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Sammanfattning 
 
En undersökning av Lössjord-paleosol och Rödlera Formationerna från 
Pliocene-Kvartära Kinesiska Lössjordsplatån, genom att använda i-fas och ur-
fas magnetiska susceptibilitet 
Rebecca Jacobson 

 
Lössjord är ett välsorterad, finkornigt, vindblåst (eolisk) sediment som avsätts som ett 
täcke över stora områden, och kan variera från några centimeter till flera hundra 
meter i höjd och drapera stora landskap i form av berg. Under ett mer fuktigt och 
varmare klimat förändras de redoxa förhållandena i lössjordarna, då större 
säsongsfuktighet skapar en större paleosol-bildning, under en så kallad pedogenes. 

Den Kinesiska Lössjordsplatån domineras av det östasiatiska monsunklimatet och 
består av en alternerande Lössjord-paleosol Formation, som sträcker sig tillbaka till 
åtminstone hela kvartära perioden men även sena Pliocen (~ 2,8 Ma), och överlagrar 
en Rödlera Formation som sträcker sig minst tillbaka till Miocen. Dessa avlagringar 
täcker därför övergången till början på den kvartära istiden. 

Den magnetiska susceptibiliteten (MS) används för att undersöka de magnetiska 
egenskaperna hos avlagringarna som drivs av de pedogenetiska aktiviteterna, dvs 
under en starkare pedogenes bildas en högre mängd magnetiska mineraler. I sin tur 
blir därför MS-mätningarna en bra indikator på intensiteten och varaktigheten av 
östasiatiska monsunklimatet. 

I denna studie används en nyligen tillämpad teknik inom paleo-miljö för att 
undersöka orsakerna bakom ur-fas responsen som fås genom MS-mätningar på 
avlagringarna. Studien visar att detta beror på viskös relaxation. Således är det 
ultrafina superparamagnetiska mineralet magnetit som ger upphov till ur-fas 
responsen och inga andra mekanismer. 
 
Nyckelord: lössjord, Kinesiska Lössjordsplatån, magnetiska känsligheter, ur-fas, 
viskös relaxation 
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Abstract 
 

Investigation into the Loess-Palaeosol and Red Clay Record from the Pliocene- 
Quaternary Chinese Loess Plateau Using In-Phase and Out-Of-Phase Magnetic 
Susceptibility 
Rebecca Jacobson  

 
Loess is a well sorted, fine grained, windblown (aeolian) sediment and deposits as a 
blanket over large areas, reaching from a few centimetres to several hundreds of 
meters in height and can drape large landscapes in form of mountains. During a 
more humid and warmer climate, redox conditions are changed in the loess deposits, 
with greater seasonal moisture creating greater soil formation (pedogenesis), i.e. 
palaeosol.  

The Chinese Loess Plateau is dominated by the East Asian monsoon climate, and 
consists of an alternating Loess-palaeosol Formation, spanning back to at least the 
whole Quaternary period and late Pliocene (~2.8 Ma), and overlays a Red Clay 
Formation ranging into at least Miocene. This deposit covers therefore the onset of 
the latest Quaternary Ice Age. 

The Magnetic Susceptibility (MS) is used to investigate the magnetism of a rock 
which is inferred to be driven by the pedogenetic activity changes, i.e. during a 
stronger pedogenesis a higher amount of magnetic minerals forms. In turn the MS 
measurements becomes as a good indicator of the intensity and duration of the East 
Monsoon climate. 

In present study, a newly applied technique in palaeoenvironment is used to 
investigate the reasons for the out-of-phase response by the MS measurements. The 
study shows that this is due to viscous relaxation. Thus, the ultrafine 
superparamagnetic mineral magnetite is giving rise to the out-of-phase response and 
no other mechanisms. 
 
Key words: loess, Chinese Loess Plateau, magnetic susceptibility, out-of-phase, 
viscous relaxation 
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1. Introduction 
Loess is a silt-sized windblown sediment that can be transported several thousands 
of km with the right strength of winds. It has been debated among scientists which 
environment that creates loess, if there is either periglacial, glacial or desert 
environments. Some scientists claim it to be created by both (Maher 2016; Muhs 
2013; Porter 2013 & 2000). Loess from the Chinese Loess Plateau, located in the 
central China, may have the source of origin from both environments. This site also 
contains one of the longest continuous loess records on earth and this is an area 
dominated by a monsoon-climate (Maher 2016; Muhs 2013; Porter 2013 & 2000). 
The intensity of the monsoon is reflected in the loess deposits due to the degree of 
pedogenesis (soil formation) of the loess, where a more humid/intense monsoon 
exacerbates this process.  

During pedogenesis certain magnetic iron oxide minerals are also formed due to 
redox conditions. By investigating the age of the formations and the magnetic 
susceptibility of the deposits, a pattern of the duration and intensity of the monsoon 
can be revealed. The magnetic susceptibility has been further developed during 
measurements (by applying a magnetic field to the deposits) because there is an out-
of-phase response of magnetic minerals in sediments. This out-of-phase response 
can be caused by three different physical mechanisms and by theoretical calculations 
and magnetic susceptibility investigations, a conclusion of which of these 
mechanisms that are underlying the out-of-phase-response can be drawn, and 
further confirm the reason for the magnetic susceptibility. This can be further used to 
infer past monsoon changes from loess in China. 

It has been suggested that the intensity of the monsoon also has shadowed the 
glacial/interglacial periods, i.e. that, during a glacial period, the global hydrological 
cycle is changed, thereby affecting the water supply for the monsoons. Therefore, 
investigations of the magnetic susceptibility can provide with information of the 
palaeoenvironment that occurred on Earth more generally, and how monsoon climate 
links to glacial interglacial cycles. Furthermore, major transitions in monsoon climate 
can also be investigated, including that occurring at the boundary between the 
Pliocene and the Quaternary Ice Age.  
 This study is based on literature readings from other published articles about loess, 
monsoon climate changes in China, magnetic susceptibility, but primarily from 
laboratory work on in- and out-of-phase magnetic susceptibility done by me at 
Geocentrum, Uppsala University. 

The samples used in this investigation where collected at the Chinese Loess 
Plateau, comprising the two Formations- loess altered with palaeosol and Red Clay. 
The purpose has been to investigate these samples with the newly applied 
technique, out-of-phase susceptibility, and to compare the results obtained by 
calculation of the in-phase susceptibility, and then use these findings to investigate 
monsoon changes at the Pliocene Quaternary (Red Clay to Loess-palaeosol) 
boundary.  
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2. Background 
 

2.1 Loess, Palaeosol and Red Clay 
 

2.1.1 Loess 
Loess is a well sorted, fine grained, windblown (aeolian) sediment. Around 60-90% of 
loess contains silt-sized particles that have a diameter around 2-50µm. The rest can 
vary between different amount of sand - (>50 µm) and clay-particles (<2 µm). The 
mineralogy of loess depends on the origin of the source, but most deposits include 
quartz, plagioclase, K-feldspar, mica, calcite, and phyllosilicate clay and most of the 
times the loess exhibits a pale buff-colour (Muhs 2013).  

To distinguish loess from dust of other origin, most of the scientist state that loess 
is a silt-sized sediment that has been alterned in situ through a loessification or 
calcification process (Okuda et al. 1991). That is a cementation within the layers that 
keeps the particles together and which can build up sediment bodies.  

Loess deposits as a blanket over large areas, reaching from a few centimetres to 
several hundreds of meters in height and can drape large landscapes in form of 
mountains. The primary sedimentary structures are a massive and it is rare to find 
any bigger structures than that. In some cases, some ripples can be observed (Muhs 
2013). 

 

2.1.2 Palaeosols and Red Clay 
In this study the palaeosol originates from the loess via an in-situ formation during 
stronger pedogenesis (Maher 2016). That means, during a more humid and warmer 
climate, redox conditions are changed in the loess deposits with greater seasonal 
moisture availability creating greater soil formation. The palaeosols exhibit a redder 
colour because of stronger oxidation reductions (Maher 2016; Song 2017).  

The Red Clay is also of aeolin and pedogenic origin but is finer grained and 
strongly more reddened. The more reddened colour likely comes from a greater 
intensity of pedogenesis than the palaeosol is exposed to, and enhanced iron oxide 
formation (Maher 2016).  
 
 

2.2 The Chinese Loess Plateau 
 

2.2.1 Area description 
The Chinese Loess Plateau lies in central China and covers approximately an area of 
4.5 x105 km2. The plateau consists of an alternating loess and palaeosol formation, 
spanning back to at least the whole Quaternary period and late Pliocene (~2.8 Ma), 
and overlays a Red Clay formation ranging into at least Miocene (~ 9 Ma) (Maher 
2016).Together the two formations reach a thickness of 300-400m in the central and 
western parts of the plateau, which progressively thins out and decreases in mean 
particle size toward the southeast and can be correlated over large distance. The 
thinning of the layers and particle size can be associated with the distance from the 
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source, regional reliefs and other factors present during the deposition (i.e. 
atmospheric conditions/circulations like the wind-direction, as shown in figure 1, and 
so on), (Heller, et al. 1990; Okuda et al. 1991; Porter 2013; Porter 2000). 

The formation of loess is due to either physical weathering of clastic materials, 
grinding action from glaciers during the Quaternary glacial, or as a result of freeze-
thaw action during quaternary periglacial area/altitudinal zone (Okuda et al. 1991). 

It is generally agreed by loess researchers in China that the source of loess to the 
Chinese Plateau is originally derived from the northwest in the arid inland and 
mountains of Asia. The Tibetan Plateau in the west (figure 1) is also a big source with 
silt-sized particles to the Loess Plateau. Tibetan Plateau is also a place known as 
where glaciation and permafrost took place during Quaternary Ice Age (Okuda et al. 
1991).  Due to the continuously deposits, the Chinese Loess Plateau contains one of 
the world longest deposits-record.  

 
Figure 1. A picture of the area of the Chinese Loess Plateau. Picture borrowed from Sun 

(2002). 

 

2.2.2 The monsoon’s influence 
The Chinese Loess Plateau lies in the area who is dominated by the East Asian 
Monsoon climate. During summer the insolation is higher, and the warming of the 
continent is faster than of the Pacific Ocean, producing a pressure-difference and a 
flow of moist marine air in over land as a result. When the warm moist ocean air 
meets the cold dry continental air, it produces a belt (monsoon front) of heavy rain 
moving inland. During winter when the insolation declines and the Pacific Ocean 
holds the heat longer than the continental, the air-circulation change to the opposite 
direction and spread cold, dry air over the plateau (Porter 2013). 

Intensity of the summer monsoon determines the degree and delivery of 
precipitation over the continent which results in changes in the pedogenesis of the 
loess deposit. Increased precipitation enhances the pedogenesis and in turn gives a 
greater degree of soil development (Maher 2016; Song 2017). Thus, during a soil 
development the loess deposition still occurs, but to a lesser degree (Porter 2013). 
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Winter monsoon intensity can be determined for instance by the particle size of the 
loess. A more intense winter monsoon increases the strength of winds and thereby 
increase the capacity to move bigger grains, creating a thicker deposit of loess with 
bigger grains (Porter 2013; Porter 2000). Due to the cold and dryer climate, the 
pedogenesis of the loess deposits also decreases. 

These two formations give rise to the alternating less-weathered, buff-coloured 
loess with the more weathered, reddish palaeosol pattern, and a highly visible record 
of the changing in palaeo-precipitation and environment in the monsoon-dominated 
climate (Maher 2016; Porter 2000). 

Because of the more reddened colour and lack of pure loess in the Red Clay 
Formation, this formation indicates a more intense post-depositional pedogenesis. 
Together with the later alternated Loess-palaeosol Formation, these formations 
provide with a key to the insight of Asian Monsoon system evolution (Maher 2016).  

Globally, the Asian monsoon account for a huge transmission of heat and moisture 
in Earth climate system and the global hydrological cycle. Changes in rainfall pattern 
can impact the climate to a degree where the temperature can be changed over large 
area for example.  

The East Asian monsoon rainfall has also to a certain amount shadowed the inter- 
and glacial periods in the northern hemisphere, and thereby also the insolation from 
the sun. A colder climate is enhanced on earth because of less insolation that can 
promote the growth of the glaciers and affect the global hydrological cycle, thereby 
reducing the intensity of the monsoon (Maher 2016; Song 2017). These conventions 
are results of decades of studies that has been done extensively in Europe and North 
America (Muhs 2013).  

As a conclusion, the global changes are reflected in the deposits. Hydrological and 
temperature changes affect the amount of formation of loess, decrease/increase in 
vegetation, and the degree of pedogenesis. Examination of the deposits can 
therefore provide valuable information about the Earth history in climate changes and 
maybe reveal recurring patterns. 

 

2.3 Magnetic susceptibility 
The Magnetic Susceptibility (MS) is used to investigate the magnetism of a rock, 
including mineralogy, correlation of the lithology, magnetic fabric, and the magnetic 
grain size/domain state, among other uses. To do the measurements, the minerals 
are subjected to an applied magnetic field where the minerals get an induced 
magnetization and the measure-instrument register the response of the minerals (An 
et al. 1990; Tauxe 2016). Using this kind of measurement is rapid, inexpensive, and 
highly reproducible and is becoming more applied in the environmental investigations 
(Da Silva et al. 2015; Muhs 2013). 

MS measurement is inferred to be driven by the pedogenetic activity changes, i.e. 
during a stronger pedogenesis a higher amount of magnetic minerals forms. In turn 
the MS generates a key parameter to the correlation of the forming condition of the 
magnetic minerals, and the measurements becomes as a good indicator of the 
intensity and duration of the East Monsoon climate, that further can be linked to 
global climate changes (Da Silva et al. 2015; Porter 2013; Porter 2000). 
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Following figure (figure 2) is taken from a study done by An (2000) on the Lingtai 
site on the Loess Plateau. The figure is to show an example of how the correlation 
between the stratigraphic and magnetic susceptibility can be represented. There is a 
stratigraphic section of the loess-palaeosol deposits to the left in the figure, interlaced 
with the polarity changes on earth over time. To the right, the results of the magnetic 
susceptibility and grain-size record over depth are represented.  

 

 
Figure 2. Magnetic susceptibility and the loess/palaeosol sequence during a study by An 

(2000) at the Lingtai site on the Loess Plateau. 

 
It has been proved by several studies that measuring the MS is especially useful 

to investigate the occurrence and abundance of the ultrafine superparamagnetic 
(USP) particles that are stuck between a superparamagnetic (SP) and single domain 
(SD) state. The two states are a form of magnetization of a mineral, primarily 
dependent on the grain size (An et al. 1990; Porter 2013). The mechanism for the 
states will not be presented in this report, but further readings about 
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superparamagnetic and single domain states can be done at the website from Bruce 
(1991). 

 

2.3.1 Magnetic minerals in the formations from the Chinese Loess Plateau 
The total content of iron oxides is very small in the alternating Loess-palaeosol- and 
the Red Clay Formation. Though, both formations contain a small amount of the iron 
oxides goethite, hematite, magnetite, and maghemite (Maher 2016; Muhs 2013). 

What separates the Quaternary loess from the palaeosol and the Red Clay are 
during the in-situ pedogenesis, i.e. during warmer, moister climate (summer 
monsoon), a higher amount of the fine-grained magnetite is produced due to 
enhanced redox reactions (An et al. 1990; Porter 2000). 

Magnetite is the USP mineral, primarily giving rise to the MS during magnetic 
measurements of the deposits from the Chinese Loess Plateau. The MS values are, 
therefore, higher in palaeosols and Red Clay and almost unvarying in the least 
weathered loess, by meaning both palaeosol/Red Clay and the loess contains a 
certain amount of magnetite but in different quantity due to the degree of 
pedogenesis (Maher 2016; Muhs 2013; Porter 2013). The Red Clay sequence 
displays higher MS value than the alternated loess/palaeosol, indicating a more 
intense pedogenesis than the Quaternary Formation. Though, according to Maher 
(2016) it overall contains less amount of magnetite and greater concentrations of 
hematite, where hematite is a more oxidized mineral than the magnetite. 

The other iron oxides minerals, such as hematite and goethite, have a much lower 
but still measurable MS. Depending on their crystal structure, their magnetic 
moments can be self-cancelled, and only in the absence or in negligible 
concentrations of the magnetite and maghemite can they be measured by MS 
(Maher 2016; Muhs 2013). It is the hematite who mainly give rise to the red colour in 
the deposits. 

A study by An, Z et al. (1990) showed that the MS signal, given by each individual 
level in a section from both loess-palaeosol and the Red Clay can be regarded as 
having been locked-in approximately at the time of deposition, meaning that no 
partial downward relocation of magnetite occurs and therefore there is no misleading 
in MS values due to leaching processes (An et al. 1990).  

 
 

2.3.2 Frequency dependence 
Magnetic susceptibility (MS) can be measured as a function of frequency of an 
applied oscillating magnetic field. The SP particles are dependent on the time scale 
of observation where the minerals behave as SP at one frequency but not at another 
frequency. That is, particle size near the SP/SD boundary will eventually become 
blocked and behave as Single domain (SD) particles in higher frequencies (also see 
the section Magnetic susceptibility), (Da Silva et al. 2015; Heller, et al. 1990; Maher 
2016; Tauxe 2016). 

By doing measurements at a high and a low frequency you can calculate the 
amount of the USP-particle magnetite in a sample. The following formula is used for 
the frequency-dependent susceptibility (XFD), also called the percentage loss of 
susceptibility, introduced by Dearing et al. (1996)  
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XFD= 100(XLF-XHF)/XLF [%, percent] 
 

Where XLF is the measured susceptibility at the low frequency, given from the amount 
of SP particles, and XHF is the measured susceptibility at the high frequency, given 
from the whole sample during the investigation. 

Because the XFD is strongly depended on the operating frequencies that are used 
during the investigation, a normalized percentage loss of susceptibility (XFN) is 
introduced by Hrouda (2011), so that the percentage loss of the magnetic 
susceptibility is general for all frequencies and not only the ones that are used during 
the investigation. 

 
XFN= XFD / (ln ƒmHF- ln ƒmLF) [%, percent] 
 

Where the ƒmHF and ƒmLF are the low and high frequency, respectively, used during 
the investigation (Hrouda et al. 2013). 

 

2.3.3 In-phase and out-of-phase 
The response of the frequency dependence has been further developed to easier 
investigate and understand the mechanism that gives rise to the MS, the 
granulometry of the minerals, and to exclude any possible errors. When the minerals 
are applied in a field it can be resolved into two components. Those that are in-phase 
and those who is out-of-phase, where the particles either follows precisely the 
applied field or lags. The SP/SD particles give rise to an out-of-phase response in the 
magnetic field measurements. 

The in-phase susceptibility is simply calculated by the formula given for the 
Frequency-depended susceptibility (XFD), but the formula to be compared with the in-
phase who stands for the out-of-phase susceptibility are derived from the /2 law 
and the frequency-depended (in-phase) calculations, giving following formula for the 
out-of-phase, (Hrouda et al. 2013) 

 
XON= 200/  *tan LF 

 
Where tan LF is the calculated angle between the applied field (also called in-phase 
field) and the out-of-phase field during measurements. The angle is calculated by the 
“values from the out-of-phase susceptibility (X’’) divided by the values from the 
applied field (X’)”. 

A formula derived for the out-of-phase susceptibility, to be compared with the “in-
phase” normalized percentage loss, is created, also here with the tan LF regarded to 
low-frequency measurements.  

 
XOD= ((200* (ln ƒmHF- ln ƒmLF))/	  ) *tan LF 
 

Where ƒmHF and ƒmLF is the high and low frequency, respectively. 
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To get an enhanced understanding of the calculations creating the formulas 
described above for both in-phase and out-of-phase, further readings can be done in 
Hrouda et al. (2013).  

Note that the out-of-phase calculation is only dependent on the low-frequency 
used in the measurements. Therefore, an advantage with the out-of-phase 
susceptibility is that it is simultaneously measured during in-phase measurements, so 
only the in-phase measurements are needed Hrouda (2011). This can lead to an 
easier investigation of the abundance of magnetite for larger amount of data. 
Although, it is important to know that out-of-phase investigations alone can’t be used, 
because only together with the in-phase it can tell us the mechanism behind the 
susceptibility, i.e. give a granulometric information, described below. It is also 
important to remember that the in-phase and out-of-phase are based on theoretical 
calculations. 

A third investigation can be done to clear up the mechanism behind the out-of-
phase response, namely field-dependence. This investigation has been excluded in 
this work and will therefore only be mentioned here. This third investigation means 
that the samples are applied in an alternating field with various size of amplitudes, 
where the minerals can behave differently in response. 

 
There are three physical mechanisms that produce the out-of-phase response (for 

further readings: Hrouda 2013; Jackson 2003): 
 
1. Viscous relaxation  
2. Electrical eddy currents 
3. Weak field hysteresis (Jackson 2003) 

 
With the measurements and calculation for the in-phase susceptibility, out-of-

phase susceptibility, and the field dependence, they can be correlated and tell us 
which of the mechanism described above give rise to the out-of-phase susceptibility. 
According to Hrouda (2013) the following relationships in the measurements can tell 
us which underlying mechanism is due to the out-of-phase response.  

 
1. If the out-of-phase susceptibility is noteworthy and if the in-phase susceptibility 

is almost frequency independent but clearly field depended, the out-of-phase 
susceptibility is most likely due to weak field hysteresis.  

2. If both out-of-phase and in-phase susceptibility shows a noteworthy frequency 
dependence and no variation in the field-dependence, the out-of-phase 
response can be due to both the viscous relaxation and electrical eddy 
currents. To exclude the electrical current, further investigation of the 
correlation between the out-of-phase and in-phase susceptibility should be 
done as described below. 

3. If the correlation between the out-of-phase and in-phase parameters, the 
regression line is linear, the value is close to 1 and the intercept is low, the 
probable cause for the out-of-phase response is due to the viscous relaxation 
and therefore due to the presence of the ultrafine magnetic particles (see 
below). 
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In an article by Hrouda (2013), he mentions at page 171 that Néel (1949) stated that 
all susceptibility models of the USP particles are based on the concept of relaxation 
time.  
The viscous relaxation is described by following formula:  

	 0 exp (KaV/kT) 
 

Where V is the particle volume, Ka is anisotropy constant, k is Boltzmann constant, T 
is absolute temperature and 0 is a time constant (~10-10s), (Hrouda 2013).  

This formula tells that viscous relaxation is dependent on either the particle 
volume, i.e. ultrafine particles that are stuck between the Superparamagnetic (SP) 
and Single domain state (SD), or due to a difference in temperature.  

By doing this kind of correlation can tell that the out-of-phase response is due to 
the viscous relaxation and not by the other mechanism and that the viscous 
relaxation is a response because of the particle size (SP/SD) or changes in 
temperature.  

 

3. Methods 
In this study, measurement is done on samples from the Chinese Loess Plateau. The 
samples are provided by Thomas Stevens (2018) after collection in the field by Lu 
Huaya (Nanjing University) and come from the Lantian (Duanjiapo) section (34° 
11.213’N, 109° 11.741’E, 804 m a.s.l.), on the humid and warm south-eastern part of 
the Chinese Loess Plateau. 

The ages have been roughly estimated for the whole sequence based on the 
stratigraphic boundaries, e.g. loess to Red Clay and soils within the loess-sequences, 
then a linear interpolation between the points is drawn (Stevens personal 
communication 2018). These estimates are used in this study so there will be an 
easy way to look at changes through time (personal communication with Stevens, 
2018).  

The instrument used for the measurements is called MFK1-FA Kappabridge and is 
increasingly used in environmental magnetism (Hrouda et al. 2013; Hrouda, 2011). 
This instrument does measurements in three different frequencies, but in this study 
only the lowest (F1= 976HZ) and the highest (15616Hz) frequencies where used. 
The sensitivity in measuring the mass susceptibility is of an order of 10-11m3kg-1 
(Hrouda, 2011). 

The samples were prepared by first carefully grinding the bigger aggregates into 
smaller pieces. It is important to clean the mortar between each sample so that they 
don’t get mixed, also to not be too hard on the grinding so that the magnetic minerals 
break apart. They were then put into small 2x2cm cubes and weighed, since the 
magnetic susceptibility also are depended on each samples weight/mass, i.e. the 
amount of the sample that are applied in the field.  

Each sample was later measured three times for each of the two frequencies, in 
the instrument, so that a mean value of the phase-response could be calculated later. 
While measurements also each of the samples weight was inputted, where the 
measure-programme Agico calculated a mass correlation to the magnetic 
susceptibility.  
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Due to the unknowing time it would take for this kind of measurement, every 
second sample where first measured, but later rest of the half of samples was also 
measured. The raw-data will not be presented in here because of it large size but by 
using Excel and the formulas described under the section Phase-frequency 
depended, the following results is given.  

 
 

 
Figure 3. Some pictures of my lab. To the left: packaged samples. In the middle: the 

samples are weighed. To the right: the samples is measured by the MFK1-FA Kappabridge 
and summarized by the computer. 

 

4. Results 
A total of a hundred samples were taken with an interval of 10cm, reaching a depth 
from 1030-2050cm.They were divided into two sections taken next to each other due 
to the difficulties in accessibility at deeper depth at the first site. The first site reaches 
a depth to 1860cm and the second site contains the remaining depth. 

The whole age of the sequence reaches from 3Ma to 2,45Ma, divided into two 
formations, changing in a depth at 1550cm. The Wucheng Loess Formation (named 
after the deposit-time period) lies between 2.6-2.45 Ma and the Lantian Red Clay 
Formation lies between 3-2.61 Ma.  

The magnetic frequency-depended susceptibility (XFN) given from the samples 
taken from the Chinese Loess Plateau is plotted against the age, see below (figure 
4). The plot is calculated from values given during the measurement and the formulas 
described under Frequency-dependence. A red line is drawn where the approximate 
change from Wucheng Loess Formation to the Lantian Red Clay Formation occurs 
(Quaternary-Pliocene boundary). 
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Figure 4. Magnetic susceptibility over age. Higher susceptibility can be seen toward the 

right.
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Figure 5. The mass corrected low respectively high frequency magnetic susceptibility for 

the samples. 

 
Figure 5 is a plot of the mass corrected magnetic susceptibility for both the low (red) 
and high (blue) frequency. The low frequency has higher values than the high 
frequency.  

In figure 6a, the in-phase susceptibility (XFD) is plotted against the out-of-phase 
susceptibility (XON). The values on the left y-axis correspond to the out-of-phase 
susceptibility (red plot) and the values in the right y-axis corresponds to the in-phase 
susceptibility (blue plot). 

Figure 6b is a similar plot to figure 6a, but here the normalized percentage loss of 
the susceptibility is used for both the in-phase and out-of-phase susceptibility. In both 
figures (a and b), a red line is also drawn where the approximate change from 
Wucheng Loess Formation, on the left, to the Lantian Red Clay Formation, on the 
right, appears. 
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Figure 6a. The in-phase susceptibility (XFD) against the out-of-phase susceptibility (XON) is 

presented. The red plot is the out-of-phase and the blue is the in-phase plot 

 

 
Figure 6b. The normalized in-phase susceptibility (XFN) against the normalized out-of-

phase susceptibility (XOD) is presented. The red plot is the out-of-phase and the blue is the 
in-phase plot 

 
A regression line is plotted in figure 7. The line represents the relationship 

between the in-phase susceptibility (frequency dependence) and the out-of-phase 
susceptibility, i.e. how well they correlate each other. The regression value is near 1 
and the values from the two susceptibilities are plotted close to the red regression-
line. There are only two or three outliers in this otherwise strong correlation (R2 = 
0.91). 
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Figure 7. A regression line is plotted between the in-phase and out-of-phase 

susceptibility. The value is close to 1. 

 

5. Discussion 
 

5.1 Soil formation and monsoon interpretation 
As it is shown in figure 4 under Results, there are changes in the susceptibility over 
age, giving two bigger peaks, and some small ones. These changes indicate different 
degrees of pedogenesis and thereby different intensities of the monsoons over time. 
At older age, the part under the red line, the overall susceptibility gets higher than the 
sequence above, also indicating an overall greater rate of pedogenesis in the older 
sequence. This transition is rising around the limit between the Wucheng Loess 
Formation and the Lantian Red Clay Formation which is roughly around at an age of 
2.6Ma and is confirming the investigation done by Maher (2016), where the 
conclusion of a stronger pedogenesis has occurred during the Red Clay Formation. 
The Red Clay Formation also does not have as deep troughs in the magnetic 
susceptibility as the Quaternary Loess-palaeosol Formation, but rather a kind of 
smoot shaped line. This is a result of not as large contrasts between the dry/cold 
environment with a more humid warm environment as shown in the Loess-palaeosol 
Formation. But rather that the environment has had a more constant, warmer or more 
humid climate before the Quaternary period. A study by Junfeng et. Al. (2011) 
support this conclusion, 

Figure 4, i.e. the results from present study, has also been correlated with figure 2, 
where An (2000) have done a plot over his results during a study about magnetic 
susceptibility. His study took place at a site located to the west of the present study. 
This site has likely been through similar climate conditions through time as the 
samples used in present study. Therefore, his results are very good to compare with. 
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These two figures have been put together below for a better picture, see figure 8. 
The red line in the figures is drawn in the transition-zone between the Loess- altered 
palaeosol Formation and the Red Clay Formation. Below this red line, in the Red 
Clay Formation, both results are showing an increased magnetic susceptibility than 
the overlaying formation, even though they do not coincide the same scale. The plot 
to the right in figure 8 is compiled over a larger time-scale, therefore this transition-
zone is not as visible as in the figure to the left.  

Though, because the investigations have occurred at two different sites, the two 
figures do not have the exact same magnetic susceptibility change at the same 
depth/age. The magnetic susceptibility is ending at older age in figure to the left, i.e. 
than in the figure to the right. This is most likely because the study-site from An 
(2000) have had a faster sediment accumulation rate than the present study-site.  

But the overall conclusion, here ones more, the Red Clay Formation have been 
exposed for a higher intensity of pedogenesis as the Quaternary loess/palaeosol 
Formation.  

 

 
Figure 8. To the left: an interpretation over the magnetic susceptibility and the 

loess/palaeosol sequence during a study by An (2000) at the Lingtai site on the Loess 
Plateau. To the right: the plot of the magnetic susceptibility over depth from present study. 

Higher susceptibility can be seen toward the right. 
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5.2 Mechanism for magnetic susceptibility 
Where the correlation of the mass corrected magnetic susceptibility for the two 
different frequencies are done, in figure 5, you can see that the low frequency has 
higher values in susceptibility. This is because of the ultrafine Superparamagnetic 
(USP) magnetite, is appearing as a higher amount in the SP state during using the 
low frequencies than using the high frequencies, where it appears as in Single 
Domain (SD) state. It is by these values, I have used the frequency-dependence 
(also called in-phase) formula, to calculate the amount of USP magnetite present in 
the samples. The measured values from the low frequencies are used to calculate 
the out-of-phase susceptibility. Thought, the values from the measurements from 
both the low- and high frequency will only be represented in this paper as a plot by 
the mean value from the three measurements of each sample, due to the big data 
the whole measurement otherwise have. 

Also, the calculations of the normalized percentage loss for both the out-of-phase 
and in-phase has been plotted together, figure 6b.  

As can be seen in figure 6a and 6b, the out-of-phase and in-phase susceptibility-
curve are fallowing each other quite well. But to get a knowledge for the mechanism 
responsible for the out-of-phase susceptibility, these two phases have also been 
correlated with each other by a regression-line, figure 7.  
The out-of-phase and in-phase plots are closely plotted along the linear line, with 
some exceptions from 4-5 plots that lies aside. But the regression value is close to 1 
(=0.9), which tells us that the correlation between the out-of-phase and in-phase are 
very close (~90%). By putting this in the relationships-statements made by Hrouda 
(2013), where he states that with a linear regression line (value close to 1) the 
probable cause for the out-of-phase response is due to the viscous relaxation and 
thereby the presence of the ultrafine magnetic particles, approves that the out-of-
phase susceptibility from present study, is most likely due to the viscous relaxation. 
Though, to be able to fully exclude that the out-of-phase response is not due to the 
weak field hysteresis, nor electrical eddy currents, further investigations and 
measurements by the field-dependence must be done.  

Another conclusion can also be drawn in here, that the viscous relaxation is due to 
the particle size and not due to the temperature. The formula for viscous relaxation 
have two possible alterable parameters. Either the particle size or the temperature of 
the samples during measurements. In present study, the particle size can be inferred 
because of the relative constant room-temperature that occurred during the 
measurements.  

Several other studies, done by Hrouda (2013; 2011) and Jackson (2011), for 
instance, the reliability of the regression-correlation between out-of-phase and in-
phase susceptibility have been proved being a quite good and reliable indicator for 
the viscous phenomena. These studies are based on measurements on different 
sediments, with specific purpose on investigating the reliability on the “relationships-
statements”.  

In figure 6a and 6b an unusual pattern is visible, more closely a zig-zag pattern. It 
is more visible in the out-of-phase susceptibility (red line), but it does exist in the in-
phase susceptibility as well. This pattern should not be here, and therefore unclear of 
its origin. The most likely reason for this behaviour is due to the instrument. Before 
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measuring’s of the samples, i.e. using the instrument, the instrument needs to be 
calibrated for its sensitivity of measurements, where it must exclude possible 
magnetic susceptibility created from the surroundings. Because half of the samples 
where measured at one day and the rest of the half measured another day, the 
instrument had calibrated it sensitivity at different levels creating this pattern. 
Thought, this needs a further investigation before any conclusions can be drawn.   

6. Conclusions 
The Red Clay Formation have a higher magnetic susceptibility, where the graph is 
smother, than the overlying Quaternary Loess-palaeosol Formation, indicating higher 
degree of pedogenesis and less variations through time. The Quaternary 
loess/palaeosol shows more short-term variation in the susceptibility. Comparing this 
with other studies, e.g. one done by An (2000), the same results is given. 

The in-phase and out-of-phase calculations are quick and useful methods to 
understand the size composition of magnetic minerals. An advantage for the out-of-
phase susceptibility is that it is measured simultaneously as the measuring for the in-
phase susceptibility is done. 

Due to the small concentration of magnetite in the two formations, the correlation 
of the out-of-phase and in-phase calculations provides with information of which 
mechanism for the out-of-phase response the measurement gives, which in this case 
is because of the particle size (viscous relaxation) of the ultrafine superparamagnetic 
magnetite. But to be able to completely rule out the other two possible mechanism for 
the out-of-phase response, further investigations in field-depended measurements 
needs to be done.  
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