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We analyze high-resolution anisotropy of magnetic susceptibility (AMS) of the loess-paleosol successions at Luochuan, central
Chinese Loess Plateau, in order to investigate the AMS characteristics and their climatic implications. Our results indicate a
normal sedimentary magnetic fabric for almost of all samples, characterized by minimum susceptibility axes grouped in an
almost vertical direction. Magnetic foliation and anisotropy degree show upwards decreasing trend due to decreasing
post-depositional compaction. Magnetic lineations show no preferred directions and thus cannot indicate paleowind patterns.
AMS parameters at Luochuan are controlled by particle size, pedogenesis, and sedimentary compaction. The high peaks of
magnetic foliation and anisotropy degree of L2, L3, L6, L9, and L15 correspond to the coarse particle sizes of these loess beds,

indicating the grain-size dependence of AMS.
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Chinese loess is one of the best terrestrial climatic records
over the last 2.6 Ma [1-3], characterized by alternations of
loess and palaeosol layers. The loess layers accumulated
during glacial periods with enhanced cold/dry winter mon-
soon, whereas paleosol layers developed during interglacial
periods with enhanced warm-humid summer monsoon.
Therefore, the alternations of loess and paleosol layers rep-
resent alternating East Asian monsoon circulations on gla-
cial-interglacial time scales [4, 5]. Numerous studies of
Chinese loess have used various climatic parameters in-
cluding particle size, magnetic parameters, geochemistry,
and mineralogy to infer past climatic variability [6-9]. For
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example, the anisotropy of magnetic susceptibility (AMS)
has been used to infer paleowind patterns on the Chinese
Loess Plateau.

The pioneering AMS work on the Chinese Loess was
done by Heller et al. [10]. Subsequent work of Liu et al. [11]
found that re-deposited loess has a higher degree of anisot-
ropy (1.032<<P<1.064) than wind blown deposits (1.002<
P<1.032). Afterwards more AMS studies have been per-
formed to solve a series of problems of loess, such as pre-
vailing wind patterns [12—14], possible deformation or dis-
turbance [15] and identification re-deposited or primary
loess [16]. Among these studies, some researchers suggest-
ed that the maximum principal axis (K;) of loess AMS in-
dicated dust transport directions [12, 14, 17, 18]. However,
some studies indicated that the AMS of loess may be more
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complex than previously thought. For example, the loess
profile of Lingtai, K; of AMS record indicates NE-SW and
NW-SE orientations since last interglacial, which probably
corresponded to paleowind directions [19]. For the youngest
loess in Poland and western Ukraine, however, mean mini-
mum axes of AMS but not K; were considered reflecting the
prevailing palacowind directions [13]. In addition, recent
work of Zhu et al. [20] indicates that K, is chaotically dis-
tributed and cannot be used to determine paleowind direc-
tions at three loess profiles on Chinese Loess Plateau.
Therefore it is still necessary to study the relationship be-
tween the loess AMS and paleowind direction, in despite of
these previous attempts. In this study, we systematically
investigate the AMS parameters of the classical Quaternary
loess-soil successions at Luochuan, in order to test if the
AMS at this section indicates paleowind directions.

1 Sampling and measurements

The Luochuan loess section (35.7°N, 109.4°E) is located in
the central Chinese Loess Plateau (Figure 1), it was previ-
ously divided into four parts—the Wucheng (oldest), the
Lower Lishi, the Upper Lishi, and the Malan [1]. More de-
tailed field observations subdivided it into thirty three cou-
plets of loess (L) and soil (S) [23]. This section was first
reported by Liu [24] and further studied by many research-
ers [23, 25-27]. In the field, 1284 oriented hand samples
were collected with a sampling interval of 10 cm, of which
six samples were from the upper part of the Tertiary Red
Clay. In the laboratory, oriented samples were cut into cubic
specimens (2 cmx2 cmx2 cm) for AMS measurements.

To determine the magnetic mineralogy and grain-size
distribution, rock magnetic measurements were made for
four typical loess and paleosol samples. Temperature-
dependent susceptibility (y-T) curves were measured using a
MFK1-FA Kappabridge equipped with a CS4 high- temper-
ature furnace (Agico Ltd., Brno) between room temperature
and 700°C in an argon atmosphere. Hysteresis loops, iso-
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thermal remanent magnetization (IRM) acquisition curves
and back field demagnetization curves were measured with
a Princeton Measurements Corp. Model 3900 Vibrating
Sample Magnetometer (VSM). The AMS of all samples
was measured by using a KL'Y-4s Kappabridge (Agico Ltd.,
Brno) with an automated sample handling system. Each
sample was rotated through three orthogonal planes. The
AMS of a sample can be illustrated in terms of an ellipsoid
with three orthogonal principal axes corresponding to the
maximum, intermediate, and minimum principal (K, K, and
K3) axes, respectively. The susceptibility ellipsoid was cal-
culated by the 15-position orientation scheme suggested by
Jelinek & Kropacek [28]. The orientations of the mean
magnetic susceptibility ellipsoid with the associated uncer-
tainties were determined by the tensor variability [29]. All
these magnetic measurements were performed at the Pale-
omagnetism and Geochronology Laboratory of the Institute
of Geology and Geophysics, Chinese Academy of Sciences.

Various parameters have been defined to describe the
shape and anisotropy of the magnetic susceptibility ellipsoid.
The major AMS parameters examined in this study are:
magnetic susceptibility (K) = (K,+K,+K3)/3, and mass nor-
malized as y; lineation (L) = K/K5; foliation (F) = Ky/Ks;
degree of AMS (P) = K3/K;; and shape parameter of AMS
(T) = (2n,—n1—n3)/(n,—n3); where n,, n, and ns are InK,, InK,
and InKj, respectively. The declination and inclination of K;
(K, and K3) is denoted by Dec-K; (K, and K3) and Inc-K;
(K, and K3). Parameters F, and F,3 are used to evaluate the
statistical significance of the lineation and the foliation,
while the parameter of E, represents the half-angular un-
certainty in the direction of K; within the magnetic foliation
plane.

2 Results
2.1 Rock magnetic results

The »-T curves for all samples exhibit a major decrease at
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Figure 1 Sketch map showing loess distributions in China as well as the location of the Luochuan section (modified from Sun & Zhu [21] and Guo et al.

[22]).
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about 585°C, which indicates the presence of magnetite
(Figure 2(a)—(d)). The heating curves also show a y hump

near 300°C. The slight increase of y below 300°C was gene-
rally attributed to the gradual unblocking of fine ferromag-
netic particles (near the superparamagnetic/single domain
boundary) [32] or the release of stress upon heating [33].
The steady decreases after 300°C is generally interpreted as
the conversion of metastable maghemite to weakly magnet-
ic hematite [32]. The heating curve for the L6 sample is
almost flat up to 400°C. This temperature independence is
indicative of the coarse-grained nature of the detrital mag-
netite particles [34]. Another notable characteristic is the y
after cooling is always several times higher than the initial
values before heating, which is generally attributed to the
neoformation of magnetite grains from iron-containing sili-
cates/clays [35] such as chlorite [36], or due to the for-
mation of magnetite by reduction as a result of the burning
of organic matter [36].

After the removal of a paramagnetic contribution, hyste-
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resis loops for all the samples show similar characteristics.
They are almost closed before 300 mT (Figure 2(e)—(h)),
consistent with dominant soft magnetic minerals (e.g.,
magnetite, maghemite) [37, 38]. Each IRM acquisition
curve reaches approximate saturation at about 300 mT
(Figure 2(i)), which indicates that the major proportion is
consistently carried by low coercivity magnetic carriers
(e.g., magnetite, maghemite). The stepwise demagnetization
of SIRM using a DC back field also shows a lower coerci-
vity of remanence (H,,) for all samples (Figure 2(j)). In the
Day plot, all samples are almost indistinguishable in
pseudo-single-domain (PSD) range (Figure 2(k)).

2.2 AMS results

The majority of samples have statistically significant L and
F, with F,>4, E,<20° (Figure 3(a)) and F;>10 (Figure
2(c)). Figure 2(b) shows the F; has a weak positive correla-
tion with y, probably due to the increasing measurement
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Figure 2 Rock magnetism results for the Luochuan section. (a)-(d) Temperature-dependent susceptibility curves. Thick (thin) lines indicate heating (cool-
ing) runs. (e)-(h) Hysteresis loops, after subtraction of the paramagnetic contribution. (i) Isothermal remanent magnetization acquisition curves. (j)
Back-field demagnetization of IRM. (k) Hysteresis ratios plotted on a Day plot [30, 31].
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errors with lower magnetic susceptibility. 124 samples of
F1; < 4 or Ejp >20° were rejected (as indicated by the
shadow in Figure 3(a)) to reduce noisy directions.

The values of F are between 1 and 1.025 (Figure 3(d)),
whereas values of P were between 1.001 and 1.027 (Figure
3(e)). The shape parameter (7) of the AMS ellipsoids was
generally located in the oblate region, except several sam-
ples that fall into the prolate area (Figure 3(f)).

3 Discussions

3.1 AMS affected by post-depositional sedimentary
compaction

There are apparent long-term increasing trends in P and F
from the top to the bottom of the section, which parallel the
variable trend of the dry bulk density (Figure 4). Bulk den-
sity is defined as the ratio of mass and volume of sample
and depends greatly on the degree of the post-depositional
compaction. P and F are about 1.015 at the bottom, and
gradually decrease to 1.002 at the top, meanwhile the dry
bulk density decreases from 1.65 to 1.2 g cm™. Therefore,
the increase trend of F' and P towards the bottom of the sec-
tion is mainly caused by compaction. The earlier accumu-
lated loess was overlain by the subsequently deposited
younger loess leading to increased interlocking of the grains
and a decrease in the void ratio. The sedimentary compac-
tion leads to a preferred orientation of particles, due to pas-
sive rotation in a matrix that can be easily deformed [39]. In
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this context, the compaction leads to the increased F and P
as the accumulation thickness increase.

There are no remarkable AMS differences between loess
and paleosol layers at this section except the remarkable
peaks of F and P at L2, L3, L6, L9 and L15 (Figure
4(b)—(d)). The averaged L, F' and P of all loess layers are
1.0010, 1.008 and 1.009, respectively, being similar to that
of the all paleosol layers. This is different from the other
paleoclimatic proxies (e.g. magnetic susceptibility and grain
size). Therefore, the L, F' and P cannot reflect the glacial-
interglacial climatic changes at Luochuan.

3.2 Are paleowind directions can be inferred by AMS
at Luochuan?

The paleowind direction and strength can be inferred from
alignments of K; and K3 of AMS for aeolian deposition [40,
41]. Weak wind would produce the K parallel to the direc-
tion of wind, whereas strong wind would align the K, per-
pendicular to the wind direction [41].

In this study, we find that Dec-K, is not only randomly
distributed for all samples (Figures 4(g) and 5), but also for
L1 (Figure 5(d)), the Upper Lishi (Figure 5(e) and (f)), and
other coarse-grained loess units (L9, L15 and L.24) (Figure
5(g), (h) and (i)). The direction of Kj; is also randomly dis-
tributed (Figures 4(h) and 5). Therefore, AMS cannot be
used to determine paleowind directions at Luochuan, being
similar to other loess sites [20, 42, 43].

The random distributions of main principal axes of AMS
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(Figures 4 and 5) can be affected by fine particle size,
post-depositional alternations, sedimentary compaction, and
local topography. Firstly, the particle size of Chinese loess
is at least partially related to the wind strength [1, 42]. The
studied Luochuan section is located in the central Loess
Plateau. The distance to the dust provenance is relatively
long. As a matter of fact, wind strength that transporting
eolian dust decreases with the increasing distance, leading
to the dominant fine silt particles (median size generally
less than 25 um, Figure 4(e)) at Luochuan. The dominant
fine particle size reflects weak winds resulting in the poor

magnetic lineation. The relationship between particle size
and AMS can be further supported by the fact that the
coarse loess beds of L2, L3, L6, L9, L15 correspond to the
remarkable peaks of L, F, and P (Figure 4). Secondly, dust
whenever accumulates undergoing subsequent post-deposi-
tional alterations. The climate pattern of the Loess Plateau is
controlled by the East Asian monsoon. The warm and hu-
mid summer monsoon weakens northwestly leading to the
declined post-depositional alterations from southeast to
northwest. In this sense, the central Loess Plateau (where
Luochuan section is located) underwent stronger pedogene-
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Figure 5 Equal-area projections of AMS principal axes for all samples, soils, and loess beds, respectively. Squares and circles represent K; and K5 axes.

sis compared with that in the northern Loess Plateau. The
pedogenesis can disturb the alignments of particles. Thirdly,
the sedimentary compaction as demonstrated by the tem-
poral variations of AMS can also affect the alignments of
the particles.

Actually, the roles of the above those factors act together
at a given loess site, for instance, the loess deposits in the
southern Loess Plateau not only have relatively finer parti-
cle size but also undergo stronger pedogenesis and have less
porosity. In this context, the ideal sites for reconstructing
paleowind directions are located in the northwestern Loess
Plateau where the coarse sandy loess undergoes weak pe-
dogenesis. This can explain why AMS of the sandy loess in
the northern Loess Plateau can reflect paleowind directions
[44].

4 Conclusions

Based on high-resolution AMS measurements of the Qua-

ternary loess-soil successions at Luochuan, we have the
following conclusions:

(1) The parameters of AMS indicate oblate shapes of
AMS ellipsoid. The temporal variation trends of F and P are
quite similar. Both parameters show long-term upwards
decreasing trend that are mostly related to sedimentary
compaction.

(2) Dec-K; is randomly distributed for all samples at
Luochuan implying that the AMS of loess deposits in the
central Loess Plateau cannot be used to reconstruct pale-
owind directions.

(3) The AMS of loess deposits are controlled by multiple
factors including particle size, pedogenesis, and sedimen-
tary compaction. Considering the spatial gradients of parti-
cle size and climate within the Loess Plateau, future AMS
studies for wind pattern reconstructions should focus on the
northern and northwestern Loess Plateau.
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