan -  roof-like topography, formed by interbedded loess-palaeosol 

sequences and present mainly in the South Loess Plateau.

The present climatic conditions of the Loess Plateau are mostly affected by the East 

Asian monsoon, which consists o f two major subsystems -  the Indian (or southwest) 

monsoon and the East Asian (or southeast) monsoon (Ding et aL, 2001). The Indian 

summer monsoon is formed by the interaction o f the high atmospheric pressure over 

the southern subtropical Indian Ocean and the India Low (over the Asian Plateau), 

while the connection o f the Pacific High with the India Low causes the East Asian 

monsoon. The current climate in the CLP area is characterised by generally low 

precipitation and relatively arid conditions, but by wetter/warmer conditions in the 

South CLP and drier/colder conditions in the North CLP (An, 2000). The annual 

precipitation on the Loess Plateau is normally in the range of 300-600mm, but it can 

reach 800-1000mm in some areas (CSDB, n.d.). The maximum intensity of rainfall 

occurs in the summer because o f the warm and wet summer monsoon, but it lasts 

only a short time, usually two months (op. cit.). In contrast, during the winter, it is 

relatively arid and cold because o f the north-westerly winter monsoon mainly 

derived from the Siberian high-pressure system (An, 2000). Thus, it is evident that 

the difference between summer and winter on the Loess Plateau is significant. In
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addition, the precipitation on the CLP varies considerably on an annual basis. The 

precipitation in some years can normally be 3 or 4 times, even 30 or 40 times higher 

than that in some years dominated by dry conditions (CSDB, n.d.).

3.1.2 Formation of loess deposits

Chinese loess is known primarily as a wind-blown Quaternary silt deposit (Heller 

and Evans, 1995), although it has recently been established that significantly older 

loess deposits also occur in the area (e.g. Guo et al, 2002). It is characterized as a 

loess-palaeosol interbedded deposit, with the loess layers corresponding to cooler, 

drier glacials and the palaeosols to warmer, more humid interglacials. Numerous 

studies o f Chinese loess have been conducted along the climatic gradient from south 

to north across the Loess Plateau. The thickness o f the Quaternary loess increases 

from southeast to northwest, ranging from 120m in the east to 320m at Lanzhou, on 

the western Loess Plateau; it even exceeds 500m in some areas (Cao et al., 1997).

The grain size distribution of Chinese loess is typically in the range of 10-50pm, and 

it is unusual for the loess to be either significantly coarser or significantly finer than 

this (Heller and Evans, 1995). It is suggested that the grain size distribution in 

aeolian loess directly reflects the changes ofclimate and environment. During glacial 

periods, arid conditions increased the availability o f sediment for aeolian transport 

and the more vigorous atmospheric circulation facilitated the transport o f coarser 

particles. In contrast, during interglacials, more humid conditions promoted the 

spread o f vegetation which enhanced soil stability and reduced sediment availability. 

Thus, the accumulation o f the loess deposits was slower and the grain size 

distribution o f the deposited sediment was correspondingly smaller (Cao et al., 1997). 

These two phenomena reinforced each other -  a high dust deposition rate in glacial 

times led to relatively unweathered loess, while a lower deposition rate in a warm 

climate producing more strongly-developed soils during interglacial times (Ding et 

aL, 2002).

37



3.1.3 Loess stratigraphy

Loess lithology

Several workers have demonstrated a strong correlation during the Quaternary 

between the magnetic susceptibility of Chinese loess and the marine oxygen isotope 

record (e.g. Heller and Evans, Fig. 3-1), thereby pointing to a close relationship 

between global climate state and loess lithology. Palaeosol units labelled as S, 

correspond to warm and wet periods and to peaks in magnetic susceptibility. Loess 

units labelled as L are more complicated: those with minima in magnetic 

susceptibility are considered as unweathered loess, corresponding to cold and dry 

stages; while those with relatively high values within the loess layer are suggested as 

weathered loess, corresponding to a relatively warm and wet phase in between cold 

stages. L and S layers are labelled in a numerical order, respectively. The bigger the 

number, the older the lithological unit. The sub-layers are also labelled using the L-S 

system with a numerical order. For example, LI SI refers to the first (youngest) 

weathered sub-layer within the loess unit LI; S1L2 refers to the second relatively 

low-susceptibility sub-layer within the palaeosol unit SI. In addition, LI SI is also 

termed the ‘Sm’ layer (interstadial soil, corresponding to oxygen isotope stage 3), 

and this term is used subsequently in this thesis.
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ODP 677 Xifeng
8180  (%o to PDB) Susceptibility (10'8 m3/kg) Lithology

0 -1 -2 -3 0 100 200 300 400

Figure 3-1 Comparison between marine oxygen isotope records and magnetic 
susceptibility records of samples from the Xifeng loess section. From: Heller and 
Evans (1995). Warm oxygen isotope stages (1, 5, 7, 9, 13, 15, 17, 19, 21, 25) 
correspond to peaks in magnetic susceptibility and to palaeosols (‘S’ layers). Cold 
stages correspond to susceptibility minima and to weakly weathered loess layers. 
This demonstrates a close relationship between weathering regime on the Loess 
Plateau and global climate state.

Loess density

Sun et al. (2000) have measured the density o f the loess-palaeosol sequences from 

the Lingtai loess section in Gansu province. They suggested that the dry bulk density 

in palaeosols is higher than that in loess (Table 3-1). There appears to be a positive 

relationship between the dry bulk density and the equivalent magnetic susceptibility 

records, although an increase in the density at the base o f some palaeosols and a
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decrease in corresponding magnetic susceptibility values have also been noted. This 

probably implies pedogenic processes lead to the loss of carbonate and downwards 

movement o f clay particles (op. cit). Comparing the dry bulk density and the 

equivalent magnetic susceptibility records during glacials, Sun et aL (2000) also 

suggested that the dry bulk density could be a better proxy indicating the variation in 

the East Asian Monsoon regime.

Table 3-1 Average value o f dry bulk density (g'cm3) o f different loess-palaeosol
layers in the Lingtai section. From Sun et al. (2000)
Palaeosol (No. of samples) Density (g/cm3) Loess (No. of samples) Density (g/cm3)

SO (9) 2.05 L1 (35) 1.88
S1 (19) 2.07 L2 (29) 1.85
S2 (18) 2.13 L3 (15) 1.88
S3 (10) 2.16 L4 (20) 1.92
S4 (20) 2.18 L5 (14) 1.90
S5 (32) 2.12 L6 (22) 1.89
S6 (6) 2.10 L7 (10) 1.98
S7(14) 2.03 L8 (7) 1.92
S8 (14) 2.09 L9 (38) 1.91

N o te : The a v e ra g e  va lu es  are ca lcu la ted  fro m  th e  m ea su rem en t resu lts  b a se d  on a  2 0 cm  reso lu tion .

Duration o f pedogenesis

Although it is suggested that magnetic susceptibility records o f Chinese loess are 

positively correlated to the marine oxygen isotope records, which correspond to the 

alternating glacial-interglacial periods, a recent study (Vidic et aL, 2004) argued that 

the magnetic susceptibility values o f palaeosols cannot be directly used for 

reconstructing palaeo-precipitation rates or the temperature during pedogenic 

intervals, because their results showed that the magnetic susceptibility enhancement 

of palaeosols during the past 620 ky depends not only on weathering processes, but 

also in part on the duration o f pedogenesis. Therefore, this lac tor will also be taken 

into account for quantitative palaeo-precipitation reconstruction (Table 3-2).
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Table 3-2 Age assignments and calculated duration for the Jiaodao loess-palaeosol
sectioa Adapted from Vidic et al (2004)

Strat.

Layer

Basal

age

(ky)

Duration

(k y ) - l

Strat.

Layer

Basal

age

(ky)

Duration

(ky) - 2

Strat.

Layer

Basal

age

(ky)

Duration 

(k y )-3

LI LI n/a n/a LI LI n/a n/a LI LI n/a n/a
Sm 79 n/a Sm 71 n/a Sm 67 n/a
L1L2 n/a n/a L1L2 n/a n/a L1L2 n/a n/a
SI 129 50 SI 127 56 SI 129 62
L2 196 67 L2 186 59 L2 193 64
S2 250 54 S2 242 56 S2 243 50
L3 290 40 L3 301 59 L3 279 36
S3 342 52 S3 334 33 S3 334 55
L4 386 44 L4 364 30 L4 369 35
S4 417 31 S4 427 63 S4 418 49
L5 503 86 L5 474 47 L5 452 34
S5 625 122 S5 621 147 S5 620 168
N o te : D u ra tio n  I - A g e  a ss ig n m en ts  b y  H eslop  e t al. (2000)

D u ra tio n  2 - A g e  a ss ig n m en ts  fo r  c o rre la tive  m a rin e  iso tope  s ta g e s  b y  B a ssino t e t al. (1994) 

D u ra tio n  3 - A g e  o b ta in e d  b y  correla tion  to  the ODP  677 p la n k to n ic  a n d  benthic fo ra m in ife ra  

s 1 8 0  reco rd  w ere u se d  to  d e term in e  th e  a g e  b o undaries fo r  th e  m a jo r iso to p e  even ts

3.1.4 Weathered loess and palaeosols

From magnetic susceptibility records of the loess-palaeosol sequences, higher values 

and peaks occur in palaeosols and some weathered loess, corresponding to 

interglacials or to the shorter-duration interstadials. This normally means a climate 

with higher temperature and rainfall rate at the period when the weathered loess or 

palaeosols formed. For example, loess sub-layer L1S1 (Sm) is known as a 

highly-weathered loess layer from comparison o f its magnetic susceptibility values 

with marine oxygen isotope records. However, it is necessary to obtain evidence 

from other proxies, e.g. geochemical records, to prove this observation from 

magnetic susceptibility records. This will be discussed in Chapter 5.

3.1.5 Sampling areas

Three loess sections on a latitudinal and climate gradient were selected for this study: 

Duanjiapo, Luochuan and Caoxian (Figure 3-2).The Duanjiapo section is located at
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34.2°N, 109.2°E (Bloemendal & Liu 2005), in Lantian County on the humid 

southern edge of the CLP. The present mean annual precipitation (MAP) is ~615mm 

and the mean annual temperature (MAT) is ~13°C. The thickness o f the 

loess-palaeosol sequence at Duanjiapo section is ~130m, and it overlies a ~30m thick 

layer o f the Pliocene Red Clay Formation. The Luochuan section is located at 35.8°N, 

109.4°E in Luochuan County in the central CLP. The present MAP is -570 mm and 

the MAT is ~9°C. The loess-pa laeosol sequence is typically ~135m thick.

100° 105° 110° 115°

Figure 3-2 Study Area on the Chinese Loess Plateau. Adapted from Jeong et al 
(2008)

Unlike these two loess sections, the total sediment sequence at Caoxian, Gansu

province (36.6°N, 104.6°E), can be as thick as ~500m (Heslop et aL, 1999) and thus

the area is characterised by much higher accumulation rate yet with a much lower

40°

35°
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degree ofpedogenic development, reflecting the significantly greater aridity of this 

site. The site is >1900m above sea level with a MAT of 5-9°C and a MAP of 

~200mm (From: CSDB). Duanjiapo and Luochuan were sampled at a 10 cm interval, 

and Caoxian at a 2 cm interval The collected loess-palaeosol samples were bagged, 

transported back to Liverpool, air-dried, and put into magnetic pots for further 

analyses. Initial magnetic results from the sections were reported in Btoemendal and 

Liu (2005) and Parker (1999).

3.2 Chaohu Lake

3.2.1 Location and modern climate

Chaohu, the fifth largest o f China’s freshwater lakes, is located in the middle of 

Anhui Province, East China (ca. 117°16'46''-117°51'54"E, 30°43'28"-31°25'28''N). 

The surface area of the lake is ~800 km2 and the catchment ~ 13 000 km2 at ~10m 

above sea level (Figure 3-3) with a water depth of 3-5 metres. It lies within the 

Yangtze River lower watershed, which is surrounded by several tributaries. Among 

these tributaries, Hangbu River is the biggest, originating from Dabie Mountain and 

delivering over 65% of the total water or silts of the Chao Lake (unpublished data, 

Dai and Dearing, personal communication).

The area where Chaohu Lake is located has typical subtropical climate features and 

is mainly affected by the southeast summer monsoon. The mean annual temperature 

is 16°C and the average monthly temperatures for January and July are 2.8°C and 

28.7°C, respectively. The annual mean precipitation is 1000-1157mm; the wet 

season is normally during June -  August; and the annual évapotranspiration is 

1653.1mm (http://www.marsh.csdb.cn/survey/anhuLhtm. China Marsh and Wetland 

Database, in Chinese).
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Figure 3-3 Chaohu Lake and its surrounding area. (Dai and Dearing, personal 
communications). The white triangle point in the lake is the location o f the lake 
sediment core chosen for this study.

3.2.2 Geological and documentary records

Chaohu Lake is considered to be a typical lault-structured lake, evolved on the base 

of a tectonic basin (Wang et aL, 2008). The oldest sediment in the lake was deposited 

during the early Pleistocene, which is the same epoch when the clayey catchment 

was formed. This could indicate that the sedimentary structure o f Chaohu Lake 

started in the late Pleistocene (http://www.marsh.csdb.cn/survev/anhuLhtm. China 

Marsh and Wetland Database, in Chinese). It is also stated that Chaohu Lake was 

formed through the combination of two lakes after a feult occurred -  one is Chaohu 

Le. the east part of the present Chaohu Lake, the other is Jiaohu Lake Le. the west 

part o f the present Chaohu Lake (op. cit.). Some geologists (Zhang et aL, 1990; Zhu 

et aL, 1998; and Zhu, 2004; cited by Wang et al., 2008, p.154) also suggested that the 

structural patterns are complex in the study area and the well-developed fault 

systems controlled the lake formation and its basin-range framework. In addition,
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yellow sand or dark-brown greyer silt clay with a fluvial-lacustrine origin mainly 

comprise the Holocene sediments, spreading along the rivers and lakes near the 

banks o f the Yangtze River (Yang et aL, 2000, cited in Wang et al., 2008, p.154).

According to the study of documentary records, the area of Chaohu Lake was about 

2000 km2, and has shrunk by 20% during 760-960 A.D. (Jia et al., 2006). In addition, 

an underwater historical site o f a town in the Han Dynasty has been found and 14C 

dated as -2090 B.R, suggesting that the town has been submerged by the lake water 

after this date (op. cit).

3.2.3 Sampling

Sediment cores were obtained both from the lake and from the terrestrial catchment 

(near the main inflow to the lake, core ACN) by East China Normal University, 

Shanghai, in 2006. Among the cores collected from the lake, the longest one, located 

in the central part of the western part o f the lake (Figure 3-3), has been selected for 

this study and is named the Lake Core. The lake core is 140.5 cm long, and was 

sliced into 0.5cm intervals and dried prior to analysis at the Department of 

Geography, University o f Liverpool. The results obtained from this lake sediment 

core will be compared with those obtained from the 15m long alluvial samples (ACN 

core) done by East China Normal University, Shanghai, China.
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Chapter 4 Methods

4.1 Magnetic measurements

Magnetic measurements for the loess sections from Duanjiapo, Luochuan and 

Caoxian, and for the lake sediment samples from Chaohu, were already available 

prior to the commencement of the present study. Briefly, standard techniques were 

used: magnetic susceptibility was measured with an AGICO KLY-3 Kappabridge; 

frequency dependent susceptibility was measured with a Bartington Instruments 

meter and MS2B sensor; anhysteretic remanence was imparted using a DTECH 

D-2000 A.F. demagnetizer using a lOOOmT peak alternating field and a 0.04mT 

biasing field; and isothermal remanences at various forward and reverse fields were 

imparted using a Magnetic Measurements pulse magnetizer. All remanences were 

measured using a Molspin fluxgate spinner magnetometer. The measurements were 

made in the Environmental Magnetism Laboratory, Department o f Geography, 

University o f Liverpool. The results for the loess sections are presented in 

Bloemendal and Liu (2005); Parker (1999); and Parker and Bloemendal (2005). The 

results o f magnetic measurements of the Chaohu lake sediments are previously 

unpublished (Dearing, personal communication).

4.2 Dating techniques

4.2.1 Dating of the Chinese loess

Age models used for the Duanjiapo and Luochuan loess samples are described in 

(Bloemendal & Liu, 2005). Ages o f loess samples were obtained by linking the 

magnetic susceptibility records to the insolation record for 65°N and the marine 

oxygen isotope record from ODP Site 677 (op. cit.). The derived accumulation rates 

for the two sites are shown in Chapter 5.

46



4.2.2 Dating of the Chaohu Lake sediments

Five lake sediments samples have been radiocarbon dated using Accelerator Mass 

Spectrometry (AMS) method at Beta Analytic Radiocarbon Dating Laboratory, USA. 

Four bulk samples were used as no suitable macrofossils were found, and the other 

sample was dated by two different methods, using organic sediment and a 

macrofossil (a shell-half, probably conch), respectively. ‘Acid wash’ and ‘acid etch’ 

pretreatment methods were applied to organic sediment samples and the shell sample, 

respectively (See Appendix II). Six AMS radiocarbon dates were calibrated based on 

the calibration database IntCal04 (Calibration Issue o f Radiocarbon, Volume 46, no. 

3, 2004), using the cubic spline fit mathematics proposed by Talma and Vogel (1993). 

Detailed discussion about the radiocarbon ages is undertaken in Chapter 6.

4.3 X-ray fluorescence analyses

4.3.1 Sample preparation and X-ray fluorescence measurements

In order to determine element concentrations for the sediment and soils samples, 

XRF measurements were undertaken using a Bruker AXS S2 Ranger energy 

dispersive XRF spectrometer. This instrument can analyse element concentrations by 

measuring the intensity o f the characteristic fluorescent X-rays emitted by the 

elements inside the sample, after the source X-rays have been directed at the sample. 

XRF measurements for selected intervals of the Duanjiapo and Luochuan 

loess-palaeosol sequences were undertaken at a 20cm interval, while for Caoxian 

measurements were made at 2 cm interval. For the Chaohu sediment samples, 

measurements were made at a 0.5cm resolution.

All selected samples were ground using a pestle and mortar, packed plastic XRF pots 

with tightly pulled and smooth cling film at the base, and compressed using a brass 

plunger. Subsequently, samples were put into the sample chamber and measured in a
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helium atmosphere. The results were calibrated using in-house calibration methods 

using the associated software Spectra EDX.

4.3.2 Correcting the XRF data

The raw XRF data were calibrated using in-house calibration methods created 

through the associated software Spectra EDX. Because o f the discrepancies in results 

calibrated using different methods, it was necessary to undertake correction o f the 

XRE data before further analysis.

Three calibration methods were used for the loess samples: General test, Soil & 

sediment, and Sediment. The main difference between them is in the use of different 

standards. In order to calibrate the raw data, various samples with known chemical 

compositions have been used as standards. According to the location where the 

samples in question were collected, different combinations o f these standards were 

used to form different calibration methods, which were stored and processed using 

the quantitative analysis software. It is believed that the standard setting o f the 

Sediment method is the one closest to the characteristics of Chinese loess, but it 

could not be applied to all the raw XRF data because o f some systemic problems of 

the software. Therefore, 10 randomly selected samples were re-measured and 

calibrated using the Sediment method. Comparing the element concentrations of the 

ten samples derived from the three calibration methods, results obtained using 

General test and Soil & sediment methods were corrected using the regression lines 

of General test-Sediment and Soil & sediment-Sediment, respectively. Afterwards, 

scatter plots for each element were obtained using these two sets o f corrected results 

(Figure 4-1). They show a high degree of similarity between the two sets of corrected 

results for the major elements, ie. Si, Al, Ti, Ca, K, Fe, Mn, Cl, and some trace 

elements, namely Ni, Rb, Sr, Znand Zr. Concentrations of Mg, Na, S, As, Ba, Cu, Ga 

and Y calibrated by General test have a positive relationship yet less similarity with 

those by Soil & sediment. Plots for other elements (P, Br, Co, Cr Nb, Pb and V) are 

more scattered or have negative regression lines. This means that either the XRF
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spectrometer cannot measure these elements precisely or the calibration method is 

not suitable for calibrating these particular elements. In order to undertake the next 

step o f calculation -  mineral estimation - it is necessary to use positive values for 

those elements involved in the mineral calculation, including all the major elements 

and some trace elements, i.e. Ba, Rb, Sr, Zn and Zr. Therefore, I have used the Soil & 

sediment calibrated results, where positive values can be found for all the elements 

mentioned.
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Figure 4-1 Scatter plots for corrected element concentrations derived by XRF 
calibration methods General test and Soil&sediment. Unit mg/g is used for Si, Al, Ti, 
Ca, Mg, Na, P, K, Fe, Mn, S and Cl; for other elements unit ppm is used.
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Figure 4-1 continued.
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4.4 X-ray diffraction analyses (for the Chinese loess)

4.4.1 Rationale of sample selection

According to the low-frequency susceptibility records of the Duanjiapo and 

Luochuan sections (Figure 4-2), it is not suitable to choose relatively 

‘over-developed’ palaeosols for XRD and SEM analyses, if general loess mineralogy 

is to be established. This is because these palaeosol units, especially palaeosol S5, 

could have developed from both weathering and intense in-situ pedogenic processes, 

which included complete décalcification and mechanical translocation o f fine 

particles (Han et al., 1998). This complex o f pedogenesis could complicate the 

identification of some minerals, e.g. calcite and clay minerals. Therefore, within the 

L1-S5 loess-palaeosol sequences, the best developed palaeosol S5 was omitted for 

mineral qualification analysis, and instead ‘typical’ (in terms of their degree of 

pedogenic development) palaeosol units SI, S4 and weathered loess unit Sm (L1S1) 

were selected. In addition, in order to compare the difference in mineral composition 

between loess and palaeosols, pristine loess units L2 and L5 were also selected. For 

the Caoxian loess section, the equivalent LI and SI units were selected for 

comparison. Therefore, 15 loess and palaeosol samples from three loess sections 

were selected for XRD and SEM analysis (Table 4-1). The locations o f the samples 

in terms of the magnetic susceptibility stratigraphy are shown in Figure 4-2.
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Table 4-1 Samples selected from three loess section
Duanjiapo

Sample Depth (m) Age (ky BP) Unit
J63 3.20 42 Sm
A61 5.00 113 S1

A101 7.00 152 L2
D97 20.10 407 S4

D133 21.90 425 L5
Luochuan

Sample Depth (m) Age (ky BP) Unit
A113 5.7 58.0 Sm
A175 8.8 91.3 S1
A237 11.9 149.8 L2
B249 27.5 408.0 S4
B299 30.0 424.5 L5

Caoxian
Sample Depth (m) Age (ky BP) Unit
CX2448 23.48 n/a Sm
CX3674 35.74 n/a L1L2
CX3892 37.92 n/a S1S1
CX4288 41.88 n/a S1L2
CX-4192 40.92 n/a S1S2

Figure 4-2 Locations o f the samples used for XRD and SEM analysis, in relation to 
the magnetic susceptibility stratigraphy o f the three loess sections.
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4.4.2 Organic content measurement

Before undertaking XRD and XRF measurements, it is necessary to measure the 

organic content in the loess and palaeosol samples, because high organic content 

could reduce the accuracy o f the results. However, if weight-loss-ignition (LOI) was 

used to estimate the organic matter content, errors can be very large for XRD 

measurements if the sample contains: 1) low organic matter; 2) a significant amount 

of clay minerals (particularly smectite and kaoUnite); or 3) dolomite and/or siderite. 

Therefore, a wet chemical method (the WaDcley-Black method) was used to estimate 

the organic carbon, and hence the total organic matter content. The method is 

described in Appendix II. Thirteen loess/palaeosol samples were selected for analysis. 

The concentrations of organic matters in selected samples are shown below (Table 

4-2).

Table 4-2 Mean organic content (%) in loess and palaeosol samples from the three 
loess sections
Sample Lithological Unit %  Organic content (mean of

analyses)
Duaniiapo
J63 Sm 0.34

\  '¡Mils ' vÿ J : 1:
A101 L2 0.18

D133 L5 0.08
fyoçhuarw:
A113 Sm 0.30

A237 L2 0.10

B299 L5 0.14

CX2448 Sm 0.13
™. . *v,«; -■>■ ' ' :iiS .

CX4288 SI 0.12

4.4.3 Sample preparation for XRD analyses

It can  be seen  in Table 4 -2  that the organic content in both  loess and palaeosols is

sufficiently low  as to be regarded as zero for the purpose o f  the XRF and X R D

m easurem ents. Therefore it w as possib le to measure the loess sam ples d irectly  using
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the X-ray Diffractometer without the removal o f organic matter. X-ray powder 

diffraction analysis was undertaken using a GBC EMMA X-ray diffractometer. Three 

grams o f each sample were crushed using an agate mortar, transferred to a plastic 

container whereupon agate beads and 15ml o f water were added. The samples were 

then placed in a micronising mill for a few minutes, followed by freeze-drying. 

Subsequently the powdered samples were mounted in the sample holder and finally 

X-rayed from 5° to 65° 20 with a counting rate o f 0.02° 20 step per 2 seconds using 

Cu K-a Ip ha tube anode and a scintillation counter. Qualitative analysis o f the XRD 

spectra was made using Windows-based Traces software (Version 6, XRD DiffTech 

software, GBC, Australia, 2003, Part No. 01-0930-00).

4.4.4 Quantification of XRD results

Quantitative analysis o f the XRD data was undertaken using an Excel-based model, 

RockJock Version 5 (developed by Eberl, 2006). The principle of this model is to 

compare the integrated XRD intensities o f individual minerals in complex mixtures 

to the intensities of an internal standard (Eberl, 2003). These mineral standards have 

been already measured by the U.S. Geological Survey (USGS) using a Siemens 

D-500 X-ray diffractometer with the following experimental setup for the X-ray 

beam: X-ray tube (Cu), 1 degree slit, softer slits, 1 degree slit, sample, 1 degree slit, 

no filter, 0.05 degree slit, graphite monochromator, 0.6 degree slit, scintillation 

detector (Ibid: p i6).

Subsequently, estimation was made o f the possible minerals which could contribute 

to the most similar overall spectra pattern, i.e. overall XRD spectra intensities. 

However, there are many combinations o f minerals which could generate the same 

XRD spectrum, so it is still necessary for qualitative identification o f the loess 

mineral types prior to the quantitative stage. Therefore, scanning electron microscopy 

with energy dispersive X-ray analysis was used for the mineral type identification. In 

addition, the sensitivity o f RockJock V5 was tested by comparing the element
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concentrations calculated by XRD quantification with those measured by XRF 

spectrometer (See Chapter 5).

4.5 Scanning Electron Microscope and Energy Dispersive X-ray analysis (for the 

Chinese loess)

Detailed petrographical analysis o f individual particles was done using a Philips 

XL30 SEM with an EDX Analyser, at the Department o f Earth Sciences, University 

of Liverpool. Due to limitations o f time, budget and availability o f the SEM machine, 

five loose powder samples and four thin section samples were analysed by SEM. 

Because the similarity o f the chemical analysis results between the loose powder 

samples and thin section samples, only SEM images o f the thin section samples were 

shown in Chapter 5.

4.5.1 Sample preparation

Loose powder samples

A very small amount (less than 1 gram) of the loose powder sample was used and 

evenly spread on the central area o f a glass slide, which has then been placed on a 

small plate-shaped sample holder (1cm diameter). Subsequently the sample was 

placed in a coating machine (EMI TECH K950X) for about 12 minutes. After 

vacuumising, centrifugation and evaporation in the machine, the samples have a 

C-Pd coating.

Thin section samples

About lg  o f each powdered sample was sent to the Geosciences Department, 

University o f Birmingham, for polished thin section treatment. Then each thin 

section sample was dyed by carbon ink, and put into the coating machine (EMI 

TECH K950X) for 4 minutes. After vaccuumising, centrifugation and evaporation in 

the machine, the samples are carbon-coated. However, differing from the coating
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procedure for loose powder samples, the evaporation was done twice in order to 

obtain a reasonably thick carbon layer.

4.5.2 Energy Dispersive X-ray analysis (EDXA)

Secondary and backscattered electron images were obtained by SEM and the 

chemical composition of specific grains was determined using EDX analysis. All the 

EDXA spectra were obtained using the associated program and analysed with the 

reference spectra patterns published online by Microanalytical Laboratory, Earth and 

Planetary Sciences, McGill University, Canada (URL: 

http://www.eps.mcgill.ca/~lang/EDSSPEC/edshome.html) and Bausch & Lomb 

Nanolab Scanning Electron Microscope, Earth Sciences Department, Simon Fraser 

University, Canada (URL: http://www.sfu.ca/~marshall/sem/mineral.htm).

In addition, because o f the differences in sample preparation, one should bear in 

mind that:

a) For loose powder samples: 1) The spectrum will have higher peaks in Au, C and 

Pd because o f the coating technique; and 2) The data cannot be used for quantitative 

analysis, because the specimen is not a polished sample. There could be different 

angles when spotting using the EDX microprobe, which will affect the number of 

electrons collected by the collector. This means there may be many analytical 

uncertainties.

b) For thin section samples: 1) The spectrum will have higher peaks in C because of 

the coating; and 2) Even if the highest resolution is chosen, there still could be some 

overlaps in the spectrum because of the chemical properties o f certain elements.

4.6 Pollen and charcoal analysis (for the Chaohu Lake sediment samples)

P ollen  and charcoal analyses were conducted b y  Dr. Richard Jones at the U niversity

o f  Exeter, Department o f  Geography. F ifty  sam ples were selected  for p o llen  and
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charcoal analyses with 31 samples at 2cm intervals from the top o f the lake sediment 

core to a depth o f 60cm, and the other 19 samples were selected from depths below 

60cm according to their positions in relation to maxima and minima in the magnetic 

susceptibility record. In addition, pollen analyses were made at East China Normal 

University, Shanghai on samples at 15cm interval from the alluvial core.

4.7 Mineral estimation

4.7.1 Normative Mineral Calculation

X-ray fluorescence spectrometer can be used to estimate the concentrations of most 

of the elements within the lake sediment samples. A straightforward way to interpret 

these data is to compare the variation in element concentrations and their ratios 

against depth. For example, the Rb/Sr ratio within loess-palaeosol sequences can 

reflect the weathering intensity (Chen et aL, 1999b); Zr concentration can be an 

indicator o f coarse material (Deer et al., 1966); and the Mg concentration can 

sometimes be considered as an indicator of the clay mineral component within the 

sediment.

However, as mentioned in Chapter 2, Section 2.1.2, it is difficult to obtain an 

overview of weathering history or environmental change by element analysis. 

Therefore, mineralogical analysis is preferred here, because the variation in minerals 

can directly indicate weathering or pedogenic process, especially when quantitative 

analysis is required.

Normative mineral calculation (GarreIs & Mackenzie, 1971; Boyle, 2001) is used to 

calculate the concentration o f minerals from the element concentration data. This 

method is based on the principle that the molar concentration (moles/lOOg) o f the 

mineral can be calculated from its oxide molar concentrations using chemical 

analysis data of the miner a L
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As an example, the following steps were used for the Chinese loess samples:

1. Qualitative identification o f mineral types. According to the SEM with EDX 

analysis and XRD quantification, the mineral assemblage in these samples 

includes zircon, apatite, potassic feldspar, biotite, Na-Caplagioclase (NCP), 

illite, chlorite, iron oxides (in the form of FeOOH), titanium oxides (TD 2), 

calcite, kao finite and quartz.

2. All the major elements should be included in the calculatioa Recalculate the 

element concentrations as wt% oxides. Sum the oxides and normalize the 

sum to 100%.

3. Divide each oxide by its molecular weight to get the molar concentration in 

moles/lOOg.

4. Choose reference minerals for these mineral types and find out the chemical 

analysis data for these reference minerals (e.g. Deer et aL, 1966). The oxides 

in the reference minerals are also converted into moles/lOOg, as in step 3.

Consequently, molar concentration of the mineral will be calculated using the 

reference minerals. Idealized minerals are used unless some trace elements are 

needed for the calculation. Zircon (ZrSiC>4); Apatite (CasiPO^); K-feldspar (Deer et 

aL, 1966, p300 no.10); Biotite (Ibid: pl99 no. 7); Na-Ca Plagioclase (Ibid: p325 no. 

8, CaAl2Si2C>8); Illite (Ibid: 1966, p251 no. 3); Chlorite (Ibid: p235 no.8); Calcite 

(CaCCb); Kaolinite (ALt[Si40io](OH)g); Quartz (SD 2); Ti Oxides (Ti02); Fe 

oxyhydroxide (FeOOH).

Distribution of the oxides to the minerals follows this sequence. After each step the 

total concentration of each oxide is subtracted by the concentration of the same oxide 

within the mineral of that step.

1. Z1O 2 = Zircon

2. PO2.5 = 3 x Apatite

3. BaO = 0.0283 x K-feldspar
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4. SrO = 0.013 x Biotite

5. Remaining RbOo.5 = 0.0014 x Na-Ca Plagioclase

6. Remaining KO0.5 = 0.7 x Ilfite

7. Remaining MgO = 3.681 x Chlorite

8. Remaining FeO 1.5 (total) = Fe oxyhydroxide

9. Remaining TÍO2 = Ti oxides

10. Remaining CaO = Calcite

11. Remaining AlOi.s = 8 x Kaolinite

12. Remaining SÍO2 = Quartz

Finally multiply the sum for each mineral by its molecular weight to obtain the wt% 

concentration (zircon: 179.22; apatite: 502.3; K-feldspar: 273.77; biotite: 925.51; 

Na-Ca plagioclase: 317.86; illite: 389.34; chlorite: 1207.2; Fe oxyhydroxide: 88.85; 

Ti oxide: 79.88; calcite: 100; kaolinite: 516.32; quartz: 60.08).

However, some uncertainties can affect the stability o f the procedure. The reference 

mineral chemical compositions are selected empirically. This could significantly 

affect the mineral estimation, especially for those minerals calculated through their 

minor oxides concentrations, which can vary in association with different mineral 

provenances. Furthermore, it is sometimes unclear which element should be chosen 

for the estimation of a certain mineral. This is because (1) many common elements 

are abundant in more than one mineral, so they cannot be selected for the 

quantification of some specific minerals; (2) sometimes more than one trace element 

can be used for the mineralogical quantification, which makes the elements selection 

procedure more complicated. Therefore, other methods have also been attempted.

4.7.2 Matrix Calculation

The method was initially presented b y  D avis (1973) based on the principle o f  matrix

m ultiplication. Three datasets, ie .  mineral concentrations against depth, mineral

com positions against mineral types and oxides concentrations in each sam ple against
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depth, can be regarded as three matrices [X], [A] and [B], Their interrelation is as 

follows:

Mn cone oxides concin minerals oxides cone in samples

depth min type [ A ] —  depth

(4-1)

Where [A] refers to reference mineral chemical analysis; [B] refers to oxides 

concentrations in samples, which are calculated from element concentrations against 

depth; [A]"1 refers to the inverse o f matrix [A],

Therefore, mineralogical quantification can be undertaken by multiplying matrix [B] 

with the inverse of matrix [A].

The drawback of matrix calculation is that, same as the normative mineral 

calculation approach, it is also unclear for the procedure o f choosing reference 

minerals, which could cause possible systemic errors through the mathematical 

analysis.

4.7.3 Quantification of XRD Results

The Excel-based program RockJock (developed by Eberl, 2006) was used for 

mineralogical quantification o f the XRD data obtained from 14 loess and palaeosol 

samples (Section 4.4). The results were modified or adjusted by comparison with 

microscopy observations. In addition, the sensitivity of the RockJock model was also 

tested using XRF results. This is discussed in details in Chapter 5, Section 5.3.1.

4.7.4 Comparison of the three methods

Since none of the three methods for mineral estimation are perfect, it is necessary to 

compare them so that the best solution can be found. All five samples measured by 

XRD were selected for the comparison. Mineral concentrations obtained by
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normative mineral calculation (Model 1) and matrix multiplication (Model 2) from 

these five samples are compared with the equivalent XRD quantified mineralogy, 

respectively (Figure 4-3).

In order to do this, the variation of mineral abundance needs to be narrowed down, 

because (1) the uncertainty of chemical compositions in some mineral species (e.g. 

feldspar, biotite, etc.) can complicate the calculation procedure, because it sometimes 

can be difficult to decide the mineral groups which a particular mineral is from For 

example, illite-smectite could be either in illite group or smectite group; and (2) 

some of the minor minerals (e.g. rutile, apatite, etc.) are present in very low 

concentrations and will not significantly affect the overall results o f mineral 

quantification. Therefore, mineral groups in loess have been simplified as follows: 

quartz, potassic feldspar, calcite, chlorite, mica (mainly including biotite and illite) 

and plagioclase (including albite).
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Figure 4-3 Comparison between results for Model 1, Model 2 and XRD 
quantification on six mineral groups. See text for full explanation.
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Comparisons have focused on four mineral groups: K-spar, calcite, chlorite and 

plagioclase, which can be used for runoff estimation. It appears that Model 1 shows 

the greatest agreement with the XRD quantification results. Thus, results by Model 1 

have been modified for runoff estimation using the regression lines.

4.8 The reconstruction of palaeo-precipitation (for the Chinese loess deposits)

4.8.1 Mineral loss

Calculation o f mineral loss after weathering

In order to calculate the mineral loss (kg/m2) during weathering process, it is 

necessary to obtain data for mineral concentrations (weight %) and soil amount 

(kg/m2) before and after weathering. Mineral concentrations after weathering are 

considered as the mineral concentrations estimated in the previous step (Section 4.7). 

The soil amount for each weathering interval can be calculated by multiplying the 

loess/palaeosol density by the depth o f the interval. The loess densities used for this 

calculation (Table 4-3) were obtained from a study of the Lingtai section (Sun et aL, 

2000). Errors could be found when the data are used for the soil amount at Duanjiapo, 

Luochuan and Caoxian sections, which are lithologically different from the Lingtai 

section.

Table 4-3 Average value o f dry bulk density (g/cm3) for different loess-palaeosol 
layers in the Lingtai section. From: Sun et a l (2000).
Palaeosol (No. of samples) Density (g/cm3) Loess (No. of samples) Density (g/cm3)

' ■ ; 2.05 V ‘ ' L1 (35)
S1 (19) 2.07 L2 (29) 1.85

X '//• ■ f^ ;?;2.,13:; ; ^
S3 (10) 2.16 L4 (20) 1.92

/  . ;S4 (20) 'J • / 2.18 . ' • L 5 ( 1 4 ) / V ‘
S5 (32) 2.12 L6 (22) 1.89

^  . 1.98‘* .J ]
S7(14) 2.03 L8 (7) 1.92

i l/ViA-"1-':S8{(14)/ ; X 1.91.

Since mineral concentrations against depth, lithological units and their density are 

known, it is possible to calculate the mineral loss during weathering. In a certain area
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within certain weathered interval, the amount loss of mineral X is calculated as 

follows:

Mineral loss = X p -  X  w

where X p refers to mineral amount (kgftn2) before weathering during this interval 

and X w refers to mineral amount (kg/m2) after weathering during this interval. They 

can be expressed as follows:

* P = CXfP x Mp 

= CXfW x Mw

where CXiP -  concentration o f mineral X before weathering (%);

Mp -  soil amount before weathering (kg/m2);

Cx,w -  concentration o f mineral X after weathering (%); and 

M w — so il amount after weathering (kg/m2).

Cx,w is considered as the mineral concentration calculated by normative mineral 

estimatioa Mw is calculated based on the density records (kg/m3) of loess and 

palaeosols obtained by Sun et al. (2000, Table 4-3):

Mw = pw * d

where pw is the density o f the soil after weathering, d  is the depth (m) o f weathered 

soil during a certain period o f weathering. Therefore, mineral amount after 

weathering can be calculated.

Definition o f parent material

A ssum ing pre-weathering so il is the parent material in the source area and its mineral

com position  remains the same, theoretically, concentration o f  mineral X  before
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weathering (CX;P) can be determined if the parent material is defined. However, it is 

difficult to figure out the mineral composition o f parented material. Therefore, soil 

before weathering is considered as the least weathered loess unit in the 

loess-palaeosol sequences, where samples have the highest CaO and lowest Z1O 2 or 

TiC>2 contents, because CaO is regarded as most sensitive to weathering while Z1O 2 

and Ti02 are the least sensitive. This has been described in details in Chapter 4.

The soil amount before weathering is defined in the following principle. Since Z1O 2 

and Ti02 are considered to be the most resistant oxides to weathering (Deer et aL, 

1966), changes in their amounts (kg/m2) before and after weathering are normalised 

to zero. In other words, the amount o f Z1O 2 and TD2 remains the same during 

weathering, which can be expressed as:

Cn,p x — CTiw x  M w (4-2)

or

Czr,p x M p — CZr w x M w (4-3)

where Cxi, P and Czr,P are the Ti02 and Z1O 2 concentrations (weight %) prior to 

weathering; Cxi, w and Czr, w are the concentrations (weight %) o f TD2 and Z1O 2 

concentrations after weathering, respectively; and Mp and Mw are the soil (loess or 

palaeosol) amount (kg/m2) before and after weathering, respectively. Therefore, soil 

amount before weathering (Mp) can be obtained in the following equations:

Mp = Cti,w x 

CTi,p

or

_  Qr,w X
m p ~  r

u Zr,p
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Since there is no available data for Cri,P or Czr,p in parent material, loess samples 

with the highest CaO concentration (since this is considered to be one o f the least 

stable oxides during weathering) and highest TiC>2 or Z1O 2 concentration are 

selected to represent the parent material prior to the weathering process.

Minimum amount after Minimum amount after
weathering (kg/m2) -Ti model weathering (kg/m2) -Zr model

0 .5  0 .6  0.7  0 .8  0 .9  1 0 .0 2 5  0 .03  0 .035  0 .0 4  0 .045

Ti02 Zr02

Figure 4-4 Mineral amount (kg/m2) after weathering at Duanjiapo loess section in 
this study

Four samples highlighted in Figure 4-4 were selected for the determination of the 

initial composition of the parental material in each model. The concentrations o f the 

minerals Ti02 and Z1O 2 in these four samples have been averaged as the mineral 

compositions and T1O2 (or Z1O 2) concentrations in the parent soil. Therefore, the 

pre-weathering mineral amount (kg/m2) can be estimated by the multiplying the 

average mineral concentrations (weight %) and pre-weathering soil amount (kg'm2), 

which can be estimated from equation (4-2) or (4-3).

Calculation o f the alkalinity flux

Since the mineral amounts before and after weathering have been obtained, the 

amount o f mineral loss (kgfrn2) in each sample can be calculated by subtraction. This 

is an important step for calculating the alkalinity flux (meq/m2 per yr), i.e. the loss of 

some alkali cations (e.g. Na+, Ca2+, Mg2"1", K+) during weathering, which is one o f the 

parameters in the runoff calculation.

In order to compute the alkalinity flux, the following steps are undertaken:
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1. Sum the amount o f mineral loss in each loess or palaeosol layer, which is 

believed to represent an individual glacial or interglacial event.

2. Estimate the duration of each event, and calculate the mineral loss per year 

in each layer, ie. mineral weathering rate:

Total m ineral loss
Mineral weatherinq rate  = ------ --------:----------Duration

The duration is estimated by averaging the equivalent results published in 

different papers (Table 4-4).

3. Convert the amount of mineral loss per year (kg/m2/yr) into equivalent loss 

of the per year (meq/m2/yr). Firstly, multiply the mineral loss per year 

(kg/m2/yr) by 1000 to convert the unit into g/m2/yr. Secondly, convert the 

mass of mineral loss (g/m2/yr) into mineral loss in mole (mM/m2/yr) by 

dividing the former by the atomic weight of the mineral (chemical formula 

of each mineral was used). Finally, multiply the mineral loss in mole 

(mM/m2/yr) by the number of positrons o f the alkali cation(s) in each mole 

of the mineral. Thus, the positron loss (meq/m2/y r) is obtained.

4. The loss of alkali cations is presented by positron loss in milli-equivalent/m2 

per year, Le. the alkalinity flux.
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4.8.2 Runoff Estimation

It is suggested by Suchet and Probst (1993) that there is a positive relationship 

between alkalinity flux and runoff from soils developed on granite and basalt, which 

is well described by the power function o f Dunne (1978). The alkalinity flux

(meq/m2 per yr) is given by

Alkalinity f l u x  = F x  Ra 

Therefore, runoff can be expressed as

(4-4)

D _ /  Alkali nity flux \ a
— V F ) (4-5)

where F is an empirically derived rock weathering factor, R is the runoff rate (m/yr), 

and a is an empirically determined exponent.

The power exponent (a) used here is 0.8, which empirically provides a good fit 

(Boyle, 2008). The value for factor F varies among different rock types (Table 4-5).

Table 4-5 Rock weathering factors, F, for a selection of rock types. Boyle (2008).
Rock Type

K B SH 1SP Bf
Data from Meybeck 
(1986)

¿ r r - r r r r 7 ~ ÿ f^ --  ..

Data from Bluth and Kump 
(1994)

Shale
600
300

500-1000 
300-500 '

Acid volcanic
100-300 - \  ;t¥  s!

.'V-, ■:> V-

Sandstone 50-200

The F values used for the runoff calculation at loess sections are shown below:

Mineral Group Rock Type Element used for Rock weathering 
alkalinity flux factor F

Calcite \  . 7 Carbonate . . ;
Chlorite Basalt Mg 600
K-spar Granite * ..........
Plagioclase Basalt 40% Ca + 60% Na 600
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Sensitivity Test

The sensitivity of the runoff model has been tested using climate data collected in 

Xi’an from 1951-2001 (Climate database for Chinese Loess Plateau, Scientific 

database website, Chinese Science Academy). It is suggested (Turc, 1954, cited in 

Boyle, 2008) that runoffj R, can be calculated as:

R = P - E Ac, (4-6)

EAct = P/[0.9 + (P/L)2]0'5 (4-7)

where Eaci is the annual actual evaporation rate (mm/yr), P is the annual precipitation 

rate (mm/yr), and L is a factor given by (op. cit.):

L= 300 + 25T + 0.05T3 (4-8)

T is temperature in degrees °C. Since the recent mean annual precipitation (MAP) 

and mean annual temperature (MAT) are found from the climate database, the runoff 

can be estimated using the equations shown above. In comparing the results 

produced by the model with the data from the climate database, the rock weathering 

fector F has to be adjusted to fit the runoff calculated based on the climate data 

(Table 4-6). Further discussion is given in Chapter 5.

Table 4-6 Average runoff calculated using different parameters
Parameters Average runoff 

(mm/yr)
F (initial value) F (adjusted value)

Climate database 88.8
Calc ite 150 1800 2740
Chlorite 13 600 125
K-feldspar 21 100 32
Plagioclase 18 600 170
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4.8.3 Mean Annual Precipitation

Mean annual precipitation rate (mm/yr) on a temperature gradient is estimated by 

comparing the runoff rates obtained by Equations (4-6), (4-7), (4-8) and by Equation 

(4-5) using the solver function in the Excel program Temperature range is from 0 to 

15 degrees °C, at an interval o f 5 °C. The results o f MAP have been compared with 

those calculated using the climofunction developed by Maher et aL (1994) and 

magnetic susceptibility records for samples from Luochuan section.

4.9 ALLOGEN model

ALLOGEN is developed on the basis o f the weathering rate sub-model o f PROFILE, 

a chemical weathering model initially proposed by Sverdrup and WarfVinge (1992) 

for lake sediments. In the natural soil environment, the base cation release rate for a 

single mineral, r, may be approximated by (op. cit.):

r = kH+
[//+]"« kH ni j  . , p  n

T  fvrr  * r /~' ^
fn

+ f  ^  n-co2r co2 
Jh2o

where

kH+ = rate coefficient for the reaction with H+ (m s'1) 

kHi g = rate coefficient for the reaction with H2O (kmolc m'2 S '1) 

kC02 = rate coefficient for the reaction with CO2 (kmolc atm'1 m‘2S'') 

«h etc. = reaction order o f individual reactions

/ h> /w2o = rate reduction factors for product inhibition.

This sub-model has been modified and further developed by Boyle (2007) for a 

wider range o f soil types, named ALLOGEN. However, it is not sensitive to 

hydrological impacts and to dissolved organic carbon production (Boyle, 2008). 

Therefore, a new model has been created for the long-term impact of climate on 

average surface water acidity, partly using the principle o f ALLOGEN. Major 

processes in this model include (op. cit.):
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• Runo ff contro 1 over mineral weathering rate

•  Dust deposition

•  Temperature influence over soil mineral weathering rate

• Evaporative concentration o f dissolved ions

• Within-lake alkalinity generation via sulphate reduction

•  Variation in dissolved CO2

• Variation in dissolved organic carbon

In this study, the first process, Le. runoff and mineral weathering, will be mainly 

applied to the study areas. Its principles and procedures have been described in 

section 4.8.
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Chapter 5 Mineral weathering-based estimates of

palaeo-precipitation on the Chinese Loess plateau

As mentioned in Chapter 2, although previous studies have applied geochemical and 

mineralogical methods to palaeoclimate reconstruction from loess records, they are 

not fully quantitative because no comprehensive mineralogical data have been 

provided. Therefore, in this chapter, detailed mineralogical data will be presented and 

discussed, together with some quantitative methods for mineralogical analysis on 

loess-palaeosol sequences.

Results from geochemical and mineralogical analyses are presented, including bulk 

geochemical data, Scanning Electron Microscope (SEM) images, X-ray diffraction 

(XRD) spectra and quantified mineral compositions of the loess-palaeosol sequences. 

Based on the loess mineralogy obtained from the data mentioned above, runoff and 

precipitation rates in each lithological unit are estimated using an Excel-based 

program and numeric formula. According to the findings, changes of weathering 

process and relevant climate regime on the Chinese Loess Plateau have been 

discussed.

Sensitivity testing has been undertaken for all the models used in this chapter, 

including quantitative XRD analysis model (RockJock), mineral quantification 

model (Normative mineral estimation) and the mineral dissolution model. In addition, 

method developed here has been compared with the rainfall-susceptibility 

elimo function developed by Maher et aL (1994), which is based on the magnetic 

susceptibility records and the modern rainfall rates.
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5.1 Dating of the Chinese loess

The age models used for the Duanjiapo and Luochuan loess samples are described in 

Bloemendal and Liu (2005). Ages o f loess samples were obtained by linking the 

magnetic susceptibility records to the insolation record for 65°N and the marine 

oxygen isotope record from ODP Site 677 (op. cit.). The derived accumulation rates 

for the two sites are shown below (Figure 5-1). Because loess-palaeosol sequences 

during the last 500 ky BP are the focus in this study, accumulation rates 6.12 cm/ky 

and 5.45 cm/ky are applied to Luochuan and Duanjiapo sections, respectively. This 

age model is used for the following discussion.

15 |-
u

10 I
i’•c c  to

0 *5

o j

5 3
6

Figure 5-1 Age-depth relationship and accumulation rates for Duanjiapo and 
Luochuan loess sectioa From Bloemendal & Liu (2005).
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5.2 Bulk geochemical analysis

5.2.1 Geochemical records of the loess-palaeosol sequences

The commonly used geochemical indicators of weathering and pedogenesis in 

Chinese loess, Rb/Sr ratio and the Ca concentration, for the three sections are shown 

in Figure 5-2, together with the magnetic susceptibility (MS) stratigraphy. The Rb/Sr 

ratio shows a high degree o f similarity with the MS records at all three sites, 

although an absence of correlation is evident in some intervals (e.g. 10- 11m depth at 

Luochuan, 39.5-41.5m depth at Caoxian) possibly due to the noise o f the Rb/Sr ratios 

and its smaller amplitude o f fluctuation. The overall correlation is in agreement with 

the results o f several workers (e.g. Chen et aL, 1999), who showed that the Rb/Sr 

ratio can be used as an indicator o f weathering and pedogenesis, as is the case for 

MS.

Comparison of the Ca concentrations with the MS records shows that peaks in MS 

correspond to minima in Ca concentration, although very low values can also be 

found in both parameters at the same depth, e.g. 16-18 m at Duanjiapo. Calcium has 

been almost depleted in some intervals at Duanjiapo, ie. 4.5-7.5m, 12- 14m, 16-25m 

and 26-33m At the other two sites, Ca variation is clearly inversely-correlated to MS 

and Rb/Sr ratio, especially the latter. This probably implies that most Ca is in 

primary calcite, which is indicative o f  chemical weathering intensity and could also 

affect Sr mobility to weathering. Assuming that MS reflects variations in weathering 

intensity, it may not be straightforward for Ca content in loess-palaeosol sequences, 

especially in loess, to be directly used as a proxy for chemical weathering in some 

loess sections. For example, since most intervals are Ca-free at Duanjiapo, it is not 

appropriate to use Ca as an indicator for chemical weathering. In addition, at loess 

sections with intensely weathered layers, Ca can be depleted and then re-deposited as 

secondary calcite (Chen et al. 1997). Therefore, a reasonable volume of Ca content 

may occur in the form of needle-shaped or granular secondary calcite grains, 

meaning that it would be problematic to use Ca as chemical weathering indicator in
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these layers. However, Ca can be used for interpreting mineral chemical weathering 

at those sites with lower weathering intensity, such as Luochuan and Caoxian, where 

most o f the Ca is in calcite o f detrital origin.
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Figure 5-2 Comparison o f magnetic susceptibility and independent geochemical 
indicators for Duanjiapo, Luochuan and Caoxian. Low frequency susceptibility data 
adapted from Btoemendal et al, (2008) and Parker and Bloemendal (2005). Blue line: 
Duanjiapo; Black line: Luochuan; Red line: Caoxian.

5.2.2 Detailed element quantification in selected samples

Recent studies (Yang et al., 2006; Jeong et al., 2008) showed that bulk chemical 

properties o f loess could be significantly affected by changes in particle size caused 

by fluctuations in the strength o f the winds transporting the detrital grains. In order 

to estimate the elemental mobility during the chemical weathering of rocks and 

sediments, some elements from weathering-resistant minerals, such as Si in quartz 

and Zr in zircon, are needed as a reference to minimize the effect of variations in 

detrital grain size. This is based on the assumption that these weathering-resistant 

weathering minerals can be only affected by physical weathering, e.g. during wind
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transportation, and their concentrations are positively correlated to the average grain 

size o f the relevant loess or palaeosols. Although quartz is relatively stable during 

chemical weathering, aluminosilicates, as another source o f Si, are not. Therefore, 

since Zr in loess/palaeosol sequences is mainly associated with the eolian mineral 

zircon, which is resistant to chemical weathering, Zr was selected as a reference 

element instead ofSi in Figure 5-3.

Figure 5-3 shows the scatter plots o f element/Zr ratios compared with MS values. 

Most major elements are included. However, some elements such as Na and Ba 

cannot be measured accurately enough and thus showed very noisy results. Therefore, 

these elements have not been presented here.

None of the ratios shown in Figure 5-3 are significantly correlated with magnetic 

susceptibility, except for Ca/Zr and Mg/Zr which show a negative correlation with 

MS. In addition, at Duanjiapo and Luochuan, Sr/Zr also has a strong negative 

correlation (Figure 5-3 (1) and (2)), and similarly, both Ca/Zr and Sr/Zr appear to 

have two different types o f correlation with MS. In their scatter plots, some sample 

clusters have strong negative correlation between Ca/Zr or Sr/Zr and MS, while other 

sample clusters have no or very weak correlation. Since Sr is mainly present in 

Ca-rich minerals and is also sensitive to chemical weathering, it is suggested that in 

unweathered or less weathered layers Ca/Zr and Sr/Zr are negatively related to MS; 

while in palaeosols and heavily weathered loess units, there is no clear relationship 

between them.

Aluminium is slightly positively related to MS while S/Zr shows a much weaker 

relationship with MS (scatter around the regression line) at all the three sites. The 

other element/Zr ratios can be divided into the following groups according to their 

type o f correlation with magnetic susceptibility (MS):

1) No clear relationship with MS can be found for Fe and Mn from Duanjiapo 

and Caoxian, but there is a positive relationship at Luochuan. This may imply
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that iron minerals, which are normally associated with Mn, are not affected 

by chemical weathering when the climate is generally very wet-warm (i.e. at 

Duanjipao) or dry-cold (ie. at Caoxian), but they can increase during 

moderate weathering (Le. at Luochuan). However, this is still unclear. 

Therefore, it is necessary to convert quantitative chemical data (element 

concentrations) into quantitative loess mineralogy, since mineralogy is 

directly related to the weathering, but elements are not;

2) Negative, positive, and positive but non- linear relationships for Si and K with 

MS are observed at the Duanjiapo, Luochuan and Caoxian sites, respectively. 

A possible explanation is that different intensities o f weathering processes in 

Si- and K-rich minerals (e.g. K-feldspar) occur at these three sites. At 

Duanjiapo with intense weathering conditions, these minerals have been 

weathered. At Luochuan with moderate weathering conditions, these minerals 

have been weakly weathered while other minerals have been more strongly 

weathered, resulting in the increasing proportion o f Si and K. At Caoxian, 

where least weathering occurred, these Si- and K- rich minerals together with 

other highly mobile minerals are largely unaffected by the weathering process, 

resulting in fairly uniform concentrations. However, another reason for this 

could be that most o f the Si and K are dominated by different mineral groups 

at different sites.

3) Concentrations o f Ti and P are positively and inversely related to MS 

variations at Duanjiapo and Luochuan, respectively. It is suggested that Ti is 

weathering-resistant yet P is not. In addition, they have no clear relationship 

with MS at Caoxian, possibly because the weak weathering process in this 

area did not have a large influence on the concentrations of most elements, 

including Ti and P.

4) It is evident that the relationship between Rb and MS is positive non-linear at 

Duanjiapo and positive at Luochuan and Caoxian. This is possibly due to the 

high stability of Rb to weathering, although it seems to be slightly weathered 

at Duanjiapo.
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5.3 Mineral identification

5.3.1 XRD spectra

Comparing the XRD spectra pattern o f unknown samples with pure minerals 

(standards), the XRD qualitative analysis o f the loess-palaeosol sequences at the 

three sites shows that both loess and palaeosol samples contain albite, calcite, 

K-feldspar, quartz, calcite, chlorite, illite, kaolinite and amphibole, apart from some 

non-calcareous or minimally-calcáreo us layers found e.g. L2, S4, L5 from Duanjiapo 

(Figure 5-4). However, there are some uncertainties in mineral identification:

• Minerals present in low concentrations (e.g. iron oxides) or which are not 

sensitive to XRD (e.g. clays) are very likely to be underestimated during bulk 

XRD analysis.

• Mineral groups such as mica, plagioclase and K-feldspars can complicate the 

mineral type determination, as they have many subtypes or metamorphs with 

similar or partially-overlapping XRD spectra (Elton and Smith, 1999).

Therefore, SEM analysis was also used for qualitative mineralogical identification
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5.3.2 Microscopic observations - SEM images of loess-palaeosol particles

Four samples, one from L5 layer at Luochuan and three from Sm, S1S2 and SI S3 

layers at Caoxian have been observed under the scanning electronic microscope 

(SEM) after thin sectioning, and chemical analysis data o f these samples were 

collected by energy dispersive X-ray (EDX) detector. Figure 5-5 to Figure 5-8 show 

the back-scattered electron images o f selected mineral particles and rock fragments 

from different samples. According to the SEM results obtained, the following 

mineral types were identified: albite, apatite, barite, calcite, chlorite, dolomite, 

epidote, iron oxides, hornblende (amphibole), illite, ilmenite, K-feldspar, muscovite, 

Na-Ca plagioclase, quartz, sphene (titanite), and zircoa The size o f the grains in the 

loess samples is generally bigger than in the palaeosol samples (ca. 2-40 pm for loess 

and ca. 5-60 pm for palaeosols).

Quartz is the most common mineral in both loess and palaeosols. It mainly occurs as 

discrete particles although some intergrowth with feldspars or clay minerals (e.g. 

chlorite and illite) can also be observed (Figure 5-5-1 and Figure 5-6-1). Feldspars 

are divided into three groups based on EDX analysis: K-feldspar, albite and Na-Ca 

plagioclase (NCP). Feldspars normally occur as single grains, but intergrowth of 

albite and K-feldspar is still commonly observed in some samples (Figure 5-6-6). In 

addition, NCP appears to be present in single grains rather than in rock fragments 

(Figure 5-6-6 and Figure 5-7-1).

Biotite is more commonly found in single particles rather than rock fragments, with a 

bright needle-like appearance under back-scattered electron images (Figure 5-5-2). In 

the recent study o f Jeong et a l (2008), common inclusions of barite and celestine are 

found along the basal planes o f biotite grains, with lensoid voids and fan-out at the 

flake edges. In the present study, barite was also found within a palaeosol sample 

from the Caoxian section (Figure 5-7-1), but it appears to consist of fillings amongst 

quartz and feldspar grains with a length o f nearly 200 pm. Chlorite occurs either in a 

mixture with quartz (Figure 5-6-2) or as a single grain (Figure 5-6-3).

According to current observation under SEM, the very fine-grained phyllosilicates 

mainly contain illitic clays and muscovite. No kaolinite or talc has been observed so

86



far, in contrast to the XRD analysis results. The illitic clays probably contain illite, 

interstratified illite-smectite and smectite as shown in XRD quantification, but it is 

unlikely that they can be distinguished one from another under EDX chemical 

analysis. Both large aggregates o f illitic clays (Figure 5-6-5) and mixtures of 

quartz-illitic clays (Figure 5-8-1) were observed in palaeosol and loess samples, 

respectively, at different loess sections.

Carbonates exist as fine-grained calcite particles (Figure 5-6-4, Figure 5-8-1), 

fine-grained dolomite particles (Figure 5-6-2) or coarse grains with a mixture of 

calcite and dolomite (Figure 5-6-7).

Iron and titanium oxides were also found in most samples observed. They have a 

wide range o f formations: single-grained iron oxides (Figure 5-8-1), single-grained 

ilmenite (Figure 5-6-4, Figure 5-7-2 and Figure 5-7-3), intergrowth of iron oxides 

and clays (Figure 5-6-1, Figure 5-6-6, and Figure 5-6-7), intergrowth of rectangular 

iron oxides-sphene-quartz-K-feldspar within the rock fragment (Figure 5-5-3) and 

mixture of quartz and very fine single-grained titanium oxides. In addition, the SEM 

observation also showed the occurrence o f single zircon particles (Figure 5-7-2) and 

large aggregates of apatite and quartz (Figure 5-8-2).
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Figure 5-5 Back-scattered electron images o f the mineral particles and rock fragments of 
sample CX2448 within the Sm layer from Caoxian. The length o f the largest particle in 
Figure 5-5-2 is ~150pm. A: Albite; Ap: Apatite; Ba: Barite; Ca: Calcite; Ch: Chlorite; Do: 
Dolomite; Ep: Epidote; Fe: Fe Oxide; Ho: Hornblende; II: Illitic clays; Ilm: ilmenite Kf: 
K-feldspar; M: Muscovite; NCP: Na-Ca Plagioclase; Q: Quartz; Sp: Sphene (Titanite); Zr: 
Zircon.
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Figure 5-6 Back-scattered electron images o f the mineral particles and rock fragments of 
sample CX3892 within the S1S2 layer fromCaoxian. A: Albite; Ap: Apatite; Ba: Barite; 
Ca: Calcite; Ch: Chlorite; Do: Dolomite; Ep: Epidote; Fe: Fe Oxide; Ho: Hornblende; II: 
Illitic clays; Ilm: ilmenite Kf: K-feldspar; M: Muscovite; NCP: Na-Ca Plagioclase; Q: 
Quartz; Sp: Sphene (Titanite); Zr: Zircon.
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Figure 5-7 Back-scattered electron images o f the mineral particles and rock fragments of 
sample CX4192 within the S1S3 layer fromCaoxian. A: Albite; Ap: Apatite; Ba: Barite; 
Ca: Calcite; Ch: Chlorite; Do: Dolomite; Ep: Epidote; Fe: Fe Oxide; Ho: Hornblende; II: 
Illitic clays; Ilm: ilmenite Kf: K-feldspar; M: Muscovite; NCP: Na-Ca Plagioclase; Q: 
Quartz; Sp: Sphene (Titanite); 2r: Zircon

O F d

Figure 5-8 Back-scattered electron images o f the mineral particles and rock fragments of 
sample B299 within the L5 layer from Luochuan. A: Albite; Ap: Apatite; Ba: Barite; Ca: 
Calcite; Ch: Chlorite; Do: Dolomite; Ep: Epidote; Fe: Fe Oxide; Ho: Hornblende; II: Illitic 
clays; Ilm: ilmenite Kf: K-feldspar; M: Muscovite; NCP: Na-Ca Plagioclase; Q: Quartz; Sp: 
Sphene (Titanite); Zr: Zircon

5.4 Mineral quantification

5.4.1 Quantification of XRD results

Mineral compositions of both loess and palaeosol samples were calculated by the 

RockJock program (Version 5) and the results are shown in Table 5-1. The results of 

quantitative estimation show that both loess and palaeosols mainly comprise quartz, 

phyllosilicates, feldspars, carbonates and other minor minerals.
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With respect to the latitudinal/climatic gradient across the Loess Plateau, from 

Duanjiapo (southeast) through Luochuan (central) to Caoxian (northwest), the 

concentration of quartz remains similar (~30%) though with a slight decrease 

towards northwest. The phyllosilicates group decreases significantly along with the 

climate gradient, from 45% to 29% from southeast to northwest. In contrast to the 

phyllosilicates, feldspars and carbonates are increasingly abundant, from 18.8% and 

1.7% at Duanjiapo to 22.8% and 15.9% at Caoxian, respectively. Phyllosilicates are 

dominated by mica, which has an average concentration o f 18.8-26.7% within loess 

minerals Table 5-1. Iron oxides show very low abundances in all loess sections, 

although a slight decrease can be found northwestwards. There is evidence of 

maghaemite, hematite and goethite in the XRD patterns of the loess and palaeosol 

samples, but not for magnetite possibly because o f its poor sensitivity to X-ray 

diffraction (Elton and Smith, 1999).

To compare the changes in mineral compositions between different stratigraphical 

units and different loess sections, quartz was used as a reference material because of 

its resistance to weathering in temperate environments (Jeong et aL, 2008). Major 

loess mineral groups to quartz ratios were calculated based on the quantification of 

mineral compositions (Table 5-1) and plotted against loess stratigraphy for all three 

loess sections (Figure 5-9). The abundance o f iron oxides remains at a low level 

and does not change much between the different units and sections. The results show 

that within the three sections, feldspars and carbonates are enhanced in loess units 

and within the sub-loess units within palaeosols; and that carbonate minerals are 

nearly absent within SI, L2, S4 and L5 from the Duanjiapo section. Phyllosilicates 

are relatively enhanced in the palaeosols from the three sections. In addition, the 

magnitudes of the variations in feldspars and phyllosilicates versus depth are 

relatively similar within the same section, which implies that there could be a 

quasi-linear relationship between these two mineral species.
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Duanjiapo Luochuan Caoxian

Figure 5-9 Mineral to Quartz Ratios vs. Stratigraphical Units
Fd, Feldspars/Quartz; Car, Carbonates/Quartz; Phy, Phyllosilicates/Quartz; FeOx, 
Iron Oxides/Quartz.

Sensitivity test for RockJock using XRF results

Although RockJock is an efficient tool for quantitative estimation o f mineral 

concentrations within loess and palaeosols, its reliability still needs to be tested. 

Under the model, all 14 calculated XRD spectra have broader peaks than the 

measured ones, probably because the grain size o f the sample is finer than expected 

by the model RockJock (Figure 5-10). In addition, samples are regarded as unknown 

when their XRD data are quantified, which must be run with unconstrained choice of 

mineral types. However, this could complicate the selection o f some minor minerals 

when their concentrations are less than 1%. Thus, all these factors could affect the 

accuracy of estimating mineral species and calculating mineral concentrations. It is 

necessary to examine the reliability o f the model by comparing the XRD quantitative 

estimation o f loess minerals with the XRF data of element concentrations within the 

same sample.
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Filament is calculated and broad line is measured

Figure 5-10 Calculated and measured XRD spectra.

The element concentrations of minerals estimated by RockJock are calculated 

according to the chemical compositions o f selected reference minerals. Then the 

values o f element concentrations are divided by those results measured by XRF 

spectrometer, as shown in Figure 5-11. Among the ten major elements examined in 

the model sensitivity test, there are six with values close to 1, which means the model 

and the selection o f mineral groups are relatively reliable. Ratios of Na, Ti, Mn and 

Ba have large deviations, ranging from 0.6 to 0.8. This is possibly because the minor 

minerals mainly containing these elements have not been selected in the RockJock 

Model, since the more mineral types selected, the less accurate is the outcome from 

the model (Eberl, 2003). For Ti, Mn and Ba, this is possibly due to the low 

concentrations o f Ti-, Mn- or Ba- rich minerals with consequent poor measurement 

by XRD. In addition, another possibility for the high Na content in XRF 

quantification is that Na could have been over-measured by the XRF spectrometer.
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Model/Measure

Figure 5-11 Results o f sensitivity test for RockJock. Model/Measurement Ratio: 
element concentrations calculated by XRD quantification are divided by those 
measured by XRF. Values over and under 1.0 indicate over and under-prediction by 
RockJock, respectively. The model will be more reliable if the ratio is closer to 1.

5.4.2 Normative mineral estimation

Although quantitative XRD analysis seems applicable to loess and palaeosol samples, 

it is time-consuming and costly to undertake XRD measurements for all the samples. 

Therefore, a numerical model is needed for quantifying mineral compositions and 

ideally on the basis o f the available bulk geochemical data. Thus, normative mineral 

estimation is proposed here as a major method for mineral quantification, but XRD 

analysis is still needed for mineral identification and sensitivity test o f the normative 

mineral estimation method.

Two different methods have been used in order to get a more accurate and reliable 

result for the normative mineral estimation. The difference between these two 

calculation procedures is the order o f minerals and the element used for mineral 

calculation (Table 5-2). Model 1 uses Rb to estimate the concentration o f biotite, 

whereas Model 2 uses Sr for biotite estimation and subsequently the concentration o f 

plagioclase has been calculated prior to that o f illite, compared with Model 1.
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Table 5-2 Comparison of two models for normative mineral calculation
M odel 1 Model 2
M ineral type Oxide

used
Elem ent
concentration
(m oles/m ole)

Mineral type Oxide used Elem ent
concentration
(m oles/m ole)

Zircon Zr02 1 Zircon Zr02 1
Apatite P02.5 3 Apatite P02.5 3
K-feldspar BaO 0.0283 K-feldspar BaO 0.0283
Biotite RbOO.5 0.0247 Blotlte SrO 0.0213
Hüte K00.5 0.7 Plagioclase RbOO.5 0.0014
Chlorite MgO 3.681 III ite KOO.5 0.7
Plagioclase NaOO.5 1 Chlorite MgO 3.681
FeOOH Fe01.5T 1 FeOOH Fe01.5T 1
T i0 2 T i0 2 1 T i0 2 TÌ02 1
Calcite CaO 1 Calcite CaO 1
Kaolinite AI01.5 8 Kaolinite A IO l.5 8
Quartz SÌ02 1 Quartz S i0 2 1

XRD quantification data have been compared with their equivalent obtained by 

normative mineral estimation for all of the samples from the three sections (Figure 

5-12). Negative correlation in K-feldspar and mica between the model and XRD data 

can be found in both Model 1 and Model 2 at the Duanjiapo and Caoxian sections. 

For the Luochuan section, all the mineral concentrations are positively correlated 

between Model 1 and the XRD quantification model, while quartz and plagioclase in 

Model 2 are found to be inversely correlated to the results from XRD quantification. 

In addition, the concentrations of plagioclase based on the Model 2 calculation are all 

negative for the three loess sections. Thereibre, Model 1 appears to be better than 

Model 2 and thus has been selected for the runoff estimations in the next step 

(Section 5.5.1).
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Figure 5-12 Comparison of mineral concentrations calculated by quantitative XRD 
analysis (RockJock) and the two normative mineral estimation methods, i.e. Model 1 
and Model 2, at three loess sections.
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Figure 5-12 Continued.
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Sensitivity test for Excel-based mineral estimation

As stated in Chapter 4, Methodologies, in the normative mineral quantification 

method, the calculation of mineral concentrations depends on the chemical analysis 

of reference minerals (Appendix I). However, there are many possibilities for the 

chemical compositions in mineral groups such as feldspar, chlorite, illite, etc. 

Therefore, the principle for the reference mineral selection is based on the greatest 

similarity in modern climate conditions o f the place where the reference minerals are 

from to the loess section. Moreover, no example with extreme concentration of 

certain elements has been selected in order to get a reasonable result. Two different 

orders in distributing the oxides to the loess minerals have been used, as shown 

below:

Method 1

1. Zr02 = Zircon

2. P02.5 = 3 x Apatite

3. BaO = 0.0283 x K-feldspar

4. SrO = 0.013 x Biotite

5. Remaining RbOO.5 = 0.0014 x Na-Ca Plagioclase

6. Remaining KOO.5 = 0.7 x Illite

7. Remaining MgO = 3.681 x Chlorite

8. Remaining FeOl .5 (total) = Fe oxyhydroxide

9. Remaining Ti02 = Ti oxides

10. Remaining CaO = Calcite

11. Remaining AlOl .5 = 8 x Kao finite

12. Remaining Si02 = Quartz

Method 2

1. Zr02 = Zircon

2. P02.5 = 3 x Apatite

3. BaO = 0.0283 x K-feldspar

1 0 0



4. RbOO.5 = 0.0247 x Biotite

5. Remaining KOO.5 = 0.7 x Illite

6. Remaining MgO = 3.681 x Chlorite

7. Remaining NaOO.5 = Na-Ca Plagioclase

8. Remaining FeO 1.5 (total) = Fe oxyhydroxide

9. Remaining Ti02 = Ti oxides

10. Remaining CaO = Calcite

11. Remaining A101.5 = 8 x Kaolinite

12. Remaining Si02 = Quartz

The sensitivities of these two calculation methods were individually tested by 

comparing their estimated mineral concentrations with the equivalents using XRD 

quantification. According to the regression values in the scatter plot of each mineral, 

Method 1 is more reliable. Because o f the high applicability o f XRD quantification 

model in loess-palaeosol sequences according to the sensitivity test o f the 

quantitative XRD analysis method (Section 5.3.2.1), the mineral concentrations 

estimated by Method 1 have been adjusted using the regression relationship between 

Method 1 and XRD quantificatioa

In addition, Model 1 has been applied to a loess-palaeosol sequence at Jiuzhoutai, 

northwest Loess Plateau (Jeong et al., 2008). Trace elements such as Zr, Ba, Rb and 

Sr, which are not shown in Jeong et al.’s paper, have been supplemented by the 

geochemical data from corresponding Caoxian loess samples, because o f the high 

similarity in the magnetic susceptibility records in Jiuzhoutai and Caoxian (Figure 

5-13). Model 1 has been used to calculate the mineral concentrations, being 

compared with the mineralogy obtained by XRD. Figure 5-14 shows that apart from 

K-feldspar and plagioclase, results derived by normative mineral estimation are well 

related to the XRD quantified mineralogy, especially calcite. This means that 

normative mineral estimation can be applied to loess-palaeosol sequences if certain 

modification is provided by other independent experimental geochemical methods, 

but it is not sensitive enough lor the quantitative prediction of feldspar.
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Jiuzhoutai

Figure 5-13 Magnetic susceptibility records for loess-palaeosol sequences at 
Jiuzhoutai and Caoxian, adapted from Jeong et aL (2008) and Parker and Bfoemendal 
(2005), respectively.
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Figure 5-14 Scatter plots for mineralogy obtain by XRD and normative mineral 
estimation for loess-palaeosol sequence at JiuzhoutaL Raw element and 
mineralogical data are from Jeong et al. (2008).
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5.5 Variation in mineral concentrations

In this section, changes in mineral concentrations will be demonstrated as mineral to 

quartz ratios, plotted against depth. In the descriptions below, the named minerals 

mean the ratios o f a given mineral to quartz, e.g. mica means the ratio o f mica to 

quartz.

Duanjiapo

Figure 5-15 shows variations in minerahquartz ratios for Duanjiapo. K-feldspar, mica 

and calcite have been heavily depleted within the SI, L2S1, S2, L4, S4, L5 and S5 

units, except for two peaks found at ~15m and 25.5m, which occur at the base o f the 

L3 and L5 intervals, respectively. Chlorite concentrations are also relatively low in 

these units, but are especially depleted at the depths o f 5m, 20.1m and 26.3m, 

corresponding to SI, S4 and S5, respectively. This suggests that palaeosols, as well 

as loess units L2S1, L4 and L5 at Duanjiapo, have been intensively weathered. In 

addition, compared with other palaeosol units, higher values can be found in S3 for 

these four minerals mentioned above, which implies that S3 may have been less 

intensively weathered.

Comparing the lowest values of the concentrations o f the four mineral types in S4 

and S5, little difference is observed, in spite o f the higher magnetic susceptibility 

values in S5. This could have two explanations: either that the magnetic 

susceptibility values cannot be directly used as an indicator of weathering intensity; 

or that the mineral concentrations have already reached the minima during the 

weathering in S4, so that no further mineral depletion (K-feldspar, mica, calcite and 

chlorite) occurred even under even stronger weathering conditions. If the latter is true, 

caution is needed when using the calculated mineral loss to quantify the runoff rate, 

especially when using calcite, which has been completely weathered in many 

palaeosols and weathered loess units. This will be further discussed in the context o f 

the runoff estimations (section 5.9).

Feldspar is slightly positively correlated to phyllosilicates (mainly chlorite and mica, 

see Figure 5-15), which disagrees with the XRD quantification results (section 

5.3.2.1).
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Figure 5-15 Duanjiapo section: Variations in mineral:quartz ratios, and relationship 
between feldspar and phyllosilicates

Luochuan

Calcite and plagioclase have been heavily depleted in all the palaeosols in question 

and have relatively high values in interbedded loess (Figure 5-16). In addition, 

chlorite has been depleted in palaeosols, especially in SI, S4 and S5. There is hardly 

any calcite in palaeosols SI, S2, S4 and S5, but there is a small amount in S3. 

Compared with other palaeosol units, higher concentrations o f plagioclase and
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chlorite also occur in S3, again indicating that weaker weathering processes occurred 

in S3. In contrast, K-feldspar and mica are relatively abundant in palaeosols and are 

less abundant in loess, which possibly suggests a different weathering mechanism at 

Luochuan.

In addition, similar to the Duanjiapo section, due to the higher mobility ofcalcite in 

the weathering process, calculating the runoff rate based on cafcite loss is 

problematic, because too much calcite was leached out and so it cannot be used as an 

indicator for weathering intensity. In addition, there is a slightly positive correlation 

between feldspars and phyllosilicates, which is still contrary to the findings of XRD 

quantification.
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Figure 5-16 Luochuan section: Variations in minerakquartz ratios, and relationship 
between feldspar and phyllosilicates
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Caoxian

Relatively high concentrations of calcite, K-feldspar, chlorite and plagioclase occur 

in loess units, LI LI, L1L2, SI LI, S1L2 and L2. However, no significant increase in 

these minerals occurs in Sm (L1S1), which implies that this interval at Caoxian 

probably has not been strongly weathered. Mica has a reverse correlation with other 

minerals, i.e. high in palaeosols/sub-palaeosols and low in loess/sub-loess units. 

Feldspars are positively related to phyllosilicates (Figure 5-17) and both mineral 

groups are abundant in loess/sub-loess layers but low in palaeosol/sub-palaeosol 

layers, which is in agreement with the XRD quantification results.
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Figure 5-17 Caoxian section: Variations in minerahquartz ratios, and relationship 
between feldspar and phyllosilicates
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5.6 Origin of the loess minerals

5.6.1 Quartz

Quartz is not mainly o f detrital origin, as neither overgrowth between primary and 

secondary quartz nor quartz cementation has been found under SEM observation.

According to the XRD quantification, there is no significant change in quartz 

concentration among different lithological units or different loess sections. This 

proves that quartz is resistant to weathering.

5.6.2 Feldspar

Jeong et a l (2008) suggested that albite has two possible origins: (1) After the 

erosion from the bedrock but before the material arrives on the CLP, it is precipitated 

through significant weathering; or (2) bedrock in the source area are rich in albite 

and are weakly weathered, which forms highly albitic feldspar in loess through 

transportation. According to the electron microscope observation, the other possible 

origin is the intergrowth o f K-feldspar and albite from cooling granitic magmas, by 

low-grade regional metamorphism up to greenschist facies, or by contact 

metamorphism of albite-epidote hornfels facies (Raymond, 1995; Jeong etal., 2008). 

Na-Ca plagioclase (NCP) and K- feldspar can be easily transformed through chemical 

weathering, thus their origin is unlikely to be the rock types sensitive to 

hydrothermal process or other chemical alternations.

5.6.3 Biotite

Biotite can be formed under a wide range o f temperature and pressure conditions, 

and is typically rich in many contact and regionally metamorphosed sediments. In 

addition, it is also suggested that biotite is found more in intrusive igneous rocks 

rather than in extrusive igneous rocks (Howie & Zussman, 1966).

5.6.4 Barite

Barite occurs as veins or cavity filling concretions in limestones, sandstones, shales 

and clays. It can be formed through hydrothermal alternation or limestone 

weathering which requires relatively warm and wet environment. Since barite has
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only been found in one palaeosol sample (Figure 5-7-1), it is difficult to determine its 

origin.

5.6.5 Chlorite

It is common to find chlorite intergrowing with quartz as a product of hydrothermal 

alteration in igneous rock. Chlorite is also commonly distributed in sedimentary 

rocks both as detritaland as authigenic crystals (Howie & Zussman, 1966). However, 

it has been found that primary chlorite is sensitive to chemical weathering (Dixon 

and Weed, 1989). Since the mineralogy data obtained during the present study show 

that chlorite is abundant in the loess at all of the three sections, it can be concluded 

that chlorite in the loess-palaeosol sequences is mainly a primary mineral.

5.6.6 Illitic clay

Illite can be formed by feldspar weathering, alteration o f other clay minerals during 

diagenesis, by the degradation o f muscovite, the recrystallisation of colloidal 

sediments or by hydrothermal alteration o f various rocks (Deer et al., 1996). For both 

hydrothermal and sedimentary occurrences illite can be more easily formed in 

alkaline conditions with high concentrations o f Al and K. The illite concentrations at 

the three loess sections show that it is high in palaeosols and low in loess, indicating 

that the illite in loess-palaeosol sequences could be formed through chemical 

weathering of other minerals. If so, the enhancement o f illite can be a proxy of 

increasing summer monsoon as suggested by Gylesjo and Arnold (2006).

5.6.7 Calcite and dolomite

The origin o f carbonate minerals is debatable, because o f their high mobility during 

diagenetic and weathering processes. Calcite can be derived from calcareous rocks as 

a detrital origin or from calcic plagioclase weathering as a secondary product.

Dolomite is known as a common sedimentary material formed under normal 

conditions o f temperature or pressure, but its origin remains unclear both in the 

laboratory and from the observation. Krauskopfand Bird (1995) suggested that most 

dolomite is not a primary precipitate but forms rather as a product of slow reactions 

altering originally deposited calcium carbonate. However, recent evidence from the
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Chinese Loess Plateau (Liu et aL, 2006) showed that the dolomite in loess-palaeosol 

sequences is detrital in origin, and it only exists in the zones where modern rainfall is 

less than 540mm/yr. This is in agreement with our SEM observations o f dolomite are 

confined to a loess sample from Caoxian, the only loess section with an annual mean 

precipitation less than 540mm (~200mm/yr) among those three localities in question.

Therefore single-grained calcite and dolomite in Figure 5-6-2, Figure 5-6-4 and 

Figure 5-8-1 could be derived from metamorphic rocks rich in carbonates, while 

inter growth of calcite and dolomite in Figure 5-6-7 indicates an origin from 

carbonate and calcareous sedimentary rocks.

5.7 Weathering in source or depositional regions?

Primary chlorite concentration was found to be high in loess and low in palaeosols 

(Section 5.4) suggesting the enhancement of the winter monsoon during glacial times 

or the removal o f chlorite during warm and wet spells, because chlorite preservation 

is favoured by a cool, arid environment. Therefore, it is most likely that weathering 

occurred after depositioa Otherwise chlorite would be depleted during the intense 

weathering in source region, resulting in low chlorite concentration even in loess 

units, which is the opposite to what is observed. This conclusion is also supported by 

the similar variation ofplagioclase within alternating loess and palaeosol layers.

However, as mentioned in section 5.4, according to normative mineral estimation 

results, K-feldspar and phyllosilicates in the three loess-palaeosol sequences have a 

positive correlation, in contrary to that found in XRD quantification, yet this positive 

correlation is very weak (R2<0.13). If both observations could be true, possibly it is 

the other processes e.g. transportation, tectonic mechanism, etc. that have 

complicated the mineralogy variation.

From the XRD quantification aspect, the reverse trends o f feldspar and 

phyllosilicates shown in Figure 5-9 indicate a possible alternation between these two 

mineral groups, in which the variations at Duanjiapo and Luochuan sections show 

the potential decomposition o f feldspar into kaolinite, smectite or illite, composing a 

large portion o f phyllosilicates in palaeosol layers. This assumption is also supported 

by the feet that illite, the major component in loess phyllosilicates is highly enhanced

1 1 0



in palaeosols rather than in loess. However, it seems to be more complicated for the 

case at Duanjiapo, because o f plagioclase abundant in palaeosols rather than in loess 

as at the other two sites, since plagioclase preservation is normally favoured dry and 

arid climate conditions.

On the other hand, if the alternating relationship between feldspar and phyllosilicates 

can be confirmed, it could suggest that (1) some phyllosilicates mainly kaolinite, 

smectite and illite, at the Duanjiapo and Luochuan loess sections were formed 

through chemical weathering at the depositional area; and (2) the amplitude o f the 

fluctuation in feldspar and phyllosilicates can be considered as an indicator of 

changes in weathering intensity at the depositional area. Since the amplitude in the 

Duanjiapo samples is higher than that in the Luochuan samples, it is suggested that 

the intensity o f chemical weathering in the former is higher than in the latter. This is 

also in accordance with the modern climate conditions at these two localities.

From the normative mineral estimation results and the XRD quantification results at 

Caoxian, in accordance with the possible feldspar weathering at the depositional 

areas from south and central CLP, feldspar, mica and calcite are found to be abundant 

in loess/sub-loess rather than in palaeosols.

Taking the uncertainty o f the feldspar estimation (Section 5.2.1 and Section 5.3.2) 

into account, the variation in other loess minerals shows that chemical weathering 

most likely occurred after deposition, which is also supported by previous isotope 

(Wang et aL, 2007; Yang et aL, 2000) and mineralogical studies (Li et aL, 2008; 

Jeong et aL, 2008) on Chinese loess.

5.8 Weathered loess

From the mineralogical quantification by normative mineral estimation, it is 

suggested that the weathering in L1S1 at Duanjiapo and Luochan has reached a 

reasonable degree, based on the fact that most minerals decrease at LI SI layer from 

both sites (Section 5.4). However, the Sm layer at Caoxian has not clearly shown the 

mineralogical characteristics o f weathered loess: weathering-sensitive calcite is 

unchanged, which is similar to the magnetic susceptibility records in this lithological 

unit, although a finer grain size was also observed by Parker and Bloemendal (1995).
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In contrast, it is also found that chlorite is generally low in Sm at Caoxian, while 

other minerals including K-feldspar, mica andplagioclase are relatively higher.

From the annual mean precipitation reconstruction, the rainfall in Sm layer is 

relatively higher than other pristine loess layers from Duanjiapo and Luochuan, 

suggesting that Sm has been intensely weathered. In Caoxian, however, the rainfall 

(based on the K-feldspar depletion) within Sm unit has not increased but slightly 

decreased. This means at least no strong weathering found in LI SI from Caoxian, in 

agreement with the interpretation of the mineralogical data. This implies the 

weathering regime in the northwest Loess Plateau may have been different to that in 

the central and south CLP. This is possibly because either the summer monsoon 

during the formation o f Sm was significantly weakened and the winter monsoon still 

dominated at the northwest CLP; or that the pathway o f the summer monsoon during 

this period was different. Nevertheless, the rainfall rate calculated from the chlorite 

depletion at Caoxian, shows that the summer monsoon was actually enhanced during 

the Sm stage.

Apart from L1S1, other weathered loess layers, ie. L2, L4 and L5 at Duanjiapo and 

LA at Luochuan, can also be found from the runoff and precipitation data. This is also 

supported by the mineral estimation data, decrease in K-feldspar, mica and calcite 

has been identified in these loess units, although it is not clearly shown in the 

magnetic susceptibility signals. Therefore, the identification o f weathered loess only 

dependent upon magnetic susceptibility enhancement could be problematic.
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5.9 Runoff and precipitation estimation

In Section 5.3, mineral compositions within loess and palaeosols are quantified using 

normative mineral estimation, thus mineral depletion in each lithological unit during 

weathering can be calculated. Because the relationships o f mineral depletion-runoff 

and runoff-precipitation can be quantified using the numerical model, runoff and 

precipitation rates were calculated accordingly.

5.9.1 Runoff and precipitation rates calculation

Figure 5-18 shows the estimated runoff rates in m/yr for the three loess sections 

based on the chemical denudation of calcite or K-feldspar. Generally, high runoff 

rates can be found in palaeosols from all the sites. However, relatively intense runoff 

can also be found in some loess units, Le. Sm (LISI), L2, L4 at Duanjiapo; Sm and 

L4 at Luochuan; LI LI and L1L2 at Caoxian. This suggests that these loess units 

could possibly have been weathered, especially the Sm sub-loess units at Duanjiapo 

and Luochuan which have been shown to be a weathered loess layer by magnetic 

susceptibility records, in agreement with the runoff estimation results (Figure 5-18).

Similar to the mineral concentration records as mentioned in the previous section 

(Section 5.4), the results indicate that the runoff rate in S4 was higher than that in S5 

at both Duanjiapo and Luochuan, which is also supported by the annual mean 

precipitation calculation (Figure 5-19). This means that the average weathering 

intensity in S4 may have been stronger than that in S5 under the same temperature, 

although the maximum annual precipitation rate could occur during a short term (a 

period o f time shorter that S4 and S5 stages) within S5 stage. This could perhaps 

explain why the higher peak in magnetic susceptibility is found in S5 at Duanjiapo 

and Luochuan, and yet a higher estimated average rainfall rate occurred in S4 at both 

sites. If the mean temperatures are similar between these two interglacials during 

which S4 and S5 were developed, it can be concluded that according to the magnetic 

records from different loess sites in the central CLP (Kukla and An, 1989; An et aL, 

1990; Xiao and An, 1999; Hao and Guo, 2005; Sun et aL, 2006), although the 

summer monsoon intensity could have increased sharply from S5, which is believed 

to have higher weathering intensity than S4, the summer monsoon could still have 

influenced the palaeosol S4 for a longer time than was the case for S5.
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Similar to Sm, the calculated average rainfall rate in L4 was also relatively high at 

Duanjiapo and Luochuan, but no evidence can be found in the magnetic 

susceptibility records -  values are consistently very low within L4. This is possibly 

due to 1) the inappropriate definition o f parent material, which can make the mineral 

loss larger than the amount in reality and thus overestimate the average rainfall rate. 

This is more likely to have occurred in those loess units where the loess accumulated 

fester during a long period (this will be further discussed in the sensitivity test, 

Section 5.9.2); 2) more goethite has formed under its favorable climate conditions, 

Le. higher soil moisture and cooler temperatures (Balsam et al., 2004). This could 

reduce the magnetic susceptibility signal despite relatively high precipitation; and 3) 

during intensely weathered units at Duanjiapo especially, loess could have been 

significantly depleted during subsequent interglacials.

Generally, a decrease in runoff and precipitation rates is observed to have occurred 

with time at Duanjiapo and Luochuan, indicating a possible weakening o f the 

summer monsoon or an enhancement of the East Asian winter monsoon from S5 to 

present, in agreement with the work done by Wang et al. (2007) and partly in 

agreement with Gylesjn and Arnold (2006). However, a reverse change in runoff and 

rainfall occurred in LI at the Caoxian section (Figure 5-18), which could suggest a 

different weathering mechanism or climate regime has affected the Northwest CLP. 

Nevertheless, this is still not clear because data can be only collected down to SI unit 

at Caoxian and no further data are available at the moment.
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Duanjiapo - Calcite

Luochuan - Calcite

Caoxian - Kspar

Figure 5-18 Runoff rate (m/yr) calculated from mineral loss at three loess sections
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Figure 5-19 Estimated annual mean precipitation rates (mm/yr) at three loess section
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5.9.2 Sensitivity test in runoff estimation

As mentioned in the last section, the runoff rate is calculated based on the power 

function equation adapted from Dunne (1978). The alkalinity flux (meq/m2 per yr) is 

given by (Boyle, 2008):

Alkalinity flux = F*Ra (5-1)

Therefore, in order to test the sensitivity o f this quantitative method, two variables in 

this equation (F and a) need to be discussed.

The value o f a

It is suggested that the lower the soil solubility, the higher the a value is. However, it 

is empirically indicated that this relationship is weak (Boyle, 2008). Therefore, a 

single value for a of 0.8 has been used for this calculation, since it has been proved 

that the value o f 0.8 provides a good fit for silicate rock weathering (Boyle, 2008), 

which is similar with the geological conditions for the formation of the 

lo ess-pa laeosol sequences.

The rock weathering factor F

The F value cannot be considered as constant according to different soil types and 

weathering conditions (Boyle, 2008). Previous studies (Meybeck, 1986; Bluth and 

Kump, 1994) show that the F value varies for different rock types. In the calculation 

of the runoff on the CLP, the F values o f different rock types have been used as 

reference for different mineral weathering processes. The runoff calculations for 

Duanjiapo and Luochuan are based on the alkalinity flux of calcite, while for 

Caoxian K-feldspar depletion (F value for granite: 100 -  300, Table 4-5) has been 

used because the negative values in the alkalinity flux of calcite cannot be used in the 

equation.
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In addition, based on the rock/soil weathering intensity quantification, Boyle (2008) 

suggested that 1) the rock weathering factor can drop significantly over a millennial 

or greater timescale; 2) the F value can be adjusted in proportion to the fractional soil 

coverage. This means that the rock weathering factor can be affected by the grain 

size distribution, which is affected by loess density Therefore, F values for runoff 

reconstruction on different lithological units have been adjusted according to its 

relationship with the densities o f corresponding loess or palaeosol, and the 

subsequently calculated runoff rates have been tested using modern runoff data for 

the same site. If the rock weathering factor F can be regarded as an indicator o f the 

minerals in the soil, ie. they are positively correlated, a lower runoff rate could lead 

to higher mineral content, and thus a higher F value.

For example, in the case of using calcite depletion to calculate the runoff rate at a 

certain temperature, when the runoff rate has reached a certain value (threshold value 

T), the calcite in soils should have reached a certain level, where no more calcite can 

be dissolved -  the carbonate in runoffhas be saturated. Theoretically, at this time, the 

reference F value in Error! Reference source not found, should have been used for 

the runoff calculation, which is supposed to be most accurate under this circumstance. 

In other words, in order to obtain the runoff rate closest to the real runoff rate, if the 

runoff in reality is higher than the threshold T, the F value should be tuned lower 

than the recommended value in Error! Reference source not found., and vice versa. 

For reference, this threshold T  is about 300mm/yr as a world average suggested by 

Holland (1978, cited in Bluth and Kump, 1994). According to the climate data over 

the past 50 years collected by the Chinese Loess Plateau Soil and Water 

Conservation Database (CLPSWCD), the average runoff rates in the three loess 

sections are all much lower than 300 mm/yr, so the F value for loess-palaeosol 

weathering is expected to be higher than the reference value, especially in loess units.
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Figure 5-20 Concept o f the relationship between dissolved carbonate concentration 
and the ratio o f real runoff to calculated runoff. When the ratio is 1, dissolved 
carbonate reaches its saturation level, and thus at this time calculated runoff is equal 
to the threshold runoff rate T.

Take calcite depletion at Duanjiapo for example, the F value was modified as

follows:

1. Comparing with the reference value (1000 -  2000), set a higher F value for loess 

and a relatively lower value for palaeosol, e.g. 3000 for all loess units and 2000 

for all the palaeosols, when the runoff rate reaches the threshold T.

2. Use the loess density data and the set values o f F to draw a scatter plot and find 

the regression between the two parameters. Afterwards, use the regression 

equation and the loess density data to refine the F value (Figure 5-21).

3. Apply the refined F values on each litho logical unit and calculate the runoff rates, 

and then average them The averaged value (158 mm/yr) is considered as the 

threshold value T, which is compared with the modern runoff data at Duanjiapo 

(CLPSWCD).

4. According to the statement above, the modern runoff (174 mm/yr, the real runoff) 

seems higher than the calculated value T (158 mm/yr), so the set F values should 

be adjusted lower than the initial values Le., 3000 and 2000 for loess and 

palaeosols, respectively.
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5. Use the re-adjusted set F value to repeat Steps 1 to 4 until the calculated average 

runoff (T) is close to the value in reality (174 mm/yr).

Figure 5-21 Correlation between set F values and the densities o f bess and 
palaeosols at Duanjiapo.

Table 5-3 Adjusted F values for calcite weathering in loess-palaeosol sequences from 
Duanjiapo and Luochuan.___________________________ _____________________
Adjusted F value (calcite) Lithological unit Density (g/cm3)

2965.5 L1 1.88
2077.1 S1 2.07
3105.8 L2 1.85
1796.5 S2 2.13

2965.45 L3 1.88
1656.3 S3 2.16
2778.5 L4 1.92
1562.8 S4 2.18
2872.0 L5 1.9
1843.3 S5 2.12
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Table 5-4 Adjusted F values for K-feldspar weathering in loess-palaeosol sequences 
from Caoxiaa
Adjusted F value (K-feldspar) Lithological unit Density (g/cm3)

261.9 Sm* 2.05
394.3 L1 1.88
246.3 S1 2.07

♦the density of Sm (LIS 1) refers to the density of SO as a reference value.

Table 5-3 shows the calcite weathering factors modified based on the loess density. F 

values o f calcite weathering in palaeosols are mostly within the range 1000 -  2000 

suggested by Bluth and Kump (1994) and close to the maximum of the range, but 

those in loess are much higher than the reference value. Similarly, in the runoff 

calculation for the Caoxian section, the K-feldspar weathering factor in SI and Sm 

(the sub-palaeosol layer within LI) is within the reference range 100 -  300, but the 

one for LI is higher (Table 5-4).

Runoff rates estimated based on the chlorite depletion (Figure 5-22) have shown 

similar variation to those calculated by calcite or K-feldspar weathering, except for 

the Caoxian section. Differing from the runoff rate derived from K-feldspar 

weathering, it is higher in Sm and the palaeosols from Caoxian and lower in loess. 

The F values used for chlorite are shown in Table 5-5. It is experimentally proved 

that the variation in runoff rate does not change significantly if the F value for 

chlorite weathering is set to be constant for each loess section, respectively. Due to 

the positive correlation between the rock weathering factor F and the grain size 

distribution, this means chlorite weathering is not affected by grain size variation 

very much, which is also suggested by Li et al. (2008). This is possibly because 

chlorite is preferentially abundant in the fine grain-size fraction in both loess and 

palaeosols, and thus its weathering will not largely depend on the wind transportation 

process, which generates different grain size variations in different depositional areas 

(Yang et aL, 2006). This is also suggested by the SEM observations that chlorite in 

loess and palaeosols mainly intergrows with fine-grained quartz. Another possible 

explanation is that chlorite weathering could be largely affected by the internal void 

within the structure o f chlorite, rather than by the grain size variation.
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Figure 5-22 Runoff rate in m/yr for three loess sections based on chlorite weathering
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Table 5-5 Rock weathering factor (F) for c llorite at three different sites
Strat. Layer F-Duanjiapo F - Luochuan F - Caoxian

LI LI 74.212 98.8632 582.4968
Sm 55.665 72.367 448.513

L1L2 74.212 98.8632 582.4968
SI 53.483 69.2498 432.7502
L2 77.485 103.539
S2 46.937 59.8982
L3 74.212 98.8632
S3 43.664 55.2224
L4 69.848 92.6288
S4 41.482 52.1052
L5 72.03 95.746
S5 48.028 61.4568

However, weathering of silicate minerals like chlorite is largely affected by the 

accumulation rate of loess-palaeosol sequences, which could lead to changes in 

weathering time. The higher the accumulation rate, the shorter the weathering time, 

and vice versa (Li et aL, 2008). This is the most likely reason for the very low F 

value for chlorite weathering at Duanjiapo and Luochuan but similar F values within 

the reference range (300-600) at Caoxian. The average accumulation rate within LI 

and SI at Caoxian is 32.6 cm/kyr, much higher than those within equivalent intervals 

at Duanjiapo (4.1 cm/kyr) and Luochuan (8.3 cm/kyr), and thus the weathering time 

of chlorite at Caoxian was significantly limited. Since the weathering intensity 

depends on both weathering time and chemical weathering rate (Vidic et aL, 2004; Li 

et al, 2008), the weathering intensity of chlorite at Caoxian has been weakened by 

the relatively short duration o f the reaction Therefore, the weathering rock factor F 

for chlorite in the Caoxian loess-palaeosol sequence is much higher than for the two 

other sites. In other words, when there is a very weak grain-size effect or when it is 

constant, the F value will largely depend on the accumulation rate, Le. they are 

positively correlated. Therefore, the F values for chlorite at Duanjiapo is slightly 

lower than that at Luochuan, as the corresponding accumulation rate o f the former is 

slightly lower than the latter.

Thus chlorite, as one of the silicate minerals, seems to be the proxy o f weathering 

intensity which is not affected by grain-size effects. However, its relationship with 

temperature remains unclear; on the other hand, compared with the XRD mineral 

quantification, the quantitative analysis o f K-feldspar by normative mineral 

estimation is not accurate enough (R2 = 0.0035), leading to some uncertainties in the
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calculation o f K-feldspar loss and runoff rate based on it. This has also been proved 

by the unclear relationship between Ba concentration and the magnetic susceptibility, 

as mentioned in Section 5.1.3, as the K-feldspar concentration is determined by its 

BaO component according to the normative mineral estimation method. Thus caution 

must be used when interpreting the difference in runoff variation between methods 

based on K-feldspar and chlorite weathering.

Baseline problem -  parent material prior to weathering

For the runoff reconstruction, mineral loss is needed for the alkalinity flux 

calculatioa Thus, mineral amounts both before and after weathering are required. 

The mineral amount after weathering can be calculated based on the mineral 

concentration data (section 5.4), but the determination o f the mineral amount before 

weathering is not so straightforward. Samples with highest CaO and lowest Z1O 2 or 

TiC>2 content have been considered as parental material within the loess-palaeosol 

sequence before weathering because of the high weathering mobility of CaO and low 

weathering susceptibility o f Z1O 2 and Ti02- However, this definition o f parent 

material could constitute a ‘baseline problem’. For example, in the case o f calcite, 

although the mineral loss at a certain depth within palaeosols could be higher than 

that in loess, the calculated total mineral loss in loess can be much higher than that in 

palaeosols if a particular baseline has been selected (Figure 5-23). In addition, due to 

the relatively high accumulation rate in loess, the same depth interval in loess covers 

a shorter period of time than that in palaeosoL As a result, mineral loss per year in 

loess could be even higher than that in palaeosols, and thus the runoff in loess 

appears to be higher, because the alkalinity flux calculated from mineral loss per year 

is positively related to runoff rate according to Equation 5-1:

Alkalinity flux = F*Ra (5-1)
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Figure 5-23 Baseline problem in the mineral loss calculation. Mineral loss in loess is 
higher than that in palaeosol if Baseline 1 is selected; but if mineral amount is subtracted 
by Baseline 2, mineral loss in loess will be lower than that in palaeosol

5.9.3 Mineral dissolution model vs. rainfall-susceptibility climofunction

As mentioned in Chapter 4, this rainfall quantification model will be compared with 

the rainfall-magnetic susceptibility climo function proposed by Maher et al. (1994). 

Based on the low-frequency susceptibility records of the loess samples in question, 

the average annual precipitation rate is given by (Maher etaL, 1994):

Pa mm/yr = 222 + 199 log 10 (xs-cl0'8m3kg'') 5-1

where Pa is annual precipitation in mm/yr, xs-c is the difference in susceptibility of 

the B (subsoil) and C (parent material) horizons, as give in xb-c = /B  - yC 

5-2:

Xs-c = X5-Xc 5-2

%b is the average susceptibility value in each lithological unit. %c is equal to the 

susceptibility o f the local loess unit L9.
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The rainfall rates calculated by these two independent quantitative models have been 

plotted as a scatter graph in Figure 5-24. A relatively high similarity is observed 

between the two different approaches. In Figure 5-19, it can be seen that the rainfall 

is relatively high in palaeosols/weathered loess and low in loess/least weathered 

palaeosols, yet higher variations occur in results obtained by the mineral dissolution 

model. In addition, in the Caoxian section, the average rainfall (431.6 mm/yr) 

calculated by Maher’s climofunction is much higher than that estimated by the 

mineral dissolution model and is also much higher than the modern annual rainfall 

rate in this area (228 mm/yr, according to the Chinese Loess Plateau Soil and Water 

Conservation Database, CLPSWC database). Therefore, it is suggested that in areas 

with very low precipitation and extremely low runoff rate (8 mm/yr, CLPSWC 

database), Maher and others’ (1994) rainfall-susceptibility climo function model gives 

less reliable results than the mineral dissolution model.

800
z
s0
^  600
>*

JO
E>•
g* 400

1  200 -

500

Figure 5-24 Annual rainfall calculated by Maher's climo function compared with the 
mean annual rainfall calculated by the mineral dissolution model using calcite 
weathering at a MAT of 10 °Cdegrees.

However, both models have the ‘baseline problem’. In the magnetic susceptibility 

climofunction model, the definition o f the parent material before weathering is the 

average susceptibility value in loess L9. As is the case with the mineral dissolution 

model, this can give more uncertainty in the rainfall reconstruction. Additionally, this 

definition method is not applicable to samples younger than L9, such as the Caoxian 

loess samples in this study. Thus, in contrast to Duanjiapo and Luochuan, the parent 

material at Caoxian is empirically defined, which has limited the comparability 

among the rainfall rates at the three loess sections.

y = 1.3659X-253.78 
R2 = 0.4183

♦ 10 degrees C 

---- Linear (10 degrees C)

550 600 650 700

MAP (m m /yr) by M aher's model

126



Temperature variation is another factor affecting the calculation procedure o f both 

models. The equation in the susceptibility climofunction is based on the recent 

annual rainfall data and pedogenic susceptibility records o f modern soils on the 

Chinese Loess Plateau, meaning that mean annual temperature over a short period 

does not change significantly, and thus the effect o f temperature variation on the 

rainfall reconstruction has not been well demonstrated in this model -  smaller 

amplitude o f variation in rainfall rates along with lithological units. Nevertheless, the 

temperature effect on weathering intensity and precipitation is actually highly 

significant, as suggested by Boyle (2008). In contrast, the mineral dissolution model 

has provided possible rainfall rates according to different mean annual temperature 

values (Figure 5-19), but the determination o f the temperature for a specific 

lithological unit remains uncertain.

5.10 Conclusions

Detailed and quantitative geochemical and mineralogical analysis as well as scanning 

electron microscopy o f loess-palaeosol sequences on the CLP has enabled the 

identification o f various mineral species and estimations of their concentrations 

within different lithological units. Based on the qualitative XRD analysis and SEM 

observation, loess mineralogy including mineral types and their origin can be 

generally obtained. The RockJock program is a sensitive tool for estimating the 

mineral concentrations with reasonable accuracy, although it is not reliable for minor 

mineral quantification and needs the definition o f mineral types for higher accuracy. 

However, due to the high cost and long processing time o f the XRD analysis, it is not 

suitable for bulk analysis on a large volume o f samples. Therefore, a mathematical 

approach, termed normative mineral estimation, can be used on the basis of known 

element concentrations, which can be easily measured by XRF spectrometer. It is 

experimentally proved that normative mineral estimation is useful for the 

determination o f mineral compositions if the reference mineral selected is similar to 

the mineralogy o f the sediment. The fewer the number o f mineral types and the 

simpler the mineral chemical composition, the more accurate is this approach.

Mineral depletion can be estimated based on the quantitative mineralogical data 

obtained when parent material before weathering is defined as loess unit with highest 

calcite and lowest Z1O 2 or TÍO2 concentrations. Subsequently, mineral weathering
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rate can be calculated if the duration o f each weathered layer is provided. Using the 

numerical approach from the mineral dissolution model, the mineral weathering rate 

has been converted into runoff rates in loess and palaeosol units. However, by 

comparing the estimated runoff rate with the modern runoff rate at the same site, the 

rock weathering factor F in the model needs to be adjusted according to different 

lithological units and mineral types, so that the relatively accurate results can be 

obtained. Finally, the precipitation rates at a certain temperature can be estimated by 

its quantitative correlation with runoff rates.

Based on the mineral concentrations and the runoff and rainfall rates derived from 

the mineral dissolution model, the intensity of weathering, Le. precipitation rate, is 

suggested to decrease from SE to NW loess plateau along with the climate gradient. 

In terms of timescale, the rainfall estimates show that the average rainfall rate has 

been decreasing at southeast and central Loess Plateau from 500 ky until present; 

while it has been increasing in the northwest Loess Plateau area during the last 130 

ky. Therefore, it is suggested that there could have been a shift in the intensity o f the 

summer and winter monsoon on the CLP from southeast to northwest at least during 

last 130 ky. In addition, the intensity of the summer monsoon in the southeast and 

central Loess Plateau area reached its maximum at about 420 ky BP rather than 600 

ky BP as suggested by previous studies (Kukla and An, 1989; An et al., 1990; Xiao 

and An, 1999; Hao and Guo, 2005; Sun et al., 2006), and subsequently it started to 

decrease and the intensity of the winter monsoon increased.

On the CLP, the influence o f weathering in the depositional areas on loess 

mineralogy is much stronger than that in the source region. However, electron 

microscopic and mineralogical analyses of more loess sites are needed to determine 

the origin o f loess minerals. In addition, the L1S1 layer in loess-palaeosol sequences 

is known as a weathered loess layer according to its enhancement in magnetic 

susceptibility. This is confirmed by the mineralogical and precipitation data. 

However, loess units such as L2, L4 and L5 at Duanjiapo and L4 at Luochuan, have 

also been shown to be significantly weathered in this study, although there is no 

strong magnetic susceptibility signal in these units. This suggests that 1) the 

weathering intensity may increase from northwest to southeast Loess Plateau; and 2)
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magnetic susceptibility o f loess-palaeosol sequences is possibly not able to be 

directly used as a proxy o f weathering intensity.

Mineralogical data-based the mineral dissolution model is useful and reliable for 

palaeoprecipitation reconstruction. However, it is still an empirical process to define 

the rock weathering factor F in the equation, which is largely dependent on the 

grain-size effect for non-clay minerals and on the accumulation rate of the 

loess-palaeosol sequence for silicate minerals such as chlorite. In order to further test 

the model and find well-defined F value for Chinese loess, more loess sections are 

needed for future work.

Compared with the rainfall-magnetic susceptibility climofunction, the mineral 

dissolution model appears to be more applicable although both o f them have suffered 

from the ‘baseline’ problem Rainfall results derived from both models have similar 

variation associated with the lithological units, but a larger amplitude of variation in 

rainfall is exhibited by the results from the mineral dissolution model. In addition, 

the mineral dissolution model has also well demonstrated the rainfall variation 

corresponding to different temperature levels, while the rainfall-susceptibility 

climofunction based on the modern climate data cannot well represent the 

temperature effect on the precipitation.
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Chapter 6 Environmental change and human impact 

during the late Holocene: a geochemical study of sediments 

from Chaohu Lake, Anhui Province, East China

In order to deconvolve environmental change and human activity during the late 

Holocene around the Chaohu lake area, various analyses were undertaken on the 

sediment samples, including radiocarbon dating, magnetic susceptibility, bulk 

geochemical analysis, palynology and quantitative mineralogy. According to the 

variation of these parameters, the sediment records have been divided into four zones 

(A-D), and results are described and discussed within each zone. Possible human 

activities are also revealed mainly based on the pollen and charcoal data. Finally, 

quantitative mineralogical analysis (QMA) is compared with other proxies for 

historical environmental study.

6.1 The age model

6.1.1 Radiocarbon dates

Six calibrated AMS radiocarbon dates were obtained (See Table 6-1). Four bulk 

samples were used as no suitable macro fossils were found, and the other sample was 

dated by two different methods, using organic sediment and a macrofossil (a shell

half), respectively.

Considering all of the radiocarbon dates together, it is clear that their interpretation is 

not straightforward. The ages do not increase clearly with depth. There is an overlap 

between the dates for samples Cl-112 and Cl-130 (see Table 6-1), but this overlap is 

acceptable since it lies within the error range because those two samples are very 

close. However, the date for Cl-85 is much older than expected. It is possible that Cl- 

85 (square-shaped point on Figure 6-1) has been contaminated with ‘old’ carbon (Le. 

which is significantly older than the date of its incorporation in the sediment). One 

possibility is the presence o f carbonate from the catchment. Also noteworthy is the 

contradictory results for the two discrete sub-samples fromCl-41, which comprised 

dates for both bulk organic sediment (Cl-41a) and a half-shell (Cl-41b) found in the
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sample. Sample C1-41 was closest to the sediment surface (20.25cm depth), and so 

should have a significantly younger radiocarbon age than the other samples. 

However, sample Cl-41a has an age of~1910BP; while Cl-41b has a post OBP age. 

Therefore, it is possible that sediments at the depths o f 20.25 and 42.25cm include a 

significant amount of ‘old’ carbon materials. One possibility is that the significant 

amount o f human activity within Yangtze Delta (including Chaohu Lake and its 

catchment) since ca. 2000 yr BP (Jia et al., 2008), resulted in increased input of 

catchment-derived material into the lake basin, perhaps including carbonate material. 

Taking these factors into account the decision was made to exclude dates Cl-85 and 

Cl-41b from the age model, which is based on the best fit linear regression line 

between the remaining dates. This age model will be used in the subsequent 

discussion (Chapter 6, Section 6.1).

Table 6-1 14C AMS ages and calibrated years in the Lake Chaohu sediments

Sample Depth Measured 14C Age Calendar Age Average

Name (cm)
(yr BP)

(caL yr BP) (caL yr BP)

Cl-41a 20.25 1920+/-40 1990- 1830 1910

Cl-41B 20.25 112.3+/-0.5 pMC*

CI-85a 42.25 2360 +/- 50 2710-2630 2575

2620 -  2340

C l-112a 55.75 1420 +/- 50 1500-1500 1445

1490- 1470

1420- 1290

CI-130a 64.75 1400 +/- 40 1400- 1290 1345

CI-220a 109.75 2000 +/- 40 2120- 1920 2020

NB: a -  the material used for dating is organic sediment; b -  the material used for 
dating is a half-shell found in Cl-41. * - pMC stands for “percent modern carbon”. 
The result here means that Sample Cl-41 could be younger than the modern reference 
standard (AD 1950).
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Figure 6-1 Age versus depth relationship based on the AMS radiocarbon dates for the 
Chaohu lake sediments.

6.1.2 Determination of the age model

As mentioned in Chapter 4 (Section 4.2.2), there are some problems with the dating 

results for the lake sediments. Therefore, attempts were made to refine the age model 

and which are described below. Based on the comparison of radiocarbon dates, tow- 

frequency susceptibility records and pollen data from the lake core and the alluvial 

core, four alternative age models have been developed. In addition, another age 

model published in the study o f Wang et aL (2008) has also been used as assistance 

for determining the most reliable age model.

By comparing the lake sediment core with the alluvial (ACN) core in terms of 

magnetic susceptibility and palynotogy, using correlation points chosen based on 

similar prominent peaks and troughs using an empirical approach (Figure 6-2), the 

consistency of their age records can be assessed. The ages in the ACN record are not 

considered more reliable, but this procedure simply increases the age information 

available for the site as a whole. Points from the lake sediment records were linked 

with their equivalent ones from the ACN records by plotting the corresponding 

depths from one record against the other (Figure 6-4). Correlation points from the 

pollen records were also selected in this way, but according to the similar shifts 

between different pollen taxa.
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The dated depths in the ACN record could then be converted into equivalent depths 

in the lake sediment core, using the regressions from the correlation points shown in 

Figure 6-2. Using this approach, four initial age models were produced: AMI, AM2, 

AM3 and AM4. The first two models were developed using magnetic susceptibility 

correlations, because two possible correspondences were found. AM3 was created on 

the basis of changes in pollen stratigraphy. AM4 was developed by using both 

magnetic susceptibility and pollen records.

Because o f the high similarity in the susceptibility variation records o f the lake core 

and the ACN core, peak and trough points have been selected on both records. 

However, there are two possibilities by which the two records can be correlated -  in 

the lake core, the prominent peaks at the depths o f 107cm, 61cm, 52cm and 36cm 

(point 3, 5, 6 and 8 on AMI, Figure 6-2) and troughs at 120cm, 88cm and 43cm 

(point 1, 4 and 7 on AMI, Figure 6-2) can have two sets o f correlation points on the 

ACN records, which formed two initial age models AMI and AM2. AMI places 

correlation points 5 and 6 at 210cm and 160cm, respectively; and AM2 places them 

at 380cm and 360cm, respectively (Figure 6-2). The correlation points in AM3 are 

determined by the variation o f three major pollen and spore taxa, i.e. tree, herb and 

fern, where significant changes can be found in all o f these taxa, e.g. correlation 

points 1, 2 and 3 (Figure 6-3). Comparison o f the pollen and magnetic susceptibility 

records for both cores suggests that peaks in Pinus pollen correspond to minima in 

magnetic susceptibility irrespective o f fluctuations in any o f the other pollen taxa. 

This is because while different fee tors in the environment can affect the Pinus 

population, significant changes in Pinus population can only be affected by large- 

scale environmental change, which can also affect the magnetic susceptibility signals 

considerably. Therefore, the correlation points in age model AM4 were created using 

this principle (Figure 6-3).

Based on the correlation points selected on the four models, scatter plots can be 

developed for correlation points against depths o f both the lake core and the ACN 

core (Figure 6-4) and four regressions can be calculated. Using these regressions, 

four sets o f ages from the ACN core can be converted into ages for the lake core 

(Figure 6-5).

133



AMI

Xlf - lake core
0 50 100 150 200 250 0 20 40 60 80 100 120

Figure 6-2 Correlation points of the initial age models AMI and AM2. The same number 
on both records from the lake core and the ACN core refers to a selected correlation 
point. Numbers followed by a question mark refers to those points which are plausibly 
correlated to each other.
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Figure 6-3 Correlation points o f the initial age models AM3 and AM4. The same 
number on both records from the lake core and the ACN core refers to a selected 
correlation point.
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Figure 6-4 Correlation points on the depths from the lake core and ACN core.

Figure 6-5 Radiocarbon dates from the lake core, and four initial age models created 
using correlation points. Points labelled as Lake Core refer to the radiocarbon dates 
from the lake sediments.

Figure 6-5 shows in the four initial age models that two radiocarbon dates from the 

lake core are older than any dates at the same depths shown by any of the four age 

models. The reason for this is unclear, but one possibility is that the top o f the 

sediment core has been contaminated by old carbon as mentioned in Chapter 4. The 

other four ages seem younger than any equivalent data calculated by the age models. 

In addition, all the four models are scattered or non-linear with a low degree of
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similarity. Therefore, it is difficult or impossible to choose an unambiguous age 

model based on the results available so far. However, AMI is more plausible than the 

other two, since AM2 and AM3 cause a significant divergence o f the Lake Core ages 

(F igure 6-4).

Compared with AMI which is based on the correlation o f magnetic susceptibility 

records from both cores, the overlap between AM4 and the measured 14C AMS dates 

makes AM4 seem more reliable. Therefore, AM4 is the preferred age model and is 

used subsequently. In addition, because o f the similar regression values between four 

of the radiocarbon ages for the lake core obtained by this study and by Wang et aL 

(2008), ages proposed in Figure 6-6 are also possible. Comparing AM4 and the age 

model in the study of Wang et al. (2008), their regressions are close to each other 

(Figure 6-6), especially from 0 to 150 cm. Thus, an age model (Figure 6-7) is defined 

as ages in the envelope margin, from which one extreme is the AM4 ages, and the 

other extreme is the radiocarbon dates for the lake sediment or those in the study of 

Wang et al. (2008). For example, the depth o f 130 cm corresponds to the age of 2800 

± 500 BP. This dating system will be used for data interpretation below.

Figure 6-6 Comparison between AM4, the AMS 14C dates for the Chaohu lake 
sediments and those dates published by Wang et al. (2008).
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Figure 6-7 AM4 vs. the 14C AMS ages o f the lake sediment and those published by 
Wang et a l (2008). Depth in AM4 refers to the depth in ACN core converted to the 
depth in the lake sediment core using the regression equation o f AM4. AM4 is based 
on the pollen and MS records.

6.2 Climate and environmental proxies

Apart from geochemistry and mineralogy, it is also important to have a good 

understanding of the changes in other climate and environmental proxies from the 

Chaohu lake sediments, so that further comprehensive interpretation can be provided 

on the late-Holocene environment in this area. Therefore, data from different 

analyses on the lake core, including magnetic measurements, bulk geochemical 

analysis, pollen and charcoal analysis and quantitative mineralogy, are presented in 

this section. A general description o f the overall data is given for each climate and 

environmental proxy, and four zones have been defined according to the similar 

variations against depth in all the proxies. Detailed data description will be provided 

in the next section using this zonation system (Section 6.3).

6.2.1 Magnetic properties

Unpublished data for magnetic properties o f the lake sediment core provided by J. 

Dearing (personal communication) are shown below (Figure 6-8). Because focus is
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put on the mineralogy and geochemistry o f the lake sediment, only two major 

magnetic parameters Le. low-frequency susceptibility and frequency dependent 

susceptibility, have been presented here.

XLF (X10-8 m3/kg) FD%

0  6 0  120 180 2 40  -5  0  5 10

Figure 6-8 (1): Mass-specific low-field susceptibility vs. depth; (2): Percentage 
frequency-dependent susceptibility vs. depth

Figure 6-8-(l) shows the mass-specific low-frequency susceptibility (XLF) along 

with depth in the lake sediment core. It is clear that there is an overall trend of rising 

susceptibility upwards, except for two decreases at the depth o f ~40 cm and above ~5 

cm, respectively. The percentage frequency-dependent susceptibility (FD %) is 

calculated as:

FD % = X,f " Xhf x 100%,
X,f

where xif and Xhf are the low and high frequency mass specific magnetic 

susceptibility, respectively.
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The FD% of the sediment (Figure 6-8-(2)) shows more frequent fluctuations 

compared with the x if , which is mainly measurement noise. According to the 

variation in xif and FD% against depth, four zones are established to present and 

interpret the results: Zone A (140 -  110 cm), Zone B (110 -  ca. 78 cm), Zone C (ca. 

78 -  ca. 42 cm), and Zone D (ca. 4 2 - 0  cm). Detailed interpretation for the results 

will be undertaken in Section 6.3.

6.2.2 Results of bulk geochemical analysis

Element concentrations and their ratios could be related to the sedimentary 

environment o f the lake. In addition, chemical composition o f the lake sediment is 

also considered as the primary data needed in the procedure o f quantitative 

mineralogical analysis. Therefore, bulk geochemical analysis has been undertaken 

using X-ray Fluorescence spectrometry and the results are shown in Figure 6-9.

Variations o f elements and low-frequency susceptibility with depth in the lake core 

are illustrated in Figure 6-9. The results ffombulk geochemical analysis include most 

elements, i.e. Si, Al, Ti, Ca, Mg, K, Fe, Mn, S, P, Cl, As, Ba, Br, Cr, Cu, Ga, Ni, Nb, 

Pb, Rb, Sr, V, Y, Zn, Zr, and some ratios, Le. Fe/Mn, Sr/Ca, Rb/K, Ca/K, Fe/Al, 

Cu/Zn and Rb/Sr. Similar to the magnetic properties, most elements have significant 

changes at the following depths: 110cm, 78cm, 42cm and 5cm. Therefore, the same 

zonation system as applied to the magnetic data is used for interpreting the bulk 

geochemical data. Emphasis is placed on the variation o f the major elements present 

in the lake sediment samples. For example, elements traditionally regarded as high 

mobile, such as Ca, Sr, Zn and K, and those with high stability, including Fe, Mn, Al 

and Ti (Deer et aL, 1996), will be used as indicators o f chemical weathering intensity.
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6.2.3 Pollen and charcoal analysis

Since magnetic susceptibility, geochemistry and mineralogy of the lake sediment could 

be affected by variations in grain size, it is useful to use an independent proxy which is 

little affected by grain size and which can also provide palaeoenvironmental information. 

Therefore, the results of pollen and charcoal analyses of the Chaohu lake sediments were 

used.

Unpublished pollen data from R. Jones (personal communication) are shown in Figure 

6-10. The pollen assemblages are rich in arboreal types (54.5% on average), together with 

the significant representation of herbaceous taxa and ferns with average values of 30.8% 

and 40.3%, respectively. The arboreal pollen taxa are dominated by Pinus, together with 

Carpinus, Ulmus, Fagus, Quercus, Q.gilliana, Castanea/Castanopsis/Lithocarpus, 

Juglans, Pterocarya and Liqidambar. The proportion of shrubs is very low, mainly 

composed of Spiraea, Forsythia, Syringa, Porana, Moraceae, Capparis and Osmunthus, 

whose percentages are all less than 0.4%. Terrestrial herbs are mainly comprised of 

Gramineae, with other taxa such as Artemisia, Aster, Taraxacum, Chenopodiaceae, 

Ranunculaceae, Polygonum, Verbena, Premna and Liliaceae. Gramineae species were 

divided into four groups according to size: <30pm, 30-46pm, 46-60pm and >60pm. A 

small amount of herb pollen types indicating wetland in this study are found including 

Caryophyllaceae and Cyperaceae. Mono fete spores are the major fern types found in the 

lake sediment. Finally, there is the minor presence of various algal taxa, including 

Pediastrum, Zygnema and Concentricystis.
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The pollen taxa presented in Figure 6-10 are those with values greater than 1% and their 

ecological significance in the interpretation of the palaeo-vegetation change and thus the 

palaeoenvironmental study (Figure 6-10). Charcoal fragments are also presented in 

Figure 6-10 in two groups: those with maximum diameter less than 50 pm, and those 

with maximum diameter greater than 50 pm Both detailed pollen diagram and a pollen 

and charcoal summary graph are presented here. These data are described and discussed 

in Section 6.4.
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6.2.4 Quantitative mineral estimation

The mineralogy of the lake sediments has been quantitatively analysed using the 

normative mineral estimation method described in Chapter 4. However, the procedure 

used is slightly different to that which was applied to the Chinese loess. For the Chaohu 

Lake sediments, the following steps were followed:

1. It can be assumed that most of the minerals within the lake sediments are from 

those materials carried by the Hangbu River, and which are likely to be the 

weathering products of granite and basalt. Therefore, it is likely that the sediment 

mainly contains quartz, feldspars, zircon, clay minerals, iron oxides and some 

mafic minerals.

2. All of the major elements were included in the calculation. The element 

concentrations were recalculated as wt% oxides, and the sum of the oxides was 

norma lized to 100%.

3. Triangle plots were used to obtain oxide ratios and to examine the correlation

between different oxides, and then to refine the assumptions regarding the mineral

composition Figure 6-11 shows that quartz, zircon, K-feldspar, plagioclase,

biotite, illite/smectite, kaolinite, Ti oxides and Fe oxides are the minerals most

likely to be present in the lake sediment. Illite/smectite and biotite are relatively

Mg rich and their MgQ/AbOs ratios are 0.112 and 0.413, respectively. Because

the average MgO/AbCb ratio in sediment samples is about 0.05, there are two

possibilities amongst the Mg-rich minerals: 1) illite/smectite dominates with some

kaolinite; or 2) biotite dominates with some kaolinite. According to the clay

mineralogy already obtained for the ACN core, which shows that illite comprises
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most of the clay minerals in the samples (average 55.1% of the total clay; 

unpublished data from Chengjun Gu, personal communication), it is most likely 

that illite is the major clay component of the lake sediment. Therefore, the 

mineralogy of the lake sediments can be assumed to comprise the following 

minerals: quartz, zircon, K-feldspar, plagioclase, illite, kaolinite, Ti oxides (TD2) 

and Fe oxyhydroxides (FeOOH).

4. The value for each oxide was divided by its molecular weight to obtain the molar 

concentration in moles/lOOg.

5. Reference minerals for these mineral types were chosen and chemical analysis 

data for these reference minerals was obtained (Deer et aL, 1966). The oxides in 

the reference minerals were are also converted into moles/lOOg.
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Lake sedim ent sam p les 
0 Quartz 
0 K-feldspar 
0 Albite

Feldspar-average 
0 Kaolinite 
0 Smectite 
•  I Hite 
9  Chlorite 
0 Biotite 
0  Amphibole 
0  Muscovite 
0  Titanite 
0 Anorthite 
0  Rutile 
0  llmenite 
0 Zircon
0  Calcite, dolomite, apatite

0 0.2 0.4 0.6 0.8 1

Si02

Figure 6-11 SiC^-AhCb-CaO triangle plot for lake sediment samples and reference 

minerals

Consequently, molar concentrations of the mineral were calculated using the reference 

minerals. Idealized minerals were used unless some trace elements were needed for the 

calculatioa Zircon (ZrSiCU); illite (Deer et al., 1966, p251 no. 3); K-feldspar (ibid: p300 

no.10); plagioclase (ibid: p325 no. 8, CaAhSbOg); kaolinite (AL^SuOioKOFOs); quartz 

(SiC>2); Ti oxides (TD2); Fe oxyhydroxide (in the form ofFeOOH).

The distribution of the oxides to the minerals was determined as follows: after each step 

the total concentration of each oxide was subtracted by its concentration within the 

mineral of that step.
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1. Z1O2 = Zircon

2. MgO = 0.8 x Illite
3. BaO = 0.03 x K-feldspar

4. K-feldspar (K excess) = remaining KOo.s
5. CaO = 0.961 x Plagioclase

6. Kaolinite = remaining AlO i .5

7. Quartz = remaining SÍO2

8. Ti Oxides = remaining TÍO2

9. Fe oxyhydroxide = remaining FeO 1.5

Finally the sum for each mineral was multiplied by its molecular weight to estimate the 

wt% concentration (zircon: 179.22, illite: 764.796, K-feldspar: 277.6519; plagioclase: 

277.4546; kaolinite: 520, quartz: 60.09; Ti oxide: 80; Fe oxyhydroxide: 89).

Comparing the K-feldspar concentrations (moles/mole) calculated from the BaO 

concentration and the excess of KO0.5, the BaO based K-feldspar is higher than the other, 

so it is more sensible to use the K-excess based K-feldspar to calculate its weight 

concentratioa

The results of detailed mineralogical analyses together with low-frequency susceptibility 

records for the lake sediments are shown in Figure 6-12. Generally, the lake sediment 

consists of quartz, feldspar (including K-feldspar and Ca-rich plagioclase), illite, kaolinite, 

and FeOOH with average weight percentages of 55%, 12%, 22%, 7%, and 3.5%, 

respectively. In addition minor minerals, e.g. Ti oxides and zircon, are presented because 

of their mineralogical significance. A more detailed discussion will be given in section

6.3 (below).
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6.3 Environmental change and the evolution of Chaohu Lake during the late 

Holocene

According to the variations in the climate and environmental proxies, i.e. magnetic 

parameters (mainly low-frequency susceptibility and frequency-dependent susceptibility), 

bulk element analysis, pollen/charcoal analysis and mineral quantification, as discussed 

in Section 6.2, four zones are defined: Zone A (140 -  110 cm), Zone B (110 -  ca. 78 cm), 

Zone C (ca. 78 -  ca. 42 cm), and Zone D (ca. 4 2 - 5  cm). Changes in all of the various 

proxies are described and discussed below in the context of this zonation system. The 

sediment above 5 cm depth is significantly disturbed by recent local human activity 

(Wang et aL, 2008) and is excluded from the following discussion.

6.3.1 Zone A (140 -  110 cm, 3650 ± 850 -  2300 ± 300 BP)

Elements including Ca, Sr, Zn, K, Fe, Mn and Ti in this zone are at the lowest 

concentrations for the entire record. Zr fluctuates around the average value of its 

concentration, and Si reaches its highest concentration during this interval. This implies 

that quartz-rich sand or silt may dominate the lithology within this zone. Ratios of Fe/Al 

and Rb/Sr are low and show an overall trend of decreasing values upwards, which may 

indicate a weakening weathering intensity resulting from cold and dry climatic conditions.

Most minerals in this interval are very low except for quartz and titanium oxides, 

especially quartz comprising 67% of the total material. This indicates that the lake 

sediment in Zone A could mainly consist of sand and/or sand silt. This possibly implies 

that the lake sediment mineralogy could be mainly affected by the sorting process of the 

lake water itself.

152



The values of %lf hi this zone are very low and stable, around 6 - 7  x 10'8 m3/kg, except 

for a small peak at~115cm, and returning to a low level again at ~110cm. The variabihty 

of x ,f d %  hi Zone A is mainly noise possibly because of low concentration of magnetic 

minerals, as FD% can be difficult to determine when concentration of ferrimagnetic 

material is very low (Thompson & Oldfield, 1986). Therefore, the magnetic properties of 

this zone may be dominated by paramagnetic and/or diamagnetic material.

During this interval, Pinus pollen increases from 20% to nearly 75% and herbs and ferns 

decline by 20% and 10%, respectively. The total pollen concentration was relatively low. 

This is supported by the decreasing ratios of Fe/Al and Rb/Sr as mentioned above, 

consistent with a cooling and drying period between 3650 -  2300 cal yr BP. Previous 

pollen analysis of the Chaohu Lake sediments (Wang et al., 2008) showed that it was cold 

and dry between 3760 -  2170 caL yr BP, which supports this finding.

6.3.2 Zone B (110 -  78 cm, 2300 ± 300 -  1750 ± 150 BP)

Zr and Si concentrations decrease in this zone. Elements such as Ca, Sr, K and Zn 

decrease but then slightly increase at the very top of this zone. Al, K and Fe are present in 

much higher concentrations than in Zone A, indicating a possible increase in K-rich clays 

such as kaolinite and illite. This is supported by the mineralogical reconstruction: there is 

an abrupt increase in illite and kaolinite at a depth of 110 cm. This suggests that the lake 

sediments were dominated by fine silt and clay during this period.

Most minerals in Zone B, including illite, kaolinite, Fe oxyhydroxide and Ti oxide, show 

significant increases, at the expense of a decrease in quartz; however, the Ti oxides and 

zircon content show little variation.
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There is an abrupt rise in both x l f  and x f d %  between Zone A and B, at -110 cm. The 

concentration of magnetic material is clearly higher in this zone than in the preceding one. 

It appears to be that the ‘baseline’ of FD% values in Zone B has not been changed, but 

the amplitude is much smaller than in Zone A. This is in agreement with the decreasing 

Zr and Si, indicating a possible introduction of finer materials.

Within Zone B, the arboreal pollen decreased by nearly 20%, while herb pollen and ferns 

increased by 10% and 20%, respectively; in addition, algal taxa such as Pediastrum begin 

to occur. The vegetation within the pollen source area changed with a decline in pine 

forest and the increased occurrence of herbs such as Gramineae. These characteristics 

together with the increased abundance of illite and kaoUnite in the sediment are indicative 

of a more stable catchment, possibly indicating a warm and wet climate during 2300 -  

1750 caL yr BP. This is also supported by increasing Fe/Al and Rb/Sr ratios.

In addition, between Zones A and B, at a depth of 110cm, there is a sudden shift in all the 

four proxies. This could indicate a sudden change from cold to warm phases at the age of 

2300 caL yr BP.

6.3.3 Zone C (78 -  42 cm, 1750 ± 150 -  800 ± 200 BP)

Compared with Zone B, elements like Fe, Mn, A1 and Ti shows slight increases while 

elements like Ca, Sr, Zn and K decrease. There are decreases in Fe/Mn and Rb/Sr ratios 

and increases in Sr/Ca ratios. The concentrations of zircon and titanium oxides are higher 

in this interval, indicating an increased silt or sand/silt content. This evidence is 

compatible with the interpretation of a shallowing lake and drier climate (cf Wang et aL, 

2005; Sly, 1978; Luo & Chen, 1997; Chenetal., 2003).
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Since the formation of kaolinite is favoured by a temperate and humid environment, the 

decrease in kaolinite content possibly suggests a cooler and drier climate, but may also 

indicate a change in sediment source within the catchment. The increases in zircon and 

feldspar indicate a greater proportion of silt.

There are two significant peaks in %lf within this interval, at depths of~60cmand ~52cm. 

However, x f d %  shows a gradual decrease through the zone from -2.5% to -0%.

The total pollen concentration is much lower than in Zone B in spite of a slight increase 

at the top of Zone C. Pinus has slightly increased while herbs and ferns have declined 

slightly. In addition, it is apparent that within this zone there was more Pinus pollen yet 

less herbs and ferns after ca. 1325 a. BP (at the depth of 62 cm) than before. Pollen of the 

broad-leaved trees such as Quercus also started to increase at the depth of 62 cm. 

Therefore, it is suggested that a shift in environmental conditions occurred during this 

period, i.e. a cold and dry stage occurred before ca. 1325 a. BP and a slightly warmer and 

wetter phase afterwards. According to historical documents (Chu, 1973; cited in Yi et al.,

2003), it was very cold in the lower Yangtzi River region during the Northern and 

Southern Dynasties (about AD 350-580, 1600-1370 BP), which is in agreement with the 

assumption made for the interval between 1750 -  1325 a. BP in Zone C.

The interval from 62cm (ca. 1325 ± 75 a. BP) to 46cm (ca. 850 ± 200 a. BP)

There are abrupt peaks in Sr, Ca, Zr, K, Mn, Ba and in the ratios of Ca/K and Fe/Al at 

62cm and 53 cm depth. Feldspars significantly increased at both depths, but only at the 

depth o f 62 cm are there peaks in Ti oxides and zircoa Thus silt/fine silt bands could be
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expected at these two layers. This is also supported by the decline in quartz and kaolinite 

at the same time. These characteristics suggest an increased fluvial influence at these 

depths, which supplied more coarse material to the lake.

The pollen records show that peaks in herb pollen (predominantly Gramineae) occur at 62 

cm (ca. 1325 ± 75 a. BP) and 46 cm (ca. 850 ± 200 a. BP), as well as two remarkable 

decreases in Pinus concentration. This suggests the occurrence of two relatively warm 

events at ca. 1325 BP and 850 BP. According to the historical literature (Chu 1973, cited 

Yi et aL, 2003), warm periods are recorded during the Tang Dynasty (AD 618-AD 907, 

ca. 1332-1043 BP) and the North Song Dynasty (AD 907-AD 1127, ca. 1043-823 BP), in 

agreement with the findings of the present work. However, another explanation could be 

the expansion of agriculture in this area, because it is recorded that the area around 

Chaohu lake catchment had already been established as a town in the Qin Dynasty (221 

and 206 BC, ca. 2170 -  2155 a. BP) (op. cit).

There was a reverse trend between 1325 and 850 BP, as Pinus dominated again and herbs 

especially Gramineae, Artemisia, and Premna decreased. This is consistent with a cold 

stage. However, it is difficult to detect the factors triggering these changes, because of the 

combination of anthropogenic influences and changes in sedimentary environment caused 

by hydrodynamics.

Nevertheless, combining the observations from mineralogy and pollen data, it can be 

suggested that:
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1) At 61 -  63 cm depth, the major influence on the lake sediment composition was 

the river, which supplied more terrigenous minerals to the lake - evidenced by 

peaks in K-feldspar, Ca-rich plagioclase, Ti oxides and zircon at 62 cm depth (ca. 

1325 ± 75 a. BP). Moreover, increased fluvial activity may have affected the 

pollen assemblages by supplying more pollen from the catchment (e.g. grasses) 

into the lake, which may be the reason for the peaks in herbs dominated by 

Gramineae and in the total pollen concentration. This is supported by the grain 

size analysis on the ACN core undertaken by Jia et al. (2006), which showed a 

peak in mean grain size at the depth of 150 cm, corresponding to the depth of 

62cm in the lake core according to the AM4 age model (Figure 6-7). Jia et al. 

(2006) suggested that a sand silt layer occurred during this period in the ACN core 

from the catchment, due to enhanced river dynamics. Wang et aL (2008) also 

provide evidence from their study of the lake core from Chaohu Lake, which 

shows a sand/silt layer at the age of~1280 a. BP.

2) The other peak in feldspars at the depth of 53cm (ca. 1100 ± 200 a. BP) is not 

associated with maxima in Ti oxides or zircon. In addition high concentration of 

tree pollen and low concentration of herb pollens, mainly Gramineae, occur at this 

depth, suggesting an arid period. Therefore, since abundant Ti oxides and zircon 

in the lake sediment are indicators of a significant amount of coarse-grained 

probably fluvially-derived material, the predominant factor affecting these 

changes in the lake was most likely a drier climate rather than hydrodynamic 

processes within the lake.
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3) At 46 cm depth (ca. 850 ± 200 caL yr BP), the increase in herb and sharp decrease 

in tree pollen may reflect a shift to a warmer and wetter climate. However, 

because of a sudden increase in charcoal at the same depth and the lact observed 

by Jia et al. (2006) that the catchment began to be filled by artificial earth-fill at ca. 

850 a. BP, it can be assumed that local population started to fill in the lake 

marginal areas with artificial fills in order to increase the area available for 

cultivation (e.g. Gramineae); and for the same reason, they may also have burned 

the surrounding forests Additionally, since no significant changes in the mineral 

concentrations occur at the same time, the artificial earth-fill material can be 

assumed to have a similar mineral composition to the lake sediment.

6.3.4 Zone D (42 -  5 cm, 800 ± 200 BP - present).

There are decreases in Si Ti, Rb/Sr, Rb/K and increases in Zr, Sr, Ca, K, Ba. Other 

elements like Mn, Cu, Al, Zn, Fe, Ni and Ti are found increasingly concentrated from 

44cm to 20 cm, while from the depth of 20 cm, these elements start to decrease until 5 cm, 

and then increase again towards the top of the core.

Compared with Zone C, the average values of illite and feldspars in Zone D are lower, 

while kaolinite is higher. However, within Zone D, illite and feldspar contents increase 

and kaolinite decreases. This may reflect changes in grain size of the sediment or source 

areas of the minerals. Iron oxyhydroxide concentrations are generally increasing, while 

quartz is slightly decreasing. Zircon and feldspars increase, indicating an increasing 

proportion of silt. The causes of these mineralogical changes in the lake sediment are not 

clear. The following factors are possible: 1) the increasing effects of the Hangbu River as
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a major water source of the lake; 2) shrinkage of the lake, either by human activity or 

climate change, enabled the increased supply of coarse material to the core site; 3) from 

ca. 850 cal. yr BP (at the depth of~80cm from the alluvial core) local residents started to 

fill the lake bank with artificial soils for agriculture (Jia et aL, 2006).

A shift to higher x f d %  values occurs at the Zone C/Zone D boundary (~44 cm depth) and 

the average x f d %  value is about 1.5 -  2.0% higher in Zone D than in Zone C. After that, 

X f d %  values decrease, while xLF values generally increase up to ca. 5cm depth with 

small peaks at ~35cm, 25cm and 5cm At the top, from 5cm onwards, xLF values 

suddenly decline and x f d %  remains the similar average value of about 2%. The sudden 

change in x f d %  at ~44cm may suggest a shift to a finer-grained sediment during this 

period; however, this could be also due to the input of the artificial fill with more fine

grained material.

During this interval, although total tree pollen concentration did not change significantly, 

pollen of the evergreen species (e.g. Pinus) gradually decreased while that o f the 

deciduous trees increased (e.g. Quercus, Juglans Carpinus, Ulmus, Fagus, Q. gilliana, 

and Pterocarya). Total shrubs, herbs, ferns and algal taxa started to strongly increase 

during this period. Shrubs like Artemisia and Premna and algae like Zygnema and 

Conentricystis increased much more than during previous stages. This may suggest a 

warmer and wetter period compared to Zone C, which probably is the reason for the 

higher water level.
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6.4 The charcoal record - Evidence for human activity

During the mid to late Holocene, the lower Yangtze River watershed was significantly 

affected by human activities such as deforestation and agriculture (Yi et al., 2006). Jia et 

aL (2006) also suggested that from 1827 ± 308 a. BP, Chaohu Lake started to be 

significantly affected by human activity. According to the results presented here, pollen 

taxa like Gramineae and Artemisia, regarded as indicators of human activity (Yu et al., 

2000), started to increase significantly at 85 cm depth (1800 ± 150 a. BP), in agreement 

with Jia et al. (2006). According to the historical literature, cultivation was extensively 

developed in the counties of Lujiang (southwest to the lake) and Wuwei (southeast to the 

lake) from the Three Kingdoms Dynasty (220 -  265 AD, 1730 -  1685 a. BP) (Sima, 

1084).

In general, small-sized charcoal (<50 pm) varies between 25 and 325 grains/g, and large

sized charcoal (> 50pm) varies between 0 and 450 grains/g, indicating that both regional

and local- scale fire events occurred during the late Holocene (Huang et al., 2006). In 

Zone A (3650 -  2300 a. BP), concentrations of small- and large- sized charcoal were at a 

relatively low level (-100 grains/g on average), indicating limited human activity in the 

catchment.

In Zone B (2300 -  1750 a. BP), small-sized charcoal was still very low (80 grains/g on 

average) but the large-sized charcoal increased significantly with a peak of 450 grains/g 

at the depth of 107 cm (2200 ± 225 a. BP), the maximum value recorded for the entire 

large-sized charcoal record. Although there is evidence for human settlement in the 

surrounding area during this period possibly, it had not reached a significant size, because

160



the most populous areas at that time were in North China (Zhong et al., 2006). Therefore, 

it is possible that the charcoal record for this interval reflects the wildfire that dominated 

in the local area.

At ~ 1750 a. BP, small-sized charcoal shows a sudden increase, indicating a regional fire 

event. This is within the Three Kingdoms Dynasty (220 -  265 AD, 1730 -  1685 a. BP), 

when Anhui Province became the second place for high fire occurrences (Zhong et al., 

2006). However, both large- and small- sized charcoal did not changed dramatically since 

then until the depth of~53cm (ca. 1100 ± 200 a. BP), where both sizes of charcoal began 

to increase and reached a maximum at ~43cm (ca. 700 ± 200 a. BP). This suggests that 

both regional- and local-scale fire events remained at a relatively low level at the 

beginning of Zone C until 1100 ± 200 a. BP, but then started to increase significantly 

between 1100 and 700 a. BP. According to the historical literature, the national economic 

centre began to move southwards at 755 AD (1195 a. BP), and had completely moved to 

the south by the late Southern Song Dynasty (1127 AD-1279 AD, 823 -  671 a. BP) 

(Zhong et aL, 2006). The increase in charcoal occurs within this period. Additionally, 

during ca. 1100 -  700 a. BP, a significant drop in tree pollen and a sudden decrease in 

herb pollen especially Gramineae and Artemisia are associated with the charcoal peak, 

suggesting that deforestation was carried out to increase the area available for agriculture.

After 700 a. BP, both sized charcoal groups were relatively abundant in the lake sediment 

until ~32cm (300 ±200 a. BP), suggesting that human-set fire events were frequent due to 

the intense human activity. This is also supported by the fact that the high fire 

occurrences moved to the middle and lower reaches of the Yangtze River including
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Anhui Province during the Yuan and Ming Dynasties (671 -  306 a. BP) (Zhong et al., 

2006). Because no significant decrease in trees is evident during this period, it could be 

concluded that no large-scale deforestation has occurred in the area in spite of the 

frequent fire events at that time. From 300 a. BP to the present, charcoal concentration 

was decreasing and the historical observation shows that the population was moving back 

to northeastern China during this interval (Zhong et al, 2006). Assuming that the increase 

of charcoal during this time is mainly due to the contemporary man-made firing activities, 

it probably can suggest that the decreasing charcoal contents may be a result of the 

migration from this region to northeast China after 300 a. BP.

From 1800 a. BP, large-sized charcoal shows a similar pattern of variation with the small

sized charcoal, indicating that local fire history is closely correlated with regional-scale 

human activity. Since then the lake and its catchment were significantly affected by 

human disturbance, especially in Zone D (800 a. BP -  present), where agriculture has 

been well developed and the catchment has been filled with artificial soils (Jia et al., 

2006).

6.5 Results of quantitative mineralogical analysis (QMA) compared with other 

environmental and climate proxies

6.5.1 QMA vs. magnetic susceptibility

Magnetic susceptibility and related rock magnetic parameters have already been used to 

estimate the concentration, grain size and mineralogy of magnetic mineral assemblages in 

lake sediments (e.g. Dearing, 1999; Shen et aL, 2005; Thompson and Oldfield, 1986). 

The magnetic parameters used at the Chaohu Lake (mainly % l f  and X f d % )  can reflect the
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changes in grain size and concentration of the magnetic minerals within the lake sediment, 

and which may in turn reflect changes in the grain-size and composition of the detrital 

materials coexisting with them. However the magnetic mineral content of rocks, soils and 

sediments is typically only a minor proportion of the total mineral assemblage, and thus 

magnetic measurements alone cannot be used to characterize bulk mineralogy In contrast, 

QMA provides a more reliable measure of changes in bulk mineral concentration and 

composition.

The iron minerals in the lake sediment are quantified in the form of iron oxyhydroxide 

(FeOOH), which cannot provide further details of its composition as magnetic 

susceptibility does. It is difficult to distinguish different magnetic minerals by using 

QMA only. Therefore, QMA is not suitable for detailed magnetic mineralogical analysis, 

unless it is known that a single type of magnetic mineral or distinguishable species of 

these minerals are present in the samples.

6.5.2 QMA vs. bulk geochemical analysis

Bulk geochemical analysis can provide estimates of element concentrations in the lake 

sediment. It is crucial for QMA, as mineral estimation is based on the element 

concentrations; but these two approaches are still different. In this case, although element 

concentrations and their ratios are useful for characterising changes in mineralogy and 

grain size within lake sediments which can then be used to reconstruct environmental and 

climate change, there are still many uncertainties in the use of this approach. QMA can 

show the variation of minerals. For example, due to the high mobility of Ca in calcite and 

relative stability of Ca in Ca-feldspars, it is difficult to define the correlation between Ca
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content and environmental change because there are various processes that can affect it. If 

QMA is used, however, particular types ofCa-rich minerals can be calculated; therefore 

more detailed interpretation is possible with regard to the environmental effect on these 

minerals.

In comparison with bulk geochemical analysis, the drawback of QMA based on 

normative methods is that it can only estimate the concentrations of those major and 

minor minerals with simple chemical compositions, and therefore changes in those trace 

elements that have not been used in the QMA calculation cannot be assessed. Some of 

them may have geochemical and mineralogical significance. For example, the high 

variability of Sr in feldspars and biotite results in the various Sr concentrations in 

different species of feldspars and biotite. This makes the selection of reference minerals 

more difficult and complicates the mineral calculation procedure. Therefore, in the 

present study Sr is not included in the QMA calculation, but its chemical mobility may be 

important for understanding the mechanism affecting the lake water.

Therefore, it is better to combine both methods when interpreting mineralogical and 

chemical data for palaeoenvironment study. In addition, bulk geochemical analysis can 

also be considered as a preparatory stage for QMA as described in Chapter 4.

6.5.3 QMA vs. grain size analysis

The grain-size distribution of lake and stream sediments is an important source of 

information on the hydrodynamics of Lake Catchment systems. As mentioned above, 

QMA can provide qualitative information on sediment grain-size changes, because of the
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tendency for particular minerals to occur within specific grain size fractions. In the case 

of Chaohu Lake, for example, variations in K-feldspar, zircon, and titanium oxides 

content have been used to infer variations in grain size. Clearly, the use of sieving, 

gravitational settling, and laser and X-ray analysis provides more precise grain-size data. 

However, QMA can provide useful complementary information by indicating the nature 

of possible changes in sediment source that are accompanied by changes in sediment 

grain size. In addition, a potential weakness of conventional grain size analysis is that it 

cannot accurately reflect any mineralogical variations. In other words, even if the grain 

size does not change significantly, the lake sediment could still show a large alternation 

between different mineral groups. For example, the sharp increase in feldspars and 

decrease in kaofinite and quartz at the depth of 53 cm (ca. 1100 ± 200 a. BP) are not 

clearly demonstrated in the grain size records of Wang et al. (2008).

6.6 Summary and Conclusions

According to the mineralogical, magnetic and geochemical analyses of the Chaohu lake 

sediments, combined with reference to published pollen, charcoal and grain size data 

from both the lake core and the alluvial core (ACN core) (Jia et aL, 2006; Wang et aL, 

2008), environmental changes and the evolution of the Chaohu Lake can summarized in 

the following four stages:

1) 3650 -  2300 a. BP: The lake sediment during this interval mainly consists of sand 

or sand/silt. The sedimentary environment is mainly lacustrine. It was cold and 

dry in the region around the lake. There is no evidence o f human activity at this 

stage.
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2) 2300 -  1750 a. BP: More terrigenous materials were transported into the lake 

because the fluvial system was enhancing its influence on the lake. The sediment 

in the interval is mainly composed of clays and fine silts. More herbs and ferns 

were growing at the catchment and its surrounding area, while the amount of trees 

was decreasing. The lake was expanding during this period and the water depth 

was increasing. At ca. 2300 a. BP, the climate has changed significantly -  from 

cold and dry to warm and wet conditions. Human activity began to occur, 

associated with the development of agriculture in this region at ca. 1800 a. BP. 

This is reflected by the significant representation oftaxa associated with human 

activity, e.g. Gramineae and Artemisia.

3) 1750 -  800 a. BP: During this period, the lake was possibly shrinking under the 

arid climate conditions resulting in increased fluvial influence at the core site 

which caused more coarse-grained material to be deposited. According to the 

variation in the lake sediment mineralogy during this period, it is concluded that 

sedimentation was affected by alternating fluvial and lacustrine influences. 

Changes in vegetation and mineralogy during this stage were determined by 

hydrological, climate and anthropogenic factors. At ca. 1325 a. BP, much more 

terrigenous minerals (possibly sand/silt) were brought into the lake, indicating the 

river flux may have dominated the hydrodynamics at that time. At ca. 1100 a. BP, 

significantly more feldspars occurred, and the most likely cause for this is drier 

climate conditions based on the pollen observations. At ca. 850 a. BP, the shift 

between trees and herbs is possibly due to the artificial soil filling for cultivation 

and slash-and-burn agriculture. After a sudden cooling phase at ca. 1750 a. BP, the
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climate conditions in this region started to fluctuate. It was generally less 

temperate and humid than during the previous stage, although it could still have 

been warmer than during the first stage (3650 -  2300 a. BP). During this period, 

however, at least two warm phases occurred: at ca. 1325 a. BP and later at ca. 850 

a. BP.

4) ca. 800 a. BP -  present: Feldspar-rich silt was increasing in the lake sediment 

although clay minerals ie. kaolinite and illite were still abundant. The 

enhancements of the fluvial effects on the lake and the intense human disturbance 

are suggested for this period. The climate seems to have been increasingly warm 

and wet again ffomca. 800 a. BP.

Human settlement at the catchment of the Chaohu Lake began at ca. 1800 a. BP, but its 

influence on the environment was weak until 1100 a. BP. During 1100 -  700 a. BP, there 

was a boost in human activities, leading to relatively large-scale deforestation because of 

agricultural burning. This is possibly because of the population migration from North to 

East China. After this period, human activity was kept in a relatively high level till 300 a. 

BP, when the population started to migrate back to Northeast China again. Although 

human disturbance at the catchment was very frequent since 700 a. BP, no large loss of 

forest has been found, meaning that the deforestation level could be relatively low here 

during this period.

Compared with other climate and environmental proxies, mineral quantitative estimation 

appears to be more applicable to the lake sediment. It can be used for qualitative grain 

size determination like mineral magnetism and grain size analysis do, for climate and
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environmental reconstruction like palynology does, and for the lake evolution study like 

bulk geochemical analysis does. None of these approaches is perfect. It is better to be 

mixed with other methods to get a more comprehensive understanding on the 

limnological sedimentology.
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C hap ter 7 O verall Conclusions

According to the studies undertaken on the two typical landforms in China, 

quantitative mineralogical analysis is proved to be applicable for reconstructing 

historical climate and environmental changes in different timescales and localities. 

Mineral compositions o f samples are calculated by normative mineral analysis 

approach for both sites. The values obtained by this method coincide with those by 

XRD quantification model except for the feldspar groups. Comparing with other 

climate and environmental proxies, quantitative mineralogy appears to be more 

easily applied to interpretation from data into environmental changes. However, it 

does not mean quantitative mineralogy is an all-around method. Other methods are 

still needed for supplementary information, some of which could even be essential 

for the preparation o f quantitative mineralogical analysis, such as bulk geochemical 

analysis. Therefore, the new quantitative mineralogical approach is actually an 

integrated system with different geochemical and mineralogical methods/parts, 

including mineral identification, bulk geochemical analysis and the calculation of 

mineral compositions.

It is also suggested in this study that rainfall rates calculated by the mineral 

dissolution model have similar variation with those values obtained from 

susceptibility-rainfall elimo function model in spite o f higher amplitude in variation 

found in the former. However, the former model seems work better in more arid 

areas. Nevertheless, both models have similar problems: 1) the ‘baseline problem’. 

The ‘parent soil’ before weathering is defined empirically, which could result in 

problematic baseline and thus faulty precipitation estimation; and 2) the ‘temperature 

effect’. White and Blum (1995) have suggested the coupling o f precipitation and 

temperature and indicated that the positive relationship between rainfall and 

weathering rates can increase exponentially with increasing temperature. In the 

susceptibility-rainfall climofimtion model, this has not been demonstrated properly, 

while the mineral dissolution model has provided different possibilities in rainfall
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rates according to different levels o f temperature, although it is still difficult to find 

out the average temperature for individual weathered soil units.

This study shows that the new quantitative mineralogical method and the numerical 

model can be applied to different landforms for reconstructing palaeoclimate and 

historical environmental change. It fills the gap that no detailed and comprehensive 

mineralogical analysis has been conducted on geochemical sediment records for 

environmental change study. It can also help improve the understanding o f the effect 

of changes in weathering intensity and duration on mineral composition within 

sediment, and the relationship between mineral chemical weathering and East Asian 

Monsoon regime. From this respect, this study has its significance in palaeoclimate 

study, although improvement and refinement o f constants and reference minerals are 

needed and a selection o f various sites is necessary for further study on the approach 

in order to avoid site-specific problems.
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Appendix I Pretreatment methods for radiocarbon dating

Standard Pretreatment Protocols at Beta Analytic

Unless otherwise requested by a submitter or discussed in a final date report, the 
following procedures apply to pretreatment of samples submitted for analysis. This 
glossary defines the pretreatment methods applied to each result listed on the date report 
form(e.g. you will see the designation "acid/alkali/acid" listed along with the result for a 
charcoal sample receiving such pretreatment).

Pretreatment of submitted materials is required to eliminate secondary carbon 
components. These components, if not eliminated, could result in a radiocarbon date 
which is too young or too old. Pretreatment does not ensure that the radiocarbon date 
will represent the time event of interest. This is determined by the sample integrity. 
Effects such as the old wood effect, burned intrusive roots, bioturbation, secondary 
deposition, secondary biogenic activity incorporating recent carbon (bacteria) and the 
analysis of multiple components of differing age are just some examples ofpotential 
problems. The pretreatment philosophy is to reduce the sample to a single component, 
where possible, to minimize the added subjectivity associated with these types of 
problems. If you suspect your sample requires special pretreatment considerations be 
sure to tell the laboratory prior to analysis.

Acid wash

Surface area was increased as much a possible. Solid chunks were crushed, fibrous 
materials were shredded, and sediments were dispersed. Acid (HC1) was applied 
repeatedly to ensure the absence of carbonates. Chemical concentrations, temperatures, 
exposure times, and number of repetitions, were applied accordingly with the uniqueness 
of each sample. The sample was not be subjected to alkali washes to ensure the absence 
of secondary organic acids for intentional reasons. The most common reason is that the 
primary carbon is soluble in the alkali. Dating results reflect the total organic content of 
the analyzed material. Their accuracy depends on the researcher's ability to subjectively 
eliminate potential contaminants based on contextual facts.

Typically applied to: organic sediments, some peats, small wood or charcoal, and special 
cases.

Acid etch

The calcareous material was first washed in de-ionized water, removing associated 
organic sediments and debris (where present). The material was then crushed/dispersed 
and repeatedly subjected to HCI etches to eliminate secondary carbonate components. In 
the case of thick shells, the surfaces were physically abraded prior to etching down to a 
hard, primary core remained. In the case ofporous carbonate nodules and caliche, very 
long exposure times were applied to allow infiltration ofthe acid. Acid exposure times,
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concentrations, and number o f repetitions, were applied accordingly with the uniqueness 
of the sample.

Typically applied to: shells, caliche, calcareous nodules

From: http://www.radiocarbon.com/pretreatment.him Beta Analytic Inc. [accessed on 

12/12/2009]
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Reagents

Potassium dichromate solution, M/6: Pure (Analar) potassium dichromate is dried in an 
oven at 105 °C and cooled in a desiccator. 49.04g are accurately weighted, dissolved in 
water and the solution diluted to 1 dm3.

Concentrated sulphuric acid.

Concentrated o-phosphoric acid.

Barium diphenylamine sulphonate: 0.16% w/v, aqueous.

Ammonium iron (II) sulphate solution, 0.5 M (approx.): 196 g ammonium iron (II) 
sulphate are dissolved in water. Filter if necessary, add 5 cm3 cone. H2S04 and dilute to 
1 dm3. In practice it will be found convenient to prepare this reagent in 5-dm3 amounts.

Procedure

Appendix II Organic Carbon Extraction (Walkley-Black Method)

Weigh a quantity of 0.15 mm soil containing up to about 25mg C (usually about 0.5g to 
l.Og) into a 500 cm3 conical flask. Add 10 cm3 ofpotassium dichromate solution, using 
a safety pipette, and gently swirl the flask to mix the reagent with the soil. Rapidly add 
20 cm3 of concentrated sulphuric acid from a measuring cylinder and again swirl the 
flask for about 30 seconds. Allow the flask to stand on an asbestos pad for 30 minutes. 
Add about 200 cm3 of water and 10 cm3 of phosphoric acid and allow solution to cool 
(the end-point of the titration is more easily determined with cold mixture). Add 0.5 cm3 
of barium diphenylamine sulphonate solution and titrate the excess dichromate with 
ammonium iron (II) sulphate solution. Near the end-point the colour becomes deep 
violet-blue and at this stage add the iron (II) solution dropwise with shaking. At the end
point the colour changes sharply to green. If the end-point is overshot add 0.5 cm3 of 
dichromate solution and continue the titration dropwise.

If more that 8 cm3 of the dichromate solution has been used the experiment should be 
repeated using less soil, unless as little as 0.5 g had been originally taken, when the 
experiment should be repeated rising more dichromate solution.

A blank determination made exactly as above but without soil serves to standardize the 
iron (II) solution.

Calculations

Per cent oxidisable, organic carbon (uncorrected)

{b la n k  t i t r e  — a c tu a l  t i t r e )  x  0 .3  x  M 

w e i g h t  o f  o v e n  — d r y  s o i l  in g
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where M is the concentration ofthe ammonium iron (II) sulphate solution.

The result can be expressed as per cent organic carbon (Walkley-Black, uncorrected) 
or converted to total organic carbon by multiplying by 1.33 (or by an experimentally 
found, more applicable factor), or as per cent organic matter by multiplying by 2. 
The factor 2 is an approximation of 2.29 and incorporates the two assumed factors 
of 1.33 and 1.724.
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