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Abstract

Magnesium isotopic systematics has been increasingly used to trace the biogeochemical cycle of Mg in soil systems, and Fe
oxides are the critical soil components that affect the geochemical behaviours of elements in soils. The role of Fe oxides in
fractionating Mg isotopes, however, remains unclear. Here, Mg isotopic compositions are reported for typical Fe-Mn nodules
(FMN:s), surrounding soils, soil waters, and soil surface waters for a paddy soil profile, and stream waters, and rainwaters in
southwestern China to improve our understanding of the processes that control the Mg isotopic compositions in soil systems.
Further sequential extraction experiments are conducted to separate two pools of Mg in the FMNs and soils: structural Mg
and exchange Mg. The FMNs (—1.39 to —1.58%o0) are isotopically lighter than surrounding soils (—0.59 to —0.85%oc) but heav-
ier than soil waters (—1.59%o0), and surrounding soils are isotopically lighter than parent granite (—0.25%0). The difference in
Mg isotopic compositions between FMNs and surrounding soils reflects different sources of Mg in the mineral crystal struc-
tures. Structural Mg in surrounding soils is mainly from the chemical weathering of parent granite. By contrast, structural Mg
in FMNs is from soil waters because of the frequently repeated dissolution and precipitation of Fe oxides under alternating
redox conditions. Enrichment of heavy Mg isotopes in the FMNss relative to soil waters results from preferential incorpora-
tion of 2*Mg via Mg substitution for Fe** in goethite. Given that the exchangeable Mg (—1.62 to —1.91%o) is significantly
enriched in light Mg isotopes, the lighter Mg isotopic compositions in surrounding soils relative to their parent granite can be
explained by the retention of light Mg isotopes in exchangeable sites of Mg-depleted minerals (kaolinite). Exchangeable Mg in
FMNs (—1.79 to —2.15%0) is also shown to be enriched in light Mg isotopes. These light isotopic compositions of exchange-
able Mg can be explained by a combination of carbonate contribution and isotope fractionation processes on the soil
exchange fractions. Ion-exchange processes preferentially remove heavy Mg isotopes from soil minerals, leaving soil exchange
fractions hosting light Mg isotopes. Additionally, river waters draining carbonates contributes light Mg isotopes to soil
exchangeable fractions. Our study demonstrates that the development of Mg-depleted clay minerals and Fe oxides can
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considerably lower the soil 8?°Mg values, highlighting the major roles of these two soil minerals in controlling soil Mg isotopic

compositions.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The biogeochemical cycle of Mg, which is a macronutri-
ent in soil zone, is closely related to the growth of plants
because Mg participates in chlorophyll synthesis and cat-
alytic action (Montezano et al., 2013). Soils with low con-
centrations of Mg can decrease agricultural productivity
and quality. It is therefore important to understand beha-
viours of Mg in soil systems, i.e., the distribution, mobility,
and bioavailability of Mg in different reservoirs, including
clay minerals, metal oxides, soil waters, and vegetation.

Magnesium has only one redox state (+2) and is thus
insensitive to changes in oxygen fugacity (Teng, 2017). In
soils, Mg>" ions are mostly adsorbed at surfaces/interlayers
(“exchangeable Mg”) and incorporated into the crystal
structures (“structural Mg”) of clay minerals and Fe/Mn
oxides (Kinniburgh et al., 1976; Odom, 1984; Drever,
1988; Merkel and Planer-Friedrich, 2008; Jolstera et al.,
2012; Montezano et al., 2013). Exchangeable Mg is rela-
tively weakly bonded and can exchange with other metal
ions. The adsorption of Mg®" ions onto a variety of sec-
ondary minerals strongly depends on the surface charge
properties of minerals, i.e., the pH of the point of zero
charge (pHp,) (Scroth and Sposito, 1997; Kosmulski,
2006). In addition, Mg*" ions can be complexed by organic
matter (Montezano et al., 2013). The remaining Mg>" ions
are mostly dissolved in soil waters (“dissolved Mg”) in the
form of hydrated ions (Pavlov et al., 1998), which can
exchange with other exchangeable metal ions or be taken
up by vegetation (Wilkinson et al., 1990).

Magnesium isotope geochemistry potentially provides a
powerful tool to trace the environmental behaviours of soil
Mg because its isotopes are significantly fractionated by
both biotic and abiotic processes at surface environments
(Schmitt et al., 2012; Teng, 2017). The fractionation of
Mg isotopes is particularly significant during water-rock
interactions (e.g., Tipper et al.,, 2006a, 2006b, 2012a,
2012b; Pogge von Strandmann et al., 2008a, 2008b; Teng
et al,, 2010; Wimpenny et al., 2010; Ryu et al., 2011,
2016; Huang et al., 2012; Liu et al., 2014; Ma et al., 2015;
Lara et al., 2017). Previous studies on silicate weathering
profiles showed that soils have heavier §?°Mg values rela-
tive to the bedrock, with AzGMgsoil_ﬁuid ranging from 0.05
to 0.4%o (Teng et al., 2010; Huang et al., 2012; Liu et al.,
2014). This is supported by the dissolution experiments
on silicate materials, which found that light Mg isotopes
are preferentially released into water phases (Wimpenny
et al., 2010; Ryu et al., 2016). Detailed studies by Tipper
et al. (2006a) and Brenot et al. (2008) showed that soils
are isotopically enriched in heavy Mg (—0.11 to 0.02%0)
compared to the parent silicate rock (—0.42 to —0.53%o),
while corresponding river waters display light Mg isotopic

compositions (—0.26 to —0.7%0), suggesting a preference
for light Mg isotopes in water phases during silicate
weathering.

If only water-rock interactions are considered, soils
would be enriched in heavy isotopes in most cases because
light Mg isotopes exhibit a preference for water phases.
However, previously published 5°°Mg data on natural soils
displayed a large range from —1.0 to 1.8%o (data are shown
in Supplementary materials, Table S1), many of which are
isotopically light relative to bedrock values. Thus, processes
at play in soil systems, such as ion exchange, clay mineral
transformation, carbonate precipitation, organic matter
formation, and external Mg inputs, could significantly
accumulate light Mg isotopes (Bolou-Bi et al., 2012;
Huang et al, 2012; Opfergelt et al, 2012, 2014;
Wimpenny et al., 2014a, 2014b; Ma et al., 2015). For exam-
ple, Wimpenny et al. (2014a) found that clay minerals pref-
erentially take up isotopically heavy Mg into their
structures, but exchangeable Mg displays identical 8**Mg
values to corresponding water phases, suggesting that the
retention of exchangeable Mg in Mg-depleted clay minerals
(e.g., kaolinite) could potentially drive the Mg isotopic
compositions of bulk clay minerals to lighter values. This
conclusion is similar to that proposed by Opfergelt et al.
(2012), who suggested that Mg input from sea spray on soil
exchange complexes shifts the bulk soil 8*°Mg towards
lighter values, counteracting the preferential incorporation
of heavy Mg isotopes in secondary clay minerals. Huang
et al. (2012) showed that the desorption of heavy Mg iso-
topes ultimately lead to the retention of light Mg isotopes
in soils, even though Mg adsorption in soils favors heavy
Mg isotopes. The phase transformation of soil minerals
was also suggested to accumulate light Mg isotopes because
Mg ions with light Mg isotopes from soil waters could be
incorporated into the crystal structures of secondary min-
eral neoformation (Ma et al., 2015). Given the significantly
light Mg isotopic compositions in carbonates (e.g., Galy
et al., 2002; Li et al., 2012, 2015), carbonate precipitation
has also been shown to drive the bulk soil 8**Mg to lighter
values (Wimpenny et al., 2014b). In addition, the biological
recycling of Mg by vegetation can lower bulk soil 8**Mg
values (Tipper et al., 2010; Bolou-Bi et al., 2012).

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/].
gca.2018.06.028.

Apparently, both the direction and magnitude of Mg
isotope fractionation in soil systems are complex, and many
factors can modify the Mg isotopic compositions. Notably,
the interaction between secondary minerals (e.g., clay min-
erals and metal oxides) and soil waters is the most critical
factor to fractionate Mg isotopes because of the consider-
ably different physicochemical properties (e.g., Mg species,
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coordination numbers, and bond length) and the various
Mg sources between solid and water phases.

Iron oxides are common natural mineral constituents
that are widely distributed in soils, especially in highly
matured soils that have formed over much longer periods
(e.g., 10"-10% years) (Cornell and Schwertmann, 2003). In
some cases, such as hydromorphic environments, Fe oxides
can be aggregated and occur as Fe-Mn nodules (FMNs)
because of seasonal changes in the redox potential and
pH of soils (McKenzie, 1975; Palumbo et al., 2001; Liu
et al., 2002; Tan et al., 2005, 2006; Jien et al., 2010; Yu
et al., 2015). Because of their high surface/volume ratio,
Fe oxides can concentrate and control the distribution
and mobility of metals in soils and are thus considered to
play a key role in the soil environmental behaviour of met-
als, including Mg (Childs, 1975; Palumbo et al., 2001; Liu
et al., 2002). For example, Sposito (1989) reported a signif-
icant increase in concentrations of metals such as Cu, Zn or
Cd in the soil waters, which is related to Mn and Fe reduc-
tion, and mobilization resulted from the lowered redox
potential in flooded soils. Under low redox potentials,
Mg®" ions can be released from Fe oxides; under high
redox potentials, Mg>" ions are again fixed into Fe oxides
(Stoyanovsky and Cederbaum, 1998; Palumbo et al.,
2001). Frequently repeated release and incorporation can
lead to the net mobility and redistribution of Mg>" ions
among Fe oxides, clay minerals, and soil waters. Thus, sig-
nificant Mg isotope fractionation may occur during these
processes. However, to our knowledge, the role of Fe oxides
in controlling Mg isotope fractionation in soils remains
unclear.

In this study, we systematically investigate the Mg iso-
topic compositions of FMNs, surrounding soils, soil
waters, and soil surface waters in a paddy soil profile, and
stream waters, and rainwaters from Guangxi, China. We
explore the mechanisms controlling the Mg isotopic com-
positions of FMNs and surrounding soils. Then, we reveal
the implications of Fe oxides in controlling the Mg isotopic
compositions of soils. Our findings are expected to help
improve our knowledge of the behaviour of Mg isotopes
during the formation of Fe oxides and provide implications
for the tracing of Mg cycling in soil systems.

2. SITE DESCRIPTION, SAMPLE COLLECTION AND
PRETREATMENT

The studied samples were collected in Long’an County,
Guangxi Province in southwestern China (107°56'26"E, 23°
02'55"N), where karst is widely developed (Fig. 1A). Most
carbonate rock outcrops and a large proportion of covered
carbonate rocks were karstified over geological timespans.
The study site is near the river at a low altitude. The climate
in the sample collection area is categorized as a subtropical
climate, with a mean annual temperature of 16.5-20.5 °C
and mean rainfall of 1389.1 mm (Chen et al., 2010). All
the samples were taken from a paddy soil profile with a ver-
tical 90-cm horizon depth (150-cm length x 80-cm width x
90-cm depth; Fig. 1B). The soils in the study area are
latosolic red soils, which are derived from the weathering
of granites (He et al., 2004). These soils have been used

for the double cropping of paddies for more than fifty
years.

Samples were collected in July 2016 and January 2018
during the slack-farming season. Four horizons along the
profile were classified based on color, organic matter, and
particle diameter (Fig. 1B): plough horizon (A, 0-16.5
cm), plow horizon (P, 16.5-40.5 cm), waterloggogenic hori-
zon (W, 40.5-70.5 cm), and parent material horizon (C,
70.5-90 cm). Bulk samples (containing FMNs) from each
horizon were collected, immediately sealed in airtight plas-
tic bags, stored frozen in the field, and transported to the
laboratory within 24 h. In the lab, these samples were air-
dried for 72h to remove water. FMNs were manually
picked from the bulk samples with tweezers, and the
remaining soil was denoted as “‘surrounding soil”. The
hand-picked FMNs were washed three times with Milli-Q
water to remove loose surface particles and then air-dried
again to remove water. Afterwards, the FMNs were
weighted to calculate the weight percentage in each horizon.
The weight percentage data showed that FMNs exhibited
different proportions in different horizons (Table 1), with
3.9 wt% in the horizon A, 11.8 wt% in the horizon P,
24.7 wt% in the horizon W, and 15.0 wt% in the horizon
C. Rice plants at the topsoil of the profile were sampled
and washed with Milli-Q water to remove soil particles.
After being transferred to lab, roots, stems, leaves, and
grains from the rice plants were separated by ceramic scis-
sors and then dried separately in an oven at 105 °C for 1.5 h
and then 75 °C for 48 h. In addition, carbonates and parent
granites near the paddy field were collected. Finally, the
FMN:s, surrounding soils, plants, and rocks were crushed
by using an agate mortar and passed through a nylon sieve
(<0.25 mm, >200 mesh).

Soil waters that corresponded with these four soil hori-
zons were collected by suction lysimeters, which comprised
porous cups and PVC tubes. Soil surface waters were hand-
collected in the studied field. Stream waters were collected
near the paddy field with auto-samplers. Rainwaters were
collected during rainfall. All the water samples were filtered
with 0.22-um nylon filters, acidified with ultrapure HNO;,
and stored in pre-cleaned HDPE bottles at 4 °C.

3. EXPERIMENTAL METHODS
3.1. Key property analysis

Soil pH was measured on surrounding soils in deionized
water with 25 mL of solution and 5 g of soil powder. The
total soil organic carbon (TOC) content was determined
by gas chromatography after dry combustion by using a
Thermo Finnigan CHN autoanalyzer. The bulk density of
each sample was determined from the measured volume
and the sample weight after drying at 105 °C for 24 h.
Major elements were measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Prodigy,
U.S.) after digestion through alkaline fusion with lithium
metaborate. Trace elements were measured by inductively
coupled plasma mass spectrometry (ICP-MS, PerkinElmer,
U.S.) through bulk digestion with a mixture of HF-HCI-
HNO;. The mineral composition of FMNs and
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Fig. 1. Photograph and site location map of the paddy soil profile. The red circle and rhombus represent the sampling site in Longan,
Guangxi Province, China. The sampling location is characterized by latosolic red soil, which is widely distributed in Guangxi Province. A (0—
16.5 cm), plough horizon; P (16.5-40.5 cm), plow horizon; W (40.5-70.5 cm), waterloggogenic horizon; C (70.5-90.0 cm), parent material

horizon.

surrounding soils was characterized by an X-ray power
diffractometer (Bruker DS, Germany). The X-ray radiation
range was 10-90° and the step size was 0.02°, with a scan-
ning speed of 1 s per step. Quantitative analyses of the phase
compositions were performed with the Rietveld method by
using the TOPAS V4.2 program (Bruker AXS, Mannheim,
Germany) based on the XRD pattern of each sample.

3.2. Sequential extraction experiment

Sequential extraction experiments were conducted to
separate the exchangeable and structural Mg in FMNs

and surrounding soils. Although NHy-Acetate has been
widely employed to liberate exchangeable metals, several
researchers suggested that NHy-Acetate could also attack
carbonates (Chapman, 1965; Tessier et al., 1979). Accord-
ing to Chapman (1965), the solubility of CaCO; is much
lower in 1 M Na-Acetate at pH 8.2 than in 1 M NHy-
Acetate at pH 7. For this reason, Na-Acetate (pH = 8.2)
has also been commonly used to extract exchangeable
metals. Two solutions were tested (NHy-Acetate, pH =7,
Na-Acetate, pH = 8.2) to determine the best technique to
extract the soil exchangeable Mg fraction without releasing
carbonate Mg, which may have a different isotopic
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signature. The sample LA1-4S, which contained the highest
ITss calcite, was used. The results suggested that the concentra-
tions of Ca in these two solutions were identical (Table S2),
e so the procedure with NHy-Acetate included significantly
LR limited carbonate Mg.
In this study, 1 M NHy-Acetate at pH 7 was chosen to
extract exchangeable Mg. Approximately 2000 mg of the
"I powdered samples (100-200 mesh) was weighted into 50-
mL centrifuge tubes with 20 mL of 1 M NHy-Acetate
- e (pH = 7), and then the tubes were placed on a shaker and
TERY run at 6000 rpm for 1 h at room temperature. After being
centrifuged (3600g, 20 min) the supernatants in the tubes
were decanted and filtered through 0.22-um nylon filters.
VU=~ To achieve the completed recovery, the same operation
was repeated twice more by using MQ water but not
— NH;-Acetate. All solutions obtained after each extraction
- ada cycle were mixed together and this solution represented
the exchangeable Mg, which was denoted as Mgy .exch
o — v in the FMNs and Mgggexcn In the surrounding soils. The
e extracted solutions were evaporated in Teflon beakers on
a hotplate and oxidized with H,O, to remove organic mat-
S o O .
o =68 ter and then processed to analyze the Mg concentration and
Mg isotopic compositions. The residues after extraction
~ o were washed three times with Milli-Q water and dried over-
2ol night at 105 °C before being grounded to fine powder.
Approximately 20 mg of this powder was then completely
dissolved through a mixture of HF-HCI-HNO; to analyze
the total Mg concentration and Mg isotopic composition.
This solution represented the structural Mg, which was
© denoted as Mggrymn stru 10 FMNs and Mggg gy 1n the sur-
zoog rounding soils.
A\ 0 >~ 0
3.3. Mg purification and Mg isotope analysis
Sxealy
SRR ‘Q"a) Magnesium purification for isotope analysis was con-
T% ducted in a class-1000 clean room at the Isotope Labora-
M tory of the China University of Geosciences (CUGB),
5 Beijing, China. The reagents, which include HF, HCI, and
mwe ool s HNOs;, were prepared by sub-boiling distillation. Deionized
88 5 water (18.2 MQ), which was prepared on an ultrapure
S water system of Milli-Q, was used for all the experiments.
5 The FMNs, surrounding soils, rocks, and plants were
th, digested by using a mixture of concentrated acid in high-
= pressure Parr digestion vessels. Approximately 20 mg of
- < ; soil samples and 100 mg of plant samples were weighted
S333|lg into PTFE bomb vessels in a 1:4 (v/v) mixture of concen-
g trated HF-HNOj;. Then, the vessels were sealed with a Parr
2 bomb and placed in a pre-heated oven for 16 h at 180 °C.
5 After naturally cooling, 1-2 mL of 30% H,0, was added
TR2g 6 and then covered on a hot plate at 70 °C for 1 h to remove
oo 5 organic matter. Afterwards, the clear solution was trans-
o ferred into Savillex beakers and treated with a 3:1 (v/v) mix-
“- o o ;: ture of HCI-HNOs;, followed by heating at 140 °C for 1 to
Q S’r 2‘ g é 2 days and then evaporating to dryness at 80 °C. The sam-
daonl s ples were refluxed with concentrated HNOj3 at 140 °C until
A (2 complete digestion was achieved and subsequently evapo-
% rated to dryness at 80 °C. This dried residue was finally dis-
8 solved in 1 N HNO; in preparation for ion exchange
¢ column chemistry. The soil waters, soil surface waters, rain-
<aE0ld waters, stream waters, and extracted solutions were simply
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treated by H,O, and a mixture of HF-HCI-HNO; before
chromatographic separation.

The separation of Mg was achieved through cation
exchange chromatography by using AGS50W-X8 resin
(Bio-Rad 200400 mesh) in 1 N HNO3 (Gao et al., 2016;
Ke et al., 2016). Considering the high Mn concentration
in the FMNs, surrounding soils, extraction residues, and
soil waters, an additional chromatographic step was pro-
cessed to remove Mn. The separation of Mg from Mn
was conducted based on Bizzarro et al. (2011) by using
Bio-Rad AGS50W-X8 resin (200-400 mesh) in 0.5 N HCI-
95% acetone media. The geological reference materials
BHVO-2, PCC-1, and GSP-2 were processed together with
samples for each batch of column chemistry. The same col-
umn procedure was repeated twice to obtain a pure Mg
solution for mass spectrometry. The total procedural blank
was <10 ng, which represented <1%o of the Mg that was
loaded on the column.

The Mg isotopic ratios were determined on a Neptune
Plus MC-ICPMS at the CUGB and USTC (University of
Science and Technology of China, Hefei) that operated in
wet plasma mode with the standard-sample bracketing
method (An et al., 2014; Gao et al., 2016; Ke et al.,
2016). Prior to analysis, the samples and standards were
matched to 400 ppb in 3% HNO; at the CUGB and 500
ppb in 2% HNOj; at the USTC. Measurements were con-
ducted in low resolution mode, and the 1-ppm solution typ-
ically yielded a beam intensity of ~15V at the CUGB and
~25 V at the USTC for **Mg, with background Mg signals
of <10 mv. The standard-sample sequence was repeated
four times at the CUGB and three times at the USTC for
each sample to achieve better reproducibility. The Mg iso-
topic compositions of the samples were expressed as
deviations between the sample and standard DSM3 (Galy
et al., 2003) through §*Mg(%o) = [("Mg/**Mg)sumpie/(“Mg/
24Mg)DSM3 — 1] x 1000, where x refers to a mass of 25 or
26. The long-term external reproducibility was <0.06%o
(2SD) for 8**Mg based on replicate runs of geological refer-
ence materials (An et al., 2014; Gao et al., 2016; Ke et al.,
2016). The reference material DSM3 yielded §2°Mg value of
—0.05 4 0.03%o0, consistent with the theoretical value of
zero within uncertainty. The geological standard materials
BHVO-2, PCC-1, and GSP-2 yielded average 5°°Mg values
of —0.26 +0.04%0, —0.21 £ 0.06%0, and 0.07 £ 0.04%o,

respectively, which matched previously published data
(e.g., Pogge von Strandmann et al.,, 2008a; An et al.,
2014; Teng et al., 2015, 2017).

4. RESULTS

4.1. Key physicochemical properties and mineral
compositions of FMNs and soils

The pH, density, and total organic carbon (TOC) are
presented in Table 1 and Fig. 2. The pH and density display
a narrow range from 7.40 to 7.85 (Fig. 2A), and from 0.83
to 0.92 g/em?® (Fig. 2B), respectively. The TOC of the sur-
rounding soils increases towards the surface horizon, rang-
ing from 2.0 to 28.5 g/kg (Fig. 2C).

The mineral compositions of the FMNs and surround-
ing soils are presented in Table 1. The FMNs mainly consist
of goethite, quartz, illite, calcite and cronstedtite, among
which goethite is the dominant mineral, comprising 78.9
to 86.4 wt%. The quartz, illite, and cronstedtite contents
vary from 8.6 to 16.0 wt%, from 1.1 to 2.7 wt%, and from
1.6 to 2.6 wt%, respectively. These four minerals show rela-
tively constant contents versus depth within the uncertain-
ties. By contrast, the calcite content increases towards the
surface horizon, ranging from 0 to 6.3 wt%.

The surrounding soils mainly consist of quartz, kaolin-
ite, illite, and calcite. The quartz (46.1-67.3 wt%) and cal-
cite (0-4.4wt%) contents increase from the bottom
towards the top of the soil profile. By contrast, the kaolinite
content (26.3-48.8 wt%) decrease from the bottom towards
the surface horizon. Similar to the FMNs, the illite content
in the surrounding soils remains constant throughout the
soil profile (Table 1).

4.2. Magnesium distribution

The element concentrations of the FMNs and surround-
ing soils are reported in Table 2. We calculated the enrich-
ment factor (EF) according to Ahrens et al. (1967) (EF =
Cemn/Css, where C refers to the element concentration)
to quantitatively evaluate the enrichment ability of the
FMNs for an element. The EF data for heavy elements,
including Cr, Mn, Cd, Fe, Cu, Zn, and Ni, vary from 1.5
to 9.9, indicating high enrichment ability for these elements
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Fig. 2. pH, density and TOC of soils as a function of depth. The data are reported in Table 1.



Table 2
Element concentrations of FMNs, surrounding soils, soil waters, and plants.

TTT-50T (8107) LET BIOY BOIWIYOOWSOD) 19 BOIWUIYI03D) /e 33 08D "1

Sample name Horizon Sample type ALO; Fe,03 MnO MgO CaO Na,O Cr Ni Cu Zn Cd
(o) (o) (%) (o) (%) (o) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
LA1-4S A Surrounding soil 14.69 6.32 0.07 1.33 2.95 0.31 115.72 74.27 33.07 206.93 1.02
LA1-4F FMN 13.59 51.63 0.82 0.33 291 0.03 939.05 78.34 114.86 531.43 11.14
LA1-3S P Surrounding soil 13.62 6.04 0.08 0.91 1.99 0.04 125.80 52.89 32.28 174.12 1.10
LA1-3F FMN 13.25 54.79 0.92 0.32 1.93 0.03 1182.56 69.40 109.04 468.25 5.45
LA1-2S W Surrounding soil 17.95 7.82 0.08 0.54 0.53 0.05 107.95 41.03 30.41 126.42 1.37
LA1-2F FMN 14.94 51.96 0.37 0.38 0.31 0.03 1062.10 66.78 93.26 395.16 7.91
LAI-1S C Surrounding soil 21.28 7.72 0.08 0.58 0.49 0.05 93.18 38.29 30.16 119.72 1.37
LAIL-1F FMN 15.77 48.71 0.68 0.38 0.35 0.03 1149.26 75.90 100.38 435.14 13.13
Sample name Horizon Sample type Al Fe Mn Mg Ca Na Cr Ni Cu Zn Cd
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)
LAIL-5 — Root / / 812.68 1384.60 / / 15.67 8.97 9.36 41.42 1.31
LA1-6 — Stem / / 125.23 1468.29 / / 0.92 1.01 0.91 130.68 0.05
LAL-7 — Leaf / / 222.17 1748.59 / / 2.37 2.27 1.93 132.41 0.05
LAI1-8 — Grain / / 23.32 1101.08 / / 1.17 0.77 0.72 19.05 0.01
“— represents the inexistence, and ““/” represents no measurement.
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surrounding soils is presented in Fig. 4B. A high concentra-
tion of exchangeable Mg is found in the FMNs in the W
(798 pg/g) and C (1140 pg/g) horizons, whereas low concen-
trations are found in the A (396 ug/g) and P (288 pg/g)
horizons. Conversely, the surrounding soils in the A
(3192 pg/g) and P (1911 pg/g) horizons contain higher con-
centrations of exchangeable Mg relative to the W (616 pg/g)
and C (626 pg/g) horizons.

4.3. Magnesium isotopic compositions

The Mg isotopic compositions of the total Mg in differ-
ent media from the soil profile, including FMNs, surround-
ing soils, parent granites, carbonates, soil waters,
vegetation, stream waters, soil surface waters, and rainwa-
ters, are presented in Table 3. The Mg isotopic composi-
tions of exchangeable Mg and structural Mg are shown in
Table 4. The Mg isotopic compositions of all the samples
fall along a single mass-dependent fractionation line, which
has a slope of 0.515, on the three-isotope diagram (Fig. S1),
close to the theoretical equilibrium and kinetic fractiona-
tion values (0.521 and 0.511, respectively) (Young and
Galy, 2004).

The Mg isotopic compositions of the bulk FMNs range
from —1.39 to —1.58%o0 (Fig. 5), with an average value of

—1.47 + 0.16%0. Compared to the parent granites (—0.25 +
0.04%0), the surrounding soils have lighter Mg isotopes,
ranging from —0.59 to —0.85%0 (Fig. 5) with an average
3?°Mg value of —0.71 + 0.27%o. The average difference in
the 5°°Mg values between the FMNs and surrounding soils
is 0.76 +0.14%o. In both of the FMNs and surrounding
soils, the exchangeable Mg exhibits the lightest 8*°Mg
values within a similar range (—1.79 to —2.15%0 in the
FMNs, and —1.62 to —1.91%c in the surrounding soils)
(Fig. 6A and B), with an average value of —1.91 4 0.33%o
and —1.82 + 0.34%o, respectively. By contrast, structural
Mg has the heaviest §°°Mg values (—1.21 to —1.33%o in
the FMNs, and —0.27 to —0.38%o in the surrounding soils),
with an average value of —1.28 £0.10%¢ and —0.34 £
0.09%o, respectively. The excellent agreement between the
measured and calculated total Mg isotope data (Fig. S2)
suggests that Mg loss, which could be expected due to the
incomplete recovery of extracted solutions during the
sequential extraction procedure, did not occur.

The soil waters are characterized by a homogeneous Mg
isotopic composition (—1.65 to —1.55%0) throughout the
soil profile (Fig. 5), with an average value of —1.59 +
0.09%o, which is heavier than the exchangeable Mg in the
FMNs and surrounding soils. The soil surface waters
(—1.56 to —1.59%0) and rainwaters (—1.46 to —1.52%o)

Table 3

Magnesium isotopic compositions for standards, FMNs, surrounding soils, soil water and plants.

Sample name Horizon Sample 32 Mg 2SD 5%°Mg 2SD N
LA1-4S A Surrounding soil —0.43 0.05 —0.85 0.03 4
LA1-4F FMN —0.70 0.04 —1.39 0.02 4
LA1-4P Soil water —0.85 0.03 —1.65 0.04 3
LAI1-3S P Surrounding soil —0.41 0.05 —0.81 0.02 4
LA1-3F FMN —0.76 0.05 —1.48 0.02 4
LA1-3P Soil water —0.82 0.05 —1.60 0.04 3
LA1-2S w Surrounding soil —0.33 0.02 —0.61 0.03 4
LA1-2F FMN —0.74 0.04 —1.45 0.06 4
LAI1-2P Soil water —0.83 0.02 —1.57 0.05 3
LAI1-1S C Surrounding soil —0.30 0.02 —0.59 0.01 4
LA1-1F FMN —0.80 0.03 —1.58 0.04 4
LAL-1P Soil water —0.80 0.02 —1.55 0.04 3
LAL-5 — Root —0.35 0.04 —0.67 0.02 4
LA1-6 — Stem —0.50 0.03 —0.98 0.04 4
LA1-7 — Leaf —0.60 0.02 —1.17 0.01 4
LA1-8 — Grain —0.34 0.03 —0.67 0.05 4
LAI-9 — Granite —0.13 0.04 —0.25 0.04 4
LA1-10 — Carbonate —1.66 0.03 —3.23 0.05 4
LAI-1R — Stream water —0.70 0.04 —1.37 0.05 3
LA1-2R — Stream water —0.68 0.02 —1.32 0.02 3
LA1-3R — Stream water —0.74 0.03 —1.45 0.03 3
LA1-1B — Surface water —0.82 0.05 —1.56 0.01 3
LA1-2B — Surface water —0.84 0.04 —1.59 0.03 3
LA1-1Y — Rainwater —0.79 0.06 —1.52 0.04 3
LA1-2Y — Rainwater -0.77 0.06 —1.46 0.04 3
LA1-3Y — Rainwater —0.78 0.05 —1.50 0.08 3
PCC-1 — Peridotite —0.11 0.06 —0.21 0.04 4
GSP-2 — Granite 0.03 0.04 0.07 0.04 3
BHVO-2 — Basalt —0.12 0.04 —0.26 0.04 4
DSM3 — Mg solution —0.04 0.03 —0.05 0.03 4

“N” represents the number of repeated analyses of the same solution by MC-ICPMS. 2SD = 2 times the standard deviation of population

analyzed. “—” represents the inexistence.
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Table 4
Magnesium concentrations and Mg isotopic compositions of bulk, exchangeable, and structural Mg from FMNs and surrounding soils.
Sample name Horizon Mg pools Mg conc. Mg (%0) 2SD 3%Mg (%0) 2SD N
(ng/g)
LA1-4S A Structural 4788 —-0.18 0.03 —0.34 0.05 4
Exchangeable 3192 —0.83 0.05 —1.62 0.06 4
LA1-3S P Structural 3549 —-0.19 0.05 —0.36 0.05 4
Exchangeable 1911 —0.91 0.06 —1.74 0.06 4
LA1-2S w Structural 2624 -0.19 0.05 -0.38 0.03 4
Exchangeable 616 —1.03 0.01 —2.00 0.05 4
LA1-1S C Structural 2854 —0.14 0.02 -0.27 0.06 4
Exchangeable 626 —0.98 0.08 —-1.91 0.10 4
LA1-4F A Structural 1584 —0.61 0.08 —1.21 0.08 4
Exchangeable 396 —0.98 0.08 —1.91 0.02 4
LA1-3F P Structural 1632 —0.68 0.03 —1.33 0.06 4
Exchangeable 288 —1.10 0.05 -2.15 0.05 4
LA1-2F w Structural 1482 —0.66 0.04 -1.29 0.04 4
Exchangeable 798 —0.94 0.04 —1.81 0.07 4
LAI1-1F C Structural 1140 —0.68 0.05 —1.30 0.07 4
Exchangeable 1140 —0.92 0.05 -1.79 0.07 4

“N” represents the number of repeated analyses of the same solution by MC-ICPMS. 2SD = 2 times the standard deviation of population
analyzed.
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where [MgJorgan and 626Mg0rgan are the Mg concentrations
and 8**Mg values of organs, respectively, and Jorgan 1s the
weight proportion in the total plant. The calculated
3?°Mg value in the bulk plants is —0.92%o, heavier than that
in the soil waters but lighter than that in the surrounding
soils.

5. DISCUSSION
5.1. Controls on the Mg and 6**Mg of the surrounding soils

The Mg content in the surrounding soils shows a clear
trend with depth, progressively increasing from the bottom
to the top of the soil profile (Fig. 4). By contrast, the Mg
isotopic compositions follow the opposite trend, ranging
from —0.59 to —0.85%o¢ (Fig. 5A). Furthermore, the Mg iso-
topic compositions are evidently lighter than that of the
parent granite (—0.25%0), with A26Mggranite_soﬂ > 0.34%eo.
This phenomenon contrasts with the partitioning of Mg
into secondary clay minerals, with the preferential loss of
light isotopes to fluids and accumulation of heavy isotopes
in weathered residues (Teng et al., 2010; Huang et al., 2012;
Opfergelt et al., 2012; Liu et al., 2014; Wimpenny et al.,
2014a). Such results can be explained by four possible
mechanisms: (i) the influence of sea spray and eolian inputs;
(ii) the biological recycling of Mg by vegetation, which adds
light Mg isotopes into soils; (iii) the contribution of light
Mg isotopes from carbonates; and (iv) the accumulation
of light Mg isotopes in exchangeable sites of Mg-depleted
clay minerals.

5.1.1. Influence of sea spray and eolian inputs

Sea spray inputs were suggested to affect the Mg isotopic
compositions of soils (Opfergelt et al., 2012, 2014). Seawa-
ter exhibits light and homogenous Mg isotopic composition
(—0.8 £ 0.1%o0) (Foster et al., 2010; Ling et al., 2011), which
is significantly heavier than that of soil exchangeable Mg
(—2.15 to —1.62%0). Thus, the contribution from sea spray
could be limited because a seawater-like Mg isotopic com-
position could be expected for exchangeable Mg if this con-
tribution is great, as suggested in Opfergelt et al. (2014).
Eolian inputs were also shown to modify the Mg isotopic
compositions of soils (Liu et al., 2014). However, the

similar Mg isotopic compositions between the structural
Mg and parent granites indicate that the contribution from
eolian dust is very small. On the other hand, the light Mg
isotopic compositions in the underlying horizons (P, W,
and C) further suggest limited contributions from eolian
dust.

5.1.2. Magnesium recycling induced by vegetation

Magnesium is an essential nutrient for plant growth, and
vegetation results in the recycling of element Mg in soil sys-
tems (Wilkinson et al., 1990; Montezano et al., 2013). The
available Mg>" ions, i.e., exchangeable and dissolved Mg,
in soils are taken up by roots and stored in vegetation.
After being affected by the physiological processes in plants
for several months or years, Mg>" ions are released back
into soils via secretion and decay. These biological pro-
cesses could potentially modify the Mg isotopic composi-
tions of soils. Different organs in the rice plants had
heavier Mg isotopic compositions than that of the soil
waters and soil exchangeable fractions (Fig. 5). As sug-
gested in Bolou-Bi et al. (2012), this result occurs because
of the preferential uptake of heavy Mg isotopes by plant
roots. However, the plant-available Mg®" in soils (dissolved
and exchangeable Mg) is significantly enriched in light Mg
isotopes (<—1.5%o), so the §%°Mg value of the bulk rice
plants (—0.92%o) is still lighter than that of the surrounding
soils, even though heavier isotopes are preferentially taken
up by plants. The TOC content shows an increasing trend
towards the surface horizon (Fig. 2C). In addition, it is pos-
itively correlated with the MgO content and negatively cor-
related with the 8*°Mg value (Fig. 7). Thus, lighter Mg
isotopes may accumulate in soils when paddy organs such
as leaves fall in the surface soils.

Although possible, such a mechanism may only play a
minor role in the overall soil Mg isotope fractionation
based on mass balance calculations. The highest TOC
observed in the surrounding soils is 28.5 g C kg~ ! (Table 1).
Given the Mg concentration of 1426 pygMgg ' C in
organic matter (estimated from the average Mg concentra-
tion in the bulk rice plants), only ~0.004 wt% Mg in soils
could be associated with organic matter. This value is lim-
ited compared to the bulk Mg content in the surrounding
soils (average Mg content = 0.5 wt%, Table 1). In addition,
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the two underlying soil samples from the W and C hori-
zons, which contained almost no organic matter, still
showed significantly lighter Mg isotopic compositions com-
pared to the parent granite. In this case, bio-recycling is
unlikely to be responsible for the accumulation of light
Mg isotopes in the surrounding soils.

5.1.3. Carbonate contribution

Carbonate minerals are usually enriched in light Mg iso-
topes (e.g., Galy et al., 2002; Li et al., 2012; Saenger and
Wang, 2014; Ma et al., 2018), and the presence of carbon-
ates in the surrounding soils would drive the soil 3**Mg to
lighter values. For example, studies on loess showed a neg-
ative correlation between 8°°Mg values and CaO contents
(Huang et al., 2013; Wimpenny et al., 2014b), which was
explained by carbonate minerals in loess contributing light
Mg isotopes to the bulk loess. Similarly, Wang et al. (2015)
demonstrated that carbonates in mudrocks cause the bulk
rocks to become significantly enriched in isotopically light
Mg. The XRD analysis results in our study show that cal-
cite exists in the surrounding soils, while dolomite is absent
(Fig. S3). The calcite contents increase from the bottom to
the top of the soil profile (Fig. 8A), which matches the
increasing CaO content throughout the soil profile
(Fig. 8B). Additionally, the MgO content is positively cor-
related with the CaO content (Fig. 8C), likely suggesting
that the Mg in the surrounding soils is overwhelmingly

controlled by calcite. Calcite in soils is thus expected to
drive the bulk surrounding soil being enriched in light Mg
isotopes. As our study shows, the Mg isotopic compositions
of the surrounding soils are lighter with higher calcite con-
tents (Fig. 8D). A simple calculation was conducted to test
if calcite could cause such variations in the MgO contents
and 826Mg values through 8261\/Igcalculaled SS. — 626MgSSAC
+ 626Mgcalcitc X fcz\lcite (2) and [Mg]calculated SS. = [Mg]SS.C
+ [Mglacite (3), where 5*°Mgssc and [Mglssc refer to
the Mg isotopic composition and Mg content in the horizon
C, respectively. f., e refers to the proportion of Mg con-
tent. In this modeling calculation, we used the MgO content
and 8**Mg value of horizon C as the starting parent mate-
rial because these values are the most representative with
the least external influence. The 826Mgcalcne was adopted
as —3.23%o, the carbonate value in our study area. The
modeled results show that the low-Mg calcite in the sur-
rounding soils could drive the soil 8**Mg to light values
(Fig. S4A). However, calcite could not explain such a vari-
ation in the MgO contents because the MgO contents do
not meet the correspondingly modeled lines (Fig. S4B).
The reasons for these results could be that (i) the calcite
content in soils is very low, ranging from 2 to 5%, and (i)
low-Mg calcite contains very low Mg (<5 mol% MgCO3).
On the other hand, the two underlying soil samples from
the W and C horizons that do not contain calcite still show
lighter Mg isotopic compositions relative to the parent
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granite. Therefore, calcite is unlikely to be the dominant
mechanism that causes the accumulation of light Mg iso-
topes in the surrounding soils.

5.1.4. Retention of light Mg isotopes in exchangeable sites of
Mg-depleted clay minerals

The retention of light Mg isotopes in exchangeable sites
of Mg-depleted clay minerals can potentially explain the
light Mg isotopic compositions in the surrounding soils.
Considering the different §*Mg values for structural
Mg and exchangeable Mg, the Mg isotopic composition
of the surrounding soils (8**Mgss) could be expressed
by the mass balance 8°Mggs = 8"Mgss seru X fss.stru +
626MgSS4exch X fSS.cxch (4) and fSS.stru + f‘SS4exch =1 (5)5
where 826Mgss_slru and 82(’Mgss_exch refer to the Mg isotopic
compositions of structural Mg and exchangeable Mg,
respectively. fsssiru and fssexen refer to the proportions of
Mg in these two Mg pools, respectively. Eqs. (4) and (5)
indicate that the soil Mg isotopic compositions depend on
the balance between structural and exchangeable Mg and
the Mg isotopic composition in these two Mg pools. The
extraction experimental results show that the §°°Mg values
of exchangeable Mg are always isotopically lighter (>1.3%0)
than those of the structural Mg (Fig. 6A). The results are
consistent with those in a previous report, which concluded
that 5°°Mgeyen is >1.5%o lighter than §2°Mgg,, in kaolinite,
illite and montmorillonite (Wimpenny et al., 2014a). These
findings can be potentially used to explain why the sur-
rounding soils have such light Mg isotopic compositions.
If massive Mg was reserved in exchangeable sites of clay
minerals, then the exchangeable Mg could drive the bulk
soil 3°°Mg towards lighter values. A similar phenomenon
was observed by Opfergelt et al. (2012), who demonstrated
that the retention of light Mg isotopes on soil exchange
complexes shifted the bulk soil 8°°Mg towards lighter
values.

Pogge von Strandmann et al. (2008a, 2012) and Huang
et al. (2012) presented soils that are consistently enriched
in light Mg isotopes compared to their parent rocks. In
each case, the soil contains a highly Mg-depleted clay min-
eral such as kaolinite or allophane that have a high propor-
tion of Mg in their exchangeable sites. Furthermore, an

experimental study suggested that kaolinite has isotopically
light 5**Mg values compared to illite and montmorillonite
because kaolinite contains higher proportions of exchange-
able Mg?" ions than illite and montmorillonite (Wimpenny
et al., 2014a). This result implies that exchangeable Mg can
significantly drive the bulk clay §°°Mg towards lighter val-
ues, and the extent to which the 3?*Mg values of bulk clay
are controlled by adsorbed Mg depends on the proportions
of exchangeable to structural Mg in the clay. Kaolinite is an
Mg-depleted clay mineral that contains a low concentration
of Mg, with most of the Mg bound to pH-dependent func-
tional groups on the clay surface (Drever, 1988; Kim et al.,
1996; Merkel and Planer-Friedrich, 2008). Our results show
that kaolinite comprises a large proportion (ca. 29-49%) in
the surrounding soils (Table 1). In addition, the pH values
along the profile varies from 7.40 to 7.85 (Table 1), which
are significantly higher than the point of zero charge of
kaolinite (pHpzc = 2.53-3.56; Scroth and Sposito, 1997).
These results suggest that the large amounts of Mg”>" ions
in the surrounding soils could exist in kaolinite in an
exchangeable form. The extraction experimental results
show that the proportion of exchangeable Mg increases
from the bottom to the top of the soil profile and is nega-
tively correlated with the §°°Mg value (Fig. 9). Thus, the
lighter 8*°Mg values in the surrounding soils than in the
parent rocks likely resulted from the retention of large
amounts of isotopically light Mg in exchangeable sites in
kaolinite.

It’s worth noting that the exchangeable Mg concentra-
tion was negatively correlated with the abundance of kaoli-
nite. These observations are contradictory to our
explanation because the exchangeable Mg concentration
would be positively correlated with the abundance of
kaolinite if kaolinite accumulated a large amount of
Mg*" ions in its exchangeable sites. Such a contradiction
could be explained by two possibilities: (i) a difference in
the adsorption capacity of kaolinite in different soil hori-
zons, and (if) undersaturation with respect to metal ions
in kaolinite. The adsorption of ions onto kaolinite strongly
depends on the pH value (Kosmulski, 2006). Given the
nearly consistent pH value throughout the soil profile
(Table 1), the adsorption capacity in different soil horizons
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could be comparable. Alternatively, undersaturation with
respect to metal ions in kaolinite could have produced such
results. As discussed above, kaolinite has large adsorption
capacity for metal ions because of the significantly higher
pH values than its pHpzc. Because of the considerably high
enrichment factor for metals ions (Fig. 3), large amounts of
metal ions have already been adsorbed on the FMNs (see
Section 5.2), causing the surrounding soils to become
depleted in metal ions. These two processes cause the
kaolinite to become undersaturated with respect to metal
ions. Exchangeable Mg is mainly derived from external
inputs such as natural waters (discussed in Section 5.3),
so the Mg concentration and Mg isotopic compositions in
the surrounding soils are most likely related to the depth,
i.e., lower depth with higher Mg concentration and lighter
Mg isotopes.

5.2. Controls on the Mg and 5°°Mg of the FMNs

FMNs are important components in soils and are sug-
gested to predominantly control the distribution and mobil-
ity of soil metals (Gasparatos et al., 2012). Trace metal
cations (e.g., Cu, Ni, Zn, Cr, Cd, Mo, etc.) are prone to
being adsorbed onto the surfaces (adsorption) or enter into
the crystal structure (absorption) of FMNs because of their
high enrichment abilities for metals (Palumbo et al., 2001;
Tan et al., 2005; Gasparatos et al., 2012; the general word
“sorption” was used to include both of these mechanisms
here). The FMNs in our study also had high affinities for
metal cations, in which the average concentrations of Cu,
Ni, Zn, Cr, and Cd were ca. 3.3, 1.5, 3.0, 9.9, and 7.8 times
higher, respectively, than those in the surrounding soils
(Fig. 3). By contrast, Mg do not show such a special affinity
for FMNs, of which the average Mg concentration is half
that in the surrounding soils. This result matches previously
published data, which suggested that Mg in soil FMNs is
lower than that in surrounding soils (Palumbo et al.,
2001; Tan et al., 2005; Gasparatos et al., 2012). Goethite
comprised 79-86% (Table 1) and no Mn oxides are present,
suggesting that goethite is the dominant control on metal
cations in the FMNs. Large metal stable isotope fractiona-
tion has been observed during the sorption of aqueous ions,
e.g., Cu and Zn, onto Fe oxides (Pokrovsky et al., 2005,
2008; Balistrieri et al., 2008; Juillot et al., 2008). For exam-
ple, Balistrieri et al. (2008) documented that Cu and Zn iso-
topes are significantly fractionated (AGSCuSMbed_aqueous:
0.52%0 and AGGZnsorbed_aqueous = 0.73%0) when sorbed onto
amorphous Fe oxyhydroxide. Similar results were found
in other reports (Pokrovsky et al., 2005, 2008; Juillot
et al., 2008). In all these cases, heavier isotopes are prefer-
entially sorbed onto the Fe oxides compared to the aqueous
solution. Such an isotope fractionation of these metals
reflects the difference in bond strength between dissolved
and adsorbed metals, with heavier isotopes preferentially
partitioning into a stronger bonding environment (e.g.,
lower coordination number; Schauble, 2004).

Similarly to Cu and Zn isotopes, the Mg in the FMNs
also exhibits heavier isotopic compositions (—1.39 to
—1.58%0; Fig. 5) compared to the dissolved Mg (ave.
826Mgsoﬂ water = —1.59%0) and the soil exchangeable Mg

(ave. 626MgSSAeXChA:—1.82%o), the main Mg sources in
the FMNSs. This suggests that the heavier Mg isotopes are
preferentially taken up by the FMNs. The Mg isotopes in
the FMNs are considerably fractionated among the differ-
ent Mg forms, with §°°Mg values in the order of structural
Mg > exchangeable Mg (Fig. 6B). In all cases, the 8*Mg
values of the soil waters are lighter than that of the struc-
tural Mg but heavier than that of the exchangeable Mg.
This result suggests that the heavy Mg isotopic composi-
tions in the FMNs could be attributed to the preferential
incorporation of heavy Mg isotopes into structural sites
of Mg-bearing minerals. Illite was shown to contain high
Mg concentrations because of the isomorphic exchange of
Mg*" for AI’" in the octahedral layer (Appelo and
Postma, 2005). However, the very low illite content in the
FMNs suggests that the isotope contribution from illite
could be negligible. Instead, the mineral constituent of
goethite is likely responsible for the isotopically heavy Mg
in structural sites of the FMNs. Although few studies have
directly focused on the behaviour of Mg during goethite
precipitation, Paikaray et al. (2018) suggested that Mg>"
can substitute for AI*" and Fe*" during the precipitation
of hydroxides, which may also occur in other hydroxides
or oxides such as goethite. The Mg>" ions in aqueous solu-
tion are octahedrally coordinated with H,O molecules,
forming an octahedral aquo ion [(Mg(H,O)s)*" with an
Mg—O length of 2.08 A (Pavlov et al., 1998; Li et al.,
2011, 2014). To our knowledge, no available data have been
reported so far for Mg that has been incorporated into the
goethite structure. Thus, we utilize the Fe coordination
geometry to explain the structural incorporation of Mg
because Mg>" has a similar ionic radius as Fe*" in an octa-
hedral structure (0.72 A for Mg”, 0.65A for Fet;
Shannon and Prewitt, 1969) and because Mg>" can replace
structural Fe*" in goethite via isomorphous substitution
with H' or vacancies in the cation site (Kinniburgh et al.,
1976; Baltpurvins et al., 1997). The Fe—O bond length in
goethite (~2.01 A; Changela et al., 2012) is shorter than
the Mg—O bond length (2.08 A; Pavlov et al., 1998) in
aqueous solution. If Mg?" substitutes for octahedral Fe**
in goethite, structural Mg should have considerably heavier
Mg isotopic composition than dissolved Mg because the
shorter Mg—O bonds strongly favor heavy isotopes relative
to longer bonds (Urey, 1947; Schauble, 2004). Nickel iso-
tope fractionation was once suggested to have similar char-
acteristics during its incorporation into the ferrihydrite
structure, in which the substitution of octahedral Ni*>" for
tetrahedral Fe*" in the ferrihydrite structure drives the bulk
ferrihydrite Ni towards isotopically heavier values (Wang
and Wasylenki, 2017). Therefore, a similar isotopic offset
might be expected when Mg”" is substituted for Fe** in
goethite because of the identical ionic radii of octahedral
Mg>" (0.72 A) and Ni*" (0.70 A) (Shannon and Prewitt,
1969).

Further evidence for supporting the preferential incor-
poration of heavier Mg isotopes into goethite is the
isostructure of goethite (oa-FeOOH) and diaspore (o-
AIOOH) (Cornell and Schwertmann, 2003). Although Mg
isotope fractionation during Mg incorporation into dias-
pore has never been reported, one study that was conducted
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with gibbsite (Al(OH);3) suggested that gibbsite preferen-
tially incorporates heavy Mg isotopes (Liu et al., 2014).
AP jons in gibbsite and diaspore are both octahedrally
coordinated. Additionally, gibbsite and diaspore have an
Al—O length of 1.92A (Ladeira et al., 2001) and 1.85-
1.98 A (Cabaret et al., 1996), respectively, which are both
shorter than the Mg—O length of 2.08 A in (Mg
(Hy0)¢)P". Therefore, Mg>" substitution for structural
A" in both gibbsite and diaspore is most likely to be
enriched in heavy Mg isotopes compared to aqueous solu-
tion. In this case, Mg>" substitution for structural Fe*" in
goethite should preferentially take up heavy Mg isotopes
because goethite has a similar structure to diaspore.

The theoretical geometry in our study revealed the pref-
erential incorporation of heavy Mg isotopes into crystal
structures, and the Mg bound into structural sites of the
FMN:s is isotopically heavier than that in the soil waters.
However, the isotope fractionation mechanism that is
related to the exact Mg coordination geometry in the crys-
tals should be examined in the future through theoretical
calculations and a structural analysis method such as syn-
chrotron EXAFS/XANES characterization.

5.3. Contrasts between the FMNs and surrounding soils

5.3.1. Exchangeable Mg

The similarity between the FMNs and surrounding soils
was that the exchangeable Mg in both of them exhibited
extremely light Mg isotopic compositions, with the 8**Mg
ranging from —2.15 to —1.62%o (Fig. 6). This range is con-
sistent with the observed 8**Mg values of exchangeable Mg
in illite (—1.73%0), kaolinite (—1.77%0), and montmoril-
lonite (—1.72%0) (Wimpenny et al., 2014a). Such light Mg
isotopic compositions likely reflect a fluid phase
(Wimpenny et al., 2014a) because clay minerals and Fe oxi-
des can be exposed to natural waters (e.g., stream waters
and rainwaters), and long-term interactions may result in
massive amounts of Mg®>" ions being adsorbed onto these
minerals in an exchangeable form. The stream waters and
rainwaters in our study area have 8*°Mg values from
—1.32 to —1.59%o, which are identical to those in rivers that
drain carbonates (Tipper et al., 2006a; Brenot et al., 2008;
Jacobson et al., 2010). This result suggests that carbonates
could be the dominant source that contributes light Mg iso-
topes to the exchangeable Mg in the FMNs and surround-
ing soils

The exchangeable Mg in soil-FMN systems reflects a
fluid phase, so their 8°°Mg values should be consistent
with those of the soil waters. Interestingly, the 8**Mg val-
ues of exchangeable Mg are still lighter than that of the
soil waters (Fig. 6), with an average 5°°Mg difference of
0.28%o0. Thus, additional processes, alongside the input
of carbonate-bearing river waters, may have further low-
ered the Mg isotopic compositions of exchangeable Mg.
Given the open system and agricultural use of the studied
soils, atmospheric and anthropogenic inputs can poten-
tially lower the 5°°Mg values of exchangeable Mg. How-
ever, soil surface waters (—1.45 to —1.59%0) that are
contaminated by fertilizers and rainwaters (—1.46 to
—1.52%0) have identical §°°Mg values to the soil waters,

so atmospheric and anthropogenic inputs do not likely
influence the soil exchangeable Mg.

Instead, the lighter Mg isotopic compositions of
exchangeable Mg than that of the soil waters could be
explained by ion-exchange processes. A basalt weathering
profile indicated that the 8**Mg values of the soils in the
profile below 3 m are positively correlated with the abun-
dance of kaolinite, while the opposite correlation was
shown in the upper section (Huang et al., 2012). These
authors explained that Mg adsorption onto soil surfaces
initially favors heavy Mg isotopes, but the preferential des-
orption of heavy Mg isotopes through the ion exchange of
Mg with relatively lower hydration energy ions (e.g., Sr*"
and Cs") could lead to the loss of heavy Mg isotopes from
soils. In addition, a study that was conducted on the Madi-
son aquifer suggested that the preferential uptake of light
Mg isotopes during Mg-for-Na ion-exchange drives the
water phases enriched in heavy Mg isotopes (Jacobson
et al., 2010), implying that light Mg isotopes are retained
in the solid phases. The typical similarity between these
two case studies is that the solid phases are all long exposed
to natural waters, i.e., soils in the upper section (<3 m)
directly contacted rainwaters over a long time span
(Huang et al., 2012) and dolomite was always exposed to
surface water or groundwater (Jacobson et al., 2010). Given
such favorable conditions, solid phases could easily interact
with water phases under these conditions. During these
interactions, Mg?" ions from waters were taken up into
solid phases and ion-exchange processes, i.e., desorption
or Mg-for-Na exchange, may have occurred. Paddy soils
are highly matured soils that have formed over much longer
periods, which may provide sufficient time for soil minerals,
such as kaolinite and Fe oxides, to interact with soil waters
(Kogel-Knabner et al., 2010). Ion-exchange processes may
thus cause heavier Mg isotopes to be preferentially released
into water phases. Despite not knowing whether one or
both of these ion-exchange processes occurred, we expect
that light Mg isotopes were ultimately retained in exchange-
able sites of minerals. This process can explain why
exchangeable Mg had lighter Mg isotopic compositions
than those of the soil waters.

5.3.2. Structural Mg

Unlike the exchangeable Mg, the structural Mg in the
FMNs and surrounding soils exhibits distinguishable Mg
isotopic compositions (Fig. 6), with an average A>°Mg.
FMN.stru-sS.stru Value of —0.94%o. Given the differently con-
trolled minerals in these two parts, i.e., goethite in the
FMNs and kaolinite in the surrounding soils, such distinct
Mg isotopic compositions could be attributed to the differ-
ent fractionation factors during its incorporation into the
mineral structure. Assuming a constant isotope fractiona-
tion between the soil waters and the goethite, we could then
define A26Mggoethile_soﬂ water t0 be 0.31%o based on the equa-
tion A261\/Iggocthitc-soil water — 8261\/Iggocthilc - 8261v[gsoi1 water*
This value is comparable to the values in kaolinite-,
gibbsite- and smectite-controlled soils (Teng et al., 2010;
Huang et al., 2012; Liu et al., 2014), which showed
A26Mgmﬂ,waler between 0.05 and 0.4%o. Therefore, the dif-
ference in fractionation factors could not be responsible
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for the 0.94%o difference in the isotopic compositions of
structural Mg between the FMNs and surrounding soils.
Alternatively, such a difference could be attributed to the
different Mg sources in their structural sites. The surround-
ing soils are mainly derived from granite-weathering resi-
dues, so their structural Mg is mainly inherited from the
parent granite. Although the isotope fractionation of Mg
may occur during its incorporation into structural sites,
heavy Mg isotopes are preferred in the crystal structure as
suggested in previous studies (Wimpenny et al., 2014a).
This is consistent with the heavy Mg isotopic compositions
observed in the structural Mg of the surrounding soils
(Fig. 6). However, unlike the surrounding soils, the FMNs
are formed because of seasonally changing soil redox
potential and pH (McKenzie, 1975; Palumbo et al., 2001;
Liu et al., 2002; Tan et al., 2005, 2006; Jien et al., 2010;
Yu et al., 2015). Under low redox potentials, Mg>" ions
can be released from Fe oxides; under high redox poten-
tials, Mg?" ijons are again fixed into Fe oxides
(Stoyanovsky and Cederbaum, 1998; Palumbo et al.,
2001). This frequent release and incorporation of Mg>*
ions lead to the Mg from the soil waters fixed into the struc-
ture of Fe oxides. As discussed above, the soil waters are
derived from carbonates and have significantly light Mg
isotopic compositions. Therefore, the isotopic compositions
of the structural Mg in the FMNs were heavier than those
in the surrounding soils.

6. CONCLUSIONS AND IMPLICATIONS

This study presented the Mg isotopic compositions of
FMNs, surrounding soils, exchangeable Mg, structural
Mg, rocks, soil waters, rainwaters, stream waters, soil sur-
face waters, and vegetation that developed on a paddy soil
profile. In such hydromorphic soils, soluble Mg and
exchangeable Mg in soil minerals directly controlled the
Mg isotopic compositions in the soil system.

The distinct Mg isotopic compositions between the
FMNs and surrounding soils reflected the different Mg
sources in their crystal structure: the Mg in the FMNs
was mainly derived from soil waters, while that in the sur-
rounding soils was derived from the chemical weathering of
the parent granite. Isotope fractionation occurred during
the formation of Fe oxides because Mg>" substitution for
Fe** preferentially takes up heavier Mg isotopes. However,
seasonally changing redox potential in soils could have
caused Mg*" ions from soil waters with light isotopes to
become fixed into Fe oxides, creating bulk Fe oxides with
light Mg isotopic compositions. The lighter Mg isotopic
compositions in the surrounding soils could be explained
by the retention of Mg®" ions from soil waters in exchange-
able sites of Mg-depleted clay minerals, such as kaolinite.

These findings are inconsistent with the most published
reports, which stated that secondary clay minerals and
metal oxides are enriched in heavy Mg isotopes (Fig. 10;
Teng et al., 2010; Huang et al., 2012; Liu et al., 2014;
Wimpenny et al., 2014a, 2014b). Our study provides field
evidence that Mg-depleted clay minerals retain light Mg
isotopes in their exchangeable sites and thus shift the Mg
isotopic compositions of bulk soils towards lighter values.

@ This study
@ Opfergelt et al. (2012)
@EPVS. etal. (2012)
OHuang et al. (2012)
AWimpenny et al. (2014b)
oQTipper etal. (2012b)
AlLlaraetal. (2017)
ETipper et al. (2006a)
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Fig. 10. Isotopic compositions of Mg in natural soils according to
published literature and this study. The average 8**Mg value of
UCC from Li et al. (2010) and river waters from Tipper et al.
(2006a) are plotted for reference.

Additionally, a new and important mechanism was demon-
strated, in which Fe oxides in hydromorphic soils may drive
the Mg isotopic compositions of soils towards lighter val-
ues. These findings are significant to explain why soils are
sometimes enriched in lighter Mg isotopes relative to the
parent rocks. This study highlights the roles of Mg-
depleted clay minerals and Fe oxides in controlling the
Mg isotopic compositions of soils.
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