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The soil carbon reservoir is the largest carbon reservoir in terrestrial ecosystems and consists of soil organic and
inorganic carbon stocks. Previous studies havemainly focused on the soil organic carbon (SOC) stock, and limited
information is available about the soil inorganic carbon (SIC) stock. The Chinese Loess Plateau (CLP), which is
located in the arid and semi-arid region of China, is an important inorganic carbon reservoir, with a thick soil
layer that is rich in calcium carbonate. However, there are few reports on the SIC stock and its spatial distribution
in this region. In the current study, the SIC densities and stocks for various soil types and land use patterns were
evaluated based on 495 profiles with 2470 soil samples across the CLP, which were collected from the Chinese
Second National Soil Survey. The results showed that in the top 1m of soil across the CLP, the average SIC density
is 17.04 kg/m2, and the total SIC stock is approximately 10.20 Pg C (1 Pg = 1015 g). The SIC stock of the CLP
accounts for approximately 18.4% of the total SIC stock throughout China. The average values of the SIC stock
in the 0–20, 20–50 and 50–100 cm depths of the CLP are 2.39, 2.92 and 4.89 Pg, respectively. Under different
land use patterns, the order of the average SIC density is farmland ≈ grassland N forest in all soil layers. For
the various soil types, the SIC density in the 0–100 cm layer is the highest in alkaline soil and lowest in subalpine
meadow soil, whereas the SIC stock is highest in loessial soil, eolian sandy soil and sierozem, and the lowest in
subalpine meadow soil. These differences are largely a result of the area occupied by each soil type and the
climate conditions. The results of this study provide basic information about carbon reservoir in China and
contribute to our understanding of the SIC stock on the CLP as it relates to the carbon balance of terrestrial
ecosystems.

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

As an important part of the global carbon cycle, the terrestrial carbon
ecosystem affects not only the global carbon balance but also the global
temperature change (Eswaran et al., 1993). Soils have the potential to
mitigate atmospheric CO2 concentrations through C sequestration
with a maximum global potential estimate ranging from 0.45 to 0.9 Pg
C (1 Pg= 1015 g) per year (Lal, 2004). The soil carbon reservoir consists
of soil organic carbon (SOC) and soil inorganic carbon (SIC). Most atten-
tion has been given to SOC, mainly because for most regions SOC
contributes more to the carbon content than SIC and SOC affects the
soil adsorption of CO2 and the soil density distribution (Fang et al.,
and Conservation (Middle and
ure, College of Resources and
30070, China.
).
2001; Li et al., 2007, 2013; Liu et al., 2006, 2011; Wang and Zhou,
1999;Wang et al., 2012;Wu et al., 2003; Yu et al., 2007a, 2007b). How-
ever, in arid and semi-arid areas, which cover one third of the earth's
surface, SIC is the dominant form of carbon (Lal and Kimble, 2000; Mi
et al., 2008; Mielnick et al., 2005), and in these areas the SIC reservoir
is approximately 2–10 times larger than that of SOC (Eswaran et al.,
2000; Schlesinger, 1982).

The SIC reservoir consists mainly of carbonates (Schlesinger, 2002)
and most research has been conducted on SIC in the form of carbonate
(Li et al., 2007;Mi et al., 2008; Pan, 1999;Wu et al., 2009). SIC is divided
into primary carbonate and secondary deposited carbonate (Ming,
2002). Primary carbonates are inherited from parent material of
the soil. Secondary carbonates are formed through the dissolution and
precipitation of carbonate parent material and derived from the
weathering of calcium silicate. In the dissolution and precipitation of
carbonate atmospheric CO2 can be involved through a series of chemical
reactions (Feng et al., 2001; Scharpenseel et al., 2000; Yang et al., 2010).
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In principal, one unit of CO2 is consumed when one unit of carbonate is
dissolved (Eq. (1.1)), and an equal amount of CO2 is released when
carbonate is re-deposited (Eq. (1.2)) (Wu et al., 2009):

CaCO3 þ CO2↓þH2O→2HCO−
3 þ Ca2þ ð1:1Þ

2HCO−
3 þ Ca2þ→CaCO3 þH2Oþ CO2↑: ð1:2Þ

Therefore, dissolution and precipitation of secondary carbonate
balance each other with respect to atmospheric CO2. The formation of
secondary carbonate from calcium silicate also involves CO2 (Emmerich,
2003; Goddard et al., 2007; Lal and Kimble, 2000;Wu et al., 2009). Atmo-
spheric CO2 canbefixedor released through, respectively, calciumsilicate
dissolution (Eq. (1.3)) and secondary carbonate deposition (Eq. (1.4)):

CaSiO3 þ 2CO2↓þ 3H2O→2HCO−
3 þ Ca2þ þH4SiO4 ð1:3Þ

2HCO−
3 þ Ca2þ→CaCO3 þH2Oþ CO2↑: ð1:4Þ

Hence, weathering of a calcareous layer consumes 2 units of CO2, but
only 1 unit of CO2 is released in the deposition of secondary carbonate.
This can lead to the sequestration of atmospheric CO2 in soils (Adams,
1993; Lal and Kimble, 2000;Wu et al., 2009). Next to the role of carbon-
ate in fixation and release, it is also well known that the free form of
carbonate affects soil oligomers, soil microbial activity, soil pH and the
decomposition rate of soil organic matter. Furthermore, the SIC reser-
voir can be influenced by potential soil acidification through climate
changes, for instance, the continuous acid deposition and agricultural
activities. Such soil acidification can lead to large C losses from soil car-
bonates (Bowman et al., 2008; Entry et al., 2004; Mikhailova and Post,
2006; Papiernik et al., 2007; Sartori et al., 2007;Weng, 1995). Following
Emmerich (2003), Singh et al. (2007) and Wu et al. (2001), it can thus
be concluded that the SIC reservoir and its distribution play an impor-
tant role in the dynamic changes of the atmosphere, the vegetation
and the soil. Therefore, an accurate estimate of the SIC contribution to
the soil carbon reservoir is required for a correct appreciation of the
role of soils in the global ecosystem.

The Chinese Loess Plateau (CLP), located in the arid and semi-arid
climate, covers a large area and, as such, is consequential to the global
carbon cycles (Wang et al., 2011; Wen, 1989). Although investigations
in China have been conducted on SIC on a national scale (Mi et al.,
2008; Pan, 1999; Wu et al., 2009) and regional scale (Feng et al., 2001;
Wang et al., 2013; Xu et al., 2009; Yang et al., 2010), the distribution
of SIC on the integral CLP is largely unknown. Therefore, the aim of
the present paper is to obtain more insight in the SIC reservoir of the
CLP, which in turnwill lead to a better understanding of the importance
of the CLP for the global carbon cycles. The objectives of this study were
(I) to estimate the SIC stock and SIC density in the 1m soil horizon based
on mainly 495 profiles with 2470 soil samples across the CLP collected
from the Chinese Second National Soil Survey, and (II) to discuss the
major factors that influence the SIC density and stock under different
land uses, soil types and soil layers.

2. Materials and methods

2.1. Study area and data sources

The Chinese Loess Plateau (CLP) is located in the northwest of China
(Fig. 1), which includes the upper and middle courses of the Yellow
River (Shi and Shao, 2000). The plateau is surrounded by the Taihang
mountain range to the east, Riyue–Helan Mountain to the west, the
Qinglin range to the south and the Yinshan Mountain to the north
(N33°43′–41°16′, E100°54′–114°33′). The CLP covers a total area of
620,000 km2, with elevations ranging from 200 to 3000 m. The region
is dominated by a temperate of arid and semi-arid continental monsoon
climate. The mean annual temperature ranges from 3.6 to 14.3 °C, while
the mean annual precipitation ranges from 150 to 800 mm. The precipi-
tation occursmainly between June and September, and decreases along a
southeast to northwest transect (Yang and Shao, 2000). The vegetation
zones occur in the following sequence: forest → forest-steppe
→ typical-steppe→ desert-steppe→ steppe-desert (Wang et al., 2010).

In this study, the soil data camemainly from the SecondNational Soil
Survey in China, including Soil Species of China (NSSO, 1995a, 1995b,
1998) and the provincial soil survey (HNSSO, 2004; IMARSSO, 1994;
Liu and Zhang, 1992; QARRPO, 1995). From the Second National Soil
Survey 495 soil profiles (see Fig. 1 for the locations) were used. In
total 2470 soil samples were collected over the soil horizons to analyze.
Information in the database on the soil profiles include mostly profile
depth, horizon thickness, organic matter content, calcium carbonate
content, gravel content (particle diameter larger than 2 mm) and soil
bulk density of the different horizons. These properties were deter-
mined by conventional methods (NSSO, 1998; Wu et al., 2009). Soil
calcium carbonate was determined using the Chittick apparatus
(Dreimanis, 1962). Soil organic carbon contents were determined by
the potassium dichromate wet oxidation method (Walkley and Black,
1934). Soil bulk density was determined by the cutting ring method
(Black and Hartge, 1986) and gravel content was measured using a
2-mm sieve. The data of the other surveys contained similar information.

The areas of each soil type were identified using the 1:500,000 Soil
Map of the Chinese Loess Plateau, which is supplied by the Institute of
Soil and Water Conservation, Chinese Academy of Sciences (CAS).

2.2. Data analysis

2.2.1. Calculation of the soil inorganic carbon content
To allow comparison with other studies, the calculation of the SIC

stock in the present study is based on the soil profile data in the horizon
of 0–100 cm. To obtain detailed information the soil profiles were
subdivided into three standard horizons of 0–20 cm, 20–50 cm and
50–100 cm. In the soil survey data, the stratification of the soil profiles
was often based on the characteristic soil horizons, and these did not
necessarily coincide with the depth-based layers in the present study.
Therefore, data of the pedogenetic horizons (i.e., O, A, B, C) were con-
verted to depth-based layers. The calculation was based on the actual
data for the different soil horizons. When the actual soil depth was
deeper than 100 cm, only the CaCO3 contents in the 0–100 cm horizons
were used.When the actual depth of soil profiles in the soil survey data
was less than 100 cm, the CaCO3 content of the layer beneath the actual
depth of the soil profile up to 100 cm was regarded as zero. During
converting from pedogenetic horizons to three depth layers (0–20,
20–50, 50–100 cm), the depth of each horizon was used as a weighting
coefficient according to their relative contributions to the overall depth,
so as to derive the average CaCO3 content of the soil profile to a depth of
20, 50 and 100 cm. For each soil profile the weighted CaCO3 content by
depth zone were calculated as product of depth of horizon, concentra-
tion of CaCO3 and bulk density (Mi et al., 2008; Palmer et al., 2002).
For example, to estimate inorganic carbon content in the 0–20 cm
layer soil, the depth of the O horizon was used as the criterion to assign
characteristics. When the thickness of O horizon was N20 cm, a layer of
20 cm was assumed with its characteristics equal to that of the O hori-
zon. When the thickness of O horizon was b20 cm, an additional part
from A horizon was taken with its properties to make up the 20 cm
and average properties of the 0–20 cm layer were calculated from the
weighted properties of the O horizon and the A horizon, weighting the
amounts according to their relative contributions to the overall depth.

2.2.2. Calculation of soil bulk densities
In some cases soil density data were missing in the national soil sur-

vey but the soil organic carbon content (SOC) was known. In this case



Fig. 1. The location of the Central Loess Plateau (CLP) in China; the distribution of the soil profiles is indicated in the enlarged image of the CLP.
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the soil densitywas estimated from the SOCusing an empirical function.
The functional relationship between the SOC and soil bulk density
(D) was established using the data from 167 soil samples. The data
plot and regression curve are shown in Fig. 2, and the observed equation
is:

D ¼ −0:107 ln SOCð Þ þ 1:369 ð2:1Þ

where D is the soil bulk density in g/cm3, and ‘SOC’ in %. For the soil
profiles in which the soil bulk density was lacking, D was calculated
by inserting the known SOC into Eq. (2.1).
2.2.3. Calculation of soil inorganic carbon densities
The soil inorganic carbon density (SICD) is the main parameter for

the quantification of the total inorganic carbon storage (SICS). The inor-
ganic carbon density of a soil layer i (SICDi) is directly related to the soil
properties according to Eq. (2.2):

SICDi ¼ 0:12 1−θið Þ � Di � Ci � Ti=100 ð2:2Þ

where θi is the volume percentage of soil gravel fraction (particles N
2 mm), Di is the average soil bulk density (g/cm3), Ci is the CaCO3 con-
tent (g/kg) and Ti is the thickness (cm), all of layer i. The factor 0.12 is
the ratio between the atomic mass of C and the molar mass of CaCO3

and converts soil CaCO3 to the soil inorganic C (Wu et al., 2009; Yang



Fig. 2. Soil bulk density as a function of the soil organic carbon content on the CLP. The
curve is the empirical relationship between the two properties (r = 0.3611, P b 0.01,
and F = 93.24).
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et al., 2012).When SI units are used, as indicated above, SICDi is obtained
in kg C/m2.

The total soil inorganic carbon density of a given soil profile is calcu-
lated using the summation of SICDi over all three layers in the 0–100 cm
horizon:

SICD ¼
Xn

i¼1

0:12 1−θið Þ � Di � Ci � Ti=100 ð2:3Þ

where SICD is the total soil inorganic carbondensity in a layer of 1mand
n = 3 is the number of layers.

The SICD of each soil type j was calculated as follows. (1) The SICD
layer values per profile are calculated using Eqs. (2.2) and (2.3). (2)
The profile sites that are covered by soil type j are established. (3) The
average SICDj values of the three horizons and total layer are calculated
using the data obtained in (1) and (2). When the data of a specific soil
typeweremissing or insufficient, the SICDj values per layer of the unob-
served soil or site were estimated as corresponding SICDj values nearby
locations.

The soil types are discriminated on the basis of the genetic soil clas-
sification of China, this classification is correlated to the Chinese Soil
Taxonomy (CRGCST, 2001). The latter can be compared to the WRB
soil classification system and American Soil Taxonomy (CRGCST,
2001). The locations of the different soil types at the CLP can be obtained
from the 1:500,000 Soil Map of the Chinese Loess Plateau. This map is
based on the genetic soil classification of China.

In order to obtain a good impression of the spatial distribution of
SICD on the CLP for the three different horizons and the total layer
with 1 m, SICD maps of the CLP can be created for each layer. To gener-
ate these maps, the SICD data of the three horizons of the 495 profiles
are used in combination with Kriging interpolation to establish the
areal ranges over which the profile SICD values could be applied. The
Kriging interpolation was used as a poplar geo-statistical approach to
obtain upscale site-level data to regional-scale evaluation in soil carbon
budgets (Yang et al., 2010, 2012). During spatial interpolation, a semi-
variogram describing the relationship between the lag distance (x)
and the semi-variance of underlying variable within the lag distance
(y)was constructed to explore the spatial dependence in the underlying
variable. The optimized semi-variogram, spatial interpolation and SICD
maps was generated by using ArcGIS 9.3 (Cressie, 1993).

2.2.4. Calculation of soil inorganic carbon stock
The soil inorganic carbon stock of a given soil type j, SICSj, is obtained

by multiplying the SICDj of that soil with the area this soil covers. The
total SICS for a region is obtained by summation of the inorganic carbon
stock over all soil types j in that region:

SICS ¼
Xm

j¼1

areaj � SIDCD ð2:4Þ

where SICS is the total inorganic carbon stock of a region, m is the
number of soil types, and areaj is the area of each soil type j with SICDj.
When SI units are used the SICS is obtained in kg, however, commonly
the SICS is expressed in Pg C (1 Pg = 1012 kg).

To obtain the soil areas per soil type the 1:500,000 Soil Map of the
Chinese Loess Plateauwas digitized and the different areaswere obtained
with an accuracy of about 1 km2.

3. Results

3.1. Soil inorganic carbon density (SICD) of different soil types on the CLP

From the data for the 495 soil profiles with 2470 soil samples on the
CLP the SICD distributions over the three sub-horizons were calculated
for the different soil types as described above. The results are summa-
rized in Table 1. Table 1 also includes the SICD values for the total
0–100 cm layer and the number of available profiles for each soil type
is indicated. To give some insight in the range and frequency of SICD
values observed for the profiles, the frequency distribution of SICD
values was plotted in Fig. 3 for the three layers and for the total
0–100 cm horizon. Comparing the different layers it follows that the
SICD in the CLP soil profiles increases with increasing depth. For the
0–20 cm, 20–50 cm and 50–100 cm layers the average SICD values
were 3.31, 5.10 and 8.64 kg/m2, respectively. The average SICD values
of the 0–100 cm profiles ranged from 0 to 55 kg/m2 with the most fre-
quent values in the range of 6–23 kg/m2 (Fig. 3). The average SICD in
the 0–100 cm layer for all soil types was estimated to be 17.04 kg/m2.

The range of the profile SICD values in the 0–100 cm layer is consid-
erably larger than the range of average SICD values of the soil types
(0.04 to 24.13 kg/m2, see Table 1). The SICD of alkaline earth soil in
the 0–100 cm horizon had the largest value (24.13 kg/m2), while the
subalpine meadow soil had the lowest value (0.04 kg/m2). The SICD
values of eight soil types (including irrigation-silted soil, loessial soil,
sierozem, chestnut soil, bog soil, paddy soil, takyric solonetz, purple
soil) were higher than the overall average SICD of 17.04 kg/m2. Wu
et al. (2009) have reported that the overall average SICD in the
0–100 cm soil layer for entire China is 6.3 kg/m2. The average SICD
value for the CLP is almost 2.7 times of the national SICD value, which
is likely a result of the abundant eolian carbonate deposit on the CLP
(Wu et al., 2009). Liu et al. (2011) have estimated that the soil organic
carbon density on the CLP is 7.70 kg/m2 in the 0–100 cm soil layer
(Liu et al., 2011). Therefore, the contribution of inorganic carbon to
total carbon on the CLP is about 69%.

The SICD distributions in the horizons of the various soil types on the
CLP showed significant differences, which were mainly related to cli-
mate and parent material. The SICDs of the 0–20 cm horizon ranged
from 0.00 to 24.07 kg/m2, with an average of 3.31 kg/m2. The most fre-
quently observed range was 1–5 kg/m2 (Fig. 3). The 0–20 cm average
SICD of the northwestern CLP (N6.00 kg/m2) was higher than that of
the southeastern CLP. This difference in SICD values is mainly due to
the increase in precipitation from northwest to southeast, which bene-
fits the dissolution and leaching of CaCO3. The average SICDs of the dif-
ferent soils ranged from 0 to 9.44 kg/m2 in the 0–20 cm horizon
(Table 1). The skeleton soil had the largest SICD value (9.44 kg/m2),
the alkaline earth soil had the second largest value (6.03 kg/m2), and
the lowest value occurred in the dark felty soil (about zero).

The SICDs of the 20–50 cmhorizon ranged from 0.00 to 18.05 kg/m2,
with an average of 5.10 kg/m2 and a clustering around 1–10 kg/m2

(Fig. 3). In this horizon, the average SICD value of paddy soil was the



Table 1
Soil inorganic carbon density of different horizons and various soil types on the Chinese Loess Plateau.

Soil type Number of profile Soil inorganic carbon density (SICD, kg/m2)

Genetic soil classification of China Chinese soil taxonomy 0–20 cm 20–50 cm 50–100 cm 0–100 cm

Aeolian sandy soil Sandic Entisols 9 2.49 ± 0.55 2.85 ± 0.63 6.79 ± 1.30 12.13 ± 2.25
Alkaline earth soil Alklic Halosols 3 6.03 ± 2.70 6.89 ± 2.11 11.21 ± 2.77 24.13 ± 7.54
Alluvic soil Alluvic Entisols 20 3.17 ± 0.26 4.64 ± 0.49 5.77 ± 1.02 13.57 ± 1.58
Bog soil Orthic Gleysols 8 5.78 ± 1.06 5.07 ± 0.99 8.16 ± 1.62 19.00 ± 3.25
Brown calcic soil Hap-Orthic Aridisols 3 1.58 ± 0.60 3.96 ± 2.07 7.03 ± 2.27 12.57 ± 4.90
Brown soil Hap-Udic Luvisols 8 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.02 0.06 ± 0.04
Chernozem Pac-Ustic Isohumosols 12 3.79 ± 0.90 3.35 ± 0.70 6.30 ± 1.20 13.45 ± 2.72
Chestnut soil Cal-Ustic Isohumosols 59 3.38 ± 0.20 7.10 ± 0.37 12.71 ± 0.74 23.19 ± 1.08
Chestnut–cinnamon soil Hap-Ustic Isohumosols 15 3.38 ± 0.28 5.11 ± 0.45 8.91 ± 0.82 16.59 ± 1.34
Chisley soil Lit-Orthic Entisols 5 4.78 ± 0.28 / / 4.78 ± 0.28
Cinnamon soil Ustic Luvisols 60 2.50 ± 0.26 4.19 ± 0.41 8.26 ± 0.79 14.95 ± 1.16
Cold desert soil Cryic Aridisols 1 0.18 ± 0.00 0.25 ± 0.00 / 0.44 ± 0.00
Dark felty soil Mat-Cryic Cambisols 2 0.00 ± 0.00 0.55 ± 0.54 0.89 ± 0.89 1.45 ± 1.43
Dark loessial soil Typ-Cum-Ustic Isohumosols 24 3.28 ± 0.35 4.27 ± 0.45 8.08 ± 0.85 15.63 ± 1.53
Gray desert soil Hap-Orthic Aridisols 1 4.95 ± 0.00 5.16 ± 0.00 1.75 ± 0.00 11.86 ± 0.00
Irrigation-silted soil Sil-Orthic Anthrosols 26 3.80 ± 0.16 6.33 ± 0.24 10.32 ± 0.63 20.44 ± 0.89
Loessial soil Loe-Orthic Entisols 39 4.80 ± 0.30 6.48 ± 0.27 11.14 ± 0.38 22.42 ± 0.83
Lou soil Earth-cumulic Orthic Anthrosols 13 3.33 ± 0.90 3.90 ± 0.64 5.49 ± 1.22 12.73 ± 2.07
Meadow soil Udic Isohumosols 8 3.82 ± 0.93‡ 4.11 ± 0.88 6.03 ± 1.25 13.96 ± 2.74
Moisture soil Ustic Cambisols 80 2.98 ± 0.19 4.80 ± 0.30 8.14 ± 0.51 15.92 ± 0.90
Mountain meadow soil Cry-Ustic Isohumosols 4 0.36 ± 0.34 0.55 ± 0.53 0.91 ± 0.88 1.82 ± 1.76
Paddy soil Hap-Stagnic Anthrosols 7 3.96 ± 0.72 7.97 ± 1.41 11.90 ± 2.46 23.82 ± 4.34
Purple soil Pur-Orthic Entisols 1 2.73 ± 0.00 5.52 ± 0.00 9.46 ± 0.00 17.71 ± 0.00
Red clay Fer-Udic Luvisols 15 3.15 ± 0.67 3.86 ± 0.81 5.75 ± 1.43 12.76 ± 2.75
Saline soil Orthic Halosols 3 3.21 ± 0.89 4.18 ± 0.46 7.09 ± 0.62 14.50 ± 1.96
Sierozem Cal-Orthic Aridisols 62 3.52 ± 0.23 7.05 ± 0.32 11.34 ± 0.61 21.91 ± 0.90
Skeleton soil Ari-Orthic Entisols 5 9.44 ± 4.02 2.73 ± 2.73 /a 12.16 ± 4.79
Subalpine meadow soil Mol-Cryic Cambisols 2 0.02 ± 0.02 0.02 ± 0.02 0.00 ± 0.00 0.04 ± 0.04
Average across CLP 495 3.31 ± 0.58 5.10 ± 0.66 8.64 ± 0.97 17.04 ± 2.20

± means standard error.
a No data in this layer.

Fig. 3. Frequency distributions of SICD values observed for the various profiles at the CLP. The different distributions concern the different standard soil horizons (0–20 cm, 20–50 cm,
50–100 cm) and the total 0–100 cm horizon.
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Fig. 4. Average soil inorganic carbon density in the 0–100 cm layer for different types of
land use. Different letters denote significant differences in SICD under different land use
types (LSD test; P b 0.05).
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highest (7.97 kg/m2), next was the chestnut soil (7.10 kg/m2), and the
brown soil (0.02 kg/m2) was the lowest. The soils with relatively high
SICD in the 20–50 cm horizon were primarily from Gansu, Qinghai,
Ningxia, and upstate north Shaanxi. The high CaCO3 contents of soils
in these regions (e.g., irrigation-silted soil, loessial soil, sierozem, chest-
nut soil) could be attributed to the limited rainfall and relatively high
rate of evaporation. Low SICD values were calculated for southern
Shaanxi, Henan, and southern Shanxi, where rain fall caused frequent
changes in soil moisture and relatively high carbonate leaching.

The SICDs of the 50–100 cmhorizon ranged from0.00 to 36.39 kg/m2,
with an average of 8.64 kg/m2 andmost frequent values of approximately
1 to 16 kg/m2 (Fig. 3). The highest and lowest soil SICDs were for
Chestnut soil (12.71 kg/m2) and brown soil (0.02 kg/m2), respectively.
Table 2
Inorganic carbon stock of different horizons and various soil types on the Chinese Loess Platea

Soil type Area

Genetic soil classification of China Chinese soil taxonomy (1010 m2)

Eolian sandy soil Sandic Entisols 6.94
Alkaline earth soil Alklic Halosols 0.03
Alluvial soil Alluvic Entisols 2.57
Bog soil Orthic Gleysols 0.1
Brown calcic soil Hap-Orthic Aridisols 1.24
Brown soil Hap-Udic Luvisols 0.7
Chernozem Pac-Ustic Isohumosols 0.73
Chestnut soil Cal-Ustic Isohumosols 0.24
Chestnut–cinnamon soil Hap-Ustic Isohumosols 2.63
Chisley soil Lit-Orthic Entisols 1.08
Cinnamon soil Ustic Luvisols 3.17
Cold desert soil Cryic Aridisols 0.2
Dark loessial soil Mat-Cryic Cambisols 2.15
Dark felty soil Typ-Cum-Ustic Isohumosols 0.45
Gray desert soil Hap-Orthic Aridisols 3.45
Irrigation-silted soil Sil-Orthic Anthrosols 1.43
Loessial soil Loe-Orthic Entisols 19.67
Lou soil Earth-cumulic Orthic Anthrosols 1.98
Meadow soil Udic Isohumosols 0.36
Moisture soil Ustic Cambisols 1.87
Mountain meadow soil Cry-Ustic Isohumosols 0.45
Paddy soil Hap-Stagnic Anthrosols 0.08
Purple soil Pur-Orthic Entisols 0.12
Red clay Fer-Udic Luvisols 1.37
Saline soil Orthic Halosols 1.04
Sierozem Cal-Orthic Aridisols 3.26
Skeleton soil Ari-Orthic Entisols 4.2
Subalpine meadow soil Mol-Cryic Cambisols 0.5
Total across CLP 62
3.2. Soil inorganic carbon density (SICD) under different types of land use

According to the soil survey information, landuse patterns are divided
into farmland, grassland and woodland. In general, the distribution of
SICD depends on land use, as different types of plant roots and organic
carbon occur under different land use patterns (Jobbágy and Jackson,
2000). The SICD values for the different layers and different land use
types are summarized in Fig. 4. The SICD follows the sequence: grassland
≈ farmland N woodland in all layers. Grassland is found mainly in the
northwest and northern arid regions of the CLP, where relatively less
carbonate leaching occurs due to the low precipitation and low tempera-
ture. Agronomic practices and conventional tillage of farmlands lead
to processes that promote mineralization of soil organic matter and
weathering of soil minerals. The soil organic carbon transforms from
Corg. → CO2 → HCO3

− → CaCO3 (Pan et al., 2000; Xu and He, 1996), and
weathering of soil minerals benefits the exchange of calcium in soils.
These affect the reaction of carbonate with CO2 (Velde and Meunier,
2008).

Woodland is mainly found in the southern region of the CLP, where
intensive carbonate leaching occurs due to abundant rainfall and high
temperatures. Although woodland is favorable for accumulation of or-
ganic matter, the many root exudates promote dissolution of carbonate
and this leads to a lower SICD for woodland than for grassland or
farmland.

3.3. Soil inorganic carbon stock (SICS) on the CLP

The areas covered by the different soil types on the CLP and the
calculated SICS values for the different layers, as well as the entire
0–100 cm profile, are summarized in Table 2. For the whole profile
(0–100 cm), the SICS in loessial soil was the highest (441.08 × 1010 kg),
followed by eolian sandy soil (84.13 × 1010 kg) and sierozem
(71.49 × 1010 kg). These high values are mainly a result of the large
areas these soils occupy on the CLP. The SICS of sub-alpine meadow
soil was the lowest (only 0.02 × 1010 kg), due to both the relatively
low area occupied by this soil and the low SICD.
u.

SIC stock (1010 kg)

0–20 cm 20–50 cm 50–100 cm 0–100 cm

17.24 ± 3.85 19.80 ± 3.14 47.09 ± 8.64 84.13 ± 15.63
0.18 ± 0.08 0.20 ± 0.06 0.33 ± 0.08 0.71 ± 0.22
8.13 ± 0.68 11.90 ± 1.22 14.82 ± 2.16 34.85 ± 4.06
0.58 ± 0.11 0.50 ± 0.07 0.82 ± 0.14 1.90 ± 0.32
1.96 ± 0.74 4.91 ± 2.54 8.71 ± 2.80 15.58 ± 6.08
0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.04 ± 0.03
2.77 ± 0.66 2.44 ± 0.50 4.59 ± 0.82 9.80 ± 1.98
1.18 ± 0.00 1.22 ± 0.00 0.42 ± 0.00 2.82 ± 0.00
8.86 ± 0.52 18.65 ± 0.73 33.36 ± 1.57 60.87 ± 2.82
5.18 ± 3.13 0.00 ± 0.00 0.00 ± 0.00 5.18 ± 3.13
7.92 ± 0.83 13.29 ± 1.25 26.19 ± 1.61 47.40 ± 3.69
0.04 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.09 ± 0.00
7.06 ± 0.75 9.19 ± 0.85 17.37 ± 1.70 33.62 ± 3.30
0.00 ± 0.00 0.49 ± 0.49 0.81 ± 0.81 1.30 ± 1.30
5.15 ± 1.47 8.79 ± 2.10 17.17 ± 4.31 31.11 ± 7.88
5.44 ± 0.23 9.06 ± 0.27 14.78 ± 0.78 29.28 ± 1.28

94.39 ± 5.88 127.51 ± 4.00 219.18 ± 6.52 441.08 ± 16.40
6.59 ± 0.96 7.70 ± 0.90 10.86 ± 2.24 25.15 ± 4.10
1.38 ± 0.33 1.48 ± 0.25 2.17 ± 0.41 5.03 ± 0.99
5.56 ± 0.36 8.97 ± 0.46 15.19 ± 0.85 29.72 ± 1.67
0.16 ± 0.15 0.24 ± 0.24 0.41 ± 0.39 0.81 ± 0.78
0.32 ± 0.06 0.63 ± 0.09 0.95 ± 0.20 1.90 ± 0.35
0.34 ± 0.00 0.68 ± 0.00 1.17 ± 0.00 2.19 ± 0.00
4.33 ± 0.92 5.31 ± 1.01 7.91 ± 1.85 17.55 ± 3.78
3.34 ± 0.93 4.36 ± 0.47 7.39 ± 0.64 15.09 ± 2.04

11.50 ± 0.76 23.00 ± 0.60 36.99 ± 1.57 71.49 ± 2.93
39.61 ± 16.87 11.44 ± 3.23 0.00 ± 0.00 51.05 ± 20.10
0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.02
239 ± 40 292 ± 25 489 ± 40 1020 ± 105



Fig. 5. Spatial distribution of SICD on the CLP at different soil depths of 0–20 cm, 20–50 cm, 50–100 cm and the total layer of 0–100 cm. To generate these maps, the SICD data of the three
horizons of the 495 profiles are used in combination with Kriging interpolation to establish the areal ranges over which the profile SICD values cloud be applied.
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In the 0–20 cm soil horizon, the SICS of loessial soil (94.39 × 1010 kg)
was the highest because this soil occupies the largest area on the CLP.
The SICS of skeleton soil (39.61 × 1010 kg) was lower than that of loess-
ial soil. Low SICSs in the 0–20 cm horizon were observed for purple soil,
cold desert soil, brown soil, black carpet soil and subalpinemeadow soil.

In the 20–50 cm soil horizon, the SICS was very high in loessial soil
(127.5 × 1010 kg), and sierozem and eolian sandy soil were higher
(23.0 × 1010 kg and 19.8 × 1010 kg, respectively), compared to the
Table 3
Soil carbon stock in the global, in China and in three specific regions of China.

Location Soil organic
carbon
stock (Pg C)

Soil inorganic
carbon stock
(Pg C)

Reference

Global 780–930 Schlesinger (1982)
1220 720 Sombroek et al. (1993)
1462–1548 695–748 Batjes (1996)
1530 940 Eswaran et al. (2000)

China 60 Pan (1999)
83.8 77.9 Li et al. (2007)

53.3 ± 6.3 Mi et al. (2008)
55.3 ± 10.7 Wu et al. (2009)

Desertified
land in China

7.84 14.91 Feng et al. (2001)

Tibetan alpine
grassland in China

7.36 15.2 Yang et al. (2008)
Yang et al. (2010)

Chinese Loess 4.78 Liu et al. (2011)
Plateau 10.20 ± 1.05 This study
SICS values for the other soil types. Low stocks were observed for cold
desert soil, dark felty soil, brown soil, subalpine meadow soil and chisley
soil. In the 50–100 cm soil horizon, the two highest SICSs were obtained
for loessial soil (219.18×1010 kg) and eolian sandy soil (47.09×1010 kg).
The lower SICSswere found in cold desert soil, skeleton soil and subalpine
meadow soil.

The sumof the SICS for all of the soil types in the samehorizon can be
regarded as the SICS of the corresponding horizon on the CLP. The SICSs
in the 0–20, 0–50 and 0–100 cm horizons were estimated to be 2.39,
5.31 and 10.20 Pg, respectively. The SICS in the 0–20, 20–50 and
0–50 cm horizons contributed 23.5, 28.6 and 47.9% respectively of the
total CLP SICS. Clearly, the SICS of the different horizons increases with
increasing soil depth. This trend is related to the increase in layer thick-
ness and the effect of rainfall. Over time, rainfall caused dissolution and
leaching of carbonate in the top horizon and precipitation in the deeper
horizons (Mi et al., 2008).

4. Discussion

The SIC density distribution over the CLP is depicted in Fig. 5 for the
three standard layers and the total 0–100 cm layer. The maps are based
on the SICD values per profile andKriging interpolation to cover the area
between the profile sites. The SICD in the three soil horizons increased
with increasing latitude (going north) and decreasing longitude
(going west) (Fig. 5), thus showing regional characteristics. In low lati-
tude (southern) regions, the relatively high temperature and abundant
rainfall are beneficial for carbonate leaching. Rainfall decreases with
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increasing latitude (going north), therefore soil leaching and deposition
becomeweaker at high latitudes (in northern regions), and the SICD in-
creases in these regions. This trend is followed by the SIC stock: the SICS
on the CLP increases gradually from east to west and from south to
north. The role of rainfall is crucial; comparison of the present results
with those Mi et al. (2008) shows that 84.0% of the SIC stock on CLP is
concentrated in the area where the annual precipitation is less than
500 mm (Mi et al., 2008).

Finally, it is interesting to consider to what extent the SICS and SOCS
contribute to the total soil carbon stock and to compare the CLP with
other regions and the overall values for China and globally. To this
order the known literature values on SICS and SOCS are collected in
Table 3. The global SOCS estimates range from 1220 to 1548 Pg C, while
the global SICS estimates range from 695 to 940 Pg C; i.e., approximately
60% of the global soil carbon stock consists of SOC and approximately 40%
consists of SIC. For China, the SOCS estimates are approximately 83.8 Pg C
and the SICS estimates range from 53.3 to 77.9 Pg C. Therefore, also in
China the SOC stock is substantially higher than the SIC stock. The total
carbon stocks in all of China can also be compared with those in the
arid and semi-arid regions of China. Due to the large area of the CLP
and the relatively high SICD of the soils, the SIC stock of the CLP is high.
The presently calculated SICS of the CLP is 10.20 Pg C, this is 2.1 times
more than SOCS on the CLP (Liu et al., 2011). The SICS and SOCS of the
0–100 cm horizon in the desert region of northern China are 14.91 and
7.84 Pg C, respectively (Feng et al., 2001), i.e., here SICS is 1.8 times the
SOCS. The SICS of the grassland on the Tibetan Plateau was found to be
15.2 Pg C, which is 2.1 times higher than the corresponding SOCS (Yang
et al., 2010). Evidently, due to the dry conditions, the SICS/SOCS ratio in
the arid and semi-arid regions ismuchhigher than theChinese and global
SICS/SOCS ratio.

The SICS of 10.20 Pg C on the CLP accounts for about 18.4% of the
SICS in China (60 Pg C), whereas the area of the CLP only accounts for
6.6% of the national area. Additionally, the desert areas and the Tibetan
alpine grassland contribute considerably to the national SICS (Table 3).
This indicates that the SICS on the CLP and in the arid and semi-arid
regions in China are relatively important to the terrestrial carbon cycle
of China.

Soil inorganic carbon plays a very important role in the global
carbon cycle and climate change; therefore, estimates of SICSs are vi-
tally important (Wu et al., 2001). The large scale (global or China) es-
timates of SICD and SICS reported in literature, however, differ
substantially (Table 3). Estimations of soil carbon stocks are usually
focused on a soil profile depth of 100 cm, however, in some regions
with exceptionally large SOCS and SICS, the whole soil profile depth is
much larger. Therefore, to assess the potential influence of soil on the
terrestrial carbon cycle, the common practice to mainly study the
0–100 cm layer should be avoid in future studies and the whole
soil layer should be taken into account. This also applies to the CLP
where at most locations the soil layer also exceeds the 100 cm depth
considerably.
4. Conclusions

Based on the data from the Chinese Second National Soil Survey, the
SIC density and SIC stock in the top 100 cm for the different soil types
and land use patterns across the CLP were estimated to 17.04 kg/m2

and 10.20 Pg C, respectively. Detailed analysis of the horizons
0–20 cm, 20–50 cm and 50–100 cm showed that the SICD increased
with depth for all soil types and land use patterns, and the magnitude
and vertical distribution of the SICD were related to the climate condi-
tions. The SICD and SICS values in the CLP soils were approximately
2.2 and 2.1 times higher than the SOCD and SOCS values, respectively.
The SICS represented approximately 18.4% of the overall SICS in China,
indicating that the SIC stock of the CLP makes a significant contribution
to China's terrestrial carbon balance.
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