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ly the Hipparion fauna, found in the Red Clay of the Loess Plateau, are of immense
value for reconstructing late Neogene paleoecology and paleoclimatology in northern China. The lack of a precise
chronological framework for these fossil sites has impeded our understanding of the evolution of the Chinese
mammalian fauna, their correlation with European mammalian units, and the retrieval of paleoclimatic
information. In this study, a field survey of regional stratigraphy in the Baode area of Shanxi was carried out and
three profiles (Tanyugou, Yangjiagou-I and Yangjiagou-II) of Late Neogene deposits were selected for detailed
investigation. A new chronological framework of the Late Neogene sequences in the Baode area is established by
means of paleomagnetism. Our results show that the Red Clay accumulation in the Baode area began at least
7.23 Ma ago. Deposition continued to the superposed Jingle Formation. The most continuous and complete
exposure of the Jingle Formation known to date was identified and dated to 2.72~5.34 Ma. A lithological
distinction between the Jingle Formation and the underlying Baode Formation forms a clear boundary in the Red
Clay that is not coincident with the Miocene/Pliocene boundary documented elsewhere. Three rich fossil layers
are found in the Yangjiagou-II profile and dated to 6.43–6.54 Ma, 6.83–6.86 Ma and 7.15–7.18 Ma, respectively.
With the application of three different demagnetization techniques, the Matuyama–Gauss geomagnetic reversal
boundary was identified in a transitional unit between loess and typical Red Clay deposits. A lock-in depth of as
large as 6.8 m (corresponding to ca. 65 ka) was inferred but remains unexplained.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Continuous late Cenozoic aeolian deposits are widely distributed
in the Loess Plateau of China (Liu, 1985). Spatially, the Loess Plateau
can be divided into northern, southern, western, eastern and central
parts, each with characteristic thicknesses of aeolian sequences
depending on local geomorphological and climatic conditions.
Lithostratigraphically, the aeolian sequences can be broadly divided
into two major units: the upper Quaternary loess–paleosol sequence
and the lower Miocene–Pliocene red earth. With the recent discovery
of aeolian sequences back to 22 Ma, the Miocene–Pliocene red earth
can be further divided into Late Miocene–Pliocene Red Clay and the
Miocene loess (Guo et al., 2002). The upper loess–paleosol sequences
have been intensively studied for reconstructing the Quaternary
paleoclimate history in northern China (Heller and Liu,1982,1986; Liu,
1985; Liu and Ding,1990; Zhou et al., 1990; An et al., 1990,1991; Rutter
et al., 1991; Hus and Han, 1992; Liu and Ding, 1998). The underlying
86 10 62754411.
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Red Clay sequence was first described as Hipparion red earth due to
thewide occurrence of hipparionine horses in the deposits (Anderson,
1923; Zdansky, 1923; Jokela et al., 2005). It started to attract
international attention immediately after the report of the extremely
rich mammalian faunas in the 1920's (e.g., Anderson, 1923; Zdansky,
1923; Sefve, 1927), and was the subject of intensive taxonomic
research in the following decades. The results of this early work were
synthesised by Kurtén (1952).

For a long time, the chronology of the Red Clay sequencewas based
on isolated local fossil faunas according to their evolutionary stages.
With the introduction of magnetostratigraphy to the late Neogene
sequences in northern China since the 1980s, new chronological
framework for a series of Red Clay sequences has been established
mainly in the central and southern part of Loess Plateau (Liu et al.,
1988; Evans et al., 1991; Zheng et al., 1992; Sun et al., 1998; Ding et al.,
1998a, 1998b; Qiang et al., 2001). Magnetic susceptibility, grain size,
geochemical and lithologic properties, and micromorphology of the
Red Clay sequences have been extensively examined under the new
chronological framework, and have yielded valuable information on
the paleoclimatic variability of northern China and the Asianmonsoon
evolution. This has also allowed investigation of the link between
aeolian deposition in Asia and the growth of the Tibetan Plateau and
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global cooling since the Late Neogene (Liu et al., 1988; Evans et al.,
1991; Zheng et al., 1992; Sun et al., 1998; Ding et al., 1998a,b; Dodonov
& Zhou, 2008).

In addition to the indirect paleoclimatic proxies mentioned above,
paleobiologic records such as mammalian fossils and pollen are
important sources of information for paleoclimatic reconstruction.
Investigations on terrestrial mammal communities and environmen-
tal change have been carried out recently in the late Neogene deposits
in the central and southern parts of Loess Plateau (Xue et al., 1995,
2006; Zhang et al., 1997, 2001, 2002; Wang and Deng, 2005; Wang
et al., 2006; Wu et al., 2006; Zhang, 2006). As the faunal and floral
remains preserve information on past environmental conditions in
more direct way, their characteristics can be taken as sensitive indi-
cators of past climate (Shi et al., 1993; Fortelius et al., 2002).

However, in contrast to the extensive and detailed investigations of
the aeolian sequences in the central and southern part of Loess Plateau,
little work has been done to the late Neogene aeolian deposits in the
eastern Loess Plateau (Mo and Derbyshire, 1991; Zhang et al., 1995;
Qiang et al., 2001; Han et al., 2002; Deng et al., 2004; Yue et al., 2004).
Forhistorical reasons, the aeolian sequences in theBaode area of Shanxi
in the eastern Loess Plateau are special in the study of the Chinese
Neogene stratigraphy. Baode is one of the most representative areas
where the typical Hipparion fauna was first discovered and the Baode
Red Clay was defined (Zdansky, 1923; Teilhard and Young, 1930, 1931).
Although numerous studies have been made on the fossils, laying the
foundation of Late Neogene mammalogy in China (Zdansky, 1923;
Teilhard and Young, 1930, 1931; Pei et al., 1963; Liu et al., 1978; Li et al.,
1984; Qiu et al., 1987; Qiu, 1988), systemic investigation on chronology
in this area has been surprisingly sparse (Deng et al., 2004; Yue et al.,
2004). Due to the lack of precise age controls on the fossil-bearing beds
and the isolated occurrence of fossils at different localities, the retrieval
of paleoenvironmental information from mammalian fossils has been
greatly limited. This also makes it difficult to correlate the rich
mammalian fauna assemblages of the Baode area with those of other
areas, hence impeding the establishment of an accurate chronology for
the evolution of Neogene land mammalian in China.

In this study, we undertook a field survey of the regional stratig-
raphy in the Baode area and investigated three profiles of LateNeogene
deposits. Based on detailed paleomagnetic measurements, a new
chronological framework for the Late Neogene Hipparion Red Clay
sequences in the Baode area is established. When integrated with
previous studies in other areas, this will help to improve the chro-
nology of the mammalian fossils found in this area especially for the
classic localities, and will facilitate a regional correlation with respect
to Neogene mammal evolution and paleoenvironment.
Fig. 1.Map showing the distribution of loess and Red Clay deposits and locations of this stud
and the locations of surveyed (closed triangle) and sampled (open triangle) sites in the stud
2. Geological setting

2.1. Regional lithostratigraphy

The Baode area is located in the northeastern part of the Loess
Plateau in the northern part of Shanxi Province. It is flanked to the east
by the Luliang Mountains and to the west by the Yellow River (Fig. 1).
During the late Cenozoic Era, terrestrial clastic sediments have been
deposited in most parts of this area. The landforms of this area are
dominated by undulating bedrock capped by late Cenozoic loess and
Red Clay deposits, which are dissected into a complex network of
steeply sloping gullies and valleys.

The earliest stratigraphic scheme of the late Neogene strata in this
area was established by Zdansky in 1923. Later, two units (i.e. Baode
Formation and the Jingle Formation) were defined by Teilhard and
Young (1930, 1931). Since then, few studies have been carried out to
refine the scheme. Our field investigation in this area was mainly
focused on the deposits of Late Neogene age. Ten sedimentary profiles
along the east-west-trending gullies in this area were logged and
measured in detail to establish the stratigraphical framework and
distribution of the sedimentary facies (Fig. 2).

The Baode Formation is about 100-m thick and rests on the pre-
Cenozoic basement with an angular unconformity. It contains rich
mammalian fossils which were assigned a Late Miocene age (Li et al.,
1984). The sedimentary sequences at Yuejiagou, Jijiagou, Daijiagou,
Junchi, Qiaotou and Yangjiagou (Fig.1b) yielded large numbers of mam-
malian fossils. Among them, Yuejiagou, Jijiagou and Daijiagou were the
places where the classic mammalian fossil localities of Zdansky (1923)
were found (Fig. 2).

According to the lithological characteristics, the Baode Formation
can be divided into two parts. The lower part can be observed in
Junchi, Qiaotou, Tanyugou and Luzigou and comprises a ca. 25-m unit
of conglomerate beds with interbedded gray marl. It was originally
defined as the Luzigou Formation and was separated from the over-
lying Hipparion red earth, and considered to be of Miocene age
(Zdansky,1923). However, Teilhard and Young (1930,1931) considered
that it should be synchronous with the Hipparion red earth and the
age should be of early Pliocene, as then conceived, according to the
mammalian fossils. The upper part, which can be seen clearly in
Tanyugou and Yangjiagou, is made up of a 75-m thick sequence of red
brown claywith carbonate nodule horizons, gravel layers and silt-silty
clays with horizontal bedding.

The overlying Jingle Formation is about 40 m thick and charac-
terized by dark reddish clay intercalated with carbonate horizons and
with abundant Fe–Mn-coatings. For most of the outcrops, such as at
y (small closed circle) and other loess sections (small open circle) of Loess Plateau (Left),
y area (Right).



Fig. 2. Ten profiles logged and their stratigraphic correlation in Baode area.
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Yangjiagou and Miaogou, only the lower part of Jingle Formation is
present. The complete Jingle Formation is rarely seen and has been
found only in Sangyuan and Tanyugou, while continuous deposits
with the lower part of the overlying Wucheng Loess are exposed only
at Tanyugou.

2.2. Lithostratigraphy of three working profiles

After detailed field survey, we chose the Tanyugou, Yangjiagou-I
and Yangjiagou-II profiles as our working profiles. The Tanyugou
profile provides the best opportunity for a continuous sedimentolo-
gical and stratigraphical study of the lower part of Wucheng Loess, the
Jingle Formation and the upper part of Baode Formation. The
Yangjiagou-I and Yangjiagou-II profiles were chosen for the occur-
rence of rich and diversified mammal fossils.

The Tanyugou profile is located about 20 km to the south of the
town of Baode (Fig. 1). This profile is 140 m thick, and we sampled the
top 90.5 m for this study (Fig. 3). The top 13.6 m corresponds to the
lowest part of Wucheng Loess, which is intercalated with reddish
brown paleosols. Carbonate nodule layers generally occur beneath
the paleosols. Six loess–paleosol layers can be recognized from the
top to the bottom as S30, L31, S31, L32, S32 and L33. The coarse-grained
sandy loess L33, which occurs at the depth of 9.2 m to 13.6 m, is a
marker layer pinpointing the bottom of the Wucheng Loess. The
lower part of Tanyugou profile, reddish and 70.9-m in thickness, is the
Jingle Formation and the upper part of the Baode Formation. A
transitional unit (TU) is identified in the measured section between
the Wucheng Loess and Jingle Formation (between 13.6 m to 19.6 m)
where the colour changes gradually downwards from yellow to
reddish. Soils are weakly developed compared to those of the under-
lying Red Clay.

The Jingle Formation is about 40.9m thick, and consists of dark Red
Clay with remarkably strong pedogenesis indicated by its colour and
soil structure. According to field observations, the Jingle Formation
can be lithologically divided into two units. The first unit extends from
19.6 m to 41 m. Soils within this unit are the most strongly developed
throughout this profile with abundant clay and Fe–Mn coatings. The
second unit from 41m to 60.5 m contains relatively weakly developed
soils compared to the overlying unit with less clay content and Fe–Mn
coatings.

The upper 30 m of the Baode Formation is characterized by a
dominance of reddish to brownish clays interbedded with carbonate
horizons. The fine-grained deposits are mainly structureless and
commonly contain pedogenic features in varying amounts. The
coarser lithofacies are restricted to thin lenticular or sheet-like bodies
of coarse silts and granule–pebble conglomerates. Based on field
observations, the upper part of the Baode Formation can be
subdivided into three units. The first unit extends from 60.5 m
downwards to 73.6 m. Pedogenesis is relatively weak with a generally
brownish color. The base of the unit is marked by a 1-m-thick bed of
horizontally laminated silty clay. The second unit ranges from 73.6 m
to 85.7 m and is characterised by more reddish and more strongly
developed soil layers than the first unit. The third unit extends from
85.7 m to 90.5 m. Soils within this unit show lighter reddish colour
than the second unit.

The Yangjiagou-I and Yangjiagou-II profiles are located near the
village of Yangjiagou, about 10 km to the southeast of the town of
Baode (Fig.1). The Yangjiagou-I profile is 43m thick and consists of the
lower part of the Jingle Formationwith a thickness of 7m, and 36-m of
the Baode Formation. The Jingle Formation is conformable with the
Baode Formation (Fig. 3). The Yangjiagou-II profile lies about 700 m
west of the Yangjiagou-I profile. There is a 7-m loess-paleosol at the
top of the Yangjiagou-II section. It lies in angular unconformity with
the Baode Formation, which is 56 m in thickness and contains three
fossiliferous horizons at the depth of 26.0–28.6 m, 43.2–44.6 m and
58.5–59.9 m, respectively (Fig. 3).

The two Yangjiagou profiles can be correlated by tracing the
marker layers along the gully. The layers at 21.7–32.5 m and 32.5–
42.4 m in Yangjiagou-I profile can be correlated with the layers at
5.6–19.8 m and 19.8–28.2 m in the Yangjiagou-II profile, respectively
(Fig. 3). Lithostratigraphic correlation can also be made between the
Tanyugou profile and the Yangjiagou-I profile. Since the Jingle



Fig. 3. Lithological column and magnetic susceptibility curves of the three measured profiles.
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Formation and the Baode Formation of these two profiles are in
conformable contact, the boundary between the Jingle and Baode
Formations can be used as a marker horizon to aid stratigraphic
correlation. The top 7.7 m of the Jingle Formation at the Yangjiagou-I
profile can be correlated with a layer at 50–60.5 m at the Tanyugou
profile. In addition, layers at 7.7–21.7 m and 21.7–32.5 m at the
Yangjiagou-I profile can be correlated with the layers at 60.5–73.6 m
and 73.6–85.7 m at the Tanyugou profile, respectively (Fig. 3). All the
correlations based on detailedfield observations are further verified by
patterns of magnetic susceptibility variations (Fig. 3).

3. Sampling, sample preparation and experimental methods

Samples were taken from the three profiles for magnetic suscep-
tibilitymeasurements. Low fieldmagnetic susceptibility and frequency-
dependent magnetic susceptibility were measured using a Bartington
MS2B magnetic susceptibility meter at the Quaternary Environmental
Magnetism Laboratory of Peking University.

A total of 2713 powder samples were collected at an interval of
5 cm for the upper part (0–25 m) of Tanyugou profile and 10 cm
spacing for the lower part of Tanyugou profile and for the other two
profiles. In addition, 270 oriented block samples were collected at an
interval of 20 cm along the Tanyugou profile and 624 oriented block
samples were collected at an interval of 10 cm along the Yangjiagou-I
and Yangjiagou-II profiles.

Oriented block samples were cut into 2 cm cubic specimens for
paleomagnetic measurements. One cubic specimen of each sample
was subjected to thermal demagnetization using a 20–50 °C incre-
ment from room temperature to 585 or 680 °C with a MMTD80
Thermal Demagnetizer. Remanentmagnetizationwasmeasured using
a 2G cryogenic magnetometer at the Paleomagnetism Laboratory of
the Institute of Geology and Geophysical, Chinese Academy of
Sciences. Both the demagnetizer and magnetometer were housed in
a field-free space (b300 nT) to avoid contamination by viscous
magnetization.

Since some earlier studies (Qiang et al., 2001; Spassov et al., 2001)
have noted that directional patterns of the characteristic remanent
magnetization (ChRM) may be sensitive to different demagnetization
techniques, the other two sets of parallel cubic specimens around the
Matuyama/Gauss boundary (MGB), at the depth of between 14.0 to
16.8 m at the Tanyugou profile, were selected for an experiment with
two additional demagnetization approaches. One set of the samples
was subjected to alternating field (AF) demagnetization with peak
filed values of 5, 10, 20, 25, 30, 35, 40, 45, 50, 60, 80, and 100 mT.
Another set of the samples was first thermally demagnetized by steps
of 50 °C from room temperature to 150 °C, then further demagnetized



Fig. 4. Orthogonal projections of NRM vector and the NRM intensity of typical samples. Solid (open) symbols refer to the projection on the horizontal (vertical) plane in geographic
coordinates.
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Fig. 5. Directional behavior of the Matuyama/Gauss Boundary transitional polarity interval in the Tanyugou profile for three different demagnetization techniques.
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by AF method with peak filed values of 5, 10, 20, 25, 30, 35, 40, 45, 50,
60, 80 and 100 mT.

4. Results

4.1. Magnetic susceptibility

Variations in susceptibility from the three profiles show a strong
correlation with the degree of soil development and are consistent
with field observations (Fig. 3). In general, magnetic susceptibility
values are higher in paleosols than in loess for theWucheng Loess. The
magnetic susceptibility of the Red Clay shows patterns different from
the overlying loess–paleosol. There is a longer periodicity and an
upwards increasing trend compared to the loess–paleosol part. The
highest values occur at the Red Clay of the upper part of the Jingle
Formation. The lower part of the Jingle Formation has susceptibility
values close to those of paleosols in the loess–paleosol succession.
The magnetic susceptibility values of the Red Clay of the Baode
Formation are lower than that of the Jingle Formation and the
overlying paleosols (Fig. 3). The higher values in the Baode Formation
coincidewith the reddish layers with higher clay content whereas low
values typify layers with higher silt content and brownish colour.
Magnetic susceptibility curves of these three profiles confirm the
Fig. 6.Magnetostratigraphy of TYG, YJG-I and YJG-II profiles, comparedwith the Geomagnetic
parts are reversed polarity.
stratigraphic subdivision and correlation of the three profiles based on
field observations.

4.2. Magnetostratigraphy

Typical thermal demagnetization diagrams for normal and
reversed samples are shown in Fig. 4. All the samples show the
presence of two components. A secondary component of the natural
remanent magnetization is removed by thermal treatment in the
interval 200–300°C (Fig. 4). The direction of this component is con-
sistent with the present day field and is a viscous overprint. Upon
removal of the low temperature component, the direction becomes
relatively stable and the vector decays towards the origin on the
Zidjerveld orthogonal plot. According to Zhou and Shackleton (1999),
this direction is interpreted as the primary magnetization acquired
after deposition (see discussion below). The unblocking temperatures
at and above 580 °C (Fig. 4b, c, d) indicate contributions of both
magnetite and hematite to the remanent magnetization. The direc-
tions of the primary component were calculated using principal com-
ponent analysis (Kirschvink, 1980) and analyzed using standard Fisher
statistics (Fisher, 1953).

Fig. 5 gives the experimental results of sensitivity test for three
different demagnetization techniques. It shows that the threemethods
Polarity Time Scale of Cande and Kent (1995). Black parts are normal polarity, andwhite



Table 1
The depth and age of the reference points

The age reference point Depth (m) Age (Ma) Data source

Base of S30 0.6 2.24 Heslop et al., 2000
Top of S31 1.5 2.341
Base of S31 3 2.369
Top of S32 6.6 2.54
Base of S32 9.2 2.596
Base of L33 13.6 2.62
Top of Red Clay 19.6 2.72 Sun et al., 2006
Kaena (T) 25.6 3.045 Lisieki and Raymo, 2005
Kaena (B) 28 3.127
Mammoth (T) 28.8 3.21
Mammoth (B) 30.2 3.319
Gauss/Gilbert 34.8 3.588
Cochiti (T) 48.8 4.184
Cochiti (T) 52 4.306
Nunivak (T) 52.8 4.478
Nunivak (T) 53 4.642
Sidufjall (T) 53.8 4.807
Sidufjall (T) 55.6 4.898
Thvera (T) 56 4.989
Thvera (B) 57.8 5.254
C3An.1n (T) 78.2 5.894 Cande and Kent, 1995
C3An.1n (B) 87.6 6.137
C3An.2n (T) 91.0 6.296
C3An.2n (B) 97.4 6.567
C3An.3n (T) 116.8 6.935
C3An.3n (B) 124.0 7.091

Fig. 7. Magnetostratigraphy of the composite profile of Baode, compared with the
Geomagnetic Polarity Time Scale of Cande and Kent (1995). Black parts are normal
polarity, and white parts are reversed polarity.
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yield almost the sameMGBposition in the Tanyugou profile. This result
differs from the observations by Spassov et al. (2001) that the
directional patterns of the ChRM in two Matuyama/Brunhes geomag-
netic polarity boundary transitional records are inconsistent and even
dependent on specific demagnetization techniques used. The cause for
this discrepancy needs further investigation. In order to assess the
reliability of our three sets of data, the maximum angular deviation
(MAD) values are also given in Fig. 5. The thermal demagnetization
method and thermal plus AF demagnetization method yield compara-
tively well-defined characteristic remanent magnetization directions,
with MAD values generally below 15°. The ChRM directions of the AF
demagnetization are not well-defined with MAD values generally
exceeding 15°. This indicates that thermal demagnetization and ther-
mal plus AF demagnetization aremore effective than AF demagnetiza-
tion alone, and hencemore suitable for isolating the primary remanent
magnetization of loess and Red Clay at least for our study sites.

The lithostratigraphy, inclination and declination of the three
profiles are shown in Fig. 6. The magnetostratigraphic patterns of the
three profiles correlate well with the geomagnetic polarity time scale
of Cande and Kent (1995). For the Tanyugou profile, the Matuyama/
Gauss boundary is measured at 16.0 m depth in the transitional unit,
about 3.6 m above the top of the typical Red Clay. The Gauss normal
polarity chron is obtained between 16 and 35 m and contains two
reversed polarity subchrons corresponding to the Kaena and Mam-
moth subchrons. The Gilbert reversed polarity chron occurs between
35 and 79 m and contains the Cochiti, Nunivak, Sidufjall and Thvera
subchrons. Chron 3A.1n is registered between 79 and 85m. The lowest
part between 87.9 and 90.5 m corresponds to the reversed part of
Chron 3A. In the Yangjiagou-I profile, the uppermost interval of the
reversed polarity above 25.6 m is correlated to the Gilbert chron. The
two normal polarity intervals of 25.6–32.8 m and 38.8–42.4 m are
equivalent to Chron 3A.1n and Chron 3A.2n, respectively. In the
Yangjiagou-II profile, the three normal polarity intervals of 5.6–19.5m,
25–29.4 m and 49.4–52 m correspond to Chron 3A.1n, Chron 3A.2n
and Chron3Bn, respectively. The reversed polarity interval of 29.4–
42.4 m is correlated to Chron 3Ar.

Figs. 3 and 6 show that the three profiles correlate well in terms of
lithology, magnetic susceptibility and magnetostratigraphy. Thus, the
sequence from0 to 87.5m in the Tanyugou profile and that from19.4 to
63m in Yangjiagou-IIwere chosen to construct a composite profile.We
combine our measured magnetostratigraphic boundaries with corre-
lation to existing loess and Red Clay stratigraphy in the central Loess
Plateau to construct the chronological framework of Baode composite
profile. All age tie points used and their corresponding depths are
tabulated in Table 1. A detailed comparison of magnetic susceptibility
records betweenour profiles and the Lingtai andZhaojiachuanprofiles,
which were studied by Sun et al. (2006), indicates that the deposits
below L33 (named as RC1) actually correspond to the transitional unit in
the Baode profile. Because our composite profile only covers the
lowermost part of theWucheng loess and there is nomagnetic polarity
reversal recorded in this part, we correlate the loess–paleosol includ-
ing the transitional unit to the orbital timescales developed by Heslop
et al. (2000) and Sun et al. (2006). The timescale for the underlying Red
Clay was established by correlating the measured magnetic polarity
reversals with the independently dated magnetic polarity chronology.
The timescale provided by Cande and Kent (1995) for the ages before
5.254 Ma and the timescale developed by Lisiecki and Raymo (2005)
for the younger ages were used. The ages for the intervals between
magnetic reversal boundaries were derived by linear interpolation
between adjacent magnetostratigraphic control points.

The chronological framework of the Baode composite profile is
shown in Fig. 7. The basal age of the composite profile is 7.23 Ma. The
boundary between Jingle Formation and Baode Formation is dated to
5.34Ma. The three fossiliferous layers, found in the Yangjiagou-II profile,
are dated to 6.42–6.54Ma, 6.83–6.86Ma and 7.15–7.18Ma, respectively.
The chronological framework enables us to calculate sedimentation rate



Fig. 8. (a)Age-depthplot for the compositeprofileofBaode, circles aremagnetostratigraphic
references. (b) Sedimentation rates determined on the basis of the magnetostratigraphy.
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for different parts of the Tanyugou profile (Fig. 8). The sedimentation
rate decreases from about 34 m/Ma during the interval of 6.26 Ma and
5.25Ma to about 8m/Ma between 5.25Ma and 4.2Ma. Then it increases
to about 26 m/Ma between 4.2 Ma and 3.3 Ma. Afterwards, it gradually
increases to a maximum, about 46 m/Ma between 3.2 Ma and 2.2 Ma.

5. Discussion

5.1. The loess and Red Clay boundary and the Matuyama/Gauss polarity
boundary

In the study of Luochuan loess section, Liu (1985) defined the loess
and Red Clay boundary at the base of WL-3 which is one of the most
significant stratigraphic markers in the loess sequence and is equiv-
alent to L32 at Baoji, Xi'an andWeinan sections (Ding et al., 1990,1992).
Subsequent stratigraphic observations indicate that, in the southern
part of the Loess Plateau, another loess–paleosol couplet (S32–L33) is
recognizable below L32 (Ding et al., 1992). Accordingly, the bottom of
loess unit L33 has been regarded as the boundary of loess and Red Clay
(Ding et al., 2000, 2002). Detailed stratigraphic observations made by
Xue et al. (2001) suggest that there exists a transitional unit (TU)
between L33 and typical Red Clay, which is ubiquitous across the Loess
Plateau. They suggest that the base of the TU should be the boundary
between loess and Red Clay. A transitional unit with a thickness of 6 m
is also found at Tanyugou profile in this study (Figs. 3 and 9).

Previous paleomagnetic measurements of Lingtai, Baoji, Weinan,
Jingchuan, Duanjiapo and Xunyi sections in the central and southern
part of Loess Plateau have shown that the MGB is located at different
parts of L33 (Ding et al., 1998b; Sun et al., 1998; Zhao, 1989; Evans et al.,
1991; Yang et al., 2000; Zhu et al., 2000; Xue et al., 2001). Although the
MGB at Luochuan and Xifeng sections was found lying in the upper part
of the Red Clay (Heller and Liu, 1982, 1986; Sun et al., 1998), both these
sections have taken the base of WL-3 (L32 ) as the boundary of loess and
Red Clay, and hence the MGB is in fact also located in L33 (Ding et al.,
1990; An et al., 2000). As mentioned above, the MGB in Baode profile is
found in the transitional unit. The only similar observation so far was
madeat Jiaxian section,whichwasstudied indetail byDinget al. (1998a)
and subsequently by Qiang et al. (2001). Interestingly, this site is also
located in the northernpart of eastern Loess Plateau. Therefore, it seems
that there is a downward displacement of the MGB position along a
north-south transect across the Chinese Loess Plateau.

The occurrence of the MGB in loess deposits within L33 or the
transitional unit would correspond to marine oxygen isotope stage
(MIS) 104 with an astronomical age of 2.6 Ma or older (Heslop et al.,
2000; Sun et al., 2006). However, the MGB in marine sediments is
reported to be at the boundary between MIS 102 and MIS 103 with an
astronomical age of 2.58Ma (Shackleton et al.,1990,1995). The offset of
the MGB recorded in loess-Red Clay sequence and the marine
sediments may be caused by the lock-in effect that was discussed by
Zhou and Shackleton (1999). If this is the case, the lock-in depth ofMGB
in the Baode profile is 6.8 m. The MGB within Baode profile is then
displaced by about 65 ka, which is much larger than the lock-in effect
inferred by Zhou and Shackleton (1999) for the Brunhes–Matuyama
boundary at Luochuan. Since the lock-in effect of remanence acquisi-
tion in loess deposits is related to the structure of loessic materials and
regional climates (Zhou and Shackleton, 1999; Zhou et al., 2000;
Nawrocki et al., 2002), themuch larger lock-in depth of theMGB in the
Baode and Jiaxian sections might be due to the combined effect of
coarser grain size of L33 and the drier climate compared to that of the
sections in the central and southern parts of the Loess Plateau.

5.2. The age of Jingle Formation

The Jingle Red Clay was originally put forward by Teilhard and
Young (1930) based on mammalian fossils in Hefeng section, Jingle
County, Shanxi Province. Pei et al. (1963) established the Jingle Stage
and Jingle Formation without detailed descriptions. No significant
progress was made with respect to the chronologic studies until 1994.
The magnetostratigraphic work on the Jingle Formation of Hefeng
section indicated that its age is 2.5–3.4 Ma (Chen, 1994; Flynn et al.,
1997). A different age (2.5–3.0 Ma) for Jingle Formation in the same
sectionwas later reported by Yue and Zhang (1998). Subsequently, the
Duanjiapo section at Lantian in Shaanxi Province was suggested to be
the stratotype section for Jingle Formation, instead of the Hefeng
section (Zhang et al., 1999). However, since the lithology of the Lantian
sequence at Duanjiapo points to a gradual change in the sedimento-
logical pattern from mainly fluvial to predominantly aeolian Red Clay
deposits, without a distinguishable boundary (Zhang et al., 2002;
Kaakinen and Lunkka, 2003), it does not satisfy the basic requirement
for a stratotype. In amore recentmagnetostratigraphic study by Yue et
al. (2004), the sequence investigated in the Baode area did not cover
the uppermost part of Jingle Formation and the lowermost Baode
Formation. Currently, there is no agreement on the basal age of the
Jingle Formation. While Yue et al. (2004) place it at 5.3 Ma, Zhang and
Liu (2005) correlate the Jingle Formation to the Chinese mammalian
Biozone 6 and the European Mammal Neogene unit 16 (MN16), hence
with a basal age of 3.2 Ma between Chrons C2An.2r and C2An.2n
(Agusti et al., 2001). This is consistent with that of Flynn and Wu
(2001) who posit MN16 for Jingle correlative, Mazegou Formation.

Therefore, a complete and continuous sequence of Jingle Red Clay
has been needed to resolve the age problem of the Jingle Formation.
According to the original definition by Theihard and Young (1930), the
Jingle Stage represents the deposits formed in the Pliocene. Note that
the Early Pliocene for these authors was considered as late Miocene
now. Nevertheless, due to the lack of a complete sequence of the Jingle
Formation, the Jingle stage was replaced by the Gaozhuangian stage
(Qiu and Qiu, 1990). The Jingle Red Clay found at Tanyugou in this
study represents the most complete typical deposits of Jingle stage.
Based on our magnetostratigraphic timescale, the age of the Jingle
Formation is in the range between 5.34 Ma and 2.72 Ma. The Baode/
Jingle boundary marks a clear sedimentological divide which does not
coincidewith the boundary betweenMiocene and Pliocene at 5.23 Ma
established in the marine sediments.



Fig. 9. Lithostratigraphy, magnetic susceptibility, sedimentation rate of the composite profile of Baode and projected ages for fossiliferous faunas of Baode and other areas in the Loess
Plateau. TU (the transitional unit between the Loess and Red Clay). YHF (Youhe Fauna), RJPF (Renjiapo Fauna), MLF (Miaoliang Fauna), THGF (Taohuagou Fauna), LMGF (Lamagou
Fauna), YJG-1 (the upper fossiliferous layer of YJG-II profile), YJG-2 (the middle fossiliferous layer of YJG-II profile), YJG-3 (the lower fossiliferous layer of YJG-II profile).
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5.3. A new chronological framework for the Hipparion Red Clay and its
implications for the age of old mammalian localities at Baode

The magnetostratigraphic investigation for the Hipparion Red Clay
in the Baode area was carried out by Yue et al. (2004) on a Red Clay
sequence at Jijiagou with a thickness of 44.1 m. The Jingle Formation
and the Baode Formation in this profile have thicknesses of about
14.4 m and 29.7 m respectively, and the corresponding age ranges are
3.0–5.3 Ma and 5.3–8.0 Ma. Our sedimentological and magnetostrati-
graphicwork, with higher resolution on the continuous sequence from
the lower part of Wucheng Loess, through Jingle Formation to the
middle part of Baode Formation in the three representative profiles
provides a new and more detailed chronological framework for the
Hipparion Red Clay in Baode area. Our estimation for the base of the
Jingle Formation is similar to that of Yue et al. (2004), but the more
complete succession of Jingle Red Clay allows us to arrive a more
accurate age for the upper boundary of the Jingle Formation. Unfor-
tunately, the bottomageof the Baode Formation is still not determined.
However, about 70 m sediments of the lower part of the Baode
Formation has been found in Tanyugou in our recent field investiga-
tion. Further magnetostratigraphic work on this unit has the potential
to obtain a definitive age for the base of the Baode Formation.

Many mammalian fossils were reported in the late Neogene Red
Clay from different old localities in the Baode area (Zdansky, 1923).
The ages of all the mammalian fossils have been considered to be
broadly Late Miocene according to mammalian biochronology in the
earlier studies (Zdansky, 1924; Teilhard and Young, 1931; Kurtén,
1952; Forsten,1985; Qiu et al., 1987; Bernor et al., 1990). This hasmade
the correlation of the Chinese late Neogene land mammals with those
of western Eurasia very difficult, hence impeding our understanding
of the precise evolutionary stages of different mammalian
assemblages.

By correlating the mammalian assemblages from Loc.30, 31 and
Loc.49, 44 with those from Lamagou and Miaoliang of Fugu, Shaanxi
Province respectively, Zhang et al. (1995) obtained an age of about
5.3 Ma for Loc.49, 44 and an age of about 7.4 Ma for Loc.30, 31 (Fig. 9).
Xue et al. (2006)made older estimates, with the age ofMiaoliang fauna
about 5.7 Ma and the age of Lamagou mammalian fauna about 7.8 Ma.
Hence the age of Loc.49, 44 should to be about 5.7 Ma and the age of
Loc.30, 31 should be about 7.8 Ma (Fig. 9). However, Deng et al. (2004)
obtained different ages for Loc.30 and Loc.49 based on the magnetos-
tratigaphic work at Jijiagou section in Baode. They suggested that the
age of Loc.49 is about 5.5 Ma and the age of Loc.30 is 6.5–7 Ma (Fig. 9).
However, the detailedmappublished byZdansky (1923, Plate V) shows
that Loc. 49 is at the base of the Red Clay, while Loc. 30 is near the top.
These relative positions were confirmed by us during recent fieldwork
in the area. Clearly, the precise age assignments of the other old
mammalian localities as well as their correlation with other regions
such as Yushe Basin (e.g. Tedford et al.,1991; Flynn et al.,1997) remain a
challenge ahead.

5.4. Potential value for paleoclimatic reconstruction

Fig. 9 presents variations in magnetic susceptibility and sedimen-
tation rate for the major lithostratigraphical units and a summary of
current age assignments for the mammalian fauna of Baode area and
the mammalian fossils found in other areas. Three features are
striking, i.e. the difference in the magnetic susceptibility and
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sedimentation rate between the Late Miocene and the Pliocene, the
paucity of mammalian fossil finds within the Jingle Formation, and the
significant difference in the assigned age for the same classic
mammalian fossil localities.

Three distinct stagesmay be recognized on the basis of the physical
properties of the strata. The first interval covers ~7.23 to ~5.3Ma. Here
magnetic susceptibility changes with relatively lower amplitude but
higher frequency. It contains relatively thick carbonate nodule
horizons and displays a relatively high sedimentation rate. The second
interval is from ~5.3 to ~4.2 Ma, and is characterized by the lowest
sedimentation rate and consistently higher susceptibility. The third
interval is between ~4.2 and ~2.72 Ma, during which the magnetic
susceptibility increases gradually (though with large-amplitude
fluctuations), accompanied by a concurrent increase in sedimentation
rate. Given the complicated nature of magnetic susceptibility in the
Red Clay, paleoclimatic interpretation ofmagnetic signals should await
more detailed information on the origin and significance of magnetic
properties (An et al., 2001; Ding et al., 2001; Liu et al., 2001).

Fig. 9 also illustrates the potential of the new stratigraphical frame-
work for paleoclimatic reconstruction. Thewell-constrained three fossil
layers fromYangjiagou-II in our studyprovidenewopportunity to clarify
the chronological order for the isolated fossil sites. Together with pre-
vious investigations, the chronological framework established in our
study will provide good reference for future joint efforts involving
sedimentology, magnetostratigraphy and mammalian paleontology on
the strata of the old isolated localities.

6. Conclusions

(1) Basedonfield investigationsandpaleomagneticmeasurements of
three profiles in Baode, Shanxi Province, China, we have obtained
a new magnetostratigraphic scheme for the Late Neogene strata
and composite chronostratigraphic framework in the Baode area.
The basal age of the Baode profile is dated to 7.23 Ma. The three
fossiliferous layers found in the Baode profiles correspond to
6.43–6.54 Ma, 6.83–6.86 Ma and 7.15–7.18 Ma, respectively. A
systematic study of these well-constrained fossil layers will
facilitate a critical evaluation of the isochroneity and diachroneity
of mammal fossils across the loess region of northern China.

(2) There exists a transitional unit between loess and typical Red
Clay deposits. The Matuyama–Gauss geomagnetic reversal
boundary in the Baode profile falls within this unit. The lock-
in depth of the Matuyama–Gauss boundary at Baode is
estimated to be 6.8 m, corresponding to a displacement of ca.
65 ka, which is significantly larger than that proposed by Zhou
and Shackleton (1999) for the Brunhes–Matuyama boundary in
the central Loess Plateau.

(3) A continuous and complete record of the Jingle Formation was
found in the Baode profile. Based on our magnetostratigraphic
investigations, the age of the Jingle Formation ranges between
2.72 and 5.34 Ma. This also provides a record for establishing a
precise correlation between terrestrial and marine sequences
during the Miocene/Pliocene transition.

(4) There is a significant difference in lithological features,
sedimentation rate and fossil mammalian assemblages from
the late Miocene to the onset of the Quaternary in the Baode
area. According to current biochronology, mammalian fossil
finds are much rarer within the Jingle Formation than in the
underlying Baode Formation. No obvious paleoenvironmental
controls for such a contrast have been identified.
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