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Abstract This paper analyzed stable carbon and oxygen

isotopic changes in organic matter (d13CSOM) and dis-

seminated carbonate (d13CSC and d18OSC) in four terra

rossa profiles in Gouzhou, southwestern China. The

objectives were to understand more information about

climate change in this area and to determine whether the

isotope values of disseminated carbonate in terra rossa

preserved a record of environmental change and to distin-

guish environmental sources that may have influenced the

isotopic chemistry. Results suggested that carbonate in

terra rossa is mainly pedogenic carbonate, and its formation

is closely associated with root activities. The d13CSOM

variations indicate a climate change into warmer and drier

conditions at about 6000–8000 a BP, 12000–14000 a BP

and 28000 a BP. Plants were more depleted in d13C when

carbonate precipitated. Compared with the d13CSOM, the

d13CSC tends to reflect more average climate change

information. Most large variations of the d13CSC and d13-

CSOM between adjacent sampling layers are accompanied

with the change in soil color and texture, suggesting a

certain connection between the d13C and the soil proper-

ties. This study found a positive linearity between d13CSC

and d18OSC; a striking different value and correlation

coefficient in different sites may provide a meaningful

signal of regional climate change.

Keywords Disseminated carbonate � Terra rossa �
Stable carbon isotope � Stable oxygen isotope � Soil organic
matter

Introduction

The stable carbon and oxygen isotopic composition of soil

carbonate (d13CSC and d18OSC) has been used to understand

the climatic and ecological changes in many different

regions of the world (Stevenson et al. 2005; Schmid et al.

2006; Quade et al. 2007). Soil carbonate includes litho-

genic (inherited) and pedogenic (secondary) carbonate.

Many of these studies were based on pedogenic carbonate

because it is formed in the weathering process and pre-

serves environmental signals and thus can reflect the ter-

restrial ecosystems and climate change (Cerling 1984;

Connin et al. 1997; Pankaj 2001; Stevenson et al. 2005;

Kovda et al. 2006; Achyuthan et al. 2007). The lithogenic

carbonate and pedogenic carbonate usually coexist in the

soil, studying the carbon and oxygen isotopes of pedogenic

carbonate, therefore, often needs to separate the pedogenic

carbonate from lithogenic carbonate first. Usually, the

pedogenic carbonate is studied in the following two con-

ditions: When the carbonate crystal particle is large

enough, the pedogenic carbonate is artificially stripped

down from the soil structure or the gravel surface it is

attached on, or by using microscope, the pedogenic car-

bonate and lithogenic carbonate are distinguished by their

different mineral forms in the soil for further analysis. So

the pedogenic carbonate samples in existing research are

usually collected from the pedogenic carbonate nodules or

the pedogenic carbonate coatings on lithic detritus (Miller

et al. 2007; Quade et al. 2007; Kraimer and Monger 2009).

Many soils lack carbonate of such form, and it is difficult to
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separate the pedogenic carbonate from lithogenic carbonate

completely in many cases; the isotopic analysis of car-

bonate is therefore necessarily restricted to disseminated

carbonate which is the mixture of carbonate in all forms.

However, the research about the isotopic study of dis-

seminated carbonate is less reported.

Macroscopic carbonates usually form under arid cli-

matic conditions (Cerling 1984; Miller et al. 2007; Quade

et al. 2007). In Guizhou Province of China, isotopic study

about soil carbonate has barely been carried out because

macroscopic carbonates are hardly found due to the high

precipitation. The climatic or vegetational information

contained in the soil carbonate is poorly understood in

this area. However, it does not mean the carbonate does

not exist. It is found that in Europe, where there is fre-

quently consistent precipitation throughout the year, car-

bonate leaching is prevalent and soil carbonate can

accumulate in regions where carbonate rich bedrocks

occur (Candy 2009; Candy et al. 2012). Guizhou Province

has widely distributed carbonate rocks, with the carbonate

deposition reaching a total thickness of approximately

8500 m, and a wide distribution of terra rossa covers the

carbonate bedrock (Liu et al. 2013). It is likely that dis-

seminated carbonate can be found in the terra rossa.

According to the field observations, though the macro-

scopic carbonates were basically not found in soil pro-

files, the microstructures of carbonate were observed by

electron scanning microscope (SEM); carbonate content

has also been measured in this study as well as in other

studies about terra rossa (Valter et al. 1992; Irmak and

Aydemir 2008). Therefore, the isotopic analysis of car-

bonate in terra rossa is restricted to the disseminated

carbonate. Interpretation of it would be difficult because it

may reflect a different pedogenic process or inclusion of

detrital material.

The stable carbon isotopic composition of soil organic

matter (d13CSOM) has also been used to study vegetation

and climate change (Boutton et al. 1998; Landi et al. 2003;

Rao et al. 2013), because it reflects the relative contribution

of organic matter from C3 and C4 plants (Kelly et al. 1991).

The carbon isotope composition of pedogenic carbonate is

controlled by organic matter over the time of the carbonate

formation. Based on the d13C model of pedogenic car-

bonate (Cerling 1984; Quade et al. 1989), at depths below

the influence of the atmosphere, an approximately 15 %
d13C offset exists between the soil organic matter and the

pedogenic carbonate. Theoretically, the d13C value of

pedogenic carbonate can be estimated by measuring the

d13C value of soil organic matter, if the plants at the time

when the pedogenic carbonate was formed were not

affected by anthropogenic or natural climate change

(Quade et al. 1989, 2007). Therefore, isotopic chemistry of

carbonate can be estimated by comparing d13C values of

the coexisting organic matter pools.

In this study, isotopic information of disseminated car-

bonate and organic matter in four terra rossa profiles in

Guizhou Province, China was explored. The objectives are

to understand more information about climate change in

this area and to determine whether isotopic values of dis-

seminated carbonate in terra rossa preserve a record of

environmental change and to distinguish environmental

sources that may have influenced the isotopic chemistry of

disseminated carbonate.

Materials and methods

Geological setting

Guizhou Province is located in the west of the Yangtze

Platform (Liu et al. 2013). The climate of Guizhou Pro-

vince occurs in the transition zone between the East Asian

and the South Asian monsoons. It is governed by a sub-

tropical humid monsoon climate, with dry and rainy sea-

sons. There is a large distribution of terra rossa in Guizhou

Province, ranging from a few centimeters to several meters

in thickness. It is also found in cracks and between bedding

surfaces of limestone and dolomite (Durn 2003; Feng et al.

2011). Study sites are located in Puchang in Suiyang

County (PC), Xinpu in Zunyi (XP), Pingba County (PB)

and Hezhang County (HZ). The sites PC and XP are

located in the mid-north, PB is located in the mid-south,

and HZ is located in the northwest (Fig. 1). The underlying

bedrocks are Triassic limestone (PC), Upper–Middle

Cambrian dolomites (XP), Lower Permian limestone (PB)

and Early–Middle Triassic dolomites (HZ). The sampling

sites are in a hilly area, and soil samples were taken from

the terra rossa covering the hill pediment (Fig. 2).

Vegetation survey

A study of the vegetation at sites PC, XP and PB was

conducted from 21 to 25 August 2011. The vegetation

study at HZ took place on 10 October 2011. Both C3 and

C4 plants were found at all sites. At the PC site, C3 plants

were mainly shrubs, and C4 plants were mainly cultivated

corn and Artemisia scoparia. At XP, C3 plants were mainly

Ligustrum lucidum and shrubs, and C4 plants were mainly

cultivated corn, A. scoparia and Kobresia. At PB, C3 plants

were mainly cultivated Pinus massoniana, Eucommia

ulmoides and naturally growing Pteridium aquilinum and

shrubs. The C4 plants were mainly Miscanthus floridulus.

At HZ, C3 plants were mainly P. massoniana and shrubs,

and C4 plants mainly Imperata cylindrica.
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Sample collection

Soil profiles were obtained by digging from the bottom to the

top and were classified by soil color, texture, major element

content (unpublished) and the soil horizon characteristics

(Table 1). The soils were collected using a hand hammer and

a small shovel, and were sampled at different intervals

depending on the profile depth and the soil property. The PC

soil was sampled at 20-cm intervals. The XP and PB soils

were sampled at 10-cm intervals, and the HZ soil was sam-

pled at 20-cm intervals in the clay layer and at 10-cm intervals

in the loam layer. When a distinct change appeared in the soil

color or texture, samples were not taken at intervals but by

removing the soil with different characteristics. A soil sample

of vertical 5 cm width was randomly collected from each

horizon. The geologicalmap ofGuizhou Provincewas used to

identify the parent material in the field. Each parent rock was

identified by its texture, structure, shape and color, and being

composed of at least three rock fragments.

Soil analyses

Soil samples were dried in the oven at 45 �C for 2 days,

and a section of each was ground to pass a sieve (mesh

200). The unground soils were used for microscopic study.

The soil particles were fixed on conductive tape, coated

with carbon and studied using a scanning electron micro-

scope and energy dispersive analysis of X-rays (SEM-

EDAX) of JEOL JSM-6460LV, Japan. The mineral com-

position of the soil was analyzed using X-ray diffraction

(XRD). Soil pH value was determined using a glass elec-

trode in a 1:5 (volume fraction) suspension of soil in water

(ISO 2005). Soil organic carbon (SOC) content was

determined at the Environmental Pollution Control Labo-

ratory at the Capital Normal University at Beijing, China.

After acid-fuming to remove inorganic carbonate, the

organic carbon in soil was converted to CO2 by combustion

with an Elementar Analysensysteme GmbH, Germany. The

SOC content was calculated based on the amount of CO2

Fig. 1 Location, strata and

altitude of study sites in

Guizhou Province. Red

triangles indicate the locations

where the soil profiles were

sampled. T1y Triassic limestone,”

2-3ls Upper–Middle Cambrian

dolomites, P1m lower Permian

limestone, T1a Early–Middle

Triassic dolomites
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(Zhu and Liu 2006). The carbonate content in soil was

determined by titrating 1 g of bulk samples using

hydrochloric acid (1 mol/L) and sodium hydroxide (1 mol/

L) (Cailleau et al. 2005).

Soil samples for organic C isotope analysis were pre-

treated with 1 mol/L HCl to remove carbonate minerals.

The sample residues were washed with distilled water and

dried in the oven at 60 �C. Approximately 10–100 mg of

treated sample was mixed with CuO and placed into a

quartz tube. After combustion at 850 �C for 5 h, CO2 was

released (Boutton 1983). To measure stable C and O iso-

tope composition of the soil carbonate, approximately

1.0–3.0 g of soil was heated at 350 �C in a muffle furnace

for 3 h to pyrolyze organic C (Connin et al. 1997). This

was then placed into an ampoule, capped and reacted with

H3PO4 (100 %) for 1 day at room temperature (20–25 �C)
(McCrea 1950). A sample of 50 mg carbonate rocks was

directly reacted with H3PO4 (100 %) without pre-treat-

ment. The released CO2 was collected, cryogenically

purified and measured with a mass spectrometer MAT252,

Germany. The isotopes were analyzed and measured at the

Institute of Geochemistry, Chinese Academy of Sciences.

Carbonate and organic matter isotopic results are reported

using standard d (per mil, %) notation relative to the Pee

Dee Belemnite standard. Precision of repeated standards

was\0.04 % for d13C and\0.09 % for d18O. Several soil
samples were sent to Xian accelerator mass spectrometry

center (XAAMS) for 14C dating of soil organic carbon by

accelerator mass spectrometry, AMS (Wallace et al. 1987).

The 14C data can be expressed as pMC (percent modern

carbon) and D14C(%) (Stuiver and Polach 1977). The 14C

age is calculated from the pMC (Stuiver and Polach 1977).

When the D14C\ 0, the turnover rate of soil organic

matter is calculated from the equation inferred by Trum-

bore (1997) and Metting et al. (1999). When the D14C[ 0,

the turnover rate of soil organic matter is calculated based

on the mathematical model developed by Cherkinsky and

Borvkin (1993).

Results

Soil properties

The regolith is an expression of upward increase in

weathering intensity. At the PC site, there is no obvious

clay layer, and the clay stones are mixed with soil and

increased with depth. At the XP and HZ site, the clay layer

and soil layer are apparent, with clay layer observed in

depths of[30 cm at XP and[80 cm at HZ. The plasticity

of clay increases with depth, and the color changes

between different layers (Table 2). At the PB site, the soil

structure does not change with depth, but color changes at

the depth of 150 cm (Table 2).

The pH value of the soil profiles shows that the soil

changed from acidic to neutral from surface to depth. The

pH value range is 6.1–8.4 at PC, 6.2–8.2 at XP, 5.3–7.4 at

PB and 6.7–7.8 at HZ (Table 2).

The highest SOC content is observed in the surface soil

at PC, XP and PB, and the SOC content decreases to\1 %

Fig. 2 The geomorphological characteristics of sampling sites
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from the surface to depth and remained almost stable at

depth (Table 2). A similar trend was observed at HZ;

however, the highest SOC content is found in the subsur-

face layer (10 cm depth). The depth distribution of organic

carbon content is consistent with some previous studies

(Zhu and Liu 2006; Li et al. 2009) and is closely related to

the evolution of the soil profile (Chen et al. 2005) and the

amount and activity of microbes (Zhu and Liu 2006).

The carbonate content is 4.0–9.5 % at PC, 2.5–12.5 % at

XP, 8.0–16.5 % at PB and 5.5–17.5 % at HZ (Table 2). The

carbonate content would increase with depth when consid-

ering the downward migration caused by precipitation, the

increased pH value and the decreased weathering degree of

carbonate rocks at the deeper depth. In fact, it shows an

irregular variation with depth, and the carbonate content in

the surface soil is higher than the average value of the whole

profile (PC 9.5 % surface vs. 6.9 % average; XP 10.0 %

surface vs. 8.2 % average; PB 11.8 % surface vs. 11.2 %

average; HZ 16.0 % surface vs. 12.5 % average).

Morphology and distribution of calcretes

Most of the carbonates in this study are characterized

microscopically by features similar to pedogenic carbon-

ates. They are poorly crystallized with structures resem-

bling root or vessels of plant tissues (Fig. 3a–c, e, f) or

occurs as calcitic coatings on soil matrix mixed with root

(Fig. 3d). These carbonates with pedogenic features take

the main form in SEM study, and most often, they are

found in the shallow soil horizon. Carbonate cements

(Fig. 3i) are sometimes found at the deeper depth. Almost

all of the carbonates occur as calcrete in proximity to clay

(Fig. 3), sometimes with a clay coating covering around

the carbonate (Fig. 3b), and the carbonate also occur with

several minerals including quartz, feldspar, smectite, illite

and kaolinite.

Stable carbon isotopic composition of soil organic

matter (d13CSOM)

There is a great vertical variation of d13CSOM at each site

(Table 2). Most d13CSOM are in the range of C3 plants (-32

to -21 %), and only a few are in the range of C4 plants

(-17 to -9 %) (Landi et al. 2003). At the PC site, most

samples are in the C3 plant range; values at depths of 70,

110 and 210 are in the C4 plant range. Value at 10 cm is

neither in the C3 nor C4 plant range, which may be the

result of a mixture of C3 and C4 plants. At the XP site, the

topsoil has an abnormally high d13CSOM value (-10.91 %)

compared with other sites. Below the surface, the d13CSOM

increases from -24.93 % at 5 cm to -20.66 % at 20 cm

and then remained nearly constant at around -24.00 %. At

the PB site, most samples are in the C3 plant range. ValuesT
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Table 2 Soil properties and stable isotopic values of soil organic matter and disseminated carbonate

Sample sites Depth

(cm)

Musell colors of dry soil Soil texture SOC content Carbonate

content

d13CSOM d13CSC d18OSC pH

(% C) (%) (%) (%) (%)

PC-1 0 10 year 4/4, dark yellow brown Sandy loam 2.33 9.5 -25.15 -10.36 -14.68 6.8

PC-2 10 10 year 5/8, yellowish brown Sandy loam 0.52 7.5 -18.29 -16.81 -17.91 6.2

PC-3 30 10 year 5/8, yellowish brown Sandy soil 0.35 7.8 -23.42 -18.79 -16.74 6.1

PC-4 50 10 year 6/6, brownish yellow Sandy soil 0.30 7.0 -24.16 -17.82 -18.88 6.2

PC-5 70 10 year 6/8, brownish yellow Sandy soil 0.39 8.0 -14.46 -17.24 -16.09 6.4

PC-6 90 10 year 6/8, brownish yellow Sandy soil 0.31 9.0 -25.01 -17.55 -15.51 6.6

PC-7 110 10 year 6/8, brownish yellow Sandy soil 0.32 4.0 -15.08 -17.12 -15.63 6.7

PC-8 130 10 year 6/8, brownish yellow Sandy soil 0.37 5.0 -24.42 -16.23 -13.22 7

PC-9 150 10 year 6/8, brownish yellow Sandy soil 0.30 7.0 -24.11 -14.82 -15.30 7.2

PC-10 170 10 year 7/8, yellow Sandy soil 0.29 9.0 -24.57 -8.42 -12.59 7.3

PC-11 190 10 year 7/8, yellow Sandy soil 0.27 4.5 -24.51 -13.71 -15.58 7.7

PC-12 210 10 year 6/8, brownish yellow Sandy soil 0.19 4.0 -13.60 -16.14 -16.24 8

XP-1 0 10 year 3/4, dark yellowish brown Light loam 2.68 10.0 -10.91 -15.23 -13.10 6.2

XP-2 5 10 year 4/4, dark yellowish brown Sandy loam 2.03 7.0 -24.93 -15.28 -12.98 6.6

XP-3 10 10 year 4/6, dark yellowish brown Sandy loam 0.72 10.5 -21.57 -14.17 -15.43 6.6

XP-4 20 10 year 5/4, yellowish brown Sandy loam 0.66 7.5 -20.66 -15.35 -14.72 6.5

XP-5 30 10 year 7/6, yellow Clay 0.41 8.5 -24.32 -12.85 -14.21 6.4

XP-6 40 10 year 6/8, brownish yellow Clay 0.35 9.5 -24.01 -14.81 -13.06 6.5

XP-7 50 10 year 6/8, brownish yellow Clay 0.4 8.5 -23.76 -14.35 -11.81 6.5

XP-8 60 10 year 7/8, yellow Clay 0.43 11.0 -24.30 -11.54 -14.60 6.7

XP-9 70 10 year 8/6, yellow Clay 0.38 10.5 -24.55 -16.87 -13.65 6.7

XP-10 80 10 year 8/6, yellow Clay 0.38 8.0 -24.79 -14.94 -14.31 6.8

XP-11 90 10 year 6/8, brownish yellow Clay 0.37 9.5 -24.20 -15.02 -13.78 6.9

XP-12 100 10 year 7/8, yellow Clay 0.48 12.5 -22.50 -15.52 -13.75 7.5

XP-13 110 10 year 8/6, yellow Clay 0.4 4.0 -24.00 -14.14 -12.33 7.3

XP-14 120 10 year 7/8, yellow Clay 0.54 2.5 -24.27 -10.64 -11.31 7.8

XP-15 130 10 year 7/6, yellow Clay 0.95 4.0 -24.59 -6.86 -9.61 8.2

PB-1 20 7.5 year 6/8, reddish yellow Sandy loam 1.05 11.8 -22.04 -13.61 -12.05 5.3

PB-2 30 7.5 year 6/8, reddish yellow Sandy loam 0.75 9.0 -19.87 -15.40 -17.25 5.6

PB-3 40 7.5 year 6/8, reddish yellow Sandy loam 0.61 8.8 -20.24 -12.66 -9.54 5.9

PB-4 50 7.5 year 7/8, reddish yellow Sandy loam 0.55 8.2 -22.76 -13.80 -11.11 6.1

PB-5 60 7.5 year 7/8, reddish yellow Sandy loam 0.54 8.0 -22.26 -10.86 -10.47 5.9

PB-6 70 7.5 year 6/8, reddish yellow Sandy loam 0.48 14.0 -22.33 -9.28 -11.41 6

PB-7 80 7.5 year 7/8, reddish yellow Sandy loam 0.44 16.5 -22.44 -5.93 -10.61 6.3

PB-8 90 7.5 year 7/8, reddish yellow Sandy loam 0.36 13.3 -15.20 -8.83 -9.41 6.5

PB-9 100 7.5 year 7/8, reddish yellow Sandy loam 0.33 14.5 -23.25 -10.78 -11.81 6.9

PB-10 110 7.5 year 6/8, reddish yellow Sandy loam 0.41 9.0 -23.19 -10.11 -11.27 6.9

PB-11 120 7.5 year 7/8, reddish yellow Sandy loam 0.4 10.5 -22.73 -9.85 -10.09 7

PB-12 130 7.5 year 7/8, reddish yellow Sandy loam 0.46 8.5 -24.67 -10.46 -11.59 7

PB-13 140 7.5 year 6/8, reddish yellow Sandy loam 0.45 10.0 -17.89 -11.24 -12.66 7.1

PB-14 150 7.5 year 6/8, reddish yellow Sandy loam 0.45 9.0 -20.59 -12.69 -11.94 7.1

PB-15 160 7.5 year 5/8, strong brown Sandy loam 0.39 12.5 -13.27 -13.03 -13.30 7.1

PB-16 170 7.5 year 4/6, strong brown Sandy loam 0.36 12.5 -22.65 -12.87 -13.25 7.1

PB-17 180 7.5 year 4/6, strong brown Sandy loam 0.36 14.3 -16.54 -13.07 -14.13 7.4

HZ-1 0 10 year 4/6, dark yellowish brown Light loam 0.78 16.0 -25.92 1.31 0.67 7.6

HZ-2 10 10 year 5/8, yellowish brown Light loam 3.03 14.0 -20.94 -10.88 -2.58 6.9

HZ-3 20 10 year 5/8, yellowish brown Light loam 1.37 17.5 -21.68 -11.46 -2.48 6.7
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at depths of 110, 160, 180 and 200 are in the C4 plant

range, and values at 50, 60 and 170 are neither C3 nor C4

plants. At the HZ site, the d13CSOM value first increases

from -25.92 % at the surface to -20.94 % at 10 cm

depth and decreases to -25.51 % at 220 cm. During this

decrease, there was a large negative and positive offset at

30 cm and 200 cm with d13CSOM values of -30.45 and

-13.41 %, respectively.

Stable carbon and oxygen isotopic composition

of soil carbonate (d13CSC and d18OSC)

The d13CSC at PC ranges from -8.42 to -18.79 %, with

an average of -15.42 %. The d13CSC at XP ranges from

-16.87 to -6.86 %, with an average of -13.84 %. The

d13CSC at PB ranges from -15.40 to -5.93 %, with an

average of -11.44 %. The d13CSC at HZ ranges from

-13.15 to 1.31 %, with an average of -7.75 % (Table 2).

The order of the average d13CSC between the sites is

HZ[ PB[XP[ PC.

The d18OSC at PC ranges from -18.88 to -12.59 %,

with an average of -15.70 %. The d18OSC at XP ranges

from -15.43 to -9.61 %, with an average of -13.24 %.

The d18OSC at PB ranges from -17.25 to -9.41 %, with

an average of -11.88 %. The d18OSC at HZ ranges from

-3.12 to 3.33 %, with an average of -0.70 % (Table 2).

The order of the average d18OSC between the sites is

HZ[ PB[XP[ PC (Table 2).

The d13CSC and d18OSC from the depths[50 cm at each

site show a positive relationship with different correlation

coefficient (Fig. 4). Values of depths[50 cm were chosen

because they are less likely to be impacted by atmospheric

CO2 and may reflect d13C composition of CO2 derived

from soil respiration (Quade et al. 2007). The d13CSC

values (y, in %) are related to d18OSC values (x, in %) as

follows:

y ¼ 1:0945xþ 1:4587 PC;R2 ¼ 0:4459
� �

y ¼ 1:346xþ 3:9044 XP;R2 ¼ 0:5132
� �

y ¼ 1:1867xþ 3:227 PB;R2 ¼ 0:6245
� �

y ¼ 2:4824x� 7:4329 HZ;R2 ¼ 0:8197
� �

:

The stable carbon and oxygen isotopic composition of

the parent carbonate rocks is 2.55 % (d13C) and -6.92 %
(d18O) at PC, -1.71 % (d13C) and -7.7 % (d18O) at XP,
1.2 % (d13C) and -1.09 % (d18O) at PB, 3.39 % (d13C)
and -10.07 % (d18O) at HZ.

Carbon radioisotopic data of soil organic matter

The pMC and D14C is, respectively,\100 and\0 except

for that of the surface soil at XP (Table 3). When the

pMC[ 100 or D14C[ 0, it means great influence of bomb
14C caused by the nuclear test since 1956, and the 14C age

of SOM is modern and cannot be directly determined, such

as the surface soil at XP (XP-1) (Table 3). The carbon

radioisotopes of soil organic matter show an increased age

of organic matter with depth except that at XP. The organic

carbon at 130 cm (XP-15) is younger than that at 80 cm

(XP-10) (Table 3), which may be caused by mixing of

younger organic residues. Supposed the modern age of XP-

1is 55 years since the bomb (Table 3), the dating results

and the soil depths have a good linear relationship (Fig. 5).

The regression equations in Fig. 5 are used to estimate the

age of SOM in other soil layers according to their depth

(Fig. 6). The estimated age in Fig. 6 only shows an

approximate age variation with depth but not the actual age

Table 2 continued

Sample sites Depth

(cm)

Musell colors of dry soil Soil texture SOC content Carbonate

content

d13CSOM d13CSC d18OSC pH

(% C) (%) (%) (%) (%)

HZ-4 30 10 year 5/6, yellowish brown Light loam 1.05 10.0 -30.45 -12.34 -2.89 6.7

HZ-5 40 10 year 5/6, yellowish brown Light loam 0.77 10.5 -22.80 -13.15 -3.12 6.7

HZ-6 50 10 year 5/6, yellowish brown Light loam 0.56 9.5 -22.80 -10.52 -3.08 6.8

HZ-7 60 10 year 5/8, yellowish brown Light loam 0.39 5.5 -24.38 -6.97 -1.00 6.9

HZ-8 80 10 year 5/8, yellowish brown Clay 0.51 11.5 -23.37 -11.41 -1.46 7

HZ-9 100 10 year 6/8, brownish yellow Clay 0.52 12.0 -24.75 -9.55 -0.46 7.2

HZ-10 120 10 year 6/8, brownish yellow Clay 0.49 15.0 -24.51 -9.56 -0.55 7.6

HZ-11 140 10 year 5/8, yellowish brown Clay 0.65 13.0 -24.13 -8.99 0.4 7.3

HZ-12 160 10 year 6/8, brownish yellow Clay 0.55 13.0 -25.56 -8.07 0.09 7.1

HZ-13 180 10 year 3/6, dark yellowish brown Clay 1.04 14.0 -22.66 -3.12 1.84 7.5

HZ-14 200 10 year 4/6, dark yellowish brown Clay 0.86 12.0 -13.41 -2.69 0.87 7.6

HZ-15 220 10 year 4/6, dark yellowish brown Clay 1.00 13.5 -25.51 1.08 3.33 7.8
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in each layer considering other factors that may affect the

age of SOM, such as the pedoturbation of SOM caused by

biological activities or mixing of organic materials of other

periods.

The turnover rate of SOM at each profile decreases

with depth (Table 3), reflecting a formation and update

regularity of organic matter in the soil profiles. According

to the turnover rate, the organic carbon of surface soil at

XP (XP-1) is active carbon, and that of other soil samples

are stable carbon. Compared with the radioisotopic

research about the forest soil in southern China (Xing

1998), the D14C value of a certain depth in this study is

smaller than that of the same depth in forest soil, indi-

cating a longer timescale of soil carbon storage in this

studied soil.

Discussion

Origin of carbonate in terra rossa

Terra rossa is generally defined as a type of reddish to silty

clay deposit over carbonate bedrock (Durn 2003; Feng

et al. 2011). Most researchers today believe that terra rossa

is a polygenetic relict soil formed during the Tertiary and/

or hot and humid periods of the quaternary (Altay 1997;

Bronger and Bruhn 1997). In some isolated karst terrain,

terra rossa may have formed exclusively from the insoluble

residue of limestone and dolomite, but more often, it

comprises a range of parent materials (Durn et al. 1999).

Several studies of terra rossa in Guizhou Province have

concluded that it is a product of in situ weathering that

Fig. 3 SEM micrographs of carbonate in soil (a–i). a Root-shaped

carbonate filled with soil matrix and clay from the surface soil PC–1;

cl—clay, ca—carbonate. b Calcified root hair with clay coating

covered around from PC–2, 10 cm from the surface soil; cl—clay,

ca—carbonate. c Root-shaped carbonate with inclusion of clay

minerals and quartz from PC–3, 30 cm from the surface soil; cl—

clay, ca—carbonate, q—quartz. d Calcitic coatings on soil matrix

mixed with roots from surface soil XP–1; cl—clay, ca—carbonate.

e Carbonate structures resembling vessels of plant tissues with clay

around from XP–2, 5 cm from the surface soil; cl—lay, ca—

carbonate. f Calcified plant tissues from PB–3, 40 cm from the

surface soil; ca—carbonate. g Fragment marked by frame in panel d,

partial detail of root; r—root. h Fragment marked by frame in panel e,

the enlarged carbonate structure. i Coarse cemented carbonate with

clay coatings from HZ–15, 220 cm from the surface soil; cl—clay,

ca—carbonate
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originated mostly from the insoluble residues of the parent

rocks (Feng et al. 2009a, b; Ji et al. 2004a, b; Wei et al.

2013; Li and Ji 2015). The formation process of terra rossa

can be divided into two stages, the weathering reaction

mainly happened at the first stage in rock–regolith inter-

face, with almost completely leaching of Ca and Na and

accumulation of Al. The second stage is the accumulation

and further weathering of the insoluble residua (Ji et al.

2004a, b). Therefore, the carbonate in terra rossa may

contain pedogenic and lithogenic carbonates. Pedogenic

carbonates usually occur in arid and semiarid areas (Kovda

et al. 2006; Achyuthan et al. 2007; Quade et al. 2007); it

appears that both pedogenic and lithogenic carbonates are

easily leached out in slightly acidic soil environment with

high rainfall (Table 1).

In this study, macroscopic carbonates were hardly found

in soil, whereas the carbonates were observed in SEM

study as the disseminated calcrete in soil (Fig. 3). Based on

the photomicrographs, most carbonates are poorly crys-

tallized and characterized by distinct biogenic structures

(Fig. 3). The root-shape calcrete (Fig. 3a–c), calcitic

coatings on soil matrix mixed with root (Fig. 3d) and

calcitic structures resembling vessels of plant tissues

(Fig. 3e, f). These carbonate structures demonstrate bio-

genetic processes and indicate their pedogenic origin. The

carbonate with pedogenic features was more commonly

found at the shallow soil horizons with strong biological

activity, rather than in the deeper horizons that, considering

the physicochemical conditions, are more favorable for the

precipitation of carbonate. This is in accordance with

higher surface carbonate content than the average value at

each profile. This means that the physicochemical condi-

tions, including the downward migration caused by pre-

cipitation and the higher pH value at the deeper horizons

(Table 2), do not yield a close correlation with the presence

of carbonate in this study. The photomicrographs of the

carbonates clearly showed the impact of plant and root in

the formation of pedogenic carbonates. Some studies have

discussed the impact of the rhizosphere in the formation of

pedogenic carbonates, which is related to two main pro-

cesses: acceleration of carbonate parent material dissolu-

tion by the organic acids excreted by roots and

precipitation of secondary calcium carbonate due to water

losing by root pumping or through the root channel (Becze-

Deak et al. 1997). Whether the first process plays an

important role in this study is unknown considering the

already strong water–rock interaction in karst area, but the

second process such as the cementation process, impreg-

nation by secondary calcium carbonate of the soil around

root traces, can explain why the pedogenic carbonates have

the shape of roots (Fig. 3a–c) and appear at the rhizosphere

Fig. 4 Relationship between stable carbon and oxygen isotopes of

soil carbonate (d13CSC and d18OSC) from[50 cm depth

Table 3 Carbon radioisotopes and 14C age of soil organic matter

Sample number Soil depth (cm) pMC (%) D14C (%) Turnover rate

of SOM (a-1)

14C age of

SOM (a BP)

PC-14 0 82.99 -170.1 6.07E-04 1498

PC-13 10 45.09 -549.1 1.02E-04 6399

PC-7 130 28.71 -712.9 5.01E-05 10025

XP-18 0 104.75 47.5 9.96E-01 Modern

XP-15 20 88.48 -115.2 9.56E-04 983

XP-9 80 48.13 -518.7 1.16E-04 5875

XP-4 130 57.33 -426.7 1.67E-04 4470

PB-20 20 74.61 -253.9 3.66E-04 2353

PB-12 100 31.94 -680.6 5.84E-05 9169

PB-6 160 22.78 -772.2 3.67E-05 11885

HZB-16 0 74.26 -257.4 3.59E-04 2390

HZB-13 30 60.08 -399.2 1.87E-04 4093

HZB-6 140 7.69 -923.1 1.04E-05 20605
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Fig. 5 Relationship between
14C age of soil organic matter

and soil depth

Fig. 6 Depth distributions of stable carbon isotopes of soil organic matter (d13CSOM) and the corresponding 14C age in each layer. Depth

distributions of carbonate content, stable carbon and oxygen isotopes of soil carbonate (d13CSC and d18OSC)
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(Fig. 3d). Not only do roots promote the precipitation of

secondary calcium carbonate around them, but they also

absorb calcium. Some plants have the ability to accumulate

CaCO3 in their vacuome in order to detoxify a possible

excess of Ca2? (Verrecchia 2011). The biomineralization

then resulted in the calcified plant tissues (Fig. 3e, f). Few

pedogenic carbonate structures are found in the soils at

deeper depth (about[40 cm). Very few coarse hardened

carbonate occur, such like that in the clay layer that lies on

the parent rock at the HZ site (Fig. 3g). Its origination is

still unclear, which may have formed by re-precipitation of

the dissolved carbonate with consequent induration or

cementation or originated from the carbonate detritus that

was not completely weathered.

Based on the elementary analysis of SEM-EDAX, few

carbonate structures are composed of pure CaCO3, most

are with the inclusion of Al, Si and Fe. According to XRD

results, the Al and Si are derived from clay minerals or

quartz; the Fe is derived from the iron minerals. Almost all

of the carbonate is composed of calcrete associated with

clay (Fig. 3), and sometimes with clay coating almost

conceals and protects the carbonate within (Fig. 3b). The

clay materials therefore may play a role in preventing the

leaching of carbonate that was packed inside. Though clay

content was not determined in laboratory, the field obser-

vations show that the clay content is higher in deeper soil

depth (Table 2); this may explain the absence of carbonate

structure in SEM study for soil at deeper depth, because the

clay wrapped the carbonate inside and put the carbonate

out of sight. Royer indicated that the soil parent material

and texture both play a role in the formation of the car-

bonate, especially when the parent materials are dominated

by calcium carbonate and the soil texture and is dominated

by sand, silt, or clay (Royer 1999). To further differentiate

pedogenic carbonates from lithogenic carbonates,

stable isotopic analysis of soil carbonate is needed. The

d13CSC values at the four sites are all within the range of

pedogenic carbonates (Cerling 1984; Quade et al. 1989;

Monger et al. 1998), confirming that the disseminated

carbonate is mainly composed of pedogenic carbonates in

the studied soil.

Interpretation of d13CSOM

Based on previous research findings (Farquhar et al.

1989; Buchmann et al. 1997; Boutton et al. 1998), the

inherent carbon isotope fractionation process in the soil

profile usually causes the d13CSOM value to vary within a

range of 1–3 %. If the change is[3 %, it demonstrates

that the soil substances were the mixture of C3 and C4

plants. The d13CSOM variation at each site all exceeds

3 %. The changes of greater than 3 % between adjacent

sampling layers are counted, and the results show that 3

of 7 great changes are accompanied with the change in

soil color for PC, 3 of 3 for XP, 3 of 6 for PB and 3 of 5

for HZ. A few d13CSOM changes of greater than 3 % are

accompanied with the changes in soil texture, such as

that from the depth of 10 to 30 cm at PC. That from 0 to

5 cm, 20 to 30 cm at XP is accompanied with the

changes in both soil color and soil texture (Table 2). Not

all changes in soil color are accompanied with great

change in d13CSOM. The changes in soil texture from

upper layer to lower layer at PC and XP are accompanied

with a great decrease in d13CSOM (Table 2). The results

suggest certain connection may exist between the d13-

CSOM and the soil properties.

Plants with C3 and C4 photosynthesis have unique d13C
values, which are not significantly altered during decom-

position and soil organic matter formation (Boutton et al.

1998). Consequently, the d13C of soil organic matter

reflects the relative contribution of C3 and C4 plants. The

relative percentage of soil organic matter derived from C3

and C4 plants was calculated using the following formula

(Landi et al. 2003):

Percentage of C3 plants ¼
d13CSOM � d13C4

d13C3 � d13C4

ð1Þ

where d13CSOM is the d13C of soil organic matter, d13C3 is

the average d13C of C3 plants (-27 %) and d13C4 is the

average d13C of C4 plants (-13 %).

The percentage calculated from d13CSOM show that C3

plants account for a larger proportion than C4 plants at each

site in different degrees (Fig. 7). At PC, about 2/3 of the

soil layers show a dominance of C3 plants. At XP, the

organic matter originates entirely from C4 plants at the

surface, and more from C3 plants below the surface. At PB,

most of the samples are close to the fifty–fifty line. At HZ,

soil organic matter at the depth of 200 cm originates

mostly from C4 plants, and the others originate mostly from

C3 plants.

Large increase in d13CSOM is observed at each site at

different depths (Fig. 6), such as the sample of 70, 110 and

210 at PC; the sample of 0 cm at XP; the sample of 90 and

160 cm at PB; the sample of 200 cm at HZ. Except for XP,

other three profiles have positive shift of d13CSOM to about

-14 %, falling in the C4 plant range, which can be seen as

a signal of change into warm and dry in climate. This

climate change happened at about 6000–8000 a BP and

12000–14000 a BP according to PC and PB, 28000 a BP

according to HZ. The surface samples at XP decreased by

approximately 14 % from the surface to a depth of 5 cm.

There have been no reports of climatic change that would

have caused such a striking change at that period in

Guizhou Province (Kuo et al. 2011). Based on the vege-

tation investigation, the modern age and the rapid turnover

rate of the surface SOC at XP, the positive offset was most

Environ Earth Sci (2016) 75:1061 Page 11 of 16 1061

123



likely caused by cultivation of corn which is a crop with

short growing cycle.

It appears that the positive shifting samples have made

the entire depth distribution of d13CSOM irregular. If those

felling in the C4 plant range are excluded, the other points

form a regular distribution along the depth axis (Fig. 6).

According to previous research findings (Boutton et al.

1998; Nordt et al. 1998; Zhu and Liu 2006), the d13CSOM

values do not increase steadily with depth but instead reach a

maximum value at a certain depth and then decrease grad-

ually and remain almost stable. In this study, most samples

at each site have much the similar trend from the topsoil to

depth. Many papers have discussed the potential factors

leading to the observed enrichment of 13C with depth

(Boutton et al. 1998; Ehleringer et al. 2000). These factors

include higher d13C values of atmospheric CO2 before the

Industrial Revolution caused by the combustion of 13C-de-

pleted fossil fuels. Compared with the newly formed organic

matter of topsoil, that in the deeper soil layers originated at a

time when the d13C of atmospheric CO2 was more positive

and thus has a higher d13C value. Based on the 14C age of

the soil organic matter, this reason is excluded because

except for the surface soil at XP, other surface soil organic

matter is formed before Industrial Revolution. Other possi-

ble factors are ascribed to the microbial activities.

Microorganisms preferentially use the carbon source of

depleted 13C during litter decomposition, causing the

residual organic matter to become progressively more pos-

itive in its d13C values. The d13C values of the below ground

biomass (roots) are higher compared with above ground

biomass (leaves). Below 25 cm, the d13C values of SOM in

soil decreased with depth, which usually is caused by the

effects of microbial degradation. Microbial populations

preferentially metabolize nutrient and energy-rich high-13C

compounds, such as polysaccharides, leaving the remaining

SOM enriched in low-13C and recalcitrant compounds, such

as lignin (Wynn et al. 2006; Zhu and Liu 2006).

Interpretation of d13CSC and 18OSC

The changes in d13CSC[ 3 % between adjacent sampling

layers are also counted, with 2 of 3 accompanied with the

change in soil color for PC, 3 of 3 for XP, 1 of 1 for PB and

3 of 5 for HZ. A change in soil texture at HZ is accom-

panied with 4.44 % decrease in d13CSC (Table 2). The

results suggest a closer connection between the change in

d13CSC and soil color compared with d13CSOM, indicating

that the d13CSC is more affected by the composition of soil.

The soil carbonate usually contains a mixture of litho-

genic and pedogenic carbonate. As mentioned before, the

stable carbon isotope of pedogenic carbonate in soil is pre-

dominantly set by the d13C value of soil CO2. According to

the stable C isotope diffusion model of Ceiling and Quade

(Cerling 1984; Quade et al. 1989), at depths below the

influence of the atmosphere, a d13C offset of approximately

15 % exists between the soil organic matter and the pedo-

genic carbonate, which is the sum of approximately 4.4 and

11.0 % originating from molecular diffusion of CO2 and

carbonate equilibrium reactions, respectively (Nordt et al.

1998). Therefore, the stable carbon isotope of pedogenic

carbonate (d13CPC) is expressed as:

d13CPC ¼ d13CSOM þ DCO2 diffusion þ DCO2 � CaCO3

ð2Þ

where the DCO2 diffusion is the d13C difference between

soil CO2 and respired CO2 caused by molecular diffusion,

and the DCO2–CaCO3 is the d13C difference between C in

CaCO3 and CO2 occurring during equilibrium reactions. In

theory, the d13CSOM is weighted for all horizons in the

upper 25 cm (Nordt et al. 1998). A 25-cm depth is chosen

because the organic matter content that produces CO2 is the

highest in the upper 20–30 cm zone and decreases appre-

ciably below this depth (Nordt et al. 1998; Quade et al.

2007). This depth coincides with the modeled attenuation

depth for CO2 production in soils with a relatively high

respiration rate (Cerling 1984; Quade et al. 1989). How-

ever, according to the d13CSOM values discussed in

Sect. 4.2, the d13CSOM value of the upper 25 cm is not

applicable for all sites. For example, the vegetation system

has changed considerably at the surface at XP; hence, the

d13CSOM of the topsoil cannot be used to represent the

actual d13C value of soil-respired CO2 that contributed to

pedogenic carbonate formation. The average d13CSOM

value of 0–30 cm at PC (-22.29 %), 5–20 cm at XP

(-22.39 %), 20 cm at PB (-22.04 %) and 0–20 cm at HZ

(-22.85 %) are therefore used to calculate the d13CPC

values. The estimated d13CPC value is approximately

-7 % for all sites (Fig. 8). The estimated d13CPC value is

higher than the d13CSC value in the same horizon for most

layers, particularly at PC, XP and PB (Fig. 8). However,

the d13CPC value should be lower than the d13CSC, because

the d13CSC is the value of mixed lithogenic and pedogenic

carbonate, and the d13C value of lithogenic carbonate is

much higher than that of d13CPC. This unexpected finding

illustrates that the C3 plants made up a larger percentage of

the vegetation during the time of carbonate precipitation.

The percentage of C3 plants can also be calculated by

replacing d13CSOM in Eq. (1) with d13CSC. The corre-

sponding d13C3 is the d
13C value of C3 carbonate (-12 %),

and d13C4 is the d
13C value of C4 carbonate (2 %) (Connin

et al. 1997). The percentage of C3 plants calculated by

d13CSC at PC, XP and PB was higher than that calculated

by d13CSOM (almost 100 % at PC and XP) (Fig. 7), further

supporting that C3 plants made up a larger percentage when

carbonate precipitated. The percentage calculated by
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d13CSC at HZ demonstrated more C4 plants than that cal-

culated by d13CSOM especially at the deeper depths

(Fig. 7). The value at 0 cm was calculated using a notably

high d13CSC (1.31 %), which may have been caused by the

mix of detritus based on the geomorphic features, with

weathered rocks exposed in the soil, and at the sampling

site, weathered rocks is on the soil site (Fig. 2).

The vertical distribution of d13CSC and d13CSOM was

compared and is shown in Fig. 6. It can be seen that the

d13CSC shows a smaller and more continuous variation

trend than the d13CSOM. The potential reason that con-

tributes to their differences is overprinting, which refers to

the imposition of later climatic information on previous

information (Cerling 1984). The turnover rate of organic

matter especially that in the top soil (about 10-1–10-5 a-1)

(Table 3) is relatively higher compared with the rates of

soil carbonate formation (10-6 to 10-5 mol/cm2/year)

(Cerling and Quade 1993), which means that detailed

variation information of d13CSOM in short time may not be

recorded in the d13CSC, and the d13CSC tends to reflect

more average information of environmental change.

Carbonate content in loess is often used to indicate the

climate change (Fang et al. 1996; Rao et al. 2006; Cheng

et al. 2007; Peng et al. 2003). Higher carbonate content

usually indicates cold and dry climate, and lower carbonate

content usually indicates warm and wet climate. The

d13CSC shows a similar varying tendency as carbonate

content at each site, suggesting a reflection of climate

change by the d13CSC. This can be explained considering

arid climate is more suitable for the growth of C4 plant with

higher d13C value, and wet climate is more suitable for the

growth of C3 plant with lower d13C value.

The stable carbon and oxygen isotopic value have a

positive linear relationship (Fig. 4). The correlation coef-

ficient R2 between d13CSC and d18OSC is much higher at HZ

(0.8197) compared with PC (0.4459), XP (0.5132) and PB

(0.6245). The d13CSC and d18OSC at HZ was also the

highest (Fig. 4). The difference between HZ and other

three sites is obvious. Based on previous research, the d18O
values of pedogenic carbonate are generally assumed to be

in equilibrium with soil water, the isotopic composition of

which is related to that of meteoric water (Khadkikar et al.

2000; Schmid et al. 2006). The oxygen isotope signature of

rainwater is predominantly controlled by mean annual air

temperature and climate. As temperature increases, d18O
values increase (Monger et al. 1998). Other possible rea-

sons include evaporation, re-equilibration caused by car-

bonate dissolution and re-precipitation after rainwater

entering the soil (Cerling 1984). As evaporation increases,

d18O values increase (Cerling 1984). The higher d13CSC

and d18OSC at HZ therefore indicate warmer or drier cli-

mate conditions in the carbonate formation period com-

pared with other sites. The site HZ is in the west; the other

three sites are in the middle of Guizhou Province, and the

Fig. 7 Percentage of C3 plants calculated using d13C values of organic matter (d13CSOM) and disseminated carbonate (d13CSC)
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site HZ is mainly affected by the southwest monsoon in

history, while the sites PC, XP and PB are mainly influ-

enced by the southeast monsoon (An et al. 1991); this

difference may be a signal of the regional climate differ-

ence, which needs further study.

Conclusions

Disseminated carbonate in terra rossa is mainly composed

of pedogenic carbonate, and its formation is greatly related

to root activities. A large increase in d13CSOM was

observed at each site, which can be seen as a signal of

climate change into warm and dry. This climate change

happened at about 6000–8000 a BP and 12000–14000 a BP

according to PC and PB, 28000 a BP according to HZ.

The d13C values of pedogenic carbonate estimated by

the stable C isotope diffusion model deviate positively

from the expected values, especially at sites PC, XP and

PB, illustrating that C3 plants took up a larger percentage

of the vegetation when the carbonate precipitated. The

percentage of C3 plants calculated by d13CSC was higher

than that calculated by d13CSOM at sites PC, XP and PB,

further supporting that C3 plants made up a larger per-

centage when carbonate precipitated. Compared with the

d13CSOM, the d13CSC tends to reflect more average varia-

tion information. Most changes in d13CSC and d13CSOM

between adjacent sampling layers[3 % are accompanied

with the change in soil color and texture, suggesting a

certain connection between the d13C and the soil proper-

ties. A similar varying tendency between carbonate content

and d13CSC was found at each site. The d13CSC and d18OSC

values and their correlation coefficient at HZ were higher

than at other sites, which may be caused by regional cli-

mate difference. In this case, the disseminated carbonate in

terra rossa can provide a meaningful signal of environ-

mental change.
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