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ABSTRACT 

Arsenic contamination is a great concern for many countries in the world due 

to its toxic effects and natural occurrence. Arsenic tends to accumulate to higher 

concentration in rice than in other cereals. Extensive research has been conducted to 

find ways to lower As in rice plants, and studies have found addition of Si into paddy 

soil increases plant Si and decreases the uptake of As. However, there are numerous 

methods to estimate plant-available Si and some have limitations when Si has been 

applied to soil. In addition, very few studies have examined the impact of Si addition 

on soil As pools. Because As is associated with poorly-crystalline Fe oxides, which 

are stabilized with increasing Si, it was hypothesized that Si addition would impact 

soil As pools by increasing the proportion of As associated with poorly-crystalline Fe 

oxides. This work describes research on 1) five Si extraction methods (1-h CaCl2, 4-h 

CaCl2, 16-h CaCl2, 1-h CH3COOH and 24-h PO4) and relation of soil-extractable Si to 

plant Si in rice straw and husk, and 2) pools of As, Fe and Mn from soil that was 

amended with different Si treatments. Samples were collected from a 3-year field 

study in which rice was grown in soil either under a range of soil redox (by 

manipulating flooding extent) or receiving different Si treatments (nonamended 

(Control), charred rice husk (Char), rice husk (Husk) or calcium silicate/silicic acid 

(Silicate)) under reducing conditions (i.e. continuously flooded). Results show that 1) 

rice straw better correlated with soil Si than rice husk regardless of soil-extraction 

method; 2) 16-h CaCl2 extraction had the highest correlation (R2=0.67) with straw Si 

followed by PO4 (R
2=0.50), CH3COOH (R2=0.26) and 1-h CaCl2 (R

2=0.13); 3) both 
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CH3COOH and to a less extent PO4 extraction overestimated Si from silicate-amended 

soil while the 1-h CaCl2 extraction correlated poorly with the16-h CaCl2 method 

(R2=0.37); 4) 4-h CaCl2 extraction method correlated very well with the 16-h CaCl2 

(R2=0.82) method and straw Si (R2=0.58); 5) Si addition had no significant effect on 

plant-available pools or As pool associated with poorly-crystalline Fe oxides (p>0.05); 

6) time played an important role in As, Fe and Mn pools; 7) a significant positive 

correlation between organic matter and poorly-crystalline Fe oxides (R2=0.22, 

p=0.004); 8) a significant negative relationship between poorly-crystalline Mn oxides 

and the plant-available pool (R2=0.15, p=0.02). Data suggest that the 4-h CaCl2 

extraction method is robust to assess plant-available Si in rice paddy soil regardless of 

agronomic conditions. Moreover, Si addition does not impact the soil As pool 

associated with poorly-crystalline Fe oxides in rice paddy soil. Thus, the previously 

described impact of Si addition increasing ferrihydrite on Fe plaque minerals seems to 

be localized to the rhizosphere.  
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Chapter 1 

A QUANTITATIVE ASSESSMENT OF ROBUST PLANT-AVAILABLE 

SILICON EXTRACTION METHODS IN RICE PADDY SOIL 

1.1 Introduction  

Although not considered essential for higher plants, Si is beneficial for many 

grasses such as rice and sugarcane (Savant et al., 1999; Savant et al., 1996). Replete Si 

can improve plant growth and yield (Gottardi et al., 2012; Teasley et al., 2017), 

improve water and nutrient use efficiency (Manivannan and Ahn, 2017; Soundararajan 

et al., 2014), and improve resistance to a range of biotic (pathogens and insect pests) 

and abiotic (drought, salinity, and metal(loid) toxicities) stresses (Liang et al., 2007; 

Ma and Yamaji, 2006; Meena et al., 2014). However, many soils used to grow rice 

and sugarcane are highly weathered and therefore Si-depleted (Savant et al., 1997).  

Even though soil contain ca. 30% SiO2, soil weathering promotes desilication whereby 

soluble silicic acid is leached from soil as primary minerals weather to secondary 

minerals. In natural ecosystems, phytogenic pools are important sources of Si for 

plants (Derry et al., 2005; Frings et al., 2014) because Si in plant phytoliths is more 

soluble than the structural Si within soil (Savant et al., 1997) minerals.  

Addition of Si to soil has proven an effective way to increase plant Si and 

decrease uptake of excess metal(loid)s in rice. Increasing Si decreases Cd uptake due 

to interactions of Cd and Si in the cell wall (Liu et al., 2013), Al uptake due to Al-Si 

complexing in soil solution (Ma et al., 1997) and formation of 

hydroxyaluminosilicates within cell wall (Cocker et al., 1998), and As uptake because 
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Si and arsenite (the major form of arsenic in rice paddies) share the same uptake 

pathway into rice plants (Ma et al., 2008). Si is also effective at decreasing the uptake 

and yield loss induced by DMA (Limmer et al., 2018b). In Japan, Si has been applied 

to paddy soil since 1995 and has increased rice grain yields (Takahashi et al., 1990). 

Seyfferth et al. (2018) emphasized that the source of Si matters from both a practical 

and chemical point of view. For example, addition of Si-rich rice residues to As-

contaminated soil improves yield and decreases inorganic As in rice grain, but calcium 

silicate fertilizer had no effect and this was attributed to differences in the solubility of 

each Si source over the duration of plant growth. A variety of Si sources with different 

solubilities have been added to soil including silicate fertilizer (Limmer et al., 2018a; 

Pereira et al., 2004), silica gel (Fleck et al., 2013; Seyfferth and Fendorf, 2012) and 

rice crop residues (Limmer et al., 2018a; Ma et al., 2014; Seyfferth et al., 2016; 

Teasley et al., 2017). As plant-available Si becomes increasing important for rice 

production, it is critical that estimations of Si plant-availability are robust, independent 

of Si amendment and other agronomic factors. 

Various methods have been used to measure plant-available silicon in soil 

(Korndörfer et al., 2001; Savant et al., 1999; Snyder, 2001); for a detailed review see 

Sauer et al. (2006). Most commonly, calcium chloride or acetic acid extractions have 

been used to estimate plant-available Si (Haysom and Chapman, 1975; Miles et al., 

2014). Korndörfer et al. (1999) found that 0.5M acetic acid was the best extractant for 

determining plant-available Si in upland rice soil of Minas Gerais, Brazil. However, 

Nonaka and Takahashi (1988) found that acetate extraction was too strong for soil 

previously fertilized with calcium silicate, because acetate extraction removed more Si 

from the fertilizer than would normally be found in the soil. Another study compared 
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0.01M calcium chloride, 0.5M ammonium acetate, and 0.005 M sulfuric acid and 

found that Si extracted by calcium chloride showed the greatest correlation to 

sugarcane yield in Australia (Haysom and Chapman, 1975). Despite the various 

methods used worldwide, very few have successfully quantified plant-available Si in 

soil after Si amendments have been applied.  

The aim of this study was to quantitatively assess methods used to predict 

plant-available Si in rice paddy soil and their performance under different Si-rich soil 

amendments or flooding conditions. We compared four different extraction procedures 

and related extractable Si to plant levels of Si rich rice plant parts (straw and husk) 

over a 3-year study. 

1.2 Materials and Methods 

Rice was grown at The University of Delaware’s Rice Investigation, 

Communication, and Education (RICE) Facility over 3 years (2015 to 2017) under 

different Si amendments compared to nonamended controls in 2x2 m mesocosms 

where each treatment is conducted in triplicate in the same soil type. The soil is 

classified as an Ultisol/Acrisol and has a silty clay loam texture, pH of 7.8 and 1.33% 

organic matter (Limmer et al., 2018a). In 2015, 12 paddies were established with four 

treatments: control, rice husk, charred rice husk, and calcium silicate/silicic acid. Rice 

husk, charred rice husk, and calcium silicate/silicic acid were applied at the start of the 

growing season in May 2015 at a rate of 5Mg Si/ha before rice had been planted 

(Limmer et al., 2018a), and no additional Si amendments have been applied since. All 

paddies were flooded during the growing season and drained 1-2 weeks before 

harvest. In 2016 six additional paddies were added that exhibited a range of water 

management from flooded to non-flooded conditions during rice growth and these 
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additional 6 paddies did not receive Si amendments. Each year, we germinated rice 

seeds (Oryza sativa L. cv. Jefferson) were germinated in a greenhouse, transplanted 

50-70 plants per paddy at the 3-4 leaf stage in late May, and harvested straw, husk, 

and grain in early September (Limmer et al., 2018a). 

The details for plant collection can be found in Limmer et al. (2018a). Briefly, 

plants were harvested ~100 days after transplanting, and were separated into ripe 

panicles, unripe panicles, ripe flag leaves and straw. Panicles were dried at room 

temperature for one week and grain were separated from the panicle. Rice husk was 

then separated from grain using a laboratory dehusker. Straw was dried at 50 °C for 7 

days. Husk and straw were finely ground for later chemical analyses (Limmer et al., 

2018a). Five soil samples were collected from each paddy at harvest from the 0-10 cm 

depth in a dual diagonal pattern across the paddy and then composited it into one 

sample per paddy per sampling time point in 2015, 2016 and 2017. All soil was air-

dried and ground to pass through a 2-mm sieve for chemical analyses. We collected 

porewater weekly from six additional paddies that were established in 2016 using 

rhizons about 15cm deep, and measured the redox in field with calibrated redox probe. 

We then averaged the redox from each of six paddies over two years as a measure of 

the redox gradient experienced by the six paddies. 

Four Si extraction methods were tested to assess plant-available Si: 0.5 M 

acetic acid (1:10 w:v, 1-h, “CH3COOH” hereafter) (Snyder, 2001), 0.01 M calcium 

chloride (1:10 w:v, 1-h, “1-h CaCl2” hereafter and 1:20 w:v, 16-h, “16-h CaCl2” 

hereafter) (Haysom and Chapman, 1975; Snyder, 2001), and 0.04 M phosphate buffer 

at pH 6.2 (1:10 w:v, 24-hr, “PO4” hereafter) (Sauer et al., 2006). After shaking for the 

aforementioned times at 120 rpm, samples were centrifuged at 1000 rpm for 10min 
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and the supernatants were poured into 50mL conical centrifuge tubes and used for Si 

analysis. Si concentration in extraction solutions was determined by a modified 

molybdenum blue colorimetric method using UV-VIS spectrophotometer (Evolution 

60S) at 630nm (Kraska and Breitenbeck, 2010). Concentrated acetic acid was used 

rather than 20% acetic acid to decrease sample dilution thus increasing sensitivity. 

Detailed procedures for the Si extraction in rice plants can be found in 

Seyfferth et al. (2016). Briefly, 200mg of ground husk or straw harvested in 2015, 

2016, and 2017 were microwave digested separately with 7ml of trace metal grade 

HNO3 in Teflon vessels. Digested, diluted solutions were then separated into the acid 

fraction, which was analyzed for Si using ICP-OES, and undigested silica gel. After 

decanting the acid, the remaining silica-rich gel was washed with 50mL of DDI water, 

centrifuged and decanted three times. Silica gel was dissolved in 15mL of 2M NaOH 

and the concentration of Si in the base digestion was analyzed colorimetrically after 

complexation with molybdenum blue using a UV-VIS spectrophotometer (Evolution 

60S) at 630nm (Kraska and Breitenbeck, 2010). The concentration of Si in the base 

digestion was added to the concentration in the acid digestion for total Si in straw and 

husk. 

To test the effect of Si treatments on the amount of Si in paddy soil extracted 

by different extraction methods, we performed repeated measures ANOVA because 

samples were taken from the same paddies in different years. If significant differences 

(p<0.05) were identified, a Tukey post hoc test was used to distinguish differences 

among groups. A multiple regression was performed to compare the correlation 

between Si in soil extractions and Si in husk or straw. The multiple regression model 

used the equation Y=b+a1X1 + a2X2 + a3X2
2, where Y is the plant Si, X1 is the soil Si 
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extracted by each method, X2 is the sampling year and lowercase letters are fitted 

coefficients. Sampling year is the year samples were collected, with 2015 set as 0, 

2016 as 1 and 2017 as 2. In many cases, the response was not linear with time thus a 

quadratic time term was added to the model. Type II, partial R2 values were used to 

assess the amount of variance explained by each term. All statistical analyses were 

performed with SAS 9.4 using PROC MIXED, PROC REG, or PROC UNIVARIATE 

(The SAS Institute). 

1.3 Results  

Extraction method, Si treatments (F=22.46 to 104.88, p<0.0001) and sampling 

year (F=3.38 to 24.69, p=<0.0001 to 0.05) affected the amount of extractable Si from 

flooded paddy soil (Figure 1.1A),   

 

Figure 1.1: A) Average (n=9, ±SD) extractable Si from flooded paddy soil (post-

harvest) that was nonamended (Control) or amended with charred rice 

husk (Char), rice husk (Husk) or calcium silicate/silicic acid (Silicate) in 

2015, 2016 and 2017 with four extraction methods. Different letters 

denote significant differences (p<0.05) between groups. B) Average 

(n=2, ±SD) extractable Si from non-Si amended paddies under a range of 

redox in 2016 and 2017 (post-harvest) with four extraction methods.   
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but no obvious trend was found in the amount of extractable Si from non-flooded 

paddy soil that varied in redox (Figure 1.1B). Regardless of Si treatment, the amount 

of Si extracted from flooded paddy soil increased in the order 1-h CaCl2 < 16-h CaCl2 

< 1-h CH3COOH < 24-h PO4. There was less extractable Si in nonamended Control 

soil than Si amended soil and this effect was significant for 1-h CaCl2 (p=0.002 to 

0.04), 16-h CaCl2 (p= 0.0008 to 0.002), PO4 (p= <0.0001 to 0.0008), and CH3COOH 

(p= <0.0001 to 0.01) extractions. There was no significant difference in amounts of Si 

among Si-amended soil when extracted by calcium chloride at either duration (p= 0.52 

to 0.99), but CH3COOH (p= 0.003 and p=0.0006) and PO4 (p= 0.02 and p= 0.004) 

extracted significantly more Si from silicate-amended soil than from char and husk-

amended soil. Amounts of extractable Si from flooded paddy soil tended to be highest 

in 2016, and lowest in 2015.  

Regardless of extraction method, Si concentration in straw was more robustly 

correlated with plant-available Si than Si in husk (Figure 1.2).  
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Figure 1.2: Relationship between soil extractable Si and Si concentration in rice husk 

(A, B, C, D) or rice straw (E, F, G, H). ◊ are samples from 2015. ○ are 

samples from 2016. ∆ are samples from 2017. ---- is the predicted plant 

Si concentration in 2015. ___ is predicted plant Si concentration in 2016. 

=== is predicted plant Si concentration in 2017.    

The correlation between extractable soil Si and plant Si was highest for straw (R2= 

0.36 to 0.60) and lowest for husk (R2= 0.08 to 0.20) (Table 1.1).  

Table 1.1: Regression model statistics between soil extractable Si and Si 

concentrations in rice husk and rice straw. 

 
Si in soil vs Si in 

husk 

Si in soil vs Si in 

straw 

Model Terms p-value  Partial R2 p-value Partial R2 

1-h CaCl2 

extraction 

0.005 0.03 <.0001 0.13 

Sampling Year <.0001 0.26 0.009 0.71 

Sampling Year2 <.0001 0.65 0.76 0.002      

16-h CaCl2 

extraction 

0.0022 0.20 <.0001 0.67 
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Table1.1 continued 

Sampling Year <.0001 0.08 0.58 0.29 

Sampling Year2 <.0001 0.67 0.43 0.01      

CH3COOH 

extraction 

0.02 0.08 <0.0001 0.24 

Sampling Year <.0001 0.19 0.13 0.52 

Sampling Year2 <.0001 0.64 0.67 0.004      

PO4 extraction 0.006 0.10 <.0001 0.50 

Sampling Year <0.0001 0.13 0.91 0.39 

Sampling Year2 <0.0001 0.67 0.13 0.05 

 

 

Si in husk also varied significantly and nonlinearly across years (Year: R2 = 0.08 to 

0.26, p<0.0001; Year2: R2 = 0.64 to 0.67, p<0.0001) and therefore had a wider range 

of values (Figure 1.2 A-D) than Si in straw (Figure 1.2 E-F). In contrast for straw, 

sampling year was only significant for 1-h CaCl2 (p=0.009) (Table 1.1), and none of 

the extraction was affected by sampling year2 (p= 0.12 to 0.76).  

Among the four extraction methods tested, 16-h CaCl2 was the best indicator 

of plant-available Si. The highest correlation was found between 16-h CaCl2 

extractable Si and husk Si (R2=0.20, p<0.01) or straw Si (R2=0.60, p<0.0001). The 

next highest correlation was found between PO4 extractable Si and husk Si (R2=0.10, 

p=0.03) or straw Si (R2=0.54, p<0.0001). While neither of these extractions were 

affected by time (for straw Si), PO4 extraction appeared to overestimate plant–

available Si for Silicate-amended soil as observed with CH3COOH (Figure 1.1). 

Among the other three extraction methods used, PO4 extractable Si strongly 

and significantly correlated with 16-h CaCl2 extractable Si (R2=0.77, p<0.0001, Figure 

1.3A).  
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Figure 1.3: Relationship between the robust 16-h CaCl2 extraction method with other 

methods used in this study. ◊ are samples from 2015. ○ are samples from 

2016. ∆ are samples from 2017.  

However, the overestimation of silicate-treated soil is apparent with PO4 extraction. 

Acetic acid extraction also overestimated plant-available Si for soil treated with 

Silicate but to a greater extent than for PO4 extraction, and had a lower but significant 

correlation coefficient (R2=0.53, p<0.0001 Figure 1.3B). Acetic acid extraction only 

agreed well with the 16-h CaCl2 method for non-Si treated soil (Figure 1.3B). 

Extraction with the 1-h CaCl2 method was weakly but significantly correlated with 16-

h CaCl2 (R
2=0.37, p<0.0001 Figure 1.3C).    
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1.4 Discussion  

Straw is more stable over time than husk to correlate with plant-available Si in 

soil regardless of extraction methods as indicated by higher R2 and smaller variations 

across years. We expected to observe higher Si in rice plants from 2015 because that 

was the year when Si amendments were added. After 2015, without any Si 

replenishment along with the removal of aboveground plant parts, there should be less 

plant-available Si for rice to uptake. However, plant Si in 2015 should not be 

significantly than other years because as Si was taken up, more Si would be released 

from Si pools. Plant parts responded differently to this phenomenon as there were 

large variations in husk Si across years compared with the small variation in straw Si. 

We think the difference could be due to two reasons. First, straw accumulate Si over 

the entire growth period, whereas husk accumulate Si only during the reproduction 

period. There might be less change in the amount of Si in straw compared with those 

in husk thus better represent how much was taken up by plants. Second, the fact that 

extractable Si in flooded soil was highest in 2016 regardless of extraction methods 

indicated there was a delay of Si releasement from added amendments. This might 

explain why husk Si was measured highest in 2016.  

Despite numerous studies on developing Si extraction methods (Haysom and 

Chapman, 1975; Korndörfer et al., 1999; Snyder, 2001), little is known how well they 

correlate to each other and how well they predict plant Si levels under a variety of 

agronomic conditions. Our results show that 16-h CaCl2 extraction is the best predictor 

of plant-available Si compared to other commonly used methods. 1-h CaCl2 extracted 

little Si and was weakly correlated with plant Si whether using husk or straw. 

CH3COOH and PO4 over-extracted Si when soil is amended with silicate, and the 

amount of Si extracted by 1-h CaCl2 and CH3COOH varied with time since Si 
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application. Of the methods tested, only 16-h CaCl2 was robust regardless of 

agronomic conditions or time since Si application. Each tested extraction method 

targets different Si pools, and this helps to explain the differences observed with 

extraction method. Extraction with CaCl2 targets the easily soluble Si (Berthelsen et 

al., 2001), CH3COOH extracts both soluble Si and exchangeable Si from soil (Sauer et 

al., 2006), and PO4 displaces adsorbed Si (Snyder 2001). Consistent with Nonaka and 

Takahashi (1988), we observed that CH3COOH over-extracted Si from Silicate 

amended soil likely because CH3COOH aggressively removed too much Si from 

silicate fertilizer that would normally not be taken up by plants. In addition, we 

observed higher soil pH (silicate pH 6.8; control pH 6.1; char pH 5.8; husk pH 5.6) 

due to Silicate amendment in 2016 that coincided with the over-extraction of Si from 

Silicate (Figure 1.2G). Increased soil pH due to Silicate could have promoted 

polarization of Si and the formation of alumino-silicate compounds, thus limiting the 

solubility and availability of these Si for plants (Snyder, 2001). Camargo et al. (2007) 

reported a positive relationship between CH3COOH extractable Si and soil pH. 

Therefore, CH3COOH extraction is not robust against different agronomic conditions. 

While we observed that PO4 extraction also over-estimated plant-available Si in 

Silicate amended soil, it was a better predictor than CH3COOH (Table 1.1). Kato 

(2000) did not observe that PO4 over-extracted Si from Silicate amended soil, and 

Snyder (2001) assumed PO4 exchanged with adsorbed silicic acid rather than 

dissolved residual calcium silicate fertilizer. The overestimation of plant-available Si 

with PO4 in our study is negligible when compared with the correlation between 16-h 

CaCl2 extractable Si and straw Si, as they agreed well with the exception silicate 
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treatment (partial R2=0.50 for PO4, Figure 1.2 H; partial R2=0.67 for 16-h CaCl2, 

Figure 1.2 F).  

Despite both used 0.01M CaCl2 as extractants, 1-h shaking method correlated 

poorly with 16-h shaking method. While 1-h shaking is better for lab use, it is inferior 

to the 16-h shaking in terms of the correlation between Si in soil and Si in plants. In an 

South Africa study, Miles et al. (2014) also used 0.01M CaCl2 to extract soil Si, and 

compared 30-min shaking with 16-h shaking, and he found the latter performed better. 

One disadvantage of 16-h CaCl2 extraction is the requirement for overnight shaking. 

For this reason, 4-h CaCl2 (1:20 w:v) was tested for evaluation here, because it 

required less shaking time thus server a quicker method for laboratory use. We found 

4-h CaCl2 extraction correlated significantly with 16-h CaCl2 extraction (R2=0.82, 

p<0.0001) (Figure 1.4C),  
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Figure 1.4: Relationship between 4-h CaCl2 extractable soil Si and Si concentration 

in rice husk (A) or rice straw (B), and the relationship between the robust 

16-h CaCl2 extraction and 4-h CaCl2 extraction (C).  ◊ are samples from 

2015. ○ are samples from 2016. ∆ are samples from 2017. ---- is the 

predicted plant Si concentration in 2015. ___ is predicted plant Si 

concentration in 2016. === is predicted plant Si concentration in 2017 

with slightly higher R2 than the correlation between PO4 extraction and 16-h CaCl2 

extraction (R2=0.77, p<0.0001). For the 4-h CaCl2 extraction, sampling year 

(p<0.0001) and sampling year2 (p<0.0001) were significant for husk, but not for straw 

(p=0.15 for sampling year and p=0.89 for sampling year2), which is consistent with 

our finding that straw is a better indicator to correlate with plant-available Si in soil. 

The correlation between 4-h CaCl2 extractable soil Si and plant Si (R2=0.21, p=0.003 
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for husk; R2=0.58, p<0.0001 for straw) (Figure 1.4 A, B) is very close to the 16-h 

CaCl2 extraction method (R2=0.20, p=0.0022 for husk; R2=67, p<0.0001 for straw), 

yet markedly superior than the 1-h CaCl2 extraction method (R2=0.03, p=0.005 for 

husk; R2=0.13, p<0.001 for straw). Thus, assessing plant-available Si is a function of 

both extractant and extraction time. When extracting Si, silicates in the soil, 

particularly clay minerals are attacked both chemically and physically (Sauer et al., 

2006). As weak salt solution was not designed to extract exchangeable Si from soil, 

particularly the exchangeable Si not be taken up by rice plants, a short shaking time 

could not physically remove all the most readily available Si. 4-h CaCl2 have both 

characterizes of enough shaking time and weak salt solution thus successfully 

quantified plant-available Si in paddy soil. No literature has reported using 4-h CaCl2 

as extraction method to determine plant-available Si in rice paddy soil so far. We 

suggest there is a great potential of using 4-h CaCl2 over 16-h CaCl2, which takes 

longer shaking time but generate the same results with 4-h CaCl2.  

1.5 Conclusion  

We tested five extraction methods and found 16-h CaCl2 was the best indicator 

of plant-available Si. Both CH3COOH and PO4 over extracted Si from silicate-

amended soil, but overall PO4 extractable soil Si correlated much better with plant Si 

than CH3COOH. 1-h CaCl2 correlated poorly with 16-h CaCl2 due to the short shaking 

time. We tested a new extraction method 4-h CaCl2 to save shaking time, and found it 

correlated significantly well with 16-h CaCl2. In the future, we recommend using 4-h 

or 16-h CaCl2 as extraction method to assess plant-available Si in rice paddy soil 

under different agronomic or flooding conditions.  
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Chapter 2 

IMPACTS OF SILICON AMENDMENTS AND TIME ON ARSENIC 

CYCLING IN RICE PADDY SOIL 

2.1 Introduction  

Arsenic is a ubiquitous toxin in the environment, and can be present in rocks, 

soil, waters, air and biological tissues (Nriagu and Pacyna, 1988). Arsenic is naturally 

present in rice paddy soil and becomes mobile or plant-available under flooded (i.e. 

paddy) conditions due to the reductive dissolution of As-bearing Fe and Mn oxides 

(Takahashi et al., 2004). When soil is flooded, adsorbed As(V) is desorbed from Fe 

and Mn oxides and reduced to As(III) and therefore becomes more mobile, because 

unlike As(V) which adsorbs to Fe and Mn oxides and clays, As(III) can only adsorb to 

Fe oxides (Goldberg and Johnston, 2001). Under aerobic soil conditions, As(V) 

dominates, whereas in submerged soil condition the predominate species is As(III) 

(Masscheleyn et al., 1991). Inorganic As can be further methylated to MMA or DMA 

or TMAO by soil microbes (Stolz et al., 2006). Once mobilized, arsenic can be taken 

up by rice roots and stored in rice bran and grain due to different pathways depending 

on the As species. As(V) share the transporter with P (Meharg and Macnair, 1992); 

As(III), DMA and MMA share the transporter with Si (Li et al., 2009; Ma et al., 

2008). Rice is therefore a source of human As exposure, and compared to other crops, 

rice accumulates As 10 folds higher than those of wheat and barley (Williams et al., 

2007). Chronic exposure to As increases rate of bladder, skin and long cancers (Smith 

et al., 1992). Therefore, mitigating As in rice is an active area of research.  
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Because several forms of As are taken up by the Si transport pathway (Li et al., 

2009; Ma et al., 2008), researchers have investigated the impacts of adding Si to soil 

to lower As in rice grain (Bogdan and Schenk, 2008; Fleck et al., 2013; Limmer et al., 

2018a; Seyfferth and Fendorf, 2012; Seyfferth et al., 2016; Teasley et al., 2017; Wu et 

al., 2016). Bogdan and Schenk (2008) found there was a strong negative correlation 

between the Si in porewater and As in rice grain in Italian soil. Increased dissolved Si 

is also known to downregulate the expression of Si transporters (Ma et al., 2006; Ma et 

al., 2007), which will in turn lower the potential for As uptake. Addition of Si was 

recently shown to decrease DMA uptake into rice and reverse the DMA-induced yield 

loss (Limmer et al., 2018b). Due to the difference in solubility of Si amendments over 

rice growth period, the Si source matters in terms of lowering As uptake in rice 

(Seyfferth et al., 2018; Seyfferth et al., 2016; Teasley et al., 2017). Seyfferth’s group 

has shown that rice husk incorporation into soil can decrease either total or inorganic 

As in rice grain, but calcium silicate was not effective (Seyfferth et al., 2016; Teasley 

et al., 2017). However, the fate of As in soil after soil-incorporation of silicon-rich 

materials is unresolved.  

In flooded soil, the fate and bioavailability of As is mostly controlled by Fe 

and Mn oxides (Suda and Makino, 2016; Xu et al., 2017). Under oxic conditions, 

arsenic is strongly retained on Fe oxides in soil (Yang et al., 2002). As soil are flooded 

for paddy rice cultivation, soil become more reduced and reductive dissolution of Fe 

oxides takes place resulting in a subsequent release of sorbed As into the solution 

phase (Takahashi et al., 2004), therefore making As more plant-available. In the 

rhizosphere, rice plants release oxygen via aerenchyma, which oxidize Fe(II) in 

porewater and induce the precipitation of Fe oxides (Fe plaque) onto rice roots (Chen 
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et al., 1980). The major components of Fe plaque is ferrihydrite with lesser amounts of 

lepidocrocite, goethite and siderite (Amaral et al., 2017; Liu et al., 2006; Seyfferth et 

al., 2011). Studies have found that Fe plaques are important for As sequestration and 

may limit the amount of As taken up by rice plants (Liu et al., 2004; Syu et al., 2013). 

On the other hand, Fe plaques may also be a source of As to rice plants (Yamaguchi et 

al., 2014). Mn oxides also play an important role in As cycling by oxidizing As(III) to 

As(V) (Lafferty et al., 2010; Manning et al., 2002; Ying et al., 2012), and the 

reactivity of Mn oxides depend on their crystallinity, surface area and presence of 

vacancy sites (Fischel et al., 2015). For example, birnessite, one of the most common 

Mn oxides in soil, can oxidize As(III) to As(V) (Manning et al., 2002). The 

mechanism is that at the surface of birnesssite, As(III) is first oxidized to As(V) along 

with the reduction of Mn(V) to Mn(II), then As(V) is adsorbed onto the surface of 

birnessite. Co-existing ions such as PO4
3- and Ca2+ can displace As(V), and desorbed 

As(V) can be further sorbed onto Fe oxides (Lafferty et al., 2011; Manning et al., 

2002; Ying et al., 2012). Therefore, this As oxidation by Mn oxides may limit the 

amount of As that is plant-available.  

In addition to competing with As for plant uptake, adding Si to paddy soil 

affects the fate of As and Fe. Due to the chemical similarity between dissolved Si and 

As(III), Si and As(III) compete for adsorption sites of Fe oxides and adding Si will 

desorb As(III) from those minerals (Luxton et al., 2006). Increasing dissolved Si also 

retard the transformation of Fe oxides to a higher order, more crystalline phase (Jones 

et al., 2009; Schwertmann and Taylor, 1972; Schwertmann and Thalmann, 1976). 

Poorly-crystalline Fe oxide such as ferrihydrite can transform into well-crystalline Fe 

oxides such as goethite (Pedersen et al., 2005). The mechanism is that electron transfer 
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between Fe(II) and Fe(III) result in reduction and subsequent dissolution of the Fe(III) 

minerals, which allows released Fe(II) to recrystallize into more stable species than 

initial Fe(III) minerals (Jones et al., 2009; Yee et al., 2006). The presence of dissolved 

Si can 1) compete with Fe(II) on Fe(III) mineral sorption sites, which interfere the 

electron transfer between Fe(II) and Fe(III) and 2) prevent the polymerization of 

thermodynamically stable Fe(III) minerals (Jones et al., 2009). By retarding the 

transformation of Fe minerals, Si addition into soil is expected to create more 

adsorption sites for As (Ona-Nguema et al., 2005). Previous studies have found that Si 

amendments increased the fraction of ferrihydrite on Fe plaque onto rice roots 

compared to nonamended controls (Amaral et al., 2017; Limmer et al., 2018a; Teasley 

et al., 2017). If this process happens in bulk paddy soil amended with Si, then As 

retention onto Fe oxides may increase with Si amendment. However, this has not been 

directly evaluated.  

The aim of this study is to understand how different Si amendments affect soil 

As, Fe and Mn pools in rice paddy soil. It was hypothesized that Si addition would 

impact the soil As pools by increasing the proportion of As associated with poorly 

crystalline Fe oxides. 

2.2 Materials and Methods 

Twelve rice paddy mesocosms were established in 2015 with four different Si 

treatments (nonamended (Control), charred rice husk (Char), rice husk (Husk) and 

calcium silicate/silicic acid (Silicate)), 3 paddies per treatment. Rice paddies are 

located in the University of Delaware farm, DE, USA, where the soil has a silty clay 

loam texture, pH of 7.8, 1.33% organic matter and is classified as Ultisol/Acrisoil 

(Limmer et al., 2018a). Before soil was amended and rice was planted in 2015, soil 
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samples were obtained from each paddy (see next section). Si amendments were then 

applied in a rate of 5 Mg Si/ha. Rice seeds were germinated in greenhouse and 

transplanted into paddies at the 3 to 4 leaf stage, grown under flooded conditions until 

2 weeks before harvest when paddies were drained (Limmer et al., 2018a). Rice was 

harvested in early September and soil was collected the day after harvest. In 2016 and 

2017, rice was planted and harvested the same way, but no additional Si amendments 

were added.   

Soil samples were collected before Si amendments had been added in 2015 

(hereafter referred as pre-rice), at post-harvest in 2015, 2016, 2017 (hereafter referred 

as post-harvest) and four times throughout the growing season in 2017. The four time 

points during the growing season in 2017 were 56, 78, 87 and 109 days after 

transplant. For those collected at pre-rice and post-harvest in 2015, at post-harvest in 

2016 and 2017, five soil samples were collected in diagonal from each paddy and 

composited into one sample at the 0-10 cm depth. For those collected during the 

growing season in 2017, one soil sample was collected from each paddy at the 0-10 

cm depth. All the soil samples we collected were air dried and passed through 2mm 

sieve for chemical analysis. 15mL of porewater was collect weekly using rhizon 

samplers at around 15cm deep in paddy soil and saved in transport tube. Five drops of 

concentrated nitric acid were added immediately after porewater were added in 

transport tube. Saved porewater was further analyzed for total As concentration with 

inductively coupled plasma-mass spectrometer (ICP-MS). 

2mm sieved soil was subjected to a sequential extraction developed by Wenzel 

et al. (2001). This procedure uses progressively stronger extractants to target different 

As pools (0.05 M ammonium sulfate for non-specifically sorbed As (F1 fraction); 0.05 
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M ammonium phosphate for specifically sorbed As (F2 fraction); 0.2 M ammonium 

oxalate buffer for As associated with amorphous and poorly-crystalline Fe/Al oxides 

(F3 fraction); 0.2 M ammonium oxalate and ascorbic acid for As associated with well-

crystalline Fe/Al oxides (F4 fraction); nitric acid/hydrogen peroxide for residual As 

phases (F5 fraction)). After centrifugation, supernatants were syringe filtered through 

0.45 µm filters into acid-washed polyproelene tubes and acidified with 2% nitric acid. 

Elemental analysis for each extractant was conducted using matrix-matched standards. 

Blanks and checks were added every 20 samples for QA/QC. NIST 2711 (certified As 

level 107 ± 5 mg/kg) was included during the last step of As extraction. The recovery 

for As in the reference soil was 86% ± 23%. All the samples were analyzed with ICP-

MS.    

Poorly-crystalline Fe and Mn oxides were assessed through ammonium oxalate 

extraction, as part of As sequential extraction. Total reducible Fe and Mn oxides were 

assessed through citrate-bicarbonate-dithionite (CBD) extraction (Loeppert and 

Inskeep, 1996). For this extraction, 2.5 g of 53µm sieved soil was mixed with 20 mL 

of 0.3 M sodium citrate and 2.5 mL of 0.1 M sodium bicarbonate in a 50mL 

polyproelene tube. Tubes were transferred into a water bath that was preheated to 75 

to 80°, and once the temperature of the soil suspension has risen to 75 to 80 °C, 0.5 g 

of sodium dithionite was added and stirred for 6 mins. A second 0.5 g of sodium 

dithionite was added and stirred for another 10 mins. Samples were centrifuged at 

1000 rpm for 15 mins and supernatant were poured off into a 100mL volumetric flask. 

The remaining soil was washed with 10 mL of 0.3 M sodium citrate, centrifuged at 

1000 rpm for 15 mins, and the supernatant was combined with previous solution. All 



 26 

samples were analyzed with inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) using matrix-matched standards.   

We performed three models to study the effect of Si treatments and time on the 

pools of As, Fe-, and Mn- oxides (variables). Models were performed with repeated 

measures ANOVA because samples were taken from the same paddies at each year. 

These models consider treatments, time and interaction between time and treatments 

for factors, and compared all the variables in 2015 pre-rice and post-harvest, all the 

post-harvest in 2015, 2016, and 2017 throughout growth season (including post-

harvest) respectively for each model. We used CS (compound symmetry) for repeated 

statement. If significant differences (p<0.05) were identified, a Tukey post post-

harvest hoc test was used to distinguish differences among groups. A multiple 

regression model was performed to compare the correlation between oxalate-

extractable Fe and Mn with sulfate-extractable As (F1) and porewater As. We used R2 

to assess the amount of variance explained by each term. All statistical analyses were 

performed with SAS 9.4 (The SAS Institute). 

2.3 Results 

Si treatment had no significant effect on As pools in pre-rice and post-harvest 

soil from 2015, but conversion from grassland to rice paddy was a significant factor 

(Figure 2.1).  
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Figure 2.1: Total background As from 2015 pre-rice paddy soil (a). Arsenic fraction 

F1 (b), F2 (c), F3(d), F4 (e), F5 (f) in 2015 pre-rice and post-harvest soil 

that was nonamended (Control) or amended with charred rice husk 

(Char), rice husk (Husk) or calcium silicate/silicic acid (Silicate). 

Different upper-case letters denote significant differences (p<0.05) 

between sampling time. Different lower-case letters denote significant 

differences (p<0.05) between Si treatments. 

Arsenic in the F1 fraction in post-harvest soil was 7-fold (range: 0.78 to 46x, p=0.004) 

higher than those in pre-rice soil. Arsenic in the F5 fraction in post-harvest soil was 

also higher than pre-rice but not as drastically as in F1 (1.5-fold, range: 0.91 to 2.2x, 

p<0.0001). Si treatments had no significant effect on F1 and F5 fraction (p=0.92 and 
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p=0.08). Neither sampling time nor Si treatments had significant effect on F2, F3, and 

F4 fractions (p=0.16 to p=0.57).  

Si treatment had no significant effect on Fe and Mn pools in pre-rice and post-

harvest soil from 2015, but time was a significant factor (Figure 2.2).  

 

Figure 2.2: Oxalate-extractable Fe (a) and Mn (b), and CBD-extractable Fe (c) and 

Mn (d) in 2015 pre-rice and post-harvest soil that was nonamended 

(Control) or amended with charred rice husk (Char), rice husk (Husk) or 

calcium silicate/silicic acid (Silicate). Different upper-case letters denote 

significant differences (p<0.05) between sampling time. Different lower-

case letters denote significant differences (p<0.05) between Si 

treatments. 

Oxalate-extractable Mn experienced a 0.55-fold change (range: 0.23 to 1.11x) from 

pre-rice to post-harvest soil (p<0.0001). Si treatments had no significant effect on the 

amount of oxalate-extractable Fe and Mn oxides (p=0.32 and p=0.19). CBD-
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extractable Fe and Mn experienced no significant change neither from time nor with Si 

treatments (p=0.26 to p=0.88).  

Sampling year played a larger role in As fractions from all post-harvest soil 

than Si treatments (Figure 2.3).  

 

Figure 2.3: Arsenic fraction F1 (a), F2 (b), F3(c), F4 (d) and F5 (e) in all post-harvest 

soil that was nonamended (Control) or amended with charred rice husk 

(Char), rice husk (Husk) or calcium silicate/silicic acid (Silicate). 

Different upper-case letters denote significant differences (p<0.05) 

between sampling year. Different lower-case letters denote significant 

differences (p<0.05) between Si treatments. * denotes that there is 

significant interaction between sampling year and Si treatments. 
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In the F1 fraction, arsenic from 2017 was 1.75-fold higher (range: 1.11 to 2.50x, 

p<0.0001) than those from 2016 and 1.55-fold (range: 0.38 to 3.74x, p<0.0001) higher 

than those from 2015 (Figure 2.3a). In the F2 fraction, arsenic from 2016 was 1.43-

fold (range: 1.22 to 1.69x, p<0.0001) higher than those from 2015 and 1.11-fold 

(range: 0.93 to 1.28x, p=0.01) higher than those from 2017 (Figure 2.3b). Sampling 

year had no significant effect on As in the F3 fraction (p=0.23) (Figure 2.3c). In the F4 

faction, arsenic in 2016 and 2017 post-harvest soil was not significantly different from 

As in 2015 post-harvest soil (p=0.07 and p=0.66), but As in 2016 was 1.25-fold higher 

(range: 0.80 to 1.71x, p=0.01) than As in 2017 (Figure 2.3d). Si treatment had no 

significant effect on the amount of As in F1, F2, F3 and F4 fractions (p=0.45 to 

p=0.84). In the F5 fraction, arsenic experienced a 0.79-fold change (range: 0.35 to 

1.46x, p=0.004) from 2015 to 2016 (Figure 2.3e).  

Si treatment had no significant effect on Fe and Mn pools from all post-harvest 

soil, but sampling year was a factor (Figure 2.4).  



 31 

 

Figure 2.4: Oxalate-extractable Fe (a) and Mn (b), and CBD-extractable Fe (c) and 

Mn (d) in all post-harvest soil that was nonamended (Control) or 

amended with charred rice husk (Char), rice husk (Husk) or calcium 

silicate/silicic acid (Silicate). Different upper-case letters denote 

significant differences (p<0.05) between sampling year. Different lower-

case letters denote significant differences (p<0.05) between Si 

treatments. 

The increase for oxalate-extractable Fe was 1.56-fold (range: 0.82 to 2.14x, p<0.0001) 

from 2015 to 2016 and was 1.48-fold (range: 0.99 to 2.08x, p=0.0001) from 2015 to 

2017. The increase for oxalate-extractable Mn was 2.29-fold (range: 0.55 to 3.46x, 

p=0.004) from 2015 to 2016 and 1.29-fold (range: 0.46 to 2.05x, p=0.07) from 2015 to 

2017 (Figure 2.4b). CBD-extractable Fe in 2015 experienced a 0.77-fold change from 

2015 to 2016 (range: 0.69 to 0.85x, p<0.0001) and a 1.18-fold change from 2016 to 

2017 (range: 0.88 to 1.31x, p=0.0002) (Figure 2.4c) No significant change was found 

in CBD-extractable Mn among years (p=0.70) (Figure 2.4d).  
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Both sampling time and Si treatments affect As pools in all 2017 soil (Figure 

2.5).  

 

Figure 2.5: Arsenic fraction F1 (a), F2 (b), F3(c), F4 (d) and F5 (e) in 2017 soil that 

was collected during rice growth period. Soil was nonamended (Control) 

or amended with charred rice husk (Char), rice husk (Husk) or calcium 

silicate/silicic acid (Silicate). Different upper-case letters denote 

significant differences (p<0.05) between sampling time. Different lower-

case letters denote significant differences (p<0.05) between Si 

treatments. * denotes that there is significant interaction between 

sampling year and Si treatments. 
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In the F1 fraction, neither Si treatment (p=0.32) nor sampling time (p=0.32) had 

significant effect on As pools (Figure 2.5a). In the F2 fraction, significant interaction 

between Si treatment and sampling time (p=0.0006) was found and the trend of As 

with time was not obvious (Figure 2.5b). Both F3 and F4 fractions experienced an 

increase of As from 56 days after transplant to 87 days after transplant and then started 

to decrease (Figure 2.5c). In the F4 fraction, arsenic from Char-amended soil was 

1.16-fold higher (range: 1.00 to 1.35x, p=0.04) than As from Silicate-amended soil 

(Figure 2.4d). In the F5 fraction, amount of As was significantly higher in 109 days 

after transplant than rest of the collection time points (p<0.0001 to p=0.0005) (Figure 

2.5e). 

Both sampling time and Si treatment affected amount of poorly-crystalline Fe 

and Mn oxides from all 2017 soil (Figure 2.6).  

 

Figure 2.6: Oxalate-extractable Fe (a) and Mn (b) in 2017 soil that was collected 

during rice growth period. Soil was nonamended (Control) or amended 

with charred rice husk (Char), rice husk (Husk) or calcium silicate/silicic 

acid (Silicate). Different upper-case letters denote significant differences 

(p<0.05) between sampling year. Different lower-case letters denote 

significant differences (p<0.05) between Si treatments. 
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Although sampling time had no significant effect on oxalate-extractable Fe (p=0.06), 

oxalate-extractable Fe in Silicate-amended soil was 1.23-fold higher (range: 0.63 to 

1.99x, p=0.002) than those in Control soil, 1.05-fold higher (range: 0.83 to 1.47x, 

p=0.02) than those in Char-amended soil, and 1.03-fold higher (range: 0.60 to 1.47x, 

p=0.009) than those in Husk-amended soil (Figure 2.6a). Oxalate-extractable Mn 

followed similar trend with As in F3 and F4 (Figure 2.5c, d) as the amount of oxalate-

extractable Mn first increased and then decreased with time (Figure 2.6b).  

Organic matter was positively correlated with oxalate-extractable Fe (R2=0.22, 

p=0.0004) but not with oxalate-extractable Mn (R2=0.04, p=0.23) (Figure 2.7).  

 

Figure 2.7: Relationship between organic matter with oxalate-extractable Fe (a) and 

oxalate-extractable Mn (b) from post-harvest soil. Correlation without fit-

line was not significant. 

Oxalate-extractable was negatively correlated with sulfate-extractable As for 

all post soil(R2=0.15, p=0.02) or soil collected over rice growth period (R2=0.13, 

p=0.004) but no obvious relationship was found between oxalate-extractable Fe and 
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sulfate extractable As for all post soils (R2=0.02, 0.47) or soil collected over rice 

growth period (R2=0.007, p=0.54). (Figure 2.8b, c, e, f).  

 

Figure 2.8: Relationship between oxalate-extractable Fe and sulfate-extractable As in 

2015 pre-rice and post-harvest soil (a), all post-harvest soil (b), and 2017 

soil over rice growth period (c). Relationship between oxalate-extractable 

Mn and sulfate-extractable As in 2015 pre-rice and post-harvest soil (d), 

all post-harvest soil (e), and 2017 soil over rice growth period (f). In (a) 

and (f), ○ are samples from pre-rice and ◊ are samples from post-harvest. 

Correlations without fit-lines were not significant. 

2015 pre-rice soil showed no significant relationship between oxalate-extractable Fe, 

Mn and sulfate-extractable As (R2=0.02, p=0.70 for Fe; R2=0.04, p=0.54 for Mn), 

whereas in post-harvest soil significant positive relationship was found between 
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oxalate-extractable Fe and sulfate-extractable As (R2=0.50, p=0.01) but not between 

oxalate-extractable Mn and sulfate-extractable As (R2=0.08, p=0.37) (Figure 2.8a, b).  

Across three years, oxalate-extractable Fe but not Mn was significantly and 

positively related with porewater As (R2=0.32, p=0.0003) (Figure 2.9a-b). 

 

Figure 2.9: Relationship between oxalate-extractable Fe and porewater As (a) and 

between oxalate-extractable Mn and porewater As (b) from all post-

harvest soil. Relationship between oxalate-extractable Fe and porewater 

As (c) and between oxalate-extractable Mn and porewater As (d) from 

2017 soil over rice growth period. Porewater As in (a) and (b) was the 

average of porewater As measured from each week at every year. 

Porewater As in (c) and (d) was the porewater As at each week 

corresponded with the week of soil collection. The three points in x-axis 

in (c) and (d) were the weeks of missing porewater As data. Correlation 

without fit-line was not significant. 
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However, for samples collected over the growing season, both oxalate-extractable Fe 

(R2=0.15, p=0.009) and oxalate-extractable Mn (R2=0.11, p=0.03) were positively 

correlated with porewater As (Figure 2.9c, d).  

2.4 Discussion  

We evaluated As, Fe and Mn pools to examine the impact of Si addition on As 

cycling in rice paddy soil. We hypothesized that Si addition would impact the soil As 

pools by increasing the proportion of As associated with poorly-crystalline Fe oxides 

because Si addition has been observed to stabilize ferrihydrite (Amaral et al., 2017; 

Schwertmann and Taylor, 1972; Schwertmann and Taylor, 1976). However, our 

results showed that Si addition had no significant effect on bulk soil As pools 

associated with poorly-crystalline Fe oxides (p>0.05) (Figure 2.1d, 2.3c, 2.5c) and 

therefore our hypothesis was not supported. This finding suggests the increase of the 

proportion of poorly crystalline Fe minerals due to Si addition previously observed 

(Amaral et al., 2017; Limmer et al., 2018a; Teasley et al., 2017) is restricted to the 

rhizosphere in rice paddies.  

Our results and those of others illustrate conflicting reports of the impact of Si 

on bulk soil As pools, which is likely due to different Si amendment properties (e.g., 

Si solubilities (Seyfferth et al., 2018), pH and other elements). Wu et al. (2016) found 

that Si addition increased the amount of plant-available As and decreased the amount 

of As from both poorly-crystalline and well-crystalline Fe oxides pools. In contrast, 

Gwon et al. (2018) found that Si addition increased the amount of As associated with 

poorly-crystalline Fe oxides and decreased the amount of plant-available As. Wu et al. 

(2016) used Si gel, Gwon et al. (2018) used silicate slag, and the present study used 

husk based Si and calcium silicate mixed with silicic acid for Si amendments. High 
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levels of Fe in silicate slag may serve as additional pools for As sorption. On the other 

hand, Teasley et al. (2017) found that Si addition had no significant effect on plant-

available As or As from poorly-crystalline Fe oxides compared to control using Si 

treatments similar to those in the present study, which corroborate our findings. 

However, Teasley et al. 2017 observed that Silicate-amended soil had significantly 

higher plant-available As or As from poorly-crystalline Fe oxides than those in Husk-

amended soil, which contrast with our findings where no difference between Si 

amendments was observed (Figure 2.3a-c). Results from the present study contrast 

with others for several reasons. First, the total soil As in the present study was at 

background levels of ~4 mg/kg (Figure 2.1a), whereas soil used in Wu et al. (2016), 

Gwon et al. (2018) and Teasley et al. (2017) were artificially spiked with As to 60 

mg/kg, 40 mg/kg and 24 mg/kg of As respectively. Arsenic that is spiked into soil 

tends to artificially increase the proportion of As in the plant-available and poorly-

crystalline pools (Teasely et al. 2017). Dittmar et al. (2010) compared As levels in rice 

straw and grain grown under high As soil versus low As soil but spiked with As to 

reach the same As level with high As soil, and they found rice grown in As spiked soil 

had higher straw As and grain As suggesting the freshly added As was highly 

bioavailable. Second, studies by Wu et al. (2016), Gwon et al. (2018) and Teasley et 

al. (2017) were conducted in pots, which have limitations, whereas our study was 

conducted in a field setting. These differences in spiking vs. nonspiking coupled with 

different Si amendments used likely contribute to the discrepancies among studies.  

Although studies have found that Si addition increased the crystallinity of Fe 

oxides (Anderson and Benjamin, 1985; Schwertmann and Taylor, 1972), our results 

indicated that Fe and Mn pools from post-harvest soil were not significantly affected 
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by Si treatment but by sampling year (Figure 2.4a-c). The significant positive 

correlation between organic matter and poorly-crystalline Fe oxides (R2=0.22, 

p=0.004) (Figure 2.7a) suggests organic matter limits the transformation of poorly-

crystalline Fe oxides to more crystalline forms and thus increases the amount of 

poorly-crystalline Fe oxides. This is consistent with a recent study where they found 

organic matter inhibited the transformation of poorly-crystalline Fe oxides to more 

crystalline phases (ThomasArrigo et al., 2018). However, the non-significant 

correlation between organic matter and poorly-crystalline Mn oxides (p=0.23) 

suggests that organic carbon might not be the cause of the increasing amount of 

poorly-crystalline Mn oxides. Total reducible Fe oxides in 2016 post-harvest soil were 

also significantly lower than those in 2015 post-harvest soil (p<0.0001). The loss of Fe 

oxides in 2016 could be due to leaching. During the 2017 rice growth period, we 

found that Silicate amendments significantly increased the amount of poorly-

crystalline Fe oxides than those in Control (p=0.002), Char- (p=0.02) and Husk- 

(p=0.009) amended soil. This might be explained by the difference in the solubility of 

Si amendments over the duration of plant growth. Teasley et al. (2017) found that 

silicate amendment led to a quicker release of Si compared with husk amendment. We 

suggest that the transformation of poorly-crystalline Fe oxides to more-crystalline 

form might occur early during rice growth and only encounter Si from Silicate 

amendments.  

We found that the change of As in F1 and F2 fractions over time corresponded 

more with the change of poorly-crystalline Mn oxides over time than those with 

poorly-crystalline Fe oxides over time. This which suggests that Mn oxides played a 

more important role than Fe oxides on plant-available As pools. In addition, we 
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observed this significant negative relationship between poorly-crystalline Mn oxides 

and the plant-available As pool from all post-harvest soil (R2= 0.15, p=0.02). The 

increasing amount of poorly-crystalline Mn oxides not only offers adsorption sites for 

As, but also oxidizes As from porewater thus lower the amount of As that are plant-

available. It has been well established that Mn oxides are strong oxidants for As (Chiu 

and Hering, 2000; Manning et al., 2002; Lafferty et al., 2010). As a consequence of As 

oxidization by Mn oxides, arsenic may have shifted to less plant-available pools in our 

study. This As oxidation explained the negative correlation of oxalate-extractable Mn 

and As in the F1 fraction over years from our field study (Figure 2.8d). 

Across years, the stronger correlation between porewater As and oxalate-

extractable Fe (R2=0.32, p=0.0003) than those between porewater As and oxalate-

extractable Mn (R2=0.09, p=0.08) suggests most As in porewater are from the poorly-

crystalline Fe oxides pools (Figure 2.9a, b). This result is consistent with reductive 

dissolution of Fe oxides being the main cause for As mobility in flooded soil 

(Takahashi et al., 2004; Weber et al., 2010; Yamaguchi et al., 2011). Although poorly-

crystalline Fe oxides had no or little effect on the plant-available soil As pools, 

reductive dissolution of poorly-crystalline Fe oxides led to the high mobility of As in 

porewater. However, during the growth period of rice, similar correlation between 

porewater As with oxalate-extractable Fe (R2=0.11, p=0.03) and with oxalate-

extractable Mn (R2=0.15, p=0.009) (Figure 2.9c, d) suggested both poorly-crystalline 

Fe and Mn oxides contributed to the release of As into porewater.  

Rice cultivation led to more plant-available As and that is most likely due the 

change in poorly-crystalline Mn oxides. Plant-available As in soil became 2.5-fold 

higher after rice had been planted along with a 0.55-fold change from poorly-
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crystalline Mn oxides (Figure 2.1, 2.2). This agreed well with our previous finding that 

plant-available As was negatively correlated with poorly-crystalline Mn oxides 

(Figure 2.8d). After rice planting, the flooding of soil led to more reductive dissolution 

of Mn oxides thus decreased the amount of poorly-crystalline Mn oxides. Therefore, 

not only did As lose sorbent on which to adsorb, but also less As was oxidized thus 

rendering more plant-available As.  

2.5 Conclusion 

We studied As, Fe and Mn pools over three years in rice paddy soil with 

different Si treatments. We found that Si addition had no significant effects on the As 

pool associated with poorly-crystalline Fe oxides and As pools that are plant-available; 

however, Silicate treatment did increase the proportion of poorly crystalline Fe oxides 

in soil collected over rice growth period. Overall, time was more impactful than Si 

treatment on changes in As, Fe and Mn pools. Conversion of grassland to rice paddies 

decreased the amount of poorly-crystalline Mn oxides and likely mobilized As thus 

become plant-available. Organic matter played an import role in affecting the 

crystallinity of Fe oxides while Mn oxides played an important role in controlling the 

plant-available As pool. Our study provides valuable information on understanding As 

dynamics in rice paddy soil.  
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