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Abstract:



The literature assessing the risks of soil pollution from atmospheric lead (Pb) deposition is still insufficient, given that Pb deposition can cause large-scale surface soil pollution. This study estimated the possibility of Pb deposition causing soil pollution by calibrating a numerical model of deposition flux with a measured Pb content dataset in proximity to a pollution source. A total 34 surface soil samples were collected around an industrial park that emits Pb into the atmosphere. The sample’s Pb content was determined using hydrochloric acid extraction and an ICP-MS. The amount of annual Pb deposition was estimated using the atmospheric dispersion model for exposure and risk assessment (ADMER model). This approach resulted in accurate predictions of Pb distribution for most sites (<800 m from the pollution source), but the results indicated that the dry deposition velocity of Pb-containing particles was a significant determinant of horizontal Pb distribution. We conducted a sensitivity analysis of the ADMER’s estimated Pb deposition flux values by changing the diameter of Pb-containing particles. This analysis showed large fluctuations in soil Pb content within 1 km of the source, within the range of the previously reported dry deposition velocity.
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1. Introduction


According to a report from the Japanese Ministry of the Environment, in most cases of soil pollution, the causes could not be specified [1]. Among cases with unknown causes, 71% were polluted by heavy metals, and the most frequent pollutant was Pb [1]. According to Japan’s established Pollutant Release and Transfer Register system (PRTR) data [2], the amount of Pb discharged in Japan during the 2015 fiscal year was approximately 7.0 Mg for the atmospheric environment. The deposition of Pb from the atmosphere could increase the risk of its direct inhalation and affect the quality of surface soils [3,4,5]. We estimate that the 7.0 Mg of atmospheric Pb pollutes ca. 2.3 km2 of surface soil (0–2 cm depth, 1 g cm−3 bulk density) with Pb to Japan’s legal limit (150 mg Pb kg−1 dry soil) every year. Elemental, sulfate, and carbonate forms of Pb, which have low solubility in water, are commonly found in the atmosphere, and most ionized Pb can be adsorbed on soil minerals [6]. Therefore, the Pb species can accumulate within surface soil [7,8], and the possibility of deposition on ground surfaces should be carefully assessed.



Concerning the path of contamination by deposition, the spatial distribution of heavy metals has been reported on surface soils around a cement factory [9]. Krishna et al. investigated the spatial distribution of Pb in surface soils around a factory, and differentiated the effects of industrial activity on surface ground pollution from the impacts of pollution from natural sources [10]. Soriano et al. confirmed the soil pollution from atmospheric deposition by analyzing heavy metals in particles collected by an air sampler [11]; Qiao et al. reported that soil type was a main factor influencing the migration of As, Pb, and Cd in rainfall, based on Geographical Detector Software [12]; and Kobayashi et al. reported that the adsorption and elution of metals from contaminated soil was influenced by pH, content of humic substances, and salt concentration [13]. Therefore, depending on the environmental factors mentioned above, various heavy metals forms can stay on the soil surface or migrate along the soil profile. Other studies have also shown that soil pollution can be caused by deposition of heavy metals from the atmosphere [14,15,16,17,18]. For soil and groundwater protection, it therefore important to consider the soil contamination due to heavy metals deposition from the atmosphere, but this input to soil pollution is still not emphasized in environmental assessment and management practices of polluted sites.



Specifically, Pb deposition has not been assessed due to the lack of verification data on the tools used for linking large-scale meteorological data and atmospheric Pb deposition. There have been some efforts to estimate the spatial distribution of polluted sites by modeling dispersion and deposition of atmospheric pollutants [19,20,21,22,23]. The atmospheric dispersion model for exposure and risk assessment (ADMER model) is a series of models and systems designed for estimating atmospheric levels of chemicals and assessing their exposure. It uses data from various sources—Google Earth™ maps, the automated meteorological data acquisition system (AMeDAS), the PRTR, and other statistics (e.g., traffic, population)—in a single interface [24,25]. The ADMER is a puff-plume model that simulates the dispersion of atmospheric pollutants from their emission sources and evaluates dry deposition and washout of atmospheric pollutants at 100-m resolution [24,25]. The ADMER has been verified for various pollutants (e.g., 1, 3-butadiene [26]), but it has not yet been evaluated based on its estimation of the horizontal distribution of Pb deposited on ground surfaces. Nor has it been evaluated with a precise dataset showing the Pb content of surface soil samples.



The aim of this study, illustrated in Figure 1, was to evaluate the contribution of atmospheric Pb deposition potential on pollution of a soil surrounding an industrial site. First, we measured the soil Pb concentration around the industry emitting Pb. Then, the ADMER model was used to estimate the distribution of annual deposition flux in the soil where the emitted Pb settled. Third, the estimated horizontal distribution of Pb deposition and the measured Pb content of the surface soil were compared to optimal estimates of atmospheric Pb deposition. Furthermore, because the parameter values entered into the ADMER model could have a significant influence on the deposition flux to soil surface calculation results, we compared the estimated results of the deposition flux with meteorological data and Pb-containing particle diameters.


Figure 1. Processes included in the estimation of deposition flux.
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2. Materials and Methods


2.1. Study Area and Sampling Techniques


An intensive source of aerosol-form Pb emissions was located in the park (Figure 2). The study area, illustrated in Figure 2, was selected by searching the established survey data in the PRTR system [27] from April 2001 to March 2015 (2001–2014 fiscal years). For 2010–2014 the amount of released Pb was calculated from the PRTR Pb compounds data with conversion factors for the Pb compounds, while for 2001–2009 we used reported PRTR Pb data. In the 2001–2014 fiscal years, the selected factory discharged Pb into the atmosphere at rates of 500–5500 kg year−1. This factory had been conducting Pb emitting in the vicinity of residential areas (apartments, schools, parks, etc.) for many decades. Surface soil samples were collected from 34 sites within the study area (Figure 2) at a depth of 0–2 cm, and then fine particles were collected for Pb analysis using a sieve with 2-mm openings. Each of the analytical samples was stored in a 50-mL polypropylene bottle.


Figure 2. The location of soil sampling sites around industrial park.
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2.2. Measurement of Lead Content in Soil Samples


In this study, the Pb content of each of the surface soil samples was measured in order to monitor the horizontal distribution of polluted soil. We included the legal limit for Pb in soil (150 mg kg−1 [28]) in our visualization of the horizontal distribution results. Each extract solution of Pb was made in accordance with the Japanese Ministry of the Environment’s Notification No. 19 [29]. Then, the Pb content of the solution was measured using an inductively coupled plasma mass spectrometer (ICP-MS, ELAN DRC-e, Perkin Elmer, Ltd., Waltham, MA, USA). The Pb content (mg kg−1) of each soil sample was calculated based on ICP-MS results. Six grams (dry matter basis) of each soil sample was mixed with 200 g of 1 M HCl in a 500-mL polypropylene bottle, and the suspension was shaken reciprocally for two hours at 200 strokes per minute at room temperature (Figure 3). After shaking, the mixture was left undisturbed for 20 min so that the supernatant could be collected. The supernatant was then purified by centrifugation at 3000 rpm (1510× g) for 20 min and filtered with a 0.45-μm pore size membrane filter (Membrane Solutions, Tokyo, Japan). Finally, the Pb content of the test solution was determined by the ICP-MS.


Figure 3. Method for measuring Pb content.
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2.3. Estimation of Annual Deposition Flux Using ADMER


To determine whether atmospheric deposition is the cause of the soil’s Pb pollution, we compared the observed distribution of Pb content in the soil near the source factory with an atmospheric dispersion model’s estimated distribution of Pb deposition. In the estimation of the deposition flux, the ADMER model version 2.6.0 was used [30]. This model estimates the atmospheric concentrations of chemical substances as well as the deposition flux in surface soil at 100-m horizontal resolution. As shown in Figure 4, in order to obtain the annual atmospheric deposition flux using the ADMER model, we prepared the input data, executed a Pb deposition simulation, confirmed all calculations, and analyzed our data based on the results of the estimation. In the estimation, we used data from meteorological stations close to the sampling area, the map of the around the Pb emission site, and the PRTR on atmospheric Pb emissions. We used degradation rate, background concentration, dry deposition velocity, and scavenging ratio as input parameters in estimating Pb deposition using the ADMER model. We assumed that Pb-particles discharged from the factory did not decompose in the atmosphere under normal conditions (radioactive decay in 204Pb/205Pb/210Pb was considered to be negligible for the estimation of total Pb deposition). Thus, we set the degradation rate at zero. The background concentration was assumed to be zero because the natural concentration of Pb in the atmosphere was negligible compared to concentrations seen around the factory [31]. For example, in 2004, the annual average Pb concentration in 15 countries of the European Union ranged from 0.63 to 12.8 ng m−3 [32], and was 0.076 ng m−3 (76 pg m−3) in Antarctica [33]. In order to elucidate the influence of the source factory, we omitted background Pb aerosols from our visualizations.


Figure 4. The general flow of the ADMER analysis process.
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Because no data on the particle size emitted from the factory were available and we could not measure the particle size of the emitted particulate Pb to analyze the ADMER model’s sensitivity, we assumed the velocity of particulate Pb dry deposition in the range of 0.35 to 1.75 cm s−1 corresponding to particle diameters of 6.1–9.5 μm [34,35]. Sakata & Marumoto [34] reported that the washout ratio for Pb species (the ratio between the wet deposition velocity and the precipitation intensity/atmospheric concentration) was in the range of 87–119; therefore, the average value of 104 was used for the estimation of Pb horizontal distribution. The ADMER model calculations were done for a five km2 area around the factory (Pb source) at 100-m horizontal resolution.





3. Results and Discussion


3.1. Lead Content in Soil


Pb concentration in the surface soil samples is shown in Figure 5. Among the samples, 20 samples (59%) had Pb concentrations exceeding Japan’s legal limit (150 mg kg−1), 8 samples had values in the range of 50–100% of the limit, and 1 sample had a concentration lower than 20% of the limit (Figure 5). Although the legal limit has been set as a vertical average over the 0–5 cm and 5–50 cm of soil depth [36], intensive surface soil (which we define as the top 2 cm of soil) pollution should be evaluated using a prognostic approach for factories operating over long periods of time. Furthermore, it was noted that a few sites were polluted despite being far from the source factory (several hundred meters away).


Figure 5. Pb content of surface soil samples.
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3.2. ADMER and Field Measurement Calculation Results—Comparison & Discussion


First, we compared the measured and the estimated Pb distribution with the average dry deposition velocity (1.05 cm s−1) of the reported values (0.35–1.75 cm s−1) using the ADMER model, using the PRTR data of the year with the highest Pb emission (5500 kg year−1) between 2001 and 2014 (Figure 6). Measured Pb concentration in soil and the estimated results using PRTR data from 14 consecutive years are shown in Figure 7. In most of the samples with high estimated annual deposition flux, the measured Pb concentration was also high, and both estimated and measured Pb distribution showed that Pb deposition decreased with the distance from the emission source (Figure 6 and Figure 7). Even at distances of 400 to 500 m from the source, where there a lower soil pollution could be expected, the Pb concentrations in the surface soil exceeded the legal limit, further indicating atmospheric Pb deposition. The relationship between the estimated cumulative Pb deposition flux over 14 y and the soil Pb concentration is shown in Figure 8. Measured Pb concentrations in soil is influenced by environmental factors such as soil erosion, Pb adsorption onto soil solid phases, soil pH value, salinity, and humic substances content, which control the Pb solubility and mobility in soil over time. Also PRTR data, particle size, and meteorological change influence the estimated total Pb deposition flux by over time using ADMER model (x-axis). Use of the ADMER model to estimate the total deposition flux does not take into account the factors on the y-axis. We found a quasi linear relationship in the scatter plot of measured and estimated results (Figure 8), but the deviation of the correlation coefficient value was large due to the variability of the above mentioned environmental factors regulating the Pb. In this study, we analyzed the factors that have significant impact on the estimated Pb deposition flux by using ADMER model as the following Section 3.3 and Section 3.4. The relationship between the estimated cumulative Pb deposition flux over 14 y and the soil Pb concentration at the corresponding location is shown in Figure 8. Annual climate fluctuations could explain this deviation, but other factors could be also important for the variation in Pb deposition results such as heterogeneity in the size of the Pb-containing particles, chemical reactions causing alterations in particle density or water solubility, and need further evaluation for improving simulation. In Figure 8, two separate classes corresponding to plots with large (class 1) and small (class 2) annual deposition fluxes, respectively. Most of the class 1 sites were closer to the emission source, compared with class 2 sites, and the threshold values of the Pb deposition of the two classes were ca. 200 mg m−2 year−1 flux (Figure 6). The low Pb content of soil samples taken from remote sites (class 2) could be also related to differences in particle diameter. The fixed diameter of Pb-containing particles in the calculation of dry deposition velocity was likely responsible for the difference between the measured and estimated results in the Pb distribution in the polluted sites. Further, at sampling sites 3, 23, and 26, the deposition simulation did not explain the high Pb concentrations, which could be possibly due to long-distance migration of Pb from other sources (e.g., surrounding buildings), or deposition before the registration of PRTR data.


Figure 6. Results of soil’s measured Pb content and annual estimated deposition flux.
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Figure 7. Results of soil’s measured Pb content and estimated deposition flux over 14 years.
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Figure 8. The relationship between total deposition flux and soil’s measured Pb content.
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3.3. Sensitivity Analysis of Estimated Lead Deposition Flux Using Varied Dry Deposition Velocities


By considering the particle size as a significant factor that has significant impact on the variation on the x-axis of Figure 8, to determine the effect of particle size on the simulated Pb deposition results, in the estimation of Pb deposition we fixed the input data except for dry deposition velocity. We used AMeDAS and PRTR data from 2004 when the highest atmospheric Pb emission was reported (5500 kg year−1). Then we used the ADMER model to calculate the annual Pb deposition with varied particle diameters (6.1, 7.6, 8.2, 9, and 9.5 μm) at 100-m resolution. These particle diameters corresponded to dry deposition velocity rates of 0.35, 0.7, 1.05, 1.4, and 1.75 cm s−1, and the results are shown in Figure 9. Based on the results, we concluded that the larger the diameter of emitted Pb particles, the larger the expected deposition flux on the ground surface. However, the area nearest to the source (100–200 m) received the largest deposition flux, regardless of the diameter of Pb-containing particles. The estimated total deposition flux increases by approximately 5 times when the Pb particle size increases approximately 1.6 times, and furthermore, at a distance of 1 km from the emission source, this correlation did not change, regardless of the distance from the source. Although in this study the Pb particle size was a hypothetical value, the results showed that the Pb particle size has a great impact on the estimated total deposition flux but did not affect the concentration distribution. This indicated that the concentration distribution was calculated by a single particle size did not significantly affect the deviation of the distribution between the measured value and the estimated value. The present version of the ADMER model does not perform deposition calculations at resolution lower than 100 m, and therefore we may be observing effects at insufficient resolution.


Figure 9. Estimated deposition flux at sites various distances from the emission source.
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As far as the horizontal distribution of Pb in soil using different particle sizes is concerned, for the same amount of total Pb emitted, the larger was the particle size of Pb aerosols, the larger was the observed numbers of mesh (a unit of 100 m2) within 1 km of the factory with a high deposition flux (Figure 10). Among highly polluted sites (deposition flux >100 mg m−2 year−1), for Pb particle diameter of 6.1 μm the polluted area extended to 250-m from the emission source. Analogously, when Pb particles had diameters of 7.6, 8.2, 9, and 9.5 μm, the highly polluted sites extended 660, 845, 1050, and 1150 m from the emission source. In the simulation, the highest deposition flux was also increased by increasing the diameter of Pb-containing particles (flux of 154, 307, 459, 612, and 763 mg m−2 year−1 for 6.1, 7.6, 8.2, 9, and 9.5 μm diameters). It was confirmed that even a minor change in the particle size of Pb particle diameter (e.g., from 6.1 to 9.5 μm, a 1.6 times increase) intensifies the Pb deposition flux (from 154 to 763 mg m−2 year−1, a 5.0 times increase). Based on these results, it is crucial to monitor deposition flux and polluted area distribution in order to optimize dry deposition velocity, which can help prevent surface soil from being polluted by Pb aerosol deposition.


Figure 10. The distribution of meshes with a high deposition flux by particle size.
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3.4. Differences in Estimated Deposition due to Annual Climate Fluctuations


Meteorological data can change Pb deposition results when it deviates from averaged climate parameter values, and we investigated variations in atmospheric deposition flux due to annual climate fluctuations. To predict the range of variation in Pb deposition flux, we used the highest annual atmospheric Pb emission in recent years (5500 kg year−1). Then, we performed simulation of Pb deposition using 14 y of data from the AMeDAS database providing an estimate of annual fluctuation in the highest deposition flux at 100-m resolution. The mesh with the highest annual deposition was selected and used to evaluate the worst case of fluctuation in the deposition estimation. Figure 11 shows the annual variation in deposition flux due to climate fluctuations. The standard variation in annual deposition for the 14 years was 7.24 mg m−2 year−1, and the coefficient of variation (CV) was 5.6. Based on the results, we concluded that annual climate fluctuation data should be included in precise deposition flux estimates. Therefore, it is necessary to consider the range of fluctuation in climate data. The variation in deposition flux caused by climate fluctuation was not large in the present study, but verification of the model with a series of long-term meteorological data is necessary for other factories and regions.


Figure 11. Annual variation of deposition flux due to climate fluctuation.
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4. Conclusions


The horizontal distribution of surface soil polluted with Pb around a factory can be monitored by sampling surface soils and by using the ADMER model to simulate atmospheric deposition. At sites with a high estimated annual Pb deposition flux, the measured Pb content in surface soil samples (0–2 cm depth) was also high. As the distance from the emission source increases, the deposition flux and content tended to be smaller. There was good agreement between the estimated annual deposition flux and the distribution of soil’s measured Pb content. Even at sites considered far from the Pb emission source (>400 m), where the possibility of soil pollution caused by leaking drainage water was low, the Pb content of the surface soil samples still exceeded Japan’s legal limit. Therefore, a highly mobile form of Pb, such as particulate matter could spread the Pb pollution. Based on the correlation between the measured and estimated levels of Pb pollution, sites near the emission source (<680 m from the factory) tended to have larger values for measured Pb content than estimated Pb deposition; this result was obtained using a fixed particle size in the ADMER model, but varying particle size, the larger particles are deposited faster and closer. We found that even holding Pb emissions constant, the greater the size of emitted particles, the higher the amount of Pb deposited on the soil and the larger the polluted area. Therefore, in order to prevent soil pollution due to atmospheric Pb deposition, it is essential to monitor the amount of deposition on soils, and the distribution of areas polluted with Pb-containing particles of various sizes. Lead pollution of soil is a stock type contamination, and therefore a long-term estimate of Pb deposition flux is necessary. In our long-term estimate, we evaluated annual fluctuation of the Pb deposition estimates in relation to changing meteorological data. Variations in deposition flux due to annual climate fluctuations were not significant for our case. However, the impact of climate fluctuations on deposition flux must be investigated in other factories and regions.
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