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A B S T R A C T

A paddy soil chronosequence consisting of five profiles derived from calcareous marine sediments with culti-
vation history from 0 to 1000 years was studied to understand the underlying mechanisms and processes con-
trolling the millennial scale Fe evolution. We evaluated the chronosequencial changes in depth distribution of Fe
oxide contents and Fe isotopic compositions. Results showed that paddy soil evolution under the influence of
periodic flooding and groundwater fluctuation resulted with time in variations of soil moisture regime and redox
condition that control Fe mobilization, translocation and redistribution, leading to enhanced profile differ-
entiation of Fe oxides and measurable Fe isotope fractionation. Total Fe and oxide bound Fe as well as their
differentiation between surface and subsurface horizons increased as paddy soils age, leading to the formation of
diagnostic horizons and features characterizing Fe distribution and redistribution. Selective extractions showed
that the weakly-bound, oxide-bound and silicate bound Fe corresponded to 1–16%, 8–46%, and 52–91% of the
total Fe, respectively, and these proportions varied with both time and depth due to the redox-related Fe
transformation and translocation. δ56Fe values in the studied paddy soil chronosequence ranged from −0.01‰
to 0.18‰ and exhibited a strong negative correlation with the logarithm of total Fe concentrations, suggesting
mass-dependent Fe isotope fractionation occurred as a result of the preferential removal of lighter Fe isotopes
during long-term paddy soil evolution under the predominant reducing conditions. However, the Fe isotopic
ratio of a specific paddy soil horizon was a result of a complex interaction of different processes, which were
summarized and interpreted in our proposed conceptual model. Comparison of Fe isotopic compositions in the
worldwide soils demonstrated that Fe isotopes can evidence Fe transfer and pinpoint the factors and processes
that control Fe mobilization and redistribution particularly in soils with changing moisture regimes and redox
conditions. Our findings provide new insights into the behavior and geochemical cycle of Fe at the Earth's
surface strongly affected by human activities and contributes to an improved understanding of how anthro-
pedogenesis affects Fe evolution in the Earth's Critical Zone.

1. Introduction

Iron (Fe) is the fourth most abundant element in the Earth's crust
(6.7 wt%) (Rudnick and Gao, 2004), serving as an essential nutrient for

almost all living organisms (Bernuzzi and Recalcati, 2006). Its dynamic
changes in valence state in response to shifting redox conditions trigger
many processes in terrestrial ecosystems, such as mineral weathering,
nutrient cycling, and contaminant mobility (Cornell and Schwertmann,
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2003). Fe also plays an important role in the preservation of organic
carbon in both soils and sediments (Kaiser and Guggenberger, 2000;
Lalonde et al., 2012), which contributes to the global carbon cycle and
affects climate change (Jickells et al., 2005).

In soils, Fe occurs in a variety of different phases, such as primary
silicate minerals, pedogenic clay minerals, Fe (oxyhydr)oxides with
different degrees of crystallinity, as well as in organic complexes (Stucki
et al., 1988). The weathering of primary silicate minerals in soils re-
leases FeII, which is rapidly oxidized in oxic environments and pre-
cipitated as poorly crystalline Fe (oxyhydr)oxides such as ferrihydrite
or lepidocrocite. The Ostwald ripening of these short-range-ordered
(SRO) Fe phases to crystalline Fe (oxyhydr)oxides, such as goethite and
hematite, takes place during further soil development. Under oxic
conditions in well-drained soils, FeIII is the thermodynamic stable oxi-
dation state and characterized by a very low solubility (Cornell and
Schwertmann, 2003). Under anoxic conditions in water-saturated soils,
however, FeIII provides a terminal electron acceptor for anaerobic re-
spiration of dissimilatory Fe-reducing microorganisms (Lovley et al.,
2004), resulting in the formation of the highly soluble FeII aquoion. In
addition to reductive dissolution, mobilization of Fe also occurs via
proton-promoted dissolution at pH < pznpc (point of zero net proton
charge) and to a greater extent via ligand-promoted dissolution when
strong binding organic acids are present (Jansen et al., 2003). The
mobile FeII can be transported within soils by both lateral and vertical
diffusion and it is rapidly oxidized and re-precipitated as FeIII in the
presence of O2. The re-precipitation process happens depending on the
temporal and spatial variability of soil moisture regimes, resulting in
the formation of relatively “Fe-depleted” and “Fe-enriched” micro-sites
with distinct redoximorphic features. Thus, the Fe mobilization, trans-
location, and redistribution as well as the associated Fe mineral trans-
formation are key processes in soil formation influencing the morpho-
logical and physico-chemical properties of soils (van Breemen and
Buurman, 2004). Understanding the mechanisms and processes that
control the behavior and dynamics of Fe in soils is among the funda-
mental questions in pedology and geochemistry, and will be conducive
to assess the function and ecosystem service of Critical Zone responding
to the ever-increasing natural and anthropogenic changes.

Previous studies have shown that the natural soil formation involves
significant changes in species, amounts, and stability of Fe (oxyhydr)
oxides (e.g., Torrent et al., 1980; McFadden and Hendricks, 1985; Diaz
and Torrent, 1989; Aniku and Singer, 1990; Cornell and Schwertmann,
2003; Vodyanitskii, 2010) and measureable Fe isotope fractionations
(e.g., Fantle and DePaolo, 2004; Emmanuel et al., 2005; Thompson
et al., 2007; Wiederhold et al., 2007a, 2007b; Yamaguchi et al., 2007;
Buss et al., 2010; Kiczka et al., 2011; Yesavage et al., 2012; Mansfeldt
et al., 2012; Fekiacova et al., 2013; Akerman et al., 2014; Schuth et al.,
2015; Garnier et al., 2017; Li et al., 2017). The ratio of dithionite-ci-
trate-bicarbonate extractable Fe to total Fe generally increases while
the ratio of oxalate extractable Fe to total Fe decreases with increasing
pedogenic age as indicated by the selective chemical extractions
(Torrent et al., 1980; McFadden and Hendricks, 1985; Diaz and Torrent,
1989; Aniku and Singer, 1990). In addition, the crystallinity of Fe
(oxyhydr)oxides and the amount of Al that substitutes Fe in goethite
often increase with increasing soil development (Cornell and
Schwertmann, 2003; Vodyanitskii, 2010). These changes are caused by
weathering of silicate minerals, redox reactions, and the lattice re-
placement of other metals with Fe in Fe-bearing minerals. Recent
analytical advances in MC-ICP-MS (multiple collector inductively
plasma mass spectrometry) technology have shown significant devia-
tions of δ56Fe values in soils from that of igneous rocks (e.g., Fantle and
DePaolo, 2004; Thompson et al., 2007; Wiederhold et al., 2007a;
Fekiacova et al., 2013; Akerman et al., 2014; Schuth et al., 2015;
Garnier et al., 2017). The fractionation of Fe isotope in soils can be
mediated by abiotic processes (e.g., proton-promoted or ligand-con-
trolled Fe dissolution and mobilization, Fe adsorption and precipitation,
as well as mineral transformation), biotic processes (microbial

reduction or oxidation of Fe), and a combination of both pathways,
which favor the preferential release of light isotope (54Fe) to solution
leaving an isotopically heavy solid (enriched in 56Fe) (Johnson et al.,
2002, 2008). Contrasting to the well-documented Fe dynamics during
natural pedogenesis, a comprehensive understanding of the variations
and controls of Fe oxides and Fe isotope compositions during anthro-
pedogenesis of paddy soils strongly affected by human activities is
poorly constrained. The natural pedogenic controls on Fe evolution may
be superseded by human activities (Dudal, 2005) that alter the rate and
trajectory of net Fe dynamics either directly (e.g., Fe additions by ir-
rigation) or indirectly (e.g., Fe transformations by artificial flooding
and draining). The combined use of different approaches, such as se-
lective extraction and Fe isotope analysis, for characterizing Fe dy-
namics would provide a more comprehensive understanding of the
mechanisms and processes that control Fe biogeochemical cycling.

Paddy soils make up the largest anthropogenic wetlands on earth
and play critical roles in ecosystem functions (Huang et al., 2015). They
may originate from many types of soils in pedological terms or different
parent materials, but are highly modified by anthropogenic manage-
ment during paddy cultivation. The periodic artificial flooding and
draining as well as groundwater fluctuations during paddy soil evolu-
tion result in significant changes in soil moisture regime and redox
conditions with both time and depth, which come to govern Fe mobi-
lization, translocation and redistribution (Gong, 1983, 1986; Zhang and
Gong, 1993, 2003; Huang et al., 2015). Given the widespread cultiva-
tion of rice, paddy soils represent a key component of the Fe geo-
chemical cycle at the Earth's surface. Previous studies have extensively
investigated the changing status of Fe oxides (Yu, 1985; Gong, 1986)
and Fe isotopes (Garnier et al., 2017) at a given stage of paddy soil
evolution through a comparison with the initial parent material.
However, little is known about the successive changes of Fe oxides and
Fe isotopic composition during paddy soil evolution that is required to
identify process rates and thresholds of Fe dynamics.

Paddy soil chronosequence provides a valuable tool for in-
vestigating the rates and directions of property changes and the asso-
ciated environmental thresholds (Huang et al., 2015). In this study, we
measured different forms of Fe oxides and the stable Fe isotope com-
positions in a paddy soil chronosequence consisting of five profiles
derived from calcareous marine sediments with cultivation history
ranging from 0 to 1000 years (Chen et al., 2011; Huang et al., 2013)
(Fig. 1). Our objectives were to (i) investigate the dynamic changes in
Fe oxides and Fe isotope compositions during anthropedogenesis of
paddy soil; (ii) identify the underlying mechanisms and processes
controlling millennial scale Fe evolution; (iii) establish a conceptual
model characterizing Fe transfer and redistribution in paddy soils and
assess their impacts on Fe isotope fractionation; and (iv) compare Fe
isotopic compositions in the worldwide soils and evaluate the potential
of using Fe isotopes to record information about Fe transfer and soil
formation.

2. Materials and methods

2.1. Study area and sampling sites

The study area is located on a coastal plain in Cixi County, Zhejiang
Province, facing the East China Sea, between 121°2′–121°36′ E and
30°2′–30°19′ N (Fig. 1). This region belongs to the southern fringe of
northern subtropics and has a mean annual air temperature of 16 °C,
with yearly extremes ranging from −5 °C to 37 °C, and a mean annual
precipitation of 1325 mm of which 73% is concentrated in the rice
paddy flooding season (i.e., April to October). The coastal plain ranges
from 2.6 m to 5.7 m above sea level, and slopes gently towards the
northeast (Fig. 1). Soils in the studied area have developed on the
marine sediments from the East China Sea, which receives large
amounts of terrigenous materials from the nearby Qiantang and
Yangtze Rivers (Chen et al., 2011). Step-by-step land reclamation of the
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tidal mudflat through successive dyke building (Wang, 2004) has re-
sulted in a chronosequence with different stages of soil development
(Chen et al., 2011). Rice (Oryza sativa L.) cultivation in the lower areas
where fresh water is readily available for irrigation generally begins
after five years of dyke building when the salt concentration decreases
to agronomically tolerable levels. Sites with 50, 300, 700 and
1000 years of rice cultivation history (i.e., P50, P300, P700 and P1000)
were identified (Fig. 1) based on the chronology of dyke construction
(Wang, 2004). In addition, an uncultivated mud beach profile (P0) was
selected to represent the original soil (parent material, time zero) of the
paddy soils (Fig. 1). The parent material homogeneity in the inter- and
intra-profiles of the studied chronosequence (P0, P50, P300, P700,
P1000) has been evaluated by making use of various soil attribute
parameters (Chen and Zhang, 2009; Chen et al., 2014a). Details of these
profiles (P0, P50, P300, P700, and P1000) and the soil chronosequence
recognition have been given by Chen et al. (2011, 2014a, 2015) and
Huang et al. (2013, 2014).

2.2. Soil sampling and description

Within each area of identical paddy cultivation history, one re-
presentative profile was chosen for soil sampling based on soil land-
scape and geomorphological characteristics of that area. All soil sam-
ples were collected when the fields were drained after rice harvest. Soil
profiles were described and sampled according to genetic horizons
following standard field description guidelines (Schoeneberger et al.,
2002; FAO, 2006). The uncultivated soil profile was generally homo-
geneous throughout its depth, with no observable horizon differentia-
tion (Fig. 1b, and Table S1 in Supplementary File S1). In contrast, the
paddy soil profiles showed complicated patterns with depth due to
anthropedogenesis and consisted of an anthrostagnic epipedon, in-
cluding the cultivated horizon (Ap1) and the plow pan (Ap2), and a

hydragric horizon (Bg) (Fig. 1b, and Table S1 in Supplementary File
S1). Differences in morphological properties, including soil color, tex-
ture and redoximorphic features, were also evident between the rela-
tively younger pedons (50–300 years) and the older ones
(700–1000 years) (Fig. 1b, and Table S1 in Supplementary File S1).
Soils were defined as Primosol (P0), Hapi-Stagnic Anthrosol (P50 and
P300), Fe-leachi-Stagnic Anthrosol (P700), and Fe-accumuli-Stagnic
Anthrosol by referring to Chinese Soil Taxonomy (Cooperative Research
Group on Chinese Soil Taxonomy, 2001) (Table S1 in Supplementary
File S1). The detailed field descriptions and classifications of the soil
profiles are given in Table S1 in Supplementary File S1.

2.3. Analysis of basic soil physicochemical properties

After collection, samples of each soil horizon were dried at room
temperature and then gently crushed using a wooden pestle and mortar
and passed through a 2-mm nylon sieve. Soil bulk density was measured
on the 100 cm−3 undisturbed soil cores by drying the cores for 24 h at
105 °C. The particle size distribution was determined by the pipette
method and the clay content was defined as the mass percentage of
particles < 2 μm in diameter for the whole soil. Soil pH was de-
termined at a 1:2.5 soil/solution ratio using distilled water and the
carbonate content was determined using a Dietrich Fruhling pressure
calcimeter according to the Institute of Soil Science, Chinese Academy
of Sciences (1978). Soil organic carbon (SOC) was measured by the
Walkley-Black wet oxidation method (Nelson and Sommers, 1982)
using the 149-μm fraction. Total nitrogen (Ntot) was measured by
Kjeldahl method (Bremner, 1960) and total phosphorus (Ptot) was de-
termined by HClO4-HF digestion followed by colorimetric analysis
(Institute of Soil Science, Chinese Academy of Sciences, 1978). For total
elemental analysis, soil samples (< 74 μm) were fused by a mixture of
1:1 lithium metaborate and lithium tetraborate for 30 min in a 1000 °C

Fig. 1. Location of the study area and sampling sites in Cixi County, Zhejiang Province in Southeast China (a); and representative soil profiles (P0, P50, P300, P700, and P1000) with 0,
50, 300, 700 and 1000 years of rice cultivation history based on the chronology of dyke construction (Wang, 2004) (b).
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muffle furnace and then were dissolved in 10% HNO3 + 1% HF solu-
tion. Total elemental concentrations including K, Na, Ca, Mg, Fe, Mn,
Al, Si, Ti, and Zr were determined by inductively coupled plasma-op-
tical emission spectrometry. We estimate the precision as 5–10% re-
lative standard deviation based on replicates and standard samples
(Geochemical Standard Reference Sample Soil, GSS-3). The measured
data are listed in Table S2 in Supplementary File S1. Briefly, the studied
chronosequence on a millennium time scale showed three phases of
paddy soil evolution: an initial phase during the first few decades
(0–50 years) dominated by rapid desalinization, accumulation of top-
soil organic matter and formation of a compacted plow pan (Tables S1
and S2 in Supplementary File S1); the second phase lasts several cen-
turies (50–700 years) comprising Fe and clay enrichment in the illuvial
horizon, and the loss of phosphorus and Mn coincident with the near
complete removal of CaCO3 (Table S2 in Supplementary File S1); in the
third phase (> 700 years), (trans-)formation and redistribution of
metal oxides are accompanied by clearly visible hydromorphic patterns
in paddy subsoils (Table S1 in Supplementary File S1, and Fig. 1b). The
details of dynamic changes in basic soil physicochemical properties
have been given by Chen et al. (2011), who investigated pedogenic
response times and thresholds.

2.4. Extraction of Fe oxides and measurement of Fe concentrations

Bulk soil samples were subjected to reducing agents with increasing
strength to selectively extract major pools of Fe: (1) the Tamm's ex-
traction (Tamm, 1922); and (2) the citrate-bicarbonate-dithionite
(CBD) extraction (Mehra and Jackson, 1960). The Tamm's extraction is
a mixture of oxalic acid and ammonium oxalate, which was performed
by shaking the sample-solution mixture in the dark over 4 h at 20 °C
with a solid/liquid ratio of 1.25 g/50 ml. The Tamm's method targets
the extraction of weakly bound, short-range-ordered (SRO) and organic
bound Fe (Duchaufour and Souchier, 1966). For the extraction by CBD,
soil samples were exposed to the reactant mixture at 80 °C for 30 min
with a solid/liquid ratio of 0.5 g/25 ml. The CBD method extracts Fe in
oxides and hydroxides (e.g., hematite, goethite, lepidocrocite) of all
crystallinities—SRO and bulk crystalline (Mehra and Jackson, 1960). In
addition to the partial extractions, total Fe was dissolved in a HF-HClO4

mixture after calcination of soil organic matter at 450 °C. Fe con-
centrations in the extracted solutions were analyzed using an In-
ductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES,
LAS Arras). We calculated the oxide bound Fe concentration by sub-
tracting oxalate-extractable Fe from the CBD-extractable Fe and the
silicate bound Fe was calculated by subtracting CBD-extractable Fe
from the total Fe concentration.

2.5. Fe purification and Fe isotope measurements

An aliquot of powdered sample (< 74 μm, 100–500 mg depending
on Fe content) was treated with 30% H2O2 to destroy organic matter
and then was dissolved completely in a microwave digestion with HF-
HNO3-HCl (1:1:3) for 30 min at 150 °C. Samples with high organic
matter were digested for 1 h in order to obtain a complete digestion,
despite that organic matter was removed before digestion. In addition,
the digested clear solutions were evaporated in Teflon beakers on a
hotplate and oxidized with HNO3 and H2O2 to remove the potential
remaining organic compounds and hydroxylamine and to convert Fe2+

to Fe3+. The residue of this evaporation was re-dissolved in 6 M HCl for
Fe separation and purification. Solution aliquots containing 100 μg Fe
were purified using 1 ml of pre-cleaned anion exchange resin (Bio-Rad
AG1 X4, 200–400 mesh) in 10 ml Bio-Rad polypropylene column (Bio-
Rad #731-1550) in a metal-free clean chemistry laboratory following
the procedure outlined in Wiederhold et al. (2007a, 2007b). Prior to
purification, the anion exchange resin was cleaned according to
Thompson et al. (2007). During the double chromatographic separation
processes, Fe3+ was present as the FeCl4− anion in 6 M HCl. The Fe

complex was retained on the resin while the sample matrix was washed
out by the repeated additions of 6 M HCl. Quantitative elution of Fe
from the columns was achieved with 0.05 M HCl. The final eluted
sample was evaporated to dryness with 1 drop of 30% H2O2 to ensure
that all the Fe was in ferric form and then was re-dissolved in 0.3 M
HNO3. All the acids used during purification were cleaned in Teflon
distills at sub-boiling conditions and prepared with ultrapure water
(> 18 MX cm, Milli-Q, Millipore, USA). Recovery of Fe from the
column after purification was found to be> 98% and the analytical
blank was negligible (< 10 ng Fe) relative to the amounts of Fe
(100 μg) loaded onto the columns.

Fe isotopic measurements were carried out at USTC (University of
Science and Technology of China, Hefei) using a high-resolution mul-
tiple collector inductively coupled plasma mass spectrometer (MC-ICP-
MS, Neptune Plus, Thermo Fisher Scientific) following the analytical
procedure described by Schuth et al. (2015). Comprehensive descrip-
tions of Fe isotope analytical methods were published by Schoenberg
and von Blanckenburg (2005) and de Jong et al. (2007). Briefly, a
standard-bracketing approach with IRMM-014 as standard reference
material was used to correct for machine drift and instrumental mass
bias (i.e., standard-sample-standard bracketing). The sample solution
was introduced into the plasma via a quartz glass double pass spray
chamber combined with a PFA nebulizer. Interferences of 40Ar14N+,
40Ar16O+, and 40Ar16OH+ on the peaks of 54Fe+, 56Fe+ and 57Fe+

were sufficiently resolved in medium resolution mode, thereby pro-
viding interference-free signal plateaus for Fe isotope measurements. Fe
isotopic compositions were reported using standard delta notation in
units of per mil (‰) relative to the international Fe isotope standard
IRMM-014 using the following equation:

= ⎡
⎣⎢

− ⎤
⎦⎥

×δ Fe(‰)
( Fe/ Fe)sample

Fe/ Fe
1 1056

56 54

56 54
IRMM‐014

3

(1)

Each sample and standard was measured at least four times and
there was a replicate every ten samples. Mass spectrometric reprodu-
cibility was tested by running the IRMM-014 standard both as sample
and as standard. Procedural errors were determined by processing
IRMM-014 solution samples using the same double chromatographic
separation protocol as the soil samples. The precision of the isotopic
compositions calculated on the basis of repeated measurements of the
IRMM-014 standard was 0.04‰ (2SD) and 0.05‰ (2SD) for δ56Fe and
δ57Fe, respectively. The 2SD of δ56Fe values of the soil samples with
repeated measurements were< 0.06‰ (Table S3 in Supplementary
File S1). In a δ57Fe vs. δ57Fe diagram, all soil sample and standard
measurements plotted along a line with a slope of 1.471 (Fig. S1). This
value is equal, within error margins, to the theoretical value of In(M57/
M6) / In(M56/M54) = 1.487, indicating mass-dependent fraction and
no influence of isobaric interferences.

2.6. Data analyses and calculations

Fe mass (kg m−2) in the soil pedon was calculated by multiplying Fe
concentrations by bulk density and thickness of soil horizons using the
following equation:

∑= C D EFe /100mass
i

n

Fe i i
(2)

where CFe, Di, and Ei is, respectively, the Fe concentration (g kg−1),
bulk density (g cm−3) and depth (cm) in the i horizon.

Loss and gain of Fe was computed by applying a simplified version
of the open-system transport function (Brimhall and Dietrich, 1987;
Chadwick et al., 1990), which ignored physical collapse and dilation of
the soil column. The mass fraction of Fe lost or gained from a soil
horizon relative to the mass of Fe originally present in the parent ma-
terial was calculated using the following expression:
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= −
C C
C C

τ 7w p

p w
Ti,Fe

Fe, Ti,

Fe, Ti, (3)

Here, C refers to the concentration (mg kg−1) of immobile (Ti) and
mobile (Fe) elements in the weathered (w) or parent (p) material. For
the studied paddy soil chronosequence, Ti has been determined to be
the least mobile element (Chen et al., 2014a). Values of τTi,Fe > 0 in-
dicate that Fe is enriched in soil relative to parent material, while
τTi,Fe < 0 indicates depletion and the absolute value of τTi,Fe reveals
the fraction of Fe left in soil relative to the parent material for the
depleted samples.

Relationships between Fe concentrations and Fe isotopic ratios were
analyzed by linear regression analysis, including regression diagnostics
to ensure model appropriateness. Simple Pearson correlation coeffi-
cients among different soil properties were calculated. All statistical
analyses were performed in the Statistical Package for the Social
Sciences program (SPSS 13.0 for Windows, Chicago, IL, USA).

3. Results

3.1. Fe concentrations

Total Fe concentration and distribution was uniform throughout the
soil profile in the uncultivated pedon (P0), ranging from 28.22 to
30.34 g kg−1 (Fig. 2, and Table S3 in Supplementary File S1). A mea-
surable profile differentiation of total Fe was observed in all of the
paddy soils (Fig. 2), suggesting a transport and redistribution of Fe
during paddy soil evolution. The standard deviation of total Fe con-
centration within 120 cm profile increased rapidly from 0.92 in the
uncultivated pedon (P0) to 12.44 in the oldest paddy soil (P1000). This
variation occurred as total Fe accumulated in the illuvial horizons (Bg
or Btg) while it remained relatively constant in the surface and sub-
surface horizons (Ap1 and Ap2) during paddy soil evolution (Fig. 2, and
Table S3 in Supplementary File S1). In addition, there was a measurable
decline of total Fe concentration in the horizons near groundwater table
(e.g., 110 cm in P300, 100 cm in P700, and 90 cm in P1000) as com-
pared with that in the illuvial horizons in the older paddy soils (Fig. 2).
The weighted-mean total Fe concentration within 120 cm profile in-
creased gradually in the studied paddy soil chronosequence (P0,
29.50 g kg−1; P50, 36.55 g kg−1; P300, 37.69 g kg−1; P700,
39.72 g kg−1; P1000, 42.51 g kg−1), suggesting an accumulation of
total Fe as paddy soils age. This was further confirmed by the positive
values of τTi,Fe in most horizons of the paddy soil profiles (Table S3 in
Supplementary File S1).

Selective extractions showed that the contributions of different Fe
pools to total Fe varied along the soil depth and chronosequence (Fig. 2,
and Table S3 in Supplementary File S1). The oxide bound Fe corre-
sponded to 8–46% of the total Fe in the studied paddy soil chronose-
quence (Table S3 in Supplementary File S1) and its vertical distribution
and evolution mimicked that of total Fe (Fig. 2). This resulted in a
strong correlation between the oxide bound Fe and total Fe, with a

correlation coefficient of 0.94 (n = 30, p < 0.01) (Fig. S2 in Supple-
mentary File S1). The weakly bound, poorly crystalline Fe pool corre-
sponded to 1–16% of the total Fe (Table S3 in Supplementary File S1)
and was present at consistently lower concentrations than in the parent
material (Fig. 2). The silicate bound Fe represented 52–91% of the total
Fe (Table S3 in Supplementary File S1) and its concentration tended to
increase with soil depth and increasing paddy cultivation age (Fig. 2).

3.2. Fe isotopic compositions

The δ56Fe and its distribution was uniform (ranging from 0.05‰ to
0.07‰) throughout the soil profile in the uncultivated pedon (P0),
corresponding to the relatively constant Fe concentrations (Fig. 3, and
Table S3 in Supplementary File S1). This indicated virtually no vertical
fractionation of Fe isotopes in the young Cambisol (i.e., the un-
cultivated pedon P0). In contrast, the amplitude of the Fe isotopic
variations was much larger than the external reproducibility within the
cultivated paddy soil profiles. The Fe isotopic compositions (δ56Fe) of
the studied paddy soil chronosequence varied from −0.01‰ to 0.18‰
(Fig. 3, and Table S3 in Supplementary File S1) corresponding to the
large fluctuations of Fe concentrations during paddy soil evolution
(Fig. 3, and Table S3 in Supplementary File S1). This suggests Fe isotope
fractionation occurs during the millennial scale paddy soil evolution.

The δ56Fe values in the surface and subsurface horizons of paddy
soils (0.07‰–0.17‰) were higher than that of the parent material
(0.05‰–0.07‰) and tended to increase with the prolonged rice culti-
vation age (Fig. 3, and Table S3 in Supplementary File S1). However,
the lowest δ56Fe value in each paddy soil profile was observed in the
illuvial horizons (Bg or Btg) and decreased as paddy soils age, inversely
correlated with an increase in total Fe concentration (Fig. 3, and Table
S3 in Supplementary File S1). Relative to the illuvial horizons, the
deeper horizons near the groundwater level decreased in total Fe con-
centration while their δ56Fe values increased as the paddy soils age
(Fig. 3, and Table S3 in Supplementary File S1). The horizons below
groundwater level in the 700-yr and 1000-yr paddy soil exhibited lower
δ56Fe values than the horizons immediate above. The Ab horizons of
700-yr (P700, 90–112 cm) and 1000-yr (P1000, 85–100 cm) paddy
profile, which were buried A horizons rich in humus and depleted in Fe,
showed much higher δ56Fe values than those in the illuvial horizons
(Fig. 3, Tables S2 and S3 in Supplementary File S1).

4. Discussions

4.1. Fe redistribution and accumulation during paddy soil evolution

Fe is mobilized and translocated within profile during paddy soil
evolution as evidenced by the increasing differentiation of Fe mass and
speciation within different selective extractions across the paddy soil
chronosequence (Fig. 2). Our results are consistent with prior ob-
servations that rice cultivation influences Fe differentiation within
paddy soils, irrespective of parent material (Gong, 1983, 1986; Yu,

Fig. 2. Distributions and variations of total Fe, oxide bound
Fe, weakly bound Fe, and silicate bound Fe concentrations
along the soil depth and chronosequence. The oxide bound
Fe was calculated by subtracting the weakly bound Fe
measured by Tamm extraction (Tamm, 1922) from the CBD
extracted Fe (Mehra and Jackson, 1960) and the silicate
bound Fe was calculated by subtracting the weakly-bound
and oxide bound Fe from the total Fe. P0, P50, P300, P700,
and P1000 are sites with 0, 50, 300, 700, and 1000 years of
rice cultivation history.
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1985; Zhang and Gong, 1993, 2003; Han and Zhang, 2013). The arti-
ficial and seasonal water saturation and drainage during continuous
paddy cultivation are expected to cause changes in soil pH and Eh
(Kyuma, 2004), which would result in coupled reduction-oxidation and
eluviation-illuviation processes of Fe in paddy soils (Gong, 1983; Zhang
and Gong, 2003) and thus lead to the formation of diagnostic horizons
and features (Fig. 1b, and Table S1 in Supplementary File S1) char-
acterizing Fe distribution and redistribution as paddy soils age. In ad-
dition to the artificial submergence and drainage, seasonal fluctuations
of groundwater level also induce changes in soil redox potential
(Ponnamperuma, 1972; Kirk, 2004) that favor Fe reduction and de-
pletion in the lower horizons of paddy soils (Fig. 2).

Our results demonstrate that both artificial submergence and fluc-
tuation of the groundwater level are involved in the mobilization and
translocation of Fe during paddy soil evolution. This results in changes
in Fe fluxes and contributions of different Fe pools to total Fe within
0–120 cm soil layer (Fig. 4). Total Fe and oxide bound Fe increased
consistently from 47 and 5 kg m−2, respectively, in the uncultivated
soil to 69 and 23 kg m−2 after 1000 years of rice cultivation (Fig. 4a).
The average increasing rate of total Fe (0.32 kg m−2 yr−1) and oxide
bound Fe (0.19 kg m−2 yr−1) during the first 50 years of rice cultiva-
tion was, respectively, 36- and 28-fold greater than that between 50-
and 1000-yrs time period (Fig. 4a). The silicate bound Fe increased
gradually from 31 kg m−2 in the uncultivated soil to 46 kg m−2 in the
50-yr paddy soil and then remained relatively constant in the pro-
gressively older paddy soils (Fig. 4a). The weakly bound Fe decreased at
a rate of 0.12 kg m−2 yr−1 during the initial 50 years of rice cultivation
while it showed minimal changes thereafter (Fig. 4a). Silicate bound Fe
made up the largest proportion of total Fe across the studied paddy soil
chronosequence (Fig. 4b). The contribution of silicate bound Fe and
weakly bound Fe to total Fe decreased as paddy soils age, while the
proportion of oxide bound Fe to total Fe increased with pedogenic time
(Fig. 4b).

The net accumulation of Fe during paddy soil evolution over a
millennial time scale, as confirmed by a combination of increasing total
Fe concentration (Fig. 2), the positive values of τTi,Fe in most paddy soil
horizons (Table S3 in Supplementary File S1) and the elevated total Fe

fluxes (Fig. 4a) within 120 cm profile, suggests the external Fe input
through artificial flooding and/or atmospheric deposition exceeds the
internal Fe loss through the potential Fe leaching. Our results contrast
markedly with the observation that rice cultivation over a decadal time
scale could significantly enhance Fe depletion in the acid paddy soils
developed on sloping upland areas (Zhang and Gong, 2003; Han and
Zhang, 2013). Previous studies have shown that the critical redox po-
tentials for Fe reduction and consequent dissolution are between
+300 mV and +100 mV at pH 6–7, and −100 mV at pH 8, while at
pH 5 appreciable Fe reduction occurred at +300 mV (Gotoh and
Patrick, 1974). The pH value of our paddy soils derived from calcareous
parent materials ranged from 6.3 to 8.6 (Table S2 in Supplementary File
S1). The alkaline environment at the initial stage (0–50 years) of paddy
soil evolution (Table S2 in Supplementary File S1) would impede loss of
Fe from the profile, and thus an initial period of Fe accumulation is
observed (Fig. 4). As pedogenesis proceeds and CaCO3 is gradually re-
moved from the profile, the soil pH decreases (Table S2 in Supple-
mentary File S1) and Fe accumulates at a lower rate in the later stages
of paddy soil evolution (Fig. 4). In comparison, the acid paddy soils
with pH values ranging from 4.4 to 6.2 (Zhang and Gong, 2003; Han
and Zhang, 2013) have been reported to promote Fe mobilization and
leaching loss after artificial flooding irrespective of the similar extrinsic
pedogenic environment (external drivers). In addition to the differences
in parent materials, paddy soils developed on the sloping upland areas
would have a higher leaching potential than those developed on the
plain areas. This is confirmed by the rapid decrease of clay content in
the sloping upland paddy soils (Zhang and Gong, 2003; Han and Zhang,
2013) as compared with the gradual clay enrichment in our study
(Table S2 in Supplementary File S1). Particle-facilitated leaching and
transport of nutrients or metals have been extensively reported in the
literature (e.g., de Jonge et al., 2004; Mohanty et al., 2014; Lu et al.,
2016), which may partly explain the rapid decrease Fe of in acid paddy
soils developed on the sloping upland areas. To sum up, the rates and
trajectories of Fe evolution in paddy soils are determined by a combi-
nation of internal and external factors, including the characteristic of
originals soil, paddy soil age, landscape types and positions, and an-
thropogenic managements.

Fig. 3. Distributions and variations of the Fe isotopic com-
positions (δ56Fe) along the soil depth and chronosequence.
Error bars represent 2 SD of replicate measurements. P0,
P50, P300, P700, and P1000 are sites with 0, 50, 300, 700,
and 1000 years of rice cultivation history.

Fig. 4. Changes in Fe fluxes and the contributions of dif-
ferent Fe pools to total Fe within 0–120 cm soil layer during
paddy soil development over a millennial time scale. The
sum of the area covered by weakly bound Fe, oxide bound
Fe and silicate bound Fe (Fig. 5a) represents the total Fe in
soils. Note: the assumed linear change in individual Fe
pools in this study may not reflect the actual rates over the
course of paddy soil development.
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4.2. Factors and processes controlling Fe isotope fractionation during paddy
soil evolution

The uniform Fe isotopic composition with depth in the uncultivated
pedon (P0, Fig. 3) is consistent with that reported by Wiederhold et al.
(2007a) and Fekiacova et al. (2013) for Cambisols and suggests no
vertical differentiation of Fe isotopic composition occurred prior to the
establishment of the paddy soil cultivation. Fe isotopic composition of
the paddy soil profile becomes increasingly differentiated with in-
creasing paddy cultivation history (Fig. 3). The Δ56Feprofile (i.e., the
difference between the highest and lowest δ56Fe values in a given soil
profile) of P0, P50, P300, P700, and P1000 is 0.02, 0.09, 0.10, 0.10 and
0.19, respectively, which tends to increase with paddy cultivation age.
The significant positive correlation between Δ56Feprofile and paddy
cultivation time (r = 0.86, p < 0.05) demonstrates that the prolonged
paddy cultivation results in larger Fe isotope fractionation. Fe isotope
fractionation in soils can be mediated by abiotic processes (proton-
promoted or ligand-controlled Fe dissolution and mobilization, Fe ad-
sorption and precipitation, and mineral transformation) as well as
biotic processes (microbial reduction or oxidation of Fe) (Fantle and
DePaolo, 2004; Emmanuel et al., 2005; Thompson et al., 2007;
Wiederhold et al., 2007a, 2007b; Yamaguchi et al., 2007; Buss et al.,
2010; Kiczka et al., 2011; Yesavage et al., 2012; Mansfeldt et al., 2012;
Fekiacova et al., 2013; Akerman et al., 2014; Schuth et al., 2015;
Garnier et al., 2017; Li et al., 2017). In paddy soils, both artificial
flooding and variation of the groundwater level are involved in the
reduction-oxidation and eluviation-illuviation processes of Fe (Gong,
1983; Zhang and Gong, 2003). This results in a bimodal forcing of Fe
translocation and redistribution within the vertical profile in the plant-
rooting zone as well as near the permanent groundwater table (Figs. 2
and 3). There is a strong negative correlation between δ56Fe values and
the logarithm of total Fe concentrations in our paddy soils (Fig. S3),
indicating the preferential loss of lighter Fe isotopes in the Fe-depleted
horizons and enrichments of heavier Fe isotopes in these Fe-depleted
zones. This has been confirmed by relatively higher δ56Fe values in
eluvial horizons and lower δ56Fe values in the illuvial horizons (Fig. 3,
Tables S2 and S3 in Supplementary File S1). In addition, the Ab hor-
izons of 700-yr (P700, 90–112 cm) and 1000-yr (P1000, 85–100 cm)
paddy profile, which were buried A horizons rich in humus and de-
pleted in Fe, also confirmed the enrichment of heavier Fe isotopes in Fe-
depleted horizons (Fig. 3, Tables S2 and S3 in Supplementary File S1).
However, given the large variations of Fe concentration (Fig. 2), the
mass-dependent Fe isotope fractionation effects in our paddy soils is
relatively small compared with other redoximorphic soils (Wiederhold
et al., 2007a). This suggests that other pedogenic processes could mask
the Fe isotope effects induced by the reduction-oxidation and eluvia-
tion-illuviation processes of Fe in paddy soils.

We propose a conceptual model of Fe transfer and redistribution
during paddy soil evolution based on changing moisture regimes and
redox conditions and interpret their potential impacts on soil Fe isotope
compositions (Fig. 5). As an open system, paddy soil receives external
inputs of Fe from irrigation and rice straw (Fig. 5), which is expected to
result in an enrichment of light Fe isotopes in the surface soil because of
the widely reported lighter Fe isotope compositions in rivers (Bergquist
and Boyle, 2006; Song et al., 2011; Chen et al., 2014b) and rice straws
(Garnier et al., 2017). In contrast, the δ56Fe values of surface paddy
soils were greater than that of uncultivated soil (Fig. 3, and Table S3 in
Supplementary File S1). This can be partly attributed to the rice uptake
of Fe with lighter Fe isotope as reported by Garnier et al. (2017). On the
other hand, the reductive dissolution of Fe-bearing minerals and
transfer of Fe under reducing condition will cause an enrichment of
heavier and lighter Fe isotopes in the cultivated and illuvial horizon,
respectively (Fig. 5). Schuth et al. (2015) have demonstrated that re-
moval of Fe from the topsoil causes progressively higher soil δ56Fe
values due to the preferential release of 54Fe. The vertical movement of
low-δ56Fe solution from the topsoil results with time in the formation of

a subsoil with δ56Fe values that are lower than the topsoil after repeated
low and high Eh cycles (Schuth et al., 2015). Similarly, the groundwater
fluctuation induced reductive dissolution and transport of Fe will result
in an enrichment of heavier and lighter Fe isotopes in the horizon near
groundwater level and deeper horizons, respectively (Fig. 5). In addi-
tion, the lighter Fe isotopes can be leached out of the pedon causing the
enrichment of heavier Fe isotopes in the residual soil (Fig. 5). There-
fore, the Fe isotope composition of a specific soil horizon is a result of a
complex interaction of different processes. Because the Fe concentra-
tions and isotopic compositions of rice litters, irrigation water, and
groundwater in the studied area may vary significantly from those cited
in the literature, further investigations of Fe concentrations and isotopic
compositions in the soil-plant-water system would better explain the
pathways of Fe cycling during paddy soil evolution as illustrated in our
proposed model (Fig. 5).

4.3. The stable Fe isotope fingerprints of pedogenetic Fe evolution: a meta-
analysis of soil δ56Fe values in the published literature

Fe isotope variations in bulk soil samples have been reported in
many previous studies (e.g., Fantle and DePaolo, 2004; Emmanuel
et al., 2005; Thompson et al., 2007; Wiederhold et al., 2007a, 2007b;
Yamaguchi et al., 2007; Poitrasson et al., 2008; Kiczka et al., 2011;
Mansfeldt et al., 2012; Yesavage et al., 2012; Fekiacova et al., 2013;
Akerman et al., 2014; Schuth et al., 2015; Garnier et al., 2017; Li et al.,
2017), which provide valuable information for the interpretation of the
stable Fe isotopes as a tracer of pedogenetic Fe evolution. A compilation
of the Fe isotopic compositions in the bulk soils derived from different
parent materials and from different bioclimatic zones are presented in
Table 1 and Fig. 6. In contrast to the homogeneous Fe isotopic com-
positions in the igneous rocks (δ56Fe = 0.00 ± 0.05‰), bulk soil
samples show large variations of δ56Fe values ranging from−0.61‰ to
1.04‰ (Table 1 and Fig. 6). The heterogeneous Fe isotopic composi-
tions reported in the worldwide soils (Table 1 and Fig. 6) indicate that
significant Fe isotope fractionations occur during continental weath-
ering and/or subsequent soil formation, resulting in differentiation of
Fe isotopic composition relative to the igneous rocks with trajectories
that depend on the controlling environmental conditions (Fig. 6 and
Table 1).

Our analysis of global distribution of soil Fe isotopic composition
(Table 1 and Fig. 6) demonstrates that Fe isotope fractionation pro-
cesses occur at various spatial scales (i.e., pedon-, regional and global
scales). At the pedon-scale, significant Fe isotope fractionation
(Δ56Feprofile > 0.15‰, i.e., the difference between the highest and
lowest δ56Fe values in a given soil profile) has been observed along the
vertical soil profile in most of the studied pedons (Table 1 and Fig. 6).
The largest in profile Fe isotope variation (Δ56Feprofile = 1.16) occurs in
a Ferralsol profile from a semi-arid area in Botswana (Yamaguchi et al.,
2007), which is followed by that of Plinthosol (Δ56Feprofile = 0.74),
Podzol (Δ56Feprofile = 0.11–0.76), Gleysol (Δ56Feprofile = 0.07–0.41),
Andosol (Δ56Feprofile = 0.30), Albeluvisol (Δ56Feprofile = 0.26) and
Anthrosol (i.e., the studied paddy soils) (Δ56Feprofile = 0.19) (Table 1,
Table S3 and Fig. 6). Four Cambisol and two Ferralsol profiles devel-
oped under oxic and well-drained conditions, however, exhibit little
variation of Fe isotopic compositions (Δ56Feprofile ≤ 0.15) (Table 1 and
Fig. 6). The lack of large Fe isotope fractionation in these soil profiles is
attributed to different mechanisms: (i) Poitrasson et al. (2008) sug-
gested that Fe remained mostly in its oxidized form during Ferralsol
evolution and thus resulted in little variation of Fe isotopes in the
Ferralsol profile; (ii) Wiederhold et al. (2007a) and Fekiacova et al.
(2013) concluded that there was limited exchange between different Fe
pools and no significant Fe translocation during Cambisol evolution,
which impeded the Fe isotope fractionation in the Cambisol profile.
Nevertheless, the pedon-scale Fe isotope fractionation occurs in nature
when the pedogenic conditions favor the mobilization and vertical
translocation of Fe during soil evolution, resulting in the profile
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differentiation of Fe isotopic compositions as shown in Fig. 6 and
Table 1. Furthermore, significant Fe isotope fractionation has also been
observed at the regional scale. This is because that the different soil
types developed on the same parent material within the similar bio-
climatic zones show distinct Fe isotopic compositions and different
ranges of δ56Fe values (Thompson et al., 2007; Yesavage et al., 2012;
Fekiacova et al., 2013) (Table 1 and Fig. 6). For instance, Thompson
et al. (2007) showed different Fe isotopic compositions in an Andosol
profile (δ56Fe = 0.15‰–0.45‰) and two Cambisol profiles
(δ56Fe = −0.19‰–0.23‰ and δ56Fe = 0.15‰–0.72‰) developed on
basalt in Hawaiian Island in a tropical region (Table 1). Yesavage et al.
(2012) found that the δ56Fe values of a Cambisol and Plinthosol profile
derived from Silurian shale in a temperate region varied from −0.12‰
to 0.29‰ and from −0.03‰ to 0.25‰, respectively (Table 1).
Fekiacova et al. (2013) also demonstrated distinct Fe isotope ratios
among the Cambisol (δ56Fe = 0.00‰–0.15‰), Albeluvisol
(δ56Fe = 0.00‰–0.26‰) and Gleysol (δ56Fe =−0.15‰–0.22‰)
profile, all of which are derived from schist in a temperate region
(Table 1). It is expected that the mechanisms and pedogenic processes
that control the regional soil Fe isotope fractionation differ among
various soil types, even though they have the same parent material and
evolve under similar environmental conditions. This results in the re-
gional soil diversity, which can partly be expressed by the distinct soil
Fe isotopic signatures (Table 1). Finally, the large Fe isotope variations
both within soil types—but from different regions—and in the different
soil types from different bioclimatic zones (Table 1 and Fig. 6) suggest
that Fe isotope fractionating processes could also occur at the global
scale, leading to the different degrees of deviation of δ56Fe values in
worldwide soils as compared with that of igneous rocks (Fig. 6).

The investigation of Fe isotope variations in soil chronosequences
(Kiczka et al., 2011 and this study) (Table 1 and Fig. 6) indicates that
the Fe isotope fractionations occur at both short- and long-term pedo-
genic time scales. At the decadal time scale, our calcareous paddy soil
slightly enriches in heavy Fe isotopes in the soil profile
(δ56Fe = 0.07‰–0.16‰ in P50 profile) compared with that of parent
materials (δ56Fe = 0.05‰–0.07‰ in P0 profile) (Fig. 3). At the cen-
tenary to millennial time scale, the enrichment of heavy Fe isotopes in
the Fe-depleted horizons and enrichment of light Fe isotopes in the Fe-
enriched horizons become more evident as paddy soils age (Fig. 3). In
addition, the observed Fe isotope variations in a young (150-yr) glacier
chronosequence (Kiczka et al., 2011) (Table 1 and Fig. 6) and in an old
Ferralsol profile (up to several millions of years) (Yamaguchi et al.,

2007) (Table 1 and Fig. 6) also support the short- and long-term
pedogenic Fe isotope fractionations, but the latter amplifies Fe isotopic
variations.

The global soil variation in Fe isotopic composition corresponds
with large variations of Fe concentration (Fig. 6 and Fig. 7), demon-
strating the potential of using stable Fe isotopes as a tool to record
pedogenetic Fe evolution. While there is no global relationship between
Fe isotopic composition and total soil Fe concentration across different
soils (Fig. 7), strong negative correlations between δ56Fe values and the
logarithm of total Fe concentrations are frequently observed for certain
soil types. For instance, Podzol (r = 0.4994, n = 46, p < 0.001),
Gleysol (r = 0.7001, n= 47, p < 0.001), and Stagnic Anthrosol
(r = 0.4794, n = 29, p < 0.01) profiles (Fig. 7), all exhibit negative
δ56Fe vs. log Fe relationships and these soil types all have Fe mobili-
zation and translocation as key processes during pedogenesis
(Emmanuel et al., 2005; Wiederhold et al., 2007a, 2007b; Chen et al.,
2011; Mansfeldt et al., 2012; Fekiacova et al., 2013). The previous la-
boratory work indicates that the reduction- (Beard et al., 1999; Crosby
et al., 2005, 2007) and ligand-promoted (Brantley et al., 2001, 2004;
Wiederhold et al., 2006) dissolution of Fe minerals preferentially re-
leases light Fe isotopes into solution, resulting the residual solid en-
riched in heavy Fe isotopes. In natural environments, large Fe isotope
fractionations only occur when significant quantities of Fe are sepa-
rated or mobilized either by redox changes or differences in bonding
(Johnson et al., 2008). The Podzols developed under well-drained
conditions are characterized by low pH values. Under the acidic con-
ditions, Fe minerals could be dissolved by organic acids and the iso-
topically light Fe released to the solution could be vertically translo-
cated in the form of Fe2+ and/or organic-Fe(II) complexes. Therefore,
the bleached and Fe-depleted horizon enriches in isotopically heavy Fe,
while light Fe isotopes precipitate in the dark accumulation horizon
with abundant illuviated humus and Fe compounds (Emmanuel et al.,
2005; Wiederhold et al., 2007a). The Gleysols developed under poorly-
drained conditions are subjected to redox oscillations due to changes in
water saturation status. The reductive dissolution of Fe would pre-
ferentially affect the light isotopes, which could become mobile under
reducing conditions. As a result, the residual soil becomes isotopically
heavier, while the soil horizons where Fe accumulation occurs become
enriched in lighter Fe isotopes (Wiederhold et al., 2007b; Mansfeldt
et al., 2012; Fekiacova et al., 2013). The Stagnic Anthrosol formed
under the periodic artificial submergence and drainage involves the
eluviation-illuviation and oxidation-reduction processes of Fe (Gong,

Fig. 5. Conceptual model of Fe transfer and redistribution pro-
cesses in the studied paddy soil chronosequence and their po-
tential impacts on Fe isotopic compositions in the soil profile
with changing moisture regimes and redox conditions. ❶

External input of Fe with lighter Fe isotopes by irrigation and rice
straw return (↓); ❷ Rice uptake of Fe with lighter Fe isotopes,
leading to the enrichment of heavier Fe isotopes in the cultivated
horizon (↑); ❸ Reductive dissolution of Fe-bearing minerals in
the cultivated horizon and transfer of lighter Fe isotopes to the
illuvial horizons, causing the enrichment of heavier and lighter
Fe isotopes in the cultivated (↑) and illuvial horizon (↓), respec-
tively; ❹ Groundwater fluctuation induced reductive dissolution
of Fe-bearing minerals and transport of lighter Fe isotopes to the
lower horizons, resulting in the enrichment of heavier and lighter
Fe isotopes in the horizon near groundwater level (↑) and deeper
horizons (↓), respectively; ❺ Lighter Fe isotopes leaching out of
pedon, causing the enrichment of heavier Fe isotopes in the re-
sidual soil (↑).
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1983; Chen et al., 2011), resulting in the depletion and accumulation of
Fe in the eluvial and illuvial horizon, respectively. The reductive dis-
solution and translocation of Fe is accompanied by the increase of δ56Fe
values in Fe-depleted horizons, leading to the enrichment of light Fe
isotopes in the Fe-accumulated horizons (Fig. 3). In addition, the Fe
isotopic compositions also record the effects of groundwater on Fe
dynamics in the Stagnic Anthrosol by showing slightly heavier Fe iso-
topes in the horizons near groundwater boundary (Fig. 3). Besides the
pedogenic processes discussed above, recent greenhouse and field ob-
servations have shown the potential for the aboveground vegetation to
influence soil Fe isotopic compositions (Guelke and Von Blanckenburg,
2007; Guelke et al., 2010; Kiczka et al., 2010). The nonlinear (loga-
rithm) relationships between δ56Fe values and total Fe concentrations
in Podzol, Gleysol, and Stagnic Anthrosol with different slopes as well
as their distinct Fe isotopic signatures (Fig. 7) also suggest that a
combination of complex processes control the Fe isotope fractionations,
and that the mechanisms responsible for these processes differ among
the various soil types. To sum up, Fe isotopes are proven to be a useful
tool for studying and distinguishing the various mechanisms and pro-
cesses that control Fe transfer and evolution in soils, especially when
they are used in combination with the pedological and geochemical
characterization.

5. Conclusions

The calcareous paddy soil evolution under the influence of periodic
flooding and groundwater fluctuation results in variations of soil
moisture regimes and redox conditions with both time and depth that
control Fe mobilization, translocation and redistribution, leading to
enhanced profile differentiation of Fe oxides and measurable Fe isotope
fractionation. The gradual accumulations of profile-scale Fe and Fe
oxides in our calcareous paddy soil chronosequence contrasts markedly
with the rapid depletion of profile-scale Fe and Fe-oxides in acid paddy
soil chronosequences. The rate and trajectory of Fe oxide transforma-
tions is influenced by both intrinsic (e.g., characteristics of original
soils, paddy soil age) and extrinsic (e.g., landscape types and positions,
anthropogenic activities) factors. Mass-dependent Fe isotope fractio-
nation occurs due to the preferential removal of lighter Fe isotopes
during long-term paddy soil evolution under the predominant reducing
conditions. However, the Fe isotopic ratio of a specific paddy horizon is
a result of a complex interaction of different processes, which are
summarized and interpreted in our proposed conceptual model.
Comparison of Fe isotopic compositions in the worldwide soils de-
monstrate that Fe isotopes can evidence Fe transfer and pinpoint the
factors and processes that control Fe mobilization and redistribution
particularly in soils with changing moisture regimes and redox condi-
tions. Our findings provide new insights into the behavior and geo-
chemical cycle of Fe at the Earth's surface strongly affected by human
activities and contributes to an improved understanding of anthro-
pedogenesis in the Earth's Critical Zone.
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