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The most prominent paleosol unit in the Chinese Loess Plateau (CLP) is the fifth paleosol complex (Ss) with its
well-developed very thick and dark colored pedons. To provide more insight in the formation of Ss and its envi-
ronmental significance, the pedogenesis and clay mineral transformation in the Ss of the Wugong section (Shaan-
xi Province) on the southernmost CLP are analyzed. Ss at the Wugong section is essentially composed of three
well-developed reddish pedons (i.e., Ss_1, Ss_2, Ss_3) which signify three glacial-interglacial climatic fluctuations
during its formation. Complete decalcification in each pedon and a calcic horizon of only 30-50 cm in thickness
beneath each of the three pedons suggests that after deposition the pedons developed with a relatively stable
surface in a sustained warm and humid climate. Clay formation in the Ss includes neogenesis of clay materials
by in situ post-depositional weathering and mechanical migration of the fine fraction after complete
decalcification.
Complete leaching of CaCOs3, intensive clay formation (with 60-100% higher clay content than that in the overly-
ing and underlying loess (Ls and Lg)) and extremely high magnetic susceptibility in the Ss pedons reflected a
warmer, more humid climate and soil environment for pedogenesis than in the ‘optimum’ Holocene. However,
the chemical alteration of the phyllosilicate minerals was weak and restrained by the hard calcic horizon, the
compact argillic horizon and the flat terrain. The major clay mineral weathering processes during the formation
of the Ss pedons at the Wugong section were depotassication, hydrolysis of primary minerals and degradation of
chlorite. The pedogenesis in a loess-paleosol sequence and its pedogenic environment can best be deduced from
combined data on pedogenic properties, and geochemical and mineralogical characteristics.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Thick loess—paleosol sequences on the Chinese Loess Plateau (CLP)
provide one of the most complete terrestrial records of the global
paleoclimate and the Asian monsoon through the Quaternary period
(Kukla, 1987). Loess is an eolian sediment deposited in a cold glacial pe-
riod, while paleosol is the weathered equivalent of loess formed in a
warm interglacial period. The loess—paleosol sequences on the CLP, re-
flect the balance between the accumulation rate of loess and the in
situ pedogenesis after deposition controlled by the relative strength of
the winter and summer monsoons (Liu, 1985). They have been

* Corresponding author. Tel./fax: +86 27 87287508.
E-mail address: wenfeng.tan@hotmail.com (W.-F. Tan).

http://dx.doi.org/10.1016/j.catena.2014.06.009
0341-8162/© 2014 Elsevier B.V. All rights reserved.

developed as a consequence of this alternation between the dominance
of the winter and summer monsoons that closely resemble the glacial-
interglacial cycles represented by the oxygen-isotope compositions of
foraminifera in deep sea sediments (Liu, 1985; Williams et al., 1988).
Proxies such as grain size, magnetic susceptibility and geochemistry
have been used for examining these climate changes (An et al., 1991a,
b; Ding et al., 2001; Yang et al.,, 2006).

In most regions of the CLP the fifth paleosol (Ss) is a complex
paleosol composed of three pedons, coded downwards as Ss_1, Ss_»
and Ss_3 (Han et al., 1998; Liu et al.,, 1990). Systematic correlations be-
tween marine oxygen-isotope curves and magnetic susceptibility varia-
tions of the loess—paleosol sequences suggest that S5 developed from
0.62 to 0.48 Ma B.P., and was correlated with marine oxygen-isotope
stages (6'80) from 13 to 15 (correlative to the S5_q, Ss_» and Ss_s, respec-
tively) (Heller and Evans, 1995; Kukla, 1987). The Ss, a record of climatic
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optimum during the last 1.2 Ma B.P., is the most prominent paleosol
unit on the CLP, and it is characterized by its great thickness, reddish
color, and well-developed clay coating (An et al., 1987). Pollen analysis
in the Ss paleosol of Xi'an and Baoji in Shaanxi Province, China has re-
vealed that the vegetation assemblage was characterized by a combina-
tion of temperate broad-leafed trees (e.g., Quercus, Walnut and
Basswood) and northern subtropical broad-leafed trees (e.g.,
Symplocos, Sweetgum and Pterocarya) (Zhao, 1994). Pollen evidence
further signified a dominated forest landscape paleoecology and a
northern subtropical condition for soil development in this region.
However, based on paleo-rainfall amounts evaluated by using data of
carbonate precipitation, Han et al. (1998) have suggested that in the
Shijiawan and Chang'an sections located in the Guanzhong basin, grass-
lands dominated the paleovegetation during the development of Ss_;
and that the paleoclimatic conditions were perhaps even drier than at
present (Han et al., 1998). This disparity on the paleoclimatic interpre-
tation for Ss is due to the different profiles studied and the limitations
of the climatic indicators.

To obtain additional information, Huang et al. (2011) recently con-
sidered both paleoclimatic proxies and the mineralogical differentiation
of the Holocene loess on the southernmost CLP to reveal the pedogenic
environment and the pedogenesis. Mineralogical differentiation of loess
and paleosol has occurred as result of eolian transportation and chemi-
cal weathering after deposition (Jeong et al., 2008, 2011). The various
environmental conditions that prevailed during soil formation have de-
termined the successive stages of the mineralogical evolution (Turpault
et al,, 2008). To further study the pedogenic processes and to better un-
derstand the changes of the paleoenvironment during the formation of
Ss, the mineralogy and geochemistry of the clay fractions (<2 pm) of the
Ss on the southernmost CLP (Wugong section, Shaanxi Province) are an-
alyzed and then correlated with paleoclimatic records such as, grain
size, carbonate content and magnetic susceptibility. Field-observed pro-
file characteristics of the paleosol complex in the Wugong section are
consistent with the description of the S5 in the Baoji section (Liu et al.,
1990) which is 80 km to the west of the Wugong section. The Wugong
section is part of a high platform and does not exhibit evidence of
human perturbation or accelerated erosion. The Holocene paleosol
(So) studied by Huang et al. (2011) and paleosol complex studied here
are located at the same site of Wugong. According to '“C dating of the
Holocene paleosol (Sg) and field-observed consequence of loess-
paleosol alternation, it can be confirmed that the paleosol complex
studied is the fifth paleosol (Ss). With the comprehensive analysis to-
gether with field observations, more insight is gained in the evolution
of Ss over time and in the variations of the paleoenvironment during
the formation of Ss.

2. Materials and methods
2.1. Field description and sampling

The Wugong section (N 34°19’17”, E 108°07'08") is situated on the
southernmost Chinese Loess Plateau (CLP), at an elevation of about
500 m a.s.l. (Fig. 1a). The present day average annual temperature and
precipitation are 12-14 °C and 650-750 mm, respectively. The climate
type of this region is a warm temperate semi-humid continental mon-
soon climate. In Chinese soil taxonomy, the modern zonal soil in this re-
gion is Eum-Orthic Anthrosols (Cooperative Research Group on Chinese
Soil Taxonomy, 2001).

The fifth paleosol complex (Ss) is essentially composed of three
well-developed reddish pedons (Ss_1, Ss_2, Ss_3 numbered downward)
of 1.8, 1.8 and 1.5 m in thickness, respectively (Fig. 1b, c,d). The carbon-
ate nodule horizons of 30-50 cm in thickness beneath the pedons can
easily be recognized, making them useful as a stratigraphic marker be-
tween pedons (Fig. 1b, ¢, d). Profile characteristics of the field observa-
tions are summarized in Table 1. Vertically oriented samples were
collected at 20 cm intervals from the Ss_; and Ss_,, and at 10 cm intervals

from the Ss_s. From the adjacent overlying and underlying loess (Ls and
Le, respectively) four samples were taken at 20 cm intervals. Also from
each of the three calcic horizons a sample was collected.

2.2. Analytical methods

2.2.1. Soil physicochemical properties

The samples were air dried, crushed and passed through a 0.25 mm
sieve for soil magnetic susceptibility measurement and through a 2 mm
sieve for carbonate content and particle-size distribution measure-
ments. The magnetic susceptibility (Ms) was measured by a Bartington
MS-2B susceptibility meter at low-frequency (0.47 kHz/y¢) and record-
ed in SI unit (10~8 m>?/kg) (Zhou et al., 1990). Soil calcium carbonate
was determined by using the Chittick apparatus (Dreimanis, 1962).
For further analysis the samples were pretreated for further analysis
with acetic acid solution buffered with sodium acetate (pH = 5.0) to re-
move the calcium carbonate and with 10% H,0, solution to remove or-
ganic matter. Suspensions were then washed several times with
distilled water to remove excess ions and to assist dispersion of the
clays. Silt and clay were separated from the sand fraction (2-
0.05 mm) by wet-sieving through a 0.05 mm sieve. The silt fraction
(0.05-0.002 mm) was separated from the clay fraction (<0.002 mm)
by sedimentation under gravity (Gee and Bauder, 1986). The clay frac-
tion was washed and centrifuged repeatedly with double deionized
water and anhydrous alcohol to remove the excess salts. The sand, silt
and concentrated clay fractions were dried and weighed to obtain the
percent of each fraction.

The chemical composition of the selected clay samples was deter-
mined by wavelength dispersive X-ray fluorescence spectrometry
(WD-XRF, PW4400) at the State Key Laboratory of Loess and Quaterna-
ry Geology of the Institute of Earth Environment, Chinese Academy of
Sciences in Xi'an. To perform the analysis a 0.6 g clay sample was
mixed with 6 g of dry lithium tetraborate (Li,B40-) and fused into a
32 mm diameter glass bead. Calibrations were done with 28 nationally
certified reference materials of soil (GBW07401-GBW07416 and
GBWO07301-GBWO07312). Analytical accuracy was checked by parallel
analysis of two national standards (GSS-8 and GSD-12), and amounted
to 1-2%.

2.2.2. Soil mineralogy

Mineralogical measurements of the clay fractions were carried out
by X-ray diffraction (XRD). Prior to the XRD measurement free Fe-
oxides and amorphous Al-phases were removed by dithionite-citrate-
bicarbonate (DCB) extraction (Mehra and Jackson, 1960; He et al.,
1994). For the XRD measurements specimens of the clay samples
were saturated with magnesium (Mg) or with potassium (K) and
mounted as slurries on glass slides. Air-dried Mg-saturated samples
were analyzed at 25 °C after solvation in glycerol for 24 h (Mg-glycer-
ol). Air-dried K-saturated samples were X-rayed at 25 °C before and
after heating at 300 °C and 550 °C for 2 h (K-25 °C, K-300 °C, K-
550 °C). Another specimen of clay was treated in 6 M HCl to remove
possible chlorite and saturated with K and X-rayed at 25 °C (HCI-K).
The 3° to 30° (26) range was scanned stepwise at a scanning speed of
1° (26) min~ ! by using a Bruker D8 X-ray diffractometer (CuKo radia-
tion generated with 40 kV accelerating potential and 40 mA tube
current).

Identification of the clay minerals was based on the comparison
of the XRD patterns obtained under the five different measurement
conditions: Mg-glycerol, K-25 °C, K-300 °C, K-550 °C and HCI-K. II-
lite is recognized by its 1.0 nm peak in all treatments. Smectite is
identified by the presence of a 1.8 nm peak in the Mg-glycerol sam-
ple and the absence of this peak in all K-saturated samples. Vermic-
ulite is identified by the presence the 1.4 nm peak in the Mg-
glycerol sample which is absent in the K-25 °C sample. Chlorite
maintains a 1.4 nm peak after heat treatment of 2 h at K-550 °C.
Kaolinite is identified by the presence of a peak at 0.71 nm in the
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Fig. 1. Location and stratigraphy of the Ss profile of the Wugong section. (a) Location of the Wugong; (b-d) profiles of the Ss_;, Ss_» and Ss_s, respectively.

Mg-glycerol, K-25 °C, K-300 °C and HCI-K sample but the absence of
this peak in the K-550 °C sample. Semi-quantitative estimates of the
proportions of the clay minerals in the samples were derived from
the integrated peak areas of the characteristic peaks (Pai et al.,
1999). The relative percentages of illite, smectite, chlorite, vermicu-
lite and kaolinite were determined using empirically estimated
weighting factors (Biscaye, 1964; Brindley and Brown, 1980). Kao-
linite and chlorite were identified by the presence of a peak at
0.71 nm and separated by the peaks at 0.358 nm (kaolinite,

d(002)) and 0.354 nm (chlorite, d(004)) in the Mg-glycerol sample
(Biscaye, 1964; Hillenbrand and Ehrmann, 2001).

3. Results
3.1. Soil chemical and physical characteristics

CaCOs3 in accumulated eolian dust is soluble and mobile and can be
affected by pedogenetic processes (Gallet et al., 1996). Variations in
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Table 1
Description of the fifth paleosol complex (Ss) in the Wugong section on the southernmost Loess Plateau, China.

133

Stratigraphic Thickness Pedological description”

subdivisions (cm)

Ls Overlying Light yellowish-brown (10YR7/6)%, silty clay loam, granular structure, firm, abundant fine bio-pores.
loess

Ss.1 180 0-20 cm, light brown (7.5YR5/6), silty clay loam; 20-180 cm, reddish-brown (5YR4/6), silty clay.

Prismatic structure, firm, a small quantity of pseudomycelium in the 0-40 cm horizon, small rusty and dark mottles disperse in the 40-80 cm
horizon, abundant clay coating on the walls of soil pores and cracks in the middle and lower part.

Calcic horizon (30 cm)
Ss2 180

0-40 cm, yellowish-brown (10YR5/6), 40-80 cm, brown (7.5YR4/6), silty clay loam

80-180 cm, muddy reddish-brown (5YR4/4), 80-160 cm, silty clay.
Prismatic structure, firm, abundant pseudomycelium in the 0-60 cm horizon, moderate clay coating in the lower part.

Calcic horizon (30 cm)
Ss.3 150
loam.

0-20 cm, brown (7.5YR4/4), silty clay loam; 20-100 c¢m, muddy reddish-brown (5YR4/4), silty clay; 100-150 cm, brown (7.5YR4/6), silty clay

Prismatic structure, firm, moderate pseudomycelium in the 0-30 cm horizon.

Calcic horizon (50 cm)

Ls Underlying  Light yellowish-brown (10YR7/6), silty loam, granular structure, firm, moderate pseudomycelium, abundant fine bio-pores.

loess

¢ Munsell soil color chart.
b Sand: 2-0.05 mm, silt: 0.05-0.002 mm, clay: <0.002 mm.

carbonate contents of the loess-paleosol layers are therefore the result
of leaching and are indicative of the changes in precipitation and soil
moisture during the dust accumulation and pedogenesis after deposi-
tion. The CaCO3 content in each paleosol pedon (Ss_j, Ss_» and Ss_3) de-
creased with depth and reached the lowest level (approximately equal
to zero) in the sub-horizon (Fig. 2a), which signified the intensive decal-
cification in the paleosol pedons. Dissolved carbonate was precipitated
in the horizon beneath each paleosol pedon as indicated by the white
and firm calcic horizon with a depth of 30-50 cm (Table 1 and Fig. 1)
and extremely high CaCOs; content varying between 35% and 55%
(Fig. 2). By assuming that the carbonate content of least-weathered
loess is about 10% (Liu, 1966), the 10-12% carbonate detected in the

overlying loess (Ls) indicates a very scarce soil water reserve and high
evaporation. The higher CaCO5 content (15-20%) in the underlying
loess (Lg) must be the result of a combination of sedimentation of eolian
dust with plenty of carbonate during the glacial period plus post-
pedogenic leaching from the Ss_; during the warmer and wetter
paleoclimate.

The particle size distribution in the loess—paleosol sequence reflects
the balance between accumulation rate of loess and in situ pedogenesis
after deposition (Huang et al., 2011). The sand fraction of the fifth
paleosol complex (Ss) and the adjoining loess layers (Ls and Lg) in the
Wugong section is relatively low (3-16%) and the clay and silt fractions
are depicted in Fig. 2b and c, respectively. The S5 pedons had a silty clay

CaCO5(%) Clay (%) Silt (%) C/S (%) Mg(10¥m3/kg)
00 102040 50 1020304050 40 50 60 70 0.3 0.6 0.9 1.2 80 160 240 320
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Fig. 2. CaCO; content, particle-size distribution, clay/silt ratio and magnetic susceptibility (Ms) of the Ls, Ss and Lg in the Wugong section on the southernmost Loess Plateau, China.
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loam to silty clay texture with respectively, 43% to 57% silty grains (50—
2 um) and 30% to 53% clay grains (<2 um). The overlying and underlying
loess (Ls and Lg) and calcic horizons had a silty loam or silty clay loam
texture with dominated silty grains, ranging from 58% to 69% (Table 1
and Fig. 2b, c). The fine-grained paleosol pedons (Ss_, Ss5_> and Ss_3)
showed considerably higher clay contents than the loess layers (Ls
and Lg) and calcic horizons. In general, this implies that the paleosol
pedons have undergone considerable weathering and pedogenesis in
the warm and humid climate resulting in the large neoformation of
fine grains.

In the pedon profiles, bowed trends in the silt and clay fraction
curves were observed with a tendency of increasing clay content

K-25°C
Il K-300°C
S,

K-550°C

towards the subsoil (Fig. 2b, c). The clay content is maximized in the
middle part of Ss_; and Ss_3, and in the lower part of S5_,. In general, a
decrease in grain size is the result of the concomitant effects of
weathering due to the physical breakdown of coarse particles and
chemical neo-formation of clays. In the Ss_; pedon the clay/silt ratio
(Fig. 2d) reached the maximum value of 1.2, which signified more in-
tensive clay formation in this pedon than in the S5_, and Ss_3 pedons
with a maximum clayy/silt ratio of no more than 0.9.

Magnetic susceptibility (Ms) is a measure of the concentration and
categories of ultrafine-grained ferromagnetic minerals contained within
the soil samples. The pedogenic origin is the prevailing hypothesis that
accounts for the enhancement of magnetic susceptibility in loess and

r\

W, Mg-glycerol

Fig. 3. XRD patterns (CuKa) with different treatments of oriented clay samples from the loess layers (Ls and Ls) and calcic horizon in the Wugong section on the southernmost Loess Pla-

teau, China.



C-Q Huang et al. / Catena 122 (2014) 130-139 135

paleosol (Zhou et al., 1990). The variation in Ms is therefore considered
to be a record of the changes in intensity of pedogenesis, which result
predominantly from precipitation changes related to the monsoonal cli-
matic variation (An et al, 1991b). Magnetic susceptibility in each
paleosol pedon first increased and then decreased gradually with
depth. Overall, the magnetic susceptibility in each paleosol pedon
(230-310 SI/10~ 8 m?/kg, 130-260 SI/10~8 m3/kg and 80-200 SI/10~8
m?>/kg for Ss_1, Ss_ and Ss_s, respectively) was higher than those in
the overlying and underlying loess (Ls and Lg) and calcic horizons,
which signified a more intensive pedogenesis in the paleosol pedons
than that in the loess layers and calcic horizon. The higher magnetic

3 6 9 1215 18 21 24 27 30
°20

21 24 27 30

3 6 9 1215 18
20

susceptibility of Ss_; than of Ss_, and Ss_3 indicates that Ss_; had under-
gone more intensive pedogenesis than Ss_, and Ss_s. The lower magnet-
ic susceptibility in the calcic horizons than in the Ls and Lg is due mainly
to the dilution effect of the higher CaCO3; content in the calcic horizons
(Fig. 2a, e).

3.2. Composition of phyllosilicate minerals
The XRD patterns of the oriented clay samples from the Ls and Lg

layers and the calcic horizons are depicted in Fig. 3. The broad peak
around 1.8 nm in the Mg-glycerol XRD pattern was ascribed to the

Mg-glycerol

|
N
}

" k-3000C
K

Mg-glycerol

020

Fig. 4. XRD patterns (CuKot) with different treatments of oriented clay samples from the Ss pedons in the Wugong section on the southernmost Loess Plateau, China.
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presence of smectite and the intensive reflection peak at 1.0 nm peak in
all the XRD patterns to illite. The 1.4 nm d-spacing peak was attributed
to vermiculite and chlorite because this peak decreased and shifted to
lower d-spacing resulting in an increasing intensity of the 1.0 nm reflec-
tion peak after K-25 °C and a peak at approximately 1.4 nm remained
after K-550 °C. The XRD reflection peak at 0.71 nm was attributed to
chlorite and/or kaolinite. The presence of the 0.71 nm peak in the HCI-
K XRD pattern and its reduction after K-550 °C confirmed the presence
of kaolinite. The XRD patterns illustrated that the major components of
phyllosilicate assemblage in the Ls and Lg from the Wugong section
were illite, chlorite, vermiculite, kaolinite and smectite. The XRD pat-
terns of the oriented clay samples from the calcic horizons were compa-
rable with those from Ls and Lg (Fig. 3) which implied the same
phyllosilicate mineral composition in these layers.

In general, the XRD patterns of the oriented clay samples from the
paleosol pedons (Ss_1, Ss_2, Ss_3) (Fig. 4) exhibited very similar changes
with the five treatments throughout of the whole profile as those from
the Ls and Lg. However, close inspection of Figs. 3 and 4 showed that
there was no visible reflection peak around 1.8 nm in the Mg-glycerol
XRD patterns of the paleosol pedons (Fig. 4), which reflected the ab-
sence of well-crystallized smectite or a rare smectite that could not be
detected in the paleosol pedons.

Semi-quantitative phyllosilicate compositions of the Ls, S5 and Lg
stratums as a function of depth are summarized in Fig. 5. Illite (60-
75%) was the dominant constituent. Chlorite (0-15%) and vermiculite
(0-15%) contents were of secondary importance and Kaolinite (0-
10%) and smectite (0-5%) contents were low. The illite content first in-
creased with increasing depth and then decreased in deeper horizons of
the paleosol pedons (Ss_1, Ss_3, Ss_3). The trends in variations of the
chlorite content in the paleosol pedons were roughly opposite to the
variations in illite content. Kaolinite and smectite contents in the clay
fractions did not vary significantly with depth in the three paleosol
pedons.

Table 2
[llite weathering characteristics (half height width (HHW), integral breath (IB), and

chemical index of illite (ICI)) of the Ls, S5 and Lg in the Wugong section on the
southernmost Loess Plateau, China.

Stratigraphic subdivisions IC (e

HHW (°A26) IB (°A26)
Ls 0.273 + 0.006 0.459 + 0.010 0314 £ 0.043
S5.1 0.320 4 0.029 0.542 + 0.048 0.333 + 0.031
Ss-2 0.274 £ 0.005 0483 £ 0.019 0.324 + 0.037
Ss-3 0.278 £ 0.008 0479 + 0.022 0.297 £ 0.025
Ls 0.280 + 0.023 0.492 + 0.037 0322 4+ 0.018

3.3. Illite weathering

The illite weathering characteristics can be quantified by the ‘illite
crystallinity’ (IC) and ‘illite chemistry index’ (ICI). The IC is composed
of two values that characterize the 1.0 nm peak in the Mg-glycerol
XRD patterns: the half height width (HHW) and integral breadth (IB)
of the 1.0 nm peak. The IB is the width of the rectangle that has the
same height and the same area as the measured peak (Ehrmann,
1998). The ICl is determined from the ratio of the areas of the peaks at
0.5 nm and 1.0 nm in the Mg-glycerol XRD patterns (Liu et al., 2005).
Ratios below 0.5 represent Fe-Mg-rich illites, and ratios above 0.5 rep-
resent Al-rich illites (Liu et al., 2005). The obtained IC and ICI values
are collected in Table 2. The average values of HHW and IB in the Ls,
Ss and Lg stratums varied from 0.273 to 0.320 (°A26), and from 0.459
to 0.542 (°A20), respectively. The relatively high values of HHW and
IB in the S5_; pedon compared to those in the other subdivisions repre-
sent low illite crystallinity in the Ss_;. According to Ehrmann (1998), the
low illite crystallinity is characteristic for a relatively intensive hydroly-
sis in humid and warm continental climate during the formation of Ss_;.
The ICI values in the fifth paleosol complex (Ss) that varied between
0.297 and 0.333 were less than 0.50, which indicated that Fe-Mg-rich il-
lite was observed. According to Liu et al. (2005), this also implied weak
chemical weathering.

Tllite Chlorite Vermiculite Kaolinite Smectite
(%) (%) (%) (%) (%)
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Fig. 5. Mineralogy in weight percent of the clay fraction from the Ls, Ss and Lg in the Wugong section on the southernmost Loess Plateau, China.
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Table 3
Major elements as weight percent (wt. %) in the clay fraction (<2 pm) for selected samples of the Ls, Ss and Lg in the Wugong section on the southernmost Loess Plateau, China.
Stratigraphic subdivisions Depth (cm) Si0, Al,O3 Fe,03 LOI Si0,/Al,03 Si04/R,05"
Ls 20 42.25 19.97 9.03 12.91 4.00 3.03
Ss.1 100 49.29 22.05 10.68 8.27 3.80 2.90
140 50.05 22.70 10.74 84 3.75 2.88
Ss2 330 49.94 2193 10.92 5.36 3.87 294
350 48.51 21.56 10.85 8.06 3.83 2.90
Ss.3 500 48.60 21.89 10.72 8.08 3.77 2.88
530 47.85 22.04 10.61 8.65 3.69 2.82
Ls 700 40.32 16.79 8.15 15.42 408 3.12

LOI: Loss on ignition at 1000 °C.
LOL: Loss on ignition at 1000 °C.
¢ Total Fe as Fe,0s.
b R,05 = ALO; + Fe,0s.

3.4. Geochemical characteristics

Chemical compositions of the clay fractions of the paleosol pedons
(Ss-1, Ss_» and Ss_3) and the loess layers (Ls and Lg) as determined by
XRF are summarized in Table 3. Consistent with the mineralogy, the
chemical composition of the clay fraction was dominated by SiO, (40-
50%), Al;03 (16-23%) and Fe,05 (8-11%). Al,03 and Fe,03 were approx-
imately 15-30% higher in the Ss pedons than in the Ls and Lg, indicating
that the Ss pedons had undergone stronger chemical weathering and
leaching under the warmer and wetter paleoclimate and the more
acidic environment. The molecular ratios of SiO,/Al,03 and SiO,/
(Al;05 + Fe,03) (Table 3) serve as indicators of the chemical weathering
of the silicate minerals. The lower ratios in the Ss pedons than in the Ls
and Lg also implied relatively intensive desilication in the Ss.

4. Discussion
4.1. Decalcification and paleo-rainfall

Calcium carbonate in the paleosol pedons (Ss_1, S5, Ss-3) was inten-
sively leached (Fig. 2), and dissolved carbonate was precipitated
beneath Ss_1, Ss_» and Ss_3, as indicated by the hard white calcic hori-
zons (Fig. 1, Table 1). This illustrates that the paleosol pedons (Ss_1,
Ss.2, Ss_3) have experienced intensive decalcification which is charac-
teristic for high paleo-rainfall during the paleosol-forming process.
The calcic horizons of 30-50 cm in thickness for Ss_, S5_5, S5_3 indicate
that after deposition the pedons developed with a relatively stable sur-
face in a sustained warm and humid climate. In other words, the fifth
paleosol complex (Ss) signifies three glacial-interglacial climatic fluctu-
ations during the formation of Ss.

Although the weakly developed paleosol is alkaline at the beginning
of the pedogenesis after eolian deposition, the eluviation and precipita-
tion of carbonate could also happen at this condition (Zhao, 1994). The
mineralogical composition of carbonate nodules collected from the CLP
is mainly calcite together with some primary silicate minerals such as
quartz, plagioclase, orthoclase and illite (Yang et al., 2013a). It can be
speculated that eluviation and precipitation of carbonate occurred in
the early stage of the pedogenesis and that these processes were just
transient in the whole pedogenesis history. The CaCOs content in the
sub-horizon of S5_q, Ss_» and Ss_3 was approximately equal to zero
(Fig. 2a), which signified the complete decalcification in the paleosol
pedons. Hence, it can be concluded that the eluviation and precipitation
of carbonate did not last for the whole pedogenesis. In general, one
should be very careful when quantitatively evaluating paleo-rainfall
amounts for a paleosol by using data of carbonate precipitation since
the conclusion based on precipitated carbonate, that the climate condi-
tion for the Ss_; located in the Guanzhong basin on the southernmost
part of the CLP was even drier than at present (Han et al., 1998) is
debatable.

A paleosol unit, referred to as vermiculated red soil (VRS), which is
correlative to the S4 and Ss paleosol units on the CLP and to the marine

oxygen-isotope stages 11-15 (Jiang et al., 1997; Qiao et al., 2003; Yin
and Guo, 2006), is widely distributed in the region south of the Yangtze
River. Formation of the white vein in the VRS primarily correlates with
the development of Ss_; and implies a Mid-Pleistocene extreme East
Asian summer monsoon (Yin and Guo, 2006). During the warmest
and wettest climate span of 2.5 Ma when S5 was formed, the Qinling
Mountains lost their function as a climatic boundary between the sub-
tropical and temperate zones of East Asia (Zhao et al., 2013). The
moist summer air masses could cross the Qinling Mountains and
reach the Guanzhong Plain where they led to high precipitation.
Paleopedological, geochemical and magnetic susceptibility data from
Xifeng, Changwu and Weinan sections (Guo et al., 1998) and analysis
of dark red-brown lumpy ferruginous argillans (LFAs) (Zhao et al.,
2013) and pollen (Zhao, 1994), all suggest that while the S5 developed
a subtropical climate prevailed on the southern Loess Plateau with a
higher mean annual temperature (by 4-6 °C) and higher rainfall (by
200-500 mm) than at present.

4.2. Clay transformation and translocation

In general, clay enrichment due to soil formation in a humid climate,
can act as an index of the effect of the summer monsoon on the pedo-
genesis intensity. The early weathering stage of the quaternary loose
sediment is accompanied by chemical weathering as there is no physical
weathering on the rock breaking and the refinement of coarse grain ma-
terials. This chemical weathering strengthened the clay formation in
loess—paleosol sequences (Gong, 1992). The average clay content in
the three pedons was 60-100% higher than that in the overlying and un-
derlying loess (Ls and Lg). This reflects not only the decreased effect of
the winter monsoon on particle sorting of the eolian deposits, but also
the intensified in situ clay neogenesis after deposition (Huang et al.,
2011). Comparison of the particle analysis and clay/silt ratio results ob-
tained for the S5 pedons and the Holocene paleosol (Sy) in the Wugong
section (Fig. 2 and Huang et al., 2011, Fig. 2) reveals a more intense pro-
cess of clay formation in the S5 pedons than in the Holocene paleosol
(So). It can therefore be deduced that warmer and wetter climate condi-
tions and soil environment have occurred in the period of the develop-
ment and evolution of the Ss pedons than during the ‘optimum’
Holocene.

Laboratory data-indicated peaks for clay fractions of the three
paleosol pedons (Ss_1, Ss_2, S5_3) and field-observed clay coatings on
ped-faces, together with carbonate leaching and accumulation within
each pedon indicate material translocation within Ss (Fig. 2, Table 1).
Mechanical migration (translocation) of clays can occur easily when de-
calcification is complete (Birkeland, 1974). Generally, the middle and
lower horizons of the Ss_i, Ss_, and Ss_3 were largely free of carbonate,
which signified complete decalcification, and hence the translocation
of clays in the S5 pedons downwards in the profile was possible. It can
conclude that clay formation in the S5 pedons included neogenesis of
clay materials by in situ post-depositional weathering and fine fraction
mechanical migration.
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4.3. Mineral weathering

Clay minerals in the fifth paleosol complex (Ss) and the overlying
and underlying loess (Ls and Lg) were dominated by illite with different
amounts of chlorite, vermiculite, smectite and kaolinite throughout the
profiles (Fig. 5). Inferring from the comparable mineral compositions,
the parent materials throughout the profiles (Ls, Ss and Lg) should
also be comparable and have similar initial mineralogical composition.
Compared to the loess horizons (Ls and Lg) chlorite in the three paleosol
pedons (Ss_1, Ss_2, Ss_3) decreased, while illite increased. However, the
increase in illite ( 10%) was larger than the decrease in chlorite (Fig. 5)
which reflects not only the transformation of chlorite, but also the
weathering of the primary minerals (e.g. mica, feldspar) (Jeong et al.,
2008) into illite in the Ss pedons. This implies intensive mineral
weathering and soil evolution due to the enhanced physical, chemical
and biological weathering under the humid and warm climate during
the development of the S5 pedons. This is in accordance with the illite
weathering characteristics and chemical composition (the relative
higher illite chemistry index and the lower illite crystallinity and SiO,/
R,05 ratio in the Ss pedons than in the Ls and Ls) (Tables 2 and 3). As
the main iron-bearing silicate mineral, the weathering of chlorite pro-
vided free iron for the production of nanoscale Fe-oxides in the pedo-
genic process (Yang et al., 2013b). These Fe-oxides are responsible for
the enhancement of the magnetic susceptibility signal in the Ss pedons
(Fig. 2e). Only trace amounts of smectite were detected in the profiles
and absent in the paleosol pedons (Fig. 5) due to the increase in base
leaching by the increased precipitation. Small amounts of kaolinite
were found throughout the profile and the amounts were not subjected
to any recognizable trends in the distribution (Fig. 5). The occurrence of
smectite and kaolinite in the less weathered loess layers (Ls and Lg)
gives reason to believe that they are not newly formed within the pro-
file, but originated from previously weathered source material
transported from the northwestern arid inland deserts.

A similar composition of phyllosilicates was found in the Holocene
paleosol (Sp) in the Wugong section on the CLP (Huang et al., 2011).
Compared with the So, complete leaching of CaCOs, intensive clay for-
mation (i.e., in situ clay neogenesis after deposition and mechanical
translocation of clays) and extremely high magnetic susceptibility in
the S5 pedons suggests a more intensive pedogenesis under the warmer
and more humid climate and soil environment than in the optimum
stage of the Holocene. However, the chemical weathering intensity in
the Ss pedons was approximately similar to that in the Sy as reflected
by the similar SiO,/R,03 ratios. These ratios varied from 2.82 to 2.94 in
the Ss pedons (Table 3), and from 2.84 to 3.02 in the Sp (Huang et al.,
2011, Fig. 3). There are three reasons that can explain this contradiction.
(1) The Ss pedons have a lower permeability than Holocene paleosol be-
cause of their fine grain-size composition (Fig. 2) and firm structure
(Table 1) with a higher bulk density (1.65 to 1.70 g/cm?, unpublished
data). (2) The Ss contains hard calcic horizons of 30-50 cm in thickness
beneath the paleosol pedons (Ss_1, Ss_», Ss_3), which were formed at the
early stage of pedogenesis and these calcic layers could act as an
‘aquifuge’ to block element leaching out of the paleosol pedons.
(3) The Wugong section was part of a high platform long before the for-
mation of Ss of great depth, and the low gradient of the platform prob-
ably led to only a small interflow and concomitant element leaching.
Together, the hard calcic horizon, the compact argillic horizon and the
flat terrain reduced the permeability of the Ss and limited loss of alkali
and alkaline earth elements from the parent materials, consequently
mineral weathering was inhibited.

5. Conclusions

The fifth paleosol complex (Ss) in the Wugong section on the south-
ernmost Chinese Loess Plateau (CLP) is basically composed of three
thick and well-developed reddish pedons (Ss_1, Ss_3, Ss_3). The three
pedons signify three glacial-interglacial climatic fluctuations during

the formation of Ss. After deposition the Ss_q, Ss_ and Ss_3 developed
with a relatively stable surface in a sustained warm and humid climate.
This could be concluded from the complete decalcification in each
pedon and the calcic horizons of only 30-50 cm in thickness beneath
each of the pedons. The complete decalcification in each pedon makes
translocation of clays easy. Clay formation in the S5 pedons therefore in-
cludes not only neogenesis of clay materials by in situ post-depositional
weathering, but also fine fraction mechanical migration.

Complete leaching of CaCOs, intensive clay formation and extremely
high magnetic susceptibility in the S5 pedons signified a more intensive
pedogenesis under a warmer and more humid climate and soil environ-
ment than during the ‘optimum’ Holocene. However, chemical alter-
ation of phyllosilicate minerals was weak due to the reduced
permeability of the S5 and the limited loss of alkali and alkaline earth el-
ements from parent materials resulted from the hard calcic horizon, the
compact argillic horizon and the flat terrain. The major clay mineral
weathering processes for soil-formation of the Ss in the Wugong profile
were depotassication and hydrolysis of primary minerals and degrada-
tion of chlorite.
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