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SUMMARY

Hysteresis loop measurements and thermomagnetic experiments were carried out to character-
ize magnetic mineralogy and magnetic grain size in a suite of particle-size fractioned samples
from the Chinese Loess Plateau, representing the main changes in magnetic properties over the
last 22 Myr. We find that (1) the ferrimagnets in the detrital fractions (>8 pum) younger than
14 Ma show a magnetite-type Curie temperature, whereas those older than 15 Ma have a Curie
temperature slightly over 600 °C owing to low-temperature oxidation. (2) The dominant ferri-
magnets in the clay fractions (<2 um) are most likely to be maghemite. (3) Both the hysteresis
plots and thermomagnetic experiments reinforce previous indications from low-temperature
experiments that paramagnetic minerals make a major contribution to the clay fractions in all
the samples considered. (4) The degree of oxidation indicated by the thermomagnetic curves
is highest in the clays and next highest in the oldest coarse fractions. (5) Day plots provide lim-
ited and potentially misleading information on the differences between fine-grained pedogenic
and coarse-grained detrital ferrimagnetic assemblages, even when allowance is made for the
effects of hematite on the quotients used. This study reinforces the view that measurements on
bulk samples alone obscure critical distinctions between pedogenic and detrital components.
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1 INTRODUCTION

The Chinese Loess Plateau (CLP) holds what is probably the most
detailed and continuous terrestrial archive of Neogene and Quater-
nary environmental change anywhere on the planet. Unlocking the
significance of this record rests in the first instance on the analysis
and evaluation of some of the key properties of potential value in
palaeoenvironmental reconstruction. Among these properties, those
derived from rock magnetic measurements have often been used,
especially as indicators of Quaternary palacoclimates (e.g. Heller
& Evans 1995; Liu et al. 1995; Maher & Thompson 1999; Evans &
Heller 2001; Hao & Guo 2005).

In the wake of the paper by Guo et al. (2002) confirming the
eolian origin and age of the key QA-I Miocene section near Qi-
nan, in the western part of the CLP, several publications have been
devoted to the rock magnetic properties of this and other overlap-
ping sections that together span the whole of the last 22 Myr. These
papers have detailed (i) the routine magnetic properties of a se-
quence of bulk loess and palacosol samples representative of each
of the main stages of accumulation (Hao ef al. 2008a), (ii) particle
size based measurements that separately characterize the pedogenic
and detrital components of the samples (Hao et al. 2008b; Oldfield
et al. 2009) and (iii) the evidence, from magnetic measurements
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and diffuse reflectance spectroscopy (DRS), for changing hematite
and goethite concentrations in both bulk and particle-sized samples
(Hao et al. 2009). In addition, geochemical and grain size analyses
have also been reported (Qiao et al. 2006; Liang et al. 2009).

In this paper, our main aim is to present and evaluate evidence
from hysteresis loop measurements and thermomagnetic experi-
ments. Most of the previous studies using this approach have based
measurements on bulk samples (e.g. Liu ef al. 1992; Fukuma &
Torii 1998; Deng et al. 2004; Wang et al. 2006), in some cases
using CBD extraction to remove the fine pedogenic grains (Deng
et al. 2005). Since the studies by Zheng et al. (1991) and Chen et al.
(1995), it has been clear that bulk sample measurements obscure
the complex nature of loess and palacosol magnetic mineralogy,
especially in samples where both pedogenic and detrital minerals
are present. Several recent studies recognize this and take a more
sophisticated approach by basing hysteresis measurements and ther-
momagnetic experiments on particle size fractions (Spassov et al.
2003) or combining particle separation with magnetic extraction
(Liu et al. 2003). All these studies are restricted to sections of
Quaternary age. This study is the first to apply these techniques to
samples spanning the last 22 Myr. Although a rather robust frame-
work has emerged for interpreting the rock-magnetic properties of
the Quaternary sequences on the CLP, this is not yet the case for
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the longer term record from early Miocene times onwards. In this
paper, we aim to advance this aspect of loess-based research since it
is an essential precursor for developing secure palacoenvironmental
inferences from the rock-magnetic record.

Figs 2 and 3 set our new results (Figs 4-8 and Tables 1-3) in the
context created by our previous research. They establish the overall
sequence of rock-magnetic changes already documented and iden-
tify the levels from which clay and coarse fraction subsamples of
palaeosol and loess used in this paper have been obtained. 22 of the
total of 26 levels sampled predate the onset of the Quaternary pe-
riod. Thus, this paper presents the first analysis of the hysteresis and
thermomagnetic properties of the pedogenic and detrital fractions
of eolian sediments and palaeosols spanning virtually the whole of
the Neogene.

2 SITES AND SAMPLES

The samples come from three sites: Xifeng (XF, 0-3.4 Ma), Dong-
wan (DW, 3.5-7 Ma) and Qinan (QA-I, 6.2-22 Ma; Fig. 1).
The QA-I and DW sections are recently discovered Neogene
loess—palaeosol sequences (Guo et al. 2002; Hao & Guo 2004).
Since there are no well-preserved loess sections postdating 3.6 Ma
from the western CLP close to the DW and QA-I sections, samples
dating from post 3.6 Ma come from the well-documented XF sec-
tion, 210 km to the east (Sun ef al. 1998; Guo et al. 1998, 2001).
Our samples were chosen from the set of 106 used to character-
ize the changing magnetic properties of the loess and intervening
palaecosols over the whole period (Hao et al. 2008a). Fig. 2 shows
selected bulk magnetic properties for the full sample set and pro-
vides part of the context for this study (Hao et al. 2008a; Oldfield
et al. 2009). Fig. 3 shows selected results from routine magnetic
measurements on the <2 um (Fig. 3a) and >8 um (Fig. 3b) frac-
tions for all the particle-sized samples. The samples used in this
study are separately identified in Fig. 3. They have been chosen to
represent the main zones noted in Fig. 2 and, in most cases, they
have been taken from loess/palaeosol couplets.

3 METHODS

3.1 Particle size separation

Bulk samples were separated by the pipette method into four grain
size fractions: <2, 2—4, 4-8 and >8 um using the methods outlined
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Figure 1. Location map showing the Loess Plateau and the sites mentioned.
Solid circles indicate the sites in this study and solid squares, the sites in
cited references.
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in Hao et al. (2008b). The pipetted subsamples were freeze-dried
to avoid any oxidation of iron minerals. The low contribution of
material >63 pum in all but the youngest Pleistocene loess rendered
it unnecessary for present purposes to sieve the samples before
pipette analysis. Our previous research demonstrates that the <2
and >8 um fractions can be used to represent the pedogenic and
detrital fractions, respectively, and these two fractions account for
73.5-90.6 per cent (80.1 % 4.2 per cent, n = 26) of the bulk samples
(Hao et al. 2008D).

3.2 Hysteresis experiments

Hysteresis measurements of clay (<2 wm) and coarse (>8 pum)
fractions separated from 16 bulk loess and palacosol samples were
performed using a Micromag VSM 3900 with a maximum field
of 1.5 T at the Geomagnetism and Geochronology Laboratory, In-
stitute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS). Subsequently, the IRM at 1.5 T was demagnetized in a
stepwise sequence of backfields to obtain remanent coercivity (B.;)
values. Saturation magnetization (M) and coercivity (B.) were cal-
culated after subtracting the paramagnetic contribution identified
by the slope above 1.05 T (70 per cent of maximum field). Para-
magnetic susceptibility (X para) Was calculated by the linear-fitted
portion between 1.05 and 1.5 T. The ferrimagnetic susceptibility
(X fersi) 1s calculated as X ferri = — X para> Where x is low-field magnetic
susceptibility.

3.3 Thermomagnetic experiments

The thermomagnetic experiments were conducted on the same 32
fractionized samples using a VFTB with a maximum field of 0.75 T
at the Geomagnetism Laboratory, University of Liverpool. The sam-
ples were heated in air from ~60 to 700 °C, then cooled to ~80 °C in
an applied field of 0.75 T. To investigate magnetic mineral alterna-
tion at lower temperature intervals, parallel subsamples of clay and
coarse fractions from two soil/loess couplets of early Pleistocene
and early Miocene were used in thermomagnetic measurements
with different maximum temperatures up to 350 °C. New subsam-
ples (non-heated) were used in each new run. These measurements
were conducted, at a heating and cooling rate of 40 °C min~!, on a
VFTB instrument at the Geomagnetism and Geochronology Labo-
ratory of IGGCAS.

3.4 Viscous loss of IRM measurements

Clay and coarse fractions from six samples were selected for mea-
suring viscous loss of IRM. In the case of the clay fractions, IRM
was acquired at 20, 40, 100 and 800 mT using an MMPMS5 Pulse
Magnetizer. After each step, IRM was measured continuously in
zero field for over 1000 s using a Molspin spinner magnetometer
with a noise level 0.1 x10~% Am?. In the case of the coarse frac-
tions, the same procedure was used, but only for two fields, 100 and
800 mT.

3.5 Susceptibility and remanence measurement

Low-frequency magnetic susceptibility (x), frequency dependent
magnetic susceptibility (x ), susceptibility of anhysteretic rema-
nent magnetization (xarm), iSothermal remanent magnetization
(IRM) and saturation IRM (SIRM) were determined by routine
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Figure 2. Routine magnetic properties and the quotients derived from them for the selected samples of eolian deposits from the Chinese Loess Plateau spanning
the last 22 Myr. All the results are calculated on a carbonate-free basis. The eight sample groups shown on the right-hand side are defined by routine magnetic
properties (Hao ef al. 2008a). The arrows in the left-hand graph identify the samples particle-sized by pipette analysis.

methods as described in Hao ef al. (2008a). S-ratio is calculated as
S=0.5 x [(—IRM_31/SIRM) + 1] (Bloemendal et al. 1992).

4 RESULTS

Fig. 4 shows the hysteresis loops corrected for paramagnetism for
all the clay fractions and coarse fractions. Table 1(a and b) records
the main properties derived from the hysteresis loop measurements
for the clays and coarse fractions, respectively. Several parameters
derived from previous measurements and from DRS experiments
(Hao et al. 2008b, 2009) have been added for comparison.

Fig. 5(a) shows the magnetization versus temperature curves for
representative clay and coarse fractions. Superimposed on the heat-
ing and cooling curves that include the paramagnetic effect, are
heating curves (in red) from which the paramagnetic effect has
been subtracted. Fig. 5(b) shows the results of measurements of
magnetization versus temperature with different maximum temper-
atures up to 350 °C for representative clay and coarse fractions,
respectively. Table 2 compares the magnetic properties of selected
clay (<2 um) and coarse (>8 pum) fractions and their 220, 300 °C
thermal products, respectively.

Table 3 gives the loss IRM of from 100 to 1000 s at each step in
IRM acquisition as a percentage of the IRM at 100 s. On an average,
viscous loss at 20 mT in the clay fractions exceeds that in the coarse
fractions by a factor of 4.5. Most of the loss in the fine fractions is
in the low-coercivity components.

From the above figures and tables, we make the following initial
observations.

4.1 Hysteresis loops

(1) “Wasp-waisted’ loops are more marked and more frequent in
the clay than in the coarse fraction. They are especially notable in
the clay fraction of the most recent loess sample, from 0.64 Ma and
in most samples older than 13 Ma.

(2) Paramagnetic susceptibility (xpaa) in the clay fractions is
relatively high, varying between 13.41 and 16.28 x 10~% m? kg™!
(Table 1). Comparison between loess and palacosol values in cou-
plets shows generally higher values in the palaeosols, it is quite
independent of ferrimagnetic susceptibility (x ;) Which varies by
over two orders of magnitude, with the oldest sample the weakest
and the youngest the strongest. As a percentage of total suscepti-
bility, X para ranges from 3.77 per cent in the youngest sample to
55.23 per cent in the oldest, with consistently high percentages in
samples older than 13 Ma, except for the soil sample (99QW-1603)
from the high susceptibility interval, 14.4-15.9 Ma.

(3) The clay samples with the highest x p.ra percentages also have
the lowest x'r per cent values. Most are also marked by lower S-
ratio values and relatively ‘harder’ DC demagnetization of IRM
values in the routine measurements.

(4) Paramagnetic susceptibility in the coarse fractions is lower
than in the clays and varies between 3.52 and 6.37 x 107® m® kg™!
(Table 1). Comparison between loess and palaeosol values in
couplets shows generally higher values in the loess, and the highest
values for xp.ra as a percentage of total susceptibility are also in
loess layers. However, in contrast to the clays, there is no apparent
trend through time.
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Figure 3. Selected results of routine magnetic measurements on the <2 pum (a) and >8 pm (b) fractions for all the particle-sized samples. The arrows in the

left-hand graph identify the samples used in this study.

(5) Xferi in the coarse fraction varies only by a factor of ~4 and
is consistently higher in palacosol layers.

(6) Values of M, (8.07-157.13 x 107> Am?kg~!) and M,
(2.03-24.02 x 1073 Am?kg~!') are more variable in the clays
than in the coarse fractions (21.76-72.49 x 10~ Am?>kg~! for
M, and 3.48-13.81 x 107> Am?>kg™' for M,), with maxima in
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the Pleistocene and late Miocene palaeosols, and minima in the
older loess layers. B, values, except in the three of six of the old-
est samples, are sample by sample lower in the clay than in the
coarse fractions, and, except in four of six oldest samples B., val-
ues also are lower in the clays than in the corresponding coarse
fractions.
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Figure 4. The hysteresis loops corrected for paramagnetism for all the clay (<2 pm) and coarse (>8 pm) fractions over the last 22 Myr. The orange solid
lines refer to particle separates from palacosol samples and the green dot lines, those from loess samples. M (x 1073 Am? kg~") for each sample is also given.
In the case of the ‘Red Earth’ samples from Xifeng (in pink) it is not possible to distinguish loess and palaeosol parts of the section. For the clay fractions, all
the hysteresis loops are closed in fields below 1 T. For the coarse fractions, they are closed in fields below 0.5 T, except for the two earliest samples in which

the loops close at around 0.6 T.

(7) Although, in each couplet, x ¢y values are consistently higher
in soil than in loess and )¢ values in samples postdating 8 Ma are
generally between one and two orders of magnitude higher than
in the Miocene samples with lowest x values, x g expressed as a
percentage of x ;i do not vary significantly either between soil and
palaeosol samples, or with age.

4.2 Thermomagnetic experiments

(1) The uncorrected heating curves for the clay fractions are gen-
erally concave downwards; in some cases, the concavity is present
throughout, in others, it is most clearly marked above 150 °C.

(2) The heating curves for the coarse fractions are generally
convex upwards though the form of the convexity varies. In samples

younger than 7 Ma, the main convexity is in the temperature range
450-580 °C. In older samples, this feature is less clearly marked. In
many samples, including those older than 7 Ma, there is an inflexion
in the heating curve between 200 and 300 °C.

(3) In the case of the clay fractions, there is no clear indication
of a magnetite-type Curie temperature (7;) at 585 °C. The curves
from which the paramagnetic effect has been subtracted generally
point to a 7', just above 600 °C.

(4) In the case of the coarse fractions younger than ~14 Ma,
a magnetite-type 7., at ~585 °C is clearly indicated in both the
uncorrected and corrected heating curves. In older samples, the
evidence for a definable 7. is more difficult to discern and there are
indications in the corrected curves that the oldest samples have a
higher 7.

© 2012 The Authors, GJI, 191, 64-77
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Figure 5. Thermomagnetic curves (a) for the representive clay (<2 pum) and coarse (>8 pm) fractions over the last 22 Myr, and partial thermomagnetic
curves (b) for selected clay (<2 pm) and coarse (>8 um) fractions. The clay and coarse fractions of palacosols and loess between 0.64 and 8 Ma have similar
thermomagnetic curves to those of the youngest palaecosol sample XF-1314 and loess sample XF-1385, respectively, and are not shown. The inserted diagrams
in b show the results of a second heating run on the same subsamples, up to 250 °C. The green, red and blue lines indicate the uncorrected heating curves,
corrected heating curves from which the paramagnetic contribution is subtracted and cooling curves, respectively. The possible alteration of paramagnetic

minerals during heating is not considered.

(5) In the clay fractions, the uncorrected heating curve never
falls to zero and at 700 °C the remaining normalized magnetization
always exceeds that in the coarse fraction at the same temperature.

(6) In both clay and coarse fractions, magnetization at the end
of the cooling sequence is always lower than at the beginning of the
experiment.

(7) In the coarse fractions, although the main inflexion in the
heating curve is close to the 7. of magnetite (i.e. ~585 °C), the
main inflexion in the cooling curve, where detectable, occurs at a
slightly higher temperature. This is most clearly seen in the most
recent samples and becomes virtually undetectable in samples older
than 13 Ma.

(8) In the corrected heating curves, magnetization at high tem-
peratures mostly plots below the zero line. This is much more ex-
treme and consistent in the case of the coarse fractions than in the
fine fractions.

(9) In the partial thermomagnetic experiments on clay samples
(Fig. 5b), there is slight divergences around 150-200 °C between the
heating and cooling trajectories. By contrast, in the coarse fractions,
the final value lies below the initial value once heating proceeds
above ~300 °C.

5 DISCUSSION

Here, we focus on those aspects of the data that enhance or challenge
the inferences derived from the previously published studies. In this
regard, two aspects of the data are of special interest: the additional
insights into the mineralogy of the ferrimagnetic minerals present
provided by the thermomagnetic experiments, and the separation
of the susceptibility record into ferrimagnetic and paramagnetic
components.

© 2012 The Authors, GJI, 191, 64-77
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Figure 5. (Continued.)

5.1 Magnetic mineralogy of the clay fractions

In the clay fractions, one of the most distinctive features of both
the hysteresis loops and the thermomagnetic experiments is the evi-
dence for varying, in some cases, strong contributions from param-
agnetic minerals. Where the hysteresis-based calculations indicate
that paramagnetic minerals contribute 14.94 per cent or more to
total susceptibility (Table 1), paramagnetic behaviour dominates
the thermomagnetic heating curves (Fig. 5a). Where paramagnetic
minerals contribute over 37.99 per cent to the total susceptibility,
paramagnetic behaviour completely suppresses all other indications
(Table 1 and Fig 5a). Only where these contributions are much less
significant, it is possible to identify any characteristics that may
be indicative of other mineral phases without excluding the para-
magnetic effect. Even where paramagnetic contributions to total
susceptibility are minimal, for example, in the clay fractions from
0.51 Ma (3.77 per cent) and 6.96 Ma (4.98 per cent), there is no clear
magnetite-type 7. and the gradual inflexion in the uncorrected heat-
ing curve occurs between 580 and 620 °C, with irreversible changes
above 350 °C. However, once the paramagnetic component has been
subtracted, there are strong indications of a 7' just above 600 °C.
Such behavior may be indicative of fine-grained maghemite as the
main ferrimagnetic phase in the clays (cf. Spassov ez al. 2003).

A Verwey transition near 120 K, taken as evidence of magnetite,
was not observed in the low-temperature susceptibility curves of
fine fractions (<2 and 2—4 um) from our selected 22 Ma samples
(Oldfield et al. 2009), also supporting the view that maghemite is

© 2012 The Authors, GJI, 191, 64-77
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the dominant pedogenic ferrimagnet in most cases. These results are
consistent with several previous investigations on Quaternary loess
samples. The Verwey transition is very clear in bulk loess samples
or coarse fractions that comprise detrital magnetite, but is greatly
suppressed in the palaeosols samples (Banerjee ef al. 1993; Eyre &
Shaw 1994; Sartori et al. 1999, 2005; Liu et al. 2003, 2005), and
disappears in the fine fractions (Sartori ef al. 1999; Liu et al. 2003,
2005).

One of the more consistent features of those heating curves not
dominated by paramagnetism is the slight downward inflexion be-
tween 150 and 200 °C noted above. Similar inflexions were also
observed in clay fractions of Chinese loess samples over the same
temperature range (Spassov et al. 2003). The partial heating/cooling
experiments on the clay fractions of samples from two soil/loess
couplets indicate that the inflexion is irreversible (Fig. 5b). This
inflexion may be caused by transformation of a thermally unstable
ferrimagnetic mineral to hematite. The comparison of B, and B,
between samples at room temperature and their 220 °C products
indicates that this mineral has similar hysteresis properties to those
of other ferrimagnets, magnetite and maghemite, in loess deposits.

For the magnetization at the end of the cooling sequence to fall
below that at the beginning of the experiment would be consistent
with some conversion of maghemite to hematite as noted by Spassov
etal. (2003). Similar evidence for the importance of hematite comes
from the wasp-waisted nature of several of the hysteresis loops es-
pecially in older samples with minimal ferrimagnetic contributions
(Fig. 4).
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Table 2. Comparison of magnetic properties of selected clay (<2 pm) and coarse (>8 pm) fractions and their thermal products in partial

thermomagnetic experiment.

Particle Sample Age T (°C) X para M Mg Bt B. Ms/Mg  Ber/Be
fractions name (Ma) 10 8m3kg™")  (1073Am’kg™!)  (107°Am?kg™!) (mT) (mT)
<2 um QW-324 1.84 25 16.28 10.45 59.95 18.30 7.59 0.17 2.41
220 15.59 10.38 56.43 17.74 7.13 0.18 2.49
XF-331 1.87 25 15.93 7.13 41.00 18.28 7.07 0.17 2.59
220 14.97 6.86 39.55 17.94 6.94 0.17 2.58
QW-3481 21.73 25 13.80 3.27 11.36 58.03 16.39 0.29 3.54
220 13.72 2.98 10.68 59.45 17.16 0.28 3.46
QW-3497 21.83 25 13.41 2.56 8.70 124.15  21.77 0.29 5.70
220 13.92 2.57 7.84 126.30  21.73 0.33 5.81
>8 um QW-324 1.84 25 5.08 7.89 41.58 44.09 14.45 0.19 3.05
300 4.54 5.76 34.88 36.90 11.79 0.17 3.13
XF-331 1.87 25 5.62 7.11 35.54 50.08 15.97 0.20 3.14
300 5.31 5.14 31.22 42.57 13.71 0.16 3.10
QW-3481 21.73 25 3.52 4.75 28.77 38.98 10.42 0.16 3.74
300 3.05 3.92 24.26 37.73 10.20 0.16 3.70
QW-3497 21.83 25 4.17 3.48 21.79 43.86 10.14 0.16 4.33
300 3.75 3.07 19.98 41.28 9.99 0.15 4.13
Table 3. Viscous loss of IRM between 100 and 1000 s expressed as a percentage of the IRM at 100 s for six samples.
Age (Ma) Sample Lithology Fractions Viscous loss ( per cent)
20 mT 40 mT 100 mT 300 mT 800 mT
0.51 97XF-1314 S5SS1 <2 pum 9.6 6.0 5.1 4.8 4.5
>8 pum 2.6 - - - 2.0
1.84 97XF-324 S25 <2 pum 8.9 5.5 4.1 4.2 4.1
>8 pum 2.1 - - - 1.5
2.62 97XFRC-61 Red Earth <2 pum 8.8 5.3 4.6 4.4 4.2
>8 pum 1.9 - - - 1.5
4.26 01DW-738 Loess <2 pum 8.3 6.0 4.6 3.8 4.6
>8 pum 2.6 - - - 2.4
6.96 01DW-1302 Soil <2 pum 8.1 5.6 4.7 4.0 4.7
>8 um 2.9 - - - 2.4
15.44 99QW-1603 Soil <2 pum 7.1 4.6 4.2 3.9 3.7
>8 um 1.2 - - - 1.5

5.2 Magnetic mineralogy of the coarse fractions

The clearest evidence for the presence of magnetite comes from the
coarse fractions, especially from samples younger than ~14 Ma.
The SEM photomicrographs of iron oxides in the coarse fractions
(Oldfield et al. 2009), the magnetic properties reported in that paper
and in Hao ef al. (2008b) and the minimal viscous loss of IRM in
coarse fraction separates in low-reverse fields (Table 3) confirm
that the magnetite recorded lacks a significant superparamagnetic
contribution and is at least in part likely to be multidomain (MD).
Evidence for an MD component is least clear in samples older than
15 Ma.

In most of the older samples, the inflexion at ~300 °C (Fig. 5a)
becomes more notable. From this, we infer that thermally unsta-
ble maghemite, related to low-temperature oxidation of magnetite,
inverts to hematite (cf. Spassov et al. 2003). The partial heating
experiments indicate that transformation to hematite started around
300-350 °C (Fig. 5b). Low-temperature oxidation of magnetite to
maghemite under natural conditions is common for loess deposits
(van Velzen & Dekkers 1999). The stress between magnetite core
and maghemite rim leads to an increase in coercivity which can be
reversed by heating up to 150 °C (van Velzen & Dekkers 1999). The
stepwise heating experiments confirm that heating up to 150 °C can
remove most of the influence of partial oxidation on the hysteretic
properties, and further heating up to 300 °C only leads to a de-

crease in hysteretic properties with a much reduced amplitude (Liu
et al. 2004). The decrease in the hysteresis properties (M, M, B
and B.) after heating up to 300 °C for the coarse fraction of four
samples (Table 2) is consistent with the partial oxidation model of
magnetite (van Velzen & Dekkers 1999; Liu ef al. 2004). From the
above, we infer that partial oxidation of magnetite to maghemite
in the coarse fractions has occurred especially in the older
samples.

The consistent tendency for magnetization corrected for para-
magnetism to fall below the zero line at high temperatures in the
coarse fractions we ascribe to a significant diamagnetic effect of
the high quartz content in these fractions. Hysteresis measurements
as a function of temperature show that the changes in magnetiza-
tion of quartz-rich loess samples above ~0.3 T are dominated by
diamagnetic components at high temperatures, with a much less
significant diamagnetic effect in palaeosol sample (Sartori et al.
2005).

5.3 Hysteresis loops, Day plots and ferrimagnetic
grain size

Fig. 6 shows the Day plot (Day et al. 1977; Dunlop 2002a,b) derived
from the hysteresis data, plotted with envelopes of values from
earlier studies. Data from both the coarse and most of the clay

© 2012 The Authors, GJI, 191, 64-77
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Figure 6. Day Plot (Day et al. 1977), along with the Dunlop mixing curves (Dunlop 2002a,b), of the hysteresis data for all the clay (<2 pm) and coarse
(>8 um) fractions over the last 22 Myr, plotted with envelopes of values from earlier studies on Pleistocene bulk loess and soil samples (Liu ez al. 1992, 2003;

Fukuma & Torii 1998; Deng et al. 2004; Wang et al. 2006).

fractions plot within a rather restricted zone showing relatively little
variation in M,/M; and a twofold variation in B./B.. Only two
samples, clay fractions from 13.07 and 21.83 Ma have distinctively
high values for B.,/B.. The clay fractions with S-ratio values <0.78
(Table 1) lie above all others that have S ratios >0.92.

The parameters shown in the Day plot (Fig. 6) place all the coarse
fractions within the envelope of values given for loess and palaeosol
samples in previous studies (Liu et al. 1992, 2003; Fukuma & Torii
1998; Deng et al. 2004; Wang et al. 2006). The tightly grouped ma-
jority of the clay samples have lower B,/B. values than do the coarse
fractions and lie close to or on the edge of the same envelope, within
or close to the range of synthetic MD + SD mixing curves in Dunlop
(2002b). This ascription is contradicted by the many susceptibility
and remanence measurements outlined in our previous publications,
especially the MPMS-derived low-temperature results summarized
in Oldfield et al. (2009). Table 3 also confirms the presence of fine
viscous grains in such samples. All point to the dominance of these
samples by a mixture of SP, SD and fine viscous grains. We conclude
that here, fine viscous, as distinct from true SD or SP grains, are
difficult to distinguish from MD grains, as is also the case in rou-
tine DC demagnetization of SIRM experiments. Four clay samples
from the periods of lowest magnetic concentrations in the early and
mid-Miocene form outliers with higher M /M values than all the
others. These lie close to Dunlop’s (2002b) SD+SP mixing lines as
would be predicted from their other magnetic properties. Only two
samples lie between the two groups discussed above. Although the
Day plot distinguishes between the clay and coarse fractions, it does
not do so in a way that is either consistent or compatible with other

© 2012 The Authors, GJI, 191, 64-77
Geophysical Journal International © 2012 RAS

lines of evidence. Further numerical magnetic modelling of hys-
teresis loops is needed to get a better understanding of these rather
complex natural mixtures (e.g. Tauxe et al. 1996, 2002; Dunlop &
Odemir 1997).

5.4 The effects of hematite on the apparent
paramagnetic susceptibility

In most of the foregoing discussion, the possible contribution of
hematite to the ‘paramagnetic’ susceptibility inferred from the
hysteresis data has been ignored. Irrespective of any possible
hematite contribution, the strong influence and, at times dominance
of true paramagnetic contributions can be confirmed not only from
the data presented here, but also from the low-temperature experi-
ments conducted using the magnetic properties measuring system
(MPMS) and reported in Oldfield ez al. (2009). Nevertheless, there
are indications that a possible contribution of hematite to ‘para-
magnetic’ susceptibility cannot be excluded. Hard,g,r (the part
of the SIRM that remains un-reversed after application of a field
of —100 mT) provides a basis for estimating the contribution from
high-coecivity magnetic components to SIRM values, here mainly
related to hematite. The crossplots of xpara versus Hardgomr of the
clay and coarse fractions are shown in Fig. 7. There is a significant
positive correlation between X o, and Hard oot for the clay frac-
tions above the two bottom samples, but a much weaker correlation
for the coarse fractions. The difference in the slopes of the linear
fit lines between the clay and coarse fractions is remarkable. As the
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Figure 7. Crossplots of paramagnetic susceptibility and Hard ooy, for all the clay (<2 pm; a) and coarse (>8 pm; b) fractions over the last 22 Myr. The
linear fit in (a) is based on the samples above the two oldest samples and in (b), on samples except sample ZW-578 (13.01 Ma).

pedogenic processes in loess deposits generate both paramagnetic
minerals (e.g. Deng ef al. 2004) and hematite (e.g. Torrent et al.
2006), the higher slope for the clay fractions is at least partly
related to pedogentic processes. We use the high-field suscepti-
bility of hematite p, = 97 x 1078 m3kg™' (Peters & Dekkers
2003) and the hematite content (Table 1) to estimate a maximum
hematite contribution. The maxima hematite contentis 27.11 gkg™!
(Table 1), representing a maximum contribution to susceptibility of
2.63 x 1078 m* kg~! for the clay fractions, almost an order of mag-
nitude less than the total paramagnetic susceptibility. This implies
that despite the correlation noted, the hematite effect on the x para
calculation in the clay fraction is rather weak.

5.5 Clay fractions in palaeosols and loess

Paramagnetic susceptibility varies little between palaeosols and
loess layers within the same couplet, which tends to amplify the
contrast between the two in y.; values. Also, as a consequence,
Xpara/X and Xpara/M are higher in the loess layers. The reduced
influence of fine-grained, low-coercivity ferrimagnets in the loess
layers also leads to generally higher values of B. and B,;. Thus, all
the main differences noted in the present data set between the clay
fractions in the loess and palaeosol layers are largely controlled by
the effects of pedogenesis in the latter.

5.6 Coarse fractions in palaeosols and loess

The X para/x and x para/M s values are higher in loess than in palaeosols
in each loess—palaeosol pair, as, in most cases, are values for x
and B.;. Even in the coarse fractions, y(.; values are higher in
palaeosol than in loess layers. This may reflect, in part, some con-
tamination of the coarse fraction, though previous results (Hao
et al. 2008b; Oldfield er al. 2009) suggest that this is negligible.
It is therefore possible that there is a real difference in the bal-
ance between non-magnetic (e.g. silicates) and magnetic minerals
in the loess—palacosol pairs. This, in turn, may indicate a differ-
ence in source materials or transport effectiveness. Many more
particle size-based measurements would be required to confirm or
otherwise.

5.7 Distinctions between clay and coarse fractions

The main distinctions between the clay and coarse fractions, reflect-
ing higher concentrations of fine-grained ferrimagnetic minerals in

the former, have already been noted elsewhere (Hao et al. 2008b;
Oldfield et al. 2009). This study adds two additional contrasts. The
clay fractions contain consistently higher concentrations of para-
magnetic minerals. Although those present in the coarse fraction
are likely to represent detrital rock fragments of, for example, iron-
bearing silicates, those in the clays are likely to represent weathering
products such as illite (Bronger & Heinkele 1990; Gylesjo & Arnold
2006). There is also an apparent contrast in the degree of oxidation
of the ferrimagnetic minerals present. In the post-Miocene sam-
ples, the detrital ferrimagnets show a magnetite-type 7., whereas
the dominant ferrimagnetic mineral in all the clay fractions is more
likely to be maghemite. Whether this contrast reflects a distinction
between the mineralogy of the original detrital and pedogenic min-
erals or is mainly a function of the interaction between magnetic
grain size and post-depositional diagenesis is considered below.

5.8 Changes through time

There is no strong trend in x ., values in the clays, though val-
ues are mainly higher in fractions from samples postdating 7 Ma.
Apart from this, virtually all the long-term changes detectable in
the VFTB data are expressing the degree to which other properties
are controlled by variations in the contributions from ferrimagnetic
minerals and especially those resulting from pedogenesis in the
palaeosols. One clear measure of this comes from comparing the
X ferri TOr the Pleistocene samples with those from the two Miocene
age samples representing the two long periods of minimum suscep-
tibility between 8.5 and 22 Ma. In the case of the clay fractions from
the palaeosols, the ratio is 26.4:1 and in the clays from the loess
layers, 2.3:1. In the case of the coarse fractions, the ratios in both
the palaeosols and the loess layers are 2.3:1 and 1.1:1, respectively.
The main long-term changes therefore reflect major differences in
the final products of soil formation.

From the magnetic measurements alone, there remain three pos-
sible interpretations. Adopting the model expounded by Torrent
et al. (2006), the Miocene palacosols with minimum  g; values
in the clay fractions would be seen as the ones in which pedogenic
transformation of ferrihydrite in the soil layers was most complete.
These then, would be the most maturely weathered palacosols. None
of the evidence derived from the VFTB measurements would con-
tradict this interpretation, though it is worth noting that, from the
DRS results and high-field remanence measurements, hematite is
not actually more abundant in these Miocene palaeosols than in
younger ones (Hao et al. 2009). Moreover, they are not marked by

© 2012 The Authors, GJI, 191, 64-77
Geophysical Journal International © 2012 RAS



(a) Clay fraction
Hm/y, 00 (108g m-3)

(b) Coarse fraction
Hm/Xpara (1089 m-3)

0 06 12 18 0 06 12 1.8
0 1 1 1 1 1 J 0 1 1 1 1 1 1
T ———— T —
14 14
3 — 21—
) —] j —]
34 34
4:: 4::|
54 54
64 64
7 — 7 -—
T  —
84 84
94 94
’Ecv? 104 TE'? 104
\g; 114 jg 11:
< 124 < 124
13— 131
144 144
154 154
— {—m
164 164
174 174
184 184
194 194
201 201
214 214
J J
[Py — [y N —
[ Loess EE Paleosol T Red Earth

Figure 8. Quotient of hematite content derived from the DRS measurements
(Hao et al. 2009), over paramagnetic susceptibility (Hm/x para) against age
for all the clay (<2 pm; a) and coarse (>8 wm; b) fractions over the last 22
Myr.

any higher values in the ratio of hematite to x para (Fig. 8) save in the
case of the two basal samples. Adopting the Maher & Thompson
(1992, 1999) interpretation, the Miocene samples with minimum
X ferri 10 the clay fractions would be seen as indicative of a signifi-
cantly drier weathering regime leading to a different enhancement
pathway. As originally proposed, this interpretation would lead us to
expect to see clear evidence from the thermomagnetic experiments
for magnetite as the main carrier, but this is not the case. The third
possibility would invoke the influence of long-term diagenesis im-
pacting the magnetic mineralogy of the iron oxides on timescales
well beyond the orbital time frames controlling palacosol/loess al-
ternations. This could involve some form of oxidative diagenesis,
akin perhaps to the maghematization recorded in marine red bed
sediments (e.g. Kent & Lowrie 1974; Johnson et al. 1975; van
Velzen & Zijderveld 1992, 1995; van Velzen & Dekkers 1999) and
the process would be strongly sensitive to contrasts in grain size
(van Velzen & Dekkers 1999). Indications from the thermomag-
netic experiments that the finest fractions are probably maghemite-
dominated in all samples, but that only the coarse fractions in the
oldest samples, postdating 15 Ma, lack a clear magnetite-type T,
would support this interpretation. This speculation opens up the
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possibility that the magnetic properties of the Miocene part of the
record, notably those in the intervals with minimum y ¢,,; values, are
strongly affected by long-term post-depositional diagenesis, though
the high x and x gy values from 14.4 to 15.9 Ma run counter to this
suggestion.

6 CONCLUSIONS

(1) The hysteresis plots and thermomagnetic experiments on all
the samples considered here reinforce previous indications from
low-temperature experiment on five samples from the Dongwan and
QA-I parts of the sequence (Oldfield et al. 2009) that paramagnetic
minerals make a major contribution to the clay fractions throughout
the whole period studied.

(2) The only samples in which magnetite clearly dominates the
thermomagnetic properties are the post-Miocene coarse fractions.

(3) The degree of oxidation indicated by the thermomagnetic
curves is highest in the clays and next highest in the oldest coarse
fractions suggesting that both grain size and sample age have af-
fected this process.

(4) Our data show a clear contrast in thermomagnetic properties
between the detrital and clay fractions, suggesting that inferences
based on thermomagnetic experiments on bulk samples may fail to
take into account the complex nature of magnetic mineralogy, es-
pecially in soil samples where both pedogenic and detrital minerals
are present.

(5) Day plots appear to misdiagnose the grain size composition
of samples with a significant contribution from fine viscous grains.
Consequently, they provide limited and potentially misleading in-
formation on the differences between fine-grained pedogenic and
coarse-grained detrital ferrimagnetic assemblages, even when al-
lowance is made for the possible effects of hematite on the quotients
used.

(6) Separation of the ferrimagnetic and paramagnetic contribu-
tions to total susceptibility highlight the extent to which the contrasts
between loess and palaeosol layers, as well as the changes in the clay
fractions linked to age are driven by differences in the concentration
of fine grained, pedogenic ferrimagnetic minerals.

(7) The extent to which the low-ferrimagnetic concentrations
typical of the clay fractions in most of the Miocene part of the record
reflect drier climatic conditions during formation, more complete
pedogenesis or oxidative diagenesis on supra-orbital timescales still
remains unresolved by magnetic measurements alone.
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