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Changes in the sources, properties and fluxes of mineral aerosol (‘dust’) have significance as both indica-
tors and agents of climate change, through radiative, cloud condensation and ocean biogeochemical
effects. Quaternary aeolian sediments, worldwide in distribution, can comprise high-resolution archives
of past climatic and environmental change, by incorporating chronological, physico-chemical and mag-
netic information.

The magnetic record for a sediment sequence may reflect changes in sediment source, and diagenetic
(post-depositional) loss and/or transformation and/or gain of magnetic minerals. Each potential pathway
requires careful evaluation, to achieve robust understanding of the palaeo-environmental and/or palae-
oclimatic information carried by sediment magnetic properties.

The most important minerals for studies of aeolian dusts are those carrying a magnetic remanence at
room temperature. For the arid zone, the weakly but very magnetically stable minerals, haematite and
goethite, form key magnetic tracers for aeolian transport through space and time. Elsewhere, the strongly
magnetic ferrimagnets, magnetite and maghemite, arising from lithogenic and/or in situ sources, can
dominate sediment magnetic properties. Magnetic measurements, sensitive even to trace concentrations
of these iron minerals, can readily discriminate between different magnetic mineral assemblages, and are
also relatively rapid, non sample-destructive, and cost-effective. Combined with robust chronological
control, magnetic measurements are a powerful means of identifying palaeoclimatic and palaeoenviron-
mental change from palaeo-dust records. In the case of the classic loess/palaeosol sequences of East Asia,
it has been possible to obtain quantitative magnetic climofunctions, enabling spatially- and temporally-
dense reconstructions of palaeoprecipitation.

� 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Aeolian sediments can comprise key natural archives of past cli-
matic and environmental changes. Aeolian sediments of Quater-
nary age occur in every ocean and on every continent (on land
and/or in ice), and incorporate chronological, physico-chemical,
and magnetic records of changes in dust flux, source and
properties.

Palaeo-dust records show that the emission, transport, deposi-
tion and post-depositional weathering of aeolian dust are all
strongly linked with climate state (e.g. Harrison et al., 2001; Koh-
feld, 2002; Kohfeld et al., 2005). During glacial climate stages, for
example, increases in dust flux were globally ‘synchronous’ and
were on average two to five times greater than in interglacial
stages (Fig. 1, and e.g. Kohfeld and Harrison, 2001). However, dust
fluxes also demonstrate major within-stage variability, both in
temporal (sub-millennial) and spatial terms, such variability par-
ticularly exemplified by most of the world’s sequences of loess
(deposits of windblown dust). The transport and deposition of
mineral dust not only reflects and responds to climate but may
play an active role in climate modification, whether directly via
radiative effects (e.g. Sokolik and Toon, 1999; Alfaro et al., 2004;
IPCC, 2007) or indirectly via modification of clouds (Sassen et al.,
2003; Spracklen et al., 2008) or of ocean uptake of atmospheric car-
bon dioxide (Martin, 1990; Bopp et al., 2003; Moore and Braucher,
2008). Given the significance of aeolian dust as not just a proxy re-
corder of climate conditions but also as an active agent of climate
cite this article in press as: Maher, B.A. The magnetic properties of Quat
n Research (2011), doi:10.1016/j.aeolia.2011.01.005
change, sampling, analysis and understanding of palaeo-dust re-
cords represent timely and important scientific tasks.

The large changes in dust fluxes recorded by the palaeo-dust re-
cord may reflect a variety of processes, encompassing multi-facto-
rial changes in (a) the location and areal extent of dust source
areas, (b) transport path and efficacy, and (c) the trapping effi-
ciency of the depositional zone. For the last glacial maximum
(LGM), for example, comparisons between palaeo-data and mod-
elled dust fluxes indicate that the areal extent of dust sources must
have been greatly extended (e.g. Mahowald et al., 1999; Werner
et al., 2002; Tegen et al., 2002). Expansion of dust source areas ap-
pears to have been quasi-synchronous across the northern and
southern hemispheres (Winckler et al., 2008; Maher et al., 2010),
resulting, depending on location, from changes in vegetative cover
(e.g. Aleinikoff et al., 2008; Tegen and Fung, 1995); sub-aerial ero-
sion of emergent continental shelves (Bigler et al., 2006); and
deflation from glacigenic and periglacial deposits (Mahowald
et al., 2006; Sugden et al., 2009).

In terms of transport, variations in pressure gradients and resul-
tant wind speeds and/or gustiness (Rea and Hovan, 1995; Engels-
taedter and Washington, 2007; McGee et al., 2010) have been
inferred from changes in palaeo-dust particle size, whilst others
have additionally suggested the role of changes in transport path,
length of path and particle rain-out (e.g. Arnold et al., 1998; Ruth
et al., 2003; Fischer et al., 2007a, 2007b; Lambert et al., 2008). Dust
deposition rates are likely to have varied not only in response to
enhanced dust emissions and transport, but also due to surface
roughness changes, especially related to vegetation change (e.g.
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 1. Measured aeolian mass accumulation rates (MARs, g m�2 yr�1) for (a) the present day (MOD = modern) and (b) for the LGM. All data drawn from the ‘DIRTMAP3’
database (Maher and Kohfeld, 2009, http://www.lec.lancs.ac.uk/research/LU_themes/inqua_working_group.php). From Maher et al. (2010).
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Marticorena et al., 1997). Present-day (PD) and LGM sources and
properties of aeolian dust, and their possible impacts on climate
via radiative and ocean biogeochemical forcings, are the subject
of a recent review (Maher et al., 2010), which also includes the lat-
est global synthesis of PD and LGM dust fluxes (‘DIRTMAP3’, see
Fig. 1).

Here, the palaeoclimatic significance of the magnetic properties
of aeolian dusts and sediments is reviewed. Magnetic behaviour
and the magnetic properties of a range of iron oxides and oxyhy-
droxides are first briefly introduced, and the sources of such min-
erals for dusts and aeolian sediments considered. Magnetic data for
modern dusts (relatively scarce compared with the available palae-
o-data) are then presented, followed by a review of a global range
of magnetic studies of palaeo-dust fluxes, sources and properties.
The examples discussed are drawn both from the marine and con-
tinental (including ice-core) realms. Attention is paid particularly
to the worldwide occurrences of loess sequences and their inter-
bedded palaeosols, and the potential role of these sediments as
quantitative archives of palaeoclimate, and especially of palaeo-
precipitation.

The ubiquity of ‘magnetic minerals’ (i.e. defined in this context
as minerals capable of carrying a magnetic remanence, see Sec-
tion 2 below) provides the potential for rich magnetic records of
past and present changes in climate and environment. The palaeo-
magnetic properties of aeolian sediments can provide records of
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
Aeolian Research (2011), doi:10.1016/j.aeolia.2011.01.005
sediment age, via reversal magnetostratigraphy, secular variation
or palaeointensity changes. Their environmental or mineral mag-
netic properties can provide not only a basis for high-resolution
magnetic cyclostratigraphy but also unique information on sedi-
ment source, and on climate, recorded through post-depositional
weathering and soil development. The magnetic fabric of sediments
can sometimes provide information on pathways of sediment
transport and deposition, especially in least weathered aeolian
sediments; increased magnetic lineation associated with deposi-
tion from a preferential direction of flow, whether wind or water.
(This aspect of sedimentary magnetism will not be considered
here; see e.g. Kodama, 1995 for a review of magnetic fabrics).

Magnetic measurements of sediments and soils are sensitive
even to trace concentrations of the most ubiquitous iron oxides,
goethite and haematite. For example, the remanent magnetisation
due to less than 1 part per 107–108 of haematite can be readily
measured. For ferrimagnets like magnetite, the sensitivity in-
creases to <1 ppb. Magnetic measurements can be made relatively
rapidly and non-destructively. Combined with robust chronologi-
cal control, magnetic measurements demonstrably provide a pow-
erful means of identifying and quantifying palaeoclimatic and
palaeoenvironmental change.

Changes in sediment magnetic properties can reflect changes in
the supply of allocthonous magnetic minerals, and/or authigenic
formation of magnetic minerals, and/or their post-depositional
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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dissolution. Hence, sediment magnetic properties require careful,
site-specific evaluation, ideally based on thorough investigation
of a range of magnetic parameters (e.g. Table 1), in order to achieve
robust understanding both of the magnetic minerals carrying the
measured signal and the nature of the recording process, and hence
its palaeoclimatic significance.

2. Magnetic properties of minerals in dusts and sediments

All materials display magnetic behaviour – when placed in a
magnetic field, they respond by producing magnetic fields of their
own. Indeed, some minerals (like magnetite) spontaneously gener-
ate magnetisation, without application of any external field. Here is
provided a brief introduction to material magnetic properties
(drawn from Maher, 2007 and Maher et al., 1999); more detailed
discussion is available from e.g. Jiles (1998).

Magnetic fields arise at the atomic level, from the electric cur-
rents generated by the spin of electrons about their own axes
and their orbital motion around their central nucleus. The move-
ments of these charged particles (which can be thought of as
describing tiny current loops) produce magnetic moments, m.
When a material is subjected to an applied magnetic field, H, the
magnetic moments will respond and produce an induced magnet-
isation, Mi, the magnetic moment per unit volume (ampere/metre,
A m), or per unit mass (A m2 kg�1).

The relationship between the induced magnetisation, Mi and
the applied field, H is

Mi ¼ KH or vH

where K or v is the magnetic susceptibility. The volumetric magnetic
susceptibility, K, is dimensionless. The mass susceptibility, v = K/q
(where q = the sample density), in units of m3 kg�1, is commonly
used in environmental studies of magnetic materials.

It is important to note that v can vary in complex ways as a
function of the sample characteristics, including magnetic mineral-
Table 1
Summary of routine, room-temperature magnetic parameters, units, instrumentation and

Magnetic susceptibility, v (normalised to sample mass)
Magnetic concentration

The ratio of magn
within a small ac
magnetic remane
magnetic (e.g. m
lower susceptibil
Instrumentation:
Units: m3 kg�1

Frequency dependent susceptibility, vfd

Ultrafine magnetic grain size (on the superparamagnetic/
single domain size boundary at room temperature)

The variation of s
susceptibility refl
longer ‘observati
‘observation time
Instrumentation: e
at 2 frequencies
Units: m3 kg�1 or

Anhysteretic remanent magnetisation, ARM or anhysteretic
susceptibility, vARM

Ultrafine magnetite

If a sample is sub
anhysteretic rem
(magnetite-like)
multidomain (MD
strength (desirab
susceptibility
Instrumentation: a
magnetometer
Units: ARM, A(mp

Saturation remanence, SIRM
Concentration of remanence-bearing minerals

The highest level
magnetic field (in
haematite or goe
but also respond
Instrumentation:

Remanence ratios, IRMn mT/SIRM%
Degree of magnetic ‘softness’ or ‘hardness’ (MD vs SD
magnetite; magnetite vs haematite)

A ‘soft’ mineral (
IRM20 mT/SIRM of
IRM20 mT/SIRM of
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ogy, concentration, grain size, shape and stress, and method of
measurement, for example, at different temperatures and fre-
quency of applied field.

Three basic types of magnetic response can be observed when
Mi is measured upon application of an external magnetic field, H
(Fig. 2). Diamagnetic materials acquire a small induced magnetisa-
tion, which is aligned opposite to the applied field direction
(Fig. 2a). Examples of diamagnetic substances include water (v
�–0.9 � 10�8 m3 kg�1), quartz (v �–0.6 � 10�8 m3 kg�1), and cal-
cium carbonate (v �–0.5 � 10�8 m3 kg�1). Paramagnetic materials
display weak but positive magnetic susceptibility (Fig. 2b). They
contain unpaired electrons which generate net (non-cancelled)
electron spin moments, which align themselves with the applied
field direction. Thus, their magnetic susceptibility at room temper-
ature is low (but higher than the diamagnets) and positive; exam-
ples include such iron-bearing minerals as biotite (v
�50 � 10�8 m3 kg�1), and the iron oxyhydroxide, lepidocrocite (v
�70 � 10�8 m3 kg�1).

In contrast to these weakly magnetic responses, the third type
of magnetic behaviour, ferromagnetism, displays much stronger
and spontaneous magnetisations, and magnetic remanence-carry-
ing capability (Fig. 2c). Ferromagnetic materials are strong mag-
nets because of the close packing of atoms within their crystal
structures. This close packing enables positive interactions be-
tween uncancelled electron spins, leading to large and stable in-
duced magnetisations (i.e. orders of magnitude higher than those
of diamagnets and paramagnets). As seen in Fig. 2c, ferromagnets
display steep increases in magnetisation with applied field, until
they reach saturation magnetisation (Ms). Ferromagnets also dis-
play irreversible magnetisation; upon removal of the saturating
field, their magnetisation falls not to zero but to the saturation
remanent magnetisation (SIRM). The exchange interactions which
produce this strong magnetic behaviour can take on different con-
figurations, reflecting different mineral structures. In ferromag-
nets, the alignment of the exchange coupling is entirely parallel
magnetic significance. Adapted from Maher et al. (2009a,b).

etisation induced in a sample to the intensity of the magnetising field. Measured
field (�0.1 mT, �2.5� the Earth’s magnetic field) and is reversible (i.e. no
nce is induced). Often roughly proportional to the concentration of strongly

agnetite-like) minerals. Weakly magnetic minerals, like haematite, have much
ity values; water, organic matter have negative susceptibility
single sample susceptibility meter

usceptibility with frequency of ac measurement field. Frequency dependence of
ects the presence of SP grains, unstable (high susceptibility) at low frequency/

on time’, and stable (lower susceptibility) at higher frequency/shorter
’
.g. the Bartington Instruments MS2B susceptibility sensor enables measurement

(0.46 kHz and 4.6 kHz)
normalised to the low-frequency v, ({LF – {HF)/{LF

jected to a decreasing ac field with a small dc field superimposed, it acquires an
anence. ARM is sensitive both to the concentration and grain size of ferrimagnetic
grains, highest for grains close to the SP/SD boundary and lowest for coarse
) magnetic grains (e.g. >�5 lm in magnetite). If ARM normalised for the dc field

le as different labs. use different dc fields), it is termed an anhysteretic

nhysteretic magnetiser (max. ac field 100 mT, dc field often �0.08 mT); fluxgate

eres) m2, vARM m3 kg�1

of magnetic remanence that can be induced by application of a ‘saturating’
many labs. the highest dc field is 1 T, sufficient to saturate magnetite but not

thite). SIRM is an indicator of the concentration of magnetic minerals in a sample
s (albeit less sensitively than ARM) to magnetic grain size
Pulse magnetiser and/or electromagnet; fluxgate magnetometer
e.g. coarse MD magnetite) will acquire remanence easily, at low fields (e.g.

90%). A ‘hard’ mineral (e.g. haematite) will magnetise only at high fields (e.g.
<5%, IRM 300 mT/SIRM of �30%)

ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 2. Magnetic response (M) to applied magnetic fields (H); (a) the weak and negative behaviour of a diamagnetic material; (b) the weak and positive response of a
paramagnetic material; (c) a magnetic hysteresis (M–H) loop for a typical natural material containing a mixture of ferromagnetic and paramagnetic minerals, and the
magnetic parameters often used in environmental magnetic investigations. Redrawn from Maher et al. (1999).

Fig. 3. Ferromagnetic (a), perfectly antiferromagnetic (b) and ferromagnetic (c)
exchange coupling.
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(Fig. 3a); in (imperfect) antiferromagnets, the coupling is (almost)
anti-parallel (Fig. 3b); in ferrimagnets, the coupling is opposite but
unequal (Fig. 3c). Examples of ferromagnets include the true ferro-
magnet, iron (v �200,000 � 10�8 m3 kg�1, SIRM �80 A m2 kg�1);
the imperfect antiferromagnet, haematite (v �60 � 10�8 m3 kg�1,
SIRM �0.25 A m2 kg�1); and the mixed Fe2+/Fe3+ ferrimagnet, mag-
netite (v �50,000 � 10�8 m3 kg�1, SIRM �15 A m2 kg�1).

A further valuable characteristic of ferromagnetic minerals is
that their susceptibility and remanence properties display appar-
ent grain size-dependence (Fig. 4). Grain size exerts no intrinsic
control on magnetisation, but it physically controls the number
of magnetic domains into which any magnetic mineral crystal
can sub-divide. Magnetic domains – regions within a crystal with
uniform directions of magnetisation – are typically a few hundreds
of nanometers in diameter, and separated from other domains by
domain walls, of �5–200 nm thickness. Domains form in order to
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
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lower the total energy state of the crystal; for example, a large,
multidomain (MD) magnetite grain (i.e. >�2 lm) can exist in a
nearly demagnetised state, by sub-dividing into many domains
each magnetised in different directions. Small grains (e.g.
<�0.03 lm in magnetite) are too small to form any domains. Mag-
netite grains of between �0.03 and 0.07 lm can form one single,
stable domain (SSD). It is energetically easier to magnetise and
demagnetise MD grains than SSD grains, and MD grains will also
have weaker magnetisations than SSD grains. The least stable mag-
netic grains are those which are superparamagnetic (SP) at room
temperature (i.e. for magnetite, <�30 nm in diameter). The mag-
netic moments of such grains are constantly disordered by thermal
agitation; they can carry no magnetic remanence but do contribute
a disproportionately high magnetic susceptibility (depending on
the frequency of measurement, see Table 1).

This high susceptibility reflects temporary alignment of their
�105 magnetic moments within a low magnetic field, giving rise
to ‘super’-paramagnetic behaviour.

The magnetic properties of natural samples can be analysed
using many different measurement protocols and experiments.
However, because environmental materials often contain different
and distinctive magnetic minerals, with different compositions,
concentrations and grain sizes, it is often possible to use a quite
small number of magnetic parameters to identify their major mag-
netic components and/or to characterise, or magnetically ‘finger-
print’, individual samples (e.g. Tables 1 and 2, and Fig. 5). It
might be noted that measurements of magnetic susceptibility nor-
mally constitute just the first, and most basic, step in any sediment
magnetic analysis, followed by more detailed magnetic character-
isation, preferably supplemented by independent mineralogical
analysis (e.g. electron microscopy, Mossbauer analysis) of a repre-
sentative subset of samples (e.g. Hounslow and Maher, 1996). A
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 4. The variation of magnetic properties with grain size in magnetites of known grain size distributions, (a) v; (b) vARM/SIRM ratio; (c) coercivity of remanence (B0)CR.
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‘user-friendly’ practical guide to magnetic analysis of environmen-
tal materials is provided by Walden et al. (1999).
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
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Most natural samples contain a mixture of different magnetic
components (i.e. different minerals, in different concentrations
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Table 2
Magnetic mineral identification along a sequence of magnetic analyses. From Maher et al. (1999).
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and with a range of grain sizes). Quantification and ‘unmixing’ of
sample magnetic components can be achieved using a range of sta-
tistical techniques, mostly based on analysis of magnetisation
curves. For example, Thompson (1986) used ‘Simplex’-type optimi-
sation to un-mix observations against model data. Subsequently,
Egli (2004a,b,c) and Heslop et al. (2002a) and Heslop and Dillon
(2007) have developed additional unmixing methods, whether
against model functions or by mathematical decomposition with-
out a priori knowledge of constituent minerals or domain states.

Measurement and analysis of first-order reversal curves
(FORCs) provide an additional tool for identifying fine-grained
magnetic minerals, their domain state and degree of interaction
(Pike et al., 1999, 2001; Roberts et al., 2006). FORCs, descending
partial hysteresis curves, require thousands of data points to pro-
duce magnetisation contours, providing in particular a more pre-
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
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cise measure of particle magnetic interactions. Whilst FORC
measurements can be made automatically (e.g. using the software
controlling the Micromag vibrating sample magnetometer and the
alternating gradient magnetometer), they are time-consuming,
and thus will often be used to ‘calibrate’ more routine magnetic
characterisation of large numbers of samples (Egli et al., 2010). A
new raft of processing algorithms is being developed as application
of FORCs to different environmental samples gathers pace (e.g.
Harrison and Feinberg, 2008).

Sample affinities and provenance can also be examined statisti-
cally, in multidimensional, multi-magnetic parameter space, e.g.
using cluster analysis of discriminatory (non-auto-correlated)
magnetic properties of the sediment sample and of potential
source materials. For example, fuzzy cluster analysis has been used
in a range of environmental magnetic studies (e.g. Hanesch et al.,
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 5. Magnetic discrimination between seven examples of different magnetic minerals and grain sizes on a biplot of magnetic stability vs squareness. (Redrawn from Maher
et al., 1999.)
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2001; Watkins and Maher, 2003; Watkins et al., 2007; Hatfield and
Maher, 2009). Clustering seeks to classify or group discrete but di-
verse sample magnetic properties without any a priori knowledge
about any of the samples (e.g. geographic or temporal location).
The ‘fuzziness’ of the analysis enables estimation of the degree of
affinity of any one sample to all other clusters, rather than categor-
ical assignment of the sample to one individual cluster (Minasny
and McBratney, 2002). The optimal solution provides cluster statis-
tics including centroids and a quantitative affinity of each sample
to its own cluster, but also to all other clusters, ranging between
zero (no affinity) and one (identical). This fuzziness is appropriate
in many environmental contexts, where samples are likely to con-
sist of mixtures of source materials. The possibility of spurious
matches can be reduced by prior evaluation of sample magnetic
properties by Spearman’s Rank, for example, to ensure they show
no auto-correlation.

3. Magnetic minerals in aeolian dusts and sediments

3.1. Introduction: dust mineralogy

Mineral dusts typically consist of a mixture of mineral species
(and particle morphologies), often including quartz, clay minerals,
calcium carbonate (Claquin et al., 1999), and a range of magneti-
cally-ordered iron oxides and/or oxyhydroxides. The fraction of
iron which is present within the iron oxides and oxyhydroxides
is sometimes referred to as the ‘free iron’ (as opposed to structural
iron, occurring as substituting ions within the aluminosilicates).
This ‘free iron’ is responsible for absorption of light (e.g. Lafon
et al., 2006). The mineralogy, concentration and grain size of the
iron oxides and oxyhydroxides contained in atmospheric dusts
are controlled primarily by the source soil mineralogy and water
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
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regime (Schwertmann and Taylor, 1987). Upon subsequent defla-
tion from the ground surface, grain size changes (aggregation
and/or disaggregation) can occur as a result of the erosional pro-
cesses, such as ‘sandblasting’, i.e. impact-induced emission of finer
dust grains from larger particles or aggregates (e.g. Grini and Zend-
er, 2004). Finally, dust composition and particle size can change
during transport, for example, by agglomeration with organic car-
bon or salt particles (e.g. Zhang and Iwasaka, 2004; Worobiec et al.,
2007), and/or dissolution/re-precipitation reactions during cloud
processing (Shi et al., 2009a,b).

Some dusts may be magnetically distinctive by dint of contain-
ing very little ferromagnetic material. For instance, the largest sin-
gle dust source at the present day, the Bodélé depression, Chad, is
reported to emit dust dominantly composed of diatomite (a sili-
ceous, and thus diamagnetic, material), from erosion of Late Pleis-
tocene and Holocene lake bed deposits of the palaeo-Lake Chad
(Bristow et al., 2009). However, magnetic measurements (Maher,
in prep.) show that even dust from this particular source contains
abundant concentrations of the soil iron minerals, haematite
(aFe2O3, i.e. the most oxidised of the iron minerals) and the iron
oxyhydroxide, goethite (cFeOOH).

Indeed, haematite and goethite occur on a global scale as trace
to minor soil components (i.e.��5% by mass), as a result of oxida-
tive and hydrolytic weathering of Fe2+-containing primary (litho-
genic) minerals at the near-surface. As discussed below, these
volumetrically-dominant minerals display distinctive magnetic
properties, being magnetically both very weak and hard (i.e. diffi-
cult to magnetise and subsequently demagnetise). In contrast, the
much more strongly magnetic minerals, magnetite and maghe-
mite, occur at much lower concentrations in natural mineral dusts,
but these trace minerals can readily indicate changes in dust min-
eralogy, source and depositional fate.
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 6. Micro-environmental variations in redox environment in the soil ped and
pore environment. From Maher (1984).
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3.2. Haematite and goethite

3.2.1. Introduction
Although the soil micro-environment (Fig. 6) controls finally the

oxidation status of soil-formed iron minerals, haematite is preva-
lent in warmer and drier climatic regions; modern dusts from
the arid and semi-arid zone (Claquin et al., 1999) contain measured
haematite contents of �0.6–3.4% (by volume). Goethite has a much
larger geographic range than haematite; it may occur in (volumet-
rically) larger amounts even in soils and dusts visibly reddened by
the presence of pedogenic, highly pigmenting, nano-scale haema-
tite. The smaller the crystal size of haematite, the more saturated
is its red colouration (Pailhe et al., 2008); caution is thus required
when attempting to establish relationships between soil redness
and haematite concentration (e.g. Torrent et al., 1983). Based on
diffuse reflectance spectroscopy (DRS), goethite has been reported
to be the dominant species (i.e. �wt% 2–3 � higher than haema-
tite) in reddened dust source (soil) samples from Niger and Tunisia
(Lafon et al., 2004, 2006), and in the loess and palaeosols of the fa-
mous Chinese Loess Plateau (Ji et al., 2004; Balsam et al., 2004).
Goethite (and magnetite and/or maghemite) is also suggested to
occur in the red ‘soils’ of the Martian surface, again, critically,
indicative of hydrolytic weathering processes (Morris et al., 2000).

The distinctive, hard magnetic properties of haematite and goe-
thite (Section 3.4) provide a key tracer for modern and palaeo-
fluxes of dusts emitted from the arid zone, especially from North
Africa, the largest source of dust in the world (see Section 5.1.1).

3.2.2. Haematite and goethite grain size: transport, radiative and
biogeochemical effects

Haematite and goethite most commonly occur as discrete nano-
scale particles (Fig. 7a–f), often associated with fine mineral frac-
tions (�10 lm, i.e. fine silt and clay-sized, e.g. Fig. 7c). They can
also exist as surface coatings on larger particles, and as much lar-
ger, diagenetic overgrowths and/or replacements of original iron-
bearing mineral grains (Fig. 5d).

Nanoscale iron mineral particles can achieve long atmospheric
residence times (i.e. days) and long distance transport paths
(>1000 km). Further, cloud processing reactions, involving large
alternations in pH (�pH 2 to �5–6) during transport, may generate
neo-formed iron oxide nanoparticles from aeolian haematite and
goethite particles, via dissolution and re-precipitation reactions
(Shi et al., 2009a). These in-transport chemical mechanisms for
nanoparticle neo-formation may account for the enhanced iron
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
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solubility of long range transport (LRT) dusts, observed in areas re-
mote from major dust sources and associated with low dust con-
centrations (Baker et al., 2006; Shi et al., 2009b; Baker and Croot,
2010). It should be noted that such nanoscale particle fining will
neither be identifiable nor measurable using conventional particle
size distribution analysis of LRT dusts. (Conventional analyses indi-
cate that the mode particle size of LRT dusts stabilises at �2–3 lm
(Maring et al., 2003.)

The nanoscale dimensions of these primary and neoformed iron
mineral grains may be of key importance regarding dust interac-
tions with the ocean biogeochemical cycle, via the transport of iron
and other potentially limiting mineral species (e.g. Si) to high
nutrient-low chlorophyll (HNLC) regions of the world ocean (e.g.
Martin, 1990; Moore and Braucher, 2008; Boyd et al., 2010). Such
particles have very high surface areas and potentially high reactiv-
ity, and may thus represent a bio-available form of iron for pres-
ently iron-limited marine organisms (Baker and Croot, 2010). The
additional possible influence on iron mobilisation of organic li-
gands, and of surface adsorption and/or desorption of organic
material, either during atmospheric dust transport and/or after
ocean deposition, remains to be determined (Barbeau et al., 2001).

Even in minor concentrations, haematite and goethite can exert
a disproportionate radiative effect. They display high absorptivity
at shorter wavelengths (Sokolik and Toon, 1999; Balkanski et al.,
2007), an effect maximised given the typically sub-micrometre
grain size of these soil-sourced minerals, and the evenness of their
distribution both in the source soil matrix, and in the dusts emitted
from them. The atmospheric warming, and surface cooling, which
result from dust absorptivity can occur on local or regional scales,
especially over bright surfaces (e.g. Miller et al., 2004a, 2004b; Zhu
et al., 2007; Balkanski et al., 2007). In turn, this can lead to other
possible atmospheric dynamical effects, influencing, for example,
monsoonal moisture transport and delivery (e.g. Lau et al., 2006;
Huang et al., 2009) and surface albedo (e.g. Krinner et al., 2006).

.

3.2.3. Magnetic properties of haematite and goethite
Because their magnetisations arise from crystal asymmetries,

reflecting structural defects and/or substitutions (especially, in
the soil environment, of aluminium), the magnetic behaviour of
haematite and goethite can be variable (Dekkers, 1989; Liu et al.,
2002; Maher et al., 2004; Rochette et al., 2005; Liu et al., 2006a).
In general terms, their magnetic characteristics are similar (Table 1)
in that both are magnetically weak and ‘hard’, that is, large mag-
netic fields (e.g. >300 mT up to �10 T) are required both to magne-
tise and subsequently demagnetise them. They characteristically
display rather low magnetic susceptibility (�60–70 � 10�8 m3

kg�1) and saturation remanence (SIRM, �0.05 A m2 kg�1 for goe-
thite, �0.25 A m2 kg�1 for haematite), and high ratios of saturation
remanence to susceptibility (SIRM/v �70 kA m�1 for goethite,
400 kA m�1 for haematite). More detailed magnetic and granulo-
metric discrimination can be obtained for these minerals, even
within the field range 100 mT–1 T, but also by using higher field
and low temperature measurements (see Table 2). Measurements
of frequency dependent v (vfd) and low temp (e.g. 77–300 K),
high-field (e.g. >300 mT) remanence indicate the characteristic
presence of SP-sized haematite and goethite in soils from the arid
zone (Section 4). The fine size of these iron oxide and oxyhydroxide
particles is independently attested by their highly pigmenting ef-
fect in such soils.

Compared with haematite, goethite is distinctively harder; for
example, it acquires most (80–90%) of its isothermal remanent
magnetisation (IRM) at applied fields greater than 2 T, whilst hae-
matite acquires �60–70% of its remanence at fields below 2 T
(France and Oldfield, 2000; Maher et al., 2004). In many environ-
mental laboratories, the maximum dc magnetic field which can
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 7. Transmission electron micrographs showing a range of natural examples of haematite and goethite crystals; (a) � equidimensional particles of haematite (aFe2O3)
appear here as the smaller, electron-opaque particles (i.e. essentially unassociated with the larger, clean flakes of kaolinite), scale bar = 1 lm; (b) ultrafine haematite
crystallite, soil sample, Morocco, scale bar = 100 nm; (c) pedogenic haematite crystals formed within the interlayer space of a clay mineral, Chinese Loess Plateau; (d) red,
oxidised rim of haematite around a lithogenic magnetite grain, Chinese Loess Plateau; (e) typically acicular grains of goethite, from North Atlantic sediments; (f) pedogenic
goethites, from an oxisol, New Caledonia, scale bar = 0.1 lm. In order, micrographs from Jones (in Schwertmann, 1988), Lieke (pers. comm.), Chen et al. (2010), Xie et al.
(2009a,b), Franke et al. (2007), and Schwertmann (1988).
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be grown is �1 T. Fortunately, the IRM acquisition and demagneti-
sation behaviour of goethite and haematite is distinctive even
within the field range 100 mT–1 T. Whilst each displays acquisition
of remanence at room temperature in dc fields beyond 100 and
300 mT, the response of each mineral to af demagnetisation of
the resultant ‘high-field’ remanent magnetisation, ‘HIRM’, appears
diagnostic. Irrespective of their grain size, goethites retain most
(�90%) of their ‘HIRM’ in ac fields of 100 mT; for haematites, the
‘HIRM’ loss is as much as �25%. Thus, the mass-normalised, af-
demagnetised HIRM0.1 or 0.3 mT–1 T (100 mT af) may provide the sim-
plest means of estimating the remanence contributed by these
high-coercivity minerals.

Where larger dc fields are available, it is also possible to identify
changes in goethite and haematite grain size in natural samples,
Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
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through measurement of their remanence behaviour as the sam-
ples are cooled to low temperatures. Upon cooling in zero magnetic
field to 77 K, synthetic goethites display large increases in their
HIRM2–7 T values, with the largest increases (+158%) shown by
the smallest grain sizes (Fig. 8). In contrast, haematite grains larger
than �100 nm lose much of their remanence upon cooling through
a Morin transition at the relatively low temperature of �240 K,
with no apparent dependence on grain size. Their Hcool values
range from �75% to �95% (Fig. 8). Ultrafine synthetic haematite
grains, <�25 nm grain size, do not show the Morin transition in
their HIRM7–2 T. Fig. 8 also shows the low-temperature, high-field
behaviour of a number of natural goethite- and haematite-rich
samples, including goethitic and haematitic soils, together with
some redbeds (Triassic and Devonian), and two surface sediment
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 8. Behaviour of synthetic goethites and haematites of differing grain sizes, and
of a range of goethite- and haematite-rich natural samples, when subjected to
measurement of their high-field remanence at room temperature, subsequently
cooled to 77 K. H% = the proportion of the room temperature remanence acquired in
fields from 2 T (T) up to 7 T and HCool% indicates the increase or decrease in high-
field remanence upon cooling in zero field to 77 K (LT). From Maher et al. (2004).

Fig. 9. Scanning electron micrographs of lithogenic magnetites, (a) an overview of
the large (>�1 lm), geometric detrital magnetites/maghemites extracted magnet-
ically from a sample of Chinese Loess (L2SS1); (b) euhedral lithogenic magnetite
crustal, from the same Chinese loess sample; (c) magnetite (?) inclusions within a
tourmaline grain (width of micrograph = 5 lm, image provided by Mark Houn-
slow); (d) magnetite inclusions within quartz grains, Burdekin River sands.
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samples from the North Atlantic, west of the North African dust
plume (cores 12310-4, �18.72�W 23.5�N and 12328-4, �18.57�W
21.15�N).

In soils, substitution by aluminium of the octahedral Fe3+ in
haematite and goethite is common and (especially in goethite) of-
ten prolific, reflecting the abundance and similar dimensions of
this cation (Norrish and Taylor, 1961). As a general observation,
highly-substituted goethites (10–33 mole%) are prevalent in highly
weathered, subtropical and tropical soils (e.g. oxisols), whilst lower
substitution levels (<�10 mole%) occur in weakly acid and gleyed
soils (e.g. Schwertmann, 1988). However, long-weathered and of-
ten polygenetic soils characteristically display varied Al-substitu-
tion levels within their profiles, reflecting different stages of Fe
mobilisation and precipitation. Al-substitution in haematite ap-
pears more limited, with maximum values of 15–18 mole% re-
ported (Schwertmann, 1988).

One effect of increased Al-substitution in goethite is to reduce
its crystal size, especially in the z direction. At 5 mole% Al substitu-
tion, synthetic goethites show �50% decrease in crystal length; at
20 mole%, a decrease by 90% (Schwertmann, 1988). Such changes
lead to differences in magnetic remanence acquisition and demag-
netisation (Liu et al., 2007), thus HIRM measurements must be
carefully assessed in terms of possible changes in source mineral-
ogy as well as in haematite or goethite concentrations.

3.3. Magnetite/maghemite

In contrast to the weak, hard magnetic minerals, even trace con-
centrations of the strongly magnetic, cubic spinel minerals, magne-
tite (Fe3O4) and maghemite (cFe2O3), can dominate the magnetic
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properties of sampled dusts, aeolian deposits and palaeosols. Mag-
netite and maghemite form a solid solution series, with gradual
changes in the magnetic properties from one end-member compo-
sition to the other (Longworth et al., 1979).

3.3.1. Lithogenic magnetite/maghemite
Magnetite/maghemite can occur as primary, lithogenic mineral,

formed at high temperatures in the sub-crustal environment, and
subsequently released by weathering from source rocks (Fig. 9a
and b). Such detrital magnetite grains are often coarse-grained
(>�1 lm) and contain substituting cations (especially titanium)
within their crystals lattices. Lithogenic (Ti-) magnetite can be
abundant in soils developed on basic igneous lithologies. For exam-
ple, spontaneous magnetisation is displayed by a significant per-
centage of subsoils across Brazil – up to 50% of the soil mantle
across Parana State (da Silva et al., 2010). Primary magnetite grains
also occur frequently as inclusions within host silicate minerals
(Hounslow and Maher, 1996), displaying a range of possible mor-
phologies (Fig. 9c and d). Because they are protected from weath-
ering and/or post-depositional diagenesis by their host silicate
grain, magnetite inclusions can contribute significantly to the mag-
netic properties of those sediments where discrete, lithogenic
magnetites have been partially or completely removed by diagen-
esis (see Section 5.1.5).

3.3.2. Low temperature magnetite/maghemite
In addition to these high-temperature forms of magnetite, field

and laboratory evidence has demonstrated that magnetite forms
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 10. Transmission electron micrographs of typical, well-crystalline, ultrafine-grained pedogenic magnetite (probably at least partly maghemitised), with grain size
ranging from �1 nm to 0.1 lm, magnetically extracted from: (a) palaeosol S1, Chinese Loess Plateau, (b) palaeosol S1, Chinese Loess Plateau (c) Exmoor, UK, cambisol; (d)
palaeosol S1, Chinese Loess Plateau; (e) Cotswolds, UK, rendzina; (f) Cotswolds, UK, rendzina.
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readily at near-surface temperatures and pressures. Two routes to
such near-surface magnetite formation are currently documented:
extracellular precipitation of magnetite, during pedogenesis, partic-
ularly in well-drained and -buffered soils; and intracellular precip-
itation of magnetite by magnetotactic bacteria.

Extracellular, pedogenic magnetite particles (Fig. 10a–f) are dis-
tinctively and variably nanosized (characteristically a mix of SP
and SD particles) and commonly substitution-free. Notably, they
are often Al-free, despite the abundant presence of this similar-
sized cation (which can replace Fe in its octahedral position) in
the soil environment (Schwertmann, 1988; Norrish and Taylor,
1961). These characteristics reflect the rapid precipitation of these
magnetites within soil micro-site environments (e.g. in micro-
pores, Fig. 6, and/or in association with clay–organic complexes),
with crystal growth often restricted in the presence of interfering
ions and/or organic matter (Taylor et al., 1987).

In situ, pedogenic formation of the mixed Fe2+/Fe3+ ferrimagnet,
magnetite, requires production of some Fe2+ within the generally
oxic soil environment. Even in well-drained soils, such Fe2+ pro-
duction can occur frequently, during bacterial respiration of organ-
ic matter in soil micro-sites, made temporarily anoxic by wetting
of the soil by rainfall (Fig. 6). Under such conditions, anaerobes uti-
lise Fe3+ species as an electron acceptor (Lovley et al., 1987), thus
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creating localised concentrations of Fe2+. Release of reducing
agents by plant roots may also contribute to this solubilisation of
otherwise insoluble Fe3+ species. As soils dry out after a rainfall
event, redox conditions fluctuate across these micro-sites, and par-
tial oxidation leads to precipitation of the mixed Fe2+/Fe3+ magne-
tite (Maher, 1988). Pedogenic magnetite formation is thus linked
with the drying phase of a soil wetness event (Le Borgne, 1955).
It has been suggested that magnetite precipitation occurs via an
intermediate green rust phase (e.g. Lindsay, 1979); laboratory syn-
theses under analogous conditions indicate rapid transformation
(minutes/hours) of any such unstable phase to magnetite (Taylor
et al., 1987).

A distinctive feature of pedogenic magnetite in many modern
soils and palaeosols is that although it typically displays quite a
broad grain size distribution (e.g. in contrast to intracellularly-
formed, biologically-controlled magnetite), this distribution dem-
onstrates remarkable constancy, within the ultrafine (SP/SD, i.e.
<�0.05–0.1 lm grain diameter) size range. In the laboratory, even
small adjustments in the formation conditions, of initial Fe concen-
trations, pH, Eh, and oxidation rate, can lead to marked changes in
the grain size distribution of the resultant synthetic magnetite
(Taylor et al., 1987). The observed constancy of the grain size dis-
tribution of pedogenic magnetite strongly suggests that it precipi-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 12. Transmission electron micrographs of intracellular, bacterial magneto-
somes, (a) a variety of the unique crystal shapes of bacterial magnetosomes are
shown here, from four-sided, to eight-sided and bullet-shaped magnetosomes, and
some unusual elongate, blade-shaped crystals (from ODP Site 1006D, the Bahamas);
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tates under a specific, repeated set of pH/Eh conditions. In turn,
this indicates that pedogenic magnetite forms via the actions of
specific Fe-reducing organisms, which ‘activate’ only at those set
pH/Eh conditions. Hence, formation of pedogenic magnetite under
this mediating, biological control, results in the observed specific
and consistent grain size distribution (Fig. 11). The roles of climate
and weathering processes in formation and dissolution of magne-
tite in soils are discussed in Section 9.5.2.

In contrast to the indirect role of Fe-reducing bacteria in pedo-
genic magnetite formation, magnetotactic bacteria form magnetite
(and other ferrites) directly, actively and intracellularly (Blake-
more, 1975). The resultant magnetosomes are similarly nanoscale
and substitution-free, but they differ markedly from extracellular,
pedogenic ferrites by dint of their unique crystal morphologies and
rather narrow grain size distribution (Fig. 12a–c). These properties
in turn reflect the controlled environment and dimensions of the
intracellular environment in which bacterial magnetite particles
are precipitated. Bacterial magnetosomes have been found in a
wide range of environmental materials, including soils (Fig. 12c),
but at population levels too low to account for the measured mag-
netisations of those soils (Dearing et al., 1996, 2001; Fassbinder
et al., 1990).

Another source of nanoscale, biologically-formed magnetite is
suggested to be botanical in origin (Gajdardziska-Josifovska et al.,
2001). Reflecting their biological source, the magnetite nanocrys-
tals extracted from grass plant cells are constrained in their mor-
phology and grain size, often cubo-octahedral grains as small as
4 nm (i.e. an order of magnitude smaller than bacterial
magnetosomes).

Unsurprisingly, given their high surface area, nanoscale magne-
tite particles readily undergo surface oxidation to maghemite, the
Fig. 11. Eh/pH stability fields for iron compounds, together with preferred redox/
pH ranges for the major groups of iron-oxidising (e.g. Thiobacillus f., Leptothrix,
Gallionella) and iron-reducing bacteria (e.g. Shewanella, Geobacter). After Zavarz-
ina, 2001.

(b) Mostly eight-sided magnetosomes, and some bullet and boot-shaped crystals
(from Cretaceous chalk, Culver Cliff, UK); (c) a possible bacterial magnetite chain,
from a Chinese palaeosol (S1). Images from Hounslow (a and b) and Maher (c).

Please cite this article in press as: Maher, B.A. The magnetic properties of Quat
Aeolian Research (2011), doi:10.1016/j.aeolia.2011.01.005
degree of oxidation reflecting particle size. The smallest authigenic
particles may transform completely to maghemite; slightly larger
particles may retain a magnetite core (Maher, 1998). Many soil
magnetite particles display a distinctively uneven or ‘fluffy’
appearance, reflecting the presence of a multitude of SP maghe-
mite grains at and around their surfaces (e.g. see Fig. 10a and d).
Largest, lithogenic particles may become oxidised at their surface
to haematite (Fig. 7d; van Velzen and Dekkers, 1999; Chen et al.,
2010).
3.4. Other sedimentary magnetic minerals

Depending on location, and degree of oxidation, sediments can
contain a range of additional allocthonous and authigenic magnetic
components. Fig. 13a, for example, shows the typical spherule-type
morphology of magnetic particles originating as cosmogenic mi-
cro-meteorites; volcanic pyroclasts can often adopt the same crys-
tal morphology, and for the same reason, reflecting cooling from
molten droplets. In sub-oxic post-depositional sedimentary envi-
ronments, reductive diagenesis can operate to differing degrees
and intensities, resulting in dissolution of detrital magnetic parti-
cles (in the order fine-grained ferrites ? coarser-grained fer-
rites ? fine-grained goethite and haematite ? coarser-grained
goethite and haematite), and authigenic formation of iron-bearing
sulphides (Fig. 13b). Iron-reducing bacteria can also, under anoxic
conditions, form bacterial magnetosomes composed of the ferri-
magnetic iron sulphide, greigite (Stanjek et al., 1994).

The possibility of post-depositional diagenetic activity has al-
ways to be borne in mind when using sedimentary magnetic ar-
chives for palaeoclimatic and palaeo-environmental
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 13. Electron micrographs of (a) a magnetic micro-meteorite, extracted from the Chinese loess (SEM); (b) magnetic sulphide (greigite?) crystals, with typical rhomb-
shaped grain outlines and grain sizes of 0.1–0.7 lm (TEM, width of micrograph = 4.5 lm), extracted from a Pleistocene estuarine sediment, East Anglia. Images from Maher.
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reconstruction. To maximise accuracy and understanding of mag-
netic mineral grains and their specific origins, detailed magnetic
characterisation (of at least a representative subset of samples) is
desirable, together with complementary, independent mineralogi-
cal analyses. The latter might usefully include electron microscopy,
to reveal diagnostic grain morphologies and compositions. If mag-
netic extractions are used in order to obtain magnetic concentrates
from natural samples, the efficiency of the extraction process
should be examined, to ensure that the extracts are representative
of the initial sample (Hounslow and Maher, 1996, 1999).
4. Magnetic data for modern dusts

In comparison with studies of palaeo-dusts, magnetic analyses
of modern dust samples are so far relatively rare, and certainly
no examples exist of any long-term magnetic monitoring of natural
dusts. Until now, mineral analysis of dusts has dominantly been at-
tempted using X-ray diffraction (XRD), which is both phase-sensi-
tive (rather than element-sensitive) and non-destructive. However,
the limits of resolution of XRD (>�1%) often preclude identification
and quantification of iron oxide minerals, given their low concen-
trations in many soils and dusts. Magnetic analyses of dusts have
the potential to provide phase-sensitive data to much lower levels
of detection.

The current scarcity of magnetic analyses of modern dusts prob-
ably reflects two inertial factors: first, that dust sample masses are
often both extremely low, and conventionally consumed by sam-
ple-destructive analyses (e.g. ICP-MS); and second, that some
blank filter materials are variably magnetically contaminated
(especially quartz fibre filters), and thus unsuitable for the trace-
sensitivity of magnetic analyses. However, as magnetic instrumen-
tation has developed, with sensitive superconducting quantum
interference device (SQUID) magnetometers more widely available
to environmental laboratories, low sample mass is increasingly less
of an issue. For example, SQUID magnetometry can provide direct
magnetisation data on polar ice samples, at much greater temporal
resolution than isotopic analyses (see Section 7.1 and Lanci et al.,
2004). With regard to filter materials, PTFE (‘Teflon’) filters, now
widely used in modern dust sampling, are essentially magnetically
‘clean’. Given that magnetic analyses are non-destructive, it is also
possible that filters can be magnetically characterised prior to
other types of analysis (with a key proviso that filters often need
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to be folded in order to be immobilized within suitable non-mag-
netic sample holders). Magnetic analyses of dusts can provide a
sensitive, cost-effective and independent means of constraining
dust provenance, either in addition to or in place of more costly
means of analysis (e.g. strontium and neodymium isotopic
analyses).

Arguably, John Murray was the first to examine magnetic parti-
cles from the atmosphere, reporting in 1876 his discovery of mag-
netic spherules (of cosmic origin) in marine red clays. More than a
century later, Oldfield et al. (1985) reported that dust samples from
a wide geographic range (including the Mediterranean, the North
Atlantic, Barbados, and the Sea of Japan) could be magnetically dif-
ferentiated, and attributed, at least qualitatively, to source. For the
Barbadian samples, for example, ‘summer’ dusts – dominantly red-
brown, Saharan/Sahelian-sourced – were magnetically harder
(coercivity of �42 mT) than the grey, ‘winter’ dusts, of South Amer-
ican provenance (Oldfield et al., 1985).

These dust data can be compared with modern African soil sam-
ples, sampled as potential dust sources from Niger, Morocco and
Tunisia (Watkins and Maher, 2003). These soils display distinctive
magnetic behaviour; v values vary between 2 and
190 � 10�8 m3 kg�1, but frequency dependent susceptibility (vfd)
is consistently high, between 7% and 11%, and HIRM100 mT ac% be-
tween 8% and 32%. These HIRM values indicate volumetrically
large concentrations of haematite/goethite, whilst the high vfd%
values identify the presence of ultrafine-grained magnetic parti-
cles, close to the room temperature SP/SD size boundary. Such fine
magnetic particles probably occur as discrete, nanoscale grains
(Fig. 7a–c), as well as coatings on other host particles. Soils sam-
pled from north-south transects spanning the strong climatic gra-
dients (hyper-arid to tropical) of Niger and Mali (Lyons et al., 2010)
display increasing concentrations both of ultrafine-grained ferrites
and defect antiferromagnets with increased rainfall. In Egypt, mov-
ing southwards in association with increasingly arid conditions
(mean annual precipitation, MAP, < 5 to > 100 mm), the defect anti-
ferromagnets become magnetically harder (reflected in increased
coercivity of remanence, (B0 CR, values). These preliminary data
identify some potential for magnetic discrimination between dif-
ferent North African dust source regions both at the present day,
and for past dust fluxes to the North Atlantic Ocean (see
Section 5.1.1).

For the North Pacific, modern dust samples collected along a
longitudinal transect of North Pacific dust samples, during spring-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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time dust maxima (1986 and 1987) on SEAREX (air–sea exchange
programme) and ADIOS (Asian Dust Input to the Oceanic System)
cruises, were magnetically analysed by Arnold et al. (1998). Sam-
ples were collected during rain-free periods on nylon meshes, posi-
tioned forward of any shipboard stack-derived contamination;
thus, whilst sample size was reasonably large, atmospheric partic-
ulate concentrations could not be determined, and the particle size
distribution may have been biased to the coarser fraction.

Air-mass trajectory analysis indicated shifts between rapid, and
progressively longer Asian-sourced dust transport to rapid trans-
port from the east, from the Aleutian/Alaskan land masses. These
sources proved magnetically distinctive, with fine-grained haema-
tite contributing to the Asian desert-sourced dusts, whilst higher
concentrations of low-coercivity (magnetically-soft), multidomain
magnetite were associated with the volcanogenic terrains of the
eastern sources. Dust grain size and dust concentration showed lit-
tle relationship, indicative of mixing of high concentrations of the
fine-grained Asian dust source with lower concentrations of the
coarse-grained eastern aerosol (Arnold et al., 1998).

Dust concentrations and mineralogy also varied with transport
time/distance. For the <2 l fraction, concentrations of dust and
quartz, plagioclase and kaolinite decreased, whilst smectite, illite
and chlorite concentrations increased, with increased transport
time from Asia. Thus, the mineralogy, grain size and concentration
of modern North Pacific dusts vary both with source area and
transport-dependent fractionation processes.

On land, in addition to the large, international dust sampling
campaigns (e.g. ACE-ASIA), atmospheric dust samples have been
collected for magnetic analysis at a number of Asian sites, includ-
Fig. 14. AC demagnetisation behaviour of the soft remanence component (i.e. acquired i
hard remanence component (i.e. acquired at applied dc fields of between 300 and 1000 m
(b) central, (c) coastal and (d) southern Kuwait. For each y axis the units are IRM (A m2
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ing the Chinese Loess Plateau (see Section 8.2), the city of Beijing
(during and after the 2008 Olympic Games) and Korea. For the
Loess Plateau, the v values of the modern dusts exceed those of
the glacial loess, and are seasonally higher in summer (Sun et al.,
2003a). Dust fluxes are greatest during spring and early boreal
summer.

The influence of human activity on modern dusts is evident in
radiative terms; the carbonaceous aerosols that they contain have
reduced the global annual average single scattering albedo. Present
day dust is estimated to be approximately twice as absorbing as
that in preindustrial conditions (Myhre, 2009). Magnetic compari-
son of Asian dust samples collected from Seoul, Korea (2002–2003)
with natural potential source areas (the Asian deserts and the Chi-
nese Loess) reveals significant addition of strongly magnetic,
anthropogenic particles through the dust transport path (Kim
et al., 2008). Anthropogenic, carbon-bearing magnetic iron oxides
were confirmed as the magnetic additive by electron microscopy.
Back-trajectories identify the likely magnetic pollution sources
are the industrial areas of eastern China and western Korea.

Iron-rich anthropogenic particles may also exert a dispropor-
tionate effect upon iron solubility of atmospheric aerosols. Air
masses from North America (measured in Bermuda, Sedwick
et al., 2007) typically contain low concentrations of iron
(�0.5 nmol Fe m�3) but with high fractional solubility (19%). This
can be compared with the high dust and iron concentrations of
North African air masses (�28 nmol Fe m�3), but which has much
lower solubility (�0.5%). Close to the East Asian landmass, the
modelled contribution of anthropogenic iron to total iron flux to
the North Pacific is as high as �30% (Luo et al., 2008). Magnetic
n an applied dc field of 100 mT, IRM100 mT) on the left hand axis (diamonds) and the
T, IRM1 T–300 mT) on the right hand axis (squares), for dusts sampled in (a) northern,
kg�1).

ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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analyses of modern dusts can play an important role in both iden-
tifying dust sources and fluxes, and assessing temporal and spatial
changes in flux in response to national and international mitigation
strategies.

Compared with XRD, the sensitivity of dust/soil magnetic min-
eral analyses can be demonstrated with reference to a suite of
modern surface soil and dust samples collected (during 2006) from
sites across Kuwait (north, central, southern and coastal, Engelbr-
echt et al., 2009a, 2009b). From XRD of the local surface soils, all
four of the Kuwaiti sites displayed similar mineralogies, compris-
ing large amounts of quartz (between 27% and 54%, more than in
adjacent Iraq), plagioclase feldspar (�21%), calcite (�10–20%)
smaller amounts of clay minerals (palygorskite, illite-montmoril-
lonite, and smaller amounts of kaolinite), and little, if any, dolo-
mite. However, magnetic measurements of dust samples
(collected on Nuclepore filters) show that the coastal Kuwait sam-
ple is 3–5� more magnetic than the other samples – although its
soft demagnetisation behaviour is very similar to that of the N. Ku-
wait sample. The central and especially the southern sample are
distinctive by their ‘hard’, haematite-like behaviour (Fig. 14b and
d). These magnetic differences suggest distinctive variations in iron
oxide mineralogy and thus dust source. Most Kuwaiti dust is trans-
Fig. 15. Remotely-sensed images (visible, top, and optical thickness, below, from
MODIS) of Middle East dust plumes over Iraq, Syria and Kuwait, on August 7, 2005.
From Hsu et al. (2007).
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ported from the Mesopotamian floodplain in southern Iraq (Fig. 15)
but also from ‘other parts of the Arabian peninsula’ (Al-Awadhi,
2005, cited in Engelbrecht et al., 2009a).

Long range transport (LRT) of aeolian dust can be a key source of
nutrients for long-weathered soils, otherwise deficient in micro-
nutrients such as potassium and phosphorus. For example, these
and other elements are entrained within boreal winter dust emis-
sions from the Saharan/Sahelian region, lifted in storm events with
surface winds stronger than �14 ms�1, and transported over
10 days and �5000 km across the North Atlantic to the southwest
(Ben-Ami et al., 2010). Upon arrival above the impoverished ferral-
sols of the Amazon Basin, the dust parcels increase atmospheric
concentrations of crustal elements by an order of magnitude
(Ben-Ami, op. cit.) and effectively replenish soil nutrient pools over
timescales of �500 years to 20 ka (Swap et al., 1992). Similarly,
dust sourced from Asia, transported on a hemispheric scale via
the westerlies, may contribute significant amounts of phosphorus
to old, and heavily leached soils of the Hawaii’an Islands, the most
remote archipelago in the world (Chadwick et al., 1999; Kurtz
et al., 2001; Porder and Chadwick, 2009).

A number of analytical methods (isotopic, geochemical, miner-
alogical) exist for identifying and quantifying aeolian inputs to
soils. A demonstrated advantage of magnetic methods is their rel-
ative speed and cost-effectiveness. This renders them applicable
over large-scale arid-land regions, such as the central Colorado Pla-
teau (Reynolds et al., 2001, 2006, 2010). The soils of this vast area,
mostly developed on sandstone substrates, contain up to 40% fine
(silt and clay-sized) particles. Moreover, they contain lithogenic Ti-
magnetite grains, absent from the parent sandstones. The source
both of the magnetite grains and the silt and finer particles is aeo-
lian dust. Thus, the dust concentration (dustf) can readily be esti-
mated using magnetic measurements of magnetite concentration
for the parent rock (here, the IRM300 mT was used), the sampled
surficial deposits/soil and modern dust (Reynolds et al., 2006):

dustf ¼ ðIRM300 mT soil� IRM300 mT rockÞ=ðIRM300 mT dust

� IRM300 mT rockÞ

Whilst it has not yet been possible to magnetically discriminate ac-
tive and past sources of dust for the Colorado Plateau, a likely
source of magnetite-bearing dust is the Mojave Desert, from where
dust has been observed reaching the Colorado Plateau during large
wind events (Reynolds et al., 2006). The significance of the dust for
the ecosystems and land management of this upland region is re-
flected in its contributions to the available nutrient pool (Fig. 16);
dust contribution to soil phosphorus, for example, exceeds 40%
(Reynolds et al., 2006).

Such links between dust transport and ecosystems extend, of
course, to the marine realm. In the southern hemisphere, for exam-
ple, aeolian transport of continental dust to the iron-deficient
waters of the Southern Ocean may be significant both presently
and for the past, with direct influence on ocean biogeochemistry
and primary productivity. Recent observations show the impor-
tance of natural phytoplankton blooms in the Southern Ocean for
drawdown of atmospheric CO2. One observed natural event was
prolonged (November 2004 to February 2005), and driven by iron
supply not directly from dust but from upwelled bottom waters
(Blain et al., 2007; Watson and LeFevre, 1999; Maher and Dennis,
2001). Compared to artificial Southern Ocean iron experiments,
the mean pCO2 drawdown associated with this natural event was
2–3� greater, and C sequestration efficiency estimated to be 10�
higher (Blain et al., 2007).

Similarly, a dust-driven doubling of biomass in the North Pacific
HNLC zone was recorded by Bishop et al. (2002), attributed to dust
supplied directly from one dust storm event sourced from the Gobi
Desert. These two sets of observations suggest that supply of iron-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 16. Nutrient index (sum of abundances of K, Na, P, Mn, Zn) vs IRM (A m2 kg�1),
in soils from the central Colorado Plateau. From Reynolds et al. (2006).

Fig. 17. (a) Maps of the N. African continent and Arabian peninsula, showing
general patterns of summer (JJA, upper panel) and winter (DJF, lower panel) wind
and pressure systems, biogeography (vegetation zones), and the location of 2 of the
long (Plio-Pleistocene) magnetic dust proxy records discussed here (ODP sites 967,
eastern Mediterranean, and 722, Arabian Sea. Dust-transporting wind systems are
indicated by � (over the Atlantic Ocean), �� (the Mediterranean, and ��� the Arabian
Sea; height of winds refers to the sea surface over which they blow. Annual aerosol
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bearing dust to the HNLC ocean regions, whether directly and/or
indirectly (i.e. dust deposited elsewhere and subsequently dis-
solved and transported), can be significant in ocean and atmo-
spheric CO2 changes. The ocean response also appears more
sensitive to natural iron inputs compared with artificial iron
enrichments. An example of the latter, the SOIREE experiment
(Boyd et al., 2010), suggests the existence of a threshold value of
iron supply required to produce a photosynthetic response. Only
when the dissolved iron concentration doubled (to �0.2 nM) in
the treated Southern Ocean patch did phytoplankton productivity
begin to increase. Thus, dust deposition can increase the iron
inventory of ocean surface waters without stimulating a phyto-
plankton bloom (Boyd and Ellwood, 2010). Conversely, irrespective
of enhanced dust supply, a bloom can only persist when other
essential nutrients (e.g. silica) are also present in non-limiting con-
centrations. Attempts to identify palaeo-dust fluxes and sources,
and their possible links to changes in palaeo-productivity, are dis-
cussed here in Section 5.1.4.

A final example of magnetic analysis of modern dusts draws on
the volcanic context, with magnetic measurement of the leaves of
chestnut trees distributed around the active volcano, Mount Etna,
Sicily (Quayle et al., 2010). With the leaves acting as spatially-
dense, passive particle collectors, their SIRM and v values display
strong correlation with the wind-influenced volcanic plume direc-
tion for the sample year (2008), with highest magnetic concentra-
tions on the eastern flank of the volcano. These leaf magnetic data
broadly agree with elemental analyses of the tree leaves (by ICP-
MS). Magnetic granulometry indicates that the leaf magnetic parti-
cles are coarse MD (�5–15 lm). This new application suggests that
magnetic biomonitoring can provide a new, sensitive and fast
means of assessing the dispersion and health impacts of volcanic
plumes over wide areas.
index (AAI) contours indicating the main dust-source areas following Goudie and
Middleton (2001). Adapted from Trauth et al. (2009). (b) Remotely-sensed aerosol
optical depth measurements (Husar et al., 1997), EAOT = estimated aerosol optical
thickness, TOMS = Total Ozone Mapping Satellite. The dust-bearing Saharan air
layer (SAL) develops as a deep, well-mixed dry adiabatic layer over the Sahara and
Sahel, which is undercut, as it moves westwards from the northwest African coast,
by cool and moist low-level air. The Saharan dust plume takes a more southerly
track across the Atlantic in the boreal winter (DJF) than in summer (JJA). For
example, dust concentrations at Barbados are �2.5� higher in summer than in
winter.
5. Sediment magnetic properties as palaeo-dust records: the
marine record

5.1. The North African dust plume and the North Atlantic Ocean

The largest and most persistent source of mineral dust both at
the present day, and during past Quaternary climate stages, is
the Saharan/Sahelian region (Fig. 17a–c), which presently contrib-
utes �40–60% of global dust emissions (e.g. Prospero,
1996a,1996b; Ginoux et al., 2001). With the exception of iceberg-
rafted material, which has been identified in the Atlantic Ocean
as far south as 39�N (Watkins and Maher, 2003), North African dust
is the sole source of the mineral component of pelagic (abyssal
plain) sediments in the central North Atlantic. Changes in dust flux
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over the observational timescale (i.e. the last few decades) have
been related to changes in precipitation over the N. African region,
with increased aridity linked to reduced vegetation cover and in-
creased erosion of soils, dry lake beds and ephemeral stream
deposits (e.g. Prospero and Nees, 1986; Prospero and Lamb,
2003; Sarnthein et al., 1981; Glaccum and Prospero, 1980; Mulitza
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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et al., 2010). Changes in the flux, particle size and provenance of
North African dust have been identified over Quaternary time-
scales through examination of the terrigenous component of the
North Atlantic pelagic and hemi-pelagic sedimentary record.

Conventionally, sediment samples are pre-treated in order to
remove, sequentially, biogenic carbonate, iron oxides/oxyhydrox-
ides and biogenic silica, and thus isolate the aeolian mineral frac-
tion. X-ray diffraction can then be used to identify clay
mineralogy and quartz content, coupled with particle size analysis
(often via the Coulter principle, i.e. by electrical sensing of imped-
ance changes caused by movement of differently-sized particles
through an aperture) to identify size distributions, means and
modes. Applying such mineralogical and grain size analyses to
eastern tropical Atlantic sediments, for example, the LGM has been
characterised as an interval of intensified meridional wind flow,
with aeolian dust sourced from lateritic African desert zone soils
(e.g. Sarnthein et al., 1981). Other sample-destructive analyses suc-
cessively developed and applied to Atlantic sediments underlying
the N. African dust plume include elemental ratio analysis (e.g.
Bergametti et al., 1989), isotopic analysis (especially samarium
and neodymium, e.g. Grousset et al., 1988), and analysis of the car-
bon isotopic composition of plant leaf waxes (as a proxy for C3 and
C4 vegetation, e.g. Castaneda et al., 2009).

5.1.1. Magnetic records of North African dust flux to the tropical and
equatorial North Atlantic

Whilst non-destructive magnetic measurements (magnetic sus-
ceptibility and magnetic remanence) were made on mid-North
Atlantic sediment cores as early as the mid-1970s (Freed and Wat-
kins, 1975) – and related to aeolian transport of Azorean volcanic
dust – the first detailed magnetic analysis of central North Atlantic
sediment cores was carried out by Robinson (1986). The resultant
data revealed the sensitivity of sediment magnetic properties to
changes in Quaternary palaeoclimate (Fig. 18). The distinctive,
nanoscale ferrimagnetic contribution by magnetotactic bacteria is
evident during interglacial stages from increased ARM/SIRM ratios.
Conversely, the glacial-stage sediments (Marine Isotope Stages
(MIS) 2, 4 and 6) display strong peaks in coarser-grained, ferrimag-
netic concentrations, reflecting lithic transport by iceberg-rafting,
even at this latitude (�42�N). Superimposed on these ferrimag-
netic signals, however, is a clear imprint of time-varying aeolian
influx, carried by magnetically hard, defect antiferromagnets, par-
Fig. 18. The magnetic properties of core S8-79-4, and its late Pleistocene record o
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ticularly here the weakly magnetic iron oxyhydroxide, goethite.
During glacial stages, the goethite-derived magnetic signal indi-
cates strong increases in North African dust supply. Variable but
diminished aeolian fluxes characterise interglacial stages.

Using Mossbauer analysis, Robinson (op. cit.) independently
confirmed the identity and glacial-stage abundance of the high-
coercivity mineral, goethite. XRD demonstrates strong association
between the peak goethite concentrations and increased kaolin-
ite/illite and kaolinite/chlorite ratios. Given a North African prove-
nance for this aeolian material, and that Robinson’s core sites
presently lie some �12�N of the present Saharan plume, these
magnetic data strongly suggest a major change in glacial-stage
wind trajectories. At least episodically, south-easterly, Harmat-
tan-type winds must have been more intense, whilst the north-
east trade winds were reduced in intensity compared with the
present day.

Extending the spatial range of these North Atlantic magnetic
studies, Bloemendal et al. (1988) examined sub-equatorial Atlantic
sediment cores, from the Senegal continental slope and Sierra
Leone Rise. Magnetic susceptibility measurements were used for
core correlation and chronology transfer for 11 cores. Echoing Rob-
inson’s (1986) findings, glacial-age sediments are characterised by
increased proportions of high-coercivity minerals and coarser
magnetic grain size. In the temporal domain, variances in HIRM
and v were found to be concentrated at 120-kyr, with smaller
spectral peaks at 42- and 23-kyr. In the spatial domain, the mag-
netic data indicate a range of sediment and magnetic sources.
The proximal, Senegal continental slope sediments display a mix-
ture of fluvial and aeolian sediment supply (and an additional
in situ bacterial magnetite component), whilst the more distal Sier-
ra Leone Rise sites appear dominated by aeolian magnetic influx
(Bloemendal et al., 1988).

These high-resolution sediments of the Senegalese continental
margin have recently been re-visited, with detailed magnetic and
multi-proxy analysis of aeolian flux variations and drivers, at
sub-millennial timescales over the last interglacial–glacial cycle,
0–130 ka BP (Itambi et al., 2009, 2010). Glacial and stadial stages
are characterised by episodes of aeolian flux both of ferrimagnets
(Fe-oxides and Fe–Ti oxides), and of goethite and haematite
(Fig. 19), reflecting both stronger winds and drier source condi-
tions, respectively. Increases in v are strongly linked with in-
creased redness of the sediments (Fig. 20). The presence of SP-
f d18O, carbonate content and planktic foraminifera. (From Robinson, 1986.)

ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 19. Magnetic data for the late Pleistocene record of core GeoB 9516-5 off the Senegal coast, at 3500 m water depth (from Itambi et al., 2010). Sharp increases in magnetic
susceptibility and in HIRM indicate enhanced aeolian influx of ferrimagnets and of haematite/goethite, respectively.

Fig. 20. The association between v and sediment redness, Senegalese continental margin cores (Itambi et al., 2009).
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sized haematite was also identified for glacial-stage sediments, in
accord with the magnetic properties of potential source soils (Wat-
kins and Maher, 2003; Lyons et al., 2010).

Additional, but magnetically insignificant, mineral components
in these sediments include cosmogenic and volcanic spherules.
During the higher-flux, glacial intervals, there is little evidence of
diagenetic modification of the magnetic mineral assemblages. Con-
versely, interglacial sediments appear to have undergone signifi-
cant reductive diagenesis, with resultant authigenic formation of
pyrite.

A latitudinal transect of cores (Fig. 20) revealed dominance of
aeolian flux north of 13�N, with periods of Sahelian drought puls-
ing in association with North Atlantic Heinrich events. Further
south (�12�N), terrigenous flux has been fluvially-dominated, dri-
ven by the West African monsoon and co-varying with Dansgaard–
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Oeschger cycles. This study thus locates the glacial-stage position
of the inter-tropical convergence zone (ITCZ) at between 12.26�N
and 13.4�N, and indicates stronger association of drought phases
with reduced Atlantic meridional overturning circulation rather
than with southward shifts in the ITCZ (Mulitza et al., 2008; Itambi
et al., 2009).

For the western sector of the central North Atlantic, the influ-
ence of African-sourced dust has been magnetically identified for
sediments from the Ceará Rise (Bleil and von Dobeneck, 2004).
Once again, the sediment magnetic properties are strongly modu-
lated by climatically-controlled fluctuations in continental terrige-
nous flux and biogenic carbonate flux. Exhibiting strong coherence
with precessional orbital forcing, the v record could be used both
to establish a high-resolution age model for the sediments, and, to-
gether with other measurements (especially HIRM), to identify the
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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mineralogy and contribution of African aeolian fluxes and South
American fluvial fluxes. As for previous studies, the high propor-
tion of haematite/goethite in the African dust distinguishes the
Saharan/Sahelian aeolian material from the fluvial, Amazonian
flux. Prominent maxima in aeolian supply to the core sites oc-
curred during cold intervals of glacial stages. On average, over
the last 200 kyr, 79% of the terrigenous material at the Ceará Rise
has originated from the Amazonian hinterland, and 21% from
North African dust flux.

The relative speed of magnetic analyses makes it possible to ap-
ply magnetic methods even at the whole-ocean scale. This ap-
proach was pioneered by Robinson (Robinson et al., 1995), with
regard to iceberg-rafting and North Atlantic Ocean circulation at
the LGM. Schmidt et al. (1999) examined Holocene sediment prov-
enance across the South Atlantic (to �40�S), newly combining sed-
iment magnetic analyses with fuzzy cluster analysis to build an
ocean-wide sediment classification tracing the major aeolian and
fluvial fluxes, magnetite authigenesis, and effects of bottom water
transport. Building upon these earlier studies, Watkins and Maher
(2003) applied a room temperature suite of magnetic measure-
ments (susceptibility, frequency dependent susceptibility, isother-
mal and anhysteretic remanence acquisition and demagnetisation)
to 321 present day (surface) and 154 last glacial maximum (LGM)
sediment samples from the North Atlantic. The resulting regional
variations of sediment magnetic properties enable tracking of dif-
ferent particle fluxes, and their depositional areas, for both time
slices. The spatial extent of deposition from the N. African dust
plume is clearly identifiable, from its high and statistically distinc-
tive values of both HIRM and vfd (Fig. 21a and b). Whilst the SP-
Fig. 21. Spatial distribution of frequency dependent susceptibility (vfd%) for ocean-
wide sediment samples, North Atlantic for (a) the present day and (b) the LGM.
From Watkins and Maher (2003) and Watkins et al. (2007).
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sized particles contributing the high measured vfd values have
been attributed to haematite occurring as surface grain coatings
(e.g. Itambi et al., 2009), a significant contribution from discrete,
nanoscale particles is probable (Fig. 7a–c).

For the present day, in addition to delineating the westward ex-
tent of African dust deposition, the magnetic data indicate a sec-
ondary, northwestward-trending dust signal, extending to �55�N
(Fig. 21a). Compared with the westward dust signature, this north-
westerly-trending plume displays the same high values of vfd% but
lower HIRM values (ave. 6% compared with ave. 10.6% for the west-
ward sediments), indicating some possible differences in source
and/or more mixing with other sediment magnetic components.
For the LGM, large areas of the northern North Atlantic are magnet-
ically dominated by iceberg-rafted debris (IRD), often of distinctive
Scandinavian provenance, with more minor IRD contributions from
the Laurentide ice sheet (Watkins et al., 2007). However, the low-
latitude spatial extent of the LGM African dust plume is magneti-
cally well-defined, despite the presence of (coarser-grained) hae-
matite-rich, iceberg- or slope-derived debris issuing from the St.
Lawrence region (Fig. 21b and Section 5.1.3). Comparing HIRM
and vfd% values for the present day with those at the LGM, en-
hanced LGM input of haematite is evident as far north as 30–
40�N, indicating both a northward and westward expansion (by
�10�) of aeolian input across the North Atlantic. Such an expansion
is consistent with intensified glacial-stage NE trade winds, result-
ing from an intensified winter subtropical high (e.g. Sarnthein
et al., 1981; Ganopolski et al., 1998), and/or an expansion in the
dust source areas (e.g. Goudie and Middleton, 2001), and/or en-
hanced gustiness (McGee et al., 2010). Conventional dust analyses
indicate that whilst dust fluxes to the North Atlantic are higher
presently than they were in the early Holocene, the LGM dust flux
was higher than today by a factor of between 2 and 5 (e.g. Kohfeld
and Harrison, 2001; Bradtmiller et al., 2007).

5.1.2. Magnetic records of North African dust flux to the Mediterranean
Sea

Even in the presence of volcanic ash layers and sapropels (or-
ganic-rich sediment layers associated with strong magnetic min-
eral diagenesis), magnetic analyses of Mediterranean sediments
reveal a detailed Plio-Pleistocene record of aeolian flux from North
Africa (Larrasoana et al., 2003, 2008). As with the North Atlantic
dust flux archives, the key magnetic parameter is the HIRM (in this
study, the remanence imparted at 0.9 T, subsequently subjected to
an ac field of 120 mT), which records varying aeolian inputs of hae-
matite. Flux minima are associated with precessionally-driven
periods of African summer monsoon intensification; flux maxima
with northern hemisphere insolation minima, and weakened mon-
soon intensity (Fig. 22). From the absence of goethite (in notable
contrast to the southern Saharan dust plume, see Section 5.1.1),
and the presence of palygorskite, the dust source region is sug-
gested as the fossil lake, river and wadi deposits of eastern Algeria,
Libya and western Egypt, between �21 and 30�N. Over the 3 Ma
time interval recorded by these eastern Mediterranean sediments
(ODP Site 967, 34� 04’N, 32�43’E), high haematite fluxes also coin-
cide with 400-kyr eccentricity minima, and, more weakly, with
100-kyr eccentricity cycles. These data strongly suggest that north-
ward penetration of the African summer monsoon front beyond
21�N is modulated by total as well as by latitudinal distributions
of insolation. The link between high dust fluxes and eccentricity
minima for the northern Saharan-sourced dust contrasts with the
equatorial Atlantic records of southern Saharan/Sahelian-sourced
dust, where eccentricity minima coincide with low dust fluxes
(Larrasoana et al., 2003; Tiedemann et al., 1989). Conversely, both
the northern and the southern-sourced regions demonstrate a sim-
ilar response on shorter, precessional timescales, with low dust
fluxes during precession minima.
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 22. Magnetic, geochemical and d18O data for ODP Site 967, for the time interval 2.4–2.9 Ma BP, shown plotted against northern hemisphere insolation and eccentricity
(after Laskar et al., 2004). The dark grey bars identify the sapropels. Light grey shading above and below the sapropels indicates positions of oxidation fronts and magnetite
dissolution, respectively. From Larrasoana et al. (2003).
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5.1.3. Magnetic identification of dust in the iceberg-rafted debris zone,
North Atlantic

Conventional methods for isolating the aeolian component of
deep-sea sediments cannot be applied to sediments containing ice-
berg-rafted debris. Within the North Atlantic, maximum deposi-
tion of iceberg-rafted debris (IRD) occurred in a belt extending
between �40 and 65�N (Ruddiman, 1977). Thus, no quantitative
estimates currently exist for dust deposition from the westerlies
across the entire northern North Atlantic. Long-chain alkanes, de-
rived from leaf waxes, have been used to identify terrigenous in-
puts to the northern North Atlantic through the last interglacial/
glacial cycle. For example, Madureira et al. (1997) analysed a
northeast Atlantic core (core T88-9P; 48�230N, 25�050W, 3193 m
water depth, 790 cm core length); abundances of three land-de-
rived biomarkers (long-chain compounds, LCC) were greater in gla-
cial than in interglacial sediments. These authors attribute these
biomarker variations at least partly to higher glacial-stage dust
fluxes but cannot exclude enhanced particulate flux from either
ice-rafted transport and/or bottom water transport.

Routine magnetic analyses made on the same northern North
Atlantic core, T88-9P, show some associations between Heinrich
ice-rafting events (e.g. H1-2, H3-H6) and increased sediment v
and SIRM values (Fig. 23). This is unsurprising given the strongly
magnetic source rocks in the circum-Atlantic region, including
the igneous provinces of Greenland and Iceland (Watkins and Ma-
her, 2003). To isolate any SP haematite/goethite components, pos-
sibly indicative of aeolian rather than lithogenic source, low-
temperature (77–293 K), high-field (2–7 T) analyses were addi-
tionally carried out (using Quantum Design’s Magnetic Property
Measurement System). Fig. 23 plots the down-core variations in
the ‘HCool%’ parameter (Maher et al., 2004):

HCool% ¼ ððHIRM 77 K7—2 T �HIRM 293 K7—2 TÞ=HIRM 293K7—2 TÞ
� 100

For comparison, the dust concentration in the NGRIP ice core is
shown in Fig. 24, together with the total LCCs and HCool% values in
T88-9P. Reasonably strong accord is evident between the HCool%

and LCC records, and additionally for the NGRIP dust concentration
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record, whilst little relationship is evident between the HCool%/LCCs
and the record of H events.

These data suggest that the HCool% parameter might represent a
sensitive proxy for aeolian dust even in sediments strongly domi-
nated by IRD-derived ferrites. Since these magnetic measurements
are relatively fast and non-sample destructive, they can precede,
and corroborate, other sample-destructive approaches such as
molecular biomarker analysis. One caveat regarding magnetic dis-
crimination of aeolian dust in this context is that some Triassic red-
bed samples contain sufficiently ultrafine haematite as to display
significant HCool% values (Fig. 8). IRD derived from the Triassic sand-
stones of Spitsbergen, for example, could thus hamper aeolian flux
estimation in the eastern sector of the northern North Atlantic
(Fig. 21b, and Watkins and Maher, 2003).
5.1.4. The role of North Atlantic dust in Southern Ocean iron
fertilisation?

Modern dust flux data for the presently HNLC Southern Ocean
region are very sparse but recent observations indicate extremely
low dust fluxes of �0.14 (±0.005) g m�2 a�1, i.e. one or two orders
of magnitude lower than modelled flux estimates (Wagener et al.,
2008; Tagliabue et al., 2009a,b). Even if glacial-stage dust fluxes to
the Southern Ocean were �25� greater than at present day (i.e.
equivalent to the dust increases seen in the Antarctic ice cores),
the fluxes would still have been very low. Given that the North
African region is the largest source of (iron-rich) dust in the world,
it has been postulated to have provided an indirect supply of iron
to the dust-deficient Southern Ocean HNLC region, via southward
flow and subsequent circumpolar upwelling of the North Atlantic
intermediate/deep water (Watson and LeFevre, 1999). This
hypothesis suggests that aeolian-driven iron fertilisation of the
Southern Ocean, and drawdown of atmospheric CO2 (as recorded
by the polar ice cores) might match more closely with Northern,
rather than Southern, hemisphere dust fluxes (Watson and LeFe-
vre, 1999).

This hypothesis has been tested by examining the timing of
North Atlantic dust fluxes with regard to Southern Ocean CO2

changes, for the time period spanning Termination II, through
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 23. (a) Long chain compounds (R LCCs, lg/gm dry weight), (b) Heinrich events as measured by IRD (>125 lm ice-rafted/total grains), and RT magnetic properties, (c)
carbonate-free v, (d) SIRM, (e) HIRM) and (f) HCool% for Core T88-9P, northeastern North Atlantic, within the IRD belt (Maher and Mutch, in preparation).

Fig. 24. Total LCCs and HCool% for core T88-9p, plotted with the dust concentration (ppb) at the GRIP ice core. (Maher and Mutch, in preparation).
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high-resolution magnetic, oxygen isotope, and elemental analysis
of core 82PCS01, from the abyssal plain NE of the Azores (Maher
and Dennis, 2001). For glacial MIS 6, core 82PCS01 displays two
peaks in HIRM, at �155 ka and 130 ka BP. For the succeeding inter-
glacial stage, from�125 to 100 ka BP, HIRM values are low and less
variable. Assuming goethite as the major contributor to the mea-
sured, carbonate-free HIRM values (7–44 � 10�4 A m2 kg�1), its
sediment concentration ranges from 1.4 to 8.8 wt%. Strong, direct
correlation between HIRM and the Fe content of the sediments en-
ables calculation of the Fe flux and, assuming an average aerosol
iron content of 3.5% (Duce et al., 1991a,b), the dust flux.
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Fig. 25a shows the calculated dust fluxes for core 82PCS01, for
the period spanning MIS 6, Termination II and interglacial MIS
5e. Dust flux was 3–5 times higher during two intervals: �155 ka
BP (�50 g m�2 a�1) and �130 ka BP (�30 g m�2 a�1). During MIS
5e (from �130 ka BP), dust fluxes decreased rapidly before steady-
ing at about 1 g m�2 a�1. The fivefold increase in North Atlantic
dust flux at �155 ka BP coincides with a minor peak in dust flux
(�2 mg m�2 a�1) recorded at Vostok (Fig. 25c). But this large rise
in North Atlantic dust (and Fe) flux occurred entirely within MIS
6, with negligible apparent effect on either atmospheric CO2 or
oxygen isotope values, as recorded by the Vostok ice core. The sub-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 25. Dust, d18O and CO2 records from the North Atlantic (core 82PCS01) and the
Vostok ice core. (a) Dust fluxes for core 82PCS01 (from HIRM/Fe correlation, and
estimated average Fe content in aerosols of 3.5%); (b) dust fluxes for the Vostok ice
core (Petit, pers. comm.); (c) dust concentration in the Vostok ice core (Petit et al.,
1999); (d) d18O values for core 82PCS01; (e) d18O values for the Vostok ice core
(Petit et al., 1999); (f) deuterium data for the Vostok ice core (Petit et al., 1999); (g)
CO2 data for the Vostok ice core (Petit et al., 1999). The vertical line at 137 kyr
marks the onset of the CO2 rise recorded at Vostok, and that at 130 kyr marks the
Termination II boundary. From Maher and Dennis (2001).

Fig. 26. Whole-core v, d18O and terrigenous % records for site ODP722, the Owen
Ridge, Arabian Sea. From Hounslow and Maher (1999).
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sequent decline in North Atlantic dust flux substantially preceded
(by �7 kyr) the Termination II increase in atmospheric CO2. Con-
versely, the second North Atlantic dust flux event, at �130 ka BP,
has no Vostok corollary and significantly post-dates (by �7 kyr)
the rise in CO2 at Termination II. Rather than being linked with
drawdown of atmospheric CO2 and maintenance of glacial condi-
tions, the peak flux of this later event coincides with a sharp, 1‰

shift to isotopically lighter d18O values, indicating either warming
of North Atlantic sea surface temperatures and/or melting of the
Northern hemisphere ice sheets (Maher and Dennis, 2001).

Thus, the high, glacial-stage fluxes of dust and Fe from the
North African dust plume appear to display no causal relationship
with changes in either atmospheric CO2 or Southern Ocean tem-
perature, as recorded at Vostok around Termination II.

In contrast, using 232Th/230Th ratios and biomarkers as dust flux
proxies, Martinez-Garcia et al. (2009) report Southern Ocean dust
fluxes as high as �1 g m�2 a�1 during interglacial stages and 5–
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7 g m�2 a�1 during glacial stages. It is notable that these intergla-
cial dust flux values are �10� higher than recent data observations
in the Southern Ocean (Wagener et al., 2008), and the glacial-stage
dust fluxes are �10� higher than modelled fluxes for this region
(Mahowald et al., 2005). Martinez-Garcia et al. (2009) find a strong
direct relationship between their dust flux estimates and biological
carbon export, and suggest that this can account for �40–50 ppmv
drawdown of atmospheric CO2 (i.e. as much as half of the total
interglacial–glacial change of �100 ppmv) during glacial maxima.
5.1.5. Magnetic records of dust flux to the Arabian Sea: dust and
diagenesis

After North Africa and central/east Asia, the Arabian peninsular
comprises the third largest dust source region at the present day
(�10–20% of global emissions). High dust concentrations are pre-
valent over the Arabian Sea in late winter/early spring, transported
by the winter monsoon and synoptic-scale northeasterlies (Verma
et al., 2008). Providing readily-eroded sources of dust, coastal sab-
khas and eroding wadis extend along the eastern Persian Gulf and
Oman coast, respectively, whilst the lower Tigris-Euphrates basin
also contributes a boreal summer peak in dust emissions, supplied
from very large alluvial plains (Fig. 15).

Major development of magnetic methods as a dust proxy in
marine sediments, and, critically, as a sediment property of key va-
lue in cyclostratigraphy, was achieved by analysis of a long, Plio-
Pleistocene sequence of Arabian Sea sediments (Fig. 17), cored
from the Owen Ridge during Ocean Drilling Program (ODP) Leg
117 (Bloemendal and deMenocal, 1989; Bloemendal et al., 1993).
For the Owen Ridge sediments, the whole-core v and d18O records
show positive correlation, especially over the last �200 kyr, when
large-amplitude peaks in v coincide with isotopically heavier, gla-
cial-stage d18O values (Fig. 26). By calibrating the whole-core v
measurements with a subset of % terrigenous component values,
Bloemendal and deMenocal (1989) and deMenocal et al. (1991)
were able to use v as a dust proxy for the >3.5 Myr-sedimentary
record from the Owen Ridge. This core site lies in a pivotal position
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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with regard to several major aeolian dust trajectories originating
from Africa and Arabia, including boreal summer southwest and
northwest monsoon winds, and winter northeasterlies (Fig. 17).

Spectral analysis of the whole-corev record indicates that prior to
�2.4 Ma the proxy-recorded dust flux variations display precessional
(23- and 19-kyr) periodicities,corresponding with indices of Arabian
Sea upwelling, in turn interpreted as reflecting changes in the inten-
sity of the Indian summer monsoon. After �2.4 Ma, the v record is
dominated by 41-kyr cyclicity, possibly driven by growth and decay
of the northern hemisphere ice sheets (Bloemendal and deMenocal,
1989). The v peaks were attributed here not to fluxes of haematite/
goethite but of lithogenic magnetite; higher Ti-magnetite concentra-
tions associated with glacial stages (Bloemendal et al., 1992).

To understand the source of this ‘outstanding proxy palaeocea-
nographic record’ (Bloemendal and deMenocal, 1989), and demon-
strating the multi-component nature of deep-sea magnetic
records, it is necessary to decompose the v record into its individ-
ual component contributions (Hounslow and Maher, 1999):

vtotal ¼ vf þ va þ vp þ vd

where vf = the v contributed by ferrimagnetic minerals, like mag-
netite; va = that contributed by the defect antiferromagnets, like
haematite and goethite; vp = that from weakly magnetic paramag-
nets, like Fe-bearing silicates; and vd = the negative susceptibility
carried by diamagnetic minerals, like quartz and calcium carbonate.
The influence of the varying carbonate content can be seen by com-
paring the whole-core v with the carbonate-free v data (Fig. 27).
The latter displays much lower amplitude v variations. Thus, the
whole-core v record dominantly shows the effects of varying car-
bonate % (or, inversely, of varying terrigenous %). Second, the para-
magnetic contribution to the measured v can be quantified from
Fig. 27. Whole-core v, the paramagnetic contribution to v, the carbonate-free v, and t
micrographs showing typical magnetic minerals at specified stratigraphic intervals (a
lithogenic magnetites; c = residual clay minerals and rare goethite needles). Adapted fro
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low-temperature (77–300 K), low-field measurements of suscepti-
bility. Above �7 metres below sea floor (mbsf), the peaks in carbon-
ate-free v are associated with lower paramagnetic contributions
(�30%), and troughs with slightly higher vp values (�45%). But be-
low �7 mbsf, the vp contribution to measured susceptibility in-
creases to between 85% and 100% (Fig. 27b).

Thus, rather than representing a simple record of varying detri-
tal flux of magnetite, the magnetic responses of the Leg 117 sedi-
ments to climate change reflect a variety of down-core mineral
changes (Hounslow and Maher, 1999). Encapsulating even more
detailed climatic and environmental information, the v record
arises from changes in: (a) the volume v – primarily controlled
by biogenic carbonate dilution; (b) the aeolian flux of ferrimagnetic
grains (Fig. 27a and b – evident only in the upper 7 mbsf, and prob-
ably reflecting changes in source area aridity; and, critically, (c) the
paramagnetic v contribution, below 7 mbsf – which (unlike the
aeolian magnetite and haematite component) has survived intense
post-depositional diagenesis (Fig. 27c). An additional, authigenic
ferrimagnetic component, bacterial magnetosomes, is also evident
within just the upper 1.7 mbsf (Fig. 27a). Whilst this biogenic mag-
netite occurs in insufficient concentrations to influence v, its sur-
vival in the upper sediments indicates least intense diagenesis at
this point in the sediment column.

Additional mineralogical, morphological and grain size data
were obtained from quantitative magnetic extracts (Hounslow
and Maher, 1999). The dominant, paramagnetic source of the v
variations is contributed by aeolian Fe-bearing clay minerals,
ilmenite and other Fe-bearing silicates, and varies in phase with
changes in lithogenic grain size (Clemens and Prell, 1991). This di-
rect association between changes in paramagnetic v and lithogenic
grain size probably reflects changes not in wind speed but in sed-
he magnetite % and haematite % down-core, ODP Site 722, together with electron
= detrital lithogenic magnetites and in situ bacterial magnetosomes; b = detrital
m Hounslow and Maher (1999).
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iment source (possibly related to rainfall changes) and/or wind
transport trajectories (Hounslow and Maher, 1999).

The Owen Ridge v record demonstrates the importance of iden-
tifying the individual mineral components contributing to the
magnetic record of palaeoclimate; detailed magnetic and mineral-
ogical analyses are required in order to make robust use of the
magnetic climate proxy. Despite intense diagenetic dissolution of
the aeolian-sourced magnetite and haematite grains at the Owen
Ridge, a record of changing dust flux survives, through the para-
magnetic contribution of the iron-bearing silicate minerals. In or-
der of vulnerability to diagenetic dissolution, magnetite and
maghemite are most vulnerable (Karlin and Levi, 1983; Canfield
and Berner, 1987; Canfield et al., 1992; Karlin, 1990; Tarduno,
1995), followed by goethite (Abrajevitch et al., 2009) and then by
haematite. Within this sequence, finer-grained minerals will be re-
moved preferentially compared with coarser grains. Thus, wher-
ever diagenetic modification of the sediment record is suspected
(and often detectable magnetically), the source of shifts in sedi-
ment magnetic mineralogy must be evaluated with care.

5.1.6. Magnetic records of dust flux to the Northwest Pacific Ocean
The North Pacific lies downwind from the major dust sources of

the Asian deserts and the Chinese Loess Plateau, which together
provide �20% of global dust emissions at the present day (e.g. Ta-
naka and Chiba, 2006). Through upper level transport by the
westerlies, Asian dust is transported right around the globe
(Fig. 28). It contributes to dust samples across the Chinese main-
land, to Japan and Korea (the ‘kosa’ dust storms), and is frequently
observed at high concentrations at mid-ocean stations in the North
Pacific (Duce et al., 1980; Prospero et al., 1989). Present day esti-
mates of Asian dust flux to the central North Pacific range from
�6 to 12 � 106 tons a�1 (Uematsu et al., 1983, 1986, 2003). Distal
Fig. 28. A composite image of aerosol index (AI) measurements obtained from April 4 to 1
America and into the Atlantic Ocean. Red areas identify high AI values, yellows and gree
satellite). From Hsu et al. (2007).
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transport extends even to the western United States (VanCuren
and Cahill, 2002) and the Greenland ice caps (Biscaye et al.,
1997; Bory et al., 2003a, 2003b). In addition to the major desert
sources (the Taklimakan, the Gobi), the Chinese Loess Plateau is
unique amongst the world’s loess regions in that it is now a highly
active source of dust, at least partly due to human agricultural
activity (Wang et al., 2004).

The potential environmental significance of changes in dust flux
to the North Pacific can be illustrated by recent iron enrichment
experiments, which show that this large HNLC region of the world
ocean responds particularly sensitively to iron fertilisation (Tsuda
et al., 2003; de Baar et al., 2005). In order to achieve robust age
models, based on oxygen isotope stratigraphies, records of Quater-
nary dust flux to the North Pacific have often been sought from
seamount locations, i.e. from sites lying above the calcite compen-
sation depth.

In addition to dating difficulties due to varying rates of carbon-
ate dissolution and preservation, conventional analyses of dust flux
have to contend with variable inputs of volcanic ash (e.g. Hovan
et al., 1991; Urbat and Pletsch, 2003), and iceberg-rafting of debris
into the North Pacific (e.g. Bigg et al., 2008; Fig. 29).

The Shatsky Rise (37.7�N 16�E), situated beneath the Asian dust
plume, provides one of the best known aeolian flux records for the
North Pacific, core V21-146 (Hovan et al., 1989, 1991). Glacial-age
sediments in this core display increased dust fluxes, and can be
linked directly with the low-v loess units of the adjacent terrestrial
record of the Chinese Loess Plateau (Fig. 30). Spectral analysis,
however, indicates that the peaks in marine aeolian fluxes signifi-
cantly lead the loess record of terrestrial deposition (by �14 and
�7 kyr for the 100- and 41-kyr cycles, respectively). Neither does
aeolian grain size show any simple correlation with climate stage;
coarser grains (median diameter �8 lm) show some association
6 2001, showing the transport of Asian-sourced dust across the Pacific Ocean, North
ns are moderately high AI values. (Data from TOMS instrument on the Earth Probe
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Fig. 29. Extent and relative abundance of LGM IRD in the North Pacific. ‘X’ indicates
no evidence of IRD, ‘F’ indicates IRD concentrations of <0.5 g m2 a�1; ‘S’ �0.5–
2.5 g m2 a�1, ‘S’ �2.5–10 g m�2 a�1 and ‘VS’ �>10 g m2 a�1. From Bigg et al. (2008).
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both with interglacial and glacial stages (Rea and Hovan, 1995).
These features of the Shatsky Rise dust record indicate likely
changes in dust source and/or transport path through time, rather
than any simple flux-related relationship with its upwind Loess
Plateau neighbour.

Magnetic identification of coherent changes in haematite/goe-
thite concentrations, linked to changes in aeolian sedimentation
rate, has indicated that magnetic proxies of palaeoclimate could
be used reliably even in palaeomagnetically unstable sections of
the central Pacific pelagic red clays (Doh et al., 1988). However,
as with the equatorial Pacific, some controversy has existed with
regard to interpreted changes in North Pacific aeolian flux through
Quaternary glacial and interglacial climate stages. For example, in a
combined sedimentological, magnetic and mineralogical study
(Core RC10-175), Wang et al. (2008) identified peaks of aeolian
accumulation at a mid-Holocene climatic optimum and during
the last interglacial stage (MIS 5e). In direct contrast, Yamazaki
(2009), using first-order reversal curves (FORC analysis), S ratios
and vARM/SIRM ratios, infer increased aeolian flux (of both maghe-
mite and haematite) during glacial stages. In situ, biogenic magne-
tite (produced intracellularly by magnetotactic bacteria) was
Fig. 30. Aeolian flux and d18O records for Pacific core V21-146, plotted with the stratigrap
(1989).
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characterised in this latter study as a non-interacting, low-coerciv-
ity component. In spatial terms, again based on HIRM and S ratios,
enhanced aeolian influx to the central North Pacific has been sug-
gested (Yamazaki and Ioka, 1997), particularly from �2.5 Ma, in
synchrony with the onset of Northern hemisphere glaciations,
and deposition of the Chinese loess.

The relative influences of volcanic ash and episodic diagenesis
on the magnetic properties of northwest Pacific sediments are
demonstrated in ODP core 1149A. Here, the uppermost 32 m, span-
ning the Brunhes and extending into the Matuyama Chron, provide
an expanded record of changes in Asian aeolian dust and volcanic
ash input, interspersed with recurrent diagenetic intervals (Urbat
and Pletsch, 2003). The magnetic signal in Hole 1149A is driven
primarily by varying inputs of aeolian-dispersed ash and terrige-
nous dust (Fig. 31). Several intervals are characterised by rapid
and large changes in rock magnetic parameters and adjacent
enrichments in diagenetic minerals. These intervals correspond
to palaeoredox boundaries, where suboxic conditions promoted
post-depositional deletion of the detrital magnetic signal.

In contrast, and representing a cautionary note, the magnetic
susceptibility record of the 6 Myr-long sediment record of ODP
Hole 882 (NW Pacific, 50.3�N 167.6�E), in association with the silic-
iclastic fraction (>2 lm wt%), is reported as a Plio-Pleistocene re-
cord of IRD, with ice rafting initiated as early as �2.75 Ma BP
(Fig. 32; Haug et al., 1995). Even as far south as �30�N (with the
exception of the Sea of Japan), non-aeolian terrigenous fluxes
may be significant, with IRD fluxes to the glacial North Pacific vary-
ing on the order of �0.5–10 g m�2 a�1 (Fig. 29), based on available
LGM data (Bigg et al., 2008).

Moving from the north to the south Pacific, fluxes of iron-rich
dust from Australia to the Tasman Sea and beyond are poorly con-
strained both at the present day and in the past. For the present
day, remote sensing by satellites (e.g. by the Nimbus-7 Total Ozone
Mapping Spectrometer, TOMS) indicates some localised dust
source activity (e.g. around Lake Eyre) but overall relatively little
sustained emission of dust from the Antipodean region (Prospero
et al., 2002). In contrast, dust cycle models often attribute very
large dust plumes to Australia, comparable in scale to those from
NW Africa (e.g. Li et al., 2008). In addition to Lake Eyre, the
hy of the Chinese loess and palaeosols and their stacked v record. From Hovan et al.
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Fig. 31. Palaeomagnetic, magnetic and geochemical data for Hole 1149A (from the abyssal plain, Nadezhda Basin, 31.3�N 143.4�E). Sections strongly affected by diagenesis
are highlighted by the Mn/Al ratio, and display large changes in magnetic mineralogy and composition. Minima in %Terr indicate the position of discrete layers of volcanic ash
in the sediment sequence. (mrs = metres of recovered section; B/M = Brunhes–Matuyama boundary; K = volume susceptibility; Bcr = coercivity of remanence; NRM = natural
remanent magnetisation; ARM = anhystereric remanent magnetisation; Ter = terrigenous). From Urbat and Pletsch (2003).
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increasingly desiccated floodplains and dunefields of the Murray-
Darling basin provide a potential dust ‘hot-spot’. Two main trans-
port paths have been identified for Australian dust emissions.
One trajectory is towards the south and/or southeast, crossing
the Tasman Sea and possibly extending towards the southwest Pa-
cific and the Southern Ocean (McTainsh et al., 2005; Shao et al.,
2007). Indeed, isotopic evidence exists for the transport and depo-
sition of Australian-sourced dust to the Antarctic region, especially
during interglacial stages (e.g. Revel-Rolland et al., 2006, see Sec-
tion 6.3). The second main dust trajectory is directed to the north-
west (Bowler, 1976). An aeolian component has also been
identified in the Quaternary sediments of the Coral Sea (Maher,
in preparation).

Modern Australian dusts appear to be contaminated magneti-
cally by ferrites sourced from agricultural soils (Hesse, 1997). In
contrast, palaeo-dust contained within Tasman Sea sediments are
often characterised by a fine-grained haematite/goethite fraction,
which, in some locations, varies directly with the independently-
measured concentration of mineral dust. However, as with the
north Pacific sediments, detailed magnetic measurements are re-
quired in order to identify those cores where volcanic ash, bacterial
magnetite and/or diagenetic mineral alteration have modified the
sediment magnetic mineralogy. Again, this may represent a region
where more detailed, low-temperature, high-field magnetic analy-
ses might more robustly quantify the aeolian-sourced haematite
and goethite sedimentary components.

5.1.7. Summary, magnetic records of dust in marine sediments
In summary, in oxic marine settings, the magnetic properties of

sediments are frequently climatically controlled, whether by
changes in carbonate content (by dilution or dissolution) and/or
by changes in the flux and/or source of terrigenous magnetic par-
ticles. Hence, sediment magnetic properties can often be used as
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a high-resolution proxy for palaeoclimatic change (with care being
required to account for any authigenic or post-depositional mag-
netic components). Further, the coherence exhibited by sediment
magnetic properties with astronomical forcing frequencies, cou-
pled with appropriate orbital tuning of the magnetic records, pro-
vides the opportunity for high-resolution chronological control.
Magnetic cyclostratigraphy can thus assist in providing accurate
age frameworks for climatic and environmental events and
changes, a prerequisite for increased understanding of the causes
and consequences of climate change. The relative sensitivity and
speed of sediment magnetic measurements renders them both dis-
criminatory and applicable over large (e.g. ocean-wide) spatial
scales and high-resolution timescales. Statistical examination of
the trends, rhythms and events recorded in two of the long (Plio-
Pleistocene) magnetic dust flux records discussed here – the mag-
netic susceptibility record from the Arabian Sea (Section 5.1.5), and
the eastern Mediterranean HIRM record (Section 5.1.2) – enables
testing of postulated patterns and timings of change in tropical
African climates (Trauth et al., 2009). Rather than showing a grad-
ual increase in African aridity after intensification of northern
hemisphere glaciation at �3 Ma BP, or 100-kyr modulation of Afri-
can dust fluxes only after �1 Ma BP, or step-like increases in the
amplitude of obliquity modulation of dust fluxes at �2.8 and
1.7 Ma BP, these statistical results indicate that tropical African
hydrology is dominantly and regionally controlled by low-latitude
insolation mediated by monsoon dynamics. Key stages in hominin
evolution, at �2.6, 1.8 and 1 Ma BP, coincide with 400-kyr eccen-
tricity maxima, suggesting that enhanced speciation and extinction
events were associated with maximum climate variability but high
moisture levels (Trauth et al., 2009).

For aeolian dusts sourced from arid regions, magnetic measure-
ment of variations in the haematite and/or goethite content of sink
sediments can provide a sensitive record of climatically-driven, of-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 32. Magnetic susceptibility, siliciclastic fraction (>2 lm wt%), opal (wt%), opal MAR, carbonate (wt%) and carbonate MAR for the 6 Myr-long sediment record of ODP Hole
882 (NW Pacific, 50.3�N 167.6�E). From Haug et al. (1995).
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ten orbitally-forced, changes in aeolian flux. However, care is al-
ways needed in order to assess the degree of diagenetic overprint-
ing of any sediment magnetic record, and the possibility of
selective preservation of these minerals (at the expense of the fer-
rites) in response to post-depositional diagenetic attack.
6. Magnetic properties as palaeo-dust records: lake sediments

6.1. A North African case study

Lake basins, especially hydrologically-closed lake basins, pro-
vide land-based opportunities to examine palaeoclimatic changes
as reflected by changes in the balance between precipitation and
evapotranspiration, and changes in dust flux and deposition.
Depending on location, such lake sediment-based studies can also
provide a tie between the deep sea and continental records of cli-
mate change. Lake Bosumtwi (Ghana), for example, is located in
the path of the dust-transporting, northeasterly Harmattan winds,
and provides a 1-Ma record of regional changes in dust transport
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(Peck et al., 2004; King et al., 2008). As with the marine records, en-
hanced Saharan/Sahelian dust flux is identified during the last gla-
cial stage, characterised here by high proportions of high-
coercivity minerals (low S-ratios, Fig. 33). During the most arid
intervals, coincident with Heinrich events 1 and 2, and the Younger
Dryas, the proportion of such minerals was increased further,
reflecting both increased dust flux and the in-lake effects of post-
depositional reductive diagenesis, resulting from low lake levels
and sulphate reduction. The diagenetic effects of diagenesis on
the lake magnetic record include preferential removal of the fine-
grained, detrital ferrimagnets and authigenic formation of the
magnetic iron sulphide, greigite (Table 3, and see Section 5.1.5).
The sharp magnetic transition at 12 ka BP indicates the end of
the last glacial and the onset of the African Humid Period, with a
very marked decline in dust fluxes to the lake. From �3.2 ka BP,
a return to increasingly arid conditions is indicated by steadily fall-
ing S-ratio values (Fig. 33).

The magnetic dust proxy archived within the �290 m/1.07 Ma
record of the Lake Bosumtwi sediments correlates readily with
aeolian records from the deep sea and the polar ice cores. Peck
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 33. Magnetic properties and lithic fraction, sediment core, Lake Bosumtwi, Ghana. From Peck et al. (2004).

Table 3
Magnetic zonation, grain size, mineralogy and palaeoclimatic interpretations for a lake sediment core from Lake Bosumtwi, Ghana. Generalized characteristics of the interglacial
and glacial magnetic mineral sediment zones from Lake Bosumtwi. From Peck et al. (2004).

Magnetic
zone

Magnetic concentration (IS,
Mrs, Ms)

Magnetic grain size (FORC, Mrs/
Ms, Hcr/Hc)

Magnetic mineralogy (Mrs/IS, S-ratio,
Hcr)

Paleoclimatic interpretation

Interglacial
A High SD and MD High proportion of low-coercivity

minerals
Interglacial conditions of reduced dust flux

B Moderate to high SD and MD High proportion of low-coercivity
minerals

Interglacial conditions of reduced dust flux

C Moderate SD and MD Very high proportion of low-
coercivity minerals

Very humid conditions; lake filled to
overflowing

Glacical
D Moderate to high SD Very high proportion of low-

coercivity minerals
Correlative with Henrich events, arid, very
low lake level

E Very low MD High proportion of low-coercivity
minerals

Arid glacial period charaterized by reductive
diagenesis
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et al. (2004) suggest that the strong eccentricity and obliquity peri-
odicities shown in the dust proxy record indicate that tropical cli-
mate responds to the presence of the mid- to high-latitude ice
sheets. An alternative view is that the transfer of tropical heat to
higher latitudes, the major driving force of the global climate, is
also modulated by orbital forcing. Such forcing is abundantly evi-
dent at low latitudes, as changes in monsoon intensity, precipita-
tion, vegetation feedbacks, wind speed/gustiness, and transport
of dust. Thus, higher latitude climate changes are likely to be
nearly synchronous with tropical changes, but need not be causally
linked to them. Rather, changes in energy transfer from the tropics
to higher latitudes may represent relatively under-estimated driv-
ers in past climate change (see Section 5.1.7).

A number of other African lake-based studies report the use of v
records, often used for core correlation, and often interpreted as
indicators of terrigenous input (e.g. Kropelin et al., 2008); addi-
tional magnetic analyses would be required in order to understand
in detail the significance and reliability of these potential proxy
records.
6.2. A South China case study

As with Lake Bosumtwi, a combination of changes in climate,
lake level, erosion and the degree of diagenesis or preservation of
detrital magnetic minerals provides an interesting context for pos-
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sible re-interpretation of a lake sediment record, Lake Huguang
Maar (Fig. 34), presented as a record of winter monsoon strength
for the South China region (Yancheva et al., 2007).

Here, the high-resolution records of magnetic properties (v and
S-ratio) and sediment Ti content are used as proxies of winter
monsoon wind strength. Specifically, the Ti content is assumed to
represent the aeolian input into the lake, with the suggested dust
sources including the Loess Plateau to the north. The v data appear
to record very large changes in magnetic content, e.g. from �50
010�6 SI0 in the Bolling to �5000 010�6 SI0 during the late Holocene.
During cold intervals (the late Glacial, <�14.8 ka BP, the Younger
Dryas, �12.8–11.6 kyr BP) and the late Holocene (the last
�500 yr), v, Ti content and S-ratio are high (Fig. 34). These data
suggest high detrital inputs of Ti-magnetites and little post-depo-
sitional dissolution. Conversely, during the Bolling and early Holo-
cene (<�7.8 ka BP), v, Ti content and S-ratio all decline, indicative
of reductive diagenesis and/or decreased detrital input of magne-
tite. Through the remainder of the Holocene, v values increase
markedly (x factor of 100), whilst Ti content and the S-ratio vary
relatively little (Fig. 35).

Rather than representing far-travelled Chinese loessic dust,
which contains volumetrically large proportions of haematite and
goethite, it seems probable that the extremely large variations in
v reflect local erosional inputs of the strongly magnetic, Ti-magne-
tite-bearing basalts into this small crater lake. Episodes of reduc-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 34. Magnetic properties, Ti content and total organic carbon (TOC wt%), lake Huguang Maar (from Yancheva et al., 2007). YD = Younger Dryas, AMS = accelerator mass
spectrometry.

Fig. 35. Magnetic susceptibility, S-ratio and Ti content for Lake Huguang Maar, with depth in core. From Yancheva et al. (2007).
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tive diagenesis are clearly a feature of the time interval from 16 to
�8 ka BP, with the exception of the cold periods noted above. It is
possible that the Younger Dryas and Late Glacial were character-
ised by stronger winter monsoon winds and thus the lake was
well-mixed, with little subsequent diagenesis. However, it is also
possible that the lake level was lower during these drier intervals,
maximising opportunities for overturning and mixing. From
�8.3 ka BP, the detrital input and/or preservation of magnetite in-
creases markedly, with an apparent accompanying decline in total
organic carbon (TOC) % (Fig. 34). Whilst the TOC% decline might
indicate increasing lake mixing and oxygenation, it might equally
reflect a relative increase in minerogenic input, as indicated by
the increase in v. Thus, an alternative view of this record is that
the Holocene interval is characterised by increased local runoff
and erosion rates, possibly mediated by increased summer mon-
soonal rainfall.
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6.3. A Patagonian case study

The transport of dust at high latitudes in the Southern hemi-
sphere is of major scientific interest, given the possibility that aeo-
lian supply of iron to the Southern Ocean might drive up marine
productivity in this presently HNLC region, and alter marine and
atmospheric pCO2 concentrations as a result (Martinez-Garcia
et al., 2009; Blain et al., 2007; Watson and LeFevre, 1999). Large
shifts in aeolian dust flux over Quaternary glacial and interglacial
stages are recorded in all of the Antarctic ice cores, with glacial
stages characterised by up to 25� greater dust fluxes (e.g. Fischer
et al., 2007a,b; Lambert et al., 2008)). Based on isotopic signatures
(Nd and Sr), the major source of the dust deposited in the glacial-
stage ice at Vostok and EPICA Dome C (EDC) is thought to be Pat-
agonia (Grousset et al., 1992a; Gaiero, 2007; Delmonte et al.,
2009; Sugden et al., 2009). Some isotopic overlap is also evident
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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between the ice and potential source areas in Australia (around
Lake Eyre), more so during interglacial stages (Revel-Rolland
et al., 2006; Marino et al., 2008; Delmonte et al., 2009). The only
continental record of Quaternary dust accumulation currently re-
ported from Patagonia is the lake sediment sequence cored in a
maar lake, Laguna Potrok Aike (51.9�S 70.4�W), one of the few per-
manent lakes in the drylands of southern Patagonia (Haberzettl
et al., 2009). So far, a composite sediment sequence (composed
of three overlapping core sections) and covering the last �55 kyr
has been obtained, based on radiocarbon, OSL and tephrochronol-
ogy techniques. Seeking to compare the independently-dated v re-
cord from Laguna Potrok Aike with the non-sea salt calcium flux
from the EDC record (Rothlisberger et al., 2002), these authors infer
some similarities between these records (Fig. 36), finding therefore
the first evidence for synchroneity of aeolian deposition both in the
dust source (Patagonia) and sink area (Antarctica). The glacial-age
lake sediments comprise well-sorted coarse silt and fine sand, in
contrast to the interglacial sediments, which are more organic, less
well sorted and richer in calcite. Using v as a proxy for aeolian
dust, glacial-stage aeolian deposition appears high (v values are
an order of magnitude higher than during Holocene times) and
variable in the Patagonian record, indicating significant climatic
and environmental change in southern South America. Without
further information, it is difficult to ascribe the v changes to differ-
ences in aeolian flux and/or dust source. More intense glacial activ-
ity during cold climate stages might activate additional or different
dust sources compared with interglacial conditions (e.g. Sugden
et al., 2009). The association between increased v and clastic par-
ticle size during glacial stages might thus indicate increased wind
speeds (e.g. stronger westerlies) and/or reduced vegetative cover
and/or enhanced supply of coarse silt/fine sand particles for defla-
tion and transport. More detailed magnetic and complementary
analyses on this continental record, and on marine sediments from
the Scotia Sea, lying between southern South America and the Ant-
Fig. 36. Ca/Ti ratio and volume magnetic susceptibility for Laguna Potrok Aike
(51.9�S 70.4�W) and the non-sea salt (nss) Ca flux, EDC (Rothlisberger et al., 2002).
OSL = optically stimulated luminescence. From Haberzettl et al. (2009).
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arctic ice (Pugh et al., 2009; Maher, 2008), will provide key infor-
mation on sediment sources and fluxes in this critical region.
7. Magnetic properties as palaeo-dust records: the ice core
record

7.1. Polar ice cores

Ice cores, whether from high latitudes or low latitude/high alti-
tude sites, contain variable concentrations of terrestrial and extra-
terrestrial atmospheric particles. Long ice cores, spanning multiple
glacial/interglacial cycles, from both Greenland and Antarctica ex-
hibit large and rapid changes in dust flux, with increased fluxes (up
to �30� higher) during glacial stages (Figs. 24 and 37). For the
eight glacial cycles recorded in Antarctica, the dust and tempera-
ture records are tightly and inversely coupled, especially during
cold glacial-stage intervals (i.e. when dD >�425‰, Lambert et al.,
2008). Dust fluxes decreased synchronously with every warming
interval, indicating rapid changes in either the dust source area
(e.g. reduced dust supply and/or reduced wind speeds) and/or in
the dust transport path (Fischer et al., 2007a,b; Lambert et al.,
2008).

For the Greenland (North-Greenland Ice Core Project, NGRIP)
core, isotopic evidence indicates a ‘constant’ source of dust, from
Fig. 37. Magnetic properties, dD values and dust concentration (ppb) in the EDC ice
core. The circles identify dust concentrations in samples measured here and for
which magnetic properties have been measured on adjacent samples. SM = the
stable magnetisation. From Lanci et al. (2008).

ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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the Taklimakan and Tengger/MuUs deserts of China and Mongolia,
respectively (e.g. Bory et al., 2003a,b). For Antarctica, the current
consensus, again drawn from isotopic evidence, is that Patagonian
sources dominated aeolian supply during glacial stages, with some
subsidiary input from Australia during interglaciations (Marino
et al., 2008; Revel-Rolland et al., 2006).

Initial attempts to apply magnetic measurements to ice core
samples were hindered by use of room temperature fluxgate mag-
netometry, with inadequate sensitivity levels for the low concen-
trations of dust in the ice (Sahota et al., 1996). More recent work,
using SQUID magnetometry, has identified measurable concentra-
tions of dust-sourced magnetic minerals in polar ice cores and, in
the case of Antarctic ice, climate-linked variations in ice magnetic
mineralogy (Lanci et al., 2001, 2004, 2008; Lanci and Kent, 2006).
The sensitivity of the magnetic analyses offers the potential for sig-
nificantly improved temporal resolution of changes in dust miner-
alogy and provenance. Compared with isotopic analyses, ice
magnetic measurements can be made on much smaller samples
(e.g. �5–7 cm long-samples from the EPICA-Dome C ice core, Lanci
et al., 2008).

By making direct measurements of ice IRM1 T at two different
temperatures, 77 and 256 K, the respective IRM contributions of
ultrafine (SP) and larger magnetic particles have been identified
in polar ice samples. At 77 K, a proportion of the nanoscale, SP par-
ticles are magnetically ‘blocked in’ and provide a relatively large
IRM contribution in the Vostok and EPICA cores, and a smaller
‘background’ contribution in the NGRIP ice. The size range of these
SP grains is estimated to be �7–17 nm, but possible variations in
grain oxidation (Ozdemir et al., 1993) require that such estimates
be treated with caution. At 256 K (i.e. freezer temperature), much
of this IRM carried by the SP particles relaxes, due to thermal agi-
tation. The source of the SP particles has been attributed to extra-
terrestrial, micrometeoritic supply (Lanci and Kent, 2006, and see
Fig. 13a). Larger (>SP) particles show much less change upon sam-
ple warming from 77 to 256 K. For the NGRIP ice samples, this ‘sta-
ble’ magnetic remanence is directly proportional to the measured
dust concentration in the ice. For NGRIP samples, the mean IRM
of the ice is higher by a factor of 3 in glacial compared with inter-
glacial stages, with the notable exception of Holocene ice samples,
which display higher magnetic concentrations (despite having
much lower dust contents) than the few LGM ice samples mea-
sured thus far (Lanci et al., 2004). The magnetic mineralogy of
the NGRIP samples seems relatively constant through glacial and
interglacial stages, a mix of magnetite/maghemite and haematite,
not dissimilar from pristine Chinese loess samples.

For the Antarctic ice samples, the situation is more complex.
Whilst the total measured IRM is higher in glacial stage-ice (in
association with increased dust concentrations), the ‘stable’ (non-
SP) IRM, normalised for dust mass, appears both higher (10–40�)
and more variable during interglaciations (Fig. 37). Several inter-
glacial EPICA samples also display extremely high IRM values (up
to �8 A m2 kg�1), exceeding even the IRMs of possible volcanic
source rocks. Caution is required given such high values, with the
possibility of IRM errors arising from the extremely low intergla-
cial dust mass, and/or from contamination, e.g. from drilling fluids.
The coercivity of remanence of the ice +dust also varies with cli-
mate stage.

Interglacial samples display lower (B0)CR values (�40–60 mT)
than glacial samples (�50–100 mT). These data consistently sug-
gest variations in dust magnetic mineralogy, and thus in Antarctic
dust source.

7.2. Sub-polar ice cores

In addition to the polar ice cores, low-latitude, high-altitude ice
caps provide an additional, sensitive archive of climate and of dust
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(Thompson et al., 1997, 2006). On the Tibetan Plateau, in the Qilian
Shan on the north-central margin of the Plateau (38�60 N, 92�240 E),
lies the �138-m thick Dunde ice cap, with an area of 60 km2 and a
summit elevation of 5325 m. The ice cap survives in a presently
arid environment, lying between the Qaidam Basin (the highest
desert in China) and the Gobi Desert. Three cores to bedrock were
recovered from the ice cap summit in 1987: Core D-1 (139.8 m),
Core D-2 (136.6 m) and Core D-3 (138.4 m) and microparticle
and calcium concentration data reported (Thompson et al., 1990).
The upper parts of the ice core have been dated using a combina-
tion of d18O seasonal variations and their relationship with dirt lay-
ers in the ice. Microparticle counts show that dust concentrations
in the ice were highest (�10) during the LGM, in association with
colder, wetter conditions, and diminished in the Holocene. The
morphological properties of the particles in the LGM ice match
those of the central Chinese Loess Plateau, which accumulated epi-
sodically and most rapidly during the deglacial phases of the Pleis-
tocene glacial stages (e.g. at �16 ka BP for the last glacial stage).

Magnetic measurements on a pilot set of Dunde ice samples
(Holocene and LGM, melted and Millipore-filtered) reveal clear dif-
ferences in magnetic particle concentration and mineralogy be-
tween climate stages, and offer some preliminary indication of
dust source changes. The Holocene ice core samples display lower
v values, indicating (together with the microparticle counts) lower
dust concentrations, and higher Hcr/Hc values (Fig. 38), indicating
coarse magnetic grain size (>�20 lm). For the LGM samples, the v
values are variable but up to 10� higher (in tandem with the par-
ticle counts) and most fall within the finer, PSD size range on the
Day plot. For comparison, data are also shown for some modern
desert (the Taklimakan) and LGM Chinese loess samples (spanning
the Plateau). The Holocene samples from Dunde occupy a similar
range of values as the coarse-grained Taklimakan samples. In con-
trast, the LGM ice contains dust of finer size, resembling the finer
Taklimakan samples and the well-mixed, Chinese loess samples
(see Section 8.2).

These preliminary data identify the potential for magnetic mea-
surements to identify dust fluxes, mineralogy and grain size in ice
core samples, and to examine possible source areas for provenanc-
ing of the dust through space and time.
8. Magnetic properties as palaeo-dust records: desert sediments

8.1. Dune sand redness

For desert sediments, the environmental significance of iron
oxide-induced variations in colour has long been debated, with re-
gard to dune provenance, age, and movement (e.g. Lancaster and
Ollier, 1983; Pye, 1981, 1989). The Namib Sand Sea, for example,
displays strong increases in sand redness from the western coastal
to the eastern inland zone, attributed to increasing concentrations
of haematite, as surface coatings on quartz grains (Lancaster,
1989). Using very high-field magnetic remanence measurements
(i.e. in dc fields of up to 9 T), Walden et al. (2000) were able to
show the additional presence of goethite in the sands. Thus, envi-
ronmental interpretations based on haematite genesis alone are no
longer valid. They also demonstrated, however, a clear geographic
and lithological split in goethite concentrations; samples to the
west, overlying the Karpfencliff Conglomerate, having higher goe-
thite contents than the more reddened samples to the east (overly-
ing the Tsondab Sandstone). The latter also contain more
ferrimagnetic (magnetite-like) minerals. Recently-obtained data
on a range of haematite and goethite samples of known grain size
and degree of substitution (Liu et al., 2002, 2006b; Maher et al.,
2004) may enable more detailed, post hoc analysis of these miner-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 38. A Day plot (Day et al., 1977) for samples from the Dunde D ice core, plotted with magnetites of known grain sizes (grain size in lm shown for each point), and
potential source samples (the Chinese Loess, Taklimakan Desert, the Gobi Desert). Dunde samples in the light grey data envelope are Holocene-age samples (core depths
44–128 m); samples in the dark grey data envelope are Last Glacial-age (core depths 134–139 m). Ice core samples kindly provided by Lonnie Thompson. Taklimakan data
from Torii et al. (2001).

Fig. 39. Location of the Chinese Loess Plateau and its potential desert source regions.
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alogical variations, with the aim of disentangling the respective
roles of climate, geology and time in this desert context.

8.2. The desert sources of the Chinese Loess Plateau

Vast arid areas surround the loess sequences of the famous Chi-
nese Loess Plateau (Fig. 39). The source of this, the world’s most
extensive deposit of Quaternary loess, has long been held to be
the northern deserts (especially the Gobi Desert), since the loess
sequences display increasing thicknesses, accumulation rates and
clastic particle size from southeast to northwest across the Plateau
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(e.g. Sun et al., 2008; An et al., 1990, 2000b; An, 2000). Geochem-
ical analyses of last glacial stage loesses across the Plateau also
indicate north-south variations in zirconium/rubidium ratios, but
little west-to-east variability (Chen et al., 2003, 2006). Use of elec-
tron spin resonance measurements for characterisation (rather
than dating) of quartz grains (Sun et al., 2008) has further sug-
gested that the Gobi, and two other sandy northern deserts (the
Tengger and Badain Juran), have been the dominant loess source
during the last climatic cycle.

However, as noted by Mahowald et al. (1999), no potential
source area can be either confirmed or discounted until it has been
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 40. Magnetic susceptibility (10�8 m3 kg�1) vs Fe2O3/Al2O3 for LGM loess units
across the Chinese Loess Plateau and potential source samples (<38 lm) from the
Gobi Desert. From Maher et al. (2009a,b).

Fig. 41. Outcrop of glacigenic silt, Tibetan Plateau.
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sampled and characterised – preferably using independent and
multiple methods of analysis, rather than any single technique,
in order to avoid spurious or non-unique source identification (Ma-
her et al., 2009a, 2009b). Given that mineralogical, isotopic and ele-
mental signatures can vary widely with particle size, it is also
preferable that analyses are performed on a particle size-specific
basis.

To the north and west of the Loess Plateau lie vast, arid areas,
�350–400 � 104 km2 (Liu, 1988), all of which constitute potential
source areas for the Quaternary wedge of loess sediment contained
within the Loess Plateau. These source areas include more than
twelve desert regions, including the Tengger, Mu Us, Junggar, Qai-
dam, Badain Jaran and the Gobi of Inner Mongolia (Fig. 39). Criti-
cally, however, whilst most atmospheric dust particles are
<50 lm in diameter, >90% of particles present in most Chinese de-
serts exceed this size range (Tsoar and Pye, 1987). Just three desert
areas contain sediments with sufficiently fine particle size distri-
butions to contribute effectively to dust deflation: the Gobi of the
western Inner Mongolia Plateau, the Gobi of the central Inner Mon-
golia Plateau, and the western Taklimakan (e.g. Wang et al., 2004).
Of these, the Taklimakan Desert is the largest (�3.5 � 103 km2),
and subjected to severe and high-frequency dust storm activity
(Pye and Zhou, 1989), but most distal from the Loess Plateau,
which lies �2000 km to the east.

Magnetic and elemental analyses have been applied to surface
samples from the northern and central Gobi, from an area spanning
�12,000 km, within dune fields and alluvial fan sediments sub-
jected to wind erosion (Maher et al., 2009a, 2009b). Magnetic mea-
surements, X-ray powder diffraction and X-ray fluorescence were
applied to sized clastic fractions (> and <38 lm), and the resulting
data compared with least weathered loess samples from the last
glacial stage, spanning the Loess Plateau.

The Gobi sediments show little if any magnetic, elemental or
mineralogical overlap with the Chinese loesses (Fig. 40). Not only
are the Gobi sediments more magnetic (�0.2–0.6 wt% magnetite)
than the unweathered loess (�0.05 wt% magnetite), they have low-
er SiO2 contents, higher Fe2O3/TiO2 and lower Al2O3/TiO2 ratios. Gi-
ven their respective v values, the Gobi sediments could only
contribute to the Chinese loess if they were admixed with very
large volumes of diamagnetic material (e.g. 1 part Gobi with 80
parts CaCO3).

The rather variable mineralogy of the Gobi sediments also con-
trasts starkly with the remarkably homogenous nature of the Chi-
nese loess (Fig. 40), despite samples spanning the marked west-
east rainfall and weathering gradient across the Loess Plateau. This
homogeneity indicates that the loess has been extremely well
mixed prior to deposition downwind from its source(s), a finding
independently corroborated by rather uniform REE patterns and
restricted Nd isotopic compositions (Jahn et al., 2001).

Given the observed mineralogical mismatches between the
Gobi surface sediments and the Chinese loess, the distal but appro-
priately fine-grained Taklimakan Desert requires evaluation as a
possible major dust source for the Chinese Loess Plateau. Magnetic
analysis of surface samples from the Taklimakan desert (Torii et al.,
2001) reveals similarities with the unweathered Chinese loess. The
Taklimakan sediments have v values in the range 20–
40 � 10�8 m3 kg�1, they contain only slightly oxidised, lithogenic
magnetite (not Ti-magnetite), with an average grain size of
�5 lm, and minor amounts of haematite/possibly goethite. Com-
parison of magnetite grain size from the Taklimakan surface sedi-
ments to the west, with unweathered loess from Shajinping
(western Loess Plateau) and from Luochuan (central Loess Plateau)
indicates progressively finer magnetite grain size, compatible with
increased distance along a dust transport path from the western
desert region (Torii et al., 2001). If, as these data suggest, the Tak-
limakan has been a significant dust source and/or ‘mixing area’ for
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the Chinese Loess Plateau, then wind directions would have been
different from those of the present day, with stronger near-surface
westerlies during the winter/early spring seasons.

As noted by Maher and Thompson (1999), an additional clue to
the provenance of the Chinese loess arises from its relatively high
beryllium-10 loadings (�0.5–5.5 � 108 atoms g–1; e.g. Beer et al.,
1993), in combination with its low v (�20–30 � 10–8 m3 kg–1). Gi-
ven average 10Be fluxes (Pavich et al., 1986), prolonged exposure
(>1 million years) in a humid but cold environment is required
to account (a) for the loess 10Be concentrations but (b) the absence
of any pedogenic-derived increases in loess magnetic content. The
10Be/magnetic data thus indicate the tectonically-rising Himala-
yan/Tibetan regions as a major possible loess source; thick beds
of periglacial and/or glaciogenic silt occur on the Tibetan Plateau
(Fig. 41). Southwesterly winter winds blow from the Himalayas
and Tibet towards the deserts north and west of the Loess Plateau
(Fig. 42). These surface winter winds may have formed the first of a
two-stage transport path for Tibetan/Himalayan dust. In a second
transport step, intensified springtime (north)westerlies may have
subsequently carried the dust to the southeast, across the Loess
Plateau.
9. Quaternary loess/palaeosol sequences

Magnetic studies of loess sequences have proliferated over the
last 20 years; more than 2000 papers having been published on
their palaeomagnetic and/or environmental magnetic properties.
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 42. GCM-modelled surface wind directions and intensity, for the LGM. The box
outline denotes the area of the Chinese Loess Plateau. From Maher and Thompson
(1999).
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This rich record of scientific investigation reflects the intersection
between the widespread, climate-dependent occurrences of loess,
and the sensitivity (and speed) of magnetic analyses.

9.1. The environmental significance of loess

Sequences of loess comprise accumulations of windblown, clas-
tic sediments, often interbedded with fossil soils (palaeosols).
Loess sediments provide not only a key agricultural resource but
also represent key aeolian archives on every continent (Fig. 43).
High-resolution loess/palaeosol sequences can provide quantita-
tive information on the interactions between aerosols and climate.
They can be dated (e.g. by luminescence, Roberts, 2008), to provide
a record of changing rates of dust transport and accumulation over
large continental areas. Loess sequences incorporate mineralogical,
physical and chemical information on the nature of the transported
dust (e.g. Prins et al., 2007; Sun et al., 2008), of potential signifi-
cance for climate radiative and/or cloud forcing, and/or for iron
supply and biogeochemical cycling in the ocean.

Loess sequences girdle the planet, reaching �10 s of metres
vertical thickness, often reflecting enhanced glacial-stage produc-
tion (and transport) of fine particles – not only by glacial commi-
Fig. 43. The global distribution of loess deposits (modified from Pye, 1
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nution and freeze-thaw, but also by surface desiccation, aided by
vegetation loss and wind-driven ‘sand-blasting’ from inter-particle
collisions (e.g. Alfaro et al., 1997; Grini and Zender, 2004). In North
America, for instance, loess sequences in Nebraska, which display
some of the highest sediment accumulation rates so far recorded
in loess (>6700 g m�2 a�1, Roberts et al., 2003), result from desicca-
tion and expansion of the Great Plains area, rather than from gla-
cial production of silt-sized particles (Aleinikoff et al., 2008). For
the Eurasian region of the northern hemisphere, loess almost con-
tinuously spans Eurasia from west to east at mid-latitudes (�30–
50�N), reflecting dust supply both from arid/semi-arid and glaci-
genic sources (e.g. Frechen et al., 2003).

Extensive loess sequences can act not only as dust sinks but as
dust sources. The world’s most extensive Cenozoic accumulation of
loess, the Chinese Loess Plateau, comprises �2 � 105 km3 of extre-
mely well-mixed, windblown dust, but has itself been a major dust
source for the ocean sediments of the northwestern and equatorial
Pacific (Rea and Hovan, 1995; Shigemitsu et al., 2007), the volcanic
soils of Hawai’i (Chadwick et al., 1999), and the accumulating ice
caps of Greenland (Bory et al., 2003a,b). Emissions of iron-bearing
dust from the Loess Plateau may have influenced past atmospheric
CO2 concentrations via changes in productivity of the HNLC region
of the northwest Pacific. Dust emitted from palaeosol surfaces (see
below) may have been particularly reactive in biogeochemical
terms; it will have contained a range of nanoscale iron oxides
and hydroxides (spanning the mineral spectrum from magnetite,
slightly oxidised magnetite and maghemite, to haematite and goe-
thite, see Section 9.5.2 below), in close association with soil organic
matter (Maher and Thompson, 1995).

Magnetic methods have played two key roles in loess studies;
first, in determining the chronology of loess/palaeosol sequences;
and second, in identifying their post-depositional response to the
range of climates to which they have been subjected through the
late-Cenozoic.

9.2. Palaeomagnetic dating of loess/palaeosol sequences

For many loess sequences, palaeomagnetic dating has been the
fundamental plank upon which age models have been erected. For
example, Bidegain et al. (2005, 2007) identified the Matuyama–
Brunhes boundary (MBB) in the Pampean loessic deposits of the
Buenos Aires province. Loess deposition in Alaska (the Gold Hill se-
quence) has been shown to date back to �3 Ma BP (Westgate et al.,
989, and http://serc.carleton.edu/vignettes/collection/25463.html).

ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 44. Reversal magnetostratigraphy for the loess/palaeosol sequences of the central Chinese Loess Plateau, Luochuan (from Heller and Liu, 1982). Sn = palaeosoln.

Fig. 45. The interbedded loess and palaeosols of the Chinese Loess Plateau at
Luochaun (central Loess Plateau), photo by Maher.
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1990). Other complete Plio/Pleistocene loess/soil sequences in-
clude the Karamaidan site, Tajikistan (Forster and Heller, 1994;
Ding et al., 2002a). For the Chinese Loess Plateau, the long se-
quences of the central region, for example, at Luochuan and Baoji,
provide the ‘classic’ and complete Pleistocene loess magnetostra-
tigraphies (Fig. 44). Conversely, sites in the western Chinese Loess
Plateau provide the high MARs and lowest intensity of pedogenic
magnetic overprinting to optimise recording of geomagnetic
excursions like the Blake event (�120 kyr BP).

Regarding the >30 interbedded loess and palaeosol units of the
Chinese Loess Plateau (Fig. 45), the basal age was thought to be
�1 Ma BP, until the 1980s, when collaboration between Friedrich
Heller and Liu Tung-Sheng enabled isolation (by thermal demagne-
tisation) of the loess depositional remanence, and conclusive evi-
dence that the loess records some 2.5 Myrof Earth and climate
history (Fig. 44; Heller and Liu, 1982, 1984; Heller and Tungsheng,
1986). Critically, not only were Heller and Liu able to show the
unambiguous recording of all six major geomagnetic polarity
reversals from this time period. They also demonstrated that the
loess/palaeosol v record showed strong coherence with the deep
sea oxygen isotope record (Fig. 44). Correlation of these two inde-
pendent proxies provided a much more detailed chronology than
gained from the reversal magnetostratigraphy alone. Since these
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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early days, higher-resolution palaeomagnetic dating has been
sought for the Chinese sequences using geomagnetic events, espe-
cially the Blake (e.g. Zhu et al., 1994, 1998, 1999; Fang et al., 1997),
excursions (Zhu et al., 1999; Pan et al., 2002) and reversal transi-
tion features, allied with improved mathematical correlation and
interpolation techniques (e.g. Ding et al., 1994, 2002b; Guo et al.,
2002; Thompson and Maher, 1995; Heslop et al., 2000, 2002b).
The variable effects of pedogenic magnetic ‘overprinting’ caused
the observed discrepancy in reversal boundaries, with the Matuy-
ama–Brunhes boundary (MBB), for example, apparently located
within a glacial-stage loess (e.g. Sun et al., 1993), rather than MIS
19 (Tauxe et al., 1996). The palaeomagnetic ‘lock-in’ depth in the
Chinese loess/palaeosols has been estimated to be as much as
2 m, or equivalent to a time delay of �103–104 years (Zhou and
Shackleton, 1999; Spassov et al., 2003a, 2003b; Liu et al., 2008).

9.3. The palaeoclimatic significance of loess/palaeosol magnetic
properties

It was evident from the early palaeomagnetic studies that the
loess and the interbedded, reddish-brown palaeosol units of the
Chinese Loess Plateau display different magnetic properties. The
palaeosols display higher values of natural remanent magnetisa-
tion (NRM) and v, the latter up to 3–5� higher than the parent
loesses. Palaeosols to the south and east of the Plateau demon-
strate increasingly high values, e.g. up to �400 � 10�8 m3 kg�1 at
Baoji, compared with the unweathered western loess, with a v of
�25 � 10�8 m3 kg�1 (Fig. 46).

The palaeosols also required extensive thermal demagnetisa-
tion to remove unstable remanences carried by ‘over-printing’,
post-depositional magnetic components. Heller and Liu
(1984,1991) concluded that these palaeosol magnetic properties
indicated climatically-controlled chemical alteration from the par-
ent loess, with decalcification and soil compaction causing relative
enrichment of the aeolian, detrital magnetic minerals in the inter-
glacial palaeosol horizons. In contrast, Kukla and colleagues sug-
gested that a constant rate of subaerial magnetic dustfall was
diluted during glacial stages by large volumes of low v-dust (Kuk-
la, 1987; Kukla et al., 1988, 1990). These hypotheses did not con-
sider the possibility of in situ, pedogenic formation of magnetite,
Fig. 46. Variations in lithology, sediment thickness and v from west (Linxia) to central
From Maher (2005).
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a process observed in well-drained modern soils in the temperate
zone (Mullins, 1977; Longworth et al., 1979; Maher, 1986; Maher
and Taylor, 1988; see Section 3.3.2).

Thence began the increasingly detailed magnetic analysis of
loess and palaeosols around the world, with the aim of using pal-
aeosol magnetic properties to make quantitative reconstructions
of climate (especially of rainfall) right through the timespan of
these natural Quaternary archives. For good reasons, this aim has
been achieved most successfully in the homogenous, low-v loesses
of China (Heller et al., 1993; Maher et al., 1994; Lie et al., 1995; Sun
et al., 1996; Hao and Guo, 2005) and Russia (Alekseeva et al., 2007).
Attempts to apply the climate/magnetism relationship displayed at
these sites to other locations worldwide have met, predictably,
with mixed results. As shown by modern soil analogues, ‘interpre-
tation of palaeosol magnetic properties must be done on a site-spe-
cific basis, taking into account the possibilities of pedogenic
enhancement, pedogenic dilution or depletion, and allochthonous in-
puts of magnetic minerals. Excessively arid, wet or acid soils are un-
able to form significant amounts of pedogenic ferrimagnets’
(Maher, 1998, italics added for emphasis).

9.4. Loess/palaeosol magnetic properties around the world

For any sedimentary pile of windblown loess and palaeosols,
their magnetic properties will depend on (a) the magnetic content
and characteristics of the source material (reflecting sediment
provenance), and (b) post-depositional weathering/soil formation
processes. As defined classically by Jenny (1941), a soil, or soil
property (including, here, any soil magnetic property) is a function
of parent material, climate, relief, organisms and soil-forming
duration:

Soil or soil ðmagneticÞ property ¼ f ðpm; cl; r; o; tÞ

In terms of parent material, the magnetic properties of loess around
the world vary widely (Fig. 47). Even within the area of the Chinese
Loess Plateau (sensu lato), some differences in loess provenance and
mineralogy can be seen (Fig. 48).

In notable contrast to the loesses of China and the Russian
steppe, many loesses are sourced from adjacent igneous rocks
and are thus very strongly magnetic. The least weathered Siberian
(Qinjiazhai near Luochuan) and southeast (Baoji) across the Chinese Loess Plateau.

ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 47. Magnetic susceptibility (10�8 m3 kg�1) vs vfd% for unweathered loesses
around the world, and of the palaeosols which have developed from these parent
materials. L = parent loess, S = palaeosol, W CLP = western Chinese Loess Plateau.

Fig. 48. Differences in loess magnetic properties from the western margins of the
Loess Plateau (Duowa, close to the China/Qinghai boundary) and the central Loess
Plateau. From Maher et al. (2003).
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loesses, for example, display v values of �350–650 � 10�8 m3 kg�1

(Chlachula et al., 1998; Matasova et al., 2001) – i.e. 17–32� higher
than the Chinese loess. This high magnetic content of the Siberian
loess derives from glacially-supplied, detrital, MD ferrimagnets
inherited from igneous and metamorphic rocks from the south
Siberian mountains (the Altai, Sayan and N. Baikal). In South Amer-
ica, Argentinian loesses display variable but moderately high val-
ues, �200 � 10�8 m3 kg�1 (e.g. Bidegain et al., 2005, 2007), again
reflecting proximal supply of volcanogenic material, including vol-
canic glass. Similarly, Alaskan loesses commonly derive from aeo-
lian transport of volcanic tephra, with pristine loess units
displaying v values of >�100 � 10�8 m3 kg�1 (Liu et al., 2001).

When strongly magnetic parent materials are subjected to post-
depositional soil formation, physical and biogeochemical break-
down of the primary ferrites frequently ensues, leading to dimin-
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ished soil v values (Fig. 47). This process can readily be observed
in analogous modern soils (Fig. 49a). The impacts of weathering
can be seen most clearly from magnetic measurements on parti-
cle-sized soil fractions (Fig. 49b). Comparing the basal soil with
the topsoil, each of the coarser particle size fractions (coarse sand
– coarse silt) displays a reduction in its % contribution and in its
measured v. The medium silt fraction % contribution increases
very slightly, but its v also decreases. In contrast, the fine silt
and, especially, the clay-sized fractions both increase in terms of
their % particle size distribution, and display increased v values.
The in situ formation of characteristically ultrafine-grained soil
magnetite is further evidenced by the rise in vfd% values, from 0
at the soil base to �5% in the topsoil. Overall, however, the impact
of weathering on this strongly magnetic bedrock is to reduce soil v
values, since the rate of pedogenic magnetite formation is ex-
ceeded by the rate of detrital magnetite breakdown.

Whether or not neoformation of ultrafine-grained (<�0.1 lm),
substitution-free pedogenic ferrites takes place (countering to
some extent the loss of primary detrital grains) depends on the
soil-forming conditions at the site. Fig. 50 shows a toposequence
of modern soils developed on uniform, metasedimentary parent
material (slate): a low-relief, poorly-drained stagnogley at the up-
land plateau; an excessively-drained acid podsol on the slope
shoulder; a well-drained and -buffered cambisol close to the
mid-slope; and a seasonally-wet cambisol close to the valley floor.
Each soil displays distinctive magnetic characteristics, reflecting
their drainage, topographic position, micro-climate and organic
activity (parent material and time being constants for each profile).
The plateau gley and podsol display little/no evidence of pedogenic
ferrite formation; they are too wet or too acidic, respectively (Ma-
her, 1986, 1998).

The mid-slope and toe-slope soils, generally well-drained (and
buffered by receipt of bases leached from the upslope soils), both
display obvious magnetic enhancement (pedogenic ferrite forma-
tion) in their A and B horizons. Such enhancement is evident here
from increased values of v and vfd% (but see Maher, 1998 for addi-
tional magnetic, XRD, and electron microscopic data on these soil
magnetic minerals).

By analogy, Quaternary palaeosols formed under rather harsh
(wet/freezing) climates – for example, in Siberia and Alaska – often
show both depletion of detrital ferrites and very little ferrite neo-
formation, reflecting gleying and/or cold-temperature soil forma-
tion processes (Fig. 51). Palaeosols in these high latitude
locations thus display lower v values than the parent loess units.
This signal is (a) opposite to the magnetism/palaeosol relationship
in China and Russia, and (b) as expected, given the modern soil
analogue data. It is additionally possible that these loess/palaeosol
magnetic contrasts (Virina et al., 2000; Liu et al., 2001) can be af-
fected by reduced aeolian transport of ferrite-bearing dust during
the soil-forming intervals (Vlag et al., 1999).

Given the high initial magnetic content of the parent loess in
these locations, it is difficult, if not impossible, to use v to identify
any pedogenic ferrite formation; any such v signal would be rela-
tively extremely small. However, other magnetic parameters, sen-
sitive to the distinctive SP/SD size of pedogenic ferrites (Fig. 10a–f)
can instead be used to identify any magnetic enhancement in such
soils. Suitable magnetic parameters may include the vfd (Forster
et al., 1994) and/or anhysteretic susceptibility, normalised for the
saturation remanence (vARM/SIRM) and the median destructive field
of the ARM (MDFARM), all of which discriminate well between MD,
SD and SP ferrite grain sizes (Fig. 52). For the Kurtak site (Siberia),
minor increases in vfd were recorded by Kravchinsky et al. (2008)
for the palaeosol horizons, indicative of low concentrations of ped-
ogenic, SP ferrites. For the Halfway House loess and palaeosols of
Central Alaska, selected, SP-sensitive hysteresis measurements
(ferromagnetic susceptibility/saturation magnetisation) were used
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 49. (a) Down-profile magnetic properties for a modern cambisol, developed on strongly magnetic rhyolite, Ardnamurchan, NW Scotland (from Maher, 1988). (b) Down-
profile changes in particle size distribution and magnetic susceptibility of each particle size fraction, Ardnamurchan cambisol.
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to identify some in situ ferrite formation (magnetite oxidised to
maghemite), against a spatially varying background of lithogenic
magnetites, Ti-magnetites and Ti-haematites inherited from the
rhyolitic Old Crow tephra (Lagroix et al., 2004).

For the loess/palaeosol sequences of South America, decipher-
ing of pedogenic magnetic signals has been a thorny process, given
spatially variable parent materials (pre- and post-Andean), con-
taining a range of volcanic and pyroclastic magnetic materials,
including volcanic glass (e.g. Schellenberger and Veit, 2006). Typi-
cal Pampean loess contains abundant plagioclase (up to 65%) and
volcanic glass shards and pyroclasts (up to 25%). As with the Alas-
kan and Siberian sequences, the v of many of the Argentinian Pam-
pean palaeosols is lower than in the parent loess (e.g. Orgeira et al.,
2009). At the 50-m thick Las Carreras loess/palaeosol sequence, in
NW Argentina, for example, palaeomagnetic analysis revealed the
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MBB at 26.7 m, associated with a soil horizon (MIS 19), and the
Jaramillo between �40 and 50 m depth. The NRMs displayed little
viscous overprinting, vfd% values were generally low (<5%), and v
maxima (�300 � 10�8 m3 kg�1) associated with loessic rather than
palaeosol horizons (Schellenberger and Veit, 2006). Exceptionally,
some high v values were seen in the modern soil and the palaeosol
Ah horizons.

The rather weak evidence of pedogenic formation of ferrites in
the Pampean palaeosols has been attributed by these authors to
the spatial and temporal variability of the magnetic mineralogy
of the parent loess, together with quasi-continuous weathering of
the loess as it accreted. However, noting that soil magnetic
enhancement is evident in modern Pampean soils to the northwest
of Buenos Aires but lacking for similar loessic soils to the southeast,
Orgeira et al. (2009) also postulate climatic control via differences
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 50. Magnetic susceptibility (v) and frequency dependent susceptibility (vfd%) for a toposequence of modern soils, developed on uniform, metasedimentary parent
material (slate). From Maher (1998).

Fig. 51. Magnetic susceptibility (v) and frequency dependent susceptibility (vfd%)
for a loessic palaeosol at Kurtak, Siberia. From Kravchinsky et al. (2008).

Fig. 52. Magnetic granulometry based on vARM/SIRM and the median destructive
field of the ARM (MDFARM) for magnetite powders of known grain size. From Maher
(1988).
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in effective rainfall (i.e. precipitation – potential evapotranspira-
tion). For the NW site (Zarate), they suggest that negative effective
rainfall values (precipitation – potential evapotranspiration) result
in formation and preservation of pedogenic ferrites, in contrast to
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the SE site (Veronica) where positive effective rainfall incurs excess
soil wetness and dissolution of SP ferrites (Maher, 1986, 1998; Ha-
nesch and Scholger, 2005). Such an approach attempts to refine the
soil magnetism/rainfall relationship, as developed in the context of
the Chinese Loess Plateau (see Section 9.5.1).

Similarly, a detailed magnetic study of 6 palaeosol units from a
�1.9 Myr-long loess record in the central eastern Pampas (Buenos
Aires Province) reveals consistently low levels of ultrafine (pedo-
genic) ferrites, with little enhancement of v and low values (<4%)
of vfd% (Heil et al., 2010). Again, the Pampas magnetic signature
seems to reflect changes in magnetic input by aeolian transport
(supplemented episodically by rather meager pedogenic enhance-
ment), and in situ magnetic loss, by dissolution of ferrites in gleyed
palaeosol horizons. Alternation between periods of landscape sta-
bility – associated with clearly developed soil horizonation – and
periods of increased sedimentation, leading to superimposed,
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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welded soils, appears to be a feature of Plio-Pleistocene loess/soil
development in this region (Kemp et al., 2006). Such cyclicity ren-
ders differentiation of individual soil profiles and palaeoclimate re-
sponse difficult at anything other than long wave-length
resolution. Potential may exist for use of pedogenic haematite,
rather than magnetite, as a palaeoclimatic indicator for these soils
(Carter-Stiglitz et al., 2006).

For the North American mid-continent, loessic modern soils
spanning the Great Plains demonstrate soil magnetic enhancement
in tandem with a mean annual precipitation (MAP) gradient of
<500 mm in southwestern Nebraska to �1000 mm in central Mis-
souri (Geiss and Zanner, 2006, 2007). These authors calculate
dimensionless magnetic enhancement ratios (Menhanced/Mparent

material) using several different parameters (v, IRM, ARM), and find
highest correlation between MAP and ARM enhancement. These
Midwestern North American soils display less magnetic enhance-
ment per unit of precipitation than do the modern soils of the Chi-
nese Loess Plateau and the Russian steppe (see Section 9.5.1). This
disparity is attributed by these authors to differences in parent
material and resultant availability of iron for weathering and con-
version into pedogenic ferrites (Geiss et al., 2008). Additionally,
however, as suggested by Orgeira et al. (2009, in press), regional
differences in the effective rainfall (taking into account soil mois-
ture as controlled both by precipitation and evapotranspiration)
may play a role in varying magnetic enhancement rates (see
Section 9.5).

The loess and loessic sequences of the North African region
potentially provide a record of changes in precipitation and wind
direction in this climatically vulnerable region. In mainland North
Africa, loess occurs in sequences up to �20 m thick, in the peride-
sert area to the north of the Sahara. The most well-known loess
area lies on the Matmata Plateau, southern Tunisia (Coude-Gaus-
sen et al., 1987; Grousset et al., 1992b). Luminescence dating sug-
gests that these loess sequences span the time interval from �100
to 245 ka BP (Dearing et al., 1999). Within these sediments, four or
five distinct palaeosols occur, characterised by rubification, leach-
ing of carbonate and variable degrees of ped development. As with
the loess and palaeosols of the Chinese Loess Plateau (Sec-
tion 9.5.1), each of the Tunisian palaeosols displays enhancement
of its ultrafine-grained ferrimagnetic content, with v values 2–
3� higher (30–40 10�8 m3 kg�1) than the parent loess, and vfd%
reaching values as high as 10%. Comparison between the v and
vfd% of modern surface soils in the area with modern climate vari-
ables shows that peak soil magnetic values occur in association
with MAP values of 400–500 mm. All effective precipitation in this
area falls during the winter period, December to March. MAP val-
ues of �350–400 mm appear to represent rainfall thresholds for in-
tense pedogenesis. Based on a chronology derived from
thermoluminescence methods, the palaeosols and their inferred
increases in winter rainfall are linked with interglacial and inter-
stadial stages (Fig. 53). In detail, the S1 and S3 palaeosols (at the
Techine site) appear to correlate with MIS 5.5 (123 ka BP) and
MIS 7.1 (193 ka BP), respectively, and the less well-developed soils
S2 and S4 with MIS 6.5 (175 ka BP) and MIS 7.5 (240 ka BP). Dear-
ing et al. (1999) draw on marine palynological data (Van Andel and
Tzedakis, 1996) which indicate southward migration of the sub-
tropical high during glacial stages, and resultant northward expan-
sion of arid conditions. Conversely, interglacial stages appear
characterised by enhanced humidity and southward expansion of
Mediterranean woodland or steppe. To identify broader connec-
tions and, specifically, the role of the African monsoon in driving
these observed MAP variations, the Tunisian (Techine) loess/soil
sequence and chronology can be compared with the precession-
forced record of sapropels in the eastern Mediterranean. The
majority of Quaternary sapropels (from the Greek sapros, putrefac-
tion, and pelos, mud) are not only rich in organic matter but also
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exhibit isotopically light d18O values, both attributed to increased
Nile run-off during intense African monsoons accompanying pre-
cession minima (Rossignol-Strick, 1983). Even lighter d18O values
have been recorded for sapropels located between Libya and
southwest Crete (e.g. Rohling et al., 2002), indicating simultaneous
northern penetration of the African monsoon beyond the central
Saharan watershed (at �21�N). Over the Techine time interval,
whilst interglacial-age sapropels appear to coincide with palaeosol
S1, and possibly also with soils S3 and S4, the glacial/stadial-stage
sapropels (dated to MIS 6 and 7.4) have no obvious palaeosol coun-
terparts. Dearing et al. (1999) thus suggest that palaeosols required
interglacial temperatures as well as higher MAP rates and/or that
the African monsoon exerted little influence on this Tunisian
region.

Beguilingly, at the only other reported loessic/colluvial se-
quence in the North African zone (Lanzarote, Canary Islands), an
opposite magnetism/climate signal has been reported; enhanced
moisture during glacial and interstadial stages of the last
�180 kyr (Fig. 53; von Suchodoletz et al., 2010). Using clay content
and vfd% of aeolian sediments (trapped in volcanically-dammed
valleys) as palaeo-indicators of humidity, these authors identify di-
rect correlation of their proxies with trade wind strength off north-
west Africa and inverse correlations both with SSTs in the NE
Atlantic and the extent of Mediterranean vegetation (Fig. 54). They
suggest as key drivers either glacial enhancement of precipitation
from westerly depressions (e.g. Ganopolski et al., 1998) and/or in-
creases in relative humidity due to decreased air temperatures.

If this discrepancy is real, then the climatic influences on the
two sets of records must differ significantly. It seems possible that
the Tunisian record reflects both African monsoonal rainfall and
interglacial temperatures, whilst the Lanzarote record reflects re-
duced glacial-stage temperatures (linked to cooled North Atlantic
SSTs), leading to increased soil moisture. Another possibly key fac-
tor in interpretation of these proxy records is changes in seasonal-
ity, and the distribution of rainfall and vegetative response.
However, in each location, improved age control is critical for iden-
tifying more precisely any correlations, leads or lags with other cli-
mate proxies both regionally and more globally.

9.5. The Chinese Loess Plateau

9.5.1. The Chinese loess and palaeosols as magnetic proxies of climate
Arguably, the most favourable location for magnetic recording

of palaeoclimate by loessic palaeosols is the famous Chinese Loess
Plateau (followed, probably, by the Russian steppe). Here, the spe-
cial characteristics of the Loess Plateau are identified with direct
regard to Jenny’s (1941) soil-forming equation:

Soil or soil ðmagneticÞ property ¼ f ðpm; r; t; clðoÞÞ

First, in terms of parent material, the Chinese Loess Plateau com-
prises remarkably well-mixed, homogenous and weakly magnetic
material (Fig. 40 and Section 8.2). The relative magnitude of any
pedogenic v signal is thus optimised, and readily and robustly mea-
surable. Second, in terms of topography, the loess and palaeosol
units mostly occur as wide-reaching (i.e. 100 km), quasi-horizontal
layers (Fig. 45). Third, in terms of time, magnetic enhancement in
both the modern soils and palaeosols of the Loess Plateau appears
to develop very quickly, in parallel with rapid (�100–100 yrs) evo-
lution of soil organic carbon (Thompson and Maher, 1995; Maher
et al., 2003). Thus, the maximum value of soil v equilibrates with
ambient climate and is not time-dependent (unlike the cumulative
soil v, which is likely to increase with soil-forming duration, espe-
cially in accreting soils). Fourth, for the Loess Plateau, climate (co-
associated with soil organic activity) is therefore isolated as the
key soil-forming factor for the magnetic properties of the soils
and palaeosols.
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 53. (a) Stratigraphy, clay content (%) and vfd% for a loessic colluvium, Lanzarote (from von Schudoletz et al., 2010); (b) magnetic susceptibility for the Techine loess/
palaeosol sequence from southern Tunisia, correlated with (c) the MIS timescale (from Dearing et al., 2001).
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Across monsoonal areas like China, precipitation shows larger
variability than does temperature. Examination of the correlation
matrix obtained for the pedogenic v of modern soils from across
the Loess Plateau and the wider northern hemisphere temperate
zone, and various temperature parameters and rainfall, shows that
a weak but significant positive correlation exists between winter
temperature and susceptibility enhancement. However, the domi-
nant explanatory variable is annual rainfall. Because the in situ,
pedogenic susceptibility signal in the Loess Plateau is large (up to
�350 � 10�8 m3 kg�1) compared with the weakly magnetic parent
loess (�20 � 10�8 m3 kg�1), it is sensitive to ‘‘pedogenic formation
of magnetite, as controlled by regional temperature and rainfall
variations’’ (Maher and Thompson, 1992).

Other magnetic parameters are even more sensitive to the
ultrafine SP/SD ferrite fractions which arise from rainfall variations
(such as vARM/SIRM and vfd, Fig. 46). However, because pedogenic
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susceptibility is demonstrably a reasonably sensitive indicator of
annual rainfall across this extensive area (�440 � 103 km2), and
because v is quick and easy to measure, it can be used in order
to generate the large spatial and temporal datasets required for
palaeorainfall reconstruction across this region (Maher et al.,
1994; Sun et al., 1996; Hao and Guo, 2005; Section 9.5.3), and oth-
ers like it, such as the Russian steppe.

9.5.2. The soil magnetism/rainfall linkages in the Chinese Loess Plateau
Given the importance of changes in monsoonal rainfall for the

populous East Asian region, the underlying mechanisms for this
soil magnetism/rainfall linkage warrant close examination.

In modern soils, extracellular pedogenic ferrites appear to form
most efficiently in iron-bearing (but not necessarily iron-rich),
well-buffered, generally well-drained soils, affected by intermit-
tent soil wetting and drying episodes (Le Borgne, 1955; Mullins,
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 54. Comparison of the Lanzarote magnetic/humidity proxy data with orbital forcing and other regional climate change parameters. From von Schudoletz et al. (2010).

Fig. 55. Magnetic granulometry for loess and palaeosol samples from the central Chinese Loess Plateau, based on vARM/SIRM and vfd%; data for sized magnetites also shown.
The inset diagram shows the quantitative estimation of the loess/palaeosol magnetic components (‰, SP and SSD magnetite, and haematite). Adapted from Maher and
Thompson (1992).
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1977; Maher, 1986, 1998). In such soils, not only will respiration of
oxidisable organic matter operate at a reasonably fast rate, but it
will be combined with frequent temporary redox fluctuations at
soil micro-sites. Thus, opportunities for Fe3+ solubilisation and
magnetite precipitation and survival will be maximised. It is not
the case that Fe3+ reduction ‘requires the soil to be water-saturated
for significant periods’ (Michel et al., 2009). Indeed, permanently
wet, anoxic soils do not display magnetite formation (Maher,
1986), since the iron remains in reduced, Fe2+ form; even litho-
genic magnetite particles are actively dissolved under such soil
conditions (Maher, 1986, 1998; Hanesch and Scholger, 2005). Ped-
ogenic ferrite formation occurs not at the soil wetting stage but
upon soil drying (Le Borgne, 1955), with subsequent re-oxidation
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at the soil micro-sites, and precipitation of the mixed Fe2+/Fe3+ fer-
rite, magnetite (see Section 3.5.2).

In modern, weatherable, well-drained, near-neutral soils, direct
correlation is observed between the amount of pedogenic magne-
tite formed in the soil and mean annual precipitation (MAP), with-
in the range �200–2000 mm (Maher et al., 1994; Han et al., 1996).
At lower rainfall totals, bacterial production within the soil micro-
environment (Fig. 6) of Fe2+, the essential precursor for soil magne-
tite, is minimal. Soils thus accumulate only the more oxic iron min-
erals, goethite and/or haematite. At higher rainfall levels, soils
become excessively wet, leached, poorly buffered and thus inimical
to ferrimagnet formation (Maher, 1986; Maher and Thompson,
1992, 1995; Maher et al., 1994). Between these rainfall extremes,
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 56. Soil magnetic enhancement vs MAP, northern hemisphere temperate zone
soils. Adapted from Maher and Thompson (1995) and Maher et al. (2002).

Fig. 57. Magnetic susceptibility of modern soils (surface, field measurements)
plotted against soil moisture (precipitation – potential evapotranspiration), using
data from Porter et al. (2001).
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soil magnetic enhancement (i.e. measurable in situ formation of
magnetite) is evident across the northern temperate zone, in ‘suit-
able’ soils (Fig. 56).

Correlation is evident between soil magnetic enhancement and
organic carbon and cation exchange capacity (Maher, 1998; Maher
et al., 2003), and with an independent palaeoprecipitation indica-
tor, 10Be (Beer et al., 1993). Magnetic enhancement appears to pro-
ceed rapidly to equilibrium with ambient rainfall, and in
association with organic matter decomposition, as shown for
example by soils developing rapidly (i.e. within 100s of years) on
unconsolidated, easily-weathered loess (Thompson and Maher,
1995; Maher and Hu, 2006; Alekseeva et al., 2007; Nie et al.,
2010). Care is needed when examining older palaeosols, where soil
welding may blur the soil magnetism/climate record. Some
authors propose that sedimentation rates influence soil magnetic
enhancement (e.g. Porter et al., 2001; Vidic et al., 2004).

For modern loessic soils, pedogenic susceptibility shows no
additional increase beyond a MAP value of �2000 mm, and at
MAP values of �3000 mm, begins to decline (for reasons outlined
above). Hence, for the Chinese Loess Plateau, pedogenic suscepti-
bility can only record MAP variations within the range �200–
2000 mm. If MAP has varied in the past to values outside this
range, it cannot be estimated from the pedogenic susceptibility
proxy.

As noted previously, MAP may be an insensitive measure of soil
moisture, and intensity and degree of pedogenesis may, in turn, not
be a simple function of MAP (Maher, 1998). Soil moisture may
more realistically be represented by the soil moisture parameters,
precipitation – potential evapotranspiration (P – PET).

Fig. 57 shows the relationship between P – PET and the field-
measured v of modern soil surfaces across the Loess Plateau (data
from Porter et al., 2001). Compared with MAP, no improvement in
the soil magnetism/climate correlation is evident using this soil
moisture parameter. As noted previously (Maher, 1998), a study
of climate effects on B horizon pH in soils sampled across the full
climate range of the USA makes an interesting corollary (Folkoff,
1987). Of a host of climatic and soil factors (e.g. annual rainfall, an-
nual potential evapotranspiration, actual evapotranspiration,
leaching and moisture indices, A and B horizon soil textures), the
factor with the highest explanatory power (R2 = 0.77) was found
to be annual rainfall. The dominance of this particular factor is
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due to its over-riding control of soil moisture. Perhaps the spatial
limit of soil magnetic enhancement might be marked by the tran-
sition in ‘aridity index’ (MAP/ET), to an aridity index of >1 or an ac-
tual ET (P-measured ET) of >350 mm (Fig. 58, data from Thomas,
2008).

The strength of the observed correlation between MAP and ped-
ogenic susceptibility in the Chinese Loess Plateau supports its use
as a robust proxy for MAP in this large region. Its speed of measure-
ment also means that it can meet the need for spatially and tempo-
rally dense palaeorainfall data for climate model validation and
improved understanding of monsoon dynamics. Reported anoma-
lies in the MAP/pedogenic susceptibility relationship (e.g. Guo
et al., 2001) may reflect particular circumstances at sites across
the Chinese Loess Plateau, such as the influence of local meteoro-
logical effects, or local soil factors inimical to magnetic enhance-
ment (e.g. conditions too dry, too wet or too acidic for magnetite
formation and preservation). It is also well established that the soil
micro-environmental factors favouring formation of magnetite and
of haematite are significantly different (e.g. Balsam et al., 2004);
hence, direct correlation between v and, for example, total free
iron is unlikely. Similarly, comparisons between v and weathering
indicators (such as Rb/Sr ratios) require caution; mobility and re-
distribution of calcium carbonate can create stratigraphic anoma-
lies in such indices (Bloemendal and Liu, 2005). Such mobility
can include late-stage, post-pedogenic injection of carbonate into
stratigraphically lower horizons (Rowe and Maher, 2000).

As an example of local meteorological conditions, enhancement
of ET and aridity can result from the impact of regional fohn winds
descending from upland areas such as the Liupan Shan. Shifts in
the dominant moisture-bearing wind direction may also have an
effect. On the western, rain-shadow side of the Liupan Shan, Bai-
caoyuan presently receives only �350 mm MAP, from a rain sha-
dow effect. In contrast, during the last interglacial (MIS 5e), it
experienced an estimated MAP of �600 mm. Such an increase indi-
cates the possibility of a major shift in summer monsoon wind
directions at this period, to southwesterly moisture-bearing winds
(Indian monsoon-sourced) rather than southeasterly as at present
(Maher and Thompson, 1994).

For the Chinese Loess Plateau, several studies have suggested
that maghemite is the major mineral contributing the pedogenic
magnetic enhancement (e.g. Verosub et al., 1993; Liu et al., 2007;
Chen et al., 2010). However, analysis and quantification of the loess
and palaeosol magnetic contributions (Fig. 55) shows that more- or
less-oxidised, SP/SD magnetite is the key pedogenic component,
contributing >90% of the susceptibility differences between the
palaeosols and the loess (Maher and Thompson, 1992) and up to
two thirds of the total IRM of the palaeosols (Spassov et al.,
2003a, 2003b). These estimates are based on IRM acquisitions, par-
tial ARMs, v and frequency-dependent susceptibility, and thermo-
magnetic and electron microscopy analyses of magnetic extracts
ernary aeolian dusts and sediments, and their palaeoclimatic significance.

http://dx.doi.org/10.1016/j.aeolia.2011.01.005


Fig. 58. Spatial distribution of the aridity index (i.e. precipitation – actual evapotranspiration); the solid black line delineates an aridity index of 1. Data from Thomas (pers.
comm.)
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(Maher and Thompson, 1992) and of particle-sized soil and loess
fractions (Oldfield et al., 2009; Spassov et al., 2003a, 2003b; Sartori
et al., 2005). Other studies have supported these original findings,
for example, further quantifying the grain size distribution of the
pedogenic ferrites (e.g. Liu et al., 2005a,c). Based on the Neél the-
ory, Liu et al. (2005b) confirmed the existence of a continuous dis-
tribution of pedogenic magnetite grain sizes, with a maximum
number of grains close to the SP/SD threshold (�0.025 lm).
9.5.3. Rainfall reconstructions from the Chinese Loess Plateau:
significance for the evolution and future intensity of the East Asian
monsoon

Critically, the origins of the loess/palaeosol susceptibility differ-
ences across the Chinese Loess Plateau have been interrogated by
an increasing range of detailed magnetic granulometric and ther-
momagnetic analyses, combined with quantitative magnetic
extraction and independent morphological and compositional
analyses. Such detailed analysis in turn enables use of the magnetic
susceptibility data as a rainfall proxy for this extensive region. The
value of the rainfall reconstructions obtained from the Chinese
loess/soil magnetic climofunction can be illustrated with regard
to rainfall variations for past interglacial (Fig. 59) and glacial stages
(Fig. 60) over the last 600 kyr. Capitalising on sensitive, fast and
easy measurements of v as a climate proxy, these rainfall recon-
structions come from 1000s of v measurements, of samples from
50 loess/palaeosol sections across the Chinese Loess Plateau, of
which 29 were newly measured by Hao and Guo (2005), and at 7
of these, samples were taken at 10 cm depth intervals. v data for
the other 21 loess/palaeosol sections were obtained from the pub-
lished literature.

The striking regional coherence of the loess/palaeosol v distri-
butions through space and time (0–600 kyr BP), and their associ-
ated strong correlation with the marine oxygen isotope record,
underlines the value of loess/soil magnetic properties (i.e. sensu
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lato) for identifying globally-significant climate change, and, spe-
cifically, latitudinal differences in effective rainfall.

The spatial variations in interglacial-stage v strongly resemble
present day NW-SE gradients in precipitation and temperature
(Fig. 61). This indicates that regional atmospheric circulation pat-
terns have changed relatively little over these timescales, except
for evident variations in the intensity, and degree of inland pene-
tration, of the East Asian summer monsoon. With the exception
of the mid-Holocene, when the summer monsoon front extended
>80 km further north, into the present day deserts, Holocene v val-
ues and MAP estimates are lower than those for previous
interglaciations.

Extending the MAP reconstructions to the last �1 Myr (Fig. 62),
the wettest periods are identified as MIS 5, 7, 11 and 13. The driest
stage is MIS 22, at �800 ka BP. Prior to �700 ka BP, the amplitude
of the v and MAP variations is much less than in the later Pleisto-
cene, a pattern mirrored by the marine oxygen isotope record. At
MIS13 (�500 ka BP), mismatch is apparent between the high v/
MAP – indicating a period of particularly intense East Asian palae-
omonsoon – but only moderately light d18O (global ice volume)
values (Maher and Thompson, 1995). This interglacial stage dis-
plays other anomalous characteristics, including cooler Antarctic
temperatures, lower SSTs in the S. Atlantic, lower atmospheric
CO2 and CH4 concentrations, and strong Indian and African mon-
soons (Guo et al., 2009). Warm climate conditions are evidenced
by high-latitude northern hemisphere regions. These data combine
to indicate a warmer northern hemisphere and cooler southern
hemisphere during MIS13, under relatively low greenhouse gas
concentrations. This hemispheric asymmetry of climate offers an
explanation for intensification of the major monsoon systems,
without recourse to any higher-latitude, ice sheet-driven forcing.

The glacial/stadial-stage distributions of v/MAP display mark-
edly reduced values and weaker south-north gradients, indicating
much less intense summer monsoon activity during these time
periods (Fig. 62). These glacial decreases in available moisture
ernary aeolian dusts and sediments, and their palaeoclimatic significance.

http://dx.doi.org/10.1016/j.aeolia.2011.01.005


Fig. 59. Spatial and temporal distributions of v (black numbers) and v-derived MAP estimates (mm/yr) for past interglacial and interstadial stages (blue numbers), across the
Chinese Loess Plateau. The MAP estimates were calculated from the soil magnetism/MAP relationship shown in Fig. 56, fitted with a power law curve (MAP = 189.4 � ped-
ogenic v0.27). The circles indicate each individual loess/palaeosol site contributing to the susceptibility and palaeoprecipitation isolines. Adapted from Hao and Guo (2005).
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are particularly marked towards the northwest margins of the
Loess Plateau, signalling much less inland penetration by the mois-
ture-bearing southeasterlies. Towards the southeastern margins of
the Plateau, MAP values are reduced by a lesser amount (�20%).
9.5.4. The Holocene record of rainfall and East Asian summer monsoon
intensity

For the Holocene, records of monsoonal rain have been reported
previously, obtained by oxygen isotope analysis of speleothems
from Chinese caves, including the Dongge cave (e.g. Dykoski
et al., 2005; Wang et al., 2005; Cheng et al., 2009; Cai et al.,
2010). In apparent tandem with the Indian summer monsoon,
the cave isotopic records suggest a gradual decline in East Asian
monsoonal rainfall from the mid-Holocene, in association will pre-
cession-driven insolation changes (Fig. 63). These records have
been used to indicate strong coupling between the Indian and East
Asian monsoon systems, and teleconnections with events in the N.
Atlantic Ocean (e.g. Cheng et al., 2009).

However, this pattern of Holocene rainfall correlates neither
with lake-level data for the cave region (An et al., 2000), nor with
the magnetically-derived MAP archive recorded at the western
edge of the Loess Plateau (Fig. 63). The Duowa MAP record indi-
cates rather variable summer monsoon activity through the Holo-
cene, an increase in MAP from �5 ka BP, and rapid, sub-millennial
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scale variations from �2.5 ka BP (Maher and Hu, 2006). The dis-
crepancy between the Dongge Cave d18O and the lake-level and
magnetic records of precipitation might be attributable to shifts
in moisture source and isotopic signal. For example, the shift to
isotopically heavier d18O values from the mid-Holocene might re-
flect an increasing proportion of less-fractionated moisture
sourced from the adjacent Pacific Ocean, rather than far-travelled
and significantly lighter moisture sourced from the Indian summer
monsoon (Maher, 2008).
9.6. The Russian steppe

Because dust flux rates and MAP show (inverse) co-variation
from the northwest to the southeast across the Loess Plateau, their
respective role in determining the observed gradient in v has been
disputed. It has been argued that the v distribution reflects dilu-
tion by differing amounts of low-v dust; as much as 84% of the v
variance of the modern soils across the Plateau has been attributed
to this present day ‘dust-dilution’ effect (Porter et al., 2001). The
Russian steppe region provides the opportunity to test these com-
peting hypotheses, since whilst it experiences a strong MAP gradi-
ent from the Caucasus towards the Caspian Sea, dust accumulation
rates are minimal at the present day (Maher et al., 2003; Alekseeva
et al., 2007).
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 60. Spatial and temporal distributions of susceptibility (black numbers) and susceptibility-derived MAP estimates (mm/yr; blue numbers) for past glacial and stadial
stages (modified from Hao and Guo, 2005). The MAP estimates were calculated from the soil magnetism/MAP relationship shown in Fig. 56, fitted with a power law curve
(MAP = 189.4 � pedogenic v0.27). The circles indicate each individual loess/palaeosol site contributing to the susceptibility and palaeoprecipitation isolines.

Fig. 61. Comparison between modern MAP distribution (mm/yr, upper panel) and
magnetically-derived MAP (mm/yr, blue numbers) reconstructed from palaeosol S1
(MIS 5e) across the Loess Plateau (lower panel). Black numbers = measured
magnetic susceptibility (from Hao and Guo, 2005). The circles indicate each
individual loess/palaeosol site contributing to the susceptibility and palaeoprecip-
itation isolines.
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Much of the Russian steppe is mantled in homogenous, weakly-
magnetic loess, the grassland cover is virtually uninterrupted, and
little source of magnetic contamination exists in this large, unin-
habited region. Magnetic and mineralogical analyses identify
in situ, pedogenic formation of ferrimagnets in the steppe soils,
and, as in the Chinese case, increased ferrimagnetic concentrations
are associated with higher MAP values. XRD and electron micros-
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copy show that the pedogenic ferrites are ultrafine-grained
(<�50 nm), substitution-free. Ferrimagnetic contributions to Moss-
bauer spectra range from 17% in the parent loess to 42% for a sub-
soil sample from the highest rainfall area. The haematite
contribution decreases from �40% in the parent material to �21%
in the most magnetic topsoil. Moving southwest from lower to
higher MAP values, the total soil iron content varies little but the
systematic magnetic increases are accompanied by decreased
Fe2+ content, reflecting increased silicate weathering. The corollar-
ies of this region with the Chinese Loess Plateau are strong. The
steppe parent materials are mostly loessial deposits, topography
is rolling to flat; duration of soil formation effectively constant.
Thus, climate, and, critically, MAP is identified statistically as the
key control on the soil v distribution in this region. The strongest
correlations exists between MAP and v and vARM (r = 0.93), and be-
tween summer rainfall and v and vARM (r = 0.85 and 0.84, respec-
tively). A negative correlation exists between MAP and HIRM
(r = �0.68).

Such strong correlation between the steppe, with no dust accu-
mulation at present, and the Chinese Loess Plateau, both substan-
tiates the soil magnetism/MAP link and negates the significance of
dust flux as a major control on soil magnetic properties in these
two large regions (Maher et al., 2002).

The strong statistical relationship between pedogenic v and
MAP enables palaeorainfall reconstructions through the Holocene,
based on palaeosols buried beneath funerary mounds across the
Russian steppe (Alekseeva et al., 2007). The palaeo-MAP data indi-
cate marked climate variations, with MAP minima at �5, �3.8, and
1.6 ka BP, and enhanced MAP at �1.9 and 0.6 ka BP. Some syn-
chrony is apparent between these MAP variations and changes in
precipitation and lake levels in the Middle East; causal links with
the North Atlantic Oscillation may exist (Alekseeva et al., 2007).
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 62. Magnetic susceptibility and MAP reconstructions (mm/yr) for the last �1 Ma, for Xifeng in the central Loess Plateau. From Maher and Thompson (1995).

Fig. 63. (a) Holocene variations in oxygen isotope composition of speleothem
calcite samples, from Dongge Cave, S. China, and the precessional change in N.
hemisphere summer insolation (June–August), calculated for 20�N (from Wang
et al., 2005); (b) Indian monsoon intensity, from oxygen isotope analysis of a
speleothem from the Qunf Cave, Oman (Fleitmann et al., 2003); (c) rainfall record
from Duowa, western edge of the Chinese Loess Plateau, from the soil magnetism/
rainfall transfer function (Maher and Hu, 2006); at this marginal site, rainfall varies
by as much as +50% and –75% from the estimated present day total (�265 mm/yr).
N.B. The lowest MAP value in the MAP/pedogenic v modern calibration set is
250 mm; hence, reconstructed MAP values <250 mm at Duowa are an extrapolation
from the modern training set.
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9.7. Alternative models of pedogenic enhancement

An alternative pathway of ferrimagnet formation in soils has re-
cently been proposed, whereby pedogenic ferrimagnets are sup-
posed to comprise not magnetite but maghemite, formed by
ageing from ferrihydrite en route to its final transformation to hae-
matite (Barron and Torrent, 2002; Torrent et al., 2006). Such a
pathway requires no reductive step for production of Fe2+ (the
essential precursor for the mixed Fe2+/Fe2+ compound, magnetite).
In the laboratory, the rate of formation of such maghemite depends
log-linearly upon temperature (Barron and Torrent, 2002). Pedo-
genic ferrite formation would thus show direct association with
temperature and aridity, rather than the observed correlation with
rainfall (e.g. Maher, 1998; Sartori et al., 2005; Nie et al., 2010). Fur-
ther, again based on laboratory results (Barron and Torrent, 2002),
mineral transformations along the ferrihydrite–maghemite–hae-
matite route would require very long timescales at ambient soil-
forming temperatures (�105 years) to produce magnetically signif-
icant amounts of maghemite. In contrast, soil magnetic enhance-
ment is found even in Holocene palaeosols having had only a few
hundred years of soil-forming duration (Roberts et al., 2001; Maher
et al., 2003; Nie et al., 2010).

Further, pedogenic maghemite would be found in association
with haematite, not goethite (Michel et al., 2009). However, pedo-
genic ferrites co-occur with goethite and haematite (Ji et al., 2002,
2004; Balsam et al., 2004). For the palaeosols of the Russian steppe,
for example, the concentrations of pedogenic magnetite and hae-
matite show some inverse relationship (Fig. 64, Maher et al.,
2003). Co-association between pedogenic magnetite/maghemite
and goethite is not unexpected, given that goethite formation is
– like magnetite – favoured by wetter soil micro-site conditions
(Taylor and Graley, 1967; Schwertmann, 1988). Although more dif-
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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Fig. 64. SIRM and high-field remanence (HIRM) measured for parent materials (pm) and modern soils across the Russian steppe, plotted against modern-day MAP. From
Maher et al. (2003).
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ficult to quantify accurately than the pedogenic SP/SD ferrites, soil
goethite may also represent a robust proxy for effective rainfall
(see Section 9.8).

It seems possible that nanoscale pedogenic haematite can be
over-estimated using DRS methods, depending on the spectro-
scopic peaks selected to discriminate between haematite and goe-
thite (Scheinost and Schwertmann, 1999), and on whether or not
the background colour of the sediment matrix has been accounted
for. For example, whilst Balsam et al. (2004) report haematite con-
centrations for the Luochuan sequence (central Loess Plateau) of up
to �0.35 wt%, Hao et al. (2009) suggest concentrations as high as
�1.2 wt%. Using the HIRM data reported in Hao et al. (2009, and
pers. comm.), maximum haematite concentrations are broadly
estimated at �0.42 wt%, and goethite concentrations at �0.48 wt%.
9.8. Goethite as an indicator of rainfall

Goethite and haematite are likely to display contrasting behav-
iour in soils and palaeosols (e.g. Liu et al., 2006a), reflecting their
different pathways of formation. Because goethite is likely to form
from solution (i.e. upon dissolution of ferrihydrite) – in competi-
tion with haematite formation (which results from dehydration
Fig. 65. The ratio of goethite to total goethite + haematite (from XRD) in well-
drained oxisols and ultisols in southern Brazilian soils plotted against effective
rainfall (Kampf and Schwertmann, 1983).
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and topotactic rearrangement of ferrihydrite) – soil goethite also
shows some relationship with soil wetness and thus effective rain-
fall. Fig. 65, for example, shows the direct relationship between
effective rainfall and the ratio of goethite to total goethite + hae-
matite in well-drained oxisols and ultisols in southern Brazilian
soils (Kampf and Schwertmann, 1983).

With regard to the surface soils of the Chinese Loess Plateau, a
similar, direct relationship between goethite content (wt%) and
mean annual rainfall has also been recorded (Fig. 66; Balsam, pers.
comm.). Although more costly and time-consuming to achieve,
low-temperature, high-field magnetic analyses (e.g. 77–293 K,
and up to �7 T) of the goethite content of the loess/palaeosol
sequences around the world may provide another route to quanti-
fication of palaeo-rainfall on regional scales. Improved quantifica-
tion of the pedogenic haematite content may also enable
improved understanding of changes in temperature and, espe-
cially, seasonality, as recorded in the loessic palaeosols.
Fig. 66. Goethite (wt%, from diffuse reflectance spectrometry) vs modern-day MAP
for soils across the Chinese Loess Plateau (Balsam, pers. comm.).
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10. Summary; analytical techniques, future prospects

The sensitivity, speed and non-destructive nature of magnetic
analyses of natural samples provides a key tool for identifying
changes in dust sources, properties and fluxes, both at the present
day and for a global range of palaeoclimatic archives, terrestrial
and marine.

Whilst many environmental scientists are familiar with the use
of one magnetic parameter, magnetic susceptibility, measure-
ments of magnetic susceptibility are normally just the first, and
most basic, step in characterising the magnetic properties of any
sample. In order to interrogate the nature of the mixture of mag-
netic minerals, concentrations and grain sizes within a sample, a
range of additional magnetic experiments will be required, ideally,
supplemented by independent mineralogical analysis of represen-
tative subsets of the larger sample set. In practice, a relatively
small number of magnetic measurements can often provide suffi-
cient, discriminatory information to identify both the major mag-
netic components, and the magnetic differences between
samples. This type of routine, room-temperature characterisation
can be applied easily to large numbers of samples, offering the po-
tential for high-resolution data in both the temporal and spatial
domain.

Additional magnetic analyses, for example, making use of
SQUID magnetometers, at low-and high temperatures, and a larger
range of magnetising fields (up to�10 T), may be required for envi-
ronmental samples containing very low concentrations of mag-
netic minerals (e.g. polar ice), and/or weakly magnetic minerals.
High-field, low-temperature measurements might usefully be ap-
plied to key samples containing haematite and goethite mixtures,
which, as shown here, are often critical in carrying a record of dust
flux from arid zone sources. Similarly, more detailed understand-
ing of the pedogenic formation of haematite and goethite in rela-
tion to soil moisture and temperature, especially in the famous
Chinese Loess Plateau sequences, would also be valuable.

It is clear that climate and environmental change often induces
not only changes in dust supply, transport and deposition, but also
in the post-depositional environment and in the subsequent pres-
ervation and fidelity of the detrital aeolian signal. Diagenetic alter-
ation or erasure of magnetic minerals can be selective and variable
in intensity, introducing another climatically-modulated factor to
the interpretation of sediment magnetic properties in any organ-
ic-rich, sub-oxic environment. A key advantage of sediment mag-
netic analysis, in comparison with DRS, is that such diagenetic
transformations are often magnetically distinctive, enabling robust
recognition of sequence sections periodically affected by reductive
dissolution and authigenic (chemical and/or biogenic) mineral for-
mation. As is clear from the examples discuss here, there is no sim-
ple correlation between sediment depth and diagenetic stage.
Rather, diagenetic activity is a variable response to possibly mul-
ti-factorial changes in sedimentary environment, including organic
content and sedimentation and burial rates, and levels of oxygen-
ation at the sediment/water interface. Hence, detailed understand-
ing of the sources of sediment magnetic particles is essential if
robust palaeoclimatic reconstructions are to be made.

Whilst magnetic data on their own cannot as yet identify un-
iquely the precise mineralogy and source of the carriers of magnet-
isation, ongoing developments in magnetic instrumentation,
analyses and data processing continue to increase their diagnostic
power. Independent complementary analysis on smaller, represen-
tative subsets of samples can provide additional key information
on the morphology, composition and mineralogical source of the
magnetic carriers. Given that magnetic minerals often exist in min-
or or trace concentrations, such analysis may entail magnetic
extraction and concentration of the constituent magnetic particles,
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for X-ray diffraction, electron microscopy and elemental analysis.
The efficiency of magnetic extraction should be evaluated (e.g. by
before- and after-extraction magnetic measurements) in order to
ensure that the extracts are representative of the parent sample.

Inter-calibration between magnetic measurements and, for
example, elemental iron concentrations are another useful way
of capitalising on the speed and abundance of magnetic data col-
lection. Similarly, inter-calibration between magnetic characterisa-
tion and DRS techniques may provide a powerful means of defining
dust iron mineralogy and crystallinity, with regard both to radia-
tive impacts and potential iron bioavailability in the HNLC marine
environment.

In terms of future prospects, magnetic analyses of aeolian dusts
can undoubtedly provide key information on the sources, proper-
ties and fluxes of mineral dusts both at the present day, and at high
spatial and temporal resolution through the past glacial and inter-
glacial stages of the Quaternary (and beyond). Increased collabora-
tion between the magnetic and dust and climate research
communities can only enhance the development of sample avail-
ability, sampling protocols and resultant new magnetic dust data-
sets. Improved quantification of magnetic mineral abundances in
dusts, and inter-calibration between magnetic measurements and
independent mineralogical analyses, can lead to dust magnetic
measurements acting as robust proxies for dust and iron fluxes,
of key importance in the context of direct climate effects, espe-
cially radiative forcing and cloud condensation effects, and indirect
climate modification through the iron fertilisation of HNLC ocean
regions.

For the present day, magnetic monitoring of mineral dusts can
provide a sensitive, fast and cost-effective means of identifying
dust sources and anthropogenic modifications to atmospheric min-
eral dust. Such magnetic monitoring of anthropogenic dust load-
ings might be of particular value in assessing the impacts of
mitigation programmes planned or underway at either the na-
tional or international scale. As with any overview of present day
dust research, the under-representation of dust sampling in many
areas of the world, perhaps especially in the southern hemisphere,
cannot go unremarked.

For the palaeo-dust record, improved understanding of the
magnetic characteristics of haematite and goethite seems war-
ranted, given the global significance of these minerals in tracing
aeolian fluxes through space and time. For the marine and lacus-
trine realms, it is equally important to identify the respective roles
of changes in aeolian flux, and changes in diagenetic activity, in
determining the measured absolute and relative abundances of
haematite and goethite in the sedimentary record. For the loess se-
quences around the world, further deconvolution of the inter-rela-
tionships between haematite, goethite and magnetite, and
between these minerals and regional climate change, especially
in the East Asian monsoon region, will enable even more detailed
palaeoclimatic reconstruction. Extension of magnetic climo- (pre-
cipitation) functions to other regions, including Africa, represents
another major development in magnetic studies of dust and soils.
11. Conclusions

The sources, properties and fluxes of mineral dust are signifi-
cant with regard to climate modification at the present day and
in the past. Because magnetic (remanence-bearing) iron oxides
and oxyhydroxides occur ubiquitously in aeolian dusts, magnetic
measurements of modern and palaeo-dusts provide a sensitive,
fast and non-destructive means of analysing dusts, even when
present in trace quantities (as in polar ice caps).

Discriminatory magnetic measurements can distinguish be-
tween dusts from different sources, based on differences in their
ernary aeolian dusts and sediments, and their palaeoclimatic significance.
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magnetic mineralogy, concentration, magnetic grain size and de-
gree of magnetic interaction.

Even quite complex natural samples can often be characterised
using a relatively small number of magnetic measurements, en-
abling large numbers of samples to be processed and offering high
resolution datasets both in the temporal and spatial realm.

Palaeo-dust archives occur on every continent and in every
ocean. For the marine realm outstanding magnetic records of
past aeolian, climatic and palaeoceanographic change have been
obtained. Notwithstanding these achievements, untapped poten-
tial still exists for detailed, quantitative retrieval of palaeo-dust
and iron fluxes from the magnetic properties and records of oxic
marine sediments. Given the global importance of the weakly
magnetic minerals, haematite and goethite, as dust flux indica-
tors, improved understanding of their varying sources, grain sizes
and composition is essential. These minerals carry the potential
for sensitive source discrimination, but also for quantitative
assessment of dust fluxes and iron fluxes through time and
space.

For any marine sediment affected by post-depositional reduc-
tive diagenesis, changes in sediment magnetic mineralogy must
be carefully evaluated in order to ensure robust attribution of min-
eral sources and climatic roles. Unlike DRS techniques, which can
also measure changes in haematite and goethite concentrations,
magnetic analysis of sediments can identify those core sections af-
fected by diagenesis, and which are thus unlikely to offer an accu-
rate reflection of dust flux changes through time.

For the continental realm, magnetic discrimination of dust
sources and fluxes is possible for the worldwide sequences of
loesses and palaeosols but also for other terrestrial sediments,
including ice, lake and desert records.

For loessic regions where post-depositional formation of soils is
dominated by the soil-forming factor, climate, quantitative recon-
struction of changes in palaeo-precipitation (and possibly temper-
ature, via rainfall and potential evapotranspiration relationships)
can be achieved. However, the magnetic properties of (unweath-
ered) loess depend first on its source, and transport, and then on
its post-depositional soil-forming regime.

It is possible (and valuable) to use the magnetic properties of
least-weathered loess, together with other independent analyses
(e.g. elemental composition) to identify and/or discount possible
dust source area(s).

Palaeosol magnetic properties can be quantitatively calibrated
against climate parameters (especially rainfall) in suitable soils,
i.e. in accretionary and generally well-drained and well-buffered
soils, such as occur across the Chinese Loess Plateau. Given a
weakly magnetic parent material, like the Chinese loess, then ped-
ogenic magnetic susceptibility precisely captures the palaeorainfall
signal, is very easy to measure, and can provide temporally- and
spatially-dense datasets, as required for validation of GCM hind-
casting, and essential improvement in our knowledge of monsoon
dynamics.

It is more challenging to calibrate palaeosol magnetic properties
with climate in ‘suitable’ soils where the loess parent material is
strongly magnetic and/or spatially variable (e.g. the Pampean se-
quences of South America). However, use of those magnetic
parameters sensitive to the presence of SP/SD pedogenic ferrites,
preferably combined with particle size-specific analyses, may re-
solve climate variations in such areas.

Gleying partially or completely erases soil ferrites, whether of
detrital or pedogenic origin.

There are no ‘competing models’ of soil magnetism/climate (e.g.
there is no ‘Chinese model’ or ‘wind vigour’ model). For any loess/
palaeosol location, detailed, site-specific magnetic analysis is re-
quired, to establish the respective roles and influences of the rele-
vant soil-forming factors.
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Appendix A. Summary of acronyms
er
ADIOS
nary aeolian dust
Asian dust input to the oceanic system

A horizon
 upper mineral soil horizon

B horizon
 lower mineral soil horizon

(B0)CR
 the coercivity of remanence (see Fig. 2)

v
 initial, reversible, low-field magnetic

susceptibility (see Table 1 and Fig. 2)

vfd
 frequency dependent susceptibility (see

Table 1)

vARM
 the anhysteretic susceptibility (the

anhysteretic remanent magnetisation
normalised by the dc biasing field in which it
was acquired)
d18O
 deviation in the 18O/16O ratio, compared with
a standard ratio (e.g. Vienna Standard Mean
Ocean Water, VSMOW)
DRS
 diffuse reflectance spectroscopy

EDC
 the EPICA Concordia Dome ice core

ET
 evapotranspiration

FORC
 first-order reversal curve

H
 magnetic field

HCool%
 the change in high-field remanence upon

cooling from room temperature to 77 K (liquid
nitrogen temperature)
H events
 Heinrich (iceberg-rafting) events

HIRM
 high-field remanent magnetisation (e.g. the

remanence acquired in applied fields of
between 300 mT and 1 T, HIRM300 mT–1 T)
HIRM100 mT ac
 the high-field remanence remaining after ac
demagnetisation in a field of 100 mT
HNLC
 high nutrient-low chlorophyll

ICP-MS
 inductively coupled plasma mass

spectrometry

IPCC
 Intergovernmental Panel on Climate Change

IRD
 iceberg-rafted debris

ITCZ
 inter-tropical convergence zone

K
 temperature Kelvin

kyr BP
 thousand years before present

LCC
 long chain compounds

LGM
 last glacial maximum

LRT
 long range transport

m
 magnetic moment

Ma BP
 million years before present

MAR
 mass accumulation rate

MAP
 Mean annual precipitation

MBB
 Matuyama–Brunhes boundary (�0.78 Ma BP)

mbsf
 metres below sea floor

MD
 multidomain (e.g. >�1 lm in magnetite)

MDF
 median destructive field, the dc field required

to reduce an acquired remanence to 50% of its
initial value (e.g. MDFARM, MDFIRM)
(continued on next page)
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Appendix A (continued)
Mi
lease cite this arti
eolian Research (
induced magnetisation

MIS
 marine oxygen isotope stage

mT
 milliTesla

NGRIP
 North Greenland ice core project

ODP
 Ocean Drilling Program

PD
 present day

PET
 potential evapotranspiration

ppmv
 parts per million by volume

PTFE
 polytetrafluoroethylene (‘Teflon’)

SEAREX
 air–sea exchange programme

SIRM
 saturation isothermal remanent

magnetisation

SP
 superparamagnetic (e.g. <�0.03 lm in

magnetite)

SSD
 stable single domain (e.g. between �0.03 and

0.1 lm in magnetite).

SST
 sea surface temperature

S ratio
 the ratio of the remanence remaining after dc

demagnetisation at e.g. 100 mT and the SIRM
saturation isothermal remanent
magnetisation
SQUID
 superconducting quantum interference device

T
 Tesla

TOC
 total organic carbon

TOMS
 Nimbus-7 Total Ozone Mapping Spectrometer

XRD
 X-ray diffraction
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