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Abstract

Abrupt events within the Linxia Yuanbu loess section in the western Loess Plateau in China were investigated. The climatic proxy index
of the content of mean grain-size and >4 lm grain-size fraction of the section was used as a climatic indicator, and a moving average method
was applied in the statistical analysis to extract the abrupt events recorded in the section. It was found that the loess of the last glaciation
recorded not only the abrupt events teleconnected with the high-latitude North Atlantic and Greenland regions but also as many as 15
abrupt events in addition to the Heinrich (H) and Younger Dryas (YD) events. This indicates that abrupt climate changes were typical
of the climate changes occurring in the Loess Plateau during the last glaciation. The widely recognized mechanisms of the abrupt climate
changes, including the heat transfer theory of the North Atlantic Ocean, the atmospheric circulation theory, and the theory of the interac-
tion between low-latitude ocean and the atmosphere remains to be discussed. Perhaps this problem could be resolved by revealing the rela-
tion between the evolution of the features of the East Asian monsoon climate and the climate in the surrounding areas. Through a detailed
study of the features of the Heinrich and YD events, criteria on which the abrupt events recorded in the loess could be distinguished were
tentatively defined. The events were associated with a large grain size, high carbonate content, high lightness, low susceptibility, low redness
and low yellowness. In addition, the variation amplitude of the adjacent peak and valley on the curve of the content of the mean grain-size
and >40 lm grain-size fraction was larger than 3.4 lm and the content of >40 lm grain-size fraction was larger than 2.0 lm. Lastly, the
length of the variation time was less than 500 years. If all these criteria were met, the event was viewed as an abrupt event.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

A series of periodical and rapid climate variation events
occurred in high-latitude regions during the last glaciation
[1–6]. Such events were also recorded in the mid-latitude
loess of China [7–11], lake sediments [12] and tropic deep
sea sediments in the low-latitude regions [13]. However,
the major climate instability events recorded in the North
Atlantic sediments and Greenland ice cores were only dis-
covered at certain time intervals in the mid-latitude Loess

Plateau, lakes and low-latitude tropic ocean sediments.
Furthermore, their occurrence was inferred by comparison
of the curves with similar shapes and it did not entirely
coincide. Therefore, not all the Heinrich (H) events
recorded in the mid-latitude loess and low-latitude tropic
ocean sediments corresponded to major climate instability
events. In addition, besides the H event, several strength-
ened winter monsoon events were recorded [8,10,13] (use
H? to express), but they were not significantly reflected in
the ice-rafted debris of the North Atlantic Ocean. The pres-
ence of these has raised questions on the true mechanism
and origin of these events, including the North Atlantic
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Center theory [14] and the theory of energy transfer in low-
latitude tropic oceans [15]. Therefore, the development of a
scientific method to extract the abrupt events recorded in
loess and comparison of these events with the abrupt events
recorded in the high-latitude North Atlantic sediments and
Greenland ice cores are essential. From this, the questions
of whether the loess records are teleconnected with the
abrupt events recorded in the high-latitude North Atlantic
sediment; whether the loess-recorded events that cannot be
compared with the H event are the same; and whether the
H event is one of the abrupt events can be determined.
Through extracting the features of the H event, a tentative
definition for abrupt events recorded in loess can be gener-
ated. The solution of these problems is fundamental to the
comprehensive study of geography in the 21st Century
[16,17], and this study is a preliminary investigation of
the above-mentioned problems.

2. Section description and study method

2.1. Section description

The Yuanbu loess section is located in Linxia, Gansu
Province, China, 140 km southwest of Lanzhou. It was
found as a natural section at Yuanbu Village in Linxia City
(103�0900600E, 35�3803800N). The section is 25.7 m in thick-
ness, in which the Holocene Paleosol layer (S0) is 2.3 m
thick, the thickness of loess deposited in the middle and
later part of the last glaciation is 23.4 m. The section lies
in the western part of the Loess Plateau (Longxi Loess Pla-
teau). Having had a high deposition rate, its response to cli-
mate changes has been sensitive, and it has recorded the
rapid changes of climate events during the last glaciation;
hence, it is a typical and representative section in the wes-
tern part of the Loess Plateau (Fig. 1).

2.2. Study methods

2.2.1. Measurement and analytical methods for proxy indices

Samples for measuring susceptibility, grain size, CaCO3

content and color index were collected at 2 cm intervals
from the top to bottom of the section. Susceptibility was
determined using an MS2 susceptibility meter that is man-
ufactured by Bartington Co., UK; grain size was deter-
mined using a Mastersize 2000 laser grain-size meter
made by Malvern Instrument Co., UK. The grain size ran-
ged from 0.02 to 2000 lm, with an experimental error of
less than 5%. CaCO3 content was determined using a Bas-
comb International standard carbonate measurement
meter. The measurement methods for the above the three
indexes are described in Ref. [18]. Color indices were deter-
mined by using a SPAD-503 colorimeter made by Meneda
Co., Japan following the measurement method as described
in Ref. [19]. All four indices were determined at the Key
Laboratory of Environmental Science, Resource and
Environment College of Lanzhou University.

2.2.2. Selection of proxy index

First, we need to understand the concept of climate
anomaly. Climate anomalies are mainly manifested as fluc-
tuations of climate elements such as precipitation and tem-
perature around the multiyear mean values. When the
fluctuation does not depart notably from the mean value,
the climate is considered normal. If the fluctuations are
marked, for example, too much or too little precipitation
causes waterlogging or drought, too high or too low tem-
perature causes abnormal warmth or cold climate, it is
called a climate anomaly. Climate anomalies can directly
lead to anomalies in sedimentary deposits and sedimentary
environment in different regions. Such sedimentary anom-
alies can be described using climate and environmental

Fig. 1. Location map of the Yuanbu loess section.
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proxy indices. Thus, abrupt events could be understood
from abnormal changes in the climate and environmental
proxy indices. For this reason, the content of the mean
grain-size and >40 lm grain-size fraction was selected as
an index to emulate the climate elements and was used to
identify abnormal changes in the quality and quantity of
sediment to study abrupt events. The content of the mean
grain-size and >40 lm grain-size fraction reflects a roughly
consistent climate variation for the East Asian monsoon
climate changes. Thus, this index is considered appropriate
to study the abrupt events recorded in the Yuanbu loess.
The studies by Lu et al. [20] showed that the content of
>40 lm grain-size fraction not only reflected the climate
changes of the Loess Plateau itself, but also recorded the
influences of global paleoclimate changes on the climate
of this region. In other words, the selection of this index
was not only favorable for exploration of the paleoclimate
variations of the Loess Plateau itself, but also had a poten-
tial to analyse whether the abrupt events that occurred in
the high-latitude North Atlantic Ocean and Greenland left
some imprints in the Loess Plateau and to what extent they
affected this region.

2.2.3. Sedimentary characteristics of the section and the

establishment of a chronological sequence

For the selection of soil layer and stratum boundaries in
the studied section, the ages of the MIS1/2 and MIS3/4
were used as the nodal control age. A high-resolution grain
size—age model [7] was used to establish the chronological
sequence of the section, and the ages of the MIS1/2 and
MIS3/4 boundary were defined through comparison with
climate events recorded in the stalagmite section of the
Hulu cave in Nanjing [21]. The latter has an internationally
recognized high resolution and precise dating as well as
being in a relative proximity to the studied section.

At the same time, five carbon detritus samples were col-
lected from the top to bottom of the section for AMS14C
dating. Four 6 cm � 6 cm loess samples were collected for
OSL dating. The AMS14C dating was completed in the
AMS14C Laboratory of Arizona University (error < 5%)
as described in Ref. [22]. For this study, corrected ages
were used and compared with the modeled ages. Four
OSL datings were completed at the OSL Laboratory in
Oxford University (error < 5%) using the determination
method as described in Ref. [23]. The above measured
and corrected results are shown in Table 1 and Fig. 2. In
addition, these measured results were compared with the
horizontal ages obtained from the grain-size age model,
and the sedimentary conditions of the strata were analysed.

With the exception of the error caused by sampling and
measurements, it can be seen from Table 1 that the strata
of the Yuanbu sections are roughly continuous. This is
reflected by the comparative results of the adjacent hori-
zontal dating and the calculated ages. This result is differ-
ent from the conclusion obtained by Lu et al. [24], who
recently examined high-resolution dating of the loess sec-

tion and inferred that the loess section may have a 4–
5 kyr interruption.

2.2.4. Extraction of mutation information

Time-series data used for statistical and trend analyses
were used to extract mutation information. The time-series
database consisted of serial values or events that changed
with time, such values were obtained from measurements
recorded at equal time intervals. The time-series database
is also a sequence database and consists of an ordered time
sequence, although it may have a time mark or not [25].

The question of how to define the trend of the dataset in
accordance with the grain-size data was met as follows. The
widely used arithmetic mean sequence was used to define
the trend, and a moving average was used to reduce the
total variation rate of the dataset. The use of the moving
average to replace the time series resulted in a decrease in
unexpected fluctuations, thus this was called smoothing
of the time series. In the extraction of mutation informa-
tion using this method, two tasks had to be performed:
(1) elimination of the error caused by field sampling and
indoor analysis; (2) use of the time-series smoothing
method to eliminate the climatic mutation information
caused by abrupt climate changes. The concrete methods
of achieving these included. The 3-point moving average
method, i.e., the time-series smoothing method was used
to eliminate abnormal data points caused by field sampling
and indoor analysis. The trend line obtained by this
method was called a revised trend line. This represented
or reflected the true climatic variation of the region. The
validity of the use of the 3-point moving method to elimi-
nate errors caused by field sampling and indoor analysis
was determined using a number of experiments. If the cli-
mate fluctuation was unstable, dramatic changes of some
factors in the climate system caused sharp fluctuations of
the climate and resulted in significant changes in climate
factors leading to climate anomalies. Such abnormal points
of the climate could be eliminated by using the 35-point
moving average method. The trend line obtained by this
method was called the normal climate fluctuation trend
line. The use of the 35-point moving method to study the
abrupt events recorded in the North Atlantic sediments

Table 1
Comparison of AMS14C and OSL datings with calculated ages of
corresponding horizons.

Depth
(m)

AMS14C and OSL
datingsa (aB.P.)

Corrected AMS14C
agea (aB.P.)

Model-calculated
age (aB.P.)

6.22 21250 ± 1770* 21250 ± 1770* 20490
10.22 27150 ± 1580* 27150 ± 1580* 29580
12.36 25660 ± 60 30564 ± 301 34640
12.84 25940 ± 230 30733 ± 237 35900
13.20 27580 ± 280 32115 ± 616 36850
13.22 31410 ± 1670* 31410 ± 1670* 36900
17.40 36190 ± 880 41262 ± 927 47860
17.44 36340 ± 610 41881 ± 327 47990
20.22 51640 ± 3520* 51640 ± 3520* 56180

a * is OSL dating, others are AMS14C dating.
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has been well documented. These studies have found that
the recorded abrupt events of the last glaciation had a ca.
1500 quasi-period, while the D–O cycle had a 2–3 kyr
quasi-period. The sedimentary rate of various stages was
obtained according to the Holocene starting age, i.e. the
MIS1/2 boundary age and the calendar age at 2.5 m depth
was 11.5 kaB.P.; the MIS3/4 boundary age, i.e., the calen-
dar age at 21.4 m depth was 59.8 kaB.P. According to this
sedimentary rate, the recorded time of each sampling point
was on an average 51 years. On one hand, the selection of
the moving-point number was to eliminate abrupt events
recorded in the studied section, and on the other hand, it
was to preserve the climate evolution information of the
D–O cycle. In other words, the time recorded by the
selected moving-point number should be larger than the
quasi-period of 1500 years, but lesser than the quasi-period
of 2000 years. The number of 35 moving points satisfied
this requirement. From the values of the points that formed
the revised trend line minus the values of the points that
formed the normal climate fluctuation trend line, we
obtained a new climate fluctuation curve, which comprised
the climate mutation information that we wanted to
extract, as shown in Fig. 3.

3. Analysis and discussion

3.1. Characteristics of abrupt events recorded in Yuanbu

loess section

As viewed from the extracted mutation information
curve of the middle and later part of the last glaciation,
not only six Heinrich events and a YD event were recorded,
but 15 rapid change climatic events were also recorded. In

the extraction of mutation information, some original data
perhaps did not reveal mutation information due to the
defect of the moving average method itself. Thus, the rapid
change events should be interpreted in combination with
the original data curve. In this paper, we only discuss the
six Heinrich events and a YD event in detail according to
their order of occurrence in combination with the indices,
such as susceptibility, CaCO3 content, lightness, redness
and yellowness, as shown in Fig. 2.

For the first abrupt event, i.e. the H6 event, which
occurred at 21.5 m and was dated at 60.18 kaB.P., the time
taken for the climate change from cold to warm was 420
years, the variation amplitude was 1.59 lm/kyr. The con-
tents of >40 lm grain-size fraction and CaCO3 and the
lightness were significantly higher than those of the upper
and lower layers; while the particle content, susceptibility,
redness and yellowness were lower than those of the upper
and lower layers, suggesting that the climate was cold and
dry. The winter monsoon was strong and had a large dust-
transporting capacity. Lower redness and yellowness val-
ues indicate a lower water-heat assembly degree, a lower
level of soil formation, a lower organic matter content
and a lower CaCO3 leaching intensity. Hence, the CaCO3

content was large, but particle weight and susceptibility
were lower. The second abrupt event, i.e. the H5 event,
occurred at 18.42 m and at about 48 kaB.P.; the time taken
for the climate change from cold to warm was 460 years,
and the variation amplitude was 5.06 lm/kyr. The
>40 lm grain-size fraction content and CaCO3 content
were higher than those of the upper and lower layers; while
the particle content, susceptibility, redness and yellowness
were less than those of the upper and lower layers, suggest-
ing that the climate was dry and cold. The winter monsoon

Fig. 2. Mutation information curve of >40 lm grain-size fraction content, Xfd (%), CaCO3 (%), lightness, redness and yellowness.
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had been strong and had large dust-transporting capacity;
hence, the content of coarse particles increased. The lower
redness and yellowness again indicate a lower water-heat
assembly degree, weak soil formation, low organic matter
content, low susceptibility and high lightness. The CaCO3

content increased due to the lower precipitation levels
and lower leaching action. The third abrupt event, i.e. the
H4 event, occurred at 14.8 m and at about 39.00 kaB.P.,
the time taken for the climate change from cold to warm
was 150 years, and the variation amplitude was 1.21 lm/
kyr. The contents of >40 lm grain-size fraction and CaCO3

significantly increased compared to those of the upper and
lower layers; while the particle content, susceptibility, red-
ness and yellowness significantly reduced compared to
those of the upper and lower layers, suggesting that the
dry and cold climate strengthened the winter monsoon
intensity and, therefore, its ability to transport coarse dust
particles was greatly increased. Hence, the content of
>40 lm grain-size fraction increased. The lower redness
and yellowness again indicate a lower water-heat assembly
degree, weak soil development and low susceptibility.

Sparse precipitation reduced CaCO3 leaching intensity
and hence, the CaCO3 content increased.

The fourth abrupt event, i.e. the H3 event, occurred at
11.02 m and was dated 30.50 kaB.P. The time taken for
the climate change from cold to warm was 130 years, and
the variation amplitude was 2.64 lm/kyr. The contents of
>40 lm grain-size fraction and CaCO3 were significantly
larger than those of the upper and lower layers; while the
particle content susceptibility, redness and yellowness were
significantly lower than those of the upper and lower lay-
ers. This indicates that the dryness and coldness of the cli-
mate were significantly higher than those of the upper and
lower layers, and even formed a peak during which the
intensity of the winter monsoon was increased and its abil-
ity to transport dust and coarse particles >40 lm was also
increased. The reduction in redness and yellowness again
indicates a lower water-heat assembly degree, low precipi-
tation and reduced CaCO3 leaching. Hence, the >40 lm
grain-size fraction content increased and soil formation
was weak, organic matter content and susceptibility were
low but the lightness increased. The fifth abrupt event,
i.e. the H2 event, occurred in the loess layer at 7.1 m depth

Fig. 3. The 3-point and 35-point moving trends of the content of >40 lm grain-size fraction and mutation information curve.
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and at about 21.77 kaB.P. Because the boundary between
the event and H1 was obscure, it was not used as the modal
control age, and therefore there was a difference between
the calculated age and the deposition time. The time taken
for the climate change from cold to warm was 380 years.
The variation amplitude was 5.69 lm/kyr. The contents
of >40 lm grain-size fraction and CaCO3 were significantly
larger than those of the upper and lower layers; while the
particle content, susceptibility, redness and yellowness were
significantly smaller than those of the upper and lower lay-
ers. This indicated that at this time the climate was dry and
cold, wind force was strong, and the ability of winter mon-
soon to transport dust was strengthened. Hence, the con-
tent of coarse particles including >40 lm grain-size
fraction was increased. The decrease in redness, yellowness
and susceptibility values again indicate a lower water-heat
assembly degree, weak soil-formation and lower organic
matter content. The CaCO3 content increased but the sus-
ceptibility value decreased. The sixth abrupt event, i.e. the
H1 event occurred in the loess layer at 5.96 m depth and
was dated at 19.92 kaB.P. The time taken for the climate
change from cold to warm was 490 years, and the variation
amplitude was 1.5 lm/kyr. The contents of >40 lm grain-
size fraction and CaCO3 were significantly larger than
those of the upper and lower layers, while the susceptibil-
ity, redness and yellowness were smaller than those of the
upper and lower layers. This showed that the climate at
that time was dry and cold, wind force was strong and
the ability of winter monsoon to transport dust was
strengthened, hence the content of coarse particles includ-
ing >40 lm grain-size fraction was increased. The decrease
in susceptibility again indicates a lower water-heat assem-
bly degree, weak soil formation, and low organic matter
content. Thus the CaCO3 content increased but the particle
weight and susceptibility were reduced. The YD event
occurred in the loess layer at 2.7 m depth and was dated
at 12.5 kaB.P. The time taken for the climate change from
cold to warm was 400 years, and the variation amplitude
was 0.86 lm/kyr. The contents of >40 lm grain-size frac-
tion and CaCO3 significantly increased compared to those
of the upper and lower layers, while the particle content,
susceptibility, redness and yellowness were significantly
smaller than those of the upper and lower layers. This sug-
gests that the climate at that time was dry and cold, wind
force was strong, the ability of the winter monsoon to
transport dust was strengthened, and hence, the content
of coarse particles including >40 lm grain-size fraction
was increased. The reduction in the susceptibility and red-
ness again indicates a lower water-heat assembly degree,
weak soil-forming intensity, low organic matter content,
such that CaCO3 content increased but the particle weight
and susceptibility reduced.

It is readily seen from the detailed examination of the H
and YD abrupt events that these abrupt events occurred in
the loess layer and in stages with high particle-size values,
high CaCO3 content, high lightness, but low susceptibility,
low redness and low yellowness. These phenomena relate

to periods when the climate was dry and cold, wind force
was strong, and the ability of winter monsoon to transport
dust strengthened. Under these conditions, the content of
coarse particles was increased. Due to strong winter winds
and cold climate, the ability to carry moist air is reduced,
the water-heat assembly degree was lowered, the level of
soil formation was low, redness and yellowness, susceptibil-
ity and particle weight were also reduced, but the CaCO3

content significantly increased when compared to those of
the upper and lower layers. Another striking feature is that
these events could be compared with those recorded in the
North Atlantic sediments. Within the Yuanbu section, the
H3, H4, H5, H6 and YD events were prominent, while the
H1 and H2 events were not prominent. In the period from
the last glaciation to the Holocene, the climate return event
YD was one of many extremely cold events of the last gla-
ciation. Its degree of coldness was much greater than that
of the H events (as viewed from its variation amplitude).
Nevertheless, the degree of coldness of the H events was
not consistent. Whether this particularly cold event was
caused by an anomalously strong East Asian winter mon-
soon or the superimposition of the abrupt changes of the
North Atlantic climate, or the lower influence of high-lati-
tude North Atlantic climate changes on the Loess Plateau
is unclear. This requires more data and further studies to
draw any conclusion. Apart from the H and YD events,
all the other abrupt events occurred in such a stage, com-
pared to its upper and lower layers, the particle-size value,
CaCO3 content and lightness were high, while the suscepti-
bility, redness and yellowness were low.

3.2. Definition of abrupt events recorded in loess during the

last glaciation

Both the selection of proxy indexes and the extraction of
mutation information require a definition of what an
abrupt event recorded in loess is. In this paper, the abrupt
events only refer to the Heinrich events in the climate of the
last glaciation. The climatically abrupt events recorded in
the last glaciation have three major features: their variation
amplitude was large, their duration was short, and they
changed rapidly. The Heinrich events in loess can be
reflected by the strong and weak changes of the winter
monsoon, concretely speaking, the content index of
>40 lm grain-size fraction can indicate their presence.
According to the above analysis and discussion, abrupt
events can be defined as follows: in the loess-climate
records of the last glaciation, abrupt events were associated
with a high mean grain-size, high carbonate content, low
particle weight, low susceptibility and redness. On the
curve of the content of mean grain-size and >40 lm
grain-size fraction, the variation amplitude of the adjacent
valley and peak was larger than 3.4 lm, the variation
amplitude of >40 lm grain-size fraction was larger than
2.0 lm, with a length of variation time smaller than 500
years.
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4. Conclusion

(1) The abrupt events recorded in loess during the last
glaciation occurred in a time period with high
grain-size values, high carbonate content, high light-
ness, but low susceptibility, low redness and low yel-
lowness, i.e. they were more prone to occur in the
strengthened stage of the East Asian Monsoon.

(2) Climate mutation seems to have been the central
theme of the climate changes in the last glaciation
of the world. Loess in the western part of the Loess
Plateau in China recorded the same H events and
YD events as those recorded in the North Atlantic
sediments. The loess not only recorded the H and
YD events but also recorded another 15 abrupt
events that were not found in the climate records of
the high-latitude North Atlantic sediments.

(3) H and YD events occurred within the coldest time
period. Both the H events in the interglacial period
and the H and YD events in the glacial period
appeared in the loess layer at the boundary between
the loess and the paleosol, suggesting that H and
YD events mostly occurred in the period of climate
shift.

(4) The lack of prominence of the abrupt events H1 and
H2 in addition to the finding of more than 15 further
H events suggests that the North Atlantic climatic
changes had little influence on the Loess Plateau.
Thus widely accepted theories including the theory
that North Atlantic heat transfer caused the abrupt
climate changes during the last glaciation, the atmo-
spheric circulation theory and the theory of interac-
tion between the law-latitude ocean and the
atmosphere remains to be discussed. Starting from
the characteristics of the East Asian monsoon evolu-
tion and their relation to the climate changes in the
surrounding regions this issue perhaps may be
resolved.

(5) A tentative definition of abrupt events was generated
as follows: In the loess climate records of the last gla-
ciation, abrupt events were associated with a high
mean grain-size, high carbonate content, but low par-
ticle content, susceptibility and redness. For the curve
of the content of >40 lm grain-size fraction, the var-
iation amplitude of the adjacent valley and peak is
larger than 3.4 lm, and the content of >40 lm
grain-size fraction is larger than 2.0 lm. The length
of variation time is less than 500 years.
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