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Abstract

River deltas are often considered as hotspots of atmospheric carbon regulation,

but few studies have paid attention to the differences between topsoil and sub-

soil for carbon sequestration. Here physical and chemical stabilization mecha-

nisms and sources of soil organic carbon (OC) accumulation in different soil

layers of a major river delta (Yellow River delta) were studied by fractionation

and isotopic analysis. We found that in topsoil, conversion from tidal flat to

wetland substantially increases OC by 84%, whereas cotton cultivation

decreases OC by 66%. Wetland with a high soil OC content is characterized by

substantial accumulation of plant-derived OC and OC in mineral fractions. In

subsoil, the OC variation is controlled by the yellow silt layer (YSL)–red clay

layer (RCL) sequence. Although the weathering intensity of the RCL is much

higher than that of the YSL, the OC age is younger in the RCL, indicating that

the highly reactive, secondary minerals and iron oxides are capable of stabiliz-

ing younger organic carbon in transportation, deposition and post-pedogenic

alteration. 14C activity demonstrates that modern autochthonous OC is the

main component of OC in wetland topsoil. In contrast, millennia-old allo-

chthonous OC is the main component of OC in the subsoil layers, contributing

4–24% of total bulk soil OC. The higher δ13C values of carbon fractions (−24.3
to −21.4‰ for the intra-aggregate particulate organic matter fraction, intra-

microaggregate silt and clay fraction, and free silt and clay faction) and bulk

samples (~ −22‰) are likely to imply the contribution of aged OC in the Yel-

low River delta. This study offers direct confirmation that soil OC fractions and

sources are influenced by different land-use types and pedological properties in

characteristic soil layers. These findings suggest that biogeochemical alteration
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of the soil matrix controls OC stabilization mechanisms in the river sediment–
tidal flat–wetland–farmland continuum.

Highlights

• Land-use types and pedological features control OC storage in topsoil and

subsoil, respectively.

• Reclamation strongly decreases content of all OC fractions and the propor-

tion of fSC and rOC.

• Soil layers with distinct texture and mineral compositions lead to OC strati-

fication in subsoil.

• The red clay layer in subsoil is capable of stabilizing both fresh and

aged OC.
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1 | INTRODUCTION

River deltas are hotspots of organic carbon (OC) deposition,
burial and transformation, being important in the context
of global C cycling (Bianchi & Allison, 2009). River deltas
bury 75 × 1012 g of OC annually due to their high sediment
loads, which is responsible for 41% of OC buried along con-
tinental margins (Bianchi & Allison, 2009; Smith, Bianchi,
Allison, Savage, & Galy, 2015). On deltaic topsets, blue car-
bon ecosystems (salt-marsh, mangrove and seagrass) that
develop on wetlands are remarkably efficient at accumulat-
ing OC, with accumulation rates (e.g., 218 ± 24 g C m−2

year−1) as much as 50 times greater than those of boreal,
tropical and temperate forests (~4–5 g C m−2 year−1)
(McLeod et al., 2011). However, human disturbances and
climate change, including land-use change, eutrophication,
sea-level rise and warming, have threatened deltaic OC
storage and sink capacity (Day et al., 2016; Schuerch
et al., 2018). Understanding OC transformation and the
preservation process of newly deposited and ancient OC is
therefore key to the sustainability of deltaic ecosystems
(Day et al., 2016; Shields et al., 2017; Spivak, Sanderman,
Bowen, Canuel, &Hopkinson, 2019).

In newly formed river deltas, soil layers are generally
developed by periodic deposition of river sediments. These
sediments transfer different sources of riverine OC, which
can simply be considered as ancient fossil OC and bio-
spheric OC derived from modern biomass (Bouchez
et al., 2014; Xue, Zou, Ge, &Wang, 2017). These OC compo-
nents are sequestered in a wide range of particle sizes and
densities and thereby are susceptible to partial separation
via hydrodynamic sorting that results in OC stratification
with depth at the land–ocean interface (Bianchi et al., 2018;
Galy et al., 2007). It has been well documented that OC

buried in river deltas and estuaries can be partially stabi-
lized against decomposition within aggregates of allo-
chthonous mineral-associated particles (Bianchi
et al., 2018; Spivak et al., 2019). Although OC buried in the
delta is tightly linked to the accumulated sediments, vegeta-
tion succession also enhances the autochthonous OC inputs
from plant production (Shields et al., 2017). This suggests
that mineral association plays an essential role in preserva-
tion of OC in subsoil, whereas its importance becomes mar-
ginal when autochthonous OC is increasingly incorporated
into topsoil (Chabbi, Kögel-Knabner, & Rumpel, 2009;
Matteodo et al., 2018; Salomé, Nunan, Pouteau, Lerch, &
Chenu, 2010; Van de Broek et al., 2018). Historically, most
of the studies on soil OM stabilization mechanisms have
focused on the topsoil (Rumpel & Kögel-Knabner, 2011).
However, there is growing recognition that the contribu-
tions of subsoil OC have been vastly underestimated and
the factors controlling OC dynamics in subsoil have
been largely ignored (Schmidt et al., 2011; Sokol &
Bradford, 2019). Most subsoil layers with low OC con-
centrations may not yet be saturated in OC. They have
the potential to sequester labile dissolved OC com-
pounds from aboveground inputs as well as microbial
products from belowground inputs (Rumpel & Kögel-
Knabner, 2011; Sokol & Bradford, 2019).

The Yellow River delta is one of a few prograding
deltas as a result of high sediment loads of the Yellow
River, which was once ranked the most turbid river in
the world, delivering 1 × 109 t year−1 sediment to the sea
(Milliman & Syvitski, 1992). The Yellow River delta has
the largest and youngest wetland ecosystem in China,
being an important overwintering and breeding site for
many rare and endangered migrating birds. Meanwhile,
the Yellow River delta has been undergoing extensive
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and rapid development of agriculture over recent decades
and a large portion of wetlands has been converted to
farmland (Li et al., 2016; Yu et al., 2016). In our previous
studies, we found that wetland topsoil OC with low δ13C
and δ15N values was acting as a labile OC pool in the Yel-
low River delta (Li et al., 2016). In subsoil, a red clay
layer 5–50 cm thick and 1 m deep in the soil profile was
widely distributed in the Yellow River delta. The forma-
tion of the red clay layer is related to hydrodynamic
sorting and it is likely to be derived from the loess–
paleosol–red clay sequence of the Chinese Loess Plateau
(Li et al., 2019). Globally, a large amount of these loess–
paleosol–red clay materials is delivered to the coastal
seas by river systems (Li, Shi, Aydin, Beroya-Eitner, &
Gao, 2020). At present, studies on the geochemical impli-
cations of soil layers in river estuaries that developed
from loess-like deposits are still lacking. A suite of recent
studies have found that carbon accumulation in the Yel-
low River delta is related to soil texture, minerals, salinity
and moisture along soil profiles (Li et al., 2020; Yin
et al., 2019; Zhao et al., 2018). Hence, it is imperative to
elucidate the underlying mechanisms for soil OC seques-
tration and predict soil OC stock changes as a function of
management and environmental drivers. Recent frame-
works suggest that soil OC accrual, persistence and
response to disturbance can be better described if soil OC
is broadly divided into physically based and chemically
based fractions (Cotrufo, Ranalli, Haddix, Six, &
Lugato, 2019; Cui et al., 2014; Doetterl et al., 2018). We
hypothesize that soil OC sequestration potentials in both
topsoil and subsoil, considering characteristic layers
under different land-use types in river deltas receiving

loess-like deposits, can be better understood through a
framework based on the fractionation and source identifi-
cation of soil OC.

In this study, we applied physical and chemical frac-
tionation combined with 14C and 13C measurements to
understand (a) how OC stabilization mechanisms vary in
the river sediment–tidal flat–wetland–farmland contin-
uum and (b) whether the underlying processes of OC
stabilization and OC sources are different in soil layers.

2 | MATERIALS AND METHODS

2.1 | Site description

As one of three major river deltas in China, the modern
Yellow River delta (Region 1, Figure 1a), with an area of
more than 6,000 km2, has formed since 1855, when the
Yellow River shifted its course to the Bohai Sea. Rapid
deposition of the suspended sediment has shifted the del-
taic river channel a total of 11 times, resulting in the for-
mation of different sedimentary successions. The
sedimentary successions in the Yellow River delta are
characterized by cyclic changes of clay-enriched layers
and silt-enriched layers, which are likely to be due to
hydrodynamic sorting, provenance change and post-
depositional alteration (Li et al., 2019; Saito et al., 2000;
Xue, Zhu, & Lin, 1995). The particulate OC transported
by the Yellow River is enriched in fine fractions of sedi-
ments (Qu et al., 2020). Biomass OC derived from C3
plants contributed 52–65% in the Yellow River basin and
lower reach, whereas pre-aged soil OC contributed 60–

FIGURE 1 (a) Map showing the sampling sites and the spatial distribution of the red clay layer (RCL) in the Yellow River delta; (b) a

typical soil profile showing the vertical distribution of the surface layer (SL), yellow silt layer (YSL) and red clay layer (RCL) [Color figure

can be viewed at wileyonlinelibrary.com]

LI ET AL. 3

http://wileyonlinelibrary.com


70% of riverine particulate OC (Xue et al., 2017). The
modern Yellow River delta (Region 1, Figure 1a) is the
core area of the Yellow River delta High-Efficiency Eco-
Economic Zone (Region 1–4, Figure 1a) and is the domi-
nant red clay–yellow silt layer sequence distribution area,
with 91% of the sampled soil profiles occurring in the red
clay layer. The OC storage in the topsoil layer is sensitive to
land-use change (Li et al., 2016), whereas the element com-
positions in subsoil layers are largely controlled by the red
clay–yellow silt layer sequence, with distinct weathering
degree, mineralogy and grain size (Li et al., 2019).

The average annual precipitation in the modern Yel-
low River delta is 560 mm, and about 74% is concentrated
in the period June to September. Average evaporation is
1,900–2,400 mm. The hydrological characteristics in the
modern Yellow River delta are affected by the interac-
tions between freshwater and seawater and between
groundwater and surface water due to the low elevation
(generally below 10 m) and being near the sea (Han
et al., 2015; Zhao et al., 2018). The average depth of the
groundwater table in this region is less than 1.5 m and
total dissolved solids exceed 15 g L−1 (Fan et al., 2012).
Therefore, saline and wet soils are found in extensive
areas in the modern Yellow River delta. Soil types in the
modern Yellow River delta are dominated by Gleyic Sol-
onchaks, Salic Fluvisols and Calcaric Fluvisols
(Li et al., 2016). The land-use types in the modern Yellow
River delta are dominated by farmland (cotton is the
dominant crop because of its high soil salinity tolerance),
wetland and tidal flat, accounting for 32.8, 30.3 and
18.9% of the total area, respectively (Yu et al., 2016).
Dominant plant species in the wetland primarily com-
prise Phragmites australis, Suaeda heteroptera and
Tamarix chinensis.

2.2 | Soil sampling

In our previous study, a total of 42 soil profiles (Y01–Y42)
and 15 cores (Y45–Y54, Y58–Y62) were collected in the
Yellow River delta for red clay layer identification
(Figure 1a) (Li et al., 2019). All soil samples were col-
lected using a stainless-steel hand auger and then placed
into polyethylene bags. Soil profiles were sampled
according to diagnostic layers until a depth of 1 m. The
red clay layer typically has a median grain size of
<20 μm, redness (a*) of >7 and frequency-dependent sus-
ceptibility (χfd%) of >6% (Li et al., 2019; Li, Zhang, Tu, &
Luo, 2018). Accordingly, soil profiles could be character-
ized by three soil layers: the surface layer, red clay layer
and yellow silt layer (Figure 1b) (Li et al., 2019). The
values of median grain size, a* and χfd% of soil profiles
occurring in the red clay layer among the 42 soil profiles

are shown in Table S1. To calculate the mass accumula-
tion rate, a high-resolution soil profile (Y23) occurring in
the red clay layer was sampled at an interval of 5 cm in
the 120-cm depth with 24 soil layer samples from the
groundwater table to the surface. The Yellow River bed
sediments at the estuary and soil profiles from tidal flat
as additional samples were collected (DY1–DY4). Soil
profiles from the tidal flat (DY1, DY3, DY4), wetland
(Y05, Y07, Y12, Y23) and farmland (cotton field) (Y04,
Y08, Y14, Y16), together with the Yellow River bed sedi-
ment in the modern Yellow River delta, were selected for
investigating carbon changes in different soil diagnostic
layers. For the Yellow River bed sediment, we took mixed
samples from three sites (500 m apart) to the depth of
20 cm along the river. The classification of soil layers is
shown in Table S2. Soil profiles used for analysis
(Table S2) were located in the modern Yellow River delta
(Region 1, Figure 1a), which has experienced rapid and
extensive agricultural reclamation over the past decades.
Meanwhile, all these soil profiles have a typical red clay
layer, as indicated by the values of median grain size, a*

and χfd% (Table 1).

2.3 | Carbon fractionation

Physical protection (physical isolation of OC within aggre-
gates) and chemical stabilization (chemical or physicochemi-
cal binding of OC to soil minerals) are two main
mechanisms of OC stabilization (Kaiser & Guggenberger,
2003; Stewart, Plante, Paustian, Conant, & Six, 2008). The
surface layer, red clay layer and yellow silt layer in soil pro-
files were used for physical and chemical fractionation. Rep-
resentative soil layer samples used for carbon fractionation
are shown in Table S2. The fractionation schemes are shown
in Figure 2. The interpretation in terms of functional C pools
and protectionmechanisms is provided in Table S3.

Physical fractionation followed a procedure proposed
by Stewart et al. (2008) with only minor modifications
to mainly separate particulate organic matter (POM)
into coarse particulate organic matter (>250 μm),
microaggregate-associated organic matter (250–53 μm)
and non-aggregated silt and clay organic matter (<53 μm)
(Figure 2a). The fractionation began with 2-mm-sieved
soil because the soil texture in the Yellow River delta was
dominated by silt, sandy silt and clayey silt, with very few
particles over 2 mm. Briefly, 2-mm-sieved soil was rapidly
immersed in deionized water for 5 min for soil slaking,
then placed in a soil aggregate analyzer (TTF-100,
Shunlong Experiment Instrument Factory, China) to pass
over a 250-μm and 53-μm sieve, yielding a sand fraction
and macroaggregate fraction larger than 250 μm, together
with coarse particulate organic matter (cPOM), a free
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microaggregate fraction between 250 and 53 μm and free
silt & clay faction (fSC) smaller than 53 μm. Afterwards,
the free microaggregate fraction was subjected to density
flotation in 1.85 g cm−3 NaI for separation of free POM
(fPOM). The remaining heavy fraction was dispersed by
0.5% sodium hexametaphosphate for 18 h. The dispersed
heavy fraction was passed through a 53-μm sieve and the
intra-aggregate particulate organic matter (iPOM) fraction
(together with sand) remained on the sieve. The passed
suspension was centrifuged at 3000g to collect the intra-
microaggregate silt & clay (iSC) fraction. All POM frac-
tions were freeze-dried and weighed. The recovery of the
fractionation ranged from 89.3 to 94.4%.

Chemical fractionation followed a procedure pro-
posed by Xu and Yuan (1993) to separate the mineral-
bound OC into OC bound to calcium (Ca–OC), Fe/Al
oxyhydrates (Fe/Al–OC) and residual soil minerals (rOC)
(Figure 2b). The method has been successfully used for
separation of Ca bound organic carbon (Ca–OC) and
iron/aluminium bound organic carbon (Fe/Al–OC) in
the Yangtze River delta (Cui et al., 2014). Samples for
chemical fractionation were ground to pass a 0.15-mm
sieve to enhance extraction efficiency and to get a better
result. Briefly, 0.15-mm-sieved soil was firstly subjected
to density flotation in 1.80 g cm−3 NaI to separate the free
light fraction (LF) (i.e., the floating materials). The heavy
fraction was obtained after washing two times with
deionized water and then extracted by shaking for 1 h
with 0.5 M Na2SO4, allowed to stand overnight and then
centrifuged to obtain the Ca–OC. The procedure above
was repeated in triplicate and the supernatants were com-
bined. After being washed with distilled water, the residue

was subsequently extracted by 0.1 M NaOH +0.1 M
Na4P2O7 to obtain the Fe/Al–OC using the same procedure
above. Finally, the residual soil fraction was obtained and
referred to as residual organic carbon (rOC).

2.4 | Soil analysis

Soil samples were air-dried and passed through a 2-mm
sieve for determination of pH, salinity, soil particle size
and 210Pb activity. A quarter of the sieved fraction was
subsequently crushed to pass a 0.149-mm sieve for mea-
surement of C content, isotopic value, magnetic property
and redness.

Soil pH and salinity were measured using 1:2.5 and 1:5
soil:water mixtures, respectively. Soil grain size was mea-
sured using a Malvern Mastersizer 2000 instrument after
removing organic matter and carbonates using 15% H2O2

and 1 M HCl, and then dispersed in 0.05 M sodium
hexametaphosphate solution overnight, followed by ultra-
sonic treatment at an energy output rate of 170 J min−1 for
30 min.

Determination of 210Pb activities of the high-
resolution soil profile (Y23) samples was conducted using
an EG & G Ortec HPGe GWL gamma–ray spectrometer
(Ametek Inc., Berwyn, PA). The total 210Pb and 226Ra
activities were measured at 46.5 keV and 295.2 keV
(214Pb), respectively. Excess 210Pb (210Pbex) was calculated
by subtracting 226Ra activity from total 210Pb activity. The
Constant Rate of Supply (CRS) model (Text S1) was used
for the determination of mass accumulation rate (MAR)
(Arias-Ortiz et al., 2018).

FIGURE 2 Simplified

diagrams of (a) physical

fractionation and (b) the

chemical fractionation

procedure, with final derived

fractions highlighted in blue

[Color figure can be viewed at

wileyonlinelibrary.com]
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Free iron oxides (Fed) were extracted by the
dithionite-citrate-bicarbonate (DCB) method. Soil sam-
ples were added to a solution containing a buffer (sodium
bicarbonate, pH 7.3) and a metal ion complexing agent
(trisodium citrate) in capped centrifuge tubes and heated
to 80�C in a water bath. A reducing agent (sodium
dithionite) was added to the mixture and maintained at
80�C for 15 min. The poorly crystalline iron oxides (Feo)
were extracted by 0.2 M acid ammonium oxalate at
pH 3.0 in the darkness for 4 h in a mechanical shaker.
Following the extraction treatments, the supernatant was
separated from the solid fraction by centrifugation at
3000 g for 10 min. The extracted Fe was determined at
512 nm by UV/Vis spectrophotometric detection using
1,10-phenanthroline as complexing agent.

Soil magnetic susceptibility was measured at low
(0.47 kHz) and high (4.7 kHz) frequency (χlf and χhf, respec-
tively) using a Bartington MS2 susceptibility meter and
MS2B dual-frequency sensor. Frequency-dependent sus-
ceptibility (χfd%) was calculated as χfd% = (χlf − χhf)/
χlf × 100. Magnetic susceptibility (χlf) generally reflects the
concentration of magnetic minerals. χfd% is sensitive only
to fine, viscous superparamagnetic (SP)/single domain (SD)
(~ 20–25 nm for maghemite) grains (Liu et al., 2012).
Higher values of χlf and χfd% indicated higher degree of
weathering in the YRD soil, which was extremely useful in
identifying the characteristic soil layer (Li et al., 2018).

For redness measurement, soil samples were placed in
special small glass channels and pressed into a flat surface
using a smooth glass slide. The soil flat surface was illumi-
nated with a colorimeter (CR-10, Konica Minolta, Tokyo,
Japan) to obtain the colour parameters a* (redness).

Total carbon, OC of bulk soil and different carbon
fractions obtained by physical fractionation (cPOM, fSC,
fPOM, iPOM and iSC) and LF and rOC fractions obtained
by chemical fractionation were measured on a Vario
MACRO cube elemental analyzer (Elementar, Germany).
For OC measurement, soil samples (about 0.5 g) were
acidified to pH = 1–2 with 1 M HCl (20 mL) for 16 h to
remove carbonates and then weighed and subsequently
rinsed with deionized water to wash and neutralize. Soil
inorganic carbon (SIC) was calculated as the difference
between total carbon and OC. The extracted Ca–OC and
Fe/Al–OC were measured with a TOC–VCPH Total
Organic Carbon Analyzer (Shimadzu, Japan). Quality
assurance and quality control were assessed using dupli-
cates and standard reference materials (GSS-1 and GSS-8)
from the National Reference Center for Certified Refer-
ence Materials of China with 10% of the samples. The
recoveries for the carbon in the standards ranged from
95.7 to 102.1%.

Stable organic carbon isotope (δ13C) measurements
were made with decarbonated samples for OC content
analysis (after 1 M HCl treatment) using an elemental
analyser (Flash EA 1112, Thermo Finnigan) interfaced
with an isotope ratio mass spectrometer (MAT
253, Thermo Finnigan) operating in continuous flow
mode. δ13C was expressed as relative to the international
standard of pee dee belemnite. Replication had a stan-
dard deviation better than ±0.1‰ based on the repeated
measurements of the international standard IAEA–600.
Reproducibility of sample replicates was generally better
than ±0.2‰ for δ13C.

The surface layer, red clay layer and yellow silt layer
from one typical soil profile of tidal flat, wetland and
farmland, together with the Yellow River sediment, were

FIGURE 3 Carbon fractions obtained by physical fractionation

in the Yellow River sediment (YR) and different soil layers (SL,

surface layer; RCL, red clay layer; YSL, yellow silt layer).

(a) Showing carbon fraction contents in different land use types, (b)

showing carbon fraction isotopic compositions [Color figure can be

viewed at wileyonlinelibrary.com]
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used for measurement of 14C activity at Beta Analytic
Inc., Florida, USA, using standard accelerator mass spec-
trometry (AMS) delivery analysis. The errors of Δ14C
measurements ranged from 1‰ to 3‰. Results are
expressed as the fraction of modern carbon (Fmod), with
values >1 Fmod indicating the presence of (modern) bomb
14C, whereas values <1 Fmod indicate that the OC has
been formed from atmospheric CO2 before 1950 (Schuur,
Druffel, & Trumbore, 2016). Assuming that a large por-
tion of OC in deltaic soils, especially subsoil, is sourced
from riverine OC, we used an end member mixing model
proposed by Galy, Beyssac, France-Lanord, and
Eglinton (2008) to obtain fossil OC (OCfossil) and bio-
spheric OC (OCbio) derived from aboveground biomass,
soils and riverine autotrophic living organisms. The
mixing equations are shown as follows:

Fmod = OCfossil=OCð Þ×Fmod_fossil + OCbio=OCð Þ×Fmod_bio:

ð1Þ

AsFmod_fossil = 0 andOC=OCfossil +OCbio

:ModernC=OC×Fmod_bio−OCfossil ×Fmod_bio, ð2Þ

where Fmod_fossil and Fmod_bio represent the
14C activity of

the fossil (Fmod_fossil) and biospheric pool (Fmod_bio). In
Equation (2), Modern C = OC × Fmod. The values of
OCfossil and Fmod_bio can both be determined from the
slope and intercept of linear regression.

2.5 | Statistical analysis

The differences among the soil layers and carbon frac-
tions were evaluated with one-way analyses of variance
(ANOVA) and Duncanʼs post-hoc test (alpha = 0.05).
Pearson correlation analysis was conducted to detect rela-
tionships among the variables investigated. Heat maps
were created of Spearman correlation matrices. Statistical
analysis was performed using SPSS Statistics 20.0 for the

FIGURE 4 Carbon fractions obtained by chemical fractionation in the Yellow River sediment (YR) and different soil layers (SL, surface

layer; RCL, red clay layer; YSL, yellow silt layer). (a) Showing carbon fraction contents in different land-use types; (b), (c) and (d) showing

correlations between Ca-bound carbon (Ca–OC) and CaCO3 contents (b), between residual carbon (rOC) and clay content (c), and between

Fe/Al-bound carbon (Fe/Al–OC) and amorphous Fe oxyhydrates (Feo) and free Fe oxyhydrates (Fed) (d), respectively [Color figure can be

viewed at wileyonlinelibrary.com]
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Windows software package (SPSS Inc., Chicago, IL). Vari-
ation partitioning was performed in the R environment
(v.3.6.3) using the function varpart in the package vegan
(v.2.5–6) to analyse the influence of the soil particles and
minerals on the OC fractions’ stabilization.

3 | RESULTS

3.1 | Soil physicochemical properties

Soil pH was high in the study area, with a mean value
above 8 (Table 1). Soil salinity presented an increasing
trend from the Yellow River sediment to the surface layer
of the tidal flat and wetland, and then decreased after

cultivation. The clay content followed a similar trend.
Changes in relative abundance and grain size of magnetic
minerals can be used to trace the potential weathering
history of the source region (Liu et al., 2012). Increased
χlf and χfd% values correspond to increased weathering of
parent materials. There were no significant differences
(p > 0.05) in χlf and χfd% values among different land-use
types. The relatively high χlf but low χfd% values of the
Yellow River sediment suggest that it may be contami-
nated by metals and that χfd% values can better interpret
soil genesis. The contents of Feo and Fed were highest in
the wetland, whereas there were no clear differences
(p > 0.05) between the tidal flat and farmland. The SIC
content was high but soil OC content was much lower in
the study area. The OC content increased significantly to

FIGURE 5 Heat maps of Spearmanʼs rank correlations (**p < 0.01, *p < 0.05) between OC fractions obtained by physical and chemical

fractionations and soil properties shown in Table 1 from (a) topsoil and (b) subsoil and variation partitioning analysis of the relative

contributions of clay, free Fe oxyhydrates (Fed) and soil inorganic carbon (SIC) to OC stabilization from (c) topsoil and (d) subsoil [Color

figure can be viewed at wileyonlinelibrary.com]
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the highest in the surface layer of the wetland, but
dropped sharply in the surface layer of the farmland.

The red clay layer had significantly higher values of
clay, χlf, χfd%, Fed and SIC than the surface and yellow
silt layer (p < 0.05), indicating its higher contents of clay
minerals, iron oxides and carbonates and higher
weathering degree. The OC content in the red clay layer
was comparable to that in the surface layer and much
higher than that in the yellow silt layer of the tidal flat
and farmland. The OC content in the red clay layer gen-
erally increased in the order of tidal flat, farmland and
wetland, indicating that the red clay layer had potential
to accumulate young carbon from topsoil.

3.2 | Soil OC fractions obtained by
physical fractionation

Across all land-use types and soil layers, OC was dominated
by fSC (40–80%) (Figures 3a and S1a). In the surface layer
of wetland and farmland, about 20% of OC was present in
cPOM, whereas cPOM in the other soil layers was nearly
absent (<5% of OC). In subsoil layers, the iSC fraction in
the red clay layer stored more OC compared to the yellow
silt layer. The percentages of the iSC fraction in the red clay
layer of wetland (10.8%) and farmland (12.2%) were also
highest compared to the surface layer and yellow silt layer.

The δ13C values of the OC fractions in the surface layer
and yellow silt layer showed an increasing trend in the
order of cPOM < fPOM < iPOM < iSC < fSC (Figure 3b).
The δ13C patterns of OC fractions in the Yellow River sedi-
ment and red clay layer were more variable. The values of
cPOM in the Yellow River sediment and red clay layer were
more positive. Considering the low salinity of the Yellow
River sediment, themore positive δ13C valuesmay be attrib-
uted to the contribution of aged terrestrial OC rather than
marine OC. Accordingly, the more negative δ13C values of
fPOM, iSC and fSC in the Yellow River sediment were asso-
ciated with more fresh terrestrial OC input, whereas the
more positive δ13C values of iSC and fSC in the red clay
layer indicatedmore aged terrestrial OC input.

3.3 | Soil OC fractions obtained by
chemical fractionation

Results of chemical fractionation revealed a similar distri-
bution pattern of OC fractions within the same soil layers
from different land-use types (Figure 4a). In the surface
and red clay layer, the fractions generally followed the
order of LF (12.8%) < Ca–OC (17.8%) < Fe/Al–OC
(27.2%) < rOC (42.2%) (Figure S1b). In the Yellow River
sediment and yellow silt layer, Fe/Al–OC and Ca–OC

were the dominant fractions and made up about 35–40%
of total OC, respectively.

In the red clay–yellow silt layer sequence, signifi-
cantly positive correlations were observed between Ca–
OC and CaCO3, between Fe/Al–OC and Feo and Fed and
between rOC and clay (Figure 4b–d). For the surface
layer, a significantly positive correlation was only
observed between rOC and clay. This indicated that rOC
may be mainly associated with clay minerals.

3.4 | Radiocarbon content

Because fSC was a dominant fraction in all soil
layers from different land-use types (Figures 3 and S1a),

FIGURE 6 Activity of 14C (expressed as fraction modern

carbon, Fmod) in bulk and fSC fraction samples (surface layer [SL],

red clay layer [RCL] and yellow silt layer [YSL] from one typical

soil profile of tidal flat, wetland and farmland together with the

Yellow River sediment [YR]). (a) Showing frequency dependent

susceptibility (χfd%) vs. Fmod; (b) showing correlation between

modern C (OC × Fmod) and soil OC (SOC) [Color figure can be

viewed at wileyonlinelibrary.com]
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radiocarbon contents were determined for OC in the bulk
and fSC fraction of different soil layers (Figure 6). These
data showed that OC ages were quite similar between the
bulk and fSC fraction (Figure 6a). It was notable that
although the red clay layer had the highest weathering
intensity, as indicated by the highest χfd% values, the
average Fmod value of the red clay layer (bulk 0.59, fSC
0.55) was much higher than that of the yellow silt layer
(bulk 0.41, fSC 0.40) and Yellow River sediment (bulk
0.43, fSC 0.43), indicating that the red clay layer received
a greater amount of younger OC. The average Fmod value
in the bulk of the red clay layer, yellow silt layer and Yel-
low River sediment corresponded to calibrated ages of
4,203, 7,453 and 6,820 BP respectively. The highest Fmod

values of 1.01 (bulk) and 0.96 (fSC) were obtained in the
surface layer of wetland, corresponding to calibrated ages
of modern and 370 BP, respectively.

The distinct radiocarbon ages indicated that soil OC
in river deltas was a binary mixture of fossil OC and bio-
spheric OC (Galy et al., 2008; Trumbore, 2009). Although
it was known that the 14C activity of fossil OC (OCfossil) is
0, both the contribution of OCfossil to total OC and the
14C activity of the biospheric pool (Fmod_bio) are
unknown. An end member mixing analysis (Section 2)
developed by Galy et al. (2008) was used to determine the
two unknowns. The Fmod_bio values of the bulk and fSC
fraction were 1.02 and 0.98, corresponding to calibrated
ages of modern and 142 BP, respectively. However, if we
remove the data of the wetland surface layer, Fmod_bio

values of the bulk and fSC fraction were 0.64 and 0.59,
corresponding to calibrated ages of 3,569 and 4,203 BP,
respectively (Figure 6b, inset). Modern OC contributes
significantly to OC in wetland topsoil. The OCfossil con-
tents in the bulk and fSC fractions excluding the wetland

surface layer dataset were 0.20 and 0.14 g kg−1,
corresponding to 9.93 and 9.67%, 4.99 and 4.53%, 23.5
and 23.0%, 17.6 and 11.9% of total bulk and fSC OC in
the surface layer, red clay layer, yellow silt layer and Yel-
low River sediment, respectively.

4 | DISCUSSION

4.1 | Land-use types and fine particles
controlling OC storage in topsoil

In our study, conversion from tidal flat to wetland sub-
stantially increased OC by 84% in the top 20 cm, whereas
cotton cultivation decreased OC by 66%. The increased
OC input in the wetland has directly promoted OC accu-
mulation in the fractions of cPOM and LF and OC stabili-
zation in the mineral fractions (e.g., fSC and rOC). OC
accumulation in the mineral fractions occurs not only
due to new OC input, but also as a result of a transfer of
old OC from cPOM to these fractions (Del Galdo, Six,
Peressotti, & Francesca Cotrufo, 2003; Stewart
et al., 2008). This indicates a substantial potential of OC
storage under wetland systems. Our results indicate that
cotton cultivation strongly decreases the OC content of
all fractions and decreases the proportional weight of fSC
and rOC (Figures 3a, 4a and Figure S1). This can be
attributed to tillage being a highly disturbing manage-
ment practice, which alters aggregate dynamics by
enhancing the turnover time of cPOM, thus decreasing
the formation of the more stabilized C fractions, such as
iPOM and silt & clay associated C (Stewart et al., 2008).

Previous studies have found strong evidence for 30 to
80% of OC decline when natural vegetation ecosystems are
converted to farmland (Poeplau et al., 2011; Wei, Shao,
Gale, & Li, 2015). Contrasting with the OC declines, many
field studies have shown that reducing tillage often
increases storage of OC (Cates, Ruark, Hedtcke, &
Posner, 2016; Chivenge, Murwira, Giller, Mapfumo, &
Six, 2007). The key mechanisms that affect OC decline in
cultivated soils include erosion, lower OC inputs, reduced
stabilization of OC due to aggregate breakdown, and pro-
moted OC decomposition by increased soil temperature
and aeration (Chivenge et al., 2007; Stewart et al., 2008;
Wiesmeier et al., 2019). A striking difference in OC fractions
between the topsoil and subsoil is the relatively high con-
tents of cPOM and LF in topsoil (Figures 3a and 4a). There-
fore, abiotic and biotic formation of macroaggregates is a
main mechanism for formation and stabilization of the top-
soil structure and results in sequestration of fresh OC input,
especially for wetland.

Coastal wetland that develops on deltaic topset has
productivity and capacity to enhance sediment accretion

FIGURE 7 Depth distributions of frequency-dependent

susceptibility (χfd%), mass accumulation rate (MAR) and soil OC

(SOC) accumulation rate in a typical high-resolution soil profile of

wetland (Y23) with red clay layer (RCL)
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and to build a large carbon deposit, acting as an impor-
tant carbon sink and providing a natural coastline protec-
tion against sea level rise (Duarte, Losada, Hendriks,
Mazarrasa, & Marbà, 2013; Shields et al., 2017). Syvitski
et al. (2009) estimated that the rates of sea level rise in
the Yellow River delta ranged from 0.8 cm year−1 to
2.3 cm year−1. The accumulation rate of the new Yellow
River delta lobe sediment is estimated to be 5–
18.6 cm year−1 on the delta front slope, 2 cm year−1 at
the toe of the slope (Zhou et al., 2016), and 1 cm year−1

in the coastal wetland (Figure 7). The accumulation rates
are higher than or comparable with the rates of sea level
rise. The OC accumulation rate in the top 20 cm of the
wetland is estimated to be 167 g C g m−2 year−1 (Figure 7),
exceeding that in the soils of terrestrial forests by 35-fold
(McLeod et al., 2011). Moreover, restoration projects that
introduce tidal flow and freshwater have promoted rapid
accumulation and slow decomposition of OC in the
coastal wetlands by facilitating colonization, sediment
trapping and belowground OC production and by
slowing respiration (Spivak et al., 2019; Yin et al., 2019;
Zhao et al., 2018).

Among the major soil OC stabilization mechanisms,
the formation of organo-mineral complexes in the fine
particles (silt and clay) is regarded as quantitatively most
important (McNally et al., 2017; Wiesmeier et al., 2019).
Beare et al. (2014) reported that the OC content of the
fine particles (fine silt + clay) in the New Zealand topsoil
was assumed to comprise 85% of the total OC. In our
dataset, there is a strong positive correlation between fine
particles (clay or silt) and all OC fractions and between
Fed and Ca–OC, rOC, iPOM and fSC (Figure 5a). These
two factors can explain 53.4% of the variation in OC
sequestrated by different OC fractions in topsoil (Figure
5c). The soil OC associated with the fine mineral fraction
is generally considered as stable OC due to its relatively
long turnover time. In this regard, clay minerals and silt-
sized microaggregates seem to be of particular impor-
tance for long-term carbon storage in topsoil. Although
the soil OC associated with the fine particles is relatively
resistant to changes in management, intensive manage-
ment can result in losses of OC from the fine particles
(Cates et al., 2016; Chivenge et al., 2007). This is consis-
tent with the significant drop in clay and silt content and
soil OC content by land conversion from wetland to
farmland (Table 1) because reclamation in decades to
century scales enhances soil structural degradation and
aggregate breakdown (Chivenge et al., 2007; Cui
et al., 2014). Therefore, managements such as crop rota-
tion, increasing organic amendment inputs and reduced
tillage, which can increase POM and aggregate OC,
should be given high priority for improving carbon
sequestration in topsoil (Cates et al., 2016).

4.2 | Pedological characteristics
controlling OC storage in subsoil

In our study, although land-use change strongly influenced
OC fractions in the surface layer, it does not appear to have
altered the fractions in the red clay layer. The OC fractions
are significantly positively related to the contents of clay,
iron oxide and carbonate in the red clay–yellow silt layer
sequence (Figure 4b–d). Interaction of OC with mineral
surfaces is acknowledged to be a crucial mechanism for OC
stabilization in subsoil (Chabbi et al., 2009; Wiesmeier
et al., 2019). The contents of clayminerals, Fed, Feo and car-
bonate in the red clay layer are substantially higher than
those in the yellow silt layer (Table 1; Li et al., 2019). The
clay mineral in the red clay layer is dominated by illite (2:1
clay) (Li et al., 2019), exhibiting high cation exchange
capacity and specific surface area, which has high capacity
to adsorb organic materials (Kaiser & Guggenberger, 2003).
The high clay content of the red clay layer (also the surface
layer in wetland) provides potential for the stabilization of
OC by association of organicmaterials with clayminerals.

In our study, Fe/Al oxides and carbonate contribute
almost equally to OC storage, both accounting for about
20–30% of the OC in the red clay layer and 30–40% in the
Yellow River sediment and yellow silt layer (Figures
4a and S1b). Fe/Al oxides are key geochemical factors that
involve the mobilization and stabilization of OC in deltaic
soils (Lalonde, Mucci, Ouellet, & Gélinas, 2012). Fe-oxides
and hydroxides have particularly high specific surface
areas (SSA), resulting in a potentially greater affinity for
OC than other mineral surfaces such as clay minerals
(Wiesmeier et al., 2019). In wetland, Fe(II) can be oxidized
to Fe(III) under aerobic conditions, and the decline of
Fe(II) may be accompanied by reduced activities of oxida-
tive and hydrolytic enzymes, thereby enhancing OC pres-
ervation (Wang, Wang, He, & Feng, 2017). Furthermore,
chemically stable Fe–OC complexes can be formed via
adsorption and coprecipitation with the newly formed
reactive Fe(III) (hydro)oxides. Such Fe–OC complexes are
estimated to stabilize 21.5% of OC in coastal soils and sedi-
ments and 37.8% of OC in US forest soils (Lalonde
et al., 2012; Zhao et al., 2016). Fe/Al–OC contents in the
Yellow River delta soils are within these ranges.

Although the role of iron oxides in preserving OC has
recently been well documented in soils, interactions between
OC and calcium have typically received less attention.
Rowley, Grand, and Verrecchia (2018) reported that at pH 6–
8, inner- and outer-sphere Ca2+ bridging or flocculation and
precipitation by Ca2+ dominate Ca−OC stabilization; at
pH 8–9, sorption and cementation of aggregates by carbonate
dominate Ca−OC stabilization. Because soil pH is in the
range of 8 to 9 and average SIC contents exceed 10 g kg−1 in
all the soil layers of the Yellow River delta (Table 1), it can be
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expected that the dominant stabilization mechanisms are
adsorption by the carbonate and occlusion within carbonate-
cemented aggregates (Li, Fu, et al., 2020). The difference in
OC content between the red clay and yellow silt layer can be
mainly attributed to the different contents of clay minerals,
iron oxides and carbonates, highlighting the importance of
OC−mineral interactions in subsoil.

Besides mineral stabilization, the mineral-dominated
deltaic soils and sediments often exhibit high accumulation
rates of OC. Shields et al. (2017) found that although showing
low OC content (about 4 g kg−1), the OC accumulation rate
in the Wax Lake delta is up to 250 ± 23 g C g m−2 year−1,
which is comparable to that of coastal vegetated ecosystems.
The OC accumulation rates of the red clay and yellow silt
layer are 52.7 ± 26.1 and 27.0 ± 17.6 g C g m−2 year−1,
respectively (Figure 7). The red clay layer with much higher
mineral contents has a twofold higher OC accumulation rate
than the yellow silt layer. This result further demonstrates
that the association between OC and mineral particles is a
keymechanism for OC accumulation in river deltas.

Our previous study has shown that pedological charac-
teristics are strongly associated with the composition of soil
mineralogy in subsoil layers, resulting in shifts in carbon
storage within the soil profile (Li et al., 2019, 2020b). The
pedogenesis chemical weathering reactions and mechanical
sorting process lead to significant accumulation of second-
ary minerals, including pedogenic Fe-oxides, phyllosilicates
and carbonates in the red clay layer. In contrast, these pedo-
genic minerals are deficient in the yellow silt layer. The dif-
ference between the stabilized OC in subsoil layers
compared to the topsoil is that the OC fractions in subsoil
layers are soil layer-type specific and dependent on pedolog-
ical characteristics, showing strong correlations between
OC fractions and soil texture, magnetic properties, iron
oxides and carbonate (Figure 5b). These three factors can
jointly explain 74.3% of the variation in OC sequestrated by
different OC fractions in subsoil (Figure 5d). This is in
accordance with previous studies which also mentioned
that OC dynamics in topsoil were predominantly influenced
by supply of fresh organic material and water potential
whereas subsoil OC was mainly regulated by the composi-
tion of the mineral phase (Matteodo et al., 2018; Salomé
et al., 2010). Our study thus evidenced that the contrasting
pedological characteristics within a soil profile can lead to
heterogeneous distribution of stabilized OC compounds
(Rumpel & Kögel-Knabner, 2011).

4.3 | Contribution of old-aged
allochthonous OC in subsoil

The OCfossil proportions in the bulk and fSC fractions are
similar to those in the Amazon system (OCfossil reaches

3–10% in suspended load and up to about 50% in
bedload) (Bouchez et al., 2014), but lower than those in
the Ganges-Brahmaputra system (OCfossil reaches 20% in
suspended load and 100% in bedload) (Galy et al., 2007)
and Andean system (OCfossil reaches 80% in suspended
load) (Clark et al., 2013). Our measurements of 14C con-
tent of OC in the Yellow River delta demonstrate that
fresh OC derived from local biomass production partially
controls the amount of topsoil OC, whereas pre-aged and
fossil OC contribute significantly to the subsoil. Similarly,
very old particulate OC has also been measured in the
Yellow River basin (2,000–8,000 years), which mainly
comes from pre-aged OC (i.e., OC that has undergone
long-term storage in mineral soils or floodplain sedi-
ments) (60–70%) and fossil OC (17–27%) (Xue
et al., 2017). The old particulate OC can be derived
mainly from the eroded aged OC and fossil carbon in
fossil-fuel-based synthetic fertilizers or petroleum prod-
ucts in the basin (Butman, Wilson, Barnes, Xenopoulos, &
Raymond, 2015). This indicates that millennia-old allo-
chthonous OC is the main component of OC that is effec-
tively preserved in the Yellow River delta.

In our study, the red clay layer with the highest
weathering intensity shows a much younger age of OC than
that of the yellow silt layer (Figure 6a). It is known that the
residence time of stabilized OC in soils is particularly
related to the type of minerals and their different surface
areas and surface charges (Trumbore, 2009). Chorover,
Amistadi, and Chadwick (2004) reported that OC with the
longest residence times (thousands to tens of thousands of
years) was associated with poorly crystalline or nanocrystal-
line primary weathering products (ferrihydrate, allophone,
imogolite) and OC with shorter residence times (thousands
of years) was associated with secondary weathering prod-
ucts such as crystalline clays. The younger OC age in the
red clay layer that contains the largest amounts of high-
activity Fe-oxides and crystalline clays confirms the pre-
dominant role of minerals’ surface sorption in the protec-
tion of organic matter from biodegradation.

Exchange between dissolved OC and mineral-
associated OC plays a critical role in OC cycling in
coastal and inland aquatic ecosystems (Pérez, Moreira-
Turcq, Gallard, Allard, & Benedetti, 2011). Globally, the
dissolved OC (mean modern) is much younger than the
particulate OC (mean 1,800 years) (Marwick et al., 2015),
which is also the case for the Yellow River (Xue
et al., 2017). The relatively younger age of OC in the red
clay layer suggests that secondary minerals and oxides
have the ability to adsorb dissolved OC during riverine
transport. After deposition, the red clay layer may also
capture labile dissolved OC sourced from topsoil through
preferential flow, as well as belowground OC derived
from microbial activities (Rumpel & Kögel-Knabner,
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2011; Sokol & Bradford, 2019). Our results are consistent
with studies showing that in subsoil the presence of car-
bon is not homogeneously distributed but spatially vari-
able (Chabbi et al., 2009; Salomé et al., 2010). These
findings imply that mineral-associated OC is not neces-
sarily related to old OC or refractory OC. The highly reac-
tive, clay-sized secondary minerals and iron oxides
produced under moderate weathering conditions are
capable of stabilizing both fresh and aged OC in transpor-
tation, deposition and post-pedogenic alteration.

5 | CONCLUSIONS

Our results reveal that particulate (autochthonous domi-
nant) and mineral-associated (allochthonous dominant) OC
are two important organic matter pools affecting OC storage
in deltaic ecosystems. In topsoil, particulate OC with a mod-
ern age, as a largely plant-derived and relatively vulnerable
fraction, plays a significant role of OC storage in wetland.
In contrast, secondary minerals, including clays, Fe/Al
oxides and pedogenic carbonates, exert significant controls
over subsoil OC stock across the Yellow River delta, exceed-
ing the importance of land-use types, particularly in soil
layers with fine particle sizes (e.g., red clay layer). We show
that aged OC is a major component of OC in river delta
soils and contributes to OC at all depths. In the red clay
layer, surprisingly, OC appeared to be fresher with younger
radiocarbon ages in this stronger developed layer compared
to the yellow silt layer, suggesting a stratified OC within the
soil profile. Such stratification is probably due to the stabili-
zation of fresher dissolved OC by clay-sized secondary min-
erals. These results suggest that controls on OC dynamics
in the topsoil and subsoil of a river delta may be different.
Specific sedimentary layers in coastal ecosystems should be
taken into account when the coastal OC-cycle process is to
be studied under a changing environment.
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