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Abstract

Paleomagnetism, in conjunction with other earth science methods, studies the behavior of the
Earth's magnetic field, the drift of tectonic plate, climate and environmental changes. This thesis
implements different applications of paleomagnetism to develop a technique to evaluate age for
the Chinese red clay sequence, to reconstruct the regional climate and environment change in the
Holocene recorded in the Chinese Loess, and to reveal absolute paleointensity variations for the
gigantic magmatic events to fulfill the gaps in paleointensity data during the Permo-Triassic
boundary and the late Devonian as the data for these periods are either contradictory or just

absent.

A magnetostratigraphic age model for the Shilou red clay sequence on the eastern China is tested
by cyclostratigraphy matching the magnetic susceptibility and grain size variations with the
known orbital parameters of the Earth. This approach provides an age of 5.2 Ma for the Shilou
profile instead of previously found age of 11 Ma with magnetostratigraphy alone. Wavelet
analysis reveals the well-preserved 400 kyr and possible 100 kyr eccentricity cycles on the
eastern Chinese Loess Plateau. Further, the paleomonsoon evolution during 2.58-5.2 Ma is
reconstructed and divided into three intervals (2.58-3.6 Ma, 3.6—4.5 Ma, and 4.5-5.2 Ma). The
use of cyclostratigraphy along with magnetostratigraphy proves to be an effective method of
dating the red clay sequences, and it implies that many presently published age models for the

red clay deposits based on magnetostratigraphy alone, perhaps, need to be re-evaluated.

A high-resolution petromagnetic analysis is conducted on the Holocene Chinese loess sequence.

It reveals that three warm-humid intervals (~8.4-3.7 ka, ~2.4-1.2 ka, and ~0.81-0.48 ka) and
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two cold-dry intervals (~3.7-2.4 ka and ~1.2-0.81 ka) occurred during the Holocene. A
significant paleosol development from ~8.4 to 3.7 ka along with the higher values of proxy
parameters indicates a generally strong warm-humid phase in the mid-Holocene which can be
attributed as a Holocene optimum in the studied regions. A complete Holocene climate record is
constructed and that correlates well with the other regional and global climate records. The study
demonstrates that the Holocene climatic optimum took place at the same time interval all over

the northern hemisphere.

A microwave paleointensity study for the Permo-Triassic boundary, considering both the
northern extrusive and the southeastern intrusive parts of the Siberian trap basalt, is carried out
for the first time. The accepted microwave paleointensity results from this study are combined
with thermal Thellier results from previously published studies to obtain a grand mean
paleomagnetic dipole moment for the Permo-Triassic boundary. The results suggest that multiple
localities need to be considered to obtain an accurate paleomagnetic dipole moment for this time
period. The grand mean paleointensity during the Permo-Triassic boundary is 19.5 £ 10.5 uT
which corresponds to a mean virtual dipole moment of 3.2 + 1.5 x 10?> Am?. The study indicates
that the magnetic field intensity during this period is significantly lower (by approximately 50%)
than the present geomagnetic field intensity, implying that the Mesozoic dipole low might have

begun at the Permo-Triassic boundary.

A microwave study, complemented by thermal Thellier one, for the late Devonian-aged

volcanics and instrusives from the Viluy traps is performed. The Arai plots show a distinct two-

slope concave-up shape, but pseudo-Thellier experiments support that it occurs due to a strong
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overprint component rather than alteration or multi-domain effects. The site mean
paleointensities, range from 4.6 puT to 16.5 uT which correspond to a virtual axial dipole
moments of (0.81-2.97) x10*2 Am?, suggest that the field was extremely weak during the late
Devonian. It provides the evidence for the field being weak ~50 Ma before the onset of the
superchron state, between ~310 and 265 Ma. Considering low dipole moment an indicator of
high reversal frequency (as appears to be the case in the mid-Jurassic), this study demonstrates
that rapid transitions between reversal hyperactivity and superchron states are a recurring feature
in the paleomagnetic records, indicating the influence of mantle convection changing heat flow

across the Core Mantle Boundary.
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Preface

A version of Chapter 2 of this thesis has been published as Anwar, T., Kravchinsky, V.A., and
Zhang, R., (2015), “Magneto- and cyclostratigraphy in the red clay sequence: new age model and
paleoclimatic implication for the eastern Chinese Loess Plateau,” Journal of geophysical
research: Solid Earth, 120(10), 6758-6770, doi:10.1002/2015JB012132. 1, along with
Kravchinsky, V.A., designed the research project. I did all the data analyses and wrote the
manuscript. Kravchinsky, V.A. was the supervisory author and took the responsibility of editing
the manuscript. Zhang, R. and Kravchinsky, V.A. provided the data. I gave an oral presentation

on this project at the AGU Fall Meeting 2015.

A version of Chapter 3 will be submitted as Anwar, T., Kravchinsky, V.A., Zhang, R., Koukhar,
L.P., Yang, L., Leping, Y. “Holocene climatic evolution at the Chinese Loess Plateau:
implications of petromagnetic and grain size analyses.” I formulated the concept of the research
project under the guidance and supervision of Kravchinsky, V.A. I was responsible for the all
data analyses as well as writing of the manuscript. Kravchinsky, V.A. also contributed to the
manuscript through editing. Kravchinsky, V.A., Zhang, R., Yang, L., and Leping, Y. went to the
field to collect the samples. Zhang, R. and Koukhar, L.P. were responsible for the grain size and

magnetic property measurements.

A version of Chapter 4 of this thesis has been published as Anwar, T., Hawkins L., Kravchinsky,
V.A., Biggin, A.J., Pavlov, V.E., (2016), “Microwave paleointensities indicate a low
paleomagnetic dipole moment at the Permo-Triassic boundary,” Physics of the Earth and

Planetary Interiors, 260, 62-73, doi:10.1016/j.pepi1.2016.09.007. I was responsible for conducting



the experiment, data collection, data analysis, and the manuscript writing. Hawkins L. assisted in
the data collection and manuscript composition. Kravchinsky, V.A. and Biggin, A.J. were the
supervisory authors and were involved in concept formation and contributed to the editing of the

manuscript. Pavlov, V.E. and Kravchinsky, V.A. provided the samples.

Chapter 5 of this thesis will be submitted as a part of the manuscript of Hawkins L., Anwar, T.,
Shcherbakova V., Biggin, A.J., Kravchinsky, V.A., Shatsillo A., Holt J., Pavlov, V.E., “Was the
Earth's magnetic field weak in the Late Devonian?.” Under the guidance and supervision of
Kravchinsky, V.A. and Biggin, A.J., I conducted the experiment, collected the data, and analyzed
the data of my part. I presented the data at the AGU Fall Meeting 2014 and wrote a draft of the
manuscript which includes only my data sets. The final version of the manuscript will combine

the data of the University of Liverpool and University of Alberta.
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Chapter 1

Introduction

1.1 Rock Magnetism

Rock magnetism examines the magnetic properties of rocks, sediments, and soils to comprehend
how these carriers capture and preserve the Earth's magnetic field. It can be applied to learn
environmental magnetism, records of geomagnetic field variation and polarity reversals, sources
of continental and oceanic magnetic anomalies, and paleomagnetic record of plate motion

(Lowrie, 2007).

1.1.1 Magnetic Properties of Materials

Magnetism is arbitrated by a magnetic field which is generated by electric currents and magnetic
moments of elementary particles. At the atomic level, the motions of electrons cause electric
currents whereas the orbital and spin motions of electrons are responsible for magnetic moments
(Butler, 1992). Shells, that are not complete and have unpaired spins, provide the net magnetic
moments for an atom or ion. Motions of these spins and orbitals, along with electrons’
interactions, produce magnetism in solids. Every material is influenced, to some extent, by an
external magnetic field and can acquire an induced magnetization, which disappears in the
absence of an external magnetic field (Tauxe, 2002). The relationship between the induced
magnetization M in a material and the external field H is given by,

M = XH (1.1)



where y is a proportionality factor which is known as magnetic susceptibility and depends on the

properties of the object (e.g., chemical composition, crystal shape, atomic structure).

Certain materials can remain magnetized even in the absence of an external magnetic field, and
hence, maintain a remanent magnetization (Butler, 1992). The reaction of a material to an
applied magnetic field indicates the type of magnetization- induced or remanent; this nature of
reaction defines the different types of magnetism of matters as all the matters are, somehow,
magnetic. This magnetic behavior of matters or materials can be classified into three major

groups- diamagnetism, paramagnetism, and ferromagnetism.

Diamagnetism

Diamagnetic materials do not exhibit magnetic moments as their atoms contain orbital shells
with no unpaired electrons. In diamagnetic materials, a small induced magnetization is created
through the orbital motion of electrons altered by the applied magnetic field in the opposite
direction (Butler, 1992). This magnetization depends directly on the applied magnetic field and
reduces to zero when the field is removed (Figure 1.1a). The magnetic susceptibility of these

materials is weak, negative (Figure 1.1a), and independent of temperature.

Paramagnetism

Paramagnetic materials contain atoms with a net magnetic moment created from unpaired
electrons in partially filled orbitals; however, there is no interaction between the adjacent
magnetic moments of the electron. In paramagnetic materials, an induced magnetization is

produced through the alignment of unpaired electrons with the applied magnetic field in the same



direction (Butler, 1992). Such magnetization is linearly proportional to the applied magnetic field
and becomes zero when the field is removed, similar to diamagnetic materials (Figure 1.1b). The
susceptibility of paramagnetic materials is small, positive (Figure 1.1b), and varies inversely

with temperature (known as Curie’s law of paramagnetism).

(a) (b) ©

M M
M =xH
X <0 N
H H
/ x>0
M =yH

Figure 1.1. Variation of magnetization (M) versus applied magnetic field (H) for (a) diamagnetic
material (b) paramagnetic material (c) ferromagnetic material. y represents the magnetic

susceptibility. The figure is modified from Butler (1992).

Ferromagnetism

Ferromagnetic materials have atoms with magnetic moments due to unpaired electrons, and
unlike paramagnetic materials, there is a very strong interaction between the adjacent magnetic
moments of the electron. The ferromagnetic materials can record the direction of an applied
magnetic field, and that is a fundamental property of them (Lowrie, 2007). If the magnetizing
field is removed, magnetization does not return to zero, but retains a memory of an applied field
known as remanent or spontaneous magnetization. This characteristic is known as hysteresis and
the path of the variation of magnetization as a function of an applied field is called a hysteresis

loop (Figure 1.1c). Each ferromagnetic material possesses its unique temperature, the Curie



temperature (~580°C for magnetite and ~680°C for hematite), above which ferromagnetic
properties disappear entirely and the material becomes paramagnetic (Butler, 1992). For a given
ferromagnetic material and temperature, the magnetization reaches a maximum value, at which
the individual magnetic moments are aligned with the applied field, referred to as saturation
magnetization (Ms). As temperature increases, saturation magnetization decreases and becomes

zero at the Curie temperature.

The interaction of the electronic spins in a ferromagnetic material is produced by electronic
exchange energy (quantum mechanical phenomenon) and results in a parallel or antiparallel
alignment of spins (Tauxe, 2002). By considering different types of alignment of spins, three
classes of ferromagnetism are distinguished — ferromagnetism, antiferromagnetism, and

ferrimagnetism.

Ferromagnetic materials exhibit parallel alignment of spins (Figure 1.2a) as it happens in pure
iron. When spins tend to align perfectly antiparallel to each other (equal in magnitude but
opposite), there is no net magnetization, like ilmenite; antiferromagnetic materials exhibit such
magnetization (Figure 1.2b). In some cases, the antiferromagnetic spins are not aligned precisely
antiparallel; rather it is canted by a few degrees creating a weak net magnetic moment as it
happens in hematite (Figure 1.2c). When the alignment of spins is antiparallel and the
magnitudes of the moments in each direction are unequal, a resulting net moment is observed
and ferrimagnetism is found in the material (Figure 1.2d). Ferrimagnetic materials (called
ferrites) display all the properties of ferromagnetic behavior- large net magnetization, Curie

temperatures, hysteresis, and remanence magnetization (Lowrie, 2007). The most important



ferrimagnetic mineral is magnetite; but maghemite, pyrrhotite, and goethite are also significant
contributors to the magnetic properties of rocks. Because of these natures or characteristics,
ferromagnetic and ferrimagnetic materials are considered to be magnetic, whereas diamagnetic,
paramagnetic, and antiferromagnetic materials are treated as nonmagnetic for their weak

magnetic properties (Butler, 1992).

AN

Figure 1.2. Schematic representations of spin alignment- (a) ferromagnetism (b)
antiferromagnetism (c) spin-canted antiferromagnetism (d) ferrimagnetism. The resultant

magnetic moment is indicated below the spin alignments. Modified from Tauxe et al. (2014).

1.1.2 Magnetic Properties of Rocks

A rock is a heterogeneous material as it contains a collection of ferromagnetic, paramagnetic and
diamagnetic particles, and therefore, displays complex magnetization properties. The magnetic
properties of a rock result from concentration of ferrimagnetic material. These magnetic
properties depend on the type of ferrimagnetic mineral, its grain size, and the acquisition of
remanent magnetization (Lowrie, 2007). As a consequence, the study of magnetic properties of

rocks is the study of magnetic minerals, grain size, and remanent magnetization in those rocks.



Magnetic Minerals

Magnetic minerals are the iron-bearing minerals like iron oxides (such as magnetite, maghemite,
and hematite), iron-oxyhydroxides (such as goethite and ferrihydrite), and some iron sulfides
(such as greigite and pyrrhotite) that happen to be in traceable amounts in rock, soil, or sediment.
In nature, iron—titanium oxides are the most dominant magnetic minerals which include two
solid-solution series, titanomagnetite and titanohematite (Butler, 1992). One of the end members
of the titanomagnetite solid-solution series is magnetite and the other end member is ulvospinel.
Hematite is one of the end members of the titanohematite solid-solution series and the other one
is ilmenite. Rocks also consist of other magnetic minerals like goethite, pyrrhotite, and greigite.
These ferrimagnetic minerals can be identified by its properties of Curie temperature, magnetic
hysteresis measurements, utilization of magnetic properties as proxy parameters, optical or

scanning electron microscopy, and so on (Lowrie, 2007).

Grain Size Indicators

The ferromagnetic properties of some materials, like metals and ferrites, differ considerably with
grain size. Domains are zones within a grain that have a uniform magnetization direction.
Magnetic domains are created due to the magnetic energy which is produced by the charge
distribution at the surface of particles (Butler, 1992). The magnetic energy and grain volume are
directly correlated. A magnetic grain can be composed of one or more magnetic domains. In the
same magnetic mineral, smaller grains have a different number of magnetic domains compared
to larger grains (Tauxe, 2002). Overall, four main domain structure types are found-

superparamagnetic, single-domain, pseudo single-domain, and multi-domain.



The very finest grain, which cannot exhibit a stable domain configuration, is referred to as
superparamagnetic (SP). It has a spin configuration that rapidly adapts to the new situation with a
changing external field (Butler, 1992). In a single-domain (SD) state, the grain is sufficiently
small, and the entire grain is uniformly magnetized (Figure 1.3a). SD grains are very stable and,
thus, can be very efficient carriers of remanent magnetization or remanence (Butler, 1992). If the
grain is large enough to contain a small number of domains, it then consists of a pseudo single-
domain (PSD) (Figure 1.3b). PSD grains are also very stable and an important carrier of
remanence (Tauxe, 2002). A large grain does not exhibit uniform magnetization as the magnetic
energy, related to its magnetization, grows too large. It contains many domains which are
separated by domain walls and is called multi-domain (MD) particle (Figure 1.3c). MD grains
are less stable due to complicated spin structures (Lowrie, 2007). For these reasons, SD and PSD
grains are usually preferred in paleomagnetic studies, while larger MD grains are avoided

(Butler, 1992; Tauxe, 2002).
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Figure 1.3. Different types of domain structures. (a) Single domain (Uniformly magnetized) (b)
Two domains (oppositely magnetized) (¢) Four domains (alternately magnetized). Modified from

Lowrie (2007).



Remanent Magnetization in Rocks

Ferrimagnetic minerals, even in small concentration, can enable rocks to exhibit a remanent
magnetization. Natural remanent magnetization (NRM) is the untreated remanence which is
present in a rock sample collected from geological formations (Butler, 1992). NRM is usually
composed of several components acquired through various ways at different times. A remanence
acquired during the time of rock formation is called a primary NRM component, whereas a
remanence acquired after the time of rock formation is referred to as a secondary NRM
component (Lowrie, 2007). The geologically important types of remanence are the primary
NRM component which is very stable and can preserve the magnetic signal during long
geological epochs. The total NRM can be given as (Butler, 1992),

NRM = primary NRM + secondary NRM (1.2)

Various natural processes enable particular rocks to acquire remanent magnetization. There are

three basic forms of primary remanence-

(1) Thermoremanent magnetization (TRM): The most important type of remanent magnetization
in 1igneous rocks, acquired during cooling from high temperature above the Curie
temperature, is called TRM. Particles of these rocks are oriented into the direction of the
applied field (geomagnetic field), and thermal remanence intensity is linearly related to the
applied field intensity (Tauxe, 2002). This remanence, after the initial cooling during
origination, remains constant over the time, and unaffected by the magnetic fields.

(2) Detrital remanent magnetization (DRM): The remanent magnetization, acquired by
sedimentary rocks during or soon after deposition, is known as DRM. It is complicated since
such rocks go through some, if not many, compound processes during their development.

Detrital magnetic particles become aligned with the ambient magnetic field while settling



through still water (Lowrie, 2007). Post depositional processes including bioturbation,
compaction, and diagenesis can affect this magnetization.

(3) Chemical remanent magnetization (CRM): The remanent magnetization, acquired during
chemical changes that form ferromagnetic grains, is called CRM. It can occur through a
chemical alteration of the preexisting magnetic minerals in a rock or authigenically formation
of new minerals (Butler, 1992). CRM is typically observed in sedimentary rocks. CRM can

be considered a secondary form of remanence when it is acquired long after deposition.

Chemical changes of rocks may cause secondary remanences during weathering, metamorphism,

and laboratory experiments. The two basic forms of secondary NRM are-

(1) Isothermal remanent magnetism (IRM): Remanence, acquired from short-term interaction
with strong magnetic field at ambient temperature, is referred to as IRM. Natural IRM can be
resulting from exposure to nearby lightning strikes. In the laboratory, IRM is induced by
known applied field larger than the coercivity at constant temperature (usually room
temperature) (Butler, 1992).

(2) Viscous remanent magnetization (VRM): Remanence, acquired gradually during interaction
or contact with a weak magnetic field, is known as VRM. This can arise in nature from long-

term exposure to the geomagnetic field after rock formation (Lowrie, 2007).

1.2 Environmental Magnetism

Environmental magnetism examines and evaluates the magnetism of minerals focusing mainly

on the impact of environmental factors. The formation, deposition, and post-depositional



alterations of magnetic minerals are investigated through the rock and mineral magnetic

techniques in a wide range of environmental processes (Evans and Heller, 2003).

1.2.1 Environmental Magnetic Parameters

The composition of magnetic elements in sediment or soil can be changed by the climatic
conditions. The environmental setting can be revealed by analyzing the mineralogy,
concentration, and grain size of the magnetic particles in natural samples (Thomson and
Oldfield, 1986; Evans and Heller, 2003). Various studies or fields including paleoclimate,
paleoceanography, and archeology consider the magnetic properties of minerals as imprints or
proxies to investigate the variations in environment. Several magnetic parameters have already

been identified in previous studies, and such parameters, used in this thesis, are described below.

Magnetic Susceptibility ()

Magnetic susceptibility can be presented as the magnetizability of a material (Thomson and
Oldfield, 1986). The magnetizability indicates and, to some extent, explains the process of
formation and transportation of iron-bearing minerals (Oldfield et al., 1999). It also gives us an
idea about the nature and type of minerals. For this, in environmental studies, it is considered to
be an effective parameter to examine a sample in a laboratory set-up or in the field. Moreover, it
is an important factor for studying ferro- and ferrimagnetic minerals because of their high
susceptibility. In fact, a high magnetic susceptibility corresponds to a greater concentration of
magnetic minerals, such as magnetite (Thompson et al., 1980; Maher, 1986; Verosub and
Roberts, 1995). It can give an idea about the grain size of the mineral as well (Thomson and

Oldfield, 1986; Evans and Heller, 2003).
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Frequency Dependence of Susceptibility (xr4)

Frequency dependence of susceptibility Xsqy is a ratio, measured from the difference in
susceptibility at two AC frequencies under low magnetic fields at room temperature. Magnetic
susceptibility and operating frequency are inversely related and smaller grains, compared to
larger ones, show profound change with increasing frequency near the SP/SD boundary
(Thompson and Oldfield, 1986). This ratio can be applied to measure the impact of SP material
to the signal, and it can reveal the ultrafine ferromagnetic minerals, particularly in the area of
superparamagnetic grain size (Oldfield et al., 1999; Evans and Heller, 2003). It can be measured

using the following relation,

Xfa = X X 100% (1.3)

Xif
Here, x;r is the low frequency susceptibility (measured at ~ 460 Hz), and X is the high

frequency susceptibility (measured at ~ 4600 Hz), which are standard frequencies for the

Bartington Magnetic Susceptibility Meter.

Anhysteretic Remanent Magnetization (ARM) and ARM Susceptibility

The remanent magnetization, produced while exposing a sample to a gradually decreasing
alternating field with extant of the DC bias field, is called ARM. The bias field, usually 50-100
uT, decides the ARM value which is linearly related to the induced field at <100 uT (Oorschot,
2002). It is positively correlated with both the concentration of ferrimagnetic minerals and SD
magnetic grain sizes (Oldfield, 1991; Verosub and Roberts, 1995). On the other hand, the ARM

susceptibility (xarm), the ARM intensity divided by the bias field value, evaluates and compares
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the various values of ARM acquired at distinct bias fields. It is also linearly related to the

concentration of SD magnetic grains of ferrimagnetic minerals (Evans and Heller, 2003).

Saturation Isothermal Remanent Magnetization (SIRM)

The maximum isothermal remanent magnetization, acquired from an applied field, is known as
SIRM. It is linearly related to the concentration of magnetic material and the amount of SD
particles (Maher, 1986; Evans and Heller, 2003). Besides, the magnetic mineralogy also affects
the SIRM showing a positive correlation between magnetization and SIRM (Thompson and

Oldfield, 1986).

Ratio of Susceptibility and Remanence
The ratio of susceptibility and remanence helps to identify the variations of magnetic grain size

in the samples. Here, in this thesis, typical ratios (Xagm/Xir and Xarm/SIRM) are used for

measuring magnetic grain size variation. These ratios, however, decrease with increasing grain

size (Thompson and Oldfield, 1986; Maher, 1988; Evans and Heller, 2003).

1.2.2 Paleoclimatology

Paleoclimatology examines and evaluates the past climates of different geological parts and
studies the natural phenomena to understand the variation of climates (Bradley, 1999). Imprints
or proxies, archived in these phenomena, are the main source of studying paleoclimatology. For
this, we can reconstruct the past climates and evaluate the reasons behind the climate change
analyzing the paleoclimatic data (Bradley, 2015). If we comprehend the dynamics of past

climates well, we can have a pragmatic foundation for understanding various aspects of the
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present climate and can be equipped to predict the future climate as well (Bradley and Eddy,

1991; Alverson et al., 1999; Bradley, 2008).

Climate Proxy

The dynamics of past climates are recorded through the imprints in the natural archives of
biological, chemical, and geological evidences including marine and lacustrine sediments, glacial
deposits, cave deposit, ice, loess-paleosols, tree growth and regional vegetation changes, and
fossil remains of organisms (Bradley, 1999). Climate controls the Earth processes that produce
such imprints or proxies. In fact, these are the outcomes of influence or impacts of climatic
conditions. Climate conditions can influence the depositional character of proxies, on the other
hand, proxies can reveal the chemical traces due to climate change. These imprints or proxies,
can be used as indirect measurement or indicator of climate conditions and variations. In this
thesis, magnetic susceptibility, sedimentary grain size, and rock-magnetic parameters are used as

climate proxies in Chapter 2 and 3.

Terrestrial sediment records, such as cave deposits (speleothems) and loess deposits, provide
paleoclimatic information through the studies of monsoon proxies. Differences in growth rate
and composition of speleothems correspond to changes in climate conditions as the meteoric
water cycle cause their formation. Oxygen and carbon isotope ratio, various types of recurrent
laminae or bands, thickness of band, trace elements, and growth intervals of cave deposits are
commonly used as paleoclimate proxies (e.g. Lauritzen and Lundberg, 1999; Frisia et al., 2003;
Johnson et al., 2006; White, 2007) to reconstruct paleorainfall, paleotemperature, and/or

paleovegetation. Magnetic susceptibility and other environmental magnetic parameters can also
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provide detailed record of the palacoenvironmental conditions at the cave (Sroubek et al., 2001;
2007; Parés et al., 2010). The ratio and formation of oxygen isotope in cave calcite deposits are
directly related to conditions like cave temperature and drip-water configuration, and therefore,
depend indirectly on precipitation (e.g. Thompson et al., 1974; McDermott, 2004). Similarly,
changes of stable isotope and trace elements in Chinese cave deposits act as the East Asian
summer monsoon proxy as these record the fluctuations of precipitation during summer (Wang

et al., 2001; Paulsen et al., 2003; Cheng et al., 2009; Johnson et al., 2006; Johnson, 2011).

Loess is the sediment of wind-swept materials mainly consisted of quartz, feldspars, micas, and
calcium carbonate, with a small amount of clay (Pye, 1984; 1987). Particle size and
magnetization of the loess-paleosol can also be used to reconstruct climate conditions like
temperature and precipitation (Liu et al., 1985). In this thesis, Chinese loess deposits which
present us with imprints or records of climate variation for a longer time-scale (10° — 10° years)
have been studied. These loess deposits along with the climate proxies of loess that are widely

used for paleoclimatic reconstruction are succinctly discussed later on.

Different proxies work in different ways depending on the spatial coverage, pertaining period,
and ability to resolve events (e.g. Bradley, 1985). Based on these factors, proxies record relevant
information of climate conditions and change to a various degrees: more or less. For this, it is
important to consider the nature and ability of the proxy while studying paleoclimate. Also, it is
critical to understand the continuity of the record (e.g. Bradley, 1985). However, proxies have
different levels of inertia in responding to climate conditions and variations (e.g. Bryson &

Wendland, 1967). Some respond immediately while some proxies do so after a period of time,
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sometimes, even after several centuries. There are proxies (e.g. ocean floor sediments) which
provide information about climatic conditions and change for a longer period of time, but with a
low frequency resolution. On the other hand, there are proxies (e.g. tree rings) that work well for
a shorter period of time with a high frequency resolution. For all these differences in nature and
ability of proxies to respond and record climatic conditions and change, a combination of

multiple proxy indicators is used to study and reconstruct paleoclimate.

1.2.3 Chinese Loess Plateau

Loess deposits are commonly found in different parts of the world. Loess accumulates from
mountains over the course of time on desert conditions. Across the Gobi desert in Asia, loess
deposits build up in the north-central part of China creating the largest loess-covered area of the
world, commonly known as the Chinese Loess Plateau. It covers an enormous area of
approximately 500,000 km? up to the middle reaches of the Yellow River (Liu, 1985). During
cold and dry conditions, the loess amassed due to the high dust fall and low vegetation, and on
the other hand, it changed to accretionary soil (paleosols) due to weathering during warm and
wet conditions through a process called pedogenesis. These two together, in alternating
sequence, created an extensive record of paleoclimate on the continent (An et al., 1990; Ding et

al., 1993).

The entire Chinese Loess Plateau, lithostratigraphically, can be distinguished, in wider
perspective, into two geological constructions- the upper Quaternary loess-paleosol sequence and
the lower Miocene—Pliocene red clay (Figure 1.4). The Quaternary sequence displays alternating

layers of yellowish loess and reddish brown paleosol (Figure 1.4), exhibiting the interchanging
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nature of climate- cold and dry versus warm and wet (Kukla and An, 1989; Liu and Ding, 1998;
An, 2000). It has a thickness, usually, between 150 and 300 m (Zhou et al., 1990; Heller et al.,
1993). On the other hand, the red clay contains alternating layers of reddish wind-blown deposits
and dark reddish carbonate rich paleosols (Figure 1.4), displaying analogous characteristics of
the overlying loess-paleosol layers (Ding et al., 1998; 1999). Overall, it possesses a light to dark
red color, having a thickness of several tens of meters (Sun et al., 1998). There has been
evidence from the previous studies implying that the red clay corresponds to high-resolution
climatic variation between relatively dry-cool and warm-humid periods (Sun et al., 1997; Guo et

al., 2001; An et al., 2001; Liu et al., 2003).

Figure 1.4. A loess-paleosol section at Shilou, Shanxi province, China (Anwar et al., 2015).
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1.2.4 Climate Proxy for the Chinese Loess-Paleosol

The summer and winter monsoons, through their relative intensities, predominantly determined
the climatic dynamics of the Chinese Loess Plateau, and to evaluate it, paleoclimatic studies
happen to investigate proxies like magnetic properties and grain size of sediments. In fact, to
study loess-paleosol, magnetic measurements play a critical role (Heller and Evans, 1995).
Moreover, the amount of iron minerals in soil is directly related to the rate of pedogenesis (Le
Borgne, 1955) which is influenced, and, to some extent, determined by the climatic conditions,
implying that warmer and wetter climates correspond to stronger soils as well as higher
magnetism (Heller and Evans, 1995). The magnetic particles usually originate in secondary
formation of minerals, probably through biogenic processes. The magnetic enhancement can be
caused by the in-situ formation of microcrystalline magnetite (Liu et al., 1994; Maher et al.,
1994), or by a combination of both magnetite and maghemite (Maher, 1998) through chemical,
biochemical or biogenic processes; these processes may be influenced considerably by rainfall
and temperature. Though magnetic susceptibility () was used as a climate proxy initially, recent
studies have introduced other magnetic properties including low frequency susceptibility (x;r),

frequency-dependent susceptibility (X7q), anhysteretic remanent magnetization susceptibility

(Xarm), and saturation isothermal remanent magnetization (SIRM).

Magnetic susceptibility has been proved to be useful as a climate proxy (Kukla et al., 1988). It is
commonly used in reconstructing terrestrial, marine, and lacustrine climatic conditions (e.g.
Evans and Rutter, 1998; Evans and Heller, 2001, 2003; Maher and Thompson, 1992; Mabher,
2011). Heller and Liu (1984) presented the first comprehensive study on changes in magnetic

susceptibility of Chinese loess-paleosol sequences. This study indicated that maximum and
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minimum values of magnetic susceptibility correspond to warm and cold oxygen isotopic
conditions respectively, captured in marine sediments. An et al. (1991) showed that such
sequence can be considered a proxy to study variations in Asian monsoon as it is directly related
to the changes in warm and humid summer monsoon in the East Asia. In fact, warmer and more
humid climate conditions can alter non-magnetic iron-bearing silicate minerals to ferromagnetic
finer grains with stronger magnetism (e.g. Zhou et al., 1990; Maher and Thompson, 1991; 1992).
Such magnetic grains can be increased in amount or portion during summer monsoon through
decreasing dust accumulation rate and stronger pedogenesis as precipitation causes frequent
plant cover (e.g. An et al., 1990; 1991; Maher and Thompson, 1992). Therefore, magnetic
susceptibility is an index to interpret the intensity of summer monsoons (An et al., 1991),
indicating higher value for paleosols (warm and mild interglacial periods) compared to loess
(cold and dry glacial periods) since the ultrafine grained magnetite and maghemite, formed
during the pedogenesis, are the main carriers of the magnetic susceptibility signal (Maher and
Tylor, 1988; Zhou et al., 1990). Furthermore, the magnetization intensity related parameters (),
Xrd»> Xarm and SIRM) exhibit high values in paleosols and low values in loess for the Chinese

Loess Plateau, and indicate concentration as well as grain size changes of magnetic minerals

(Evans and Heller, 2003).

Sedimentary grain size parameters including median grain size (An et al., 1991; Xiao et al,,
1995; An, 2000; Ding et al., 2002), coarse fraction content (Porter and An, 1995; Zhang et al.,
1999; Lu et al, 1999) and grain size ratio (Vandenberghe et al., 1997, 2004), are used
extensively to reconstruct and depict paleoclimatic variations. Dust storms were common during

the glacial periods and that caused a large amount of coarse-grained silts to be transformed into
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wind-blown sediments, whereas interglacial periods, when there was a paucity of such storms,
resulted in finer-grained deposits on the Loess Plateau (Liu, 1985; Zhang et al., 1999; Prins et al.,
2007). Though winter monsoon influences grain size compositions of loess and red clay deposits,
such influence can be superseded by pedogenesis through changes in grain size distributions
(e.g., Liu, 1985; Xiao et al., 1995; Sun et al., 2006a). For this, quartz grain size refers to the
strength of winter monsoon, exhibiting the highest value for the cold and windy periods and
transporting coarse-grained particles to a long distance from its origin (Porter and An, 1995;

Xiao et al., 1995).

1.2.5 Causes of Paleoclimate Change

The variations in climates, reflected in the paleoclimatic records, can be attributed to the
different forcing mechanisms- both internal and otherwise, playing roles at diverse frequencies
for the different timescales. For a decade-to-century, usually, the factors including atmosphere-
ocean interaction, solar variability, and human activity cause or influence the variations, whereas
the nature of the Earth’s orbit determines the climate in terms of hundreds-of-thousands to
millions of years (Berger and Loutre, 1991; Bradley, 1999; Shindell et al., 2003). On the other
hand, the tectonic motion, asteroid strikes, massive magmatic eruptions, the Earth’s inner-
dynamics are the critical determinants for the climate change beyond millions of years
(Kutzbach, 1974; Bradley, 2015). However, various factors of different time-scales can
collectively influence the climatic variations of different magnitude depending on the intensity
and frequency of the factors while individual factor plays its role on the climate at a specific
frequency (Bradley, 2015). There has been a doctrine that the Earth goes through a rhythmic or

systematic climate change observed in or evident by the oxygen isotope of deep-marine
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sediments and polar ice cores, and the sporadic nature of the paleosols in the wind-swift loess in
the central China (Evans and Heller, 2003). This fluctuating nature of climate is attributed,
commonly, to the Earth’s orbital cycles, known as Milankovitch cycles. The alternating
sequences of the loess and paleosols layers are, indeed, considered to be the reflection of
Milankovitch cycles (Hovan et al., 1989; Kukla et al., 1990; An et al., 1990; Xu and Liu, 1994;

Lu et al., 2002).

1.2.6 Milankovitch Cycles

Milutin Milankovitch, a Serbian mathematician, explained the reasons behind the long-term
climate cycles for the first time, explaining that the amount of solar radiation on the Earth,
influenced by the gravitational forces of Sun, Moon, and the other celestial bodies, affects the
climates periodically (Miliankovitch, 1930). There are three types of orbital changes—

eccentricity, obliquity, and precession (Figure 1.5).

Eccentricity refers to the changes in the shape of the Earth’s orbit from almost circular (with the
lowest eccentricity of 0.005) to more elliptical (with the highest eccentricity of 0.058) over the
time, taking around 100,000 or 400,000 years for the completion. The changes in the shape of the
Earth’s orbit occur because of its interaction with the gravitational fields of neighboring planets,
mostly the large ones: Jupiter and Saturn (Hill, 1897; Laskar et al., 2004). The distance between
the Earth and the Sun, perihelion (shortest distance) and aphelion (longest distance), changes
with eccentricity, and therefore, the total amount of solar radiation received by the Earth at
perihelion and aphelion differs the most (with more seasonality) while the orbit is more elliptical

and varies the least (with less seasonality) in case of circular orbit (Berger, 1978; Laskar 1989).
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Eccentricity

Precession

Figure 1.5. Schematic representations of Milankovitch Cycles.

Obliquity refers to the tilting position of the Earth on its axis, and it determines the amount of
sunlight that reaches the hemispheres at any particular time. Now, the Earth inclines at 23.5°,
whereas it differs from ~22° to 24.5° over a cycle of 41,000 years. Obliquity occurs due to the
gravitational attraction between the Earth and all the other planetary bodies in the solar system
(Berger et al., 1992; Berger and Loutre, 1991). This inclination is directly related to the extreme
conditions between summer and winter seasons, and an increase in obliquity influences
insolation in both higher and lower latitudes while increasing it for former and reducing it for

latter ones (Berger, 1978; Laskar 1989).

Precession, the wobbling movement of the Earth on its axis, changes over a period of 19,000-
23,000 years in the geological time. The tidal forces, exerted by the Sun and Moon on the Earth,
cause the precession to change cyclically (Laskar et al., 1993). Moreover, precession and
obliquity cycles are significantly affected by the Earth’s rotational history and the Earth-Moon

dynamics over time (Berger et al 1989, 1992; Berger and Loutre, 1994; Laskar et al., 2004). In
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the present day, the Earth comes closest to the Sun in January, in contrast, it stays farthest in
July. This situation or position can be reversed by precession in around 11,000 years, resulting in

more severe winters in the Northern Hemisphere.

Eccentricity, obliquity, and precession determine and influence the amount of sunlight reaching
the Earth, and that, eventually, affects the global climate, which is now a widely accepted fact

(Hinnov, 2013).

1.2.7 Cyclostratigraphy

Cyclostratigraphy is the study of astronomically induced climatic cycles as evidenced by the
changes in sediments and sedimentary rocks. Hays et al. (1976) first explored the presence of
orbital periodicities in a sedimentary sequence. Orbital forcing is critical for causing variations in
climates, and for this, the periodicities concomitant of orbital variations are conspicuous signals
in many paleoclimatic records (Berger et al., 1992). Again, the astronomic drivers affect the
climate system in various ways, leaving traces in the proxy record, and through analysis of this
record, we can examine the preserved orbital cycles (Figure 1.6). The time-series spectrum,
portraying proxy as a function of time, can be used to characterize or explain variations in
climate, and it can indicate the specific orbital periodicities where the variations are intense
(Bradley, 2015). Overall, the application of cyclostratigraphy has been successfully conducted in

the Chinese loess—paleosol sequences (Sun et al., 2006b) and in many other contexts.
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Figure 1.6. Schematic diagram illustrating the relationship between orbital forcing and the signal
preserved in the sedimentary record. A: atmosphere; O: ocean (hydrosphere); C: cryosphere; B:

biosphere; L: lithosphere. Modified from Bradley (2015).

1.3 Geomagnetism and Paleomagnetism

Geomagnetism studies the origin and nature of magnetic fields of the Earth and other planets of
the solar system, whereas paleomagnetism studies the Earth’s past geomagnetic field recorded in
rocks and sediments. It is important to study and comprehend the Earth's ancient geomagnetic

field as it helps understand the behavior and evolution of the Earth over time (Lowrie, 2007).

1.3.1 Geomagnetic Field

The majority of the geomagnetic field is generated by convection currents in the liquid outer
core. The magnetic field of the Earth is a vector implying that it has both magnitude and
direction (Butler, 1992). The magnetic vector can be described by the field strength (B) and
direction (Figure 1.7). In paleomagnetism, the direction of the geomagnetic field vector is

defined by two angles- declination (D) and inclination (I) (Lowrie, 2007). The declination is the
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horizontal angle between geographic and magnetic north, ranging clockwise from 0° to 360°.
The inclination is the angle between the magnetic field direction and the horizontal one, ranging
downward from -90° to +90°. The vertical component By, and the horizontal component By of
the geomagnetic field B are given by (Butler, 1992),

By = Bsinl; By = BcoslI (1.4)

By can be, further, resolved into north and east components by,

By =BcoslIcosD; By = BcoslIsinD (1.5)

The total intensity of the field is given by,

1.6
B:\/BN2+BE2+BV2 ( )

There are many names for the Cartesian coordinates. In addition to the north, east and down (B,

Bg, By), they could also be called X, Y, and Z. Therefore,

Y VA
B = {X2+Y2+72 D =tan! (—); I =tan~? (—) (1.7)
X ,/XZ + YZ
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Figure 1.7. Illustration of the geomagnetic elements. The geomagnetic field can be described by

the total field intensity (B), declination (D), and inclination (I). Modified from Lowrie (2007).

1.3.2 Geocentric Axial Dipole (GAD)

The geocentric axial dipole (GAD) model states that the time-averaged geomagnetic field
corresponds to a single magnetic dipole that is aligned with the rotation axis at the center of the
Earth (Hospers, 1954) (Figure 1.8). It is a fundamental assumption for many principles of
paleomagnetism. Approximately 90% of the observed geomagnetic field can be described by a
dipole (Butler, 1992). Currently, the axis of the geomagnetic dipole field is inclined at 11.5°
relative to the rotational axis of the Earth. The current dipole moment of the geomagnetic field is

7.78 x 102 Am? (Finlay et al., 2010).
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Figure 1.8. Geocentric axial dipole model. Magnetic dipole moment M is placed at the center of
the Earth and aligned with the rotation axis. The magnetic field directions at the Earth’s surface,

produced by a geocentric axial dipole, are schematically shown. Modified from Butler (1992).

In the GAD model, the magnitude of the field can be determined by (Butler, 1992),

M cos A 2M sin A
By = ; By = (1.8)

7,3 7,3

M
B = T—3\/1 + 3sin2A (1.9)
e
where M is the dipole moment of the GAD, A is the geographic latitude with a variation ranging
from —90° to +90° (from the south geographic pole to the north geographic pole respectively),
and 7, is the mean Earth radius.

Furthermore, the inclination of the field can be determined by,

B 2sinA
tanl = (—V) = ( >= 2tan A (1.10)
By cosA
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Equation (1.10) is known as the dipole equation which is one of the most important relations in

paleomagnetism (Lowrie, 2007).

1.3.3 Paleomagnetic Stability

The natural remanent magnetization (NRM), acquired at different times with different
constituents during rock formation, does not change over time, as implied by paleomagnetism. It
is much easier to alter the secondary NRM grains (magnetically softer) compared to the harder
grains which possess the ancient remanent magnetization (Tauxe, 2002). Therefore, laboratory
techniques need to be performed to remove the secondary NRM to keep the primary
magnetization unaffected. Partial (alternating field and thermal) demagnetization experiments are
applied to determine the directions of the magnetic components acquired by the rocks (Butler,

1992).

The components of the secondary magnetization exhibit low coercivities, and that is the ground
for alternating field (AF) demagnetization (Lowrie, 2007). In AF demagnetization, a
paleomagnetic specimen is exposed to an alternating magnetic field. The field fluctuates between
equal and opposite peak values. AF demagnetization can eliminate a secondary NRM carried by
the low coercive grains (less than the peak value of the field), and thus, isolate the primary NRM
with coercivity higher than the peak field (Butler, 1992). In AF demagnetization, increasing

magnetic field steps are used.

The components of the secondary magnetization possess lower blocking temperatures, and that is

the ground for thermal demagnetization (Lowrie, 2007). In thermal demagnetization, a specimen
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is heated to a given temperature, and then, is allowed to cool to room temperature in zero
magnetic field. It can eliminate the secondary NRM components that have lower blocking
temperatures compared to given temperature (Butler, 1992). The heating and cooling cycles are

repeated with progressively higher maximum temperatures.

The magnetization of a sample, after each heating or AF step, is evaluated through a
magnetometer. The direction of magnetization changes progressively during the demagnetization
unless the most stable component is revealed, and at this point, the direction, eventually, inclines
towards a straight line to the origin (Figure 1.9). The stable component which remains is known
as the characteristic remanent magnetization or ChRM. The results of demagnetization
experiments are usually presented through a set of two projections of vectors plotted on the
horizontal and vertical planes. These are referred to as Zijderveld diagrams (Zijderveld, 1967),
also known as orthogonal projections or vector end-point diagrams (Figure 1.9). The mean
direction of the magnetic vector for each specimen can be estimated from the orthogonal
projection by using the principal component analysis (Kirschvink, 1980). Averaging and
statistical analyses need to be carried out on the remanent magnetization vectors. For the
measurement of the confidence intervals with respect to the mean direction calculation, Fisher’s
statistical test (Fisher, 1953) is applied. This test helps to calculate the dispersion of the points
and the semi-angle cone of confidence around the observed mean (aos), suggesting that the real

mean of the direction lies in 95% probability within the cone (Buttler, 1992).
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Figure 1.9. Representative vector end-point diagrams of stepwise (a) AF demagnetization and
(b) thermal demagnetization of natural remanent magnetization for the African dyke basalts
(unpublished report; Anwar and Kravchinsky). Open and solid circles represent vector endpoints
projected onto the vertical and horizontal planes, respectively. NRM: natural remanent

magnetization.

1.3.4 Paleointensity

The value of an ancient intensity of the geomagnetic field is called paleointensity. It is important
to know the direction of field lines and information about its strength to study the variations of
geomagnetic field over time. Paleointensity covers the study of mechanisms to magnetize rocks
(thermal or detrital remanent magnetizations) and the techniques to replicate these mechanisms
in a laboratory set up (Thellier and Thellier, 1959; Tauxe et al., 2014). In principle, the NRM of
the rock (Mygy) Will be approximately linearly related to the low applied field, such as the
geomagnetic field (Figure 1.10). This can be expressed as (Butler, 1992),

Mygry = 9Bgnc (1.12)
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where B, 1s the intensity of ancient magnetic fields (paleointensity) and 9 is a proportionality
constant. The paleointensity experiment is designed to determine the proportionality constant 9
(Tauxe, 2002). In the laboratory, the proportionality constant can be determined by giving the
same sample a new remanent magnetization (Miab) in a known magnetic field, B, (Figure 1.10)
so that,

Myap = 9Bygp (1.12)

The paleointensity can be obtained from the above equations (dividing equation 1.11 by equation
1.12), eliminating the proportionality constant ¥ and rearranging them to yield the following,

Mygry (1.13)

Equation (1.13) implies that paleointensity can be evaluated by multiplying the ratio of the two
remanences with the known laboratory field. The entire experiment relies on the assumption that
no change occurs in the proportionality constant (Butler, 1992). However, in practice, it is not
easy to measure paleointensity since the ferromagnetic particles, bearing the natural remanence,
may experience alterations; it may incur physical or chemical changes during the development of
the laboratory remanence leaving an impact on the nature of the proportionality constant (Tauxe

et al., 2008).
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Figure 1.10. Schematic diagram for the principles of paleointensity estimation. Modified from

Tauxe et al. (2014).

The principle of paleointensity experiment is to replace the natural remanence of the sample
gradually with the partial thermal remanent magnetization (pTRM) developed in a known field.
To perform the experiment, three assumptions are considered— Law of Independence, Law of
Additivity, and the Law of Reciprocity (Tauxe, 2002).

e Law of Independence: “pTRMs acquired by cooling between any two temperature steps

are independent of those acquired between any other two temperature steps.”
e Law of Additivity: “The total TRM is the sum of all the independent pTRMs.”
e Law of Reciprocity: “A magnetization, acquired by cooling from a given temperature is

entirely replaced by reheating to the same temperature.”

Many ways can be applied to replace the NRM increasingly with a pTRM in the laboratory. To
extract paleointensity information from rocks carrying TRM, a step-wise heating to progressively

higher temperatures is usually used. According to the original method proposed by Thellier
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(1941), in the first step, the sample is heated to a specific temperature (T1), and then, it is cooled
to room temperature in the laboratory field B,,;,. In the second step, the sample is again heated to
that specific temperature, but cooled in the laboratory field -B,,;,. Therefore, the remanence can
be measured as follows,

M; = Mygrm + Mprry (1.14)

M; = Mgy — MprrM (1.15)

The NRM remaining and the pTRM gained at each temperature step can be calculated from the
above two equations. This procedure of heating steps is repeated to higher temperatures
gradually until the Curie point is attained. Coe (1967) suggested modified protocols, to apply the
first heating and cooling step in the zero field, and the second one in laboratory field (zero-field/
in-field, ZI). In contrast, Aitken et al. (1988) proposed to apply these steps in reverse ways- in

the laboratory field, and in zero field respectively (in-field/zero-field, 1Z2).

In all experimental protocol (ZI and 1Z), the NRM remaining is plotted against the pTRM
acquired at each temperature step, known as Arai diagram (Nagata et al., 1963), to evaluate the
ancient intensity. An example plot is shown in Figure 1.11. A lower temperature, for in-field
cooling steps, is applied repeatedly to monitor alteration during the laboratory treatment (Thellier
and Thellier, 1959). These repeated steps are known as pTRM checks (triangles in Figure 1.11).
Moreover, various statistical parameters can be used to quantify the uncertainty and quality of

the paleointensity estimate.
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Figure 1.11. A typical representation of Arai plots for the samples from the Siberian traps
(modified from Anwar et al., 2016). Triangles on the Arai plots represent pTRM checks and the

solid straight lines marks the interval on which intensity was estimated.

In paleomagnetism, more is known about past directions compared to the past intensities of the
geomagnetic field; because paleointensity experimental procedure is usually time consuming and
exhibits a lower success rate of 10-20% (Valet, 2003). However, the past two decades have
shown significant development through research works which have helped improve the selection

of the samples and the success rate of determination (Buttler, 1992).

1.3.5 Virtual Dipole Moment

As geomagnetic intensity varies over the globe, paleointensity values can be expressed as an
equivalent geocentric dipole moment which is called virtual dipole moment (VDM). This could
produce the observed intensity at a specific (paleo) latitude, and is often convenient to compare

geomagnetic intensity in different locations (Tauxe et al., 2014). VDM can be determined by,
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Amr}
VDM = — B, (1 + 3cos26,,)~1/2 (1.16)
Ho

where 7, is the radius of the Earth, p, is the permeability of free space (4nx10”7 N/A?), By, is
the paleointensity value, and 6,, is the magnetic (paleo) co-latitude. 8,, can be calculated from

the observed inclination.

Sometimes site co-latitude is the only information known for a particular site, and thus, it
provides a virtual axial dipole moment (VADM). It is the moment of an axial dipole aligned with

the rotation axis that would yield the estimated paleointensity (Tauxe et al., 2014).

4mr}?
VADM = M—eBanc(l + 3cos%0)71/2 (1.19)
0

6 is the geographic co-latitude at which B, is measured. Furthermore, the temporal and spatial

averages of VDM and/or VADM are known as paleomagnetic dipole moments (PDMs).

1.3.6 Geomagnetic Polarity Reversals

Both the direction and strength of the Earth’s magnetic field change with time. On a longer
timescale, Earth’s dipolar field reverses 180° relative to the present-day orientation, and this
feature is known as geomagnetic polarity reversals (Opdyke and Channell, 1996; Butler, 1992).
If the ancient magnetic field has the same orientation as the present dipole moment, it is termed
the normal polarity; whereas the oppositely directed field is considered as reverse polarity. The
interval between reversals can last for hundreds, thousands, or millions of years; however, the
reversal pattern is not predictable (Lowrie, 2007). Approximately 780,000 years ago, the Earth’s

magnetic poles were simply opposite to that of today, and this polarity reversal is the most recent
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one. The average frequency, with which the Earth's magnetic field reverses its polarity, varied
strongly in the past (Opdyke and Channell, 1996)- from perhaps as high as 12 reversals per
million years at peak times (e.g. the mid-Jurassic) to no reversals for 30—40 million years during

constant polarity superchrons (e.g. the mid-Cretaceous).

The history of magnetic field reversals is perceived to be widely known, but least comprehended,
geophysical accounts on the Earth (Tauxe et al., 2008). Research indicates that no independent
physical phenomenon is related to the Earth’s magnetic field reversals. Several models are
proposed by the researchers to describe reasons of the Earth’s magnetic reversals. It has been
investigated that geomagnetic reversal history could be related to many geological phenomena
including changes in global heat flow, continental flood basalts, seafloor spreading, development
of the oceanic plateau, variations in core-mantle boundary heat flow, mantle convection, and
production of mantle plumes (Glatzmaier et al., 1999; Olson, 2003; Takahashi et al., 2005;
Courtillot and Olson, 2007; Olson et al., 2013). Recent studies have suggested that reversals
most likely reflect the changes in the core-mantle boundary (CMB) heat flow pattern and/or

magnitude (Olson et al., 2010; Biggin et al., 2012; Biggin et al., 2015).

Magnitude of the CMB heat flow is a critical factor for regulating the core’s thermal evolution
which is a driving force of the geodynamo (Labrosse, 2007). The CMB, that separates the liquid
iron-nickel outer core and the rocky silicate mantle, exhibits thermal and chemical heterogeneity
which influences the heat flux to increase at the CMB. The chemical reaction, at the CMB,
between (Mg,Fe)SiO3 perovskite (in the mantle) and molten iron (in the core) produces oxide

minerals, stishovite (SiO2) and magnesium silicate perovskite (MgSiO3), as well as metallic
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alloys, iron silicide (FeSi) and wiistite (FeO) (Knittle and Jeanloz, 1991); such reaction can
change the core-mantle system considerably (Hirose and Lay, 2008). These oxide and metal
introduce significant amount of oxygen and silicon into the core metal (liquid iron) while making
it lighter; and on the other hand, iron gets depleted at the bottom of the mantle (Takafuji et al.,
2005). Furthermore, just above the core-mantle boundary, perovskite goes through an exothermic
phase change and transforms to post-perovskite due to a high pressure (Murakami et al., 2004;
Oganov and Ono, 2004; Tsuchiya et al., 2004); this phase transition plays an important role in
determining the heterogeneity at the CMB. Theoretical and experimental studies indicate that the
density change is small (1.0—1.2%) whereas the Clapeyron slope (pressure/temperature slope) is
large (7.5-11.5 MPa/K) for the perovskite to post-perovskite phase change with a transition
temperature of 2,500 K and a pressure of 125 GPa (Murakami et al., 2004; Tsuchiya et al., 2004;
Hirose, 2006; Lay et al., 2008). Nakagawa and Tackley (2004) suggested that this phase change
plays an important role in destabilizing the CMB layer, increasing the CMB heat flow, rising

mantle temperature, and growing the upwelling mantle plumes.

The geomagnetic field direction, sometimes, departs significantly and does not flip to a stable
position at 180°. This phenomenon is known as geomagnetic excursion and lasts upto the first
thousands of years (Butler, 1992). Such excursion is created by variations in the geomagnetic
field driven by the flow of electrical currents in the outer core and its interaction with the mantle
(Olson et al., 2013). Furthermore, geomagnetic field changes over periods of a year or more,
known as geomagnetic secular variations. These indicate shorter-term changes in the Earth's

outer core and are produced by dipolar as well as non-dipolar sources (McElhinny, 1973).
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1.3.7 Geomagnetic Polarity Time Scale

Reversal is one of the most important features of the geomagnetic field in terms of chronological
purposes. The geomagnetic polarity time scale (GPTS) is a list of dated polarity sequences
(Figure 1.12). These polarity sequences are divided into long intervals of normal and reverse
polarity, and these intervals are referred to as polarity chrons. The GPTS, a universal reference
scale of polarity changes, is calibrated by radioisotopic methods and/or orbital tuning (Butler,
1992). The first GPTS in 0-5 Ma time interval was developed through the compilation of
radiometric age and magnetic polarity determination of globally distributed igneous rocks (Cox
et al., 1963). The continuous and reliable record of geomagnetic polarity can be found through
the interpretation of marine magnetic anomalies (Vine and Matthews, 1963). By using such
anomalies, Heirtzler et al. (1968) extended the GPTS to about 80 Ma. Since then, there have
been adjustments to the temporal pattern of reversals, and thus, the GPTS has been refined
gradually. For 160 Ma, reversals are very well documented from the marine magnetic anomalies
(Cande and Kent, 1995; Gee and Kent, 2007), whereas, for older geological time scales, these are
less reliably identified. An important application of the GPTS is its use as a dating tool for
stratigraphic sequences since it provides stratigraphic markers for the correlations of geological

sections (Langereis et al., 2010).

1.3.8 Magnetostratigraphy

To date an event (or a series of events) in the Earth's history occurring within a geological
sequence is one of the most important applications of paleomagnetism. The pattern of polarity
zones, registered in any sequence, provides a kind of geological fingerprint (Opdyke and

Channell, 1996; Lowrie, 2007). The age of the rock succession can be derived through the
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correlation between an observed magnetic polarity pattern and the GPTS (Figure 1.12). This
procedure is known as magnetic polarity stratigraphy or magnetostratigraphy. In Earth sciences,
it constitutes a standard dating tool for a wide variety of sedimentary or volcanic sequences

(Butler, 1992; Tauxe, 2002).
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Figure 1.12. A typical representation of magnetostratigraphy (modified from Anwar et al.,
2015). Correlation between magnetic polarity pattern of the Shilou red clay section and the
geomagnetic polarity time scale (GPTS). CK95: Cande and Kent (1995); M/G: Matuyama-Gauss
polarity boundary.

The robustness of a given correlation of an observed polarity sequence to the GPTS depends on
several factors. For these reasons, some general principles are required to maintain the reliability

of magnetostratigraphic studies (Opdyke and Channell, 1996; Tauxe et al., 2014):
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The primary component of the magnetization, which can be isolated by stepwise
demagnetization, has to be identified to confirm that the studied materials are recorders of
the geomagnetic field.

Multiple samples per horizon are necessary to specify that the magnetization at a certain
level can be reproducible.

Sufficient stratigraphic coverage of sites is required to define the magnetic polarity zones.
From the directional data, normal and reverse polarity needs to be clearly determined.

The average direction has to be compared with the reference field and the expected
direction.

An independent approximate age constraints of the sequence is fundamental for the
correlation of the magnetic polarity zonation with the GPTS.

The pattern of the magnetic polarity zones needs to be matched with the sequence of

polarity chrons of the GPTS. Few polarity zones may be ignored in the section or time scale.

1.4 Major Goals of the Thesis

The major goals of my thesis are as follows:

The Chinese Loess Plateau contains red clay sequence which has continuous alternation of
sedimentary cycles with recurrent paleoclimatic fluctuations from 2.58 Ma to Miocene. An
accurate age model for the red clay record is necessary to investigate the paleoclimatic
evolution through the analysis of climatic proxy records. The absence of abundant fossils and
an inability of radiometric dating method have made magnetostratigraphy a leading method
to build age model for the red clay. Magnetostratigraphy dating, based on visual correlation

only, could potentially lead to an erroneous age model. Therefore, I have intended to check
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magnetostratigraphic age model for the red clay record on the eastern Chinese Loess Plateau
with cyclostratigraphy as orbital parameters of the Earth are known. The hypothesis is that
the presence of the Milankovitch cycles in the climate records can evaluate the correctness of
the visual correlation between the magnetostratigraphic pattern and the GPTS. The main
objective of this first research is to demonstrate that only magnetostratigraphy and
cyclostratigraphy together should be used to build an age model for red clays; and to
reconstruct the paleoclimatic evolution during the red clay formation using climate

proxy parameters.

The Holocene, during the last 11,700 years, encompasses the entire history of human
civilization and exhibits fluctuations in climate. During this epoch, the Earth has experienced
substantial variations in climate due to postglacial or interglacial regime, and also has
developed most, if not all, of its present day landscapes and soils. To understand the present
climate changes and to make the prediction of future climate changes, it is important to study
the Holocene climatic variability as it is the closest analog for today’s climate. I have
concentrated on conducting magnetic proxy and grain size analyses on the Chinese loess-
paleosol profiles to investigate these climatic variations. The main objective of my second
study is to reconstruct the regional climate and environment change in the Holocene,
which is recorded in the Chinese Loess, and to investigate whether climate change

differs from region to region.

The Siberian trap basalts are the largest igneous continental province on the Earth, covering

an area of ~3.7 x 10° km? in the western part of the Siberian platform. These were emplaced
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during a relatively short period of time (~1 Ma) at the Permo-Triassic boundary (~250 Ma),
the time when the largest mass extinction occurred. It is critical to study the characteristics of
the magnetic field of the traps as it can reveal important information of the possible
relationships between magnetic intensity variations during polarity reversals, which is an
indicator of the outer earth core changes, and the largest mass extinction. Paleointensity
studies at the Permo-Triassic boundary provide the opportunity to investigate the extension
of the Mesozoic dipole low, during which, the dipole moment appeared to be about one-third
of its present value (Prévot et al.,1990). There remains, however, a contradiction about the
strength of the magnetic field at the Permo-Triassic boundary due to an insufficient amount
of data. I investigated samples, which have been dated at ~250 Ma, of the Permo-Triassic
trap basalts. The main objective of this third research project is to clarify the
geomagnetic field behavior and produce a grand mean paleomagnetic dipole moment
for the Permo-Triassic boundary to investigate the duration and characteristics of the

Mesozoic dipole low.

Dramatic changes in time-averaged geomagnetic field behavior have been observed in the
Mesozoic Era. Specifically, a peak in reversal rate in the Jurassic (~170Ma) was associated
with a weak geomagnetic field, while the field was apparently stronger during the Cretaceous
Normal Superchron (121-84 Ma). To determine if there is a similar transition in geomagnetic
field behavior during the Palaeozoic, preceding the Permo-Carboniferous Superchron (310-
265 Ma), paleointensity data for the time preceding the superchron are required. However,
limited data exist to describe geomagnetic field behavior in the late Devonian (~50 Myr

before the superchron). To fill-up the gaps in paleointensity data at the late Devonian, I have
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focused on investigating samples, which have recently been Ar—Ar dated to 377-364 Ma, of
late Devonian-aged volcanics and intrusives from the Viluy large igneous province in
Siberia. Paleointensity studies at the late Devonian can provide insight to identify the
recurring phenomenon in paleomagnetic behavior and the possible causes which could
potentially influence this recurring feature. The main objective of my fourth study is to
fill-up the gaps in paleointensity data for the late Devonian and to investigate the
prediction that the superchron state between ~310 and 265 Ma might have been

preceded by a period when the field was weak and rapidly reversing.
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Chapter 2"

Magneto- and cyclostratigraphy in the red clay sequence: new age model and

paleoclimatic implication for the eastern Chinese Loess Plateau

2.1 Introduction

The Chinese Loess Plateau contains a loess-paleosol sequence underlain by red clay. As this red
clay went through strong pedogenic processes and oxidation while depositing in a more humid
and warmer climate compared to that of upper Quaternary loess and paleosol, it is more reddish
in color. Both the red clay and loess-paleosol sequences show common magnetic mineralogy
containing magnetite, maghemite, and hematite (Liu et al., 2003). The Quaternary loess-paleosol
sequence in China is being extensively studied to determine paleoclimate variations (Lu, 1981;
Kukla et al., 1990; An et al., 1990; Xu and Liu, 1994; Ding et al., 1994; Van Huissteden et al.,
1997; Lu et al., 2002). The red clay sequence has been investigated to understand the earlier
paleomonsoon evolution (Liu, 1985) and paleoclimatic history of the Pliocene and Miocene
epochs (Liu et al., 2003). The absence of abundant fossils and inability of radiometric dating
methods to date the red clay sequences made magnetostratigraphy a leading method to build age
models (Vandenberghe et al., 2004; Sun et al., 2006; Nie et al., 2008; Sun et al., 2010). At the
same time, magnetostratigraphy dating based on usually subjective correlation of the normal and
reverse polarity intervals with the Geomagnetic Polarity Time Scale (GPTS) could potentially
lead to erroneous age models. Testing magnetostratigraphy models in red clay sequences could

be done using cyclostratigraphy as orbital parameters of the Earth (the 18—24 kyr precession, 40

* A version of this chapter has been published as: Anwar, T., Kravchinsky, V.A., and Zhang, R., 2015. Magneto-and
cyclostratigraphy in the red clay sequence: new age model and paleoclimatic implication for the eastern Chinese
Loess Plateau. Journal of Geophysical Research: Solid Earth, 120(10), 6758-6770.

57



kyr obliquity, and 95-125 kyr and 405 kyr eccentricity) are known accurately for the last 50
million years (Laskar et al., 2004, 2011). In our study we perform such testing on red clay and
demonstrate that magnetostratigraphy alone could lead to dramatically different and possibly
inadequate outcomes. We wuse cyclostratigraphy in order to establish the proper

magnetostratigraphic age model for the red clay.

In order to perform cyclostratigraphy analysis we looked for the presence of Milankovitch
periodicities recorded in the well-preserved red clay deposits at Shilou on the Loess Plateau in
eastern China by analyzing the magnetic susceptibility and grain size data from Xu et al. (2009),
which were reported but not processed. The red clay sequences on the eastern CLP are generally
younger than 8.5 Ma (Song et al., 2007; Qiang et al., 2011), with the exception of the studied

Shilou section.

Preserved orbital frequencies can be used to predict present and future climate variations in the
global climate system. For example, magnetostratigraphy and rock magnetic cyclostratigraphy
together have already been used in Eocene marine marls to establish chronostratigraphy
(Kodama et al., 2010; Kodama and Hinnov, 2014). We used both the magnetic susceptibility and
grain size as paleoclimate proxy parameters as suggested in Kukla et al. (1988), Liu (1985), Ding
et al. (1994), Xiao et al. (1995), and others. The red clay shows gradual changes in light reddish
color and pedogenic structures from lower to upper parts and variations in magnetic
susceptibility (Sun et al.,, 1997). Xu et al. (2009) used a visual correlation between
normal/reverse polarity intervals and the Geomagnetic Polarity Time Scale to conclude that this

section 1s 11 million years old. Our spectral analyses of magnetic susceptibility and grain size
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records using the depth-age relationship from Xu et al. (2009) uncovered unreasonably large
periodicities that did not correspond to Milankovitch cycles. An age model built on the basis of
magnetostratigraphy alone might be incompatible to evaluate Milankovitch cycles recorded in
the red clay deposit. The continuous sequence alternations of sedimentary cycles in the red clay
are related to climate variations caused by Earth’s orbital parameters. As the analysis of climatic
variation depends mostly on the age of the red clay, we looked for a technique that would allow
us to determine the precise age of the red clay. We used cyclostratigraphy to construct a new
magnetostratigraphic age model assuming that Milankovitch cycles may be found through
correction of the correlation between magnetic polarity patterns and the GPTS (Cande and Kent,
1995). Paleoclimatic evolution during the period of Shilou red clay deposits was also reanalyzed
using magnetic susceptibility values and a grain size index. We further demonstrate that a
combined technique of magnetostratigraphy and cyclostratigraphy could become a standard tool

for evaluating the age from red clay sections where fossils are rare.

2.2 Geological Setting and Stratigraphy

The Shilou red clay profile is situated ~15 km northwest of Shilou County in Shanxi Province,
China. It is located on the eastern edge of the Loess Plateau and bounded by the Liiliang
Mountains in the east and the Yellow River in the west (Figure 2.1). The whole Shilou red clay
sequence is about 72 m thick. The top 69.4 m is sampled, whereas the bottom 2—3 m is under
water and has not been investigated (Xu et al., 2009). The Shilou red clay profile contains 2.8 m
of Quaternary loess-paleosol sequence and 69.2 m of red clay. In general, the red clay is
composed of reddish soils and calcareous nodules and displays stronger pedogenic weathering

than the Quaternary loess-paleosol. The lower part of the red clay deposit is lighter in color than

59



the upper part. Within the whole profile, 73 red clay and carbonate nodule couplets were
identified in Xu et al. (2009). Normally, paleosol layers are accompanied by a carbonate nodule
horizon in the red clay. In the Shilou sequence, some paleosol layers may not have carbonate
nodules between them. Xu et al. (2009) observed that some carbonate nodules melded, making

the section boundaries indistinguishable.

" Loess Plateau
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Figure 2.1. Geographic location of the Shilou red clay section in China. Dashed contour

indicates the extent of the Chinese Loess Plateau.

Xu et al. (2009) originally defined the stratigraphic structure of this area in two units. Later, four
stratigraphic parts were proposed for the whole section (Xu et al., 2012), and it was shown that
the second and third parts had similar characteristics with weakly developed soil character. In
our study, the Shilou red clay profile is divided into three units (Figure 2.2) according to
lithological characteristics. Unit 1 (2.8 m to 28.5 m) of the Shilou red clay profile consists of
dark reddish brown clay with carbonate nodule horizons and abundant Fe—-Mn coatings. The

color and soil structure of unit 1 indicate that it was subject to the strongest pedogenesis. Unit 2
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(28.5 to 42.4 m) is light reddish brown with weakly developed soil and displays weaker
pedogenesis than the overlying unit. Unit 3 (42.4 m to the bottom) is more reddish with stronger

pedogenic features compared to unit 2 (Figure 2.2).
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Figure 2.2. Stratigraphic feature (left) and field characteristics (right) denoting three different
units of lithological record in the Shilou red clay deposit. Legend: 1—red clay with strong
pedogenesis, 2—red clay with medial pedogenesis, 3—red clay with weak pedogenesis, 4—

carbonatenodules, 5—loess. Photo courtesy of Yong Xu.
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2.3 Methods

2.3.1 Sampling and Measurements

In our analysis we used a combination of the data from Xu et al. (2009) and our own data from
the samples kindly provided by Y. Xu and L. Yue. Overall the paleomagnetic samples were
taken at intervals of 20 cm. Oriented block hand samples were cut into 2x2x2 cm® cubic
specimens. All the cubic specimens were demagnetized using a MMTDS80 thermal demagnetizer
and measured using a JR-6A spinner magnetometer in the State Key Laboratory of Continental
Dynamic (Department of Geology, Northwest University, Xi’an, China). Both the demagnetizer
and magnetometer are housed in a field free space (<300 nT) to avoid any viscous magnetization
during laboratory procedure. A few (50) pilot samples were additionally measured in the
paleomagnetic laboratory of University of Alberta (Canada) using 2 G cryogenic magnetometer
and ASC furnace hosted in the permalloy room with the residual field <§ nT. Thermal
demagnetization was applied using a 20-50°C increment from room temperature to 600°C or
680°C. Comparison of the sister sample results from both labs demonstrated strong agreement.
Representative orthogonal vector diagrams for normal and reversed samples are shown in Figure
2.3. It is evident that all samples possess two magnetic components. The first was unblocked at
low temperatures, generally ranging from room temperature to about 300°C. The direction of this
component is consistent with the present-day field, and is thought to be a viscous overprint. After
removal of the low-temperature component, the direction became stable and the vector decayed
toward the origin on the orthogonal diagrams. The principal component direction was computed
using least squares fitting technique (Kirschvink 1980) for selected demagnetization data points

(minimum of three, but mostly five to eight).
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I\gM

Figure 2.3. Orthogonal vector projections of stepwise thermal demagnetization of natural
remanent magnetization for the typical normal and reversed samples. Demagnetization steps are
in °C. The solid (open) symbols represent vector endpoints projected onto horizontal (vertical)

plane. NRM is the natural remanent magnetization.

Powder samples were collected at intervals of 20 cm along the study section for both magnetic
susceptibility and sedimentary grain size analyses. The magnetic susceptibility was measured by
the susceptibility meter model-942, and the grain size was analyzed on a Mastersizer 2000 laser
particle analyzer at Northwest University. The treatment procedure was identical to Xu et al.
(2009, 2012). Before the measurements, the grain size samples were subjected to standard
chemical pretreatment for red clays. Powder samples of 0.3-0.4 g were fully dissolved in 10 ml
of 10% boiling hydrogen peroxide (H20») solution in a 200 ml beaker to remove the organic
material components. The carbonates were also removed by boiling with 10 ml of 10%
hydrochloric acid (HCI). To avoid drying of the solution, distilled water was added during the
chemical treatment. Sample solution was then diluted with distilled water, and after standing

overnight, the clear water was decanted from the sample. Dispersion of the components was
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done by adding 10 ml of 10% sodium hexametaphosphate [(NaPOs)s] solution and oscillating

ultrasonically for about 10 min.

2.3.2 Magnetostratigraphy and Cyclostratigraphy

We reanalyzed both our data and data from Xu et al. (2009), and re-evaluated the magnetic
polarity interpretation, applying changes in the previous polarity pattern (Figure 2.4). Some short
polarity intervals based on only one sample could be an excursion and were removed from our
new analysis. In the GPTS, this short event is not documented. A first-order
magnetostratigraphic age model was obtained by correlating the new magnetic polarity results
and the geomagnetic polarity time scale (Cande and Kent, 1995). The age of each sampling level
for the red clay sequence was estimated by linear interpolation between correlation points of the
magnetic polarity boundaries. Magnetic susceptibility and grain size parameters have been
proven to be an excellent climate change recorder in the red clay sequences (Xu et al., 2012).
Assuming that Milankovitch periodicities are recorded in the red clay record as shown by
previous work (Vandenberghe et al., 2004; Sun et al., 2006; Nie et al., 2008; Sun et al., 2010),

we tested our first-order magnetostratigraphic age model with cyclostratigraphy.

We performed cyclostratigraphy through spectral analysis of the magnetic susceptibility and
grain size time series. If the spectral peaks of the magnetic susceptibility and grain size data sets
did not correspond to any Milankovitch periodicities, new correlation between magnetic polarity
patterns and the GPTS was made to find new age for the section. An age model based on only
visual correlation could result in an inaccurate age model; therefore, we performed an iteration

procedure (number of different correlations) for the data. The magnetostratigraphic age model
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was readjusted in the iterative manner by applying cyclostratigraphy (spectral analysis) for every
correlation until the Milankovitch cycles appeared to be resolved in the best possible manner.
Once the cycle was well resolved, the correlation of our polarity pattern with the GPTS was
confirmed to obtain the final magnetostratigraphic age model. The sedimentation rate was
evaluated from the depth-age relationship and checked for each correlation step as the
sedimentation rate for red clay is lower than that of loess-paleosol (Sun et al., 1998a; Sun et al.,
1998b; Ding et al., 1998; Ding et al., 2001). After trying several possible correlations, only one
showed reasonable result for both the cases of Milankovitch cycles and sedimentation rate for the

red clay section.

2.3.3 Spectral Analysis

Spectral analysis was performed by applying wavelet analysis to decompose the time series into
time-frequency phase space simultaneously. For real-valued geophysical time series, wavelet
analysis is more suitable than traditional spectrum analyses because it gives information about
the amplitude and variation of amplitude of any periodic signal within the series (Weng and Lau,
1994). This technique is particularly useful for nonstationary time series which are dominated by
periodicities that change in time (Torrence and Compo, 1998). Compared to classical Fourier
analysis, the wavelet spectrum provides a direct visualization of the changing statistical
properties in stochastic processes with time, a major advantage when studying climatic time
series (Witt and Schumann, 2005). Besides, Debret et al. (2007) demonstrated the advantage of
the wavelet analysis while detecting climatic periodicity. In this study, the modified Matlab code

from Torrence and Compo (1998) was applied in order to perform wavelet analysis. The Morlet
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wavelet and background red noise (at 95% of confidence) were used for the wavelet transform

described in Torrence and Compo (1998) and Debret et al. (2007).

2.4 Results and Discussion

2.4.1 A New Age Model for the Shilou Red Clay Sequence

The interface between classical loess and red clay is situated 2.8 m from the top of the plateau;
previous studies considered this interface to be the Matuyama-Gauss polarity boundary (Sun et
al., 1998b; Qiang et al., 2001; Zhu et al., 2008). In Figure 2.4, the 2.8 m to 27.3 m depth of red
clay corresponds to the Gauss normal-polarity chron and the depth from 36.1 m to 69.5 m
corresponds to four normal-polarity subchrons C3An.1n, C3An.2n, C3An.3n, and C3An.4n
(known as the Gilbert reverse polarity chron). As we described in section 2.3.2, this correlation
was executed in the iteration procedure manner until it is supported by cyclostratigraphy, rather
than mere visual matching with a number of polarity events. The new total age for the whole
Shilou profile, including the classical loess on the top, is 5.2 Ma (Figure 2.4) rather than 11 Ma
(Xu et al., 2009). Xu et al. (2012) showed the existence at 46.6 m of a tooth of Meriones sp.
which lived in the late Miocene; however, without further evidence, it is conceivable that the
tooth was transported to the red clay deposit. In support of our new age model, the age of the
upper, dark reddish brown clay part of the Shilou red clay section (unit 1, 2.8 m—28.5 m), named
the Jingle Formation by Teilhard and Young (1930, 1931), is 2.58-3.66 million years old, which
is similar to the age (2.5-3.4 Ma) of the Jingle Formation in the Hefeng section based on the
presence of mammalian fossils (Chen, 1994; Flynn et al., 1997). The new age model is not

consistent with the magnetostratigraphic age of the other red clay section in this region such as
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Baode red clay section (Zhu et al., 2008). This infers that for the red clay sequences, the age

models which were built by visual correlation only should likely be re-evaluated.
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Figure 2.4. Lithostratigraphic characteristics, magnetic susceptibility, coarse fraction (>30 pm)

content, inclination as a function of depth, and the new magnetic polarity interpretation of the

Shilou red clay section, together with correlation to the standard magnetic polarity scale (Cande

and Kent, 1995). The legend is the same as in Figure 2.2.

The age of each sampling level for the red clay sequence was estimated by linear interpolation

between correlation points of the magnetic polarity boundaries. The changes in sedimentation

rate were obtained from the depth-age relationship (Figure 2.5). The new age model yields an

average sedimentation rate of approximately 2.54 cm/kyr versus ~0.8 cm/kyr for the Xu et al.
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(2009, 2012) model. The sedimentation rate in the new age model varies from 1 to 4.5 cm/kyr
(Figure 2.5), which is less variable than the sedimentation rate in the Xu et al., (2009, 2012)
model and is consistent with the average dust depositional rate in other red clay sections located
near Xifeng (Sun et al., 1998a), Lingtai (Sun et al., 1998b), Jiaxian (Ding et al., 1998), and
Jingchuan (Ding et al., 2001). The fact that our new age model yields an average sedimentation

rate comparable to other reported values supports our findings.
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Figure 2.5. Depth-age relation and variation of the sedimentation rate of the Shilou red clay

sequence based on magnetostratigraphic correlation.
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2.4.2 Paleoclimatic Significance of Magnetic Susceptibility and Grain Size

Magnetic susceptibility and coarse fraction variations in the red clay were used to investigate
paleoclimatic evolution. Magnetic mineral content in the Loess Plateau in China is connected to
weathering and pedogenic processes. The fine-grained ferrimagnetic particles, such as magnetite
and/or maghemite, produced during pedogenesis are the main carriers of the magnetic
susceptibility signal (Maher and Thompson, 1991; Zhou et al., 1990; Deng et al., 2005). Since
pedogenesis intensity is related to the summer monsoon, the magnetic susceptibility is regarded
as a proxy for the summer monsoon (Kukla et al., 1990; An et al., 1991). The coarse fraction
content in the loess-paleosol can be used as a proxy for the winter monsoon because it is strongly
correlated to the strength of the wind during the winter monsoon (Lu et al., 1997; Lu and An,
1998) and is associated with the wet to dry climate changes in eastern Asia (Lu et al., 2004). The
red clay contains the same magnetic minerals as the loess-paleosol sequence and shows a similar
positive correlation between pedogenesis and magnetic susceptibility (Liu et al., 2003). Thus, the
magnetic susceptibility and grain size of the red clay can be used as climate proxies similar to
those of the loess-paleosol (Liu et al., 2003; Vandenberghe et al., 2004; Sun et al., 2010). Unlike
the loess-paleosol, the magnetic susceptibility of the red clay increases from bottom to top. That
is, the upper layers of red clay with higher clay content presented higher values of magnetic
susceptibility than lower layers that were higher in silt content and brownish in color. In general,
lower magnetic susceptibility and higher coarse grain size indicate winter monsoon
intensification, whereas higher magnetic susceptibility and fine grain size suggest summer

monsoon conditions.
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The magnetic susceptibility and grain size data used in this study were obtained in coordination
with the group from the Northwest University in Xi’an; a section from Xu et al. (2009) was re-
evaluated. Magnetic susceptibility and grain size measurements are spaced at 20 cm sampling
intervals. Xu et al. (2012) showed that the coarse fraction (>30 pm) content and median grain
size of the section exhibited similar shape curves. Figure 2.4 shows the record of magnetic
susceptibility and coarse fraction content (>30 um) versus depth in the studied section. The
magnetic susceptibility rises gradually from lower to upper parts of the section. The coarse
fraction (>30 pm) content curve represents almost 10% of the whole Shilou red clay deposit
(Figure 2.4). The time series of magnetic susceptibility and coarse fraction (>30 pm) content
(Figure 2.6) was determined by assigning a time to each depth from the depth-age relationship
(Figure 2.5). The time series of magnetic susceptibility and coarse fraction (>30 pm) content in
the red clay section at Shilou corresponds to climatic variations from 2.58 to 5.2 Ma. Three
stages of lithology comprising magnetic susceptibility and coarse fraction variation can be

recognized during this period (Figure 2.6).

The first stage, 2.58-3.66 Ma, is characterized by an increase in magnetic susceptibility
amplitude and a decrease in coarse fraction content, indicating a relative intensification of the
summer monsoon in the upper part of the red clay section (Figure 2.6). It is theorized that the
northern and eastern margins of the Tibetan Plateau began to rise about 3.6 Ma (Li, 1991; Liu et
al., 1996; Li and Fang, 1999; An et al., 1999, 2001; Pan, 1999; Shi et al., 1999; Zheng et al.,
2000; Song et al., 2001; Lu et al., 2001; Tang et al., 2003; Pan et al., 2004). The uplift in the
Tibetan Plateau that began approximately 3.6 Ma might have caused abrupt ecological shifts by

3.7 Ma, strengthening the East Asian summer monsoon from that period onward (Li et al., 1997;
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An et al., 2001; Guo et al., 2004; Wang et al., 2006). Simultaneous intensification of both
summer and winter monsoons can be found about 2.6-3.6 Ma (An et al., 2001; Wan et al., 2006).
Thus, independent paleoclimatic findings point to a reinforcement of the East Asian monsoon
2.5-3.6 Ma (Qiang et al., 2001; An et al., 2001; Wehausen and Brumsack, 2002; Tian et al.,
2004a; Hess and Kuhnt, 2005), and the lithology evidence presented here supports this

conclusion.
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Figure 2.6. Stratigraphic characteristics and correlation of the time series of magnetic
susceptibility and coarse fraction (>30 pum) content of the Shilou red clay section on eastern
Chinese Loess Plateau during the interval of 2.58-5.2 Ma. Blue lines indicate that the climate
evolution can be divided into three stages: 2.58-3.66 Ma, 3.66—4.5 Ma and 4.5-5.2 Ma. The

legend is the same as in Figure 2.2.
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In the second stage, 3.66—4.5 Ma, the magnetic susceptibility decreases and the coarse fraction
content presents high peaks that reflect an intensification of the winter monsoon and aridification
in Asia (Figure 2.6). A recent study reported prominent drying in the Loess Plateau in China
from 3.7 to 4.5 Ma and proposed that high latitude cooling played a role in the regional climate
change (Wang et al., 2006). A climate shift in 3.7 to 4.5 Ma was investigated in ice-rafting
information from the North Atlantic (Jansen and Sjeholm, 1991) and the North Pacific
(deMenocal, 1993). The closing of the Panamanian Isthmus at ~4.5 Ma and the Indonesia
Seaway before 4 Ma might have initiated reform of global climate patterns (Janecek and Rea,
1983; Haug and Tiedemann, 1998; Driscoll and Haug, 1998; Rea et al., 1998) and, hence,
accelerating global cooling and the subsequent growth of the ice sheets (Cane and Molnar,

2001).

In the third stage, 4.5 to 5.2 Ma, the susceptibility and coarse fraction content represent
variations of remarkably high frequency and large amplitude (Figure 2.6). This behavior suggests
that summer and winter monsoon cycles altered rapidly during this period. Atmospheric
circulation and environmental changes in eastern Asia could be affected significantly by the
uplift of the Tibetan Plateau (Ruddiman and Kutzbach, 1989; An et al., 2001; Guo et al., 2002,
2004; Wang et al., 2005). The climate shift at 4.5 Ma might have occurred due to the uplift of the
Tibetan Plateau around that time (Zheng et al., 2000), and it plays an important role in the
aridification of Asia (Wang et al., 2006). Research indicates a climate shift at this time for other
sections of the Loess Plateau in China. Chemical weathering intensity declines in the Lingtai red
clay section at 4.5 Ma (Guo et al., 1999), and the degree of pedogenesis decreases in the Xunyi

red clay sequence at ~4.2 Ma (Xue and Zhao, 2003). Terrestrial snail fossil accumulations
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suggest that the climate became increasingly drier around 4.5 Ma (Pei et al., 2004). Again, the
North Pacific dust flux, used as a proxy for the aridification of Asia, gradually increased from
4.5 Ma (Rea et al., 1998). Thus, all the above evidences support our data in three different time

periods and their connection to climate changes.

2.4.3 Paleoclimatic Periodicities in Red Clay Sequence

Climatic history is recorded in cycles that can be explained by the Milankovitch theory of orbital
forcing. Various sediment properties, such as grain sizes, coarse fraction content, and magnetic
susceptibility, are influenced by orbital changes of the Earth, i.e., Milankovitch cycles (Imbrie et
al., 1984; Shackleton et al., 1990; Kravchinsky et al., 2003; Laskar et al., 2004, 2011). Spectral
analyses of the time series of magnetic susceptibility and coarse fraction (>30 um) content were
performed to evaluate climatic periodicities preserved in the red clay section of the Loess Plateau
in China. Climatic proxies (magnetic susceptibility for the summer monsoon and coarse fraction
content for the winter monsoon) exhibited variations in response to Earth’s orbital forcing with

time and space.

In Figure 2.7, wavelet power spectra from 2.58 to 5.2 Ma are shown for magnetic susceptibility
and grain size. Coarse fraction content, a proxy for the winter monsoon and therefore less
sensitive to pedogenesis, and magnetic susceptibility show consistent orbital evolution during
this period. A 400 kyr cycle is visible with high power in the susceptibility and coarse fraction
content spectrum between 2.58 and 4.5 Ma. A 100 kyr eccentricity band is noticeable during 3—
4.5 Ma for magnetic susceptibility, whereas it is present from 3.5 to 4.5 Ma for coarse fraction

content and oscillates significantly. A relatively lower amplitude 100 kyr band, which may be
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periodically shifted due to the frequency modulation by the 400 kyr cycle, is observable during
4.5-5.2 Ma (Figure 2.7). A possibility of such modulation is described in Rial (1999). The 100
kyr cycle is mostly found at 95 to 125 kyr according to the theoretical models of Laskar et al.
(2004). Both magnetic susceptibility and coarse fraction show high amplitude at approximately
200 kyr which could be a harmonic to 95 and 125 kyr cycles. Strong 400 kyr and weak 100 kyr
bands were reported for the Lingtai red clay section over the interval 2.6-3.4 Ma (Sun et al.,
2006) and for the Chaona red clay section during 2—4 Ma (Nie et al., 2008). Therefore, we
investigated three different orbital variation imprints in the climatic signals. Between 2.58 and
3.5 Ma, Earth’s long eccentricity 400 kyr cycle is prominent in Figure 2.7. The strong 400 kyr
eccentricity, in combination with the 100 kyr eccentricity cycle, is present in the interval 3.5-4.5
Ma. During 4.5-5.2 Ma, records have a weak 100 kyr variability that is shifted significantly
(Figure 2.7). This study demonstrates that the frequency of climate cycles is correlated with

paleomonsoon evolution as well as with lithological features.
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Figure 2.7. Wavelet analysis of the magnetic susceptibility (top) and coarse fraction (> 30 um)
content (bottom) between 2.58 and 5.2 Ma. The color bars correspond to wavelet power. The
thick black line denotes a 5% significance level, the thin black contour shows the cone of
influence, and green dashed lines represent known Milankovitch periodicities. A Fourier power
spectrum is shown to the right. The red dashed line is the mean red noise spectrum (a lag of 0.45

for magnetic susceptibility and 0.5 for coarse fraction content).

In both the magnetic susceptibility and coarse fraction content series, force from Earth’s 400 kyr

orbital eccentricity cycle predominates because the eccentricity-related variance at 400 kyr is
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very strong during both summer and winter monsoons (Nie et al., 2008). Similar results were
obtained from benthic oxygen isotope data for the same age (Clemens and Tiedemann, 1997;
Kashiwaya et al., 2003). Magnetic susceptibility data suggest that intensified soil formation due
to the severe penetration of pedogenesis creates a gradual but continual appearance of 400 kyr
eccentricity cycles, whereas obliquity, precession, and 100 kyr eccentricity cycles are dampened
during warmer periods (Nie et al., 2008). The Tibetan Plateau uplift could also have intensified
the 400 kyr cycle in the paleoclimatic record (Nie et al., 2008). For most of the latitude, the 400
kyr cycle can be explained as an eccentricity modulated precession signal (Schwarzacher and
Fischer, 1982; Clemens and Tiedemann, 1997; Hinnov, 2000; Weedon, 2003). From 3.5-4.5 Ma,
our data show climatic variations with periods of 400 and 100 kyr eccentricity and winter
monsoon intensification. During this period (3.5-4.5 Ma), aridification was intensified in Asia by
the tectonic uplift in the northern and northeastern Tibetan Plateau. The 100 kyr cycle becomes
strong only after 0.6 Ma and is negligible prior to 3.5 Ma according to planktonic oxygen isotope
data (8'80), whereas planktonic carbon isotope (8'°C) data suggest that the 100 kyr cycle is very
weak during the last 5 million years (Tian et al., 2004b). Eccentricity cycles have possibly been
prime pacemakers of climate evolution over the past several million years through the
modulation of circulation patterns, carbonate production, and organic carbon burial processes
(Shackleton, 1977; 2000; Holbourn et al., 2007). Our results also suggest that eccentricity was

the main factor in climate evolution during 2.58-5.2 Ma.

Shorter cycles of 40 kyr (obliquity), and 24, 22, and 19 kyr (precession) are not present in the

time series shown in Figure 2.7, possibly because of the relatively low time resolution of the

paleosol unit in the paleoclimatic sequences (Lu et al., 2004). Just slightly below the red noise,
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there is a small peak in the 40 kyr range in the coarse fraction content spectrum, whereas there is
no such peak in the magnetic susceptibility record (Figure 2.7). We cannot find high frequency
precession cycles may be due to the spacing of our data points; the average time resolution of the
samples is 810 kyr. Albeit the time series analysis can give precession when the sampling
interval is at least twice per cycle, it is, indeed, only a bare minimum. Hence, it seems to be
better to target possible precession cycles with three or four samples per cycle (Kodama and
Hinnov, 2014). Besides, time series analysis of the astronomically tuned series is usually used to
identify the shorter cycles (obliquity, precession). Here we performed cyclostratigraphy for

untuned series to construct the new age model.

Our new age model enabled us to investigate Earth’s orbital impact on changes in the Shilou red
clay deposit during the Pliocene Epoch. Earth’s orbital eccentricity varied in amplitude for both
100 kyr and 400 kyr cycles. The influence of eccentricity cycles on climatic evolution during the
last several million years is not clearly understood (Clemens and Tiedemann, 1997; Muller and
MacDonald, 1997; Rial, 1999; Elkibbi and Rial, 2001; Kashiwaya et al., 2003). It is remarkable
that the 400 kyr eccentricity is well expressed, and 100 kyr eccentricity is preserved with slight
shifts in the Shilou red clay section. The results imply that the addition of cyclostratigraphy to
magnetostratigraphy analysis can change climate prediction model radically. This approach may
contribute to a greater understanding of the eastern Asia monsoon system. It is possible that a
large number of previously published red clay results based on magnetostratigraphy age model

only should be verified using the cyclostratigraphy approach suggested in our paper.
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2.5 Conclusions

(1) Constructed average sedimentation rate and spectral analyses result have enabled us to
conclude that the red clay section at Shilou on the eastern Chinese Loess Plateau was formed
5.2 Ma instead of 11 Ma as calculated by Xu et al. (2009, 2012). We find the average
sedimentation rate to be 2.54 cm/kyr, a value consistent with previous studies of red clay, and
the spectral analyses show that Milankovitch periodicities are recorded in the studied section.

(2) Paleomonsoon evolution during 2.58-5.2 Ma was reconstructed and divided into three
intervals (2.58-3.6 Ma, 3.6-4.5 Ma, and 4.5-5.2 Ma) using distinctive lithological features
and amplitude as well as frequency variations of proxy indicators. The latest interval shows a
relatively intensified summer monsoon, the middle interval indicates an intensification of the
winter monsoon and aridification in Asia, and the earliest interval represents a rapid
alteration of summer and winter monsoon cycles.

(3) The results indicate that a 400 kyr eccentricity cycle is well preserved, and the existence of a
100 kyr eccentricity in the red clay sequence on the Loess Plateau in eastern China suggests
that eccentricity plays a vital role in Pliocene climate evolution. We suggest that the
paleoclimatic response to the proxy variables and the orbital forcing was influenced by the
accelerating uplift of the Tibetan Plateau.

(4) Our study demonstrates that cyclostratigraphy can greatly assist magnetostratigraphy in
dating red clay sequences. This implies that many published age models for the red clay
sequences should likely be re-assessed where possible. An evaluation of the monsoon system

and climate change in eastern Asia might prominently benefit from our approach.
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Chapter 3

Holocene climatic evolution at the Chinese Loess Plateau: implications of

petromagnetic and grain size analyses

3.1 Introduction

Many paleoclimate studies have underlined the climate fluctuations in the Holocene interval in
many places (Steig, 1999, Bianchi and McCave, 1999; Wurster and Patterson, 2001; Baker et al.,
2001; McDermott et al., 2001 and others). Studies have explored six such fluctuations across the
globe with an indication of polar cooling, tropical aridity, and significant atmospheric deviations
(Mayewski et al., 2004). Although the development of the current human civilization has been
nurtured by the Holocene climate, there is quite a limited knowledge on climate variability
during this period. However, this limitation can be addressed through the approach of
comprehensive paleoclimate data collecting from different locations of the globe, particularly
from the climate sensitive ones. The arid and semi-arid China provides a highly sensitive and
profound area for large-scale climatic variations (Thompson et al., 1989; Feng et al., 1993;

D’ Arrigo et al., 2000; Jacoby et al., 2000).

Scientists and researchers have been investigating the Holocene paleoclimates and
paleoenvironments of the Chinese arid zone for quite a long time (Zhu et al., 1982; Liu, 1985;
An et al., 2000; Xiao et al., 2004; Feng et al., 2006; Zhou et al., 2010 and others). For this,
various records and archives including pollen and loess stratigraphy, variations in level of sea
and lake, lacustrine sediments and ice cores with steady isotopes have been being studied and

correlated to reconstruct the climatic variation in the Holocene. Particularly, pollen data, fossil
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fauna, paleosol, lake level, glacial remains, and archaeological data in China considered the mid
Holocene (ca. 9.4-3.1 ka) to be the Holocene optimum (Shi et al., 1992; Li, 1996). In Inner
Mongolia, strong monsoon fluctuations have been recorded as glacial advance and cessation of
paleosol development (Zhou et al., 1991). Based on the analyses of various records of
paleoclimatic imprints or proxies, He et al. (2004) suggested that the Holocene optimum
occurred at ca. 6.5-5.5 ka in the eastern China. For each area in China, the Holocene climate had
three distinct phases, and the middle Holocene optimum (8-5 ka) occurred in arid to semi-arid
areas (Feng et al., 2006). Studying independent proxies including contemporary pollen data,
Herzschuh (2006) explored that the event of the Holocene optimum with high precipitation
happened in a different time period in the Indian monsoon and the East Asian monsoon region; it
is the early Holocene and the mid-Holocene respectively for these regions. As there has been a
discourse among the Quaternary scientists on the climatic variations in China in different
intervals of the Holocene, it requires more clarification and better understanding of this climate

change through the detailed records from various sources.

Selecting proper proxies and developing reliable chronologies is the key problem in
reconstructing the variations in climate and environment during the Holocene. In arid and semi-
arid regions, loess-paleosol sequences react to climatic variations, indicating that these areas are
suitable for investigating the evolutions of paleoclimate and paleoenvironment (Rutter, 1992;
Ding et al., 1993; Maher, 2011). These sequences can be instrumental to reconstruct climatic
history of neighboring regions of the Loess Plateau through the last glacial cycle (e.g.,
Vandenberghe et al., 1997; Sun et al., 1999; Lu et al., 1999, 2000). It is clear that more complex

Holocene loess-paleosol sequences exist, and these are attributable to fluctuations in the
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monsoonal climate (Zhou and An, 1994; Huang et al., 2000). The loess-paleosol records with
reliable chronology are critical to understand the overall pattern of climate variations in the

monsoonal China during the Holocene.

The analysis of petromagnetic properties of loess-paleosol deposits is instrumental for the
interpretation of paleoclimatic conditions during the time of their accumulation. In this study,
these properties, along with sedimentary grain size, are analyzed to investigate the Holocene
climatic variations focusing on the loess-paleosols profiles from the region of the Guanzhong
Basin and the Mu Us Desert lain in the East Asian monsoonal zone. The Guanzhong Basin is
located at the southern edge of the Loess Plateau whereas the Mu Us Desert is situated at the
northern part of the Plateau. Here, efforts have been made to reconstruct a regional climate and
environmental changes in the Holocene recorded in the Chinese Loess; to explore the influence
of temperature, precipitation, and wind strength on regional climate changes; to understand the
responses of regional Holocene climate along the south-to-north eastern Chinese Loess Plateau;
and to investigate whether the world and China exhibit common climate dynamics or climate

change differs from region to region in the Holocene.

3.2 Study Area

In this study, five aeolian sections located in two different areas, the Yaozhou in the Guanzhong
Basin and the Jinjie in the Mu Us Desert, were sampled (Figure 3.1). The Yaozhou (34°53'N,
108°58'E) is situated at the Guanzhong Basin, about 60-70 km east of Xi’an city (YZ in Figure
3.1). At middle zone of the Yellow River valley, the Guanzhong Basin is located while having

the Loess Plateau to the north and the Qinling Mountains to the south (Figure 3.1). The land
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surface in the Guanzhong Basin has been quite settled because of less erosion, and eventually, it
has made the aeolian dust deposits and soil surface well-preserved during the entire Holocene
period (Huang et al., 2000). In the Guanzhong Basin, numerous Holocene loess-paleosol have
been studied to examine changes in vegetation at the Yaoxian (Li et al., 2003), variations in
climate at the Yaoxian (Zhao et al., 2007), and cultural effect at the Qingquicun (Huang et al.,
2000). Analyzing the stratigraphy and the proxy data, such sequences can provide critical
information regarding the fluctuations in climate, and also, they can explore major events
occurred since 11 ka BP to date (Shi et al., 1992). The present mean annual temperature shows
to be 13°C while mean rainfall is around 554 mm, and these are associated with a semi-humid
climate that displays a significant seasonal variations in temperature and precipitation which
becomes intense in summer. Three sections were investigated from this area: one at an outcrop
(YZ1), the second one at 100 m further south (YZ2), and the third one at 300 m west (YZ3) from
the first one. YZ2 is at the same pit of YZ1, whereas YZ3 is at a different pit. The sequence of 5
m YZ1, 3.3 m YZ2 and 4 m YZ3 are composed of three paleosol units of Holocene age (SoS1,
SoS>2 and SoS3), interbedded with two layers of loess (Figure 3.2-3.4). The stratigraphic unit was
identified through the examination of colour, texture and structure of the sediment. However, the
buried soils in these sections cannot be identified very well visually, and thus, the soil layers can

be confirmed through the magnetic measurements.
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Figure 3.1. (top) Geographic location of the studied areas (red star) and the other sites discussed
in the text: 1- Hongyuan peatland; 2- Yaozhou; 3- Jinjie; 4- Daihai Lake; 5- Hulun Lake; 6-Lake
Baikal; 7- Burdukovo. (bottom) Geographic location of the Yaozhou (YZ) and Jinjie (JJ) studied

areas in the Chinese Loess Plateau.
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The Jinjie (38°44'N, 110°91'E) is located at the southeastern margin of the Mu Us Desert (JJ in
Figure 3.1). The Mu Us Desert, being situated at the northern-central China and having sand
dunes, belongs to the peripheral region of the East Asian monsoon. Currently, almost two-thirds
of this desert are covered by these sand dunes (Sun, 2000). The ecosystem, in the semi-arid Mu
Us Desert, exhibits high sensitivity towards climate change since external climatic forces can
easily affect the vegetation, soil, and aeolian sand (Sun et al., 2006). The local mean annual
temperature, currently, varies from 6.0° to 9.0°C, and it is 200-400 mm in case of the mean
rainfall. 70% of the rainfall concentrates from July to September, with a warm and humid
summer as well as autumn. In winter, it is cold and dry with the prevailing cold winds being
northwesterly. Two sections from this area, JJ1 and JJ3 (along the road and about 1 km southeast
from JJ1), were studied. The 7m deep JJ1 and 8m deep JJ3 aeolian sequences contain three
distinctive dark brown sandy loam soil layers (SoSi, SoS2 and SoS3) separated by sand beds
(Figure 3.5 and 3.6). The stratigraphic subdivision was made by the field observation of colour,
texture, and structure of the sediment. For JJ3 section, there are mixture of sand and soils in

between two soil layers. All of these sections are situated above the Malan loess (L1).

The Yaozhou and the Jinjie loess paleosol sequences are both dated using optically stimulated
luminescence (OSL) dating technique (Zhao et al., 2007; Ma et al., 2011). In the Yaozhou, the
boundary between the lowest paleosol (SoS3) and the Malan Loess was OSL dated 8.44 + 0.59 ka
(Zhao et al., 2007). At the Jinjie, the lowest paleosol (SoS3) was bracketed by two OSL dates—
7.07 £ 0.42 ka at the bottom and 3.91 + 0.18 ka at the top (Ma et al., 2011). Ages of each soil
section are assigned based on the OSL dating of Zhao et al. (2007) for the Yaozhou area and Ma

et al. (2011) for the Jinjie area (Figure 3.2-3.6).
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3.3 Methods

3.3.1 Sampling

A total of 573 non-oriented bulk samples were collected from the 5 sections (YZ1: 100, YZ2: 80,
YZ3: 85, JJ1: 150 and JJ3: 158 samples) for petromagnetic analysis. Samples were taken
continuously at 5 cm intervals (2.5 cm intervals only for the thin soils) from all sections.

Sampling was started from the top that contains present day soil i.e. the cultivated layer.

3.3.2 Petromagnetic Analysis

A number of petromagnetic parameters such as low and high frequency magnetic susceptibility
(MS), anhysteric remanent magnetization (ARM), saturation isothermal remanent magnetization
(SIRM), and back field isothermal remanent magnetization (bIRM) were measured to identify
variations in the concentration, grain size and mineralogy of magnetic material in the samples.
This was conducted in the paleomagnetism and petromagnetism laboratory of the Physics
Department at the University of Alberta. These parameters (low field mass specific magnetic
susceptibility x;r and SIRM) and the ratios derived from them (frequency dependence of
magnetic susceptibility FD and normalized to the steady field anhysteric remanent magnetization
(Xarm)) Were used to interpret the paleoclimatic conditions during deposition of the studied

loess-paleosol sections.

In the laboratory, 8 cm?® plastic non-magnetic boxes were used to host the sediments for
petromagnetic measurements. The low-frequency (0.43 kHz) and high-frequency (4.3 kHz)
magnetic susceptibility of each sample were measured using a Bartington Instruments MS2B

dual frequency meter. To reduce the level of considerably high noise from the Bartington
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instrument, special precaution was taken during measurements. Each sample was measured three
times in different positions, and the average MS value was calculated for both low and high
frequency measurements. All the values were checked before getting the average, and found
consistent without high errors. Air measurements were taken in between two samples’
measurement each time to monitor and eliminate the instrumental drift. The FD value was
calculated for each sample using its averaged low and high frequency MS values. ARM was
acquired in the samples subjecting to a peak AF field of 100 mT and a steady DC field of 0.1 mT
by a 2G cryogenic magnetometer demagnetizer. This ARM was normalized to the steady field to
yield x4rm- SIRM was acquired in the samples by subjecting them to a field of 0.6 T through a
2G IRM stand-along electromagnet. bIRM was induced to the samples by using a reversed field
of 0.3 T and the acquired remanences were measured on the cryogenic magnetometer.

Parameters (X4rm /X1 and X4rm/SIRM) were also evaluated for each sample.

3.3.3 Grain Size Analysis

Grain size analysis was performed in order to determine relative wind strengths during loess
deposition of the studied sections. Sedimentary grain size was measured on a Mastersizer 2000
laser particle analyzer at the Northwest University (Xian, China). The grain size samples were
subjected to standard chemical pretreatment. To eliminate the organic material, samples of 0.3—
0.4 g were fully dissolved in 10 ml of 10% boiling hydrogen peroxide (H202) solution in a 200
ml beaker. The carbonates were also removed by boiling with 10 ml of 10% hydrochloric acid
(HC1). Distilled water was added during the chemical treatment to avoid drying of the solution.

After standing overnight, the clear water was decanted from the sample. Through a combination
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of an addition of 10 ml of 10% sodium hexametaphosphate [(NaPOs3)s] solution and an

oscillation for around 10 minutes ultrasonically, dispersion was created for the components.

3.4 Results

3.4.1 Petromagnetic Parameters

The measured parameters of five sections (YZ1, YZ2, YZ3, JJ1, and JJ3) have been plotted
against depth of the sections in Figure 3.2-3.11. Magnetic susceptibility has been widely used as
a proxy indicator to investigate Quaternary climate change by loess-paleosol sequences on the
Chinese Loess Plateau (Heller and Liu 1984; Balsam et al., 2004). The MS record demonstrates
intensity variations of the pedogenesis, caused by precipitation changes related to summer
monsoon climatic fluctuations (An et al., 1991; An and Xiao, 1990). x;s measures the magnetic
response caused by magnetic remanences as well as non-remanent components present in the
samples (Robinson, 1986; Thompson and Oldfield, 1986; Evans and Heller, 2003). x;; values
(average 0.13x10° m>kg™!) for the Jinjie area (JJ1 and JJ3 sections) are relatively lower than that
(average 1.05x10° m’kg™!) of the Yaozhou area (YZ1, YZ2 and YZ3 sections), suggesting that
the latter area has higher concentration of magnetic particles. The loess and paleosol layers are
all clearly identifiable in the y;r profiles from all sections (Figure 3.2-3.6). In this study, the
susceptibility curves (x;r) of all the sections show that the soils have higher susceptibility
compared to the loess/sand beds (Figure 3.2-3.6), indicating warm-wet climate conditions during
the formation of these accretionary soils. On the other hand, lower X;r values in the loess/sand
layers exhibit a cool-dry climate and intensified aeolian dust deposition as well as weak
pedogenic processes during loess deposition. The upper layer of the soils (SoS1), formed thinner

in a shorter period, shows weak x;r values almost as same as the values of adjacent aeolian
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loess/sands, whereas the lower layers of soils represent stronger signals for the sections YZ2,
YZ3, JJ1, and JJ3 (Figure 3.3-3.6). For YZ1 section, SoS; shows high peak with disturbance,

probably due to the close proximity of SoS; to the modern soil or the cultivated layer (Figure
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Figure 3.2. Stratigraphy and magnetic concentration parameters of the YZI section. x;; — low
frequency magnetic susceptibility (10° m® kg™!); FD (%) — frequency dependence parameter;
Xarm — anhysteric remanent magnetization (10°® m® kg™!); and SIRM — saturation isothermal
remanent magnetization (107 Am? kg!). Horizontal grey bars denote soil horizons, interpreted

as relatively warm-wet intervals.
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Figure 3.3. Stratigraphy and magnetic concentration parameters of the YZ2 section. Same

abbreviations as in Figure 3.2.
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The FD parameter appears to be higher in soil horizons compared to the loess as it is related to
the distribution of ferromagnetic minerals, commonly superparamagnetic magnetite produced
during soil formation (Thompson and Oldfield, 1986; Evans and Heller, 2003). All soil horizons
exhibit higher FD values (ranging around 8-10%) compared to their respective parent loess
horizons, and these are in agreement with the x;r values (Figure 3.2-3.5). These higher FD
values of studied soil horizons confirm the continuous production of superparamagnetic particles
during the pedogenesis in warmer interval. However, for the JJ3 section, the FD parameter does
not show variations to corresponding sands and soils (Figure 3.6), probably due to the sandiness

of the soils for this section.

Xarm and SIRM indicate variations in magnetic mineral concentration, and values get higher
with increasing concentration of minerals having a high magnetization such as magnetite
(Thompson and Oldfield, 1986; Yu and Oldfield, 1989; King and Channell, 1991; Evans and
Heller, 2003). Figure 3.2-3.6 indicate that the paleosol horizons have higher y,zy and SIRM
values compared to the loess/sand horizons. The higher x4y and SIRM values represent higher
concentration of magnetic particles within the soil layers, and indicate warmer-wetter conditions
and active pedogenic processes during the time of soil formation. Whereas lower values, found
in the loess/sand layers, indicate cooler-drier conditions and weak pedogenic intensity during the
periods of intensified dust deposition. For all the sections, x4z) and SIRM curves indicate the

presence of x;r and FD peaks, corresponding to the soil horizons (Figure 3.2-3.6).
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3.4.2 Sedimentary Grain Size

The grain size variations of loess deposits have commonly been used to monitor past wind
intensity changes (Pye and Zhou, 1989; Rea, 1994). Stronger winds are associated with more
dust storms, coarser particle size and larger dust input to the Loess Plateau (Ding et al., 1994).
The average median grain size values are larger for the Jinjie area (~220 pwm) than the Yaozhou
area (~13.9 um), representing that the grain size records of the Holocene loess deposits decrease
from north to south over the Chinese Loess Plateau. The grain size of the last glacial loess
deposits also displays an overall southward decrease (Yang and Ding, 2004) as the loess was
created primarily in the sandy Gobi deserts in northwestern China and was carried away by the
near-surface northwesterly wind (Liu 1985; An et al., 1991). The median grain size of the studied
sections does not demonstrate well the general characteristic of the smaller values for the soil
horizons (Figure 3.7-3.11), indicating that the wind intensity did not vary much for these areas
during the Holocene. Moreover, the median grain size of the loess and soil horizons of the
Yaozhou area (YZ1, YZ2 and YZ3 sections) shows a little variability compared to the loess and
soil layers of the Jinjie area (JJ1 and JJ3 sections), suggesting that the wind intensity fluctuation
was higher in the north loess plateau (Jinjie area) in contrast with the south loess plateau

(Yaozhou area).

The ratios Xagrm/Xif and Xagm/SIRM indicate variations in magnetic grain size and the values
decrease with increasing magnetic grain size (Thompson and Oldfield, 1986; King et al., 1982;
Maher, 1988; Evans and Heller, 2003). For all the sections, magnetic grain size (X4rym /X and

Xarm/SIRM) varies in the same manner as the sedimentary grain size does (Figure 3.7-3.11).
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Both the ratios reflect a little variability for loess and soil horizons indicating smaller relative

changes in magnetic grain sizes.
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Figure 3.7. Stratigraphy and analytic data for the YZI section. x;r — low frequency magnetic
susceptibility (107 m® kg™'); MD — median sedimentary grain size (um); Xarm /Xt 5 — magnetic
grain size parameter (unitless); and X gy /SIRM — magnetic grain size parameter (10~ mA™).

Horizontal grey bars denote soil horizons, interpreted as relatively warm-wet intervals.
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Figure 3.8. Stratigraphy and analytic data for the YZ2 section. Same abbreviations as in Figure
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Figure 3.9. Stratigraphy and analytic data for the YZ3 section. Same abbreviations as in Figure

3.7.
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Figure 3.10. Stratigraphy and analytic data for the JJ1 section. Same abbreviations as in Figure

3.7.
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3.5 Discussion

3.5.1 Variations in the Holocene Climate

Three soil layers (SoS1, SoS2 and SoS3) are identified for all the sections not only in the field but
also in the laboratory by higher magnetic concentration parameters (X;r, Xagm, SIRM) and FD
parameter. Therefore, x;r, FD, x4rm and SIRM are higher for soil and lower for loess/sand
horizons, indicating warmer and colder assemblage respectively. The sedimentary and magnetic
grain size variations do not correspond to the soil intervals entirely. Furthermore, the magnetic
concentration parameters and FD parameter show a larger variation for the loess and soil layers
compared to the sedimentary and magnetic grain sizes for these layers. It demonstrates that
humidity fluctuation, which is related to the vegetation and soil formation, was stronger than the

wind intensity variation for the studied sections during the Holocene.

Petromagnetic analysis of five loess sections in the Yaozhou and the Jinjie shows clear changes
in regional climate, and provides paleoenvironmental information over the Holocene. Changes of
parameters with soil formation in five studied sections, at the Yaozhou (Jinjie), suggests three
distinct warm-humid time periods during the Holocene: the oldest warmer interval was between
8.4-3.7 ka (7.0-3.9 ka), the middle one occurred between 2.4-1.2 ka (2.9-1.7 ka), and the
youngest started at 0.81 ka (1.1 ka) (Figure 3.2-3.6). Furthermore, based on the data, two cold-
dry intervals associated with loess deposition can be considered at the Yaozhou (Jinjie): 3.7-2.4
ka (3.9-2.9 ka) and 1.2-0.81 ka (1.7-1.1 ka). However, at these areas, the onset and termination
of warming-cooling intervals during the Holocene were almost similar with a slight difference. A
subsequent warm-humid phase took place between ~8.4 ka and ~3.7 ka, indicated by the

development of strong soil (SoS3) in all five sites. Combined with high values of all
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petromagnetic parameters in the studied regions (Figure 3.2-3.6), this period is attributed to the
Holocene optimum, a warm period (generally warmer than today) in the middle of the Holocene.
Soil SoS3 formation terminated around ~3.7 ka, suggesting a cold-arid period. This resulted in an
active period for the loess/sand during ~3.7-2.4 ka. The soil SoS> developed between ~2.4 and
~1.2 ka, and at that time, the values of the petromagnetic parameters indicate a warm-humid
period in this region (Figure 3.2-3.6). The climate became colder and drier between ~1.2 and
~0.81 ka as the sand/loess was deposited, illustrated by low values of petromagnetic parameters.
Soil SoS1 formed in the interval of ~0.81-0.48 ka (Figure 3.2-3.6), suggesting a warm-humid

period.

3.5.2 Comparison of Regional Paleoclimatic Records

Changes in climate in the studied sections can be compared with the other reported paleoclimatic
records from the neighboring monsoonal region of semi-arid China. In this study, we used tree
pollen records from peatlands or lakes, located along the south-to-north regional transect on the
eastern Loess Plateau, to make comparison with our results. In order to compare, low frequency
magnetic susceptibility (x;5) of YZ3 section from the Yaozhou and JJ3 section from the Jinjie
have been selected as reference curve since these identify soil intervals better than the others.
The sites from south to north include the Hongyuan peatland (Zhou et al., 2010), the Yaozhou
(YZ3), the Jinjie (JJ3), the Daihai Lake (Xiao et al., 2004), and the Hulun Lake (Wen et al.,
2010) (Figure 3.12). Summer temperature and precipitation are two dominant climatic factors
controlling soil formation as well as pollen assemblages (Shen et al., 2006). Thus, high magnetic
parameters and high tree pollen should reflect warm-wet climates. Three warmer intervals of the

studied region visually correlate well with the higher pollen data (Figure 3.12).
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Figure 3.12. Comparison of Holocene paleoclimate records in China (from south to north): total
tree pollen percentage at Hongyuan peatland (Zhou et al., 2010); x;r — low frequency magnetic
susceptibility (107 m? kg™!) for YZ3 section (this study); X, 7 (107 m® kg™!) for JI3 section (this
study); total tree pollen percentage at Daihai Lake (Xiao et al., 2004); and total tree pollen
percentage at Hulun Lake (Wen et al., 2010). Locations of these areas are shown in Figure 3.1.

Grey horizontal bars represent the warm-wet climatic intervals based on the record of this study.

Pollen records from the Hongyuan peatland (Zhou et al., 2010), the Daihai Lake (Xiao et al.,
2004), and the Hulun Lake (Wen et al., 2010) show peak tree pollen abundance in the mid-
Holocene between ~8.4 and ~3.7 ka (Figure 3.12), suggesting a warmer-wetter climate. There is
an agreement in the mid-Holocene maximum or climate optimum as documented at our studied
sections and other sites (Figure 3.12). In the Lake Daihai which is situated at the northeast from
the Mu Us Desert, high and stable lake level also occurred at ~8—3 ka (Sun et al., 2009). An

ancient wetland existed continuously from ~7.8 to 4 ka at valleys, southeast of the Lanzhou,
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which is located further west from the Yaozhou (An et al., 2005). A humid mid-Holocene
corresponds well with a more recent reconstruction of monsoonal precipitation through various
imprints from the Chinese Loess Plateau (Lu et al., 2013). Zhao and Yu (2012) studied most of
the sites of the temporary zone, located between forest and temperate steppe vegetation in the
northeastern China, and confirmed the presence of the wettest climate occurred between ~8 and
~4 ka. The high level of the Lake Huangqihai during 84 ka (Shen, 2013), situated in the
monsoonal region, indicates a strong East Asian summer monsoon happened in the mid-
Holocene. In the Horqin dunefield, the greater density of vegetation coverage occurred between
~8 and ~3.2 ka, suggesting a warm and humid climate (Mu et al., 2016). In the studied sections,
even though the termination of the warm-humid Holocene optimum slightly vary in different
sections, this is possibly due to the age model imperfections and assumptions of the close to
constant sedimentation rate, the inconsistencies of various of different dating methods or

irregularity of the Holocene optimum (e.g., An et al., 2000; He et al., 2004).

From ~3.7 to ~2.4 ka, the decreasing susceptibility of the studied sections suggests a drying and
cooling climate trend that correlates with the tree pollen data (Figure 3.12). The pollen sequence
collected from the Taishizhuang peat site, located at the southeastern edge of the Mongolian
Plateau, confirms a significant climatic variation taken place at around ~3.4 ka, and during that
time, the tree component almost disappeared entirely (Jin and Liu, 2002; Tarasov et al., 2006).
Both in the south-central and the southeastern Inner Mongolia region, a major cultural shift
occurred at ~3.5 ka (Liu and Feng 2012). After ~3.7 ka, aeolian sand transportation took place
more frequently and the East Asian summer monsoon strength decayed significantly, as

perceived from the higher probability density values (Wang et al., 2014). A drying and cooling
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climatic shift also found in two cave speleothem sequences in the southern China from the
Linhua Cave at ~3.3-3.0 ka (Cosford et al., 2008), and from the Heshang Cave at ~3.6-3.1 ka

(Hu et al., 2008).

For the interval of ~2.4-1.2 ka, the magnetic climate data of this study coincides well with the
tree pollen data of the Hongyuan peatland (Zhou et al., 2010), the Daihai Lake (Xiao et al.,
2004), and the Hulun Lake (Wen et al., 2010) (Figure 3.12). This period can be confirmed by the
moist grassland at the Guanzhong Basin (Li et al., 2003). Furthermore, in Figure 3.12, the
correlation analysis of magnetic susceptibility and tree pollen data shows good agreement for the
cold-dry interval of ~1.2-0.81 ka. Although the warmer interval of ~0.81-0.48 ka, recorded by
the magnetic proxies in this study, does not correlate well with the tree pollen data of the
Hongyuan peatland (Zhou et al., 2010) and the Hulun Lake (Wen et al., 2010), however, it shows
a good agreement with the tree pollen data of the Daihai Lake (Xiao et al., 2004) (Figure 3.12).
Our results are in broad agreement with pollen records, and demonstrate that same climatic

variation occurred along the south-to-north eastern Chinese Loess Plateau during the Holocene.

3.5.3 Comparison of Global Paleoclimatic Records

Our results of Holocene climate changes in China can be compared with the global records. We
compare our low frequency magnetic susceptibility (x;r) records of YZ3 and JJ3 sections with
the Lake Baikal 8'0 values from diatom silica (Mackay et al., 2011), FD records of the
Burdukovo loess section in Siberia (Kravchinsky et al., 2013), temperature variations in the
northern hemisphere (McMichael, 2012), and Drift Ice Indices Stack from the North Atlantic

(Bond et al., 2001) (Figure 3.13). Temperature variations in the northern hemisphere during the
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Holocene have been reconstructed through the average of various published data (McMichael,

2012). The studied major episodes correspond visually to the other global records (Figure 3.13).
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Figure 3.13. Regional and global correlations (from south to north): y;; — low frequency

magnetic susceptibility (107 m? kgfl) for YZ3 section (this study); X;r (10 m? kgﬁl) for JJ3
section (this study); Lake Baikal 80'® profile linked to mass-balancing isotope measurements in
per mil deviations from VSMOW (Vienna Standard Mean Ocean Water) (Mackay et al., 2011);
frequency dependence (FD) parameter from loess section of Burdukovo in Siberia (Kravchinsky
et al., 2013); temperature variations (°C) in the northern hemisphere (relative to mean
temperature during 1960-1980) averaged from multiple published sources (McMichael, 2012);
and Drift Ice Indices Stack from North Atlantic (Bond et al., 2001). See Figure 3.1 for the
locations. Grey horizontal bars indicate the warm-wet climatic intervals based on the record of

this study.
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For ~8.4-3.7 ka, our data show high susceptibility and indicate warm-humid period for the
whole interval. Whereas, §'30 values of the Lake Baikal (Mackay et al., 2011), FD values of the
Burdukovo loess section (Kravchinsky et al., 2013), temperature variations in the northern
hemisphere (McMichael, 2012), and Drift Ice Indices Stack from the North Atlantic (Bond et al.,
2001) show two peaks during that interval (Figure 3.13). The higher latitude section Burdukovo
resolves short-term climate variations. The Lake Baikal record sampling resolution is quite low,
but it also registers the cooling interval between ~5 and 6 ka very well. There exists no clear
indication of such cooling interval in the Chinese loess, lacustrine, or other records. It may be
due to the reason that the high latitudes are more sensitive to the millennial scale changes in the
orbital parameters than the southern latitudes as demonstrated by the analysis in Loutre et al.
(1992). Usoskin et al. (2007) suggested the probability of the effect of the orbital parameters of
the Earth’s climate being insignificant in clarifying the direct influence of solar variability on
climate change. Beer et al. (2006) examined the probable feedback mechanisms for the
amplification of the solar heating effect. Nevertheless, the whole interval of ~8.4-3.7 ka in China
can be considered warm and humid period. The period between ~7 and 4.2 ka BP was
demonstrated as high summer temperature in the mid and high latitude areas of the northern
hemisphere (Klimenko et al., 1996; Alverson et al., 2003). Furthermore, an extensive paleosol,
developed on the eastern belt of the Badain Jaran Desert, indicates a climate optimum in the mid
Holocene (Yang et al., 2011). This humid episode between ~8.4 ka and ~3.7 ka is also found in
the North Africa (Guo et al., 2000). Therefore, the interval of ~8.4-3.7 ka can be considered a

globally registered Holocene optimum period.
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A cool and dry climate from ~3.7 to ~ 2.4 ka caused the lowest ;s and well-preserved loess/sand
in the studied area, also indicated by other global data (Figure 3.13). A cold and arid period from
~3.5 to ~2.5 ka in the northern hemisphere was determined by Mayewski et al. (2004), and this
interval is almost the same arid period as found in this study. In the northern hemisphere, the
3.5-2.5 ka shows rapid climate change intervals including the North Atlantic ice-rafting events
(Bond et al., 1997), and strengthened westerlies over the North Atlantic and Siberia (Meeker and
Mayewski, 2002). The interval, at 3.5-2.5 ka, also presents a strong aridity in the regions like the
East Africa, the Amazon Basin, Ecuador, and the Caribbean/Bermuda region (Haug et al., 2001).
Wanner et al. (2011) reviewed that the global cooling event between ~3.3 and ~2.5 ka coincided

with a considerably low solar activity forcing.

In Figure 3.13, warmer interval of ~2.4—1.2 ka and colder interval of ~1.2—0.81 ka in the studied
area correlate well with the 8'%0 values of the Lake Baikal (Mackay et al., 2011), FD values of
the Burdukovo loess section (Kravchinsky et al., 2013), temperature variations in the northern
hemisphere (McMichael, 2012), and Drift Ice Indices Stack from the North Atlantic (Bond et al.,
2001). This event (~1.2 to 1.0 ka) corresponds to the maxima in the §'*C and '’Be records,
indicating a weakening in solar output at this interval (Mayewski et al., 2004). At low latitudes,
~1.2-1.0 ka usually shows dry conditions in the tropical Africa and the monsoonal Pakistan
(Gasse, 2000; 2001). During ~1.2 to 1.0 ka, atmospheric CO> surged moderately and caused
variations in solar output resulting in drought in the Yucatan (Hodell et al., 1991, 2001). The
other warmer interval of ~0.81-0.48 ka also corresponds to FD parameter in the Burdukovo
(Kravchinsky et al., 2013), temperature variations in the northern hemisphere (McMichael,

2012), and Drift Ice Indices Stack from the North Atlantic (Bond et al., 2001). However, the
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resolution of the §'*0 data from the Holocene sediments of the Lake Baikal is not very high

(Mackay et al., 2011), and does not allow to evaluate this interval in the Lake Baikal.

Our results demonstrate that changes in petromagnetic parameters of the loess-paleosol
sequences in the studied area correlate closely with variations in climate documented separately,
as explored by other proxies. Both regional and global record show similar pattern of climatic
variations during the Holocene (Figures 3.12 and 3.13). Such correspondence demonstrates the
global connections among the continental climate in Asia and the central Eurasia, temperature
variations in the northern hemisphere, and the oceanic climate of the North Atlantic.
Furthermore, the Holocene optimum period (~8.4 to 3.7 ka) in the studied regions, indicating a

stronger warm-wet phase, appears to be a globally registered warming period.

3.6 Conclusions

(5) Petromagnetic and grain size analyses provide evidence for pedogenic alteration in the
Holocene loess sequences of the Chinese Loess Plateau, affected by the climatic variation in
temperature and precipitation but not by the climatic variation of wind intensity.

(6) Results indicate that subsequent warm-humid phase occurred in the studied regions during
~8.4-3.7 ka, ~2.4-1.2 ka, and ~0.81-0.48 ka, evidenced by the development of paleosols as
well as high values of petromagnetic parameters in all sections.

(7) Results demonstrate that the Holocene climatic optimum period, in the studied regions,
occurred between ~8.4 and ~3.7 ka.

(8) The Holocene climate record of the studied regions is consistent with the reported climate

records from the tree pollen analysis along the south-to-north eastern Chinese Loess Plateau
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at that time, suggesting that that same climatic variation occurred in the eastern monsoonal
China.

(9) Our results correspond to the record of climate changes on regional and/or global scales,
implying that similar climatic pattern of changes occurred in different regions of the world
during the Holocene and the Holocene climatic optimum took place at the same time interval

all over the northern hemisphere.
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Chapter 4

Microwave paleointensities indicate a low paleomagnetic dipole moment at the

Permo-Triassic boundary

4.1 Introduction

The behavior of Earth’s magnetic field in the geological past is found to be inconsistent and
poorly studied for some epochs. Interpreting the changes in the absolute paleointensity variations
presents an opportunity to understand the evolution of Earth’s magnetic field and to obtain new
information about the geodynamo's behavior. It can inform us how the convection in the
lowermost part of the Earth's mantle might be influencing the generation of the magnetic field in
the underlying core (Valet et al., 2003; Tauxe & Yamazaki, 2007; Biggin et al., 2012). Reliable
absolute geomagnetic field intensity data over geological time periods are required to solve
geoscience problems such as the dynamics of Earth’s core, the thermal interaction of the core-
mantle boundary, the relationship between the mean paleointensity and the reversal frequency
and the nucleation date of Earth’s inner core (Glatzmaier et al., 1999; Tarduno et al., 2006;
Christensen and Wicht, 2007; Biggin et al., 2012; Biggin et al., 2015). Although many studies
have attempted to capture the detailed information about the variation in paleointensity, these are
not sufficient enough to be reliable (see the absolute paleointensity PINT database; Biggin et al.,
2010) due to the lack of proper materials and magnetomineralogical alterations during the

experiments. Thus, it is important to get more reliable data about the history of Earth's magnetic

* A version of this chapter has been published as: Anwar, T., Hawkins L., Kravchinsky, V.A., Biggin, A.J., Pavlov, V.E.,
2016. Microwave paleointensities indicate a low paleomagnetic dipole moment at the Permo-Triassic boundary.
Physics of the Earth and Planetary Interiors, 260, 62-73.
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field intensity to compare the behavior of geodynamo models with measured data on all

accessible timescales.

Continental flood basalts (CFBs) are considered excellent objects for decoding the evolution of
Earth’s magnetic field since they are related to huge eruptions of lava flows during very short
spans of volcanic activity. One of the largest CFBs is situated at and around the Siberian
platform and was formed during the Permo-Triassic boundary (PTB) at approximately 250 Ma
(Courtillot and Renne, 2003; Almukhamedov et al., 2004; Reichow et al., 2005, 2009, and
references therein). This is a time interval when gigantic magma volumes erupted (Kuzmin et al.,
2010), the largest mass extinction occurred, and dramatic climatic changes took place
(Kravchinsky, 2012), and thus, this interval played a crucial role in Earth’s geological history.
This is also a period of particular interest concerning the characteristics of the dipolar field to
investigate the extension of the Mesozoic dipole low (MDL), which is a time interval
characterized by a dipole with a moment of approximately 30% of that of the present magnetic
field (Prévot et al. 1990). The MDL hypothesis has also been supported by several other studies
(Pick and Tauxe, 1993; Kosterov, 1998; Thomas and Biggin, 2003; Shcherbakova et al., 2011;

2012; Tauxe et al., 2013) although its duration is highly unclear.

Geomagnetic field directions are well known for the PTB, but paleointensity data are insufficient
giving rise to a contradiction about the average dipole moment during this time period. Some
studies from the northern part of the Siberian trap basalts (STB) have shown lower
(approximately half) paleointensity values compared to the present day field and suggested that

the MDL reached back to the PTB (Heunemann et al., 2004; Shcherbakova et al., 2005; 2013;
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2015). By contrast, another study, conducted on the southeastern part of the STB, has indicated a
possibility of higher absolute paleointensity values, almost equal to the present day field, and
suggested that the MDL did not extend back to the PTB (Blanco et al., 2012). Previous studies
used the conventional thermal Thellier-Thellier technique (Thellier and Thellier, 1959; Coe,
1967) to identify the ancient field intensity for the STB. However, the magnetic minerals in
samples are sometimes chemically altered during thermal paleointensity experiments (Valet et
al., 1996; Heller et al., 2002; Smirnov and Tarduno, 2003). Such studies were conducted on the
sections of either the northern or the southeastern part of the formation. One argued source of
discrepancy is that multi-domain behavior causing curvature of the Arai plots, with the lower
paleointensity results coming from the high temperature components which are underestimates
of the true paleointensity results. Another possibility is that this discrepancy is caused by secular
variation and the geomagnetic field being recorded at slightly different times for the northern
extrusive and southeastern intrusive localities, each being insufficiently large to provide a

representative time average.

To derive whether Earth’s magnetic field is weak or strong at that time period, further
paleointensity measurements are required. Here, for the first time, this study presents the
microwave paleointensity data of the PTB. The microwave paleointensity method (Walton et al.,
1996; Hill and Shaw, 1999) minimizes the occurrence of magneto-mineralogical alteration which
is the major problem associated with absolute paleointensity determination, resulting in a higher
success rate compare to the conventional Thellier-Thellier method (Bohnel et al., 2003 and
Biggin, 2010). Here, we intend to collate microwave Thellier-type paleointensity data of this

study with the thermal Thellier-type paleointensity data of previous studies, and produce a grand
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mean paleomagnetic dipole moment for the PTB. This provides an opportunity to investigate the
duration and characteristics of the MDL. Furthermore, QPI analyses (Biggin & Paterson, 2014;
Biggin et al., 2015) performed on all the published data including this study for the Siberian
Traps is presented. Moreover, this study covers a longer time interval involving both the
extrusive and intrusive traps of the northern and the southeastern localities respectively, and thus,

provides much wider geographical and spatial coverage.

4.2 Geological Settings

The STB of the Siberian platform represents the largest terrestrial continental igneous province.
Y0Ar— 3%Ar radiometric dates indicate that Siberian trap volcanism was produced at the PTB (250
+ 1.6 Ma) (Renne et al., 1995; Reichow et al., 2002) and the geological evidence supports that
these traps were deposited in a short time (0.9 £ 0.8 Ma) interval (Renne and Basu 1991) that did
not exceed 2 Myr (Reichow et al., 2009). The enormous volcanic activity contributed the greatest
mass extinction of flora and fauna in Earth’s history (Courtillot and Renne, 2003). The
emplacement of the Siberian traps is coeval with a major environmental crisis (Erwin, 1994;
Kravchinsky, 2012). These traps were built from one or more volcanic events involving the
outpouring of large volumes of mainly basaltic magma. The volcanic sequence is about 6.5 km
thick and the Permo-Triassic traps cover an area of approximately 3.7 x 10° km? with the
original volume of almost 3.0 x 10° km? in the northern part of the Siberian platform and under
the West Siberian sedimentary basin (Kravchinsky et al., 2002; Reichow et al., 2009; Kuzmin et
al., 2010). The sills extend to the east and the southeast of the province with an approximate area
of 1.5 x 10% km? (Zolotukhin and Al'mukhamedov, 1988). The magma source and emplacement

mechanism of the traps can be described by numerous models. It is argued that the Siberian traps
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were linked to the rifting triggered by an upwelling mantle plume (Basu et al., 1998; Griffin et
al., 1999; Courtillot et al., 1999; Kuzmin et al., 2010) rather than volcanism at an existing plate
boundary (Almukhamedov et al., 1996; Courtillot et al., 1999; Saunders et al., 2005; Kuzmin et
al., 2010). It has been further argued that melt intrusions could have produced the Siberian traps

eruption (Elkins Tanton and Hager, 2000).

The Siberian traps contain mafic, ultramafic, and silicic rocks, both intrusive and extrusive. In
this study, samples from both the northern extrusive (Maymecha-Kotuy region) and the
southeastern intrusive (Sytikanskaya and Yubileinaya kimberlite pipes) part of the Permo-
Triassic trap basalts on the Siberian platform were analyzed (Figure 4.1). Both these extrusive
and intrusive localities are important to study as, together, these cover a longer time interval.
Besides, these represent a huge territory providing a broad spatio-temporal representation of the

PTB.
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Figure 4.1. Geological map of the Siberian Traps and the geographic positions of the studied
sections (after Courtillot et al., 2010). Red stars represent the study areas: 1 — Maymecha-Kotuy

region, 2 — East Siberian intrusives (Sytikanskaya and Yubileinaya pipes).
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The Maymecha-Kotuy region, comprising ~70,000 km?, is situated in the northern part of the
Siberian platform and in the western Anabar region (location 1 on Figure 4.1). The volcanic
sequence is composed of the six formations, namely: Pravaboyar, Arydzhang, Onkuchak,
Tyvankit, Delkan and Maymechin, overlying the Tunguss sedimentary series (Figure 4.2). The
total thickness of this volcanic sequence is 4 km (Fedorenko and Czamanske, 1997). Both the
Pravaboyar Formation located in the lower part of the Maymecha section and the Arydzhang
Formation situated in the lower part of the Kotuy section are dated at 251.7 + 0.4 Ma, while the
Delkan Formation, representing upper part of the volcanic sequence of the Maymecha region, is
dated at 251.1 £ 0.3 Ma by absolute U-Pb dating of the perovskite (Kamo et al., 2003). More
recent studies indicate ages for these formations correspondingly to be 252.24 + 0.12 and 251.90
+ 0.061 Ma (Burgess and Bowring, 2015). We have studied the samples from the Truba section
(T) (71.55° N, 103.00° E) which comprises of the Onkuchak Formation along the Kotuy river
valley (10 km downstream from the Kayak village) and from the Maymecha section (M) (70.82°
N, 101.00° E) which corresponds to the Tyvankit and Delkan Formations in the Maymecha river
(opposite to the mouth of the Kogotok stream). While the Onkuchak Formation is mainly
composed of the tholeiitic basalts, the studied intervals of the Tyvankit and Delkan Formations
are represented essentially by trachybasalts and high-Ti meta-nephelenitic lavas correspondingly
(Kamo et al., 2003). The Truba section at Kotuy contains 42 basaltic flows and the total
thickness of these strata is about 360 m. Samples of the 4 flows (flow 28, flow 29, flow 35, and
flow 40) from the Truba section of the Onkuchak Formation have been measured (Figure 4.2).
17 directional groups (DG) and 13 individual directions (ID) were identified in the composite
Kotuy section based on the analysis of the secular variations recorded in the lava flows, and the

number of these DG and ID corresponds to the number of volcanic bursts and individual
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eruptions that formed the studied section (Pavlov et al., 2011; 2015). The division of the traps
into separate lava flows was ambiguous for the Maymecha section; however, Shcherbakova et al.
(2015) made an attempt to distinguish 42 lava flows and two intervals with undistinguishable
flows (flows 1-34 are related to the Tyvankit Formation, and flows 35-42 are to the Delkan
Formation) for this section. The total thickness of this section is about 380 m. Samples of the 3
flows (flow 23, flow 21, and flow 18) from the Maymecha section of the Tyvankit Formation
have been measured. Paleomagnetic direction and magneto-mineralogical studies of these
sections have already been published (Pavlov et al., 2011; Shcherbakova et al., 2013; 2015).
Reversed polarity was identified for both the Truba section of the Onkuchak Formation (Fetisova
et al., 2014; Pavlov et al., 2011), and the Maymecha section (Shcherbakova et al., 2015).
Previous studies suggest that the main remanence carrier is titanomagnetite; for the Tyvankit
Formation (Shcherbakova et al., 2015) and parts of the Onkuchak Formation (Shcherbakova et
al., 2013), this is low titanium titanomagnetite with a Curie temperature close to pure magnetite,
and for the rest of the Onkuchak Formation, the titanomagnetite is richer in titanium
(Shcherbakova et al., 2013) with a depressed Curie temperature of 300—400°C. The grains that
carry the remanent magnetization for the studied rocks are single-domain or small pseudo-single

domain (Pavlov et al., 2011; Shcherbakova et al., 2013; 2015).
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Figure 4.2. The stratigraphy and correlation of the volcanic sequences of Maymecha and Kotuy
regions. Fl; flow, DG; directional groups (pulses), ID; individual directions (individual

eruptions). (Correlation scheme after Pavlov et al., 2015).

A large part of the Siberian platform experienced only intrusive magmatism with extensive but
relatively low-volume sills, which are hardly exposed on the surface and known mostly through
drilling. For the southeastern part of the STB, 5-20 m thick intrusive (near surface intrusions)
trap sills overlain in the area of Sytikanskaya (66.11° N, 111.80° E) and Yubileinaya (66.00° N,
111.70° E) kimberlite pipes have been studied (location 2 on Figure 4.1). This is one of the most
eastern occurrences of Permo-Triassic flood basalts on the Siberian platform. The intrusive
bodies are considered to be trap-related and coeval with the flood basalts but the ages of these

are difficult to measure directly (Zolotukhin and Al'mukhamedov, 1988). Usually, the smaller
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sills extend from the main sill intrusion and comprise a few square kilometers. We have studied
the samples from three sites (S1, S2, S3) of the Sytikanskaya and one site (Y1) of the
Yubileinaya kimberlite pipe. Although the exact time relationship between the sills is hard to
establish, the samples of different sites may be related to few phases of eruption that should
provide some representation of geomagnetic secular variation. Paleomagnetic directions from
these sills have already been reported and show a stable component of remanent magnetization
with the presence of antipodal polarities- normal polarity for the Yubileinaya and reverse
polarity for the Sytikanskaya section (Kravchinsky et al., 2002 and Blanco et al., 2012). The rock
magnetic studies indicate that the primary remanence carriers are composed of a low titanium
titanomagnetite or pure magnetite, containing single or pseudo-single domain particles

(Kravchinsky et al., 2002; Blanco et al., 2012; Konstantinov et al., 2014).

4.3 Methodology

4.3.1 Scanning Electron Microscope

Scanning Electron Microscope (SEM) analysis was performed on the carbon coated polished thin
sections using a Zeiss EVO LS15 EP-SEM instrument equipped with energy dispersive X-ray
(EDX) spectroscopy to identify the morphological features and the chemical composition of the
magnetic minerals in the samples. The SEM was operated at an acceleration voltage of 20 kV.
The SEM results were obtained in the Scanning Electron Microscope Laboratory of the

University of Alberta (Edmonton, Canada).
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4.3.2 Microwave Paleointensity

In this study, absolute paleointensity has been investigated by using the internationally unique
microwave paleointensity facility housed in the University of Liverpool's Geomagnetism
Laboratory. For microwave paleointensity experiment, the high-frequency (14 GHz) microwaves
are used instead of the conventional thermal energy to (de)magnetize the samples (Walton et al.,
1996). The same experimental protocol can be used for both the microwave and thermal
experiments (Hill and Shaw, 1999). In the thermal Thellier-Thellier method, phonons are
responsible for the thermally induced alteration in samples. The microwave Thellier-Thellier
technique minimizes the occurrence of magneto-mineralogical alteration by reducing the
temperature that the bulk sample is heated to, and the duration of this heating (Hill & Shaw,
1999). This together with the fact that, unlike in batch heating experiments, measurement
routines can be tailored to individual samples, tends to produce a higher success rate compared to

the conventional Thellier-Thellier method (Bdhnel et al., 2003; Biggin, 2010).

Microwave Thellier-type paleointensity experiments were performed using Liverpool’s third
generation system which incorporates three helium SQUID sensors, a triple-axis Helmholtz coil
assembly surrounding the microwave resonant cavity, and vertical sample assembly with a
vacuum holder. The samples were progressively demagnetized and remagnetized by the
application of the high frequency (14 GHz) microwave radiation which was increased
progressively in power and/or duration and the in-field/zero-field and zero-field/in-field (IZZ1)
protocol (Tauxe and Staudigel, 2004) was used for the paleointensity experiments. The
experiment was usually continued until the NRM intensity was reduced to 10-20% of its original

value. To test for sample alteration, partial thermoremanent magnetization (pTRM) checks (Coe,
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1967 and Coe et al., 1978) were performed in all paleointensity experiments. Arai plots (Nagata

et al., 1963) were used to analyze the results.

In total, 50 samples (23 samples from the northern localities and 27 samples from the
southeastern localities) from 11 sites [T (flow 28), T (flow 29), T (flow 35), T (flow 40), M (flow
23), M (flow 21), M (flow 18), S1, S2, S3, and Y1] of 4 areas (Truba, Maymecha, Sytikanskaya,
and Yubileinaya) of the Permo-Triassic trap basalts on the Siberian platform were subjected to
microwave Thellier-type paleointensity measurements. In the previous study, rock magnetic and
paleomagnetic directional analysis of these samples for both the northern localities (Pavlov et al.,
2011 and Shcherbakova et al., 2013; 2015) and the southeastern localities (Kravchinsky et al.,
2002 and Blanco et al., 2012) showed that the remanent magnetization represents stable primary
magnetization components and these samples are suitable for paleointensity determination.
Samples of small size, typically 5 mm in diameter and 3 to 6 mm in length, have been used for
the microwave technique. The laboratory field intensity applied to the samples ranges between 7
and 50 uT. The applied field value was changed for additional verification of the results, and
these indicated that the absolute paleointensity values were independent of these values.
Furthermore, the laboratory field applied at an angle of at least 45° to the NRM to ensure that
multidomain-like behavior would manifest as zig-zags in both the Arai plot and the Zijderveld
plot as the latter can be invisible if the applied field is (anti-)parallel to the NRM (Yu & Tauxe,

2005).
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4.3.3 Paleointensity Selection Criteria

There are a number of parameters to describe the behavior of experimental paleointensity data
(e.g., Coe et al., 1978; Kirschvink, 1980; Selkin and Tauxe, 2000; Tauxe and Staudigel, 2004;
Biggin et al., 2007, Paterson, 2011; Yu, 2012). The parameters used in this study to produce the
reliable absolute paleointensity data were calculated according to the Standardized Paleointensity
Definitions (Paterson et al., 2014). The threshold values listed in Table 4.1 have been applied for
the selection here. This includes- the number of data points used to estimate the paleointensity
(N), standard error of the slope over the slope of the best fitting line (B), fraction of the total
NRM that is chosen from NRM-TRM plot to recover the paleointensity estimate (f), the gap
factor representing the evenness of point spacing along the selected best-fit-line (g), the quality
factor which is the combination of several parameters (q), the pTRM difference ratio (DRAT)
which is the absolute discrepancy between a pTRM check and an original measurement of
pTRM divided by the length of the best-fit-line, the sum of all DRATs over the range of
temperatures used for the paleointensity measurement (CDRAT), the maximum angular
deviation (MAD) of the data points on a vector diagram determined from a free-floating fit
without the origin included and the angle between the anchored and free floating best-fit

directions on a vector component diagram (o).
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Table 4.1. Summary of the acceptance criteria for selecting paleointensity values of the

individual samples.

Criterion Threshold Reference
Number of points (N) >4
Scatter parameter (j3) <0.1 Coe et al. 1978
Fraction of the NRM (f) >0.35 Coe et al. 1978
Quality factor (q) >2 Coe et al. 1978
Difference ratio (DRAT) <15% Selkin and Tauxe, 2000
Maximum angle of deviation (MAD) <15° Kirschvink 1980

Angular difference between anchored

<15° 1ki T 2
and floating PCA fit (a) =15 Selkin and Tauxe, 2000

4.4 Results and Discussion

4.4.1 Scanning Electron Microscope

Six thin sections, one representing each site with accepted paleointensity results, were
investigated using SEM analysis and compared to previously published petrographic and rock
magnetic results. The magneto-mineralogy of the Truba section (flows 28 and 29) consists of
titanomagnetite and ilmenite, as determined by Shcherbakova et al. (2013). The morphology of
the magneto-mineral grains differs between the two flows, but both are consistent with rapidly
cooling flows; T (flow 28) contains dendritic titanomagnetite and small needles of ilmenite
(Figure 4.3a), while T (flow 29) is dominated by large (>100um), skeletal titanomagnetite grains
(Figure 4.3b). A few lamellae are present suggesting that the titanomagnetite might have begun
high-temperature, solid-state exsolution into magnetite and ilmenite. However, fast cooling of

the flow might have prevented any significant exsolution occurring, resulting in the titanium rich
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titanomagnetite, confirmed by EDX analysis (the Ti:Fe ratio is ~37%). These samples most
likely correspond to the low Curie temperature titanomagnetite (Tc ~300—400°C). The EDX
results also suggest that fractures in the large titanomagnetite grains of T (flow 29) experienced
some secondary single-phase low-temperature oxidation but it is not clear whether this was
sufficiently extensive to have had a substantial effect on the remanence. In comparison, the large
(>100um), subhedral titanomagnetite grains in the Maymecha section (site M) represent a long
cooling history that may account for the greater number of lamellae from high-temperature,
solid-phase exsolution than in the Truba section. The remainder of a small amount of high Ti
titanomagnetite, that hadn’t exsolved, is the probable cause of the small, non-reversible
component in the Type Al thermomagnetic curves from this section (Shcherbakova et al., 2015);
however, all of the thermomagnetic curves gave a final Curie temperature close to that of

magnetite.

For the Sytikanskaya kimberlite pipe (sites S1 and S3), EDX confirms that magnetite is present
as a bimodal size distribution (Figure 4.3c); as large, subhedral grains (50-300pum long) and
small magnetite grains (<10 pm), with neither containing any discernable titanium. The large
grains also show that there is no fracturing to indicate the presence of secondary single-phase
low-temperature oxidation. These grains are consistent with thermomagnetic curves for the
Sytikanskaya pipe (Blanco et al., 2012), which are reversible and give a Curie temperature of
~560°C, approximately that of pure magnetite. Comparatively, SEM analysis of Yubileinaya
kimberlite pipe (site Y1) contains dendritic titanomagnetite and needle-like ilmenite crystals
(Figure 4.3d), similar to T (flow 28), although the proportion of titanomagnetite to ilmenite is

much higher in the Yubileinaya sample. These results agree with the thermal dependent magnetic
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susceptibility curves that gave a Curie temperature of ~500°C indicating the presence of a higher

Ti content (Blanco et al., 2012).

Figure 4.3. Representative magnetic mineralogy of the samples that passed palacointensity
section criteria; a) dendritic titanomagnetite and needles of ilmenite (sample 294; Truba, flow
28), b) skeletal titanomagnetite with ilmenite lamellae (sample 304; Truba, flow 29), c)
subhedral magnetite grain (sample 15; Sytikanskaya pipe, site S1), and d) dendritic

titanomagnetite (sample 1; Yubileinaya pipe, site Y1).
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4.4.2 Microwave Paleointensity

Figure 4.4 presents examples of the accepted Arai plots along with the Zijderveld plots. Absolute
microwave paleointensity results during the PTB with their associated quality factors are listed in
Table 4.2. A total of 28 samples out of 50 samples from 7 sites of 4 areas satisfied the reliability
criteria and were accepted. However, as only one sample from site M (flow 18) met the
reliability criteria, this flow was not included in our result. No samples from site T (flow 35), T
(flow 40) and S2 meet all the reliability criteria. The selected samples showed corresponding
distinct directional components, positive pTRM checks and little or no zig-zagging of the Arai or
Zijderveld plots (Figure 4.4), supporting that the samples were not influenced by lab-induced
alteration or multi-domain behavior. In this study, the success rate for paleointensity

determination is 56%.
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Figure 4.4. Examples of Arai and associated Zijderveld plots produced by microwave Thellier
method. Triangles on the Arai plots represent pTRM checks and the solid straight lines marks the
interval on which intensity was estimated. On the Zijderveld plots, red (blue) points represent the
vertical (horizontal) component (all samples were unoriented). a) Truba (site T, flow 29)
specimen, b) Maymecha (site M, flow 23) specimen, c) Sytikanskaya (site S1) specimen, d)
Sytikanskaya (site S3) specimen, and e) Yubileinaya (site Y1) specimen.
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Table 4.2. Microwave and previously published thermal Thellier paleointensity results during Permo-Triassic boundary. MW:
Microwave paleointensity method, TT: Thellier-type paleointensity method and W: Wilson method (references: *! Scherbakova et
al, 2013, *2 Scherbakova et al, 2015 and ** Blanco et al., 2012). I/T: Integral (W.s)/Temperature (°C). Hlab: applied laboratory
magnetic field. N: number of successive data points used for paleointensity calculations. B, f, g and q are the measure of linearity,
fraction of the NRM, the gap factor and the quality factor respectively. DRAT: percentage of discrepancy in the pTRM check.
CDRAT: cumulative DRAT. MAD: maximum angular deviation. k’: curvature of the Arai plot. PI: paleointensity result. VDM:
Virtual dipole moment with its associated standard deviation. Samples that are in grey represent previously published results that

have been rejected from our site means as the results do not appear to be reliable (see text for details).

Site Sample Method Low High Hlab N B f g q delCK DRAT CDRAT Alpha MAD k’ PI Site VDM
/T /T (uT) (uT) Mean (x10%?
() Am?)
Truba
T (flow 28) SIBPT294 MW 4 9 20 6 0.079 0.408 0.763 6.3 2.2% 3.1% 2.0% 4.3 3.4 -0.14 8.1
SIBPT294B MW 6 18 10 13 0.045 0.369 0.856 64 4.8% 12.6% 12.0% 13 2.3 0.05 5.1
SIBPT294C MW 3 10 7 7 0.033 0.609 0.664 13.3 6.5% 5.4% 8.8% 7.7 3.4 -0.14 10.6
7928 1.2+04
294(1)*! TT 200 350 20 7 - 0.42 0.82 2.7 - - - - - 20.4
294(jr6)*? TT 200 390 20 10 - 0.68 0.88 5.6 - - - - - 21.3
294(1)*! W 14.3
T (flow 29) SIBPT304 MW 3 11 30 8 0.064 0.672 0.757 9.1 0.5% 0.6% -7.9% 15 1.5 0.27 13.7
SIBPT307A MW 4 12 15 9 0.021 0.593 0.865 29.6 12.2% 15.5% 32.4% 53 3 6.6
SIBPT307B MW 4 10 10 7 0101 036 0.799 3.8 1.5% 0.02% -1.0% 6.2 1.9 0.49 7.9
94+38 1.4+0.6
308(1)*! TT 200 270 20 3 - 0.28 0.5 1 - - - - - 18.9
308(2)*! TT 160 270 20 7 - 0.33 0.83 4 - - - - - 23.9
308(1)*! W 23.6
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Maymecha

M (flow 23)

M (flow 21)

SIBPM336
SIBPM336B
336*2
336_jr6*?
336*2

SIBPM346
SIBPM346B

Mean (northern sites)

Sytikanskaya
s1

S3

$8-9a*3
SIBPS10-7B
SIBPS10-7C
SIBPS10-7D
S15-1bf*3
SIBPS15-6
SIBPS15-6B
SIBPS15-6C

SIBPS27-5
SIBPS27-5B
S28-5b2%*3
SIBPS28-3B
SIBPS28-3C
SIBPS28-3D
SIBPS30-11
S32-4b*3

MW
Mw
T
T

MW
MW

T
MW
MW
MW

T
MW
MW
MW

Mw
MwW
TT
MwW
Mw
MwW
Mw
T

500
450

450

350

375

17
17
620
580

12
14

575
15
10
12

450

11
16

19
11
575
14
12
11
12
475

20
20
20
20

30
20

30
20
20
20
40
40
20
20

40
20
25
40
35
20
30
40

11

13
12

0.018
0.036

0.044
0.033

0.1
0.013
0.102
0.046

0.07
0.054
0.058
0.027

0.048
0.083
0.07
0.026
0.068
0.086
0.047
0.1

0.645
0.584
0.58
0.58

0.589
0.747

0.95
0.649
0.604
0.578
0.384
0.508
0.382

0.52

0.778
0.375
0.86
0.405
0.608
0.349
0.745
0.32

0.859
0.85
0.89
0.88

0.762
0.829

0.49
0.805
0.591
0.793
0.796
0.645
0.793

0.83

0.859
0.625
0.77
0.796
0.804
0.769
0.807
0.72

29.8
13.5
35.2
10.3

10.9
18.1

3.8
40.3
4.2
10
4.2
6.8
55
19.5

11.8
33
9.1
12
8.3
34
13.6
1.4
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4.5%
5.2%

7.8%
10.2%

12.4%
11.1%
3.6%

1.9%
4.3%
7.5%

10.1%
4.3%

1.3%
10.4%
3.9%
13.2%

5.9%
7.5%

9.8%
8.5%

14.5%
11.5%
4.6%
2.9%
6.9%
9.8%

13.7%
7.7%
2.9%

13.5%
8.4%

15.3%

9.9%
-5.4%

4.7%
6.0%

8.3%
8.5%
-6.3%

5.4%
9.0%
23.9%

-6.7%
11.7%

-5.7%
22.6%
9.8%
13.6%

2.4
5.5

0.3
13

7.6
10.5
1.7

3.5
4.1
6.3

7.7
5.3

7.4
8.3
0.8
2.2

1.6
6.1

1.5
0.8

2.6

11

11

11

4.2

7.5
3.2

4.8
4.4

5.6

-0.13
-0.06

-0.08
-0.04

-0.1
-0.37
-0.18

0.32
0.35

-0.34
-0.47

-0.05
0.19
0.45
-0.09

13.4
13.2
10.8
8.7

11.0+2.2

23.8

25.2+2.0
26.6

13.4+7.8

18.0
17.8
17.5
18.4
40.1
21.2
23.1
14.3

18.6+2.8

20.2
15.2
27.98
19.2
15.3
13.9
12.3
40.78

16.0+3.1

24+05

54+04

26+1.9

3.2+0.5

25+0.5



$32-4bf*3

Mean (Sytikanskaya)

Yubileinaya
Y1

Grand mean

Y51-3b*3
Y52-3a*3
Y52-4a*3
SIBPY1-6B
SIBPY1-6C
SIBPY1-6D
SIBPY4-2
SIBPY4-2B
SIBPY4-2C

TT

T

T

1T
MW
MW
MW
MW
MW
MW

375

250
300
250

N N P N NN

500

550
525
525

N o N O N

40

80
40
35
40
50
45
50
50
50

10

o b~ o000 1 O N

0.1

0.02
0.1

0.04
0.017
0.054
0.049
0.036
0.093

0.05

0.49

0.87
0.89
0.82
0.788
0.589
0.555
0.641
0.429
0.552

0.79

0.76

0.77

0.76
0.522
0.628
0.704
0.523
0.579
0.706

24.4
4.4
15.3
18
5.7
6.3
8.8
2.8
6.8

6.4%
8.5%
5.1%
4.1%
4.2%
5.8%

6.3%
12.0%
7.3%
5.2%
6.9%
8.7%

9.4%
22.2%
10.3%
12.5%

9.0%
14.7%

1.8
6.1
6.1
8.1
4.6

2.3
4.5
4.4
7.7
5.1
4.2

-0.08
0.2
-0.21
-0.24
-0.43
-0.23

49.28

36.25
44.9
44.7
58.3
51.4
57.9
44.1
475
47.9

173+25 29+0.7

485+73 6.4%09

19.5+10.5 3.2#1.5
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The accepted microwave paleointensity results from this study were combined with some of the
thermal Thellier-type and and Wilson (Wilson, 1968) results from previously published studies
(Table 4.2). For the Maymecha and Yubileinaya sites, the published thermal Thellier-type results
are consistent with the new Microwave results. In contrast, there is a large degree of in-site
dispersion when all of the results are combined for the Truba and Sytikanskaya sites, with site
standard deviations of up to 55% of the site mean. Close analysis of the two accepted Truba
flows reveals that the thermal paleointensity estimates are approximately double the value of the
microwave results. One possible explanation for this discrepancy is that multidomain behavior
was enhanced in one set of experiments over the other. In particular, we note that in the thermal
Thellier experiments performed by Shcherbakov et al. (2013), no checks for MD behavior were
performed and fraction (f) values from three out of the four estimates were less than 0.5. The use
of the IZZI protocol in the microwave experiments and the resulting increased quality (q) values
leads us to favour the new results over the old ones and thereby exclude the significantly higher
thermal estimates from these two site means (Table 4.2; greyed out results). For the Sytikanskaya
kimberlite pipe (sites S1 and S3), some of the thermal results are consistent with the microwave
results while others are approximately twice as high. Blanco et al. (2012) divided the accepted
thermal paleointensity results in two categories- ‘A’ and ‘B’; the ‘A’ category results met all the
reliability criteria defined by Selkin and Tauxe, (2000) whereas the results fell into the ‘B’
category if one of the reliability criteria failed one of these but otherwise fell into the following
limits: 10% < meanDEV < 25%, 20% < pTRM tail check < 25% and 30% < f < 60%. Since the
‘B’ category results are more prone to biasing from either laboratory induced alteration and/or
MD effects, we exclude them from the site means for the Sytikanskaya (sites S1 and S3) and the

Yubileinaya (site Y1) kimberlite pipe (Table 4.2; greyed out results).
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The mean geomagnetic field intensity obtained from the four northern extrusive sites [T (flow
28), T (flow 29), M (flow 23), and M (flow 21)] is 13.4 £ 7.8 uT. This is slightly lower than the
Sytikanskaya mean (17.3 + 2.5 uT, sites S1 and S3) and substantially lower than the Yubileinaya
(Y1) site mean (48.5 = 7.3 uT). A similar regional discrepancy has been pointed out earlier by
Blanco et al. (2012) and was suggested to be a consequence of bias from multidomain behavior
in northern specimens (resulting from reductions of the paleointensity estimates made from at
high temperatures portions of the Arai plots). The present study does not support this explanation
as the discrepancy remains even within a result set that showed little evidence of zigzagging and
generally lower curvature parameters (k’ in Table 4.2; Paterson, 2011). Another possibile cause
that we rule out is crustal magnetic anomalies as these are weak in the region considered

(Abramova and Abramova, 2014).

Our preferred explanation is simply that the regional discrepancy reflects slightly different time
intervals within the 0.1 to 2 Myr emplacement event. Pavlov et al. (2015) estimates that the
formation of the Norilisk and Maymecha-Kotuy sections “did not exceed a time interval on the
order of 10,000 years” based on secular variation analysis of the directions from the Truba
section and the Norilisk section (directions from Heunemann et al., 2004). Therefore, in the
context of rates of secular variation such as that seen in the last 2 Myr (Valet et al., 2005), it is
perfectly feasible that the units from the northern, Sytikanskaya and Yubileinaya sites were
emplaced during time periods perhaps a few tens or hundreds of kyr apart when the field was in a
different intensity regime. Thus, it is reasonable to include multiple localities to obtain a more

accurate geomagnetic mean for the PTB.
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It is also worth noting that Pavlov et al. (2015) suggests that thick parts of the sequence towards
the base of the Norilisk section: the upper part of the Ivakinskii Formation to the lower part of
the Nadezhdinsky Formation, represent those of a transitional and/or excursional field. The
published paleointensity results from these formations seem to be in agreement with this analysis
as the VDM results are consistently lower than those form the same section in a distinct polarity
zone (Figure 4.5). None of the samples from this transitional part of the section have been used
for microwave analysis and we exclude these published results from our composite analysis

outlined in the next section.

In this study, the calculated grand mean paleointensity during the PTB is 19.5 = 10.5 uT which
corresponds to a mean virtual dipole moment (VDM) of 3.2 + 1.5 x 10?* Am?. Results indicate,
considering the northern and the southeastern localities collectively, that the average magnetic
field intensity during these short intervals is significantly lower (approximately half) than the

present geomagnetic field intensity.
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Figure 4.5. The virtual dipole moment (VDM) results for Norilisk section sites listed in the
PINT databse by Formation. Km; Kumginsky Formation, Hr; Kharaelakhsky Formation, Mk;
Mokulaevsky Formation, Mr; Morongovsky Formation, Nd; Nadezhdinsky Formation, Tk;
Tuklonsky Formation, Gd; Gudchikhinsky Formation, Sv; Syverminskii Formation, Iv;
Ivakinskii Formation. The Formations are listed in stratigraphic order (Km is the youngest, Iv the
oldest) but the axis is not scaled to time as the ages of the individual formations are unknown.
The sections is considered to represent on the order of 10,000 years based on geomagnetic
secular variation (Pavlov et al., 2015), with a change from an excursional and transitional field to

normal polarity during Nd.
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4.4.3 Collation of Published Data and Qp1 (Quality of Paleointensity) Analysis

There are currently five published paleointensity studies for the Permo-Triassic Siberian traps
listed in the PINT database (Biggin et al., 2010), that have not been superseded by another
publication. All of the sites listed in these publications, along with the sites in this study and that
of Shcherbakova et al., 2015 (which have also not yet been added to the database), have been
collated and assessed. Each site mean VDM value was assigned a Qpr value based on the number
of criteria (Biggin and Paterson, 2014) that the estimate passed. Table A.1 in the Appendix A
provides directions, intensities, and the complete breakdown of the estimation of Qpr values for
all the published studies and this one. The sites cover three regions- the two northern regions
(Maymecha-Kotuy and Norilsk) which have distinct but correlatable stratigraphy, and the
southeastern region which contains the sills from the areas around the kimberlite pipes
Sytikanskaya, Yubileinaya and Aikhal. To test the robustness of the geomagnetic means from
these regions, sites were filtered out based on their Qpr values to see how the site mean changed

as less reliable sites were removed (Table 4.3 and Figure 4.6).
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Table 4.3. Qpi (Quality of Paleointensity) summary for the Russian sites covering the Permo-

Triassic boundary from the PINT database and this study.

Location Qpi=>2 Qpi=>3 Qpi=>4 Qpi=5 Qpi=6
Northern Localities
Maymecha-Kotuy
No. of sites 41 41 41 24 6
VDM (x10* Am?) 2240.2/-0.6 224+0.2/-0.6 2.2+0.2/-0.6 1.8+0.6/-0.3 2.40+0.7/-0.8
Norilisk
No. of sites 52 49 33 0 0
VDM (x10* Am?) 3.1+0.3 3.1+0.3 2.8 +0.4/-0.6 - -
Total Northern Localities
No. of sites 93 90 74 24 6
VDM (x10%2 Am?) 2.5+0.5/-02 25+04/-02 23+0.2/-0.1 1.8+0.6/-0.3 2.4+0.7/-0.8
Eastern Localities
Aikhal, Sytikanskaya and Yubileinaya
No. of sites 9 7 3 2 2
VDM (x10% Am?) 6.3 +0.2/-3.1 6.3 +0.1/-3.1 32 4.8 4.8
Siberian Traps Mean
All sites
No. of sites 102 97 77 26 8
VDM (x10%2 Am?) 2.8+04 2.6 +0.4/-0.3 2.3 +0.3/-0.1 2.0+0.5 2.6 +0.8/-0.7
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Figure 4.6. The virtual dipole moment (VDM) results from the PINT database and this study, by

location, filtered for their Qpr values. a) sites with Qpr values >2, b) sites with Qpr values >3, ¢)

sites with Qp; values >4 and d) sites with values Qp1 >5. M-K; Maymecha-Kotuy, Noril; Norilisk,

North; Northern Localities of Maymecha-Kotuy and Norilisk, East; Eastern Localities of Aikhal,
Sytikanskaya and Yubileinaya, and All; All of the PTB Siberia sites from the PINT database and

this study. The number of sites represented by each boxplot is shown below the boxes.

For the northern localities, both of the regions have similar median paleointensities and show

minimal variation with Qp; filtering, as shown in Figure 4.6. For up to Qpr > 5, the Norilsk

section has a much greater range due to the larger number of sites associated with this locality.



There is a much greater variation in the median with Qp filtering for the southeastern localities
because there are very few sites but the geomagnetic mean always remains significantly higher
than the northern localities. In this study, results are considered to be reliable as we have studied
almost an equal number of sites for each locality, and the Qpr (Quality of Paleointensity) values
are > 4. The northern sites represent ~90% of the total sites studied indicating that the overall
median is likely to be heavily biased by the potentially short-lived and extreme secular variation
represented by the northern sites. Nevertheless, we point out that the simple average of the
median northern and eastern regional results would still yield a dipole moment of only

approximately half the present-day value.

4.4.4 Comparison to the Phanaerozoic record

Dipole moments based on different rock types for Permian to Cretaceous (300—-65 Ma) are
shown in Figure 4.7 to allow investigation of the extent of the MDL behavior. Here, the
paleointensity data of previously published 55 different studies, archived in the 2015 version of

the PINT database (http://earth.liv.ac.uk/pint/), and this study are analyzed. As geomagnetic field

intensities vary across geographic locations, the VDM or VADM record is used for this analysis.
It is obvious that there is a degree of variability of dipole moment between different materials,
such as- volcanic rock, submarine basaltic glasses, plutonic rocks etc. Geomagnetic field strength
recorded in submarine basaltic glasses, plutonic rocks and single silicate crystals is high relative
to volcanic rocks and baked sedimentary rocks (Chang et al., 2013). The mean VDM/VADM of
entire rock types for Permian (9.3 x 10*2 Am?) is higher than that of present day (8 x 10*?> Am?),
whereas it is lower for the other three time intervals — PTB (2.7 x 10> Am? for the PINT

database and 3.2 x 10?? Am? for this study), Jurassic (3.3 x 10**> Am?), and Cretaceous (6.7 x

156


http://earth.liv.ac.uk/pint/

10?2 Am?) (Figure 4.7). The mean VDM/VADM has changed during the last 300 Ma indicating a
period of low dipole moment during the Mesozoic, at least for the Jurassic (140-200 Ma), and,

not withstanding a ~50 Myr gap in the record during the Triassic, now might extend to the PTB.
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Figure 4.7. The virtual dipole moment (VDM) and virtual axial dipole moment (VADM) from
Permian to Cretaceous (300—65 Ma), obtained from the PINT database and the data from this
study. The dashed horizontal line represents the strength of the present geomagnetic dipole
moment. Solid horizontal lines represent the average geomagnetic dipole moment for Permian

(green), Permo-Triassic boundary (black), Jurassic (blue) and Cretaceous (red).

4.5 Conclusions
(1) Microwave paleointensity results for the PTB considering both the northern extrusive and the
southeastern intrusive parts of the Siberian trap basalt are reported for the first time in this

study.
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(2) The results indicate that the average geomagnetic intensity for the different regions are
distinctly different (being especially low — 13.4 = 7.8 uT - in the northern extrusive localities
and especially high — 48.5 = 7.3 uT - in the single site from the Yubileinaya intrusives). This
most likely reflects slightly different sampling of secular variation by the different suites of
rocks. It demonstrates that it is important to consider multiple localities to evaluate the mean
paleointensity for the PTB.

(3) In this study, the mean paleointensity recorded by the seven sites of the STB is 19.5 + 10.5
uT which produces a grand mean virtual dipole moment (VDM) of 3.2 + 1.5 x 10** Am?.
This is higher than the mean paleointensity (2.7 x 10*> Am?) from the PINT database, but
this is due to a bias towards the number of sites in the northern regions, which is less of a
problem in this study. These results are considered to be reliable and have Qp; values > 4.

(4) Results demonstrate that published northern localities show minimal variation with Qpr
filtering, whereas Eastern localities show much greater variation as there are very few studied
sites. Therefore, further work is required to improve the number of sites in the eastern
localities, and this will help to determine a more representative value for the strength of the
field at the PTB.

(5) Results suggest that the magnetic field intensity during this period was significantly lower
(approximately half) than the present geomagnetic field intensity, and, could indicate that the
MDL began at the PTB. New paleointensity data from Triassic age rocks are urgently

required to test this hypothesis.
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Chapter 5

Was the Earth's magnetic field weak in the Late Devonian?

5.1 Introduction

The average frequency, with which the Earth's magnetic field has reversed its polarity, has varied
strongly in the past — from perhaps as high as 12 reversals per million years at peak times (e.g.
the mid-Jurassic) to no reversals for 30-40 million years during constant polarity superchrons
(e.g. the mid-Cretaceous). These variations are likely indicating forcing by mantle convection
processes and resulting changes in the core-mantle boundary heat flow pattern (Biggin et al.,
2012). Long term fluctuations in the characteristics of the Earth’s magnetic field are supposed to
correspond to variations in the core convection (Courtillot and Besse, 1987). Geodynamo
simulation ensures the impact of heat from the core, allowed by the mantle, over the strength and
stability of the field through the influence on the convection’s form and extent (Glatzmaier et al.,
1999; Wicht and Olson, 2004). Out of the core, the temperature distribution in the lower mantle
influences the heat flux. This implies the probability of relation in variations between the
geomagnetic field and the mantle convection. The mantle controls the geodynamo through the
regulation of the core-mantle boundary heat flow (Labrosse, 2002; Roberts et al., 2003), and
changes in this heal flow cause an end to superchrons (Olson, 2003). Self-consistent numerical
dynamo models indicate a positive correlation between the reversal frequency and the magnitude
of core-mantle boundary heat flow, while this reversal frequency also shows a sensitivity
towards the pattern of this heat flow (Glatzmaier et al., 1999; Kutzner and Christensen, 2002;

Wicht and Olson, 2004; Takahashi et al., 2005).
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The ~50 million years transition from the peak in reversal frequency in the Middle Jurassic
(~170 Ma), associated with a weak geomagnetic field, to the stable and apparently strong field
during the Cretaceous Normal Superchron (CNS; 121-84 Ma), represents a dramatic change in
time-averaged geomagnetic field behaviour during the Mesozoic Era. To determine if similar
variations can be seen during the Paleozoic, preceding the Permo-Carboniferous Superchron
(PCRS; 310-265 Ma), paleointensity data for the time preceding the superchron are required.
However, very few data exist to describe geomagnetic field behavior in the late Devonian (~50
Myr before the superchron) although a recent magnetostratigraphic study (Hansma et al., 2015)

has suggested that reversal frequency was indeed high.

In this study, samples, which have recently been “°Ar— ¥Ar dated to 377-364 Ma (Ricci et al.,
2013), of late Devonian volcanics and intrusives from the Viluy large igneous province in
Siberia, are investigated to establish the field strength. These units have already demonstrated
reliable, paleomagnetic directions consistent with the retention of a primary remanence
(Kravchinsky et al., 2002). Here, new paleointensity measurements from this suite of rocks have
been presented to fill-up the gaps in paleointensity data at the late Devonian and to investigate
the prediction that the superchron state between ~310 and 265 Ma should have been preceded by

a period during which the field was weak and rapidly reversing.

5.2 Geological Setting
The Viluy traps are situated at the northeastern side of the Siberian platform (Figure 5.1). The
Devonian period created the triple-junction rift system (Kuzmin et al., 2010) consisting of the

Viluy rift, the western branch, and the Siberian platform forming two rifts (Zonenshain et al.,
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1991; Kiselev et al., 2006). The Viluy rift has a dimension of 800 km and 450 km in length and
width respectively (Gaiduk, 1987; Kiselev et al., 2006). In and out sides of this rift, the Viluy
volcanics are in extant ranging along the Lena-Markha-Viluy rivers, the rift margin faults, and on
the inclination of the Aldan and Anabar shields (Kravchinsky et al., 2002). Out of the various
intrusive rocks, the traps possess dykes, sills and layered basalt breccias; these rocks, along with
the volcanic ones, cover a large volume of the Viluy rift with an area of more than 300 x 10° km?
according to a present estimation (Kuzmin et al., 2010). The rift is surrounded by two large NE—
SW dike belts which extend up to 700 km. A thickness of 6-8 km, substantial for sediment,
covers the volcanic materials and sediments of different time periods including late Proterozoic,
early Paleozoic, and Silurian. However, much, if not the whole, of these materials either decayed
or got covered by the Siberian Traps and the Mesozoic sediments on the West and the East sides
respectively. Intrusions, underneath of the sedimentary layer, extend to the edges of the
paleorifts, with large normal faults. Presence of excessive amounts of lavas in the lower part of

the Devonian traps indicates the multi-phase behavior of volcanism (Courtillot et al., 2010).
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Figure 5.1. Geological map of the Siberian and Viluy traps in Siberia (after Courtillot et al.,

2010). Red star represents the geographic positions of the study area: Viluy river Late Devonian
traps (sills and dykes).
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According to Masaitis et al. (1975), eruptions of these traps dated back to the late Devonian—
early Carboniferous. Kravchinsky et al. (2002) suggested that the sedimentary depression system
was filled in by volcanic and clastic rocks, having a major eruption occurring during the late
Devonian—early Carboniferous. The major phase of Viluy traps magmatism might have
happened in a shorter time interval around the Frasnian—Famennian boundary, correlating well
with the mass extinction during this time (Kravchinsky et al., 2002). Kiselev et al. (2006)
showed that the age of the Viluy traps magmatism is around 380-350 Ma. Courtillot et al. (2010)
provided the first high-resolution absolute dating of samples using both K—Ar and *°Ar— ¥Ar
techniques, suggesting that the major stage of the magmatism might have been limited to the
period of 370-360 Ma.. A recent study obtained 377-364 Ma through “°Ar— ¥Ar ages for the

samples from the Viluy rift (Ricci et al., 2013).

In this study, samples of volcanics and intrusives from the Viluy traps (63.50° N and 116.00° E),
along the Viluy river in Siberia, were analyzed (Figure 5.1). Samples of the 14 sites (V1, V2, V3,
V4, V5, V6, V7, V8, Vil4, Vil§, Vill3, Vill6, Vill§, and Vil20) from the Viluy traps, with
various occurrences of trap sills (V1, V2, V3, V4, V5, V6) and dykes (V7, V8) as well as basites
(Vil4, Vil8, Vill3, Ville6, Vill8, Vil20), were studied. Normal polarity was identified for the
sites V1, V2, V4, V5, V8, Vil8, Vill3, Vill6, Vill8, and Vil20; whereas reverse polarity was
identified for the sites V3, V6, V7, Vil4 (Kravchinsky et al., 2002 and V. Pavlov, personal
communication). The rock magnetic studies indicate that the primary remanence carriers are
composed of a low titanium titanomagnetite or pure magnetite, containing single or pseudo-

single domain particles (Kravchinsky et al., 2002).
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5.3 Methodology

5.3.1 Scanning Electron Microscope

To identify the morphological features and the chemical composition of the magnetic minerals in
the samples, the Scanning Electron Microscope (SEM) analysis was performed on the carbon
coated polished thin sections using a Zeiss EVO LS15 EP-SEM instrument equipped with energy
dispersive X-ray (EDX) spectroscopy. The SEM is operated at an acceleration voltage of 20 kV.
This analysis was performed and the results were obtained in the Scanning Electron Microscope

Laboratory of the University of Alberta (Edmonton, Canada).

5.3.2 Paleointensity

Absolute paleointensity was investigated by using the internationally unique microwave
paleointensity facility housed in the University of Liverpool's Geomagnetism Laboratory. This
microwave technique has already been discussed in section 4.3.2. Microwave Thellier-type
paleointensity experiments, using IZZI protocol (Tauxe and Staudigel, 2004), were performed on
60 samples from 14 sites of Viluy province. To test the sample alteration, partial thermoremanent
magnetization (pTRM) checks (Coe, 1967 and Coe et al., 1978) was also carried out for all the
samples. The laboratory field intensity, ranging from 5 to 20 uT, was applied to the samples. The
laboratory field, with an angle of at least 45° to the NRM, was applied to ensure that
multidomain-like behavior would manifest as zig-zags in the Arai plot (Biggin, 2006). In the
previous study, rock magnetic and paleomagnetic direction analysis of these samples indicated
that the remanent magnetization represents stable primary magnetization components

(Kravchinsky et al., 2002), and thus, these samples are reliable for paleointensity measurements.

173



A modified version of the thermal Thellier—Thellier technique (Coe, 1967) was also carried out
[on 16 samples from 6 sites] to be included with microwave paleointensity data. In this approach,
the first heating step is followed by a cooling in zero magnetic field and the second heating step
is followed by a cooling in a known magnetic field, imparting a partial thermoremanent
magnetization (pTRM) to the specimen (ZI protocol). Partial thermoremanent magnetization
(pTRM) checks (Thellier and Thellier, 1959) and tail checks (McClelland and Briden, 1996;
Riisager and Riisager, 2001) were performed on the samples. The 1 cm? samples were heated in
a shielded ASC thermal demagnetizer and were measured with 2G cryogenic magnetometers at
the Laboratory of Paleomagnetism and Petromagnetism of the University of Alberta (Edmonton,
Canada). The field, applied in the oven, ranged between 15 and 20 pT. Paleointensity selection
criteria, discussed in section 4.3.3 and Table 4.1, were used to produce the reliable absolute
paleointensity data for both the microwave and the thermal Thellier—Thellier techniques. Arai

plots (Nagata et al., 1963) were used to analyze the absolute paleointensity results.

Furthermore, the non-heating Pseudo-Thellier method (Tauxe et al., 1995) was used to support
the microwave paleointensity data. The Pseudo-Thellier method is usually used for relative
paleointensity estimation. After natural remanent magnetization (NRM) destroyed in a series of
alternating field (AF) demagnetization steps, step-wise acquisition of ARM was performed on
each 1 cm?® sample at the identical steps as AF demagnetization. ARM was imparted along the z
direction in an AF decaying from 100 mT with a steady field of H (ranges between 5 and 40 uT)
using a 2G cryogenic magnetometer demagnetizer in the paleomagnetism and petromagnetism

laboratory at the University of Alberta. The vector difference sum was used to account for the
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overprint component not converging on the origin. The results are presented in the form of Arai

plots (Nagata et al., 1963).

5.4 Results and Discussion

5.4.1 Scanning Electron Microscope

The SEM along with EDX analysis was performed on six thin sections, one representing each
site with accepted paleointensity results. For site V5, samples are dominated by skeletal
magnetite grains (Figure 5.2a) confirmed by EDX analysis (the Fe:O ratio is ~74%); but some
patches of ilmenite are also present. Sites V6 and V7 contain dendritic titanomagnetite and small
needles of ilmenite. For the large (>100um) subhedral titanomagnetite grains in the samples from
site V8 (Figure 5.2b), EDX analysis indicates the presence of intermediate Ti- titanomagnetite
(the Ti:Fe ratio is ~31%). For site Vill3, EDX confirms that samples contain low Ti-
titanomagnetite (the Ti:Fe ratio is ~7.5%) and small needle-like ilmenite crystals (Figure 5.2c).
In comparison, the large (>100um) skeletal titanomagnetite grains with a few ilmenite lamellae
are present in the samples of site Vil20 (Figure 5.2d) resulting in the intermediate Ti-
titanomagnetite, confirmed by EDX analysis (the Ti:Fe ratio is ~32%). The large grains also
show that there is no fracturing to indicate the presence of secondary single-phase low-
temperature oxidation. Overall, three distinct magneto-mineralogical types were revealed from
the SEM technique; low Ti- and intermediate Ti- titanomagnetite and possible magnetite, with
mineral type affecting the success rate of samples without resulting in significant variation in
paleointensity results. The previous rock magnetic studies for these sites also indicate that the
primary remanence carriers are composed of a low titanium titanomagnetite or pure magnetite,

containing single or pseudo-single domain particles (Kravchinsky et al., 2002).
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Figure 5.2. Representative scanning electron microscope images of polished samples. The

magnetic mineralogy of the samples that passed palaeointensity section criteria; a) magnetite
with patches of ilmenite (sample 92; site V5), b) skeletal titanomagnetite with ilmenite lamellae
(sample 166; site V8), c) titanomagnetite and needles of ilmenite (sample 271; site Vill3), and d)

skeletal titanomagnetite with ilmenite lamellae (sample 333; site Vil20).

5.4.2 Paleointensity
Absolute paleointensity results of the late Devonian samples with their quality factors are listed
in Table 5.1. For microwave technique, 23 samples out of 60 samples from 6 sites (V5, V6, V7,

V8, Vill3, and Vil20) have provided satisfactory (in terms of quality and statistics)
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paleointensity data. No samples from other 8 sites (V1, V2, V3, V4, Vil4, Vilg, Vill6, and
Vill8) meet all the reliability criteria. In this study, the success rate for the microwave
paleointensity determination is 38%. An example of the accepted Arai and associated Zijderveld
plots are shown in Figure 5.3. Arai plots are strongly concave-up in shape but multiple lines of
evidence support that this is caused by a strong component of magnetization, overprinting a
weak primary magnetization rather than by lab-induced alteration or multi-domain behavior. The
samples display corresponding distinct directional components, positive pTRM checks and little
or no zig-zagging of the Arai plot. For thermal Thellier-Thellier technique, only 2 out of 16
samples from 2 sites (V5 and Vil20) have shown satisfactory paleointensity data. The success
rate for this technique is low (12.5%) as the magnetic minerals in samples are, sometimes,
altered chemically during the thermal paleointensity experiments (Valet et al., 1996; Heller et al.,
2002; Smirnov and Tarduno, 2003). However, the overall sample behavior agrees well with the
microwave results, showing a marginal directionally-offset overprint associated with the steep

initial slope.
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Figure 5.3. Examples of Arai and associated Zijderveld plots produced by the microwave Thellier method. Triangles on the Arai plots
represent pTRM checks and the solid straight lines mark the interval on which intensity was estimated. On the Zijderveld plots, red
(blue) points represent the vertical (horizontal) component (all samples were unoriented). Samples from a) site V35, b) site V8, ¢) site
Vill3, and d) site Vil20.
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Table 5.1. Absolute paleointensity results for the late Devonian. MW: Microwave paleointensity method and TT: thermal

Thellier-type paleointensity method. I/T: Integral (W.s)/Temperature (€ ). Hlab: applied laboratory magnetic field. N: number

of successive data points used for paleointensity calculations. B, f, g and q are the measure of linearity, fraction of the NRM,

the gap factor and the quality factor respectively. DRAT: percentage of discrepancy in the pTRM check. CDRAT: cumulative

DRAT. MAD: maximum angular deviation. PI: paleointensity result. VADM: Virtual axial dipole moment with its associated

standard deviation.

Site Sample ~ Method Low  High Hlab N B f G Q  delcCK DRAT CDRAT Alpha MAD Pl SiteMean  VADM

I/T T (uT) (uT) (uT) (x1022Am2)

V5 SIBEV92-1B MW 6 13 20 8 0048 0359 0.844 97  41%  65% 126% 35 21 116 85+42 155+0.76
SIBEV92-1C MW 6 11 15 6 0060 0.261 0782 53  22% 42% -46% 132 72 110
SIBEV92-1D MW 6 14 15 9 0043 0349 0819 111 99% 13.9% -12% 45 24  10.3
SIBEV99-2 MW 6 10 15 4 0047 0418 0.109 18  40%  45%  54% 33 56 79
V99 T 250 500 15 6 0061 0258 0570 61  44%  68% -143% 32 37 15

V6  SIBEV1102D MW 14 5 0095 0415 0770 66  00%  0.0%  0.0% 10 09 80 165%102 297+1.83
SIBEV1144B MW 5 0.071 0745 0742 7.7 116% 2.8%  -55% 53 24  27.7
SIBEV1144C MW 5 0049 0632 0503 36 00% 0.0%  0.0% 41 08 137

V7  SIBEV1475B MW 12 10 0.082 0288 0.698 2.2  3.8% 12.8% -13.8% 19 25 57  59+03 1.07+0.05
SIBEVIS503B MW 0 13 5 5 0063 0567 0552 67 07% 05% -72% 05 11 6.2

V8 SIBEV1543 MW 9 12 5 4 0024 0519 0379 101 1.7%  2.0%  3.5% 68 35 43 59+10 1.06+0.18
SIBEV165-5 MW 5 12 5 8 0078 0374 0775 71  11.0% 104% -02% 12 21 54
SIBEV1655B MW 7 13 5 7 0079 0432 0789 70  9.0%  7.5%  5.0% 16 17 69
SIBEV1655C MW 6 12 5 7 0053 0461 0824 11.8 14.0% 11.8%  8.8% 22 16 60
SIBEV1655D MW 5 10 5 6 0073 0454 0762 69  75%  72% -89% 108 50 6.0
SIBEVI666C MW 8 13 5 6 0045 0262 0766 7.6  32% 42%  2.0% 63 25 69
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Furthermore, 14 samples from 6 sites with accepted microwave paleointensity results were
investigated using non-heating Pseudo-Thellier method to support microwave paleointensity
data. As the samples show the ratio >>1 for slopel/slope2 (Figure 5.4), it supports the absolute
microwave paleointensity data. The majority of the samples measured using this approach
produced similarly concave-up pseudo-Arai plots (Figure 5.4), suggesting that the high
coercivity component was acquired in a weaker field than the low coercivity component.
Therefore, the results of non-heating pseudo-Thellier experiment support the existence of a

strong component overprinting a much weaker one.

- 12
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Figure 5.4. An example of a non-heating pseudo-Thellier experiment performed on sample
V105-2B from site V5. The vector difference sum was used to account for the overprint

component not converging on the origin.

Moreover, each accepted site was assigned a Qpr (Quality of Paleointensity) value based on the

number of criteria (Biggin and Paterson, 2014) that the site passed (Table 5.2). The
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paleointensity data of this study are considered to be reliable as Qpr values are > 5 for each site.
Our study presents the site-mean paleointensities of 4.6—16.5 puT which corresponds to the
virtual axial dipole moments (VADMs) of 0.81-2.97 x 10?> Am?. The paleointensity results from
the six studied sites are fairly consistent with each other. The calculated mean paleointensity is
8.4 £ 4.3 uT which corresponds to a mean VADM of 1.51 £ 0.78 x 10> Am?, suggesting that the
field was extremely weak during the late Devonian (Figure 5.5). Results indicate that the
magnetic field intensity during late Devonian is significantly lower (< 30%) than the present
geomagnetic field intensity. Furthermore, the paleointensity results for both the normal (V5, V8,
Vill3, Vil20) and reverse (V6, V7) polarity sites are low, supporting our argument that the
geomagnetic dipole low is a characteristic of the late Devonian. As the published data are old
and small in number for this time period, it is difficult to determine whether there is a difference
between field intensities corresponding to this study and previous studies. However, Smith
(1968), Kono (1979), Didenko and Pechersky (1989), and Solodovnikov (1996) reported similar
weak field values for the Devonian. Thus, the low field intensity in the Devonian period seems to

be substantiated.

Similar to the transition from the Mid Jurassic to the CNS, this study would suggest that the field
was weak ~50Ma before the onset of the PCRS (Figure 5.5). Although there are not enough
existing data to identify reversal frequency in the late Devonian, a recent study (Hansma et al.,
2015) indicates that reversals were really more frequent during that time. Therefore, based on the
present knowledge, we can conclude that the geomagnetic field in the late Devonian times was
weak and multipolar. Low dipole moment can be considered an indicator of high reversal

frequency as appears to be the case in the mid-Jurassic and also in the late Devonian,
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demonstrating that these transitions between reversal hyperactivity and superchron states in
geomagnetic field behavior are a recurring feature in the paleomagnetic record. We, therefore,
have evidence of a recurring phenomenon in paleomagnetic behavior that most likely reflects a
quasi-periodic process in the lower mantle producing changes in the pattern and/or magnitude of

core-mantle heat flow.

Table 5.2. Breakdown of criteria fulfillment and Qpi (Quality of Paleointensity) values

determined for each accepted studied site.

Site AGE STAT TRM ALT MD ACN TECH LITH Qpi
V5 1 0 1 1 0 1 1 0 5
V6 1 0 1 1 1 1 0 0 5
V7 1 0 1 1 1 1 0 0 5
V8 1 1 1 1 1 1 0 0 6
Vil13 1 0 1 1 1 1 0 0 5
Vil20 1 0 1 1 1 1 1 0 6

“AGE: A reliable age and palaecomagnetic behavior consistent with paleointensity derived from
a primary component of remanence, STAT: A minimum of 5 individual sample estimates per unit
with low dispersion (true SD/mean <25%), TRM: Reasonable independent (e.g., microscopic)
evidence that the component of remanence in the bulk of samples is likely a thermoremanent
magnetization (TRM), ALT: Reasonable evidence (e.g., pTRM checks or rock mag) that the final
estimate was not significantly biased by alteration occurring during the experiment, MD:
Reasonable evidence (e.g., high [ or pTRM tail checks) that the final estimate was not
significantly biased by multidomain behavior during the experiment, ACN: Reasonable evidence
that the final estimate was not significantly biased by anisotropy of TRM, cooling rate effects,
and non-linear TRM effects, TECH: Estimate is an average of results from more than one
palaeointensity technique, LITH: Estimate is an average of results from more than one lithology
or from samples from the same lithology showing significantly different unblocking behavior”
(Biggin and Paterson, 2014). Here, ‘1’ indicates that the given criterion has been met, while ‘0’

indicates failure to do so.
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Figure 5.5. Records of virtual (axial) dipole moment [V(A)DM] from the PINT database (green
points) and the data from this study (red star) alongside geomagnetic polarity reversal frequency
from the marine magnetic anomaly record (Cande and Kent, 1995; Tominaga and Sager 2010)
and magnetostratigraphic studies (Ogg, 2004). Shaded area indicates insufficient data. ORS:
Ordovician Reversed Superchron; PCRS: Permo-Carboniferous Reversed Superchron; CNS:

Cretaceous Normal Superchron.

5.5 Conclusions

Paleointensity study of the Late Devonian provides new paleointensity results and information
about the behavior of the geodynamo during a largely unstudied time period. Results indicate
that the Late Devonian was a time of extremely weak magnetic field intensity varied from
4.6-16.5 uT which corresponds to virtual axial dipole moments (VADMs) of (0.81-2.97) x10??
Am?. Results are considered to be reliable as the Qpr (Quality of Paleointensity)

values are > 5.
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It provides the evidence that the superchron state, between ~310 and 265 Ma, is preceded by a
very weak field in the late Devonian (~50 Ma before the superchron). If low dipole moment can
be considered an indicator of high reversal frequency (as appears to be the case in the mid-
Jurassic), these results support the idea that rapid transitions between reversal hyperactivity and
superchron states are a recurring feature in the paleomagnetic record. These apparently periodic
(~180 million years) transitions in geomagnetic field behavior may indicate the influence of

mantle convection changing heat flow across the core-mantle boundary.
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Chapter 6

Conclusions

6.1 Conclusions

This thesis presents different applications of paleomagnetism to implement a new technique to
evaluate age for the Chinese red clay sequence; to investigate the regional climate and
environment change in the Holocene recorded in the Chinese Loess; to produce a grand mean
paleomagnetic dipole moment for the Permo-Triassic boundary; and to obtain intensity of the
dipolar field during the late Devonian. All the results, acquired through various paleomagnetic
applications, reveal critical understanding of the Earth’s climate and evolution. The studies,
indeed, fulfill the objectives of this thesis through the findings which are summarized in the

following main points.

The first study, where the magnetostratigraphic age model is tested using cyclostratigraphy,
confirms that the red clay section at Shilou on the eastern Chinese Loess Plateau was formed 5.2
Ma. The well preserved 400 kyr eccentricity and the existence of 100 kyr eccentricity in the red
clay sequence imply that eccentricity plays a vital role in Pliocene climate evolution.
Paleomonsoon evolution during 2.58-5.2 Ma was reconstructed and divided into three intervals
(2.58-3.6 Ma, 3.6-4.5 Ma, and 4.5-5.2 Ma). The latest interval shows a relatively intensified
summer monsoon, the middle interval indicates an intensification of the winter monsoon and
aridification in Asia, and the earliest interval represents a rapid alteration of summer and winter
monsoon cycles. Overall, this study indicates that cyclostratigraphy can assist
magnetostratigraphy in dating red clay sequences more accurately.
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The second study investigates the Holocene Chinese loess sequence through petromagnetic and
grain size analyses and confirms that subsequent warm-humid phase occurred there during ~8.4—
3.7 ka, ~2.4-1.2 ka, and ~0.81-0.48 ka associated with the soil formation and relatively high
values of petromagnetic parameters. The results also suggest that the Holocene optimum period
occurred between ~8.4 and ~3.7 ka, while the summer monsoon influenced the region quite
strongly. Findings also indicate that the Holocene climate record of the studied regions is
consistent with the reported climate records from the tree pollen analysis along the south-to-
north eastern Chinese Loess Plateau at that time. It implies that the same climatic variation
occurred in the eastern monsoonal China. Overall, the results respond to the rapid changes found
in records from elsewhere in the world, indicating that these relate to the changes in global

climate.

The third research in this thesis explores the microwave paleointensity of the Permo-Triassic trap
basalts for the first time. The results indicate that the average geomagnetic intensity for the
northern and the southeastern Siberian traps are significantly different, most likely reflects
slightly different sampling of secular variation by the distinct suites of rocks. It demonstrates that
it is important to consider multiple localities to evaluate the mean paleointensity for the Permo-
Triassic boundary (PTB). After combining the microwave paleointensity data of this study with
thermal Thellier paleointensity data of previous studies, the study reveals the grand mean
paleointensity at the PTB as 19.5 = 10.5 uT, which corresponds to a grand mean virtual dipole
moment (VDM) of 3.2 + 1.5 x 10*> Am?. These are considered to be reliable as QPI (Quality of

Paleointensity) values > 4. The research suggests that the magnetic field intensity during this
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period was significantly lower (approximately half) than the present geomagnetic field intensity,

implying that the Mesozoic dipole low might have begun at the PTB.

The forth study explores the behavior of the geodynamo during a largely unstudied time period,
the late Devonian. The results confirm that the late Devonian was a time of extremely weak
magnetic field intensity, varied from 4.6 puT to 16.5 pT, corresponding to virtual axial dipole
moments (VADMs) of (0.81-2.97) x10?*> Am?. This research reveals that the Permo-
Carboniferous superchron state was preceded by a very weak field in the late Devonian (~50 Ma
before the superchron). Considering low dipole moment to be an indicator of high reversal
frequency (as appears to be the case in the mid-Jurassic), this study concludes that rapid
transitions between reversal hyperactivity and superchron states are a recurring feature in the
palacomagnetic record. These apparently periodic (~180 million years) transitions in
geomagnetic field behavior may indicate the influence of mantle convection changing heat flow

across the core-mantle boundary.

6.2 Future Work

The works presented in this thesis shed more light on the understanding of the evolution of
paleoclimate and geomagnetic field changes. This thesis also offers challenges and opportunities
for further studies. These consist of, but are not limited to, the following potential future

researches:

e The first study in this thesis demonstrates a steady long-term improvement in the approach to

the problem of red clay dating. It could be applied more often for the way out of subjective
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correlation. However, this new dating approach requires well-preserved climate proxy
records to resolve Milankovitch cycles. It is fundamental to measure proxy record for re-
evaluating presently published magnetostratigraphic age models for the red clay deposits.
Furthermore, it would be instrumental to apply this new approach for small sampling interval
for resolving the shorter cycles (obliquity and precession) as it helps investigate the

monsoonal climatic evolution.

The second research in this thesis illustrates the Holocene climatic optimum period in Asia
and its correlation with regional as well as global records. However, it would be
advantageous to investigate whether the Holocene climate in China is only sensitive to the
large warming and cooling events or if it is also (in)sensitive to the millennial scale climate
changes as predicted by theory. Additionally, there still remains the opportunity to identify
the possible sources of climate variability and climate cyclicity in Asia during the Holocene

through the time series analysis of the studied paleoclimatic proxy records.

The third research in this thesis demonstrates the geomagnetic field behavior for the Permo-
Triassic boundary. It presents a grand mean paleomagnetic dipole moment for the PTB that
helps identify the possible extension of the Mesozoic dipole low to the PTB. However,
further study of the geomagnetic field behavior for the Triassic is required to substantiate this
hypothesis of extension. Furthermore, the relationships between magnetic intensity variations
during polarity reversals and the largest mass extinction can be investigated using the grand

mean paleomagnetic dipole moment from this research. It can potentially provide a
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fundamental insight of the dynamics for the geodynamo processes operating on the Earth's

core and mantle convection.

The fourth research in this thesis portrays the nature of intensity of the Earth’s magnetic field
during the late Devonian. Though there is a global lack of suitable sections to estimate the
reversal frequency, it is necessary to extend the magnetostratigraphic analysis to support the
prediction of the reversals frequency being high for this time period as explained by a single
study. Furthermore, it would be interesting to test the hypothesis that an episode of true polar
wander caused the strength of the Earth's magnetic field to increase dramatically between

approximately 370 and 310 million years ago.
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Appendix A

Table A.1. Directions, intensities, breakdown of criteria fulfillment and Qpr (Quality of Paleointensity) values determined from
all the published paleointensity studies for the Permo-Triassic Siberian traps listed in the PINT database
(http://earth.liv.ac.uk/pint/) along with this study (Chapter 4). QPI values are assigned based on the number of criteria (Biggin

and Paterson, 2014) that the estimate passed. Here, ‘1’ indicates that the given criterion has been met, while ‘0’ indicates

failure to do so.

Ref Site Region Section Lat® Long® Dec® Inc® Polarity Pl S ng/iz AGE STAT TRM ALT ™MD ACN TECH LITH QPI
(T G g

2 DK Maymecha-Kotuy Maymecha 70.8 101.0 2655 -64 Reversed 7.9 6.7 13 1 0 1 1 1 0 1 0 5
2 Flow 26 Maymecha-Kotuy Maymecha 70.8 101.0 67.6 60.4 Normal 13.6 5.6 2.3 1 0 1 1 0 0 1 0 4
2 Flow 25 Maymecha-Kotuy Maymecha 70.8 101.0 228.7 -55.1 Reversed 24.6 4.5 1 0 1 1 1 0 0 0 4
1,2 Flow 23 Maymecha-Kotuy Maymecha 70.8 101.0 237 -39.7 Reversed 11.0 2.2 2.4 1 1 1 1 1 1 1 0 7
1 Flow 21 Maymecha-Kotuy Maymecha 25.2 2.0 5.4 1 0 1 1 1 1 0 0 5
2 Flow 17 Maymecha-Kotuy Maymecha 70.8 101.0 9.4 0.8 1.7 1 0 1 1 1 0 1 0 5
2 Flow 16 Maymecha-Kotuy Maymecha 70.8 101.0 2359 24.6 Normal 20.1 3.1 4.9 1 0 1 1 1 0 1 0 5
2 Flow 15 Maymecha-Kotuy Maymecha 70.8 101.0 11.3 1.5 1 0 1 1 1 0 0 0 4
2 Flow 12 Maymecha-Kotuy Maymecha 70.8 101.0 232.2 -80.8 Reversed 11.4 2.7 15 1 0 1 1 1 0 1 0 5
2 Flow 10 Maymecha-Kotuy Maymecha 70.8 101.0 2149 -82.7 Reversed 10.1 1.1 1.3 1 0 1 1 1 0 1 0 5
2 Flow 9 Maymecha-Kotuy Maymecha 70.8 101.0 248.5 -81.6 Reversed 11.5 0.9 15 1 0 1 1 1 0 1 0 5
2 Flow 8 Maymecha-Kotuy Maymecha 70.8 101.0 250.3 -83.3 Reversed 9.4 33 1.2 1 0 1 1 1 0 1 0 5
2 Flow 7 Maymecha-Kotuy Maymecha 70.8 101.0 215.8 -63.5 Reversed 16.7 2.2 2.7 1 1 1 1 1 0 1 0 6
2 Flow 6 Maymecha-Kotuy Maymecha 70.8 101.0 268.8 -82.3 Reversed 119 0.6 1.6 1 0 1 1 1 0 1 0 5
2 Flow 5 Maymecha-Kotuy Maymecha 70.8 101.0 213.3 -72.9 Reversed 15.9 3.9 2.3 1 1 1 1 1 0 1 0 6
2 Flow 4 Maymecha-Kotuy Maymecha 70.8 101.0 246.4 -70.1 Reversed 12.7 3.1 1.9 1 1 1 1 1 0 1 0 6
2 Flow 3 Maymecha-Kotuy Maymecha 70.8 101.0 2629 -81.2 Reversed 16.1 4.4 2.2 1 0 1 1 0 0 1 0 4
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declination, Inc: inclination, PI: paleointensity result, Sd: standard deviation, VDM: Virtual dipole moment. “AGE: a reliable
age and palaeomagnetic behavior consistent with paleointensity derived from a primary component of remanence, STAT: a
minimum of 5 individual sample estimates per unit with low dispersion (true SD/mean <25%), TRM: reasonable independent
(e.g., microscopic) evidence that the component of remanence in the bulk of samples is likely a thermoremanent magnetization
(TRM), ALT: reasonable evidence (e.g., pTRM checks or rock mag) that the final estimate was not significantly biased by
alteration occurring during the experiment, MD: reasonable evidence (e.g., high f or pTRM tail checks) that the final estimate
was not significantly biased by multidomain behavior during the experiment, ACN: reasonable evidence that the final estimate
was not significantly biased by anisotropy of TRM, cooling rate effects, and non-linear TRM effects, TECH: estimate is an
average of results from more than one palaeointensity technique, LITH: estimate is an average of results from more than one
lithology or from samples from the same lithology showing significantly different unblocking behavior” (Biggin and Paterson,
2014).
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