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Abstract: Conversion of native grasslands to agricultural sites has resulted in remarkable changes
in soil carbon at depth, but its impact on soil diagnostic horizons is unknown. This study was
conducted to radiocarbon date the soil organic carbon (SOC) and quantify pedogenic carbonates
in the Russian Chernozem at depth at three sites: a native grassland field (not cultivated for at
least 300 years), an adjacent 50-year continuous fallow field in the V.V. Alekhin Central-Chernozem
Biosphere State Reserve in the Kursk region of Russia (UNESCO—MAB Biosphere Reserve), and a
cropland in the Experimental Station of the Kursk Institute of Agronomy and Soil Erosion Control.
All sampled soils were classified as Fine-silty, mixed, frigid Pachic Hapludolls (Haplic Chernozem).
The radiocarbon age (14C date, y BP) of SOC was highly variable: in the native grassland field,
it varied from post-bomb (A-horizon) to 8011 ± 54 y BP (C-horizon); in the continuous fallow,
it varied from 1569 ± 41 y BP (Ap-horizon) to 11,380 ± 180 y BP (C1-horizon); and in the cropland,
it varied from 1055 ± 38 y BP (Ap-horizon) to 11,805 ± 68 y BP (Ck-horizon). Cultivation resulted in
morphological/diagnostic changes in the soil profile (conversion of A to Ap; conversion of Bw to
Bk horizon) over a 50-year period. These changes are supported by radiocarbon dating of SOC and
pedogenic carbonate distribution within the soil profile. The proportion of pedogenic carbonates was
highly variable: in the native grassland, it was 27% (C-horizon); in the continuous fallow, it varied
from 53% (Bk1-horizon) to 72% (C2-horizon); and in the cropland, it varied from 85% (A-horizon) to
10% (Ck-horizon). The radiocarbon age differences with depth among the soils reflect changes in the
soil carbon dynamics resulting from cultivation.

Keywords: anthropogenic; carbonates; cultivation; 14C; grassland; isotopes; pedogenic

1. Introduction

Most grasslands have undergone considerable changes due to human activities worldwide [1,2].
Grassland soils of the world store significant amounts of soil organic carbon (SOC) and soil inorganic
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carbon (SIC), and many studies have used radiocarbon dating for determining carbon dynamics [3–6].
For example, radiocarbon dating was used to compare the 14C age of humus from different horizons
(down to 60 cm depth) of cultivated and non-cultivated Chernozems in the Belgorod region of Russia
and concluded that the radiocarbon age of soil organic matter (SOM) increased with cultivation due
to a lack of input of fresh plant material compared to non-cultivated sites [7]. Another study used
radiocarbon and stable carbon isotopes to quantify the rates of labile and inert organic carbon cycling
with depth in Mollisols at a restored prairie within an intensively managed landscape within the
Critical Zone Observatory in Illinois, USA [8]. Radiocarbon dating was used for various soils in the
North American grasslands, including soils from North Dakota, Nebraska, Colorado, Kansas, and
Texas, and it was reported that soil depth, and management affected the soil 14C age [3].

Interpretation of radiocarbon ages of SOM can be a challenging task because SOM is the product
of ongoing SOM accumulation and decomposition and thus does not meet the basic “closed system”
criterion for accurate radiocarbon dating [9]. Radiocarbon dating of SOM provides minimum ages
of SOM for the length of soil formation [10–15]. Radiocarbon ages of the SOM are controlled by the
rate of carbon cycling in soils, reflecting the input rates and mean residence time (MRT) of gradually
accumulating SOC (the carbon of soil humus) rather than the age of the soils [4,16,17]. An increase in
the activity of carbon exchange processes, and, hence, the rejuvenation of radiocarbon dates, indicate
the input of young SOM to the soils, while more ancient dates indicate a decrease in recent SOM.
The presence of soil carbonates (disseminated and concretions) can also impact the 14C dating of SOM
throughout the soil profile. Presence of carbonates can result in high variability in radiocarbon dates
of soil samples [18,19]. A study from southeast Australia reported 14C ages of carbonates that were
younger than the ages of deposits in which they formed [20]. More recent studies often pretreat the
samples using chemical or physical means to remove either carbonates or OM before radiocarbon
analysis, which enable separate 14C dating of SOM and SIC.

Traditionally, research has focused on analyzing SOC dynamics without considering SIC and
total soil carbon (TC). Soil inorganic carbon was proposed to be included in the ecosystem services
framework for the United Nations (UN) Sustainable Development Goals (SDGs) because of its
significance in soil fertility (e.g., liming, fertilization, etc.) [21]. In addition to soil fertility, SIC plays an
important regulatory ecosystem service by sequestering atmospheric CO2 in the presence of outside
sources of Ca2+ and Mg2+ [22–24].

Soil inorganic carbon (e.g., various types of carbonates) can be lithogenic or pedogenic in
origin [25,26]. While lithogenic carbonates are considered rock derived, pedogenic carbonates can
form as a result of dissolution and re-precipitation of lithogenic or newly formed carbonates [26].
Originally, it was thought that SIC required centuries to accumulate [27,28]. Pedogenic carbonates
were extensively studied in different types of soils primarily in various landscape positions [29,30].

Soil inorganic carbon sequestration was reported as a result of the cultivation of Mollisols of the
U.S. Northern Great Plains and the Russian Chernozem [31,32]. Mollisols may be “a significant sink
of inorganic carbon through pedogenic carbonate formation, which may partially offset carbon loss
from soil organic matter decomposition” [32]. An anthropogenic model of carbonate formation was
proposed to explain the carbonate precipitation as a result of cultivation, irrigation, fertilization, and
other man-made processes [32]. A test for carbonate biomineralization in desert soils (New Mexico,
USA) showed that SIC can be generated in months to years if the soil environment is suitable [28].
In addition to cultivation, long-term irrigated farming can significantly increase SOC and SIC in
agricultural soils [33].

Increasingly, research is incorporating SIC and TC in soil carbon dynamics studies [34].
For example, [35] reported that 51% of total cultivated soil surfaces experienced C loss and an increase
(~10%) in SIC storage in irrigated soils in northwestern China. A study by [36] examined the carbon
(SOC, SIC, and TC) allocation in a temperate slope-floodplain catena under agricultural use, and called
for monitoring of carbon pools in these landform positions for quick response to environmental and
anthropogenic changes.
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Previous research on SOC, SIC, and TC has focused primarily on quantifying carbon stocks with
limited insight into the pedological consequences of agricultural changes in specific soil horizons.
A study by [37] proposed to differentiate pedology “per se” from experimental pedology. In contrast to
pedology “per se”, which is focused on soil as a natural body, experimental pedology uses manipulative
experiments (including historical experiments) to test pedological questions and hypotheses. Based on
principles of experimental pedology, this study addresses the following research questions: (1) Can
cultivation/agricultural use result in pedological changes within a soil profile with consequent changes
in the diagnostic soil horizons and characteristics? (2) How fast can these changes occur (e.g., less than
a half-century)? These questions can be evaluated based on a unique long-term field study conducted
in the V.V. Alekhin Central-Chernozem Biosphere State Reserve (UNESCO—MAB Biosphere Reserve),
and the Experimental Station of the Kursk Institute of Agronomy and Erosion Control in the Kursk
region of Russia. Soil samples were collected in 1997 [38] and radiocarbon dated in 2005. A study
by [38] have provided a detailed description of the study site as well as sampling and laboratory
procedures. Previous research by [39] reported radiocarbon dates for the native steppe (grassland)
located in the V.V. Alekhin Central-Chernozem Biosphere State Reserve (UNESCO—MAB Biosphere
Reserve) (Table 1).

Table 1. Radiocarbon data for Haplic Chernozem/Typic Hapludoll located in the Kursk (36◦10′ E;
51◦45′ N) native steppe with MAP a = 715 mm and MAT b = 5.3 ◦C (uncalibrated data from [39,40]).

Depth (cm) δ13C (h) 14C Age for Soil without Carbonates (y BP)

10–20 −25.75 1680 ± 60
30–40 −26.20 2950 ± 80
50–60 −25.88 2970 ± 110
70–80 −24.92 4020 ± 90

120–130 - 6100 ± 200
140–150 - 6700 ± 100

a MAP, mean annual precipitation; b MAT, mean annual temperature.

The objectives of this study were to address the above questions by quantifying the depth
distributions and radiocarbon ages of SOC, and pedogenic carbonates at three sites in the Russian
Chernozem: a native grassland field (not cultivated for at least 300 years), an adjacent 50-year
continuous fallow field in the V.V. Alekhin Central-Chernozem Biosphere State Reserve in the Kursk
region of Russia (UNESCO—MAB Biosphere Reserve), and a cropland in the Experimental Station of
the Kursk Institute of Agronomy and Soil Erosion Control.

2. Materials and Methods

2.1. Field Sites and Sampling Procedure

Three fields were sampled in the Kursk region of Russia in the summers of 1997 and 1998: a native
grassland, a 50-year continuous fallow field, and cropland (Figure 1). The Köppen climate classification
subtype for the climate in the Kursk region is “Dfb” (warm-summer humid continental climate), with
a mean annual precipitation of 587 mm, and a mean annual air temperature of 5.4 ◦C [41,42]. Sampling
fields were selected with a similar soil type and landscape position. All sampled soils were classified
as Fine-silty, mixed, frigid Pachic Hapludoll [43] or Haplic Chernozem [44]. One of the sampled soil
profiles exhibited signs of bioturbation (“krotovinas”), which is a common phenomenon in the steppe
landscapes [45].

The first two fields (native grassland, and a 50-year continuous fallow field) are located in the
Streletskyi section of the V.V. Alekhin Central-Chernozem Biosphere State Reserve (UNESCO—MAB
Biosphere Reserve) at 51◦ N 36◦ E, approximately 18 km south of the city of Kursk [46]. Elevation of
these sites is approximately 264 m above mean sea level [47]. The native grassland with high plant
species richness has been protected from use since 1935, and it was used as a pasture before 1935.
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The 50-year continuous fallow field (about 0.8-ha) is located about 50 m from the native grassland site,
and it has been continuously plowed (1–2 times a month) since 1947 with the disk cultivator to a 20-cm
depth [38]. The third field (cropland) is located in the Experimental Station of the Kursk Institute
of Agronomy and Soil Erosion Control. This field has been continuously plowed to a 30-cm depth,
fertilized (including manure applications), and cropped (corn, sunflower, barley, clover, winter wheat,
soybeans, sugar beets etc.) for at least 100 years [38].

Figure 1. Location of the study area.

All fields were sampled on a radial grid, whose orientation was determined by randomly selecting
an angle from 360 degrees [38]. Deep soil cores were collected at the center and at 20 m from the center
at all three sites. All samples were collected to a depth of 2 m using a hand probe 5 cm in diameter. Soil
cores were dissected into 10-cm increments, and the following data were recorded in the field: upper
and lower boundary of the soil horizon, moist and dry color (Munsell color chart), reaction to 10%
HCl, and presence of carbonate accumulations. Detailed descriptions of the study area, and land-use
management history have been published previously [38,48,49].

2.2. Laboratory Methods and Calculations

One representative soil profile was selected from each site for further chemical and physical
analyses. Concretions were handpicked from the bulk soil samples when found. Soil analyses were
performed on each 10-cm depth increment, but summarized by soil horizon (Tables 2 and 3). Soil
samples from each 10-cm depth increment were air dried, manually crushed, and passed through
a 2-mm sieve. Particle-size distribution was determined by the pipette method after pretreating for
carbonates (Table 2). Soil pH was measured from a 1:1 soil/water suspension [50] (Table 2). Carbonate
content in the bulk soil and clay fraction was determined by the pressure-calcimeter method, which
is a standard method [51], and it was only used for soil classification purposes in this study. Since
single measurements were done on a composite soil sample, the analytic error is not available and
cannot be calculated. The pressure-calcimeter data were not used to quantify the pedogenic carbonates
because it is necessary to determine isotopic composition of the carbon using mass spectrometry.
Soil organic carbon (SOC) and TC were determined by dry combustion-mass spectrometry using a
Robo-prep-Tracemass system, Europa Scientific (Cheshire, UK), with SIC calculated by the difference.
Samples that reacted to 10% HCl were treated with 4 M HCl for carbonate removal before analysis [38].
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Table 2. Selected soil properties with depth and site in the representative soil profile: mean ± standard
deviation (adapted from [38]).

Site/Horizon Depth (cm) n pH in Water Sand (%) Silt (%) Clay (%) USDA Textural Class a

Native

A 0–50 5 6.1 ± 0.2 2.0 ± 0.5 66.8 ± 0.3 31.2 ± 0.6 SiCL b

AB 50–90 4 6.3 ± 0.0 0.8 ± 0.1 66.9 ± 0.5 32.3 ± 0.5 SiCL
BA 90–120 3 6.8 ± 0.5 0.8 ± 0.1 67.8 ± 0.9 31.4 ± 1.0 SiCL
Bw 120–150 3 7.0 ± 0.4 0.9 ± 0.2 70.1 ± 3.5 29.0 ± 3.6 SiCL
C 150–200 5 8.5 ± 0.3 1.1 ± 0.2 76.8 ± 1.4 22.1 ± 1.3 SiL

Fallow

Ap 0–20 2 5.9 ± 0.2 0.7 ± 0.1 65.6 ± 0.1 33.7 ± 0.0 SiCL
A 20–50 3 6.9 ± 0.4 1.1 ± 0.7 64.9 ± 0.4 34.0 ± 0.6 SiCL

AB 50–80 3 7.6 ± 0.3 1.0 ± 0.1 66.8 ± 2.5 32.2 ± 2.4 SiCL
Bk1 80–120 4 8.3 ± 0.1 1.2 ± 0.6 72.3 ± 3.5 26.5 ± 3.2 SiL
Bk2 120–150 3 8.4 ± 0.1 1.8 ± 0.6 69.4 ± 2.1 28.8 ± 1.8 SiCL
C1 150–190 4 8.4 ± 0.1 2.4 ± 0.4 67.1 ± 2.8 30.5 ± 3.3 SiCL
C2 190–210 2 8.5 ± 0.0 4.7 ± 1.4 73.3 ± 6.2 22.0 ± 4.8 SiL

Cropland

Ap 0–30 3 7.9 ± 0.1 1.1 ± 0.4 69.0 ± 0.3 29.9 ± 0.3 SiCL
A 30–70 4 8.4 ± 0.2 0.9 ± 0.3 80.4 ± 3.1 18.7 ± 3.2 SiL

AB 70–90 2 8.6 ± 0.1 1.3 ± 0.6 77.4 ± 6.7 21.3 ± 6.1 SiL
Bk1 90–120 3 8.6 ± 0.0 1.5 ± 0.3 74.3 ± 1.1 24.2 ± 1.1 SiL
Bk2 120–190 7 8.6 ± 0.1 1.7 ± 0.4 73.7 ± 1.9 24.6 ± 2.1 SiL
Ck 190–200 1 8.4 1.2 75.6 23.2 SiL

a USDA = United States Department of Agriculture. b SiCL = silty clay loam, SiL = silt loam.

Table 3. Selected soil properties with depth and site relevant to horizon differentiation in the
representative soil profile (adapted from [38]).

Site/Horizon Depth (cm) Munsell Color
(Moist)

Munsell
Color (Dry)

CaCO3 in Clay
Fraction (%) a,b

CaCO3 Equivalent
(g kg−1) b

Presence of
Carbonates (−/+)

Native

A 0–50 10YR 2/1 10YR 3/1 0 0 -
AB 50–90 10YR 2/1 10YR 3/2 0 0 -
BA 90–120 10YR 3/2 10YR 4/2 0 0 -
Bw 120–150 10YR 3/3 10YR 5/4 0 0 -
C 150–200 10YR 5/3 10YR 6/4 14.5 62 + w.t.f.m. c

Fallow

Ap 0–20 10YR 2/1 10YR 3/1 0 0 -
A 20–50 10YR 2/1 10YR 3/1 0 0 -

AB 50–80 10YR 3/2 10YR 3/2 0 0 -
Bk1 80–120 10YR 5/6 10YR 4/2 20.3 61 + w.t.f.m.
Bk2 120–150 10YR 5/6 10YR 6/4 23.3 109 ±
C1 150–190 10YR 5/6 10YR 6/4 15.3 77 + w.s.c. d

C2 190–210 10YR 6/6 10YR 6/4 13.8 53 ±
Cropland

Ap 0–30 10YR 2/1 10YR 3/2 0 0 -
A 30–70 10YR 2/1 10YR 3/1 11.9 45 + w.t.f.m.

AB 70–90 10YR 3/2 10YR 4/2 21.4 83 + w.t.f.m.
Bk1 90–120 10YR 5/3 10YR 5/3 26.7 99 + w.t.f.m.
Bk2 120–190 10YR 4/2 10YR 5/3 18.0 93 + w.t.f.m.
Ck 190–200 10YR 4/6 10YR 5/8 16.8 79 + w.s.c.

a CaCO3 content determined on the composite sample from the horizon samples taken in the proportion
corresponding to the number of samples in the horizon. b Carbonate content in the bulk soil and clay fraction
was determined by the pressure-calcimeter method [51], and used to classify the diagnostic horizons. c w.t.f.m. =
secondary calcium carbonate accumulation in the form of white threads, films, and masses. d w.s.c. = secondary
calcium carbonate accumulation in the form of white spherical concretions.

Bulk soil samples, samples with carbonate removed, and carbonate concretions were radiocarbon
dated using the accelerator mass spectrometer (AMS) technique [52,53] at the National Science
Foundation (NSF)—Arizona Accelerator Mass Spectrometry (AMS) Laboratory in 2005. In addition to
radiocarbon dating, this analysis provided δ13C measurements for bulk soil samples, samples with
carbonates removed, and carbonate concretions.
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Stable C isotope data were reported in the standard per mil notation relative to the Pee Dee
Belemnite (PDB) standard as:

δ13C =

(Rsample

RPDB
− 1

)
× 100 (1)

and 14C data were expressed as [54]:

∆14C =

(Rsample

Rstd
− 1

)
× 1000 (2)

where ∆14C is the per mil value for 14C content [54], Rsample is the 14C/12C ratio in the sample, and Rstd
is the absolute ratio in the isotopic standard (NBS oxalic acid), or:

pMC (percent modern carbon) =
ASN
Aabs

∗ 100 (3)

where ASN is the 14C activity in the sample normalized to δ13C and Aabs is the absolute 14C activity in
the international isotopic standard (NBS oxalic acid).

The 14C age was calculated from Equation [54]:

Radiocarbon age = −8033 ln
(

pMC
100

)
− y− 1950

1.03
(4)

where y is the year of 14C measurement. The radiocarbon data are reported as percent modern, and
corresponding conventional radiocarbon (14C) ages given as years before present (y BP) and the present
is AD 1950 [54,55].

Pedogenic carbonates were estimated using Equation [56]:

PC =
δ13C(soil) − δ13C(par.mat.)

δ13C(ped.) − δ13C(par.mat.)
× 100 (%) (5)

where PC is the proportion of the total carbonate that is pedogenic (%), δ13C(soil) is the measured bulk
carbonate value for a particular soil depth (h), δ13C (par.mat.) is the measured bulk carbonate value of
the parent material (h), and δ13C (ped.) is the measured pedogenic carbonate value of −10.9h [31]. The
value of δ13C (par.mat.) for the loess parent material was −4.5h (measured in this study at 200-cm depth).

3. Results

3.1. Soil Types under Different Uses

All soils under different uses were classified as Fine-silty, mixed, frigid Pachic Hapludolls (Haplic
Chernozem). Representative soil profiles have developed on loess parent material and showed silty
clay loam (SiCL) and silt loam (SiL) textural classes with no coarse fragments found in the soil
(Table 2). Native and fallow sites were dominated by silty clay loam (SiCL) textural classes compared
to cropland, which was dominated by silt loam (SiL) textures (Table 2). Soil pH increased with depth
from moderately and slightly acidic (5.9–6.1) in the native and fallow sites to moderately and strongly
alkaline (8.4–8.5) (Table 2). In the cropland site, pH also increased with depth from moderately alkaline
to strongly alkaline (Table 2). Depth to carbonates decreased with the intensity of agricultural use:
native (150 cm) > fallow (80 cm) > cropland (30 cm). There are morphological/diagnostic differences
between soil profiles: conversion of A (native) to Ap horizons (fallow and cropland), and conversion of
Bw (cambic horizon) in native to Bk1, Bk2 (calcic horizons) in fallow and cropland sites (Tables 3 and 4).
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Table 4. Diagnostic horizons and characteristics of cambic and calcic horizons (modified from Keys to
Soil Taxonomy [57]).

Cambic Horizon (Bw) Calcic Horizon (Bk)

A cambic horizon is the result of physical alterations, chemical
transformations, or removals or of a combination of two or more
of these processes.

The calcic horizon is an illuvial horizon in which
secondary calcium carbonate or other carbonates
have accumulated to a significant extent

Required Characteristics:
The cambic horizon is an altered horizon 15 cm or thicker. If it is
composed of lamellae, the combined thickness of the lamellae
must be 15 cm or more. In addition, the cambic horizon must
meet all of the following:
1. Has a texture class of very fine sand, loamy very fine sand,
or finer; and
2. Shows evidence of alteration in one of the following forms:
a. Aquic conditions within 50 cm of the soil surface or artificial
drainage and all the following:
(1) Soil structure or the absence of rock structure, including fine
stratifications (5 mm or less thick), in more than one-half of the
volume; and
(2) Colors that do not change on exposure to air; and
(3) Dominant color, moist, on faces of peds or in the matrix
as follows:
(a) Value of 3 or less and neutral colors with no hue (N) and
zero chroma; or
(b) Value of 4 or more and chroma of 1 or less; or
(c) Any value, chroma of 2 or less, and redox concentrations; or
b. Does not have the combination of aquic conditions within
50 cm of the soil surface or artificial drainage and colors, moist,
as defined in item 2-a-(3) above, and has soil structure or the
absence of rock structure, including fine
stratifications (5 mm or less thick), in more than one-half of the
volume and one or more of the following properties:
(1) Higher chroma, higher value, redder hue, or higher clay
content than the underlying horizon or an overlying horizon; or
(2) Evidence of the removal of carbonates or gypsum; and
3. Has properties that do not meet the requirements for an
anthropic, histic, folistic, melanic, mollic, plaggen, or umbric
epipedon, a duripan or fragipan, or an argillic, calcic, gypsic,
natric, oxic, petrocalcic, petrogypsic, placic, salic, spodic,
or sulfuric horizon; and
4. Is not part of an Ap horizon and does not have a brittle
manner of failure in more than 60 percent of the matrix.

Required Characteristics:
The calcic horizon:
1. Is 15 cm or thicker; and
2. Has one or more of the following:
a. 15 percent or more (by weight, fine-earth fraction)
CaCO3 equivalent, and its CaCO3 equivalent is
5 percent or
more (absolute) higher than that of an underlying
horizon; or
b. 15 percent or more (by weight, fine-earth fraction)
CaCO3 equivalent and 5 percent or more (by volume)
identifiable secondary carbonates; or
c. 5 percent or more (by weight, fine-earth fraction)
calcium carbonate equivalent and:
(1) Has less than 18 percent clay in the fine-earth
fraction; and
(2) Meets the criteria for a sandy, sandy-skeletal,
coarse loamy, or loamy-skeletal particle-size class
(defined in chapter 17); and
(3) Has 5 percent or more (by volume) identifiable
secondary carbonates or a calcium carbonate
equivalent (by weight, fine-earth fraction) that is
5 percent or more (absolute) higher than that of an
underlying horizon; and
3. Is not cemented or indurated in any part by
carbonates, with or without other cementing agents,
or is cemented in some part and the cemented part
satisfies one of the following:
a. It is characterized by so much lateral discontinuity
that roots can penetrate through non-cemented zones
or along vertical fractures with a horizontal spacing
of less than 10 cm; or
b. The cemented layer is less than 1 cm thick and
consists of a laminar cap underlain by a lithic or
paralithic contact; or
c. The cemented layer is less than 10 cm thick.

3.2. Soil Organic Carbon (SOC) under Different Uses

Soil OC concentrations decreased with depth at all sites from 3–4% to 1.5–1.8% (Table 5). Results
from radiocarbon analysis showed that the 14C content of the bulk OC generally decreased with depth
at all sites (Figure 2). The radiocarbon age of SOC was highly variable: in the native grassland site,
it varied from post-bomb to 8011 ± 54 y BP; in the continuous fallow, it varied from 1569 ± 41 y BP
to 11,380 ± 180 y BP; and in the continuously cropped field, it varied from 1055 ± 38 y BP to
11,805 ± 68 y BP (Table 6, Figures 2 and 3). The radiocarbon ages of SOC at various depths in the native
grassland were similar to radiocarbon ages reported by [39] for the same site (Table 1). The radiocarbon
age (14C date, y BP) of SOC is older for the cultivated sites compared to the native field for almost
all soil horizons. This trend demonstrates the process of “aging” of SOM in the cultivated sites with
limited plant residue input and accelerated decomposition of SOM relative to the native soil.
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Table 5. Soil carbon (mean ± standard deviation) distribution with depth and site in the representative
soil profiles.

Site/Horizon Depth (cm) n Total C (%) a Organic C
(%) a

Inorganic C
(%) a

Pedogenic Carbonate
(%) b

Native

A 0–50 5 4.49 ± 0.97 4.49 ± 0.97 0 0
AB 50–90 4 2.70 ± 0.43 2.70 ± 0.43 0 0
BA 90–120 3 1.53 ± 0.23 1.53 ± 0.23 0 0
Bw 120–150 3 1.20 ± 0.16 1.12 ± 0.11 0 0
C 150–200 5 1.71 ± 0.14 0.61 ± 0.14 1.10 ± 0.20 27 ± 8

Fallow

Ap 0–20 2 3.38 ± 0.28 3.38 ± 0.28 0 0
A 20–50 3 3.09 ± 0.33 3.09 ± 0.33 0 0

AB 50–80 3 2.15 ± 0.10 2.08 ± 0.21 0 0
Bk1 80–120 4 2.33 ± 0.38 1.14 ± 0.31 1.19 ± 0.64 53 ± 23
Bk2 120–150 3 2.30 ± 0.22 0.66 ± 0.02 1.64 ± 0.21 53 ± 7
C1 150–190 4 1.45 ± 0.08 0.46 ± 0.02 0.99 ± 0.07 68 ± 13
C2 190–210 2 1.52 ± 0.28 0.31 ± 0.13 1.22 ± 0.15 72 ± 3

Cropland

Ap 0–30 3 3.32 ± 0.09 3.32 ± 0.09 0 0
A 30–70 4 3.19 ± 0.17 2.40 ± 0.15 0.79 ± 0.17 85 ± 16

AB 70–90 2 3.21 ± 0.01 1.91 ± 0.08 1.30 ± 0.07 81 ± 1
Bk1 90–120 3 2.95 ± 0.18 1.20 ± 0.16 1.75 ± 0.08 54 ± 14
Bk2 120–190 7 2.25 ± 0.25 0.71 ± 0.14 1.55 ± 0.13 20 ± 11
Ck 190–200 1 1.82 0.51 1.31 10

a Soil organic carbon (SOC) and total C (TC) were determined by dry combustion-mass spectrometry using a
Robo-prep-Tracemass system, Europa Scientific (Cheshire, UK), with soil inorganic carbon (SIC) calculated by the
difference. b Pedogenic carbonates were determined using Equation (5).

Table 6. Soil 14C date with depth and site for the representative soil profile (sampling date: 1997; year
of 14C measurements: 2005).

Depth
(cm)

Soil
Horizon

14C Date for Soil
without Carbonates

(14C y BP)

Percent
Modern

(%)
∆14C (h)

14C date for Bulk Soil
(with Carbonates)

(14C y BP)

Percent
Modern

(%)
∆14C (h)

Native

0–10 A Post-bomb 103 29.3 - - -
30–40 A 1465 ± 39 83 −172.3 - - -
60–70 AB 2669 ± 41 71 −287.5 - - -

100–110 BA 4206 ± 44 59 −411.5 - - -
130–140 Bw 5302 ± 46 51 −486.6 - - -
140–150 Bw 4207 ± 44 59 −411.5 9700 ± 100 30 −703.1
160–170 C 6031 ± 48 47 −531.1 10,950 ± 63 25 −745.8
180–190 C 8011 ± 54 37 −633.5 11,436 ± 65 24 −760.8

Fallow

0–10 Ap 1569 ± 41 82 −182.9 - - -
30–40 A 2369 ± 41 74 −260.3 - - -
60–70 AB 3697 ± 42 63 −373.1 - - -
90–100 Bk1 3883 ± 43 61 −384.4 8298 ± 81 35 −646.5

130–140 Bk2 5937 ± 54 47 −526.6 8747 ± 54 33 −665.6
170–180 C1 11,380 ± 180 24 −758.9 10,902 ± 63 26 −744.3
200–210 C2 7820 ± 190 38 −624.8 9198 ± 70 32 −683.9

Cropland

0–10 Ap 1055 ± 38 87 −128.9 - - -
30–40 A 2410 ± 41 74 −264.0 2675 ± 45 71 −288.0
60–70 A 4224 ± 49 59 −412.9 3964 ± 46 61 −393.5

100–110 Bk1 6308 ± 49 45 −547.0 7888 ± 53 37 −627.9
120–130 Bk2 5098 ± 46 53 −473.4 8511 ± 54 34 −655.7
160–170 Bk2 7118 ± 48 41 −590.4 11,043 ± 64 25 −748.8
190–200 Ck 11,805 ± 68 23 −771.5 10,991 ± 68 25 −747.2
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Figure 2. Radiocarbon ages (14C, y BP) of soil (treated for carbonates) at various depths and different
sites: (a) native, (b) fallow, and (c) cropland.
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Figure 3. Distribution of ∆14C values with depth under different sites.

3.3. Soil Inorganic Carbon (SIC) under Different Uses

Concentrations of SIC increased with depth at all sites from 0 to 1–1.3% (Table 5). The depth
to SIC and pedogenic carbonates varied by site: in the native grassland, SIC was found at depths
of 140–150 cm compared to the fallow site at depths of 90–100 cm and in the cropland, at depths
of 30–40 cm (Table 5). The proportion of pedogenic carbonates increased with depth in the fallow
and decreased in the cropland (Table 5). The concentration of pedogenic carbonates was highly
variable: in the native grassland, it was 27% (C-horizon); in the continuous fallow, it varied from
53% (Bk1-horizon) to 72% (C2-horizon), and in the cropland, it varied from 85% (A-horizon) to 10%
(Ck-horizon). Disseminated carbonates were not radiocarbon dated in this study. Radiocarbon dates
of bulk soil (with carbonates) are shown in Table 6.

Only white spherical carbonate concretions (98–100% pedogenic carbonate) were radiocarbon
dated. The 14C ages of concretions found in the fallow and cropland sites varied from 1909 ± 40 y BP
to 2285 ± 40 y BP, even though they were found in soils of a much older age (Table 7).

Table 7. Soil concretions’ 14C date, y BP with depth and site (sampling date: 1997; year of 14C
measurements: 2005).

Site/Depth
(cm)

Soil
Horizon

δ13C
(h)

Pedogenic
Carbonate (%)

14C Age
(14C y BP)

Percent
Modern (%)

∆14C
(h)

Fallow

Concretion (outside)

190–200 C2 −9.49 98 1909 ± 40 78 −216.8

Concretion (inside)

190–200 C2 −9.69 100 1693 ± 39 80 −195.4

Cropland

Concretion

180–190 Bk2 −9.68 100 2285 ± 40 75 −252.6

The interior of the concretion from the fallow site had the youngest 14C age (Table 7).
Earlier research by [31] reported that the mineralogical composition of concretions varied from
low-magnesium calcite to pure calcite. Pedogenic carbonates are typically enriched in the heavy carbon
isotope 13C by 14–16h (depending on the temperature of carbonate formation) relative to coexisting
SOM, reflecting equilibrium isotopic fractionation between carbonate and CO2 and gaseous diffusion
in the soil [58,59]. Assuming a formation temperature of 5.4 ◦C (the mean annual air temperature in
the study area), the predicted δ13C values for pedogenic carbonates formed at deeper depths (>30 cm)
in these soils with δ13CSOM values of −26 to −27h would be −10 to −11h [60–62]. The measured
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δ13C value of the soil carbonate concretion is consistent with the predicted values, reflecting its
formation in equilibrium with soil CO2 in an ecosystem dominated by C3 plants at relatively cool
temperatures. Radiocarbon dating of pedogenic carbonates traditionally was considered an unreliable
dating technique in quaternary studies because of a possible “limestone dilution effect” [58,60] or
contamination. More recently, a series of studies has shown that pedogenic carbonate forms in isotopic
equilibrium with soil CO2 and the dissolution of limestone or detrital carbonate have practically
no effect on the carbon isotopic composition of pedogenic carbonate because of complete isotopic
exchange with soil CO2 [59,61,63]. These studies also have changed the way in which radiocarbon
in soil is interpreted [64,65]. In general, as a soil ages, the radiocarbon age of SOM increases and so
does the radiocarbon age of soil CO2, which is produced by microbial decomposition of SOM and root
respiration [64]. As a result, pedogenic carbonate formed in equilibrium with soil CO2 at a particular
time during a soil’s development may have a radiocarbon age greater than the true age of the carbonate
itself [20,64,65]. However, since most pedogenic carbonates collected for radiocarbon dating contain
many generations of carbonates that formed at various times during the period of soil formation,
the radiocarbon ages of such samples are always younger than the true age of the soil [20,64,65]. Thus,
the much younger radiocarbon ages of the carbonate concretions found in the cultivated Russian
Chernozem suggest that they were formed in equilibrium with soil CO2 much later in the soil.

4. Discussion

Russian grasslands (steppe) have undergone considerable conversion from a native to a cultivated
state, which has resulted in well-documented SOC losses [1,38]. Previous research has focused on
estimating SOC, SIC, and TC [32,38] stocks in these soils without considering the consequences of
cultivation on the diagnostic horizons within the soil profile. Soil research often has been based on
traditional pedological principles instead of using experimental pedology, which is more applicable to
cultivated soils. Experimental pedology can help our understanding of “soil memory” [25,66].

This study employed principles of experimental pedology to examine the effect of cultivation on
pedological changes within the soil profile with consequent changes in the diagnostic soil horizons and
characteristics at three sites: a native grassland field (not cultivated for at least 300 years), an adjacent
50-year continuous fallow field in the V.V. Alekhin Central-Chernozem Biosphere State Reserve in
the Kursk region of Russia (UNESCO—MAB Biosphere Reserve), and a cropland in the Experimental
Station of the Kursk Institute of Agronomy and Soil Erosion Control.

Cultivation resulted in morphological/diagnostic changes in the soil profile (conversion of A to
Ap horizon; conversion of Bw to Bk horizon) in a 50-year period (Table 4) [57]. This study is based
on three representative soil profiles representing native, fallow, and cropland sites, therefore, it is
reasonable to question how representative these soil profiles are compared to the other four soil profiles
in each site. Soil inorganic carbon distribution with depth in the representative soil profiles falls in the
ranges reported in Table 8, which summarizes data using five soil profiles per site with a total of 15 soil
profiles. For example, depth to carbonates is comparable in the following way: native (150 cm falls in
the range of 112 ± 47 cm), fallow (80 cm falls in the range of 76 ± 23 cm), and cropland (30 cm falls in
the range of 34 ± 5). The native site had one of the soil profiles that exhibited signs of bioturbation
(“krotovinas”), which is a common phenomenon in the steppe landscapes [45]. In this soil profile, the
depth to carbonates was 30 cm. Exclusion of this profile from depth to carbonates in the native site
would have resulted in 133 ± 10 cm based on the remaining four soil profiles.

The differences between cultivated and native sites show that cultivated sites have an increase
of above 1% in SIC in 100–140 depth increment, which corresponds to the bulk and pedogenic
carbonates’ accumulations. A study by [32] proposed an “anthropogenic” model to describe carbonate
formation as a result of human activities (e.g., cultivation, fertilization), which can lead to conversion
of Bw horizon in native grassland to Bk horizon as demonstrated in the fallow and cropland sites.
This study shows that relatively rapid changes in SIC can occur in the subsoil B horizons, which tend
to have “longer memories” than surface A horizons [67]. These rapid changes in inorganic carbon
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have been demonstrated in urban soils where additions of Ca/Mg-rich amendments caused creation
of carbonates that served to capture and store atmospheric carbon [68]. Pedological evidence of
anthropogenic and agrogenic roles in soil profile modification were documented in various countries
and soils [69,70]. For example, [69] reported human-induced changes in the classification of soils in
Ireland: From peats (Histosols) and peaty podzolised gleys (Haplaquods) to plaggen soils (Plaggepts).
A study by [70] described ancient soils with plaggen and agric horizons in the Andes of Southern
Peru. Carbonate precipitation in soils is a complex process, which can be natural (e.g., caliche etc.) or
human-induced. Mikhailova and Post [32] proposed an “anthropogenic” model of carbonate formation
as a result of human activities, including cultivation, which leads to the destruction of roots rich in basic
nutrients (especially Ca2+), contributing to the carbonate formation in the soil and subsequent changes
(e.g., hydrologic etc.) in the soil profile (Figure 4). Human-induced calcic horizon (Bk) can form in less
than 50 years of cultivation as demonstrated by conversion of native grassland to continuous fallow (no
input of plant material) in this unique experiment preserved at the V.V. Alekhin Central-Chernozem
Biosphere State Reserve in the Kursk region of Russia (UNESCO—MAB Biosphere Reserve).

Table 8. Soil inorganic carbon (mean ± standard deviation) distribution with depth.

Soil Inorganic Carbon (SIC) (%) Difference in Soil Inorganic Carbon (SIC) (%)

Depth (cm) Native
(n = 5)

Fallow
(n = 5)

Cropland
(n = 5) Fallow-Native Cropland-Native Cropland-Fallow

0–10 0 ± 0 0 ± 0 0 ± 0 0 0 0
10–20 0 ± 0 0 ± 0 0 ± 0 0 0 0
20–30 0 ± 0 0 ± 0 0 ± 0 0 0 0
30–40 0.13 ± 0.27 0 ± 0 0.32 ± 0.27 −0.13 0.20 0.32
40–50 0.09 ± 0.17 0.02 ± 0.04 0.47 ± 0.30 −0.07 0.39 0.46
50–60 0.16 ± 0.31 0.17 ± 0.38 0.50 ± 0.21 0.01 0.34 0.33
60–70 0.12 ± 0.24 0.28 ± 0.63 0.56 ± 0.29 0.16 0.44 0.28
70–80 0.09 ± 0.19 0.29 ± 0.54 0.93 ± 0.35 0.20 0.84 0.64
80–90 0.13 ± 0.26 0.59 ± 0.68 1.05 ± 0.37 0.46 0.92 0.46

90–100 0.13 ± 0.27 1.02 ± 0.65 1.43 ± 0.27 0.89 1.30 0.41
100–110 0.15 ± 0.31 1.31 ± 0.35 1.55 ± 0.16 1.16 1.40 0.24
110–120 0.13 ± 0.25 1.61 ± 0.16 1.67 ± 0.22 1.48 1.54 0.06
120–130 0.38 ± 0.50 1.65 ± 0.16 1.74 ± 0.14 1.27 1.36 0.09
130–140 0.47 ± 0.51 1.59 ± 0.15 1.62 ± 0.16 1.12 1.16 0.04
140–150 0.61 ± 0.40 1.45 ± 0.20 1.57 ± 0.06 0.84 0.96 0.12
150–160 1.06 ± 0.18 1.41 ± 0.32 1.49 ± 0.17 0.35 0.43 0.08
160–170 1.29 ± 0.13 1.41 ± 0.24 1.49 ± 0.05 0.12 0.20 0.09
170–180 1.23 ± 0.18 1.23 ± 0.18 1.44 ± 0.09 −0.01 0.20 0.21

Depth to
carbonates (cm) 112 ± 47 76 ± 23 34 ± 5 - - -

Figure 4. Model of carbonate horizon formation in soils through time as a result of cultivation of
native grasslands.
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5. Conclusions

Cultivation had a remarkable effect on the radiocarbon age of the Russian Chernozem due to
changes in SOC, SIC, and TC concentrations. The radiocarbon age (14C date, BP) of soil carbon was
highly variable: In the native grassland field, it varied from post-bomb (A-horizon) to 8011 ± 54 y BP
(C-horizon); in the continuous fallow, it varied from 1569 ± 41 y BP (Ap-horizon) to 11,380 ± 180 y BP
(C1-horizon); and in the cropland, it varied from 1055 ± 38 y BP (Ap-horizon) to 11,805 ± 68 y BP
(Ck-horizon). The presence of carbonates (including pedogenic) impacted the radiocarbon dating of
soil as indicated by radiocarbon ages of the soil samples with and without carbonates. Cultivation
resulted in morphological/diagnostic changes in the soil profile (conversion of A to Ap horizon;
conversion of Bw to Bk horizon) in a 50-year period. This change is supported by radiocarbon dating
of SOC and pedogenic carbonates’ distribution within the soil profile. The concentration of pedogenic
carbonates was highly variable: in the native grassland, it was 27% (C-horizon); in the continuous
fallow, it varied from 53% (Bk1-horizon) to 72% (C2-horizon), and in the cropland, it varied from 85%
(A-horizon) to 10% (Ck-horizon). The radiocarbon age differences between soil carbonates and SOM
reflect differences in the processes and time scales of their formations.
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