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Abstract: Arsenic (As) is of widespread concern, as its elevated contents in soil and water have a seri-
ous impact on the ecological environment and human health. Soils in karst regions are characterized
by a high geochemical background of As. However, the bioavailability of As in paddy soils and the
potential risk of As transfer from the soil to rice remain unclear. In this study, 305 paired soil–rice
samples were collected from karst regions in Guangxi, China, in order to examine the controlling
variables and As bioavailability in the soil–rice system. According to this study, the karst region’s
paddy soil had higher As concentrations than the non-karst region’s paddy soil. The As concentration
in the rice grains was low, with only 0.62% of the rice samples exceeding the permissible value of
inorganic As (0.2 mg/kg). Arsenic in the karstic paddy soils existed mainly in the residual fraction,
while the water-soluble and exchangeable fractions, which are readily absorbed by rice, accounted for
a relatively small proportion. The high content but low bioavailability of As in the karstic paddy soil
was mostly attributed to the abundant Fe–Mn nodules, which contributed 64.45% of the As content
in the soil. Within the Fe–Mn nodules, As was primarily bound to Fe-(oxyhydr)oxides, which could
be released into the paddy soil under certain reduction conditions via the reductive dissolution of
Fe-(oxyhydr)oxides. Under the natural pH conditions of the karstic paddy soil (pH 4.9–8.38), the
leaching of As was almost negligible, and As could be steadily retained within the Fe–Mn nodules.
However, extremely acidic or alkaline conditions promoted the release of As from the Fe–Mn nodules.

Keywords: arsenic; paddy soil; bioavailability; Fe–Mn nodules; karst regions

1. Introduction

Arsenic (As), a potentially toxic element to humans, is bioaccumulative and non-
biodegradable in the natural environment [1–3]. Karst terrains occupy about 7–10% of
the planet [4]. China has approximately 2 million square kilometers of karst landforms,
distributed in various provinces and regions, with the majority located in the southern part
of the country, particularly widespread in Guangxi, Guizhou, Yunnan, and Chongqing.
Because of the high average background values of karstic landscape-formed soils, they are
frequently enriched in As [5,6]. Since As can enter the food chain and endanger human
health [7–9], its excess in karst soils has drawn considerable attention from the public in an
effort to protect the environment, the ecology, and public health in karst regions [10–12].

The natural presence of As in soils is primarily influenced by the composition of
geological parent materials [13,14]. It has been shown that there is a strong correlation
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between As in soils in northwest Greece and geological parent materials and anthropogenic
sources of pollution [4]. In karst areas, the heredity of a parent rock with a high heavy
metal content (e.g., black shale, sulfide deposits, and coal measure strata) and secondary
enrichment caused by the leaching and weathering of a parent rock with a low heavy
metal content (e.g., carbonate rocks) during soil development may lead to an As content
that is higher than the normal background [15]. This natural process may result in wide
areas of soil exceeding the environmental quality standards for As [16]. Consequently, a
certain proportion of cultivated fields in karst regions may fall under strict supervision
and be unsuitable for agricultural production, leading to significant public concern and
constraining the local agricultural economy [5,17].

The physico-chemical characteristics and chemical forms of heavy metals largely
determine the potential mobility and bioavailability of As [18,19]. In comparison with
the total content of As, the bioavailability of As is more closely related to plant
absorption [20,21]. The primary reasons for soil heavy metal elements in karst regions are
pedogenic processes, which cause the high geological background values in the area [22,23].
In their natural state, the reactivity of most heavy metals is relatively low. Nonetheless,
there have been notable alterations in the physico-chemical characteristics of soils as a
result of frequent human production activities, for example, in northwestern Greece [4],
southern China [22], and southwestern China [23]. As a result, the amount of certain heavy
metals that are readily available has increased, which poses a major risk to the safety of
agricultural products [24]. To date, the majority of relevant studies concerning As bioavail-
ability and transfer in the soil–plant system have primarily focused on localized areas or
limited regions with anthropogenic contamination [25,26]. However, the bioavailability
of soil As and the potential high transfer risk of As from the soil to rice remain unclear,
particularly in regions with a naturally high As background.

Guangxi, a region of China with one of the most extensive distributions of karst regions
and with a significant carbonate rock development [27], faces significant environmental
concerns related to the heavy metal contamination of soil. Recent studies have verified that
the combination of secondary enrichment and parental rock inheritance is responsible for
the high accumulation of As in Guangxi’s karstic soil [6]. Fe–Mn nodules are present in
many agricultural soils in the karst areas of Guangxi, China [28,29]. Fe–Mn nodules share a
common origin with the surrounding soils and are formed in situ by the cementation of Fe-
(oxyhydr)oxides to the soil matrix components. It has been proven that soil Fe–Mn nodules,
which are mainly composed of Fe-(oxyhydr)oxides, also have a strong adsorption capacity
for heavy metal elements and control the migration, adsorption, and precipitation of heavy
metal pollutants in the soil, thus affecting the bioavailability of heavy metals [28–30].

In this study, a total of 305 paired soil–rice samples were gathered from Guangxi’s karst
regions, spanning a sizable geographic area, in order to obtain a thorough understanding
of the environmental chemical behavior of As in rice–soil systems. Various extraction
reagents and experimental conditions were employed to obtain more information about
the bioavailability of soil As. Therefore, the objectives of this study were to (1) identify
the As concentrations in the soil and rice in karst regions in Guangxi; (2) determine
the bioavailability of As in the soils; and (3) investigate the controlling factors of As
bioavailability and its potential environmental implications.

2. Materials and Methods
2.1. Study Area and Sample Collection

The Guangxi Zhuang Autonomous Region is located in the southern part of China
(104◦26′–112◦04′ E, 20◦54′–26◦24′ N) (Figure 1). It has high temperatures and an abundance
of rain due to its subtropical monsoon climate. Carbonate rocks make up the majority of the
study area, that is, about 42% of the total land area, and they are mostly found in Guangxi’s
middle and western regions [31].
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In total, 305 paired soil–rice samples were obtained from the karst region in the
study area in cooperation with the Guangxi Bureau of Geological and Mineral Exploration
(Figure 1), and the samples were pre-processed in compliance with the Specification of
Land Quality Geochemical Assessment [32]. Each rice sample consisted of an equal amount
of rice grains from 3 sub-sampling points. The collected rice grains were placed in a
mesh bag, hung in a cool place, air-dried, and then sent to the laboratory after threshing.
Alongside the rice grain collection, the corresponding rhizosphere soil was also collected.
After uprooting the rice roots, the soil adhering to the roots was shaken off. The depth of
the rhizosphere soil collection depended on the depth of the rice roots. After uniformly
mixing the soil shaken off from all sub-sampling points, the Four-Quarter Method was
used to select a 1000 to 2000 g sample, which was then placed in a clean cloth bag and
taken back to the base for air drying and processing. To minimize anthropogenic pollution
inputs, the sampling locations were purposefully selected far from towns, highways, and
mining regions.

Previous studies have shown that the enrichment of soil As in karst areas is closely
related to the extensive development of Fe–Mn nodules in the soil [29,33]; therefore, six
typical karst areas enriched with rooted soil As and where Fe–Mn nodules had extensively
developed were selected in the study area (Figure 2), and the screening of the samples of
Fe–Mn nodules with different diameters was carried out (Figure 1).

2.2. Sample Pretreatment and Chemical Analysis

Soil samples were first air-dried in a shady place and then passed through a 10-mesh
(2 mm) nylon sieve to eliminate non-soil material (e.g., debris and plant residues). After
being taken out of the husks, the rice grain samples were repeatedly rinsed in distilled
water. After air drying at 25 ◦C, they were threshed, hulled, and crushed using a 60-mesh
nylon sieve (0.25 mm).
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For the soil samples passed through the 10-mesh nylon sieve, the Fe–Mn nodules with
diameters > 2 mm were removed, and only those with diameters ≤ 2 mm were retained as a
soil component. Fe–Mn nodules with a diameter of more than 2 mm were eliminated from
the samples that were sieved through a 10-mesh nylon sieve. Consequently, the Fe–Mn
nodules with diameters lower than 2 mm were subjected to analysis. In consideration
of previous studies and the presence of Fe–Mn nodules in the study area [34,35], we
categorized the nodules into three groups based on the varying diameters: Group A
(0.3–0.5 mm), Group B (0.5–1 mm), and Group C (1–2 mm). Each of the six samples
underwent sieving through 10-mesh (2 mm), 18-mesh (1 mm), 35-mesh (0.5 mm), and
60-mesh (0.3 mm) nylon sieves to isolate the three groups of Fe–Mn nodules with different
diameters. The quantity of each sample was documented for the three groups.

The concentrations of As in the soil samples were determined via atomic fluorescence
spectrometry (AFS, AFS-9700, Kechuang Haiguang Instrument Co., Ltd., Beijing, China).
TFe2O3 (total iron oxides), SiO2, Al2O3, and K2O were analyzed using X-ray fluorescence
spectrometry (XRF, PW2440, Philips Co., Eindhoven, Netherlands). MgO, CaO, and Mn
were analyzed via inductively coupled plasma–optical emission spectrometry (ICP-OES,
iCAP 7400 Radial, Thermo Fisher Scientific Co., Cambridge, MA, USA). The sample was
decomposed with HNO3, HClO4, and HF; dissolved with aqua regia (1 + 1); fixed in 25 mL
polytetrafluoroethylene tubes and shaken well; and left to stand overnight. Soil organic
carbon (SOC) was assessed using the potassium dichromate volumetric method [32,36].
The pH was assessed using ion-selective electrode methods [32,36]. The mineralogical
compositions were determined using X-ray diffraction (XRD, BRUKER-D2 PHASER, Bruker
Co., Karlsruhe, Germany) with the following parameters: target material: Cu; scanning
speed: 2◦/min; receiving gap: 0.03 mm; scanning surface range: 5–55◦; step length: 0.02◦;
accelerating voltage: 40 kV; and current: 200 mA. The chemical analysis method used for
the Fe–Mn concretion samples, after grinding into powder, was the same as that used for the
soil samples. The levels of As in the rice grains were measured using inductively coupled
plasma–mass spectrometry (ICP-MS, iCAP Q, Thermo Fisher Scientific Co., Waltham, MA,
USA): Weigh 0.2000 g of the dry specimen in a microwave digestion jar, add HNO2 and
MOS-grade H2O2, tighten the lid, put the jar into a microwave digestion instrument for
digestion, take out the digestion jar at the end of the reaction, put it on an acid catcher,
evaporate it to a small volume, cool it and then transfer it to a 10 mL colorimetric tube,
condense it with ultrapure water, and shake it well. As was measured using ICP-MS. Using
reference standards, the analytical methods’ accuracy was confirmed (GSS17, GSS19, GSS24,
GSS28, GSB1, GSB4, GSB5, and GSB7) [32].

2.3. Sequential Extraction of As in the Soil

The seven-step sequential extraction procedures (SEP, amended Tessier Sequential
Extraction) formulated by the China geological survey [37] were employed to investigate
the fractions of As in the soil. This method divided As into seven fractions (F1–F7) [38].
The details of the fractionation and the SEP process are outlined in Table 1.
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Table 1. Fractionation and seven-step sequential extraction procedures.

Fraction Process

F1 water-soluble 2.5 g of sample and 25 mL of distilled water were mixed, shaken well, shaken
for 30 min, centrifuged for 20 min, and filtered *

F2 exchangeable 25 mL MgCl2 was added to the residue, shaken well, shaken for 30 min, and
centrifuged for 20 min

F3 bound to carbonates 25 mL NaOAc was added to the residue, shaken well, shaken for 1 h, and
centrifuged for 20 min

F4 weakly bound to organic matter 50 mL Na4PO7 was added to the residue, shaken well, shaken for 40 min, left
for 2 h, and centrifuged for 20 min

F5 Fe/Mn oxide-bound 50 mL 0.25 M NH2OH-HCI mixture was added to the residue, shaken well,
shaken for 1 h, and centrifuged for 20 min

F6 strongly bound to organic matter
3 mL HNO3 and 5 mL H2O2 were heated for 1.5 h at 85 ◦C + 3 mL of
H2O2 + 2.5 mL NH4OAc-HNO3, diluted to 25 mL, left for 10 h, and

centrifuged for 20 min

F7 residual the residues were dried, ground, and weighed; 2.0 g of the residue was
digested with the 5 mL HCI-HNO3-HClO4 mixture + 5 mL HF

* Centrifuge: Centrifugation for 20 min, 4000 rpm. Filter: The clear solution was filtered with a 0.45 µm filter
membrane aperture, and the filtrate was used in a 25 mL colorimetric tube. Cleaning: Add about 100 mL of water
to the residue, centrifuge for 10 min, discard the water phase, and retain the residue.

The recovery of SEP was based on a comparison of the sum of the seven fractions
with the total content of As: Weigh 0.25 g of the sample accurate to 0.0001 g, place the
sample in a 50 mL stoppered test tube, add a small amount of water to moisten it, add
10 mL (1 + 1) of aqua regia, cover with a stopper, and shake well. Add boiling water to
the sample and leave it for 1 h, shake 2 times in the middle, take it out and cool it, fix the
volume to 25 mL, shake well, and let it stand overnight. Dispense 5 mL of the clear solution
in a small beaker, add 2.5 mL 1 g/L iron salt solution and 2.5 mL thiourea–ascorbic acid
mixed solution, shake well, leave for 30 min, and use a KBH4 solution as the reducing
agent. As was determined using AFS, and it is expressed using the following equation
(Equation (1)) [37,38]:

Recovery =
F1 + F2 + F3 + F4 + F5 + F6 + F7

Total
× 100% (1)

The accuracy of the SEP analysis method was determined by conducting a full analysis
of the elements in the soil as a standard and comparing the results with the sum of the
fractions. The relative deviation (RE) was required to be ≤40% [37]. The pass rate for the
single-element single-morphology analysis data was ≥85%.

RE% =
C1 − C0

C1
× 100% (2)

where C1 is the full amount of the element; and C0 is the form of the element’s total amount.
The recovery ranged from 80.55% to 101.14%, and our study’s RE values obtained following
seven steps were lower than 10%; thus, these findings meet the requirements of standard
DD2005-03 [37].

2.4. Selective Extractions and pH-Dependent Leaching Test

Selective extractions and pH-dependent leaching tests were conducted to identify
whether these Fe–Mn nodules could be potential “Arsenic main sources” in soil [39,40].
Three extractants were utilized for the selective extractions of soil As, namely, acidified
hydrogen peroxide (H2O2–HNO3), hydroxylamine hydrochloride (NH2OH–HCl), and
citrate–bicarbonate–dithionite (CBD), aiming to elucidate the association of As with the Fe,
Mn, and Al (oxyhydr) oxides in the Fe–Mn nodules [41,42]. Additionally, a control experi-
ment was conducted using 0.5 mol/L HNO3, which may dissolve some Al-containing min-
erals [35]. Hydroxylamine hydrochloride, known for its aggressive extraction properties,
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targets As associated with easily reducible Fe and Mn oxides [43]. Acidified hydrogen per-
oxide extraction primarily involves dissolved Mn oxides [35]. CBD demonstrates a strong
extraction capability for As bound to both amorphous and crystalline iron oxides [44].

The pH-dependent leaching test was adapted from the CEN/TS 14997 methodol-
ogy [45]. A pH ranging from 2 to 11 was chosen for the experiment to analyze how As is
released under different pH conditions. A total of 1 gram of the sample was placed in a
50 mL centrifuge PP tube, and 9.6 mL of deionized water was added to keep the ratio of
liquid to solid (L/S) at 9.6, reaching a final value of roughly 10 when the acid and base were
added. Ten pH values—2, 3, 4, 5, 6, 7, 8, 9, 10, and 11—were tested, including an extreme
pH higher than that of typical soil. The pH levels were adjusted using HNO3 (1 mol/L or
0.1 mol/L) and NaOH (2 mol/L or 1 mol/L). In every instance, a control experiment was
carried out. For 48 h, the reactors were agitated. ICP-MS was then used to measure the
leachate filtrate (Millipore® 0.45 µm) [28,35,39]. Table 2 describes the selective extraction
procedure. Every extraction was carried out twice, using procedural blanks. The extracts
underwent analysis for Fe, Al, Mn, and As using inductively coupled plasma–optical
emission spectrometry (ICP-OES, iCAP 6500, Thermo Fisher Scientific Co., Taufkirchen,
Germany), after being filtered through a 0.45 µm membrane filter.

Table 2. Detailed steps of the selective extraction procedure [35,41,42].

Extractant Process

Control (HNO3)
The sample (100 mg) was placed in a container and mixed with 100 mL of
0.5 mol/L HNO3. The container was placed at room temperature, stirring

for 30 min.

Hydroxylamine hydrochloride (NH2OH–HCl)
The soil (100 mg) was placed in a container and mixed with 200 mL of

0.1 mol/L NH2OH–HCl (non-acidified, pH 3.6). The container was
placed at room temperature, stirring for 2 h.

Acidified hydrogen peroxide (H2O2–HNO3)
The soil (100 mg) was placed in a container and mixed with 50 mL 30% of

H2O2 and 50 mL 1 mol/L HNO3. The container was placed at room
temperature, stirring for 30 min.

Citrate–bicarbonate–dithionite (CBD)

The soil (100 mg) was placed in a container and mixed with a solution
containing 40 mL 0.3 mol/L sodium citrate (Na3C6H5O7·2H2O), 5 mL

1 mol/L sodium bicarbonate (Na2CO3), and 1g sodium dithionite
(Na2S2SO3). The container was placed in a 80 ◦C water bath and shaken

for 1 h.

2.5. Data Analysis

Maps with geographic information were drawn using ArcGIS 10.8. Basic statistical
analyses were carried out using SPSS 24.0 and Microsoft Excel 2021. The X-ray diffraction
(XRD) pattern was analyzed with Jade 6.0. Other graphics were drawn using the OriginLab
Origin v.2021.

The bioconcentration factor (BCF) is an important index to quantitatively calculate the
accumulation of As in plant tissues from the environment [46,47]. The BCF is calculated
as follows:

BCF = Crice/Csoil (3)

where Crice is the As content in the rice (mg/kg); and Csoil is the whole As content in the
soil (mg/kg).

The effect of nodules on soil heavy metal elements is manifested in two ways: the
content of the element in the nodules of each grain size and the mass fraction of the element
in the nodules of each grain size (i.e., the ratio of the mass of the element in the nodules
of each grain size to the total mass of the element in the soil containing the nodules).
To investigate the contribution of the nodules to the soil chemical composition and trace
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element content, the parameter PQ (percentage of quality, %) was introduced and calculated
as follows [48]:

PQ =
∑

j
j=1 Ci × Mj

C0 × M0 + ∑
j
j=1 Ci × Mj

× 100 (4)

where M is the mass of the nodule of particle size j, expressed in g; M0 is the mass of the soil
with the smallest particle size, expressed in g; Ci is the content of element i in the nodule
of particle size j, expressed in mg/kg; and C0 is the content of element i in the soil with
the smallest particle size, expressed in mg/kg. The greater the value of PQ, the greater the
proportion of the element present in the nodule and the greater the nodule’s contribution
of the element to the soil; the converse trend is observed with the smaller the value of PQ.

3. Results and Discussion
3.1. Soil Properties and As Concentrations

The average As concentration in the paddy soil (Table 3) was 23.49 mg/kg, higher
than that in the non-karst area of Guangxi (12.01 mg/kg) [49]. The concentrations ranged
from 2.36 to 162.92 mg/kg. Arsenic had a high degree of variability, as evidenced by its
coefficient of variation (CV % = (standard deviation/mean) × 100%) of 98.32% (>35%) [27].
The paddy soil’s As content was greater than the background values of Guangxi (8.0 mg/kg)
and the rest of the country (9.0 mg/kg) [50]. Moreover, compared with the published data
on the As content in other regions and countries, the mean value of the paddy soil’s As
content in our study area was higher (Table 4). The median value of As in the study area
was close to that in Hunan Province, China, and lower than that in French soils. However,
the minimum values of As in Shanghai and Fujian, China, were greater than those in
the study area (Table 4). Overall, the paddy soils formed by carbonate rocks had a high
level of As enrichment, resulting in a higher geochemical background. Akun et al. [51]
confirmed that Pleistocene carbonate-rich terrace deposits, pouri, are the cause of the
elevated As concentrations.

Table 3. Descriptive statistic summary of the paddy soil properties (N = 305).

Statistics Min Max Median Mean CV Background Value of the
Topsoil in Guangxi, China a

Background Value of
the Topsoil in China a

As (mg/kg) 2.36 162.92 15.60 23.49 98.32 8.0 9.1
TFe2O3 (%) 1.16 25.18 5.59 6.26 50.50 3.63 4.35

Mn (mg/kg) 29.9 2804.0 353.0 523.3 92.46 159 552
Al2O3 (%) 5.04 28.27 14.01 14.57 28.69 13.07 12.96
CaO (%) 0.16 31.50 0.81 4.45 151.36 0.17 2.79

pH 4.97 8.38 7.18 7.04 13.83 5.15 7.15
SiO2 (%) 17.07 85.57 62.00 57.82 27.56 73.67 64.96
SOC (%) 1.16 6.30 2.60 2.80 35.69 1.29 1.15

a The background value of the topsoil was obtained from Hou et al. [50].

Table 4. Arsenic concentration in the topsoil and rice from other regions/countries.

Region/Country N Min Max Mean Median References

Topsoil
(mg/kg)

Hunan, China 18,773 0.1 2670.1 19.5 13.0 [50]
Jiangxi, China 15,547 0.4 19.2 8.4 8.0

[52,53]

Jilin, China 23,465 0.4 15.9 8.0 7.9
Shanghai, China 1744 4.6 11.4 7.9 7.9

Fujian, China 14,682 4.7 3.9 0.1 13.5
France 2017 0.39 412.00 12.20 17.93
Italy 201 1.8 60 20 \

Cyprus 260 0.2 22.5 11.0 10.87 [51,54]
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Table 4. Cont.

Region/Country N Min Max Mean Median References

Rice (mg/kg)

Hunan, China 43 0.05 0.25 0.13 \ [55]
Jiangxi, China 30 0.07 0.25 0.15 0.15

[56–58]

Guangxi, China 45 0.11 0.37 0.23 \
Jilin, China 4 0.09 0.16 0.13 0.13

Shanghai, China 34 0.01 0.16 0.11 0.11
Fujian, China 36 0.04 0.20 0.12 \

U.S. 163 0.03 0.66 0.25 0.25
France 33 0.09 0.56 0.28 0.23

Bangladesh 144 0.02 0.33 0.13 0.13
Italy 38 0.07 0.33 0.15 0.13

Japan 26 0.07 0.42 0.19 0.18
Egypt 110 0.01 0.58 0.05 0.04

The paddy soil was primarily neutral with a median pH of 7.04, varying from 4.97 to
8.38. Notably, the median CaO content in the paddy soil was 0.81%, which was significantly
higher than that in clastic and quaternary regions [38]. Research has revealed that elevated
levels of Ca2+ ions in the soil are a principal cause of an increased soil pH [59]. An acidic
environment could increase the soluble As content in the soil; however, the desorption of As
from Fe (oxyhydr)oxides in alkaline environments might result in As(III) and As(V) mobility
in the soil solution, which, in turn, increases As accumulation in rice [60]. Additionally, the
TFe2O3, Mn, and Al2O3 contents in the paddy soil were 6.62%, 523.30 mg/kg, and 14.57%,
respectively, which were higher than the background values of Guangxi and the rest of the
country; however, the SiO2 content (57.82%) exhibited the opposite trend. This indicates
the desilicification–allitization of paddy soils in karst areas. The soil organic carbon content
ranged from 1.16% to 6.30%, with a mean value of 2.80%, regulating the solubility of As in
the soil and thus affecting the bioavailability of As in rice [61,62].

3.2. Accumulation of As in Rice Grains

The land quality directly affects the quality and safety of crops, which, in turn, affect
the health of those who rely on them. The As concentration in the rice grains ranged
from 0.03 to 0.25 mg/kg, with a mean value of 0.11 mg/kg (Table 5), which was lower
than that reported in many regions/countries (Table 4). Meharg et al. [58,63] reported that
the average As content in rice was 0.14 mg/kg in China, and 81.64% of the rice samples
containing As in our study area had As contents lower than this value. The BCFAs of the
rice was 0.0084, which was considerably below that of other heavy metals, such as Cd, Zn,
and Cu [11]. In summary, the As content in the rice grains remained low in the karst area.

Table 5. Arsenic concentration and BCFAs in rice grains (N = 305).

Statistics Total As (mg/kg) BCFAs Inorganic As (mg/kg)

Min 0.03 0.0004 0.08
Max 0.25 0.0530 0.20

Median 0.10 0.0058 \
Mean 0.11 0.0084 \
REF a \ \ 0.62 b

a REF (%) means the rate of exceeding the national food safety standard (GB2762-2017) [64]. b Seven rice grain
samples with a total As concentration greater than 0.2 mg/kg were selected for the determination of inorganic As
concentration, and the results show that the samples of inorganic As concentrations exceeded the standard.

Extensive studies on As speciation have demonstrated the coexistence of inorganic and
organic As in rice [65,66]. Considering the greater levels of toxicity and carcinogenicity of
inorganic As [67–69], the Ministry of Health of China states that the maximum permissible
content of inorganic As is 0.2 mg/kg (GB2762-2017) [64]. Remarkably, just 0.62% of the rice
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samples had inorganic As contents above the recommended level, a far lower percentage
than the 4.0% in Guangxi’s non-karst region [49]; however, the proportions of soil samples
that exceeded the As risk screening values and risk intervention values were 31.46% and
1.31%, respectively (GB 15618-2018) (Figure 3) [16]. The As concentrations of most of the
rice grains in the paddy soil with an above-standard As content were within the safety
range. A high As content but low bioavailability in rice soils in the Guangxi karst region
resulted in a low As accumulation in rice. If the existing standards are strictly enforced,
the use of paddy soils with an As content exceeding the standards will be restricted in
agricultural production, and this is wrong and unscientific. Therefore, it is imperative to
explore the causes of the low bioavailability of soil As and provide scientific support for
the management of agricultural soil quality.
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3.3. Arsenic Bioavailability in Paddy Soils Determined Using the Sequential Extraction Procedure

The bioavailability and mobility of As are closely related to its geochemical speciation,
which is indicated by the extractable fraction [70,71]. Each As fraction is diverse in mobility
and bioavailability [72]. In this study, the first two fractions (F1 and F2) were mobile and
unstable and thus considered the bioavailable fractions for rice [70,73].

As shown in Table 6, As in the paddy soil existed mostly as the residual fraction (F7) in
the karst area, accounting for 76.96%. F7 is considered stable in mineral crystal lattices and
is unavailable for plants [73]. The proportions of other fractions (F3, F4, F5, and F6) were
F4 (11.73%) > F5 (8.07%) > F6 (1.19%) > F3 (0.97%) > F1 (0.56%) > F2 (0.51%). The water-
soluble and exchangeable fractions of As were the least abundant of the seven fractions.
By comparing the bioavailable fractions of As with those of another enriched heavy metal,
cadmium, in karst areas, it was found that the proportion of bioavailable fractions of As
was lower than that of cadmium [38]. Furthermore, dendrograms were drawn using a
hierarchical cluster analysis to determine the similarities between the different As fractions
and rice grains (Figure 4). F1 and F2 were amalgamated as one fraction (F1, F2), owing to
their low concentrations. The results indicate a statistical similarity between F1, F2 and the
As content in the rice grains. Conversely, no significant similarity was observed between
the As content in the rice grains and other fractions, including the total soil As. This implies
that the bioavailable fraction (F1, F2) of As in paddy soils is readily absorbed by rice, while
massive residual As in paddy soils is hardly absorbed by rice, which causes a low As
content in rice grains and a high As content in paddy soils in karst areas.
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Table 6. The proportion of As in each fraction by the sequential extraction procedure (N = 305).

Fraction
Proportion (%) a

Min Max Median Mean

Water-soluble (F1) 0.02 7.80 0.38 0.56
Exchangeable (F2) 0.01 3.34 0.37 0.51

Bound to carbonates (F3) 0.03 5.76 0.75 0.97
Weakly bound to organic matter (F4) 0.48 45.03 10.21 11.73

Fe/Mn oxide-bound (F5) 1.11 22.49 7.35 8.07
Strongly bound to organic matter (F6) 0.03 7.10 0.79 1.19

Residual (F7) 37.06 94.56 78.74 76.96
a Proportion (%): Proportion of each fraction to the sum of the seven fractions.
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3.4. Genesis of Low As Bioavailability in Paddy Soils in Karst Areas

The computed Pearson’s correlation values among the soil properties, residual As (F7),
and the total soil As are shown in Table 7. Both the total soil As and F7 showed positive
correlations with TFe2O3, Mn, and Al2O3, and they showed negative correlations with
SiO2. Notably, previous research employing field-emission scanning electron microscopy
reported that the basic elements in Fe–Mn nodules were Fe, Mn, Al, and Si [28,35].

Table 7. Pearson’s correlation coefficients between the soil properties and residual As (F7) (N = 305).

TFe2O3 Mn Al2O3 SiO2 CaO SOC

Total As 0.664 ** 0.579 ** 0.449 ** −0.393 ** −0.003 0.051

F7 0.712 ** 0.605 ** 0.464 ** −0.424 ** 0.032 0.067
** at 99% confidence level (p < 0.01).

Guangxi encompasses the largest and most distinctive karst landform worldwide [74].
Temperature and rainfall intensify the pedogenesis of carbonate rocks, which includes two
stages: leaching accumulation and weathering [27]. The bulk of alkali metals and alkaline
earth metals, such as Ca, Mg, and K, leaches from carbonate rocks, whereas Fe, Mn, and
Al are retained in and form into (oxyhydr)oxides and minerals, which strongly adsorb
As and trace metals, resulting in their comparative enrichment [6,34,71]. These hydrous
oxides and some clay minerals gradually dissolve and are repeatedly deposited with
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alternating oxidation and reduction, ultimately forming Fe–Mn nodules [75,76]. During
later pedogenesis, Fe–Mn nodules are progressively exposed to the ground, along with
the strengthening of weathering [38]. The research findings indicate that Fe–Mn nodules
accounted for 26.21% of the total amount of soil, and those with diameters lower than
2 mm accounted for 14.18% of the total soil mass in karst areas in Guangxi [28]. As detailed
in Table 8, the mean As contents in the Fe–Mn nodules with different diameters were
151.33 mg/kg (0.3–0.5 mm), 188.50 mg/kg (0.5–1 mm), and 201.50 mg/kg (1–2 mm) in the
study area, which shows that the As content in Fe–Mn nodules increases rapidly with the
particle size. Furthermore, we calculated the contribution of the As, TFe2O3, Mn, Al2O3,
and SiO2 contents in the Fe–Mn nodules (0.3 mm ≤ diameter ≤ 2 mm) to the host soil, and
the results are depicted in Figure 5. The average contribution of As reached 64.45%, with
the highest contribution being 82.48%. Additionally, the average contributions of TFe2O3,
Mn, Al2O3, and SiO2 were 44.38%, 40.17%, 21.57%, and 7.77%, respectively. These results
indicate that, as a part of the soil, Fe–Mn nodules play a significant role in the enrichment
of As in karst areas.

Table 8. The contents of As, TFe2O3, Mn, Al2O3, and SiO2 in the three groups of the Fe–Mn nodules
(N = 6).

Groups Diameter (mm) Statistics As (mg/kg) TFe2O3 (%) Mn (mg/kg) Al2O3 (%) SiO2 (%)

A 0.3–0.5

Min 128.00 25.78 764.00 18.48 14.14
Max 187.00 30.01 11,640.00 22.04 27.92
Mid 143.50 26.69 3830.00 20.47 22.00

Mean 151.33 27.10 5108.00 20.35 21.04

B 0.5–1

Min 158.00 27.67 832.00 18.34 11.55
Max 253.00 32.55 15,451.00 20.28 20.01
Mid 175.50 30.03 3296.50 19.23 15.86

Mean 188.50 30.09 5458.67 19.37 15.81

C 1–2

Min 153.00 27.96 803.00 17.62 10.63
Max 288.00 32.33 26,331.00 20.51 20.88
Mid 196.00 31.27 5194.00 19.35 14.77

Mean 201.50 30.54 9512.00 19.20 15.24

The XRD analysis showed that the Fe–Mn nodules primarily consisted of quartz,
goethite, hematite, lithiophorite, birnessite, and phyllosilicates (kaolinite, illite, and
clinochlore) (Figure 6). Previous studies have demonstrated that Mn oxide minerals play a
primary role in oxidizing As(III) to As(V), which is typically accompanied by the reduction
of Mn(IV) to Mn(III) and Mn(II) [77,78]. It was found that the released Mn(II) was easily
re-adsorbed at the vacancy sites of Mn oxides until they were completely occupied, which
led to the surface passivation of Mn oxides, thereby reducing As adsorption [79]. Iron
oxide minerals are recognized as effective adsorbents of As, exhibiting a notably stronger
adsorption capacity for As than Mn oxide minerals under isothermal conditions [80]. The
X-ray absorption spectroscopy results of the partial environment of As in goethite show
that, in addition to the usual bidentate binuclear complex, there is a bidentate mononuclear
complex in the absorption, which suggests that As is adsorbed onto the surface of the parti-
cles or blocked in the voids and pores [81]. Giménez et al. [82] observed a stronger As(III)
adsorption on hematite than on goethite over a broad pH range from 0 to 14. Furthermore,
a similar adsorption of As was observed in clay minerals. Lin and Puls [83] investigated
six clay minerals, demonstrating that As adsorbed onto clay surfaces can likely infiltrate
into the inner pores of clay aggregates, and the dehydration of As residing on clay surfaces
could enhance the adherence of As to clays.
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represent the d-values in Å.

To further understand the bioavailability of As in Fe–Mn nodules, the bioavailable As
(F1,2) was extracted via the first two steps of SEP. As anticipated, the bioavailable As in the
Fe–Mn nodules of three different diameters was negligible, and the extractability was lower
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than 0.01%. This suggests that, in karst areas, generous As, tightly adsorbed into Fe–Mn
nodules, is barely bioavailable, making it difficult for rice to assimilate it, which may be the
ultimate cause of the high content but low bioavailability of As in the paddy soil.

3.5. Stability of Fe–Mn Nodules in the Soil

Selective extraction methods can facilitate the analysis of As distribution within the
distinct phases of Fe–Mn nodules. As depicted in Figure 7, HNO3 dissolved a minor
fraction of As (0.78%), Fe (2.35%), Mn (3.63%), and Al (4.16%). NH2OH-HCl, H2O2-HNO3,
and CBD exhibited a strong affinity for Mn, extracting Mn within the range of 64.22–87.01%.
However, the extractable As did not show a substantial increase when Mn was significantly
dissolved in NH2OH-HCl. The order of extractability for As and Fe remained consistent:
CBD > H2O2-HNO3 > NH2OH-HCl. Notably, the dissolution of Fe (21.69–67.05%) resulted
in a marked increase in As extractability (22.62–51.40%) during CBD extraction. These
findings indicate that As within Fe–Mn nodules is predominantly sequestered within Fe-
(oxyhydr)oxides, such as goethite and hematite, which exhibit recalcitrance and remain
undissolved. Arsenic associated with amorphous iron oxides can undergo dissolution
through acid-enhanced, reductive, and chelant-enhanced mechanisms [43,44], while As
bound to crystalline iron oxides can only be dissolved via reductive processes [84]. CBD,
functioning as a potent reducing agent, triggers the reductive dissolution of crystalline iron
oxides [44]. In essence, under strongly reducing conditions in the soil (i.e., hypoxia), the
reductive dissolution of Fe-(oxyhydr)oxides within Fe–Mn nodules can release As into the
soil solution, potentially enhancing the uptake of As by rice [85,86].
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The findings of the pH-dependent leaching assessments are depicted in Figure 8.
Across a pH range from 2 to 11, the overall leaching of As remained notably low. At pH 2,
the leached concentration of As was 0.05 mg/kg, constituting a mere 0.02% of the total
concentrations within the Fe–Mn nodules. Similarly, at pH 11, the leached As concentration
was 0.03 mg/kg, accounting for 0.01%. The dissolved As concentrations at other pH
levels (3–10) were all less than 0.01% of the total concentrations in the Fe–Mn nodules,
rendering them nearly negligible. Moreover, the trend of As variation mirrored that of
Fe, underscoring the close association between As and Fe within the Fe–Mn nodules. In
essence, the results suggest that Fe–Mn nodules exhibit a robust stability in storing As,
with extremely acidic or alkaline conditions promoting the potential release of As from the
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nodules due to the desorption or dissolution of the Fe-(oxyhydr)oxides. The pH range of
the karstic paddy soil (4.97–8.38) provides favorable conditions for the preservation of As
within the Fe–Mn nodules.
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Figure 8. The pH-dependent leaching of As, Fe, Mn, and Al from Fe–Mn nodules. The blue area is
the portion with a pH of 4.97–8.38.

4. Conclusions

The paddy soil in karst areas exhibited a higher geochemical background of As, with
the concentration significantly surpassing that found in non-karst regions. However, the
As concentration in the rice grains within the karst area remained low, with only 0.62% of
the rice samples exceeding the permissible value for inorganic As (0.2 mg/kg). The SEP
results show that As in the karstic paddy soil is present mostly in the residual fraction,
and the water-soluble and exchangeable fractions of As, readily absorbed by rice, are
extremely rare. The high As content but low bioavailability of As in the karstic paddy
soil can be primarily attributed to the abundant Fe–Mn nodules, which adsorbed and
immobilized a significant portion of As, contributing to 64.45% of the As content in the host
soil. The bioavailable fraction of As was found to be less than 0.01% of the total As in the
Fe–Mn nodules. Selective extractions revealed that As was primarily sequestered within
Fe-(oxyhydr)oxides, which could release As into the soil under certain reduction conditions
through the reductive dissolution of Fe-(oxyhydr)oxides. pH-dependent leaching tests
showed that only under extremely acidic (pH = 2) and alkaline (pH = 11) conditions was
there a trend of As leaching from the Fe–Mn nodules. In the natural pH range of the karstic
paddy soil (pH 4.97–8.38), As remained steadily adhered to the Fe–Mn nodules. Therefore,
agricultural soil quality management in karst areas should not only be based on the total
As content in the soil but should also consider the bioavailability of As, thereby tailoring
adaptations to fully utilize arable land.
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