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CHRONOFUNCTIONS OF HEILU SOIL DEVELOPED
FROM LOESS IN LUOCHUAN, ON THE CHINESE
LOESS PLATEAU®

Gang Liu®, Wennian Xu® & Chongfa Cai*”

SUMMARY

Soil chronofunctions are an alternative for the quantification of soil-forming
processes and underlie the modeling of soil genesis. To establish soil
chronofunctions of a Heilu soil profile on Loess in Luochuan, selected soil properties
and the 14C ages in the Holocene were studied. Linear, logarithmic, and third-
order polynomial functions were selected to fit the relationships between soil
properties and ages. The results indicated that third-order polynomial function fit
best for the relationships between clay (< 0.002 mm), silt (0.002-0.02 mm), sand
(0.02-2 mm) and soil ages, and a trend of an Ah horizon ocurrence in the profile.
The logarithmic function indicated mainly variations of soil organic carbon and
pH with time (soil age). The variation in CaCO; content, Mn/Zr, Fe/Zr, K/Zx, Mg/Zr,
CalZrx, P/Zr, and Na/Zr ratios with soil age were best described by three-order
polynomial functions, in which the trend line showed migration of CaCO3;and some
elements.

Index terms: *C age, soil properties, element migration, soil development.
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RESUMO: CRONOFUNCOES DO SOLO “HEILU” DESENVOLVIDO DE

LOESS EM LUOCHUAN, PLATEAU DE LOESS DA CHINA

Cronofungdo de solo é uma alternativa para quantificar processos de formagdo de solo e
o fundamento para a modelagem da génese de solo. Para estabelecer essas cronofungées,
propriedades de solos selecionadas e datagdo com 14C no Holoceno, em perfil do solo “Heilu”
em um Loess de Luochuan, foram estudadas. Fungées linear, logaritmica e polinomial de
terceira ordem foram selecionadas para ajustar as relagées entre propriedades e idades dos
solos. Os polinémios de terceira ordem apresentaram o melhor ajustamento para as relagoes
entre argila (< 0,002 mm), silte (0,002-0,02 mm), areia (0,02-2 mm) e idades dos solos e uma
tendéncia para a presen¢a de horizonte Ah no perfil. A fung¢do logaritmica indicou
preferencialmente variagées no contetido de C organico e pH com o tempo (idade do solo). A
variagdo no contetido de CaCOs e nas razées Mn/Zr, Fe/Zr, K/ Zr, Mg/ Zr, Ca/Zr, P/ Zr e Na/
Zr com a idade do solo foi mais bem descrita pelas fungdes polinomiais de terceira ordem, nas

quais, como tendéncia, observou-se migragdo de CaCOjse de alguns elementos.

Termos de indexagdo: datagdo de 14C, migragdo de elementos, desenvolvimento de solo.

INTRODUCTION

Since soil genesis can hardly be observed directly
over decades and centuries, the research of soil
chronosequences is the most suitable way to obtain
quantitative knowledge on soil development (Vreeken,
1975; Bockheim, 1980). A soil chronosequence is a
quantitative description of how the soil properties in
a given area change with time (Vincent, 1994). Soil
chronofunctions have been equated with the
mathematical expression of chronosequence data,
typically utilizing correlations and curve-fitting, or
some derived combination. They are useful for
studying pedogenesis, relative dating of surfaces and
geologic events, and for predicting recovery rates of
disturbed soils. Therefore, numerous studies on
chronosequences and chronofunction construction
were carried out in the last decades (e.g. Bockheim,
1980; Huggett, 1998; Wilcke et al., 2003). Most of
the soil chronosequence studies suggest linear, power,
exponential or logarithmic changes of soil properties
with time (Bockheim, 1980; Birkeland, 1984; Huggett,
1998). However, these functions are not always the
best option for chronofunctions. Hyperbolic,
polynomial or nonlinear functions might improve not
only the fit of the chronofunction but also advance
our understanding of the pedologic system. The
appropriate chronofunction model should be selected
for both a good fitting, as well as theoretically
matching the expected temporal trend (Schaetzl et
al., 1994). After a chronofunction has been obtained
from a data set, the y-intercept may also be used to
reconstruct the situation at time zero (Schaetzl et al.,
1994).

The well preserved Heilu soil could provide
important information about the environmental
evolution on the Chinese Loess Plateau in the Holocene
(Liu, 1965; Tang & He, 2004). Heilu soils are principal
soil components on gently rolling or undulating land
surfaces of the Loess Plateau, where past erosion was

limited. Several studies on chronosequences of the
Heilu soil profile were carried out, but the
chronofunctions were seldom descibed (Hu, 1994,
Chen et al., 1998; Tang & He, 2002). The aim of this
study was to characterize properties in a well-
constrained and dated Holocene Heilu soil profile,
establishing soil chronofunctions to improve the
understanding of soil formation and development with
time, to provide a theoretical basis for predictions of
soil recovery and data for modeling soil genesis (Finke
& Hutson, 2008).

MATERIALS AND METHODS

Study area

The Loess Plateau in northwest China covers an
area of 530,000 km2, larger than Spain and almost
as large as France; the thickness of the loess cover
ranges from about 30 to 80 m. The loessial soils are
characterized by yellowish colors, absence of bedings,
silty texture, looseness, macroporosity and
collapsibility when saturated. The Loess Plateau is
divided into three zones: sandy loess in the northern
part, typical loess in the middle, and clayey loess in
the south (Liu, 1965). The soil chronosequence studied
was located in Luochuan N35°42.561°, £109°23.952’,
where the landform is a loess tableland, in the center
of the Chinese Loess Plateau (Figure 1). The climate
of this area is characterized as warm and semi-humid
continental monsoonal. Mean annual precipitation
in Luochuan is about 622 mm, concentrated in the
summer (July to September). In contrast, the climate
is cold and dry in winter, with little rainfall. The
mean annual temperature is 9.2 °C. The current
vegetation in the study area is dominated by grasses
and shrubs (Poaceae, Leguminosae, Labiatae,
Rhamnaceae, and Compositae).
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Figure 1. Location of the soil chronosequence within the study area in Luochuan, China.

Field work and laboratory analyses

The soil layers were sampled from the face wall of
a hand-dug pit, approximately 50 x 200 cm at the top
and about 200 cm deep. The samples were uniformly
obtained the pit walls at 10-cm intervals and the soil
morphology routinely described. The interval was
occasionally adapted, to avoid sampling across a
horizon boundary.

In the laboratory, after air-drying and removing
visible roots and stone fragments, samples were
passed through a 2 mm sieve. The amounts of organic
carbon and carbonate-carbon were determined by a
carbon analyzer with stepped heating of the dried
sample in a Leco multiphase carbon analyzer (RC 412),
successively measuring both carbon fractions in two
replicates. After pretreatment to remove organic
matter, particle size analysis was carried out by a
laser granulometer. The pH was determined in deionized
water at a soil:water ratio of 1:2.5 (Schlichting et al.,
1995). The total elements, including Mn, Fe, K, Na,
Ca, Mg, and Zr were determined by X ray fluorescence
analysis (XRF) of fused discs. P was extracted
sequentially by the procedure developed by Hedley et
al. (1982) and measured by an absorption
spectrophotometer.

For all soil samples, humin extraction and
radiocarbon dating were carried out at the AMS 14C
laboratory of the Institute of Earth Environment,
Chinese Academy of Sciences, China. Many *C
results indicate possible contamination with younger
material, modifying results, which can therefore be
considered as minimum ages only. Zhou et al. (1990)
studied one section in the Loess Plateau (Bei Zhuang

Cun) in great detail, and established a reliable
chronology after developing specific sample
pretreatment techniques for the site.

Data evaluation

The results of the laboratory analyses were
evaluated by analyzing soil depth functions and
chronofunctions. In this study, three kinds of widely
used functions (Bockheim 1980; Schaetzl et al., 1994)
including linear (Y=a + bX), logarithmic (Y=a + bln
X), and third-order polynomial equations (Y=a + bX
+ cX? + dX?%) were fit to the relationships between soil
properties (Y) and soil ages (X). The appropriate
chronofunction model was selected by the coefficient
of determination (r%) and the expected temporal trend
was matched theoretically.

RESULTS AND DISCUSSION

Soil morphology and classification

Zhu (1983) proposed the name Heilu for a kind of
soil that differs clearly from the regional light
“Chestnut” and “Kastanozems” soils. Heilu soils have
brownish dark grey humus horizons at the surface
that are usually 60—100 cm thick. Below the humus-
rich horizons, the deeper horizon is light gray-brown
in color. Predominant textures in the profile are light
to medium loam although the humus-rich A horizon
contains 8.5-22 % clay. Illuvial Carbonate precipitates
from deeper horizon appear mostly in pseudomycelial
and powdery form. Small numbers of carbonate
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microconcretions are also present in depth, both in
the soil and the underlying loess material. According
to all morphological traits, the sampled pedon was
classified as Heilu type soil in this study (Table 1).
The ages of the Heilu soil profile ranged from 841+32
to 12816+40 radiocarbon years BP (Table 2).

The most noticeable pedogenic processes in the field
are organic carbon accumulation and calcium
carbonate leaching in the upper centimeters of the
soils, and illuviation further down the profile a few
decimeters below. The calcium carbonate
accumulations are very intensity in the Holocene soils.

Table 1. Soil horizon designations

Gang Liu et al.

Particle size distribution

The particle size distribution clearly reflected the
predominance of silt (0.002-0.02 mm) and clay
(< 0.002 mm) (by International Particle Size
Classification System) in the Ah horizon, indicating
that clay formation was mainly restricted to the upper
layer. A thinning of the upper horizons with increasing
age has often been reported in chronosequences
(Barrett, 2001).

Logarithmic functions for the different particle
classifications were not statistically significant (Table 3).

Horizon Depth

Description

Light grayish brown, 10YR7/6 (moist), clay loam, weak medium granular structure, slightly hard (dry),

abundant roots, some small spots of carbonate pseudomycelia, gradual smooth boundary.

Darkish brown, 7.5YR3/3 (moist), clay loam, fine subangular blocky structure, hard (dry), abundant roots,

some pseudomycelia in root channels, a few krotowinas filled with C-material, smooth boundary.

cm
Ap 0~21

Ah 80~100
AB 80~100

Color heterogeneity, darkish brown blocks in pale brown soils, clay loam, fine subangular blocks break to

granules, slightly hard (dry), few roots, rich in pseudomycelia, smooth boundary.

Bk 100~129

Very pale brown, 7.5YR5/3 (moist), clay loam, massive, hard (dry), some very fine pores, few pseudomycelia,

some lime nodules of 0.5-1 cm in diameter, few roots, clear boundary.

C 129~200

Yellowish brown, 10YR8/4 (moist), clay loam, blocks breaking to granules, slightly hardened (dry), few roots.

Table 2. Soil ages of each sampling layer

Depth (cm) 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
14C-year (a) 841+£32 1714421 2275+26 2970+21 3171424 3686+30 3999+23 4443+31  4901+25 5651+26
Depth (cm) 100-110 110-120 120-130 130-140 140-150 150-160 160-170 170-180 180-190 190-200
14C-year (a) 6052+30 6284+26 7216+34 6159427 7899+37 7659+29 8154430 9923+35 10693+34  12816+40
Table 3. Regression equations for different particle-size classification
Regression equations
Equations Classification a b c d r2
Clay™* 17.39 -2.00x10-4 0.26
Y=a+bX Silt 42.05 -4.00 x10 -4 0.16
Sand* 40.57 6.00 x10 -4 0.20
Clay 21.20 -0.62 0.07
Y=a+binX Silt 42.86 -0.35 0.01
Sand 35.95 0.97 0.02
Clay** 12.88 24.00 x10* -4.00 x10°7 2.00 x10°11 0.59
Y=a+bX+cX +dX Silt** 31.38 53.00 x10°* -8.00 x10°7 3.00 x10°11 0.79
Sand** 55.74 77.00 x10°* 1.00x10%  -5.00 x10° 0.75

* o <0.05; **: o< 0.01.
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The corresponding linear functions were statistically
significant, except for silt. However, all were rejected
due to relatively low coefficients of determination.
Third-order polynomial models were statistically very
significant for three particle classifications, with
higher coefficients of determination.

Our results contrast with Bockheim (1980) and
Merritts et al. (1991) who found that logarithmic
functions could adequately describe the relationship
between clay and soil age, and with Barrett (2001),
who reported that changing silt content with time
fitted best to linear models. The difference may be
attributed to the appearance of a humus horizon (Ah)
which had greater clay and silt contents, and less
sand than Ap and AB horizons (Figure 2). The clay
in the Ah horizon of the Heilu soil was derived from
in situ weathering of sand-sized particles or from
organic matter, but not from illuviation from the upper
Ap horizon. The dry climate in this area conditioned
a lower weathering degree and clay formation in the
Ah horizon (Figure 2).

Organic carbon, calcium carbonate and pH

¢ Clay (<0.002 mm) — — Polynomial (Clay)
m  Silt (0.002-0.02 mm) - - - . Polynomial (Silt)
60 A Sand (0.02-2 mm) —— Polynomial (Sand)
50
< 40
<
S 30F
o
E
20
et oy >~
— ¥ "a‘-o.oc_.___,_‘____.
10
0 L L L L L L ,
0 2000 4000 6000 8000 10000 12000 14000
Soil age (a)

Figure 2. Different particle-size classification as a
function of soil age and regression curves of
three-order polynomial functions.
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Linear, logarithmic and third-order polynomial
functions for organic carbon were statistically very
significant and the coefficients of determination very
high (around 0.8) (Table 4). However, the intercepts
of linear and third-order polynomial functions, 0.57
and 0.6, were lower than 0.66 in the surface layer.
Theoretically, the organic carbon content in surface
soil should be higher than in any underlying soil layer
(Chen, 2005). Data of Tang & He (2004) in studies on
Heilu soil agreed with our results from Luochuan.
Therefore, the intercept of logarithmic function, 1.68,
was suitable, and was the best fitting chronofunction
for organic carbon content (Figure 3).

07 4 Organic carbon

0.6
0.5
0.4
0.3
0.2
0.1

—— Logarithmic fit

20 ® Calcium carbonate

Percent (%)

T Polynomial fit

10

8.25
8.20
8.15

pH value

8.10
8.05
8.00

|
w

2000 4000 6000 8000 10000 12000 14000

<

Soil age (a)

Figure 3. The content of soil organic carbon, calcium
carbonate, and pH as a function of soil age and
regression curves

Table 4. Regression equations for organic carbon, calcium carbonate and pH

Equations Property a b c d r2
Y=a+bX Organic carbon** 0.57 -3.00 x10°° 0.79
Calcium carbonate** -2.87 16.00 x10-4 0.74
pH** 8.10 2.00 x10°5 0.80
Y=a+blnX Organic carbon** 1.68 -0.15 0.79
Calcium carbonate** -51.39 6.83 0.59
pH** 7.48 0.09 0.90
Y=a+bX+cX +dX’  Organic carbon** 0.60 -5.00 X105 8.00x1010  2.00x10-14 0.81
Calcium carbonate** 4.78 -41.00 x104 1.00 x10-¢ -5.00 x10-11 0.85
pH** 8.02 6.00 x10-5 -7.00 x10-9 3.00 x10-13 0.88

**: o< 0.01.



1098

Although both linear and logarithmic functions for
calcium carbonate were statistically very significant
and have relatively high r? (0.74 and 0.59), their
intercepts were negative (-2.97 and -0.15) (Table 4).
Hence, they cannot describe the relationship between
calcium carbonate content and soil age. However,
this relationship could be best fitted by a third-order
polynomial function which has a high r2 value (0.85)
and significant statistical results. This
chronofunction showed redistribution of calcium
carbonate, dissolution in the upper horizon, followed
by reprecipitation and enrichment in the lower
horizon, and the lowest value was observed in the Ah
horizon (Figure 3). This trend agrees well with the
results of Tang & He (2004) and Zhao et al. (2006) for
Heilu soil.

All three functions for pH were very statistically
significant and had high r2 values (Table 4), indicating
that theory should be applied this way and adequately
incorporated when selecting equations. Huang &
Gong (2001) and Jia et al. (2004) observed that pH
values increased with soil age rapidly due to
alkalinization, caused by leaching at an initial stage
of soil formation, and the increase in deeper horizons
was slower. The logarithmic function for pH represented
this trend best (Figure 3).

Mobility of elements in soil

In many studies, of the relations between selected
mobile elements and Ti or Zr were used to identify
enrichment and depletion of elements with time (Egli
& Fitze, 2000). Since Ti can also be mobilized, Zr is

Gang Liu et al.

considered more suitable for this purpose (Langley-
Turnbaugh & Bockheim, 1998; Sauer et al., 2007).

Logarithmic and third-order polynomial functions
for Mn/Zr, Fe/Zr and K/Zr were statistically very
significant (Table 5). They showed similar trends, in
which the ratio increased sharply before about 3000 a
B.P., being constant in the older soils (Figure 4). It
indicated that mobility or removal of Mn, Fe and K
with time was greater in the upper centimeters,
whereas depletion or enrichment were negligible in
the older lower layers. The third-order polynomial
functions were better fitted than logarithmic functions
in this study, due to higher r2? (Table 5). On the other
hand, the relationships between Mn, Fe, K and time
were best fitted by linear and logarithmic functions
in studies elsewhere (Koutaniemi et al., 1988; Lichter,
1998; Egli & Fitze, 2000; Sauer et al., 2007), probably
due to different pedological contexts. These results
agree well with Tang & He (2004).

Linear and third-order polynomial functions for
Mg/Zr were statistically very significant, and had high
r2 (0.92 and 0.96) (Table 5). However, they showed
different trends (Figure 4). The linear function
indicated a constant increase, implying a constant
depletion during the Holocene, which seems unlikely,
given that the Heilu soil was formed under varying
climatic condition (Tang & He, 2004). In contrast,
the third-order polynomial function showed a rapid
removal from the surface soil, followed by a slower
depletion in older soils, remaining constant in the
parent material. But linear and logarithmic increases
for different soil chronosequences have been described

Table 5. Regression equations for the ratio of different soil elements and zirconium

Equations Ratio a b c d r2
Y=a+bX Mn/Zr* 217.22 3.00 x10-3 0.22
Fe/Zr** 10362.00 0.22 0.44
K/Zy** 6175.20 0.15 0.68
Na/Zr#* 4092.90 0.10 0.62
Ca/Zr** -4439.10 2.18 0.77
Mg/Zr** 3527.00 0.27 0.92
P/Zr** 141.63 0.01 0.68
Y=a+bin X Mn/Zr** 61.71 20.39 0.46
Fe/Zr** 809.08 1276.10 0.67
K/Zr** 660.09 751.88 0.78
Na/Zr#* 1358.60 392.23 0.41
Ca/Zr+* -68638.00 9049.10 0.61
Mg/Zr** -5071.10 1197.70 0.82
P/Zr** -181.56 44.99 0.61
Y=a+bX+cX +dX Mn/Zr** 153.32 0.04 -5.00 x10-6 2.00x10°10 0.69
Fe/Zr** 7664.10 1.65 -2.00 X104 7.00 X109 0.78
K/Zr** 5455.40 0.48 -4.00 X105 9.00 x10°10 0.81
Na/Zr#* 4894.30 -0.44 9.00 x10-5 -4.00 x10-9 0.79
Ca/Zr** 5832.50 -5.34 14.00 x10-4 -7.00 X108 0.88
Mg/Zr** 3811.10 -0.04 7.00 X105 -4.00 X109 0.96
P/Zyr* 165.90 0.02 6.00 x10°6 -3.00 x10°10 0.84

* o< 0.05; **: < 0.01.
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Figure 4. The ratio of Mn/Zr, Fe/Zr, K/Zx, Mg/Zr, CalZyx, P/Zx, and Na/Zr as a function of soil age and regression

curves

in many other studies (Koutaniemi et al., 1988;
Lichter, 1998; Egli & Fitze, 2000).

The ratios between the mobile elements Ca, P, Na
and “stable” Zr clearly indicated their removal from
the upper layers and enrichment downward, with a
minimum in the Ah horizon. The steeper slope
indicates a faster migration of Ca compared with either
Por Na. However, literature reported that correlations
between Ca, P, Na removed with time are described
by linear and logarithmic models for non-calcareous
soils (Lichter, 1998; Egli & Fitze, 2000; Sauer et al.,
2007).

CONCLUSIONS

1. In the study of soil chronofunctions, based on
soil properties and 1*C ages in the Holocene of a typical
soil (Heilu) profile developed from loess in Luochuan,
linear, logarithmic, and third-order polynomial

functions were used to fit the relationships between
soil properties and soil ages.

2. The results indicated that the third-order
polynomial function was the best choice to fit the
relationships between clay, silt, sand, and soil ages.
The trend line confirmed the presence of a humic A
horizon in the profile, with higher clay and silt contents
attributed to local clay formation and organic matter
accumulation.

3. The logarithmic functions explained the
variations of soil organic carbon and pH with time
best. The pH values increased with time and depth,
with lower increases in older soils.

4. The variation of CaCOj5 content, and ratios
between Mn/Zr, Fe/Zr, K/Zr, Mg/Zr, CalZr, P/Zr, and
Na/Zr with soil age were best described by three-order
polynomial functions. The results indicated that
mobility of Mn, Fe and K with time was greater in
the upper layers. The results indicated that the
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mobility and depletion of Mn, Fe and K with time
was greater in the upper layers, whereas enrichment
of these elements in the lower layers was weak. The
chronofunction for Mg showed a trend to rapid leaching
from surface soil, then a slower depletion in older soils,
with a constant leaching in parent material. The ratios
between Ca, P, Na and Zr clearly indicated leaching
of these elements from the upper centimeters and
enrichment in lower soils.
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