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 ABSTRACT 43 

A method using miniaturized arrayed DGT-probes (PADDI) for high-frequency 44 

in-situ sampling with LA-ICPMS and CID analysis was developed to measure the 45 

field-scale heterogeneity of trace-element bioavailability. Robust calibrations 46 

(R2>0.99) combined with high-sensitivity (LOD=0.35 ng cm-2), multi-elemental 47 

detection, and short measurement times were achieved using a new LA-ICPMS 48 

microDGT analysis. In the studied paddy-site (size:~2500m2), total element 49 

concentrations across the field were approximately uniform (R.S.D.<10%), but 50 

bioavailability was shown to vary significantly as determined from 864 microgel 51 

measurements housed within 72 PADDI arrays. Porewater As measurements were 52 

unable to differentiate the top/rhizosphere and bulk/deeper-soil layers. However, 53 

dynamic sampling with DGT revealed significant differences. Heterogeneity 54 

behaviors varied greatly between the different elements. Arsenic bioavailability was 55 

stable laterally across the field, but varied with depth, which was in contrast to the 56 
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trends for Pb. Fe/S(-II) change was bi-directional, differing horizontally and vertically 57 

throughout the field. The heterogeneity in Pb bioavailability due the high frequency of 58 

hotspot maxima, which were discretely dispersed across the paddy proved the most 59 

difficult to simulate, requiring the greatest number of probe deployments to determine 60 

a reliable field-average. The DGT-PADDI system provides a new characterization of 61 

infield trends for improved trace-inorganics’ management in agricultural wetlands.   62 

 63 

 INTRODUCTION 64 

Energy production processes, manufacturing, mining, irrigation, fertilizers use, and 65 

wastes discharges have caused a widespread redistribution of trace inorganic 66 

pollutants, such as arsenic (As), cadmium (Cd) and lead (Pb), resulting in an extensive 67 

global patchwork of localized environmental enrichments.1-4 Due to a combination of 68 

rice physiology and the chemical settings that develop when paddy fields are flooded, 69 

even soils moderately elevated in these toxic metals/metalloids can still produce grain 70 

of unacceptable/inferior quality.5 However, detecting this marginal land and making it 71 

safe for rice production is challenging because element bioavailability at the 72 

field-scale is difficult to determine6, 7. This is due to the spatial heterogeneity in 73 

element release, coupled with a highly dynamic kinetic regulation of bioavailability 74 

caused by the fluctuating redox environments created when wetlands are managed as 75 

high-intensity agricultural systems 6, 8 (Figure 1A).    76 

Most rice is cultivated at high densities in a semi-aquatic environment. Unlike 77 

most natural wetlands, there is a regular bi- or tri-annual mixing of the field’s topsoil, 78 
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commonly down to a depth of ~20 cm, which homogenizes the soil before rice is 79 

planted. However, during periods of flooding, layered redox zones develop in rice 80 

paddies, starting at the soil-water interface (SWI), ending with the plough pan (Figure 81 

1A). These banded reaction phases determine the general (bio)chemical conditions in 82 

the soil, and therefore control the extent and intensity of element release. However, 83 

the supply of soil derived trace inorganics, the pool available for plant uptake, is 84 

influenced by numerous reaction step couplings, including dissolution/precipitation, 85 

adsorption/desorption, and oxidation/reduction processes. There is also an interplay 86 

among various elemental species which can influence soil-porewater partitioning as 87 

well as the absorption of species into cellular material.9 All these reactions are further 88 

modulated by plant-soil and microbial process-soil interactions (Figure 1A).10 For 89 

example, the spatial heterogeneity of labile organics from sources (such as root 90 

exudates, rhizodeposits, and the decomposition of plant material) creates both micro- 91 

and macro-site hotspots (Figure 1). The microbiome activity in these hotspots can be 92 

2–20 times higher than in bulk soil environs,11 bestowing primary fixation control on 93 

trace inorganics in soils. Finally, differences in soil porosity and particle size with 94 

depth and field locality mean there is diversity in porewater-soil equilibrium states, a 95 

catalyst propagating further abiotic and biotic process heterogeneity.  96 

When predicting plant uptake of trace inorganics in rice, only limited gains can 97 

be made if the resolution of soil sampling is insufficient to cope with the variation 98 

within the field-site or ex-situ testing regimes are employed. However, topsoil 99 

collection, followed by chemical extraction testing in the laboratory forms the basis of 100 
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most traditional and current soil safety screening programmes.12 In-situ passive 101 

sampling of trace inorganic fluxes is a superior measure of true elemental 102 

bioavailability. It provides a time-integrated quantification and low-disturbance 103 

sampling of the soil environment. The “time lapse photograph in a single frame” of 104 

solute dynamics captured by the samplers also encompasses not just the chemical 105 

processes governing element release but is a summation of all the biological and 106 

physical processes as well (Figure 1B). One of the most widely adopted passive 107 

sampling technologies is the diffusive gradients in-thin-films (DGT) technique.13 108 

DGT has found favour in soil applications, not just due to its ease of use but because 109 

of its ability to successfully mimic plant uptake processes in a wide range of scenarios 110 

14-18. Although, not so well-defined, there is also emerging lines of evidence that 111 

suggest that the DGT measurement is also representative of bioavailability to a wide 112 

range of other biological receptors, including sediment fauna 19 and microorganisms 113 

20.  114 

Two opportunities exist to modify currently DGT sampling approaches in rice 115 

paddies. The rice paddy/field 3D environment encompasses >1000 m3, whereas the 116 

localized solute capture of standard DGT probes is ~6 cm3. The placement of high 117 

resolution (<1mm)/ion mapping samplers in sufficient numbers to get good spatial 118 

coverage of typical paddy sites is a challenge, made more so, by the high prevalence 119 

of macro-niches, along with active roots within the rice soils (Figure 1). Although, 120 

potentially of general scientific interest, locating a sampler directly on an iron plaque 121 

encrusted root for example might not represent the processes or bioavailability 122 
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occurring at the fieldscale. Here, adopting a high intensity micro-sampling approach 123 

provides the sampling frequency to unpick what is the common bioavailability, while 124 

simultaneously also detecting maxima and minima fluxes, and relating these back to 125 

specific zones. Yet, the analysis of micro-DGT samplers, has traditionally been 126 

hampered by their being less control over measurement uncertainties, when scaling 127 

down from the standard procedures, with the elution stage (fe) contributing most 128 

significantly to this analysis error. 21 129 

Elution of the target analytes is necessary for solution mode analysis of DGT 130 

samplers, but other options exist in the form of solid-state analysis approaches, such 131 

as LA-ICPMS. The drive to better understand the cycling of trace inorganics by 132 

targeting the small-scale processes at the interface between different environmental 133 

compartments, has led to the rapid evolution of the sampling technologies for ion 134 

mapping of porewater solutes using 2D DGT 13, 22-24. Rather fortuitously, this has also 135 

been benefited by major improvements to LA-ICPMS technologies, with new 136 

generation/commercially available mass-spectrometry systems providing greater 137 

sensitivities (115In kcps/ppb >400) and signal stabilities (run times >24hrs). Couple 138 

this with an extension of the run times of gel analyses, due to recent developments in 139 

the sizes of ablation chambers, enabling DGT gel areas >200 cm2 to be processed in 140 

one sitting, without having to break vacuum seals and replace the samples,13 then new 141 

possibilities for high-throughput and automated analysis are created. 142 

 In this study, a novel multiplexed micro-gel based DGT sampling probe (PADDI) 143 

was developed for field-scale in-situ measurement of bioavailability. The 144 



7 
 

accumulation of target elements in micro-gels were measured with an optimized 145 

multi-elemental/high-throughput LA-ICPMS method for sensitive and rapid 146 

quantification. The DGT array configuration, comprising of different binders enabled 147 

the simultaneous measurement of cation and anion fluxes, providing a means to 148 

determine the spatial heterogeneity and geochemical regulation patterns within a field 149 

site area. The micro-gel deployment, involved 864 individual samplers, housed within 150 

72 PADDI arrays. Heterogeneity, was assessed based on two principle criteria: firstly, 151 

the behavioral characteristics of bioavailability fluxes and secondly simulations of the 152 

sampling deployment intensity required to derive the overall field average. This 153 

evaluation not only provides insight into the mechanisms, interactions and nature of 154 

element bioavailability, but delivers important guidance for optimising future 155 

sampling strategies (i.e. distribution and location) for nutrient and pollutant risk 156 

assessment at the field scale.  157 

 158 

 EXPERIMENTAL SECTION 159 

Design of the Paddy Adapted DGT Device for In-situ Bioavailability 160 

Measurement (PADDI). Acrylonitrile butadiene styrene (ABS) (Engineering 161 

Workshop, Queen’s University Belfast, UK) was used to construct the probes, based 162 

on adapted dimensions from the standard DGT Research® sediment housing (R-SP).25, 163 

26 The probe contained two identical faces/sampling planes, each with three micro-gel 164 

arrays, spaced 10 cm apart from each other (Figure 2). Each array comprized of four 165 

circular recesses each with a diameter of 5 mm and depth of 1 mm, based on the 166 
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validated miniaturized-DGT gel method of Alexa et al. 25. This configuration enabled 167 

24 gel combinations to be deployed in one PADDI probe. 168 

We used four different kinds of DGT/DET gel combinations in one PADDI probe in 169 

this study for simultaneous measurement of As, Pb, Fe, and S(-II) fluxes and 170 

pore-water concentrations (Figure 2). The two toxic trace inorganics, As and Pb were 171 

selected since each pose serious growth/quality issues in rice cultivation, as well as 172 

being representative of both cation and oxyanion mobilization trends more generally. 173 

Arsenic species were not specifically measured, but the dominant form in flooded rice 174 

soils has been has been repeatedly shown to be As(III) 27, and a sub-aim of the work 175 

was to validate the measurement of total As with simultaneous deployment of two 176 

As-binding gels. Fe and S(-II) measurements were included, as dual indicators of both 177 

the relative redox conditions of the soil zones, and also because their mobility patterns 178 

are strong determining factors for As and Pb release. 27-29 179 

Precipitated ferrihydrite gel (PF)30 and precipitated zirconium oxide gel (PZ)16 were 180 

prepared to measure As fluxes. We used two kinds of gels to verify the As flux 181 

measurement since some studies suggest a disparity in the DGT measurement of As 182 

captured by DGT’s with different binding gel configurations.31 SPR-IDA gel32 183 

coupled with AgI gel33 as the diffusive layer was provided by DGT Research Limited 184 

(Lancaster, UK) to measure Fe and Pb fluxes. DET gel34, bisacrylamide based gel was 185 

prepared to determine pore-water concentrations. 186 

The assembly of acid-washed probes was performed in a laminar-flow clean 187 

bench/hood (class 100) (SW-CJ-1B-900, Wanda Technologies Co Ltd., Suzhou), 188 
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located within in an ultra-clean laboratory (class 10,000). Each recess was filled with 189 

a double-layered gel combination, with the 0.8 mm diffusive gel overlaying the 0.4 190 

mm binding gel (DGT) or DET gel. Next, the micro-gel arrays were overlaid by a 191 

well-fitting rectangular filter membrane (Pall Co. USA, 0.45 μm pore size and 0.14 192 

mm thickness). Edges of filter membranes were firmly secured to the probe with vinyl 193 

electrical tape (Scotch Super 33+) to seal the gels into the probes.8 194 

 195 

Field Deployment of PADDI Probe. In-situ deployment of the PADDI probe was 196 

carried out in an uncontaminated paddy field with an area of about 2500 m2 in 197 

Jiangning District, Nanjing, China in late July, 2016. The field was spatially divided 198 

into 9 subsampling sites, ~300 m2 (Figure 2) based on a square gridded pattern, with 199 

each site taking four PADDI probes to form a 8-sided sampling structure. The probes 200 

were gently pushed into the paddy soil, so that the uppermost array of gels were 201 

within 0−5 cm below the soil-water interface (SWI). Each probe set was located 202 

~10cm from the center of the rice plants, and the distance between the rows of rice 203 

was ~20cm. Calibrated temperature loggers (Maxim, DS1922L) were additionally 204 

placed in the soil, close to the middle array of gels. The probes with their respective 205 

temperature loggers were retrieved from the sites 24 hrs after the deployment. Both 206 

probes and temperature loggers were immediately jet-washed with Milli-Q (MQ) 207 

water and wiped clean with laboratory-grade tissue paper prior to being placed in 208 

zip-lock clean bags for transfer back to the laboratory for disassembling. Based on the 209 

design of the PADDI probe, the bioavailability of target elements were determined at 210 
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three depths, representing different soil zonations (rhizosphere: 0-5 cm, anoxic bulk: 211 

10-15 cm, and plough pan: 20-25 cm). Here, the definition of the rhizosphere was not 212 

restricted solely to soils within the sub-mm range of the buried roots, but instead 213 

encompassed a soil zone 0-5 cm below the SWI, which extended 10 cm out from the 214 

center point of individual rice plants. 215 

 216 

LA-ICPMS Analysis. Preparation of DGT/DET gels, including both the standard 217 

and sample gels from PADDI probes, for LA-ICPMS analysis was carried out 218 

according to Gao and Lehto35. DGT/DET gels were placed on an acid-washed 0.45 219 

μm cellulose nitrate filter with a backing layer of laboratory-grade tissue paper. Gels 220 

underwent initial air drying overnight, followed by complete desiccation in a gel dryer 221 

(Model 583, Biorad, Hercules, CA) at 60ºC for 8 hrs prior to LA-ICPMS analysis.8, 23 222 

The accumulation of target elements within DET gels was semi-quantitatively 223 

determined by comparing the relative contents of elements between different PADDI 224 

probes. 225 

All the gel samples including gel standards were laser ablated by a Nd:YAG 226 

solid-state laser ablation system (UP-213, New Wave Research, Fremont, CA), then 227 

transported in the form of aerosols via helium carrier gas to the ICPMS (7700 Series, 228 

Agilent Technologies, Santa Clara, CA) for elemental analysis. The laser was 229 

set-up first with primary calibrations using the National Institute of Standards and 230 

Technology (NIST) glass standard 610. The LA-ICPMS system was optimized 231 

principally by adjusting gas flow rates, torch sampling depth, and radio frequency (RF) 232 
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power to achieve the maximum signal intensity and stability of target elements while 233 

minimizing interferences.8 The instrumental parameters for analysis are listed in Table 234 

S1.  235 

To obtain a good representative measurement of each miniaturized gel, a raster 236 

pattern, comprising of several lines with a total length of 10 mm, encompassing a total 237 

area of 1 mm2 was applied to the samples and calibration gels. The center of each gel 238 

was targeted for the placement of the raster scan, to avoid measurement biases and 239 

edge effects associated with the outer gel exteriors.36 A series of standards for each gel 240 

matrix (SPR-IDA, FeOH, and ZrO) were analyzed prior to the ablation of the samples 241 

and at the end of each analysis run. 242 

The data processing method for LA-ICPMS is shown in Figure S2. Sensitivity drift 243 

during LA-ICPMS analysis can be caused by matrix differences, defocusing, and the 244 

deposition of analyzed materials. It will significantly influence the accuracy and 245 

precision of the results. To compensate for the possible deviation in laser focusing and 246 

aerosol transport efficiency during analysis an internal standard (C, m/z 13) was used.8, 247 

35 Furthermore, although rare in properly cleaned systems, each of the element signals 248 

needs to be filtered carefully for signal spikes, arising from either electronic, or 249 

systemic contamination (particles from a previous sample).37 Here, a common 250 

filtering approach by rejecting extreme values (Q1: first quartile, Q3: the third quartile, 251 

IQR: quartile difference: >Q3+1.5IQR or < Q1-1.5IQR) as outliers was applied. After 252 

filtering, each sample measurement comprized of ~100 discrete measurements 253 

(ablation spots). The normalized metal count rate was calculated at a spatial resolution 254 
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of 100-200 µm.  255 

For gel standards, the final intensity of the target element was determined from the 256 

averaged normalized intensity of more than 100 replicate measurements across a 257 

single gel. For sample gel analysis, the median was used instead of mean averages for 258 

the final intensity average. Laser ablation results obtained on blank resin gels allowed 259 

us to calculate the limits of detection (LODs) for each of the trace inorganics. The 260 

LOD was estimated as the signal of the blank gel plus three times the standard 261 

deviation.24, 35 262 

 263 

Calculating the DGT Labile Concentrations of Target Elements. DGT labile 264 

concentrations (CDGT) of As, Pb, and Fe were calculated using Eq. 1. 265 

 
 

(1) 

Where M (ng cm-2) refers to the mass accumulation density of elements on DGT 266 

binding gels and is obtained through calibration standards in Figure S3. g is the 267 

thickness of the diffusive gel layer, which in all experiments was 0.8 mm. t is the 268 

deployment time, which was ~24 hrs and recorded to the nearest minute. D refers to 269 

the diffusion coefficient of target elements (As, Pb, and Fe) through the diffusive gel. 270 

 271 

Computer Imaging Densitometry (CID) Analysis of AgI Gel. AgI gels were 272 

analyzed by a computer-imaging densitometry method for measurement of dissolved 273 

S(-II).38 To remove color interferences from oxidized iron compounds, the AgI gels 274 

were soaked in a 0.01 M solution of hydroxylamine hydrochloride for 12 hrs before 275 

DGTC =
M g

D t






13 
 

digital copies of the gels were recorded by a desktop scanner (Laserjet 1536dnf MFP, 276 

HP) at 1200 ppi.38 The resulting JPEG images were converted to grey-scale using 277 

ImageJ software, with more intense gray-scale values indicating a higher labile 278 

concentration of S(-II). 279 

 280 

Statistical Analysis. Normality of the measurements and homogeneity of variance 281 

were tested using Shapiro-Wilk's W test and Levene's test. The influence of sampling 282 

sites and vertical zones on CDGT of As, Pb, Fe, and gray-scale values of S(-II) were 283 

performed using general linear modeling (GLM) and conducted using Minitab.  284 

 285 

 RESULTS AND DISCUSSION 286 

Method and Analysis Evaluation. DGT/LA-ICPMS. The validation of standards 287 

involves a two-step process, whereby replicates of each standard concentration are 288 

eluted and cross-checked against known solution concentrations used in the dosing of 289 

the samplers, which are further quality assured against certified reference material 290 

(CRM). Calibrations of As, Pb, and Fe (Figure S3) all exhibited strong linear 291 

relationships (R2 values >0.96) across a wide range of mass loadings. The 292 

DGT/LA-ICPMS analysis was both sensitive and stable (Table S2). However, there 293 

were differences between elements, for example As sensitivity was ~50-fold higher 294 

than for Fe, but conversely the Fe measurement exhibited much lower signal variance 295 

(Table S2). The standard deviations (SDs) recorded in this study were similar to 296 

values calculated by Warnken et al. (2004)24 for a DGT LA-ICPMS method operating 297 
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at a measurement resolution of 100 μm. The benefit of using a high-resolution 298 

analysis (100-200 μm; Table S2) approach for solid-state sample quantification relates 299 

to the ability to generate a stable signal due to the high frequency of measurements, 300 

which is especially important when working with small sample areas. 301 

The lack of matrix-matched calibration standards is widely recognized to be the 302 

biggest hindrance for accurate quantitative analysis of multi-elements by 303 

LA-ICPMS.39, 40 If the samples and reference materials do not share the same basic 304 

characteristics (i.e. physical-chemical properties) LA-ICPMS can only be used as a 305 

semi-quantitative technique.36 The DGT/LA-ICPMS methods are not subject to these 306 

analysis shortcomings, with identical sample and standard matrix matching being easy 307 

to achieve. An additional benefit is that DGT gel analysis only requires a low laser 308 

energy, which is advantageous for measurement signal stability as well as the lifetime 309 

of the LA instrument.24 310 

 311 

Performance evaluation of PF-DGT and PZ-DGT. Disparities in the measurement 312 

of As labile concentrations have been found between DGT samplers with different 313 

binding gel configurations.31 Here, testing of two DGT gel types within each 314 

individual PADDI probe deployment was made to verify that a consistent in situ value 315 

was achieved. AsCDGT measured by PF-DGT was compared to the AsCDGT determined 316 

by neighboring PZ-DGTs (n = 72) (Figure S4). Pearson correlation analysis showed 317 

that there was a significant positive relationship (p<0.05) between PF-DGT and 318 

PZ-DGT measured AsCDGT with the coefficient being 0.76. A Mann-Whitney Test 319 
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analysis also found there to be no significance difference in the measurement (p= 320 

0.098). However, despite the frequency distributions of PF-DGT and PZ-DGT 321 

measured AsCDGT in the rhizosphere and anoxic bulk soil zones being shown to be 322 

closely associated (Figure S5), in the more reducing conditions of the plough pan 323 

(Table S3), there was a clear narrowing of the range of As measurements captured by 324 

the PF-DGT compared to that of PZ-DGT (Figure S5). A plausible explanation for 325 

this change is the loss of integrity of the PF-DGT, when exposed to low redox 326 

conditions, as the binding phase is susceptible to reductive dissolution, resulting in a 327 

loss of functionality. Hereafter, all DGT As measurements will refer to PZ-DGT.   328 

 329 

Spatial Heterogeneity at the Field Scale. Field Characterization. The selected 330 

paddy was a typical field site in Jiangsu Province, China, which is one of the most 331 

productive and oldest rice cultivation areas in the World. Total concentrations of As, 332 

Pb, and Fe in the topsoils (0-15cm) at different sub-sites within the paddy field were 333 

approximately the same (Table S4). Whole field R.S.D’s for As, Pb, and Fe 334 

concentrations were 7.5%, 4.7%, and 2.2% (n=27), respectively. The higher 335 

measurement variance observed for As may have been due to a slight elevation in the 336 

total contents at sample sub-sites 1-3, which were adjacent to a main road that 337 

bordered the test field. Two soil core samples (0-25cm) were collected and sliced at 338 

~5 cm intervals to evaluate the element changes with depth (Table S5). There was no 339 

significant difference in the concentrations of As or Fe. However, for Pb there was a 340 

trend with the upper zones (rhizosphere and anoxic bulk soils) exhibiting a ~30% 341 
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higher concentration than the corresponding plough pan subsoils. 342 

Regarding the physicochemical properties, the rhizosphere soil zone was found to 343 

have the highest TOC concentrations (~4%). A gradual decline to ~3% was witnessed 344 

thereafter with depth within the ploughed soil horizon (0-15cm) (Table S5). 345 

Nevertheless, the TOC levels in subsoils (15-25cm) were significantly lower, 346 

averaging less than half that measured in the upper zones. Changes in soil porosity 347 

mirrored that of TOC (Table S5), with the plough pan zone again found to be 348 

characteristically different to that of the upper soil layers. The soil pH trend ran 349 

inversely to TOC and porosity, with higher levels recorded in the plough pan 350 

compared to the upper zones (Table S5).  351 

 352 

Bioavailability of Trace Inorganics. There was no significant difference detected 353 

in AsCDGT concentrations between the field’s sampling sites (Lateral), yet there was a 354 

highly significant difference with soil depth (Vertical) (Table S6). No interaction term 355 

between the two spatial planes was observed. This is in keeping with the primary idea 356 

that fieldscale heterogeneity in rice paddies is influenced more by depth rather than 357 

being a lateral trend. Histograms of the frequency distributions of AsCDGT (Figure 3) 358 

further visualize this phenomenon, with each depth zone (rhizosphere, anoxic bulk, 359 

and plough pan) showing a unique distribution characteristics, distinguishing it from 360 

the other zones. A frequency distribution shows a summarized grouping of AsCDGT 361 

data divided into mutually exclusive classes and the number of occurrences in a class. 362 

However, patterns of AsCDGT for both the rhizosphere and anoxic bulk soils shared 363 



17 
 

greater similarity to each other compared to the plough pan. In terms of mobilization 364 

intensity, the rhizosphere provided the greatest average flux, whereas release was 365 

lowest in the plough pan, i.e. a decreasing mobilization with depth (Figure 3). The 366 

importance of depth zonation as a driver of As mobilization heterogeneity featured 367 

strongly in the 3D fieldscale plots (Figure 4). Yet, a disconnection in the lateral 368 

heterogeneity between each of the three depth zones was also evidenced, i.e. the 369 

lateral position of hotspots between vertical soil layers was not synchronized.  370 

In contrast to As, Pb bioavailability varied significantly between lateral field 371 

positions but not with depth, indicating that the heterogeneity behaviors of As and Pb 372 

are quite distinct (Table S6). This is shown most clearly in Figure 3, where the three 373 

distribution peaks closely overlap. This convergence of bioavailability is of note 374 

because total concentrations of Pb in the soil varied significantly between the different 375 

vertical zones (Table S5). Similar to As though the lateral PbCDGT maxima were not 376 

localized consistently within the three depth layers (Figure 4), indicative of a 377 

scattered/dispersed distribution across the paddy.  378 

Fe and S(-II) were both found to vary significantly in the lateral and vertical 379 

dimensions, in addition to possessing significant spatial interaction terms (Table S6). 380 

The frequency distributions of the two elements (Figure 3) differed substantially. For 381 

example, Fe bioavailability was centered on a relatively low labile concentration and 382 

featured regular hotspot maxima above the measure of central tendency. Meanwhile, 383 

for S(-II), the opposite was observed. Here, few bioavailability hotspots were recorded, 384 

yet flux minima or element depletion zones were prevalent features (Figure 4). S(-II) 385 
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labile concentration trends with depth followed a consistent and expected pattern 386 

based on changing redox conditions (Figure 1A), with a greater average flux being 387 

identified in the plough pan layer, while the rhizosphere delivered the lowest S(-II) 388 

bioavailability.  For Fe the bulk soil had a characteristically higher labile 389 

concentration than the rhizosphere topsoil layer, again in keeping with expected 390 

changes in the redox conditions in the soil profile, commensurate with enhanced 391 

reductive dissolution of the Fe solid phase to Fe(II) (Figure 1A). However, the average 392 

FeCDGT values measured in the plough pan were markedly lower than other soil layers, 393 

which could be indicative of iron-sulphide precipitation/formation.41 In the plough 394 

pan zonation, there were some hotspots with maxima Fe labile concentrations and 395 

minima S(-II) labile concentrations, further supporting the interaction between Fe and 396 

sulphide (Figure 4).  397 

 398 

Sampling Strategies for Field Bioavailability Measurement. Field scale averages 399 

of element bioavailability are needed for nutrient/risk assessment and land 400 

management, but become harder to obtain as site heterogeneity increases. This needs 401 

to be considered when optimizing sampling strategies in paddy rice soils. In designing 402 

the sampling scheme for our PADDI probe method, we firstly based the protocol on 403 

the principal of cluster sampling, because it is both economical and efficient.42 404 

However, field scale heterogeneity is a crucial factor when deciding on cluster 405 

sampling number (N), so for this we needed to collect in situ measurements from 406 

which to calibrate our probe deployment.  407 
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In brief, our evaluation involved a variable N value, which ranged from 1-9. Then a 408 

group of N clusters were randomly generated and the average (Xgroup) was calculated 409 

to compare with the average of the whole field (Xfield). For example, if we set N as 3, 410 

there will be 84 ( ) different groups with each containing 3 clusters. Then the 411 

recovery, referring to the ratio of Xgroup (the average of group) to Xfield (the average of 412 

the whole samples), was used to indicate the accuracy of the sampling methods.  413 

The changes in recovery with different cluster numbers are shown in Figure S6-S8. 414 

As expected, the range of recovery became narrower as cluster number increased. 415 

Regarding the release flux of AsCDGT, FeCDGT, and PbCDGT, the recovery of Xgroup was 416 

between 80-120% when the cluster number was higher than 6. It signaled that the 417 

minimum number of clusters needed to reliably represent the whole field average 418 

should be 2/3 of the total cluster number. However, for the plough pan PbCDGT, the 419 

variation of the Pb flux was high and the recovery of Xgroup varied between 32% and 420 

256% when N=1 (Figure S8(b)). Only when N>8 could the recovery of Xgroup meet 421 

target recovery ranges of 80-120%. The greater heterogeneity predicted for PbCDGT is 422 

consistent with the frequency distribution data (Figure 3) and field mapping analysis 423 

(Figure 4), which suggests Pb mobilization is characteristically more localized and 424 

dispersed than the other elements in this studied field with a high frequency of 425 

hotspots.   426 

 427 

Geochemical Regulation. Comparison of the AsCDGT and As in the soil porewaters 428 

reveals a number of quite different spatial trends (Figure S9). The most prominent 429 

3
9C
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being that increased bioavailability of As in the rhizosphere zone is not detected by 430 

the porewater measurements, with the rhizosphere and anoxic bulk layers acting as 431 

essentially one uniform soil-chemical unit. There is not only similar average 432 

concentrations, but also highly significant correlations between the As porewater 433 

concentrations in the rhizosphere and the bulk soil at the field scale. Furthermore, the 434 

locations of porewater concentration maxima coincide within one another irrespective 435 

of vertical zonation (Figure 4). The differences observed between AsCDGT and As in 436 

the porewaters indicate that the kinetics of resupply from soil particle phases make a 437 

significant contribution to the AsCDGT  values.  438 

 Higher AsCDGT levels in the rhizosphere compared to the anoxic bulk soil suggest 439 

that the root biomass is playing a role in regulating As release at the field scale, and 440 

this trend concurs with mobilization trends observed in a lake sediment which was 441 

covered by submerged macrophytes.43 There are a number of mechanisms by which 442 

roots enhance As release, for example, specialized functional molecules or enzyme 443 

systems, such as acid phosphatases, produced by the roots can mobilize As species.44 444 

The rhizospheric effect which relates to the improved accessibility of carbon to 445 

microflora in the rooting zone also strongly influences the functional dynamics of 446 

biotic catalyzed chemical change.41, 45, 46 Indeed, the decreasing trend of TOC with 447 

increasing soil depth, which mirrors that of AsCDGT (Table 1), is supportive of 448 

rhizophere-carbon being a controlling factor of release.  449 

When developing a rapid/screening measurement system for in situ As 450 

bioavailability, it could be argued that Fe mobilization patterns alone could be used as 451 
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a proxy for As release, and there have been a number of studies that have shown that 452 

both porewater and DGT measurements of Fe and As in flooded soils/sediments, are 453 

significantly correlated/strongly associated both in the bulk environment 47-51 and the 454 

apices of plant root tips 8. Interestingly, correlations in this study between AsCDGT and 455 

S(-II) were highly significant (Table S7), but were not between AsCDGT and FeCDGT. 456 

However, similar disconnects between As and Fe, have been observed with DGT in 457 

paddy soils, tested in anaerobic conditions in the laboratory.27, 52 This doesn’t 458 

necessarily discount the importance of reductive dissolution of Fe in the As 459 

mobilization, but it does highlight that Fe bioavailability cannot be considered to 460 

represent that of As directly. There are a number of reasons for this, firstly secondary 461 

reactions such as precipitation of Fe in soil or re-adsorption of reduced Fe can occur.52 462 

The coupled release of As and Fe could be very strong but it’s masked by the 463 

differences in concentration, orders of magnitude higher, in the latter compared with 464 

the former.48 Alternatively, the differences could relate to the functional and 465 

phylogenetic diversity of the microorganisms controlling the As mobilization 466 

dynamics in different wetland/marine systems.45, 53 The inclusion of MnCDGT 467 

measurements, in paddies here could be an advantage, with Mn reduction occurring at 468 

neighboring/closely associated reducing conditions to that of Fe (Figure 1), but with 469 

slower rates of reoxidation, it could act as a better/more reliable redox marker within 470 

the PADDI set-up.   471 

Regarding the bioavailability of Pb over the whole field, as expected, it showed a 472 

strong relationship with Fe (Table S7). This is exhibited most clearly in Figure 4, 473 
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where the hotspots of Fe and Pb almost share the same lateral position at different 474 

vertical depths. The high affinity between PbCDGT and FeCDGT revealed a similar 475 

biogeochemical regulation processes for Pb and Fe mobilization. Their bioavailability 476 

is controlled by a number of mechanisms integrating physicochemical conditions and 477 

microbial activity as well as the interaction between these two elements. Fe 478 

(hydr)oxide is an important reactive sorption surface for Pb and the dissolution of Fe 479 

(hydr)oxide can lead to a concurrent release of Pb.54, 55 Also, both Fe and Pb 480 

mobilization are sensitive to pH which was much lower in the ploughed vertical zones, 481 

leading to higher Fe and Pb labile concentrations. It was of note that there was a 482 

significant relationship between FeCDGT and S(-II) labile concentrations (Pearson 483 

correlation, p<0.05), with a contrasting trend with vertical depth (Table 1). Sulfide 484 

precipitation is the predominant abiotic mechanism of Fe transformation in the soil 485 

where sulfate-reducing conditions have been established. Meanwhile sulfate-reducing 486 

bacteria, via a direct enzymatic pathway, also reduce Fe(III).56 Therefore, 487 

sulfate-sulfide cycling is an important regulator of a variety of sulfur-driven 488 

biogeochemical cycling events, influencing the bioavailability of various metal(loid)s. 489 

 490 

Environmental Implications.  Rice is one of three main global crops, occupying 491 

over 140 million hectares worldwide.57 The dimensions of the paddy soil environment 492 

(topsoil-plough pan) can be compared to those of a “thin-film”, i.e. shallow depth but 493 

much more extensive surface area. However, the elemental release characteristics of 494 

this “thin-film” environment at resolutions >10 m2 are poorly understood. In this study, 495 
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for the first time, the heterogeneity of dynamic element bioavailability at the field 496 

scale was quantitatively measured using the DGT technique and a novel probe 497 

assembly, designed specifically for paddy field deployment. Findings from this work 498 

highlight that the heterogeneity patterns of element bioavailability in agricultural 499 

wetland soils differ between the horizontal and vertical planes, with there being 500 

greater change across shorter distances in the latter. One of the main reasons for this 501 

relates to the complexity of the elemental regulation of bioavailability.  502 

 To understand this, four sampling requirements must be met. Measurements need 503 

to be in situ, multi-elemental, of appropriate deployment scale and dynamic. Currently, 504 

there are a lack of methods that meet all four of these criteria. However, the 505 

DGT-PADDI probe is one of the few techniques that does comply to these rules, 506 

offering a superior measurement of trace element bioavailability at the field scale. The 507 

probe configuration selected in this study was devized to assess a number of 508 

performance criteria, including quality control, reliability, and consistency. By simply 509 

loading alternative sampler gels into the probe, the suite of elemental measurements 510 

collected can be increased. Adaptations of the DGT-PADDI to both accommodate 511 

Fe/As species and DOC capture, would enhance our understanding of the element 512 

mobilization processes in riceland soils. However, a limitation of a purely chemical 513 

approach is the failure to isolate soil microflora function. The DGT-PADDI probe as a 514 

method platform has the potential, with a little further modification, to collect both 515 

taxonomic domain and targeted gene-based data, alongside DGT derived kinetics and 516 

soil solution measurements, and thereby directly link chemical observations to 517 
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biological processes.  518 
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 798 

Figure 1. Trace element bioavailability within rice paddy soils. A) Visualization of 799 

the primary drivers of heterogeneity in trace inorganic mobilisation. B) 800 

High-resolution 2D imaging of the rice soil environment using DGT (see 801 

Supplementary Text 1 for a summary of the methodology).  802 
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 814 

 815 

 816 

 817 

 818 

 819 

Figure 2. In-situ deployment of PADDI probes in a paddy field. a) Aerial photograph 820 

of field site, b) schematic of sample site, c) probe deployment configuration – plan 821 

view, d) probe layout, e) Structure and assembly of the PADDI probe. Precipitated 822 

ferrihydrite binding gel (PF)-diffusive gel (PF-DGT) and precipitated zirconia binding 823 

gel (PZ)- diffusive gel (PZ-DGT) for measuring As DGT flux, suspended particulate 824 

reagent-iminodiacetate binding gel (SPR-IDA)-AgI embedded diffusive gel 825 

(SPR-IDA-AgI-DGT) for measuring Pb and Fe DGT fluxes and S(-II) content, and a 826 

diffusive gel- diffusive gel (DET) for simultaneously measuring As, Pb, and Fe 827 

concentrations in pore-water. 828 

  829 
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 830 
Figure 3. Field scale heterogeneity in the bioavailability of trace inorganics: Part I. 831 

Frequency distributions of 72 replicates for PADDI probe measured CDGT of As, Pb, 832 

Fe and gray-scale value of S(-II) at the whole field scale.  833 

 834 
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 835 

Figure 4. Field scale heterogeneity in the bioavailability of trace inorganics: Part II. 836 

A whole field-3D-overview of the bioavailability for (a) AsDGT, (b) FeDGT, (c) PbDGT, 837 

and (d) S(-II) Gray-scale value.  838 
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Table 1. CDGT of As, Pb, and Fe and gray-scale value of S(-II) measured by PADDI 840 

probes in three vertical soil zones. 841 

Soil zones 
As 

(μg L-1) 

Pb 

(μg L-1) 

Fe 

(mg L-1) 

S(-II) 

Gray-scale 

values 

porosity TOC pH 

Rhizosphere 

(0-5 cm) 
11.62±5.52 2.63±2.50 4.10±2.13 195±16 0.58 4.09±0.13 5.54 

Anoxic bulk 

(10-15 cm) 
7.15±3.28 3.22±3.26 4.99±2.46 208±16 0.46 3.08±0.01 5.79 

Plough pan 

(20-25 cm) 
1.58±1.12 1.86±2.53 2.18±1.84 212±27 0.37 1.46±0.10 6.80 

 842 


