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Abstract
Soil-water interface (SWI) hosts versatile elements speciation and controls elements cycling in flooded lands. However, the study on the element’s interaction along SWI is limited by the sampling and analytical methods available. Here with an optimized ICP-MS method and an updated porewater sampler, we succeeded in simultaneously mapping the elements of environmental concerns in every 1.7 mm across SWI, including arsenic (As), iron (Fe), manganese (Mn), phosphorus (P), and sulfur (S) as well as As, P and S species. Among these elements, dissolved Fe and Mn in high concentrations (> 10 mg·L-1) were measured by ICP-MS in an extended dynamic range (EDR) mode to avoid signal overflow. The dissolved Fe profile along SWI generated by ICP-MS was slightly lower than that of colorimetric method, but of the same trend. Furthermore, four As, one P and two S species can be separated in 10 minutes by IC-ICP-MS with NH4HCO3 mobile phase. We verified the technique using paddy soils collected from the field, and present the high-resolution (mm) profiles of total elements (Fe, Mn, As, P and S) and element species (arsenite, arsenate, phosphate, sulfide and sulphate). The technique developed in this study will greatly facilitate the study of biogeochemical cycling of redox sensitive elements in flooded soils.
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Introduction
In flooded soils, the chemical environments of the surface water and sediments are very different. The surface water is oxidizing due to the high dissolved O2, however, the sediments are generally in a reducing state owing to the lack of O2 and the abundance of organic matters (Frenzel et al. 1992). The narrow zone between the surface water and sediments, i.e. soil-water interface (SWI), hosts sharp redox change (Ratering and Schnell 2001). Iron (Fe), manganese (Mn) and sulfur (S) are the most important elements in SWI, which shift their existence in solid and liquid phase through complex redox processes (Peng et al. 2019). The redox processes of Fe, Mn and S significantly impact the fate of many elements of environmental concern, such as arsenic (As) and phosphorus (P) (Gao et al. 2016, Gao et al. 2006, Mcadams et al. 2016, Pi et al. 2018). Although it is of great importance to study the behavior of these elements in SWI, the high-resolution (mm) mapping of those elements and their species is severely hindered to date by the method available to measure as much as possible parameters interested. 
Many efforts have been made to depict the high-resolution element profile in porewater along SWI. The most commonly used methods are the diffusive equilibrium/gradient in thin films (DET/DGT) technique and in situ equilibrium dialysis samplers (peepers) (Dočekalová et al. 2002, Bottrell et al. 2007, Monbet et al. 2008, Di et al. 2012, Guan et al. 2015, Arsic et al. 2018). Thus far, DGT probe is the most powerful tool, which can provide a µm level mapping of elements when coupled with laser ablation - inductively couple plasma - mass spectrometry (LA-ICP-MS) (Williams et al. 2014). Various types of DGT devices have been developed for the purpose of measuring different contaminants (Li et al. 2019, Guan 2019), however, it is still a challenge to apply DGT probe to study the coupling behavior of various anions and cations along SWI at a certain place. This is because DGT probe can only be used once after deployment, and few parameters are measured by each type of DGT. Peeper can sample porewater at a resolution as high as 2 mm (Di et al. 2012). Nonetheless, peeper is not user-friendly and requires several days of deployment before reaching equilibrium across the membrane. Recently, a novel porewater sampler, called Integrated Porewater Introduction (IPI) sampler, was developed to monitor the fine-scale (mm) heterogeneity of heavy metals in saturated soils (Yuan et al. 2019). The IPI sampler, unlike DGT and Peeper, can be used repeatedly at a certain place. Once the porewater samples are collected, the information that can be obtained  is determined by the sample volume and the analytical instruments requirement. 
There is a conflict when mapping high-resolution multi-elements across SWI. The sharp and sensitive redox gradient along SWI required that the porewater volume sampled should be as less as possible to minimize the disturbance to the sampling environment (Seeberg‐Elverfeldt et al. 2005), and as much as possible to meet the need to detect all the parameters interested (Arsic et al. 2018, Motelica-Heino et al. 2003, Bennett et al. 2012a, Ding et al. 2016). The samplers designed for element profile mapping generally can only take less than 0.5 mL solution, which is just enough for one sample injection. An alternative to collect more samples is to collect porewater repeatedly at different place or time, assuming the soil or sediment matrix is homogenous and stable over time. However, this assumption is generally not true since the elements and their species are always changing with locations and environmental conditions (Arsic et al. 2018, Yuan et al. 2019). Thus, it would be better to solve the issue by optimizing the analytical technique, for examples, updating the condition of ICP-MS. 
As the most powerful analytical machine for elements, the development of ICP-MS has greatly enhanced our understanding of elements behaviors in environments. For examples, the combination of LA-ICP-MS and DGT probes allows to map µm-scale elements profiles, and provided key information for understanding As behaviors on root apexes (Williams et al. 2014). The measurement of As speciation was very difficult until the method based on HPLC-ICP-MS was developed (Islam et al. 2004). The discovery of thio-arsenic is benefited from dynamic range cell (DRC) technique, which enables the simultaneous measurement of As and S (Wallschläger and Stadey 2007). More recently, a new technique called extended dynamic range (EDR), was introduced to simultaneously measure major and trace metals by ICP-MS (Hilbig et al. 2017). The EDR technique can attenuate the counts of selected elements through spectrometer by tuning Rpa value, thus it enables the detection of major and minor elements in a single run. The technique could be applied to measure all the elements in porewater which always contains Fe and Mn over 10 mg·L-1, and other elements in several μg·L-1, however, it has not yet been tested.
In this study, we aimed to simultaneously measure multi-elements and their species in porewater with newly developed IPI samplers and optimized ICP-MS methods. The typical redox active elements, including Fe, Mn, As, P and S, were investigated. The application condition of the method was validated both in solutions and flooded paddy soils.

Materials and methods
Reagents and Materials 
All reagents used in this study were of analytical grade or higher, and purchased from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China), unless noted elsewhere. Element standards for calibration, including As, Fe, Mn, P, S as well as P, S and As species were supplied by Guobiao (Beijing) Testing & Certification Co., Ltd (Beijing, China). All solutions were prepared with ultrapure water (18.2 MΩ cm, Millipore Corp., Bedford, USA) deoxygenated by bubbling pure N2 overnight. 
The soil sample used in the study was collected from paddy fields in Shaoguan (SG, 25°6'N, 113°38'E), China. The top layer soil (0-20 cm) was sampled and soils were wet sieved through a 1.0 mm diameter sieve to remove stones and plant debris. The soil characteristics are shown in Table S1.
Porewater sampler preparation
The IPI sampler used in this study has the same design as reported in our previous study with some modifications (Yuan et al. 2019). Novel hollow fiber membrane tube (modified polyethersulfone) and pipe (PTFE) were used to construct IPI sampler. Silicon caps were applied to seal the IPI sampler during the sampling events. The IPI sampler employs the hollow fiber membrane tube (1.7 mm in diamater) to passively sample porewater in its surroundings (Fig. S1A). When the equilibrium state was reached, the solution inside the tube was sampled for downstream instrumental analysis. 
Thirty-four IPI samplers were assembled side by side in a 3D printed holder to collect the porewater samples every 1.7 mm along SWI (Fig. S1B). The IPI sampler array is also known as the SWI profiler (Tidu Environment Inc. Suzhou, China). The SWI profiler has a sampling depth of 60 mm. In order to eliminate the introduction of O2, the SWI profiler was stored in O2-free ultrapure water for at least one day before deploying into saturated soils (Fig. S1C).
Analytical method and quality control
The elements concentrations were quantified by ICP-MS (NexION 350X, PerkinElmer, Inc., Shelton, CT USA). The conditions used were as follows: DRC mode (O2, gas flow, 1.0 mL·min-1); data only analysis; RF power 1600W; plasma gas flow rate 15 L·min-1; auxiliary gas flow 1.2 L·min-1; nebulized gas flow 0.94 L·min-1; nickel sampling and skimmer cones. 
The porewater sample collected by IPI sampler was self-aspirated into ICP-MS by a PFA-200 Microflow Nebulizer (0.2 mL·min-1 uptake rate). Iron and Mn were measured by ICP-MS in EDR mode (Fig. S2), and As, P and S were analyzed by ICP-MS in DRC mode with O2 as reaction gas. The counts of 91AsO+, 57Fe+, 47PO+, 48SO+ and 55Mn+ were recorded. 
Element species were measured by ion chromotography (IC)-ICP-MS. The IC (Dionex ICS-1100, Thermo Scientific, USA) consisted of a standard 25 µL sample loop and an anion-exchange column (IonPac AS23, 250mm×4mm, Dionex). Mobile phases used for the separations were 20 mM NH4HCO3 at pH 10 (Suzuki et al. 2009), with a flow rate of 1.0 mL·min-1. The end of the analytical column was connected to a Type C0.5 Glass Nebulizer (0.5 mL·min-1 uptake rate) of the ICP-MS. Before the measurement, solution was manually injected in the 25 μL standard sample loop of IC. Element species were separated by IC, and quantified by ICP-MS.
Separation of common four As, one P and two S species were tested in IC, and measured by ICP-MS. The standard samples were prepared in neutral conditions (pH 7; 100 μg·L-1 phosphate [P(V)], arsenite [As(III)], arsenate [As(V)], monomethylarsenate (MMA) and dimethyarsenate (DMA); 1 mg·L-1 sulfide [S(-II)] and sulfate [S(VI)]). 
Peak area was used to fit the standard curve, and three times standard deviation was used to calculate limit of detection (LOD). Data quality was assured by testing a spiked standard after every 30 samples.
The time-dependent response of total elements and element species
Total elements were prepared in acidic conditions (pH 2; 10 μg·L-1 As and Mn; 10 mg·L-1 Fe, P and S), and As species were prepared in neutral conditions (pH 7; 100 μg·L-1 As(V), As(III), MMA and DMA). The time-dependent response of IPI samplers to As, Fe, Mn, P, S as well as As species was measured by ICP-MS and IC-ICP-MS respectively. The solutions inside the samplers were measured after 0, 0.5, 1, 3, 6 and 12 h equilibrium time (n=3). 
Multi-elements profiles mapping
Each SWI profiler is made up of 34 IPI samplers. The SWI profiler is able to measure the elements distribution over a distance of 60 mm, with a resolution of 1.7 mm. To detect the element profile, two SWI profilers were inserted into two pots containing ~12 cm depth SG paddy soils, with 10 mm above SWI and 50 mm buried in paddy soils (Fig. S1C).
The paddy soils were flooded for three months prior to the deployment of SWI profilers. Before sampling, the solution inside IPI samplers was replaced by O2-free ultrapure water driven by an injection pump (TYD01, Lei Fu, China). To avoid the negative influence of O2 and dust from the atmosphere, silicon caps are used to seal IPI sampler during sampling. 
The solution in the IPI samplers was sampled every 24 hours and preserved in O2-free EDTA solution (Gallagher et al. 2001). The EDTA solution (2 g·L-1) was online mixed with the porewater in 1:3 volume ratio driven by two injection pumps (Fig. S3). Totally, 100 μL porewater was collected with an EDTA concentration of 500 mg·L-1. Each sample was equally divided into two parts (2*50 μL), and measured by ICP-MS and IC-ICP-MS respectively. Moreover, microplate reader with 96-well plate (200 μL) was also taken use to measure the profile of Fe in SG paddy soil with 1, 10-phenanthroline method (λ = 510 nm). Finally, mm-scale profiles of multi-elements and their species were mapped and evaluated.
Data analysis 
Statistical program R version 3.5.0 was used to analyze and plot the data in this study. We used standard deviation (SD) to show the variance of the data.
 
Results and Discussion
Evaluation of IPI sampler
The applicability of IPI samplers for collecting porewater with As, Fe, Mn, P and S was first evaluated. The results showed that the concentrations of those elements increased rapidly in the first three hours, and then reached a plateau representing their concentration in solutions (Fig. S4). The time-dependent diffusion curves are consistent with our previous report for As, antimony, cadmium, lead and nickel (Yuan et al. 2019). Therefore, IPI sampler can be applied for the measurement of As, Fe, Mn, P and S. 

Detection of Fe and Mn with ICP-MS in EDR mode
The concentrations of Fe and Mn in sediment porewater were often found too high to be directly measured by ICP-MS (Haque et al. 2015, Tanase et al. 2015, Zhang et al. 2017). In this study, EDR mode was applied to measure Fe and Mn with no dilution. In EDR mode, the attenuation of major elements signal was achieved by tuning Rpa value. 
The impact of Rpa value on Fe and Mn signals was investigated. The response of Fe and Mn signals to Rpa from 0 to 0.2 is shown in Figure S5. The results indicate that Fe and Mn counts are very sensitive to Rpa value in a range from 0.0035 to 0.0084, in which Fe counts decreased linearly from 300000 to 25000, and Mn from 85000000 to 1000000. 
The detection range of Fe and Mn is controllable by adjusting Rpa value. The LODs of Fe and Mn are 21.2, 30.9, 210 and 0.504, 1.53, 1.56 μg·L-1 under Rpa value 0, 0.005, 0.01 respectively. Although LOD values increased about 9 and 2 folds for Fe and Mn when adjusting the Rpa from 0 to 0.01, they are still much lower than the Fe and Mn concentrations found in real porewater, which are always above 1mg·L-1 level (Xu et al. 2017, Gustave et al. 2018a, Wang et al. 2019). At the same time, the upper detection limits of Fe and Mn extend to a high value by tuning Rpa value from 0 to 0.01. The influence of Rpa value of Fe and Mn measurement were further investigated in real samples. 
With EDR and DRC mode, simultaneous measurement of Fe, Mn, As, P and S were achieved. Under DRC mode with O2 as reaction gas, the LODs for As, P and S are 0.490, 7.76, and 60.2 μg·L-1, respectively, which agrees well with previous reports of measuring As, P and S with ICP-MS (Yuan et al. 2019, Persson et al. 2009). 

Comparison of colorimetric and ICP-MS method for measuring Fe profile in field samples
Most studies on porewater Fe used colorimetric analysis for Fe measurement (Arsic et al. 2018, Bennett et al. 2012b). Our results showed that ICP-MS in EDR mode could act as an alternative to measure Fe by tuning Rpa value. In this study, the ICP-MS using three Rpa values (0, 0.005, and 0.01) was compared with colorimetric method using phenanthroline with real porewater samples. 
The profiling of Fe measured by ICP-MS method is shown in Figure 1. The three curves of Fe profiles generated by ICP-MS in EDR mode with different Rpa values are identical in top soils (0 - 25 mm) as shown in Figure 1, which indicates that the method works well for low Fe condition. However, Rpa=0 was unable to measure Fe in soil depth > 25 mm when Fe > 17 mg·L-1 in soil porewater (Fig. 1A). Increase of Rpa value from 0 to 0.005 extended the measurement of Fe along soil depth from ~25 mm to ~36 mm (Fig. 1A&B), yet Rpa value 0.005 is still unable to avoid the detector saturation of Fe > 42 mg·L-1 in deep soil porewaters (Fig. 1B). Figure 1C shows Fe profile can only be measured after the Rpa value is adjusted to 0.01 with Fe ≤ 70 mg·L-1. Similarly to Fe, Rpa value 0.005 or 0.01 allows to measure Mn when Mn ≤ 3.8 mg·L-1 in soil porewater (Fig. S6). 
Iron profile was also measured by colorimetric method with the same samples (Fig. 1D). Both colorimetric and ICP-MS method gave similar results of Fe profiles, which suggested both methods are reliable. However, Fe concentration measured by colorimetric method is a little higher than that obtained by ICP-MS method. The higher Fe values obtained by colorimetric method could be attributed to the interference from other cations (e.g. Mn, calcium, zinc etc.) in the porewater (Miranda et al. 2016, Hatat-Fraile and Barbeau 2019). Therefore, Fe concentrations might be overestimated by using colorimetric method. 
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Figure 1 Iron profile measured by ICP-MS or colorimetric method (phenanthroline) in Shaoguan (SG) paddy. (A-C): Fe profile measurement with ICP-MS method in extended dynamic range (EDR) mode when Rpa = 0, 0.005 and 0.01 respectively; (D) Fe profile measured by colorimetric and ICP-MS method (Rpa = 0.01). The error bar is standard deviation (n=2). The dashed line represents soil-water interface.

Profiling of total As, Fe, Mn, P and S across SWI 
The cyclings of As, Fe, Mn, P and S are closely associated in soils (Xu et al. 2017, Anawar et al. 2004, Honma et al. 2016, Garcia-Ordiales et al. 2018), however, the traditional methods to quantify those elements in porewater are tedious. In this study, the distributions of As, Fe, Mn, P and S across SWI were revealed with once sample injection by the optimized ICP-MS method and SWI profiler. 
The mm-scale co-distributions of As, Fe, Mn, P and S are shown in Figure 2. The Fe remained a low concentration in surface water and top-soil porewater, but increased sharply from 9 mm below SWI and reached up to 70 mg·L-1 in 50 mm deep soils. Similar trends were also observed in the distribution of Mn, P and As, which agrees well with the tightly coupling between Mn, P, As with Fe in soils (Arsic et al. 2018, Xu et al. 2017, Ma et al. 2017). Conversely, S was found to decrease with depth (Fig. 2). The subsurface decrease of S is presumable caused by S(VI) reducing bacteria in anoxic soils (Pester et al. 2012), during which mobile S(VI) is transformed to S(-II) minerals (e.g. FeS, FeS2) (Wu et al. 2016). 
To the best of our knowledge, there is no customized method available to simultaneously measure the major (e.g. Fe, Mn, P and S) and trace (i.e. As) elements in the redox gradient zone across SWI, which significantly hindered the researches on element biogeochemical behaviors in flooded environment. Traditionally, subsamples are required to measure Fe, Mn and P by colorimetric methods or inductively coupled plasma-optical emission spectrometry (ICP-OES) (Arsic et al. 2018, Wang et al. 2019, Serrat 1998, Rietra et al. 2001, Yi et al. 2019), S by IC (Keller-Lehmann et al. 2006), and most trace elements (e.g. As and antimony etc.) by ICP-MS (Gustave et al. 2018b, Gustave et al. 2019). With this strategy, it will take at least 10 min for rhizon sampler to collect enough porewater to meet the request by different analyses, and additional 10 min are required for parameters analyses (Seeberg‐Elverfeldt et al. 2005). By contrast, it only takes two min when using SWI profiler and the optimized ICP-MS method. Thus, the measurement throughput of major and trace elements in limited samples could be significantly improved by our method. 
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Figure 2 Mapping of As, Fe, Mn, P and S profiles in Shaoguan (SG) paddy with ICP-MS in EDR mode. 

Common As, P and S species measurement with IC-ICP-MS
Simultaneous detection of four As, one P and two S species in solution and anoxic soil porewater was achieved with NH4HCO3 mobile phase (Fig. 3). The retention time are 6.6, 3.2, 3.9, 6.0, 10, 3.2, and 8.8 min for P(V), DMA, As(III), MMA, As(V), S(-II) and S(VI) respectively. The separation of four As species agrees well with previous report with the same chromatographic condition (Suzuki et al. 2009). The results also demonstrated NH4HCO3 mobile phase can be extended to measure P and S species. 
[image: E:\Yuan\Yuan 2019\Journal paper\IPI paper 2\Fig\Nfig\10.21\species.signal25.tif]
Figure 3 Arsenic (As), phosphorus (P) and sulfur (S) species detected by IC-ICP-MS. The samples include soil porewater and solution. The solution was prepared in neutral conditions (pH 7; 100 μg·L-1 phosphate [P(V)], arsenite [As(III)], arsenate [As(V)], monomethylarsenate (MMA) and dimethyarsenate (DMA); 1 mg·L-1 sulfide [S(-II)] and sulfate [S(VI)]). 

With the established method, two As [As(III) and As(V)], one P [P(V)] and two S [S(-II) and S(VI)] species were detected in the anoxic soil porewater (Fig. 3). Arsenite, P(V) and S(-II) (> 70%) represent the dominant As, P and S in soil porewater, which agrees well with previous reports in multiple soils by using HPLC-ICP-MS, IC or colorimetric methods (Xu et al. 2017, Han et al. 2018, Chen et al. 2019). In addition, an unknown P was detected in both solution and porewater with a shorter retention time than P(V) (Fig. 3), which putatively was the peak of phosphite. The unknown P occurred in low concentrations in deep soil (Fig. 4), which is consistent with previous report of phosphite by using IC method (Han et al. 2018).
The measurement of As, P and S speciation in soil porewater receives many attentions because the elements are of great significance in environmental studies (Mucci et al. 2000, Buschmann and Berg 2009, Chen et al. 2015, Giles et al. 2015, Kumarathilaka et al. 2018). The elements’ species were generally analyzed by LC-ICP-MS, which is the most powerful technique to detect As, P and S species (Ritsema et al. 1998, da Rosa et al. 2019, Stürup et al. 2006). However, most available analytical methods based on LC-ICP-MS only focused on one element and the corresponding species, the method able to simultaneously measure As, P and S species is rare reported. The widely used mobile phase for As species detection always contains phosphate or butanesulfonate (Hu et al. 2019), which limits its application on P and S species measurement. In this study, we extended the application field of the mobile phase proposed by Suzuki and co-workers for As species measurement (Suzuki et al. 2009), and found it could sufficiently separate the species of P and S. By using the carbonate-based mobile phase (NH4HCO3), the common species of As, P and S can be separated and detected in 10 min in a single run, thereby analytical throughput is well improved. 
Carbonate-based mobile phase is alkali (pH = 10), and may cause the precipitation of transition metal ions, especially for Fe and Mn. The precipitation of metal oxides may interfere the test of anion species via co-precipitation or adsorption, and cause clogging in the analytical column. The potential interference could be mitigated by adding EDTA into samples, which shows a big advantage in eliminating precipitation of metal ions within a wide range of pH (Gallagher et al. 2001, Samanta and Clifford 2006, Almkvist et al. 2013). No precipitation of metal oxides was observed when porewater samples with immediate EDTA addition were mixed with NH4HCO3 mobile phase, thus we concluded the As, P and S species could be preserved with EDTA addition before and during IC-ICP-MS measurement. 

Profiling of P, S and As species across SWI
With the optimized IC-ICP-MS method, we measured species of P, S and As in soil porewater collected by SWI profiler. Their vertical changes are depicted in Figure 4. The concentration of As(III) was very low in top soils, but increased sharply from 3.3 μg·L-1 at ~10 mm below SWI to over 200 μg·L-1 in deep soils. Similarly, As(V), P(V) and S(-II) also showed a subsurface increase trend. An opposite trend was observed for S(VI). These results are consistent with previous reports of common As, P and S species distributions in saturated soils or sediments by using ICP-MS, IC, colorimetric or micro-electrode methods (Mcadams et al. 2016, Arsic et al. 2018, Han et al. 2018, Robertson et al. 2008). 
Although the speciation of elements was known to couple with each other, most methods were developed for one element’s species only (Han et al. 2018, Divjak and Goessler 1999, Jackson and Bertsch 2001, Panther et al. 2008). In another word, it would take around 30 min to yield the concentration information of As, S and P species. In comparison with those methods, the major benefit of the optimized method is its high-throughput, which simultaneously measures As, P and S species within 10 min in a single run. The method is well suited for high-resolution mapping of elements and their species across SWI, which was very time-consuming. 
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Figure 4 Profiles of P, S and As species in SG paddy measured by SWI profiler and NH4HCO3 eluent.

Conclusions and perspectives
This study evaluated IPI sampler for simultaneously measuring As, Fe, Mn, P, S as well as P, S and As species with optimized ICP-MS and IC-ICP-MS analysis both in solutions and soils. The method is demonstrated to measure those analytes with high-sensitivity (μg·L-1 level for As, Mn, P, and sub-μg·L-1 level for Fe and S) and high-throughput. We have successfully measured the fine-scale (mm) co-distributions of multi-elements (As, Fe, Mn, P and S) and their species [As(III), As(V), P(V), S(-II) and S(VI)] along SWI. With rapid measurement of as much as possible parameters from limited sample, the optimized method could serve as a powerful tool for studying elements behaviors.
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