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Abstract

:

Urban agriculture is a sustainable practice for communities to have access to healthy and affordable produce by reducing the energy costs of food production and distribution. While raised beds are often used in community gardens to ensure that soil quality meets proper standards, the use of existing urban soils is desired for economic and sustainability purposes. The main objective of this study is to evaluate a methodology to test soil health parameters using in situ screening methods. Soil testing was conducted at three urban lots in Hartford, CT, that were candidates for community gardens. In situ measurements of metals were taken with a pXRF instrument in all three lots, and an additional 30 samples were tested in the laboratory, both on pressed pellets via pXRF and with acid digestion and ICP-MS analysis. Ultimately, in situ pXRF measurements were comparable to pelletized pXRF and ICP-MS measurements for elements of interest, and pXRF is shown to be a reliable screening tool to evaluate exceedances for metal regulatory thresholds exceeding 100 ppm (e.g., Pb, Cu, Ni, Zn, and Se), although soil moisture content exceeding 5% is shown to have a dilution effect on in situ results up to about a 30% difference. The current study serves as a case study in Hartford, CT, for the evaluation of in situ pXRF analysis as a rapid soil screening tool, and further research will be needed to extend the current recommendations to a general rapid soil assessment methodology.
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1. Introduction


Urban agriculture is a sustainable practice for communities to combat inflation and provide employment opportunities while serving as an accessible industry for low-income entrepreneurs, improve food security and resolve hunger and nutrition as a major public health concern, and promote personal wellness through plant–human interaction [1,2]. It is estimated that a 10 × 10 m plot under average growing conditions in a 130-day growing season can fulfill an average household’s yearly produce and most nutrition requirements [3]. Further representing the economic benefits of urban agriculture, urban farms are more focused on high-value production and have been shown to produce more per acre than rural farms despite their difference in size [4]. Overall, urban agriculture offers economic, environmental health, and community development benefits, including green-space preservation, air quality improvement, reduction of freshwater consumption, and opportunities for compost use and waste reduction [5,6,7,8,9,10,11,12].



The success of urban agriculture is influenced by the quality of soil available at the site. Soil health and fertility are dictated by a number of parameters that can be analyzed and monitored before and during land use conversion, such as organic carbon and nitrogen content, pH, biological/microbial activity, cation exchange capacity, and total clay [13,14,15]. Standard agricultural soils consist of a balance of mineral components (sand, silt, and clay), organic matter, air, and water, which is impacted by the climate, topography, soil organisms, and parent material at the site. On the contrary, urban gardens are typically created on unused or vacant land with an industrial history, or impacted by urban fill, and can contain various organic contaminants, usually tied to common pollution sources such as coal ash and bituminous materials in urban fill, as well as inorganic contaminants such as trace metals [16]. Humans can be exposed to those contaminants via inhalation, ingestion, and absorption or direct contact with soils as well as through the plant uptake pathway and consumption of contaminated crops [17,18]. The USEPA [19] outlines the risk assessment parameters for uptake into homegrown produce using models that represent the pathways of soil-to-root uptake, translocation from roots to aboveground plant parts, and atmospheric deposition of contaminants. Leafy and root vegetables common to residential gardens are assumed to have the most uptake capability of contaminants based upon the current models [19,20,21]. Overall, a sustainable approach to creating urban gardens is to utilize existing soils instead of remedies such as excavation, soil/ground covers, phytoremediation, raised beds, and the application of chelating agents [20,22,23,24,25]. Therefore, it is essential to properly screen urban soils specifically intended for agricultural use, which are a concern to human health, for harmful inorganic and organic contaminants.



Currently, soil screening of trace metals occurs via field application of portable X-ray fluorescence (pXRF) spectroscopy, or laboratory analysis utilizing XRF or acid digestion coupled with inductively coupled plasma mass spectrometry (AD/ICP-MS). XRF is often utilized as a greener, faster, more cost-effective, and non-destructive method of analysis compared to AD/ICP-MS. However, the accuracy of in situ pXRF analysis can be impacted by soil matrix interferences such as moisture content leading to dilution, sample heterogeneity, and particle size effects [26]. While the literature does utilize AD/ICP-MS analysis to confirm XRF measurements of soils, very little research has been carried out to determine the effect of different XRF sample preparation methods on the accuracy of trace metal measurements in soils. Parsons et al. [27] compared three pXRF preparation methods to AD/ICP-MS measurements of arsenic in soils from a floodplain in France, though true in situ pXRF analyses were not conducted. The different pXRF preparation methods consisted of in situ field preparation where soils were first homogenized, sieved to <2 mm, and compacted; ex-situ LDPE bags where homogenized and sieved soil material was analyzed in 50 μm thick LDPE bags; and finally, ex situ XRF cups where soil material was homogenized, sieved, dried, ground, and analyzed through Mylar film. While it was determined that all versions of pXRF arsenic measurements are comparable to ICP-MS measurements (R2 > 0.85), pXRF analysis was not applied on raw, unprepared soil samples [27]. Furthermore, there have been studies that analyze the effect of pellet preparation methods for XRF analysis of soils by comparing results from pressed pellets, pressed pellets with binder, and loose powdered samples [28,29]. Finally, in a study by Weindorf et al. [30], in situ pXRF analysis of surface soils, which normally have lower trace element concentrations than subsoils, was compared to AD/ICP atomic emission spectroscopy (AES) analysis, where corrections for original moisture content were made to ICP measurements to represent field conditions under which the pXRF scans were performed. Ultimately, it was determined that corrected ICP measurements matched reasonably well to pXRF measurements for the majority of the studied trace elements (As, Co, Cu, Fe, Mn, Pb, and Zn) excluding Ba and Cr [30].



Currently, there is no guidance in the United States and Europe that unifies such findings to recommend a set of best practices for in situ screening of urban soils for conversion to gardens. The United States Department of Agriculture Natural Resource Conservation Service (USDA-NRCS) often receives requests to provide screening and evaluate the soil health; with over 2300 offices nationwide, the need to provide such services at low cost and turn-around time along with guidance to local farmers is acute. Accordingly, the purpose of this study was to determine if in situ XRF spectroscopy could be applied for accurate determination of trace metal content in urban soils by comparing results to laboratory-prepared pellets using XRF and the industry standard of AD/ICP-MS. In order to further determine the state of soil fertility, ex situ ECS 4020 CHNSO isotope analysis was used to quantify the total carbon and nitrogen content of urban soils.




2. Materials and Methods


2.1. Site Locations and Sampling Methodology


The site selected for testing was 138 Irving Street in Hartford, CT (41°46′49.8″ N 72°41′09.0″ W), which is approximately 639 m2 in size and is located on a street corner next to a residential building. The lot contains no existing structures, and based on the soils present, it was determined that sampling would occur at 0–15 cm and 15–30 cm depths. The lot was divided into a grid of 3 m intervals before visiting the location using the geographic information system (GIS) software version 3.0.3. In the field, a tape measure was used to measure the length of the lot and flags were placed in 3 m intervals along the tape to indicate where sampling would occur. There was a total of 65 testing spots within the site, which were analyzed with in situ pXRF and then collected for laboratory analyses. At each spot, a hand auger and/or shovel was used to obtain soil samples at two depths of 0–15 cm and 15–30 cm, which were measured with a ruler to ensure accuracy. The two soil samples were placed on top of individually labeled plastic sample bags for in situ analyses, and then placed in bags to be returned to the lab for further analysis. The soil measured in situ in this lot was observed to have relatively low moisture, with minimal effect on the obtained readings. Additional soil samples were obtained from two other lots, 176 Clark Street (41°47′23.0″ N 72°40′35.5″ W) and 438 Garden Street (41°46′53.3″ N 72°41′04.2″ W) in Hartford, CT, in another sampling event that took place after a significant rain event. The effect of moisture content on in situ pXRF readings was tested using 32 collective soil samples from the two sites tested during this event. After conducting in situ pXRF analysis using the same method as in the first site, samples were immediately bagged and brought back to the laboratory for a moisture content analysis.




2.2. Sample Preparation


Of the 130 soil samples collected from the first site, 15 sampling locations, or 30 total samples, were selected for further analysis based on the comparatively higher elemental concentrations of Pb. The samples were stored in sealed plastic sampling bags at room temperature. A subsample of 30–50 g was then placed into petri dishes, allowed to dry under a fume hood for 48 hours, and passed through a 2 mm sieve. Approximately 10 grams of each dried and sieved sample were pulverized for 5 minutes using a SPEX SamplePrep ShatterBox 8530 (Metuchen, NJ, USA) and sieved to a size of 0.075 mm. A polymer-based binder was added to the pulverized and sieved soil in a 9:1 ratio, homogenized with a LabRAM Resodyn mixer, and pressed into a pellet with a SPEX 3636 X-Press (Metuchen, NJ, USA). All 30 pellets were then analyzed once with the pXRF instrument using the same method as in the in situ scenario. The dried and sieved material of the 30 samples was also sent out to Complete Environmental Testing in Stamford, CT for AD/ICP-MS analysis of selected metals (Pb, Cr, Se, and As).



To evaluate the effect of moisture content in the wet samples from the second and third lot, the subsamples that were air-dried for 48 hours were re-weighed to obtain a value for moisture content, placed into a petri dish, and covered with Mylar film to be analyzed via pXRF in triplicate, simulating in situ analysis conditions for dry soil.




2.3. Analytical Methods


Prior to in situ analysis of excavated soils in all three lots in the study, Mylar film was placed over the soil samples and an Olympus Vanta VMR pXRF instrument was used to measure the in situ-based elemental concentrations of each soil sample. The Olympus Vanta VMR pXRF is equipped with a 4-watt rhodium X-ray tube and beryllium window, with a 3 mm diameter beam spot. Three spots of the sample were tested with a one-minute running time each using the instrument’s Geochem calibration method, after performing a successful calibration check using the XRF metal standard stainless steel grade 316. The Geochem method was also used to analyze the pelletized samples from the first lot with a single 1 min scan.



Apart from trace-metal analysis, total carbon and nitrogen content of the same 30 samples that were used for pXRF pellets and AD/ICP-MS analysis was determined using the Costech ECS 4010 CHNSO analyzer (Costech Analytical Technologies, INC, Valencia, CA, USA). Approximately 35–40 mg of the pure pulverized soil material was rolled into a tin capsule to be analyzed with the instrument in duplicate by ignition. Analysis also included atropine standards ranging from 0.5–2.5 mg and atropine quality control checks every 12 samples.




2.4. Statistical Analyses


Statistical analyses using fitted models and hypothesis testing were performed to compare AD/ICP-MS and the two sets of pXRF measurements. XRF values below the detection limit were replaced by the margin of error σ provided by the instrument when they were less than 15% of the total dataset [31]. The OriginPro 2020b statistical software was used to perform comparison on the various datasets of interest using the “Compare Linear Fit Parameters and Datasets” application. The application compares datasets by comparing two models: a more complicated model where the parameter value can vary among different datasets and a simpler model where the parameter values are assumed to be the same for all datasets. In the dataset comparison using a fit model, the more complicated model corresponds to the independent fit for each dataset and the simpler model corresponds to a function with all parameters being shared in all datasets. An F-test and associated p-value determine whether the datasets are statistically different from one another, in this case at the 95% confidence level. The “Compare Linear Fit Parameters and Datasets” application was also used to compare the two pXRF preparation methods. Parametric hypothesis testing via a simple F-test for variance and corresponding two-sample t-test for means at the 95% confidence level was also performed on the 30-sample subset of AD/ICP-MS measurements and both individual sets of pXRF measurements. The same statistical tests were performed to analyze the effect of soil moisture content on in situ pXRF measurements.





3. Results and Discussion


3.1. Comparison of Testing Methodologies


In this study, pXRF measurements were taken in situ and for pelletized samples. Processing and pelletizing prior to pXRF analysis optimizes X-ray scattering and mitigates sample variability, as the sample material is homogenized. However, in the case of in situ pXRF analysis, both of these issues are present; as a means of reducing the sample variability during in situ pXRF analysis, multiple measurements should be taken in various spots of the sample material and averaged to obtain elemental concentrations that are representative of the entire sample. In theory, the more in situ pXRF measurements that are taken, the closer the representative concentration values should be to those obtained from pelletized sample material. S1 in the Supplementary Materials show the raw data for the selected metals (Pb, Cr, Se and As). Figure 1 shows the pXRF data for Pb comparing individual in situ pXRF measurements and the average of the three to those of the 30 pelletized samples.



As seen in Figure 1, average in situ values for Pb are closer to the pellet measurements. The scatter of individual measurements around the 1:1 line increases with increasing Pb concentration, which can be attributed to Pb being concentrated in hotspots, i.e., larger particles that are homogenized by sample preparation. However, the average concentration of three measurements is generally close to the 1:1 line. Therefore, the average of the three in situ measurements for each element is used for the statistical comparison of methods.



Figure 2 shows the boxplots for Pb and Cr as determined by in situ and pelletized samples tested by pXRF and AD/ICP-MS, while Table 1 shows the results of statistical tests applied for the two pXRF datasets compared to the AD/ICP-MS one. The two outliers detected in the in situ pXRF dataset for Pb were included in the statistical analyses represented in Table 1, as they were not determined to be outliers in the pellet pXRF or ICP-MS datasets for Pb and the statistical comparison should include all datapoints. How the pXRF compared with AD/ICP-MS depends on the concentration levels, specifically to what extent the concentrations are above the pXRF detection limit. While the equipment manufacturers provide a limit of detection (LOD) for individual elements in a pure silica matrix, these are generally lower than what can be attained in a soil matrix with interferences between elements; this is reflected in the margin of error σ reported by the instrument, which is higher than the LOD even when the reported concentration is zero. Thus, the margin of error σ is used here in lieu of the theoretical LOD.



Selenium had concentrations below the pXRF detection limit for all 30 samples. In this case, σ was between 5 and 8 ppm for all samples; AD/ICP-MS confirmed that to be the case for 26 out of 30 samples, with four samples having Se concentrations between 10 and 15-ppm (S1 in Supplementary Materials) that are outliers in the overall distribution. Therefore, the pXRF margin of error is a reliable representation of the actual detection limit and concentration levels of Se in the soil.



Arsenic concentrations were near the pXRF detection limit, with large differences between the two samples preparations: only 2 out of 30 samples were reported as zero in the in situ measurements, whereas 24 out of 30 samples were zero for the pellets; the σ value fluctuated between 2 and 60 ppm (S1 in Supplementary Materials). The AD-ICP-MS measurements yielded concentrations below 8 ppm for all 30 samples; in this case, the instrument’s σ value is much larger than the measured values. This is attributed to the overlap between the Pb La and As Ka lines, which results in a higher As detection limit for pXRF when substantial Pb is present [32]. Accordingly, the t-test and F-tests yielded significant difference between the in situ and AD/ICP-MS dataset, with an average difference of 66%.



For Cr, the pXRF-reported concentrations were five to seven times higher than the σ value for both in situ and pellet datasets. The AD/ICP-MS data indicate that the actual concentrations were much lower for all 30 samples (S1 in Supplementary Materials and Figure 2b); similar to As, the difference is likely attributed to the interference of high Fe content, which is common in soils, with the Cr measurement [32]. Similar to As, the t-test and F-tests yielded significant differences between both pXRF datasets and the AD/ICP-MS one, with differences exceeding 100%.



Finally, Pb concentrations are two orders of magnitude higher than the pXRF detection limit, and in this case, the distribution and median values for all three methods are similar, as also corroborated by the t-tests (Figure 2a). On average, both methods yielded higher Pb concentrations; as shown in Figure S1, the mean relative difference exceeded zero when compared to the AD/ICP-MS values. However, the scatter for the in situ pXRF method was higher and spanned a larger range, with relative differences between −50% and +60% compared to the AD/ICP-MS (Figure 3 and Figure S1). For the pellet samples, the relative differences ranged from −20% to +65% (Figure S1). In other words, the larger variability of the in situ pXRF measurements caused the F-test to yield a higher p-value when compared to AD/ICP-MS. Higher pXRF measurements compared to AD/ICP-MS imply that the method yields more conservative estimates for the majority of samples. For the in situ dataset, 11 out of 30 points were below the 1:1 line and for the pellet dataset, only five points were below the 1:1 line when compared to AD/ICP-MS (Figure 3). The implication of these findings for evaluation of soil health in this site will be discussed in Section 3.4.



To further examine the effects of the sample preparation and the difference between the two different pXRF preparation methods, F-tests were conducted for trace metals that were detected above the LOD and are of interest for soil health evaluation, including Ni, Cu and Zn (S1 in Supplementary Materials). Arsenic and chromium were excluded from the analysis, given that they were not found to yield reliable concentrations compared to AD/ICP-MS for this soil. As shown in Table 2, the F-tests indicate that the datasets for Ni, Cu and Zn are different (p > 0.05). Specifically, in situ measurements are higher compared to pellet measurements, on average by 30% for Ni, 4.4% for Cu and 8% for Zn. Very few samples showed lower values in the average in situ measurements versus the pellet, and in all cases but one, the difference was less than −10%. Thus, the probability of underestimation of these elements through in situ measurements versus pelletizing is very low.



The Pb dataset was different; the p-value was higher, indicating less significant differences between the in situ and pellet measurements, and the pellet measurements had several data points higher than in situ (also see Figure 1b). Therefore, for Pb the probability of underestimating concentrations through in situ measurements is slightly higher. The differences seen between pellet and in situ pXRF measurements can be attributed to the reduction in background radiation and densification of the matrix, which increase the number of scattering atoms per unit volume [33]. The implications of these findings for soil health evaluation in this lot will be further discussed in Section 3.4.




3.2. Moisture Content Effect on pXRF Analysis


Moisture content was further investigated as a key variable that can affect pXRF measurements [16,34,35]. Samples from lot 1 contained <5% moisture content, while moisture content in samples from lots 2 and 3 ranged from 7% to 38%. Figure 4 shows the comparison of Pb measurements in wet and dry specimens for 30 samples, with the raw data and associated moisture contents in S2 in Supplementary Materials. Two samples were excluded as outliers, determined as points with residuals greater than 2σ.



Overall, Pb was lower in the wet samples with the exception of only four samples. As seen in Table S1, the F-tests yielded highly significant differences, with wet samples having on average between 20% and 40% lower concentrations compared to dry samples. Figure 4 represents a linear correlation between wet and dry pXRF measurements of Pb with R2 of 0.96 and a slope of 1.214, which can be used to correct the wet measurements for the dilution introduced by water. As shown in Figure S2, this correction is independent of the measured water content of the samples, which cannot be used to account for the matrix interference introduced by the presence of water. Similar findings can be seen in a study by Foxx [36], who reported a correlation coefficient between wet and dry pXRF measurements of Pb of 0.869 (n = 68) and most points plotting above the 1:1 reference line, with more extreme deviations starting around 250 ppm [36].



To further examine the potential to correct for the effect of moisture content on in situ pXRF measurements, a similar regression to Figure 4 was performed for Ni, Cu, and Zn, since they are trace elements of interest above the pXRF LOD. Two outliers were excluded from the Cu and Zn datasets, and one for Ni. Figures S3–S5 present the linear regression for each element, plotted against a line with a slope of 1. The regression for Ni has a slope of 1.148 and R2 of 0.87, Cu has a slope of 1.242 and R2 of 0.94, and Zn has a slope of 1.323 and R2 of 0.93. The slopes of the regression between dry and wet measurements for Pb, Ni, Cu and Zn are comparable, confirming that a factor between 20% and 30% can be used to correct for the water matrix effect in these lots.




3.3. C and N Content


Total carbon and nitrogen content were analyzed for the purpose of determining soil fertility for growing plants. It should be noted that organic carbon content is often measured for soils and managed by gardeners or famers, while total carbon content encompasses the wide range of carbon species potentially present in soils due to the presence of concrete fragments, black carbon as a combustion byproduct, etc. [37,38]. Likewise, total nitrogen content for soils typically refers to both nitrate and ammonia species of nitrogen. S3 in the Supplementary Materials provides the full dataset of carbon and nitrogen content and the computed carbon-to-nitrogen ratio.



According to the USDA-NRCS, a C:N ratio of 24:1 provides suitable environmental conditions for a soil microbial diet that is most beneficial for plant growth in urban gardens. Out of the 30 samples tested, only three fell within this ideal C:N ratio, with five samples being nitrogen-deficient and 22 samples having a nitrogen surplus or carbon deficit. While nitrogen-deficient soils indicate that plant growth can be notably stunted, soils with excess nitrogen can lead to high weed pressure, excessive plant growth promoting outbreak of harmful insects and mites, excess foliage on fruited plants that reduces yield and delays fruit maturity, and susceptibility to root damage by nematodes and pathogens [39]. A carbon deficiency in soils can also limit crop production by reducing moisture retention, aeration, and key biological functioning of soils [40]. Tactics such as the application of compost can be used to address carbon deficiency in soils. Similar to these results, Lorenz and Lal [41] reported in a review study that total nitrogen concentrations for urban soils are on average 0.21% and 0.08% for 0–10 cm and 20–30 cm depths, respectively. The review also concludes that total carbon concentrations for urban soils are 1.49–3.1% and 0.8% for 0–15 cm and 20–30 cm depths, respectively [41]. Overall, soil amendments are necessary to improve fertility of the analyzed soils for gardening purposes. It should be noted that, should the total carbon and nitrogen concentrations of the soils be higher, additional analyses would be necessary for full screening of soil fertility, including organic carbon, nitrate, and ammonia content.




3.4. Implications for Soil Health


The evaluation of different methods has to take into account the context in which they will be used, i.e., the criteria that they will be compared against to determine whether the soil is acceptable for the intended use. There are currently no thresholds established that are specific to soil use for agricultural purposes in the United States or the State of Connecticut. In 2003, the United States Environmental Protection Agency (USEPA) established the Ecological Soil Screening Levels (Eco-SSLs) to report concentrations of common soil contaminants that are protective of ecological receptors, which can be used to identify whether further evaluation is required at the site of interest [42,43]. The USEPA emphasizes that the Eco-SSLs should not be used as cleanup standards, but as a screening-level risk calculation [42]. The Eco-SSLs for plants reported in Table 3 are derived for plants as the ecological receptor of the soil contaminants by considering the exposure pathways of direct contact and plant uptake, and the derived values are stated to exclusively apply to soils with a pH between 4 and 8.5 and organic matter content less than 10%. The USEPA also reports regional screening levels for residential soil. In addition to federal guidelines, soil cleanup standards are developed by state environmental protection agencies, each of which may adopt different models for toxicity and exposure pathways, leading to different levels. For example, the CT residential direct exposure criterion for lead in soils is 400-ppm, which is also the current USEPA regional screening level threshold for residential soils.



As seen in Figure 5, the evaluation of the three different analysis methods for lot 1 against the regulatory limits for Pb from Table 3 are as follows:




	
400 ppm: Eight samples exceed it for ICP-MS and in situ pXRF versus 9 for pellet pXRF, indicating that pXRF is equivalent or more conservative than ICP-MS at this threshold.



	
120 ppm: 21 samples exceed it for ICP-MS versus 23 for both pellet and in situ pXRF, also showing that pXRF is more conservative than ICP-MS at this threshold.



	
The Pb dataset as a whole indicates that pXRF is likely to be more conservative compared to ICP-MS when evaluating soil samples, regardless of the threshold level, which agrees with the statistical analysis that shows pXRF yields higher concentrations compared to ICP-MS (10% higher on average for the in situ pXRF dataset).








This analysis is true when the in situ pXRF measurements are collected on samples that are in a relatively dry state, as were the samples collected for Lot 1. For Lots 2 and 3, the pXRF analysis indicated that the moisture content had a diluting effect on the measured concentrations, with factors ranging from 15% for Ni to 32% for Zn. As shown in Figure 6, this affects the sample evaluation at these sites against the regulatory limits for Pb as follows:




	
400 ppm: Seven samples exceed it in the wet dataset compared to eleven samples in the dry dataset.



	
120-ppm: 28 samples exceed it in both datasets.








Thus, even with the lower concentrations, the probability of missing exceedances in wet samples in these lots is between 17% and 36%, depending on the threshold for Pb in this dataset. The application of the correction factor reduces that probability to 0%, i.e., all exceedances are captured.



For Zn, only the Eco-SSL threshold of 160 ppm is low enough to be comparable with the measured concentrations in the 32 samples; all other values are significantly higher, so that both wet and dry pXRF measurements are well below the threshold. Fifteen samples exceed the Eco-SSL in the dry dataset, and 14 samples in the wet dataset. If the wet dataset is corrected with a factor of 1.3, then 18 samples would exceed the threshold, resulting in an over-correction, i.e., a more conservative evaluation of the dataset.



Similar observations can be made for Cu; 14 samples exceed the Eco-SSL of 70 ppm in the dry dataset, and 11 samples in the wet dataset. A correction with a factor of 1.3 is insufficient to correct for the three samples missed in the wet dataset and results in one other sample to be considered as exceedance; all four samples had concentrations below 100 ppm. All other thresholds are significantly higher than all values in both datasets.



For Ni, eight samples exceed the Eco-SSL of 35 ppm in the dry dataset and two samples in the wet; a correction factor of 1.3 results in six samples exceeding the Eco-SSL. Thus, for this low level of concentrations, pXRF is less reliable in terms of accurately capturing exceedances.



Taking all these observations from the study sites into account, it may be said that pXRF correctly captures exceedances in both dry and wet samples when the values are within 30% of the threshold, as long as the threshold exceeds 100 ppm. Therefore, a possible recommendation for in situ field analysis with pXRF in these locations is to analyze samples within 30% of the threshold via AD/ICP-MS. According to this recommendation, eight out of 30 samples would be required to be collected for further laboratory analysis to ensure that Pb levels are below the regulatory limit of 400 ppm. Comparing the Pb levels determined in lot 1 to the USEPA Eco-SSL of 120 ppm for plants, four out of 30 samples would require further laboratory analysis.



In regards to the other selected metals analyzed in this study, the CT direct exposure criteria for soils for Cr, Se, and As are 100, 340 and 10 ppm, respectively. None of the 30 samples show exceedances for these three values; however, there are a few concentration values of As near the threshold. Due to the overlap between the Pb La and As Ka lines, the detection limit of As for pXRF is dramatically increased when substantial Pb is present, which is a commonly abundant trace metal in urban soils; therefore, As cannot be accurately quantified using pXRF analysis in soils. It should also be noted that due to the overestimation of Cr during pXRF analysis, many of the reported Cr concentrations come very close to the CT DEEP threshold of 100 ppm, with two of the values actually passing the threshold, while AD/ICP-MS analysis only reported Cr concentrations for the entire sample subset from 13 to 32 ppm. Conclusively, pXRF analysis is not a suitable tool for the quantitation of Cr or As at these low levels, and wet chemistry is required. While pXRF analysis of Se yielded mainly non-detect values, the instrumental 1σ error values associated with each non-detect are corroborated by the AD/ICP-MS-reported concentrations, and are well below many of the state and federal screening thresholds, except the Eco-SSL of 0.52 ppm; in that case, AD/ICP-MS must be used to evaluate compliance.





4. Conclusions and Recommendations


Portable XRF provides users with the technology to perform a rapid assessment of trace metal content in the field. However, it is imperative to determine the potential interferences introduced by field conditions on XRF measurements and whether field measurements are comparable to traditional laboratory methods prior to the widespread use of portable XRF for soil screening to inform soil management decisions. The evaluation of portable XRF as a method to screen soils for metal contaminants in three test sites in Hartford, CT, with a potential end use as urban gardens yielded the following conclusions:




	
Moisture exceeding 5% introduced a dilution effect that may be accounted for with a correction factor of 1.2–1.3 regardless of the moisture content.



	
pXRF is reliable as a screening tool when used to evaluate exceedances for regulatory thresholds that exceed 100 ppm. For lower thresholds, wet laboratory analyses are recommended.



	
For thresholds exceeding 100 ppm, it is recommended that samples analyzed by pXRF that yield values within 30% of the threshold are also analyzed by wet chemistry.








Further research is needed to determine whether the recommendations for trace metal analysis of soils tested in this study can be extended to a general rapid soil screening methodology for the purpose of promoting urban agriculture.
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Author Contributions


Conceptualization, M.C., N.B. and H.C.; methodology, H.C., M.C., N.B. and J.I.; software, H.C.; validation, M.C. and N.B.; formal analysis, H.C.; investigation, H.C.; resources, M.C.; data curation H.C.; writing—original draft preparation, H.C.; writing—review and editing, M.C., N.B. and J.I.; visualization, H.C.; supervision, M.C. and N.B; project administration, M.C and N.B.; funding acquisition, M.C., N.B. and H.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by The University of Connecticut’s Center for Environmental Sciences and Engineering (4172480).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the main text and Supplementary Materials.




Acknowledgments


We acknowledge Victoria Duffy for participating in the formal analysis and investigation of this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Brown, K.H.; Jameton, A.L. Public Health Implications of Urban Agriculture. J. Public Health Policy 2000, 21, 20. [Google Scholar] [CrossRef] [PubMed]

	



Relf, P. The Role of Horticulture in Human Well-Being and Social Development: A National Symposium; Timber Press: Portland, OR, USA, 1990; Volume 10, p. 14. [Google Scholar]

	



Sommers, P.; Smit, J. Promoting Urban Agriculture: A Strategy Framework for Planners in North America, Europe, and Asia; IDRC Report 9; The Urban Agricultural Network: Washington, DC, USA, 1994; pp. 1–8. [Google Scholar]

	



Heimlich, R.E.; Barnard, C.H. Agricultural Adaptation to Urbanization: Farm Types in Northeast Metropolitan Areas. Northeast. J. Agric. Resour. Econ. 1992, 21, 50–60. [Google Scholar] [CrossRef]

	



Viswanathan, B. Effect of Pervious and Impervious Pavement on the Rhizosphere of American Sweetgum (Liquidambar styracifllua). Master’s Thesis, Texas A&M University, College Station, TX, USA, May 2010. [Google Scholar]

	



Niemelä, J.; Saarela, S.-R.; Söderman, T.; Kopperoinen, L.; Yli-Pelkonen, V.; Väre, S.; Kotze, D.J. Using the ecosystem services approach for better planning and conservation of urban green spaces: A Finland case study. Biodivers. Conserv. 2010, 19, 3225–3243. [Google Scholar] [CrossRef]

	



Lin, B.B.; Philpott, S.M.; Jha, S. The future of urban agriculture and biodiversity-ecosystem services: Challenges and next steps. Basic Appl. Ecol. 2015, 16, 189–201. [Google Scholar] [CrossRef]

	



Drescher, A.W.; Holmer, R.J.; Iaquinta, D.L. Urban homegardens and allotment gardens for sustainable livelihoods: Management strategies and institutional environments. In Tropical Homegardens: A Time-Tested Example of Sustainable Agroforestry; Kumar, B.M., Nair, P.K.R., Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 317–338. [Google Scholar] [CrossRef]

	



Whitford, V.; Ennos, A.R.; Handley, J.F. “City form and natural process”—Indicators for the ecological performance of urban areas and their application to Merseyside, UK. Landsc. Urban Plan. 2001, 57, 91–103. [Google Scholar] [CrossRef]

	



Nogeire-McRae, T.; Ryan, E.P.; Jablonski, B.; Carolan, M.; Arathi, H.S.; Brown, C.S.; Saki, H.H.; McKeen, S.; Lapansky, E.; Schipanski, M.E. The Role of Urban Agriculture in a Secure, Healthy, and Sustainable Food System. Bioscience 2018, 68, 748–759. [Google Scholar] [CrossRef]

	



Scanlon, B.R.; Jolly, I.; Sophocleous, M.; Zhang, L. Global impacts of conversions from natural to agricultural ecosystems on water resources: Quantity versus quality. Water Resour. Res. 2007, 43, 1–17. [Google Scholar] [CrossRef]

	



Rashmi, I.; Roy, T.; Kartika, K.S.; Pal, R.; Coumar, V.; Kala, S.; Shinoji, K.C. Organic and inorganic fertilizer contaminants in agriculture: Impact on soil and water resources. In Contaminants in Agriculture: Sources, Impacts and Management; Naeem, M., Ansari, A., Gill, S., Eds.; Springer: Cham, Swtizerland, 2020; pp. 3–41. [Google Scholar]

	



Doran, J.W.; Zeiss, M.R. Soil health and sustainability: Managing the biotic component of soil quality. Appl. Soil Ecol. 2000, 15, 3–11. [Google Scholar] [CrossRef]

	



Lehmann, J.; Bossio, D.A.; Kögel-Knabner, I.; Rillig, M.C. The concept and future prospects of soil health. Nat. Rev. Earth Environ. 2020, 1, 544–553. [Google Scholar] [CrossRef]

	



Cardoso, E.J.B.N.; Vasconcellos, R.L.F.; Bini, D.; Miyauchi, M.Y.H.; dos Santos, C.A.; Alves, P.R.L.; de Paula, A.M.; Nakatani, A.S.; Pereira, J.D.M.; Nogueira, M.A. Soil health: Looking for suitable indicators. What should be considered to assess the effects of use and management on soil health? Sci. Agric. 2013, 70, 274–289. [Google Scholar] [CrossRef]

	



Le Guillou, F.; Wetterlind, W.; Rossel, R.V.; Hicks, W.S.; Grundy, M.; Tuomi, S. How does grinding affect the mid-infrared spectra of soil and their multivariate calibrations to texture and organic carbon? Soil Res. 2015, 53, 913–921. [Google Scholar] [CrossRef]

	



Hallett, S.; Hoagland, L.; Toner, E. Urban Agriculture: Environmental, Economic and Social Perspectives. In Horticulture Reviews; Janick, J., Ed.; John Wiley & Sons: Hoboken, NJ, USA, 2016; Volume 44, pp. 75–94. [Google Scholar] [CrossRef]

	



Lupolt, S.N.; Agnew, J.; Burke, T.A.; Kennedy, R.D.; Nachman, K.E. Key considerations for assessing soil ingestion exposures among agricultural workers. J. Expo. Sci. Environ. Epidemiol. 2021, 32, 481–492. [Google Scholar] [CrossRef]

	



Balogh, A. Comparison of Risk Assessment Parameters for Homegrown Produce in Various Models. U.S. EPA Report. Available online: https://semspub.epa.gov/work/HQ/100002896.pdf (accessed on 21 December 2022).

	



Whitzling, L.; Wander, M.; Phillips, E. Testing and educating on urban soil lead: A case of Chicago community gardens. J. Agric. Food Syst. Community Dev. 2010, 1, 167–185. [Google Scholar] [CrossRef]

	



Prasad, L.; Nazareth, B. Contamination of allotment soil with lead: Managing potential risks to health. J. Public Health 2000, 22, 525–530. [Google Scholar] [CrossRef] [PubMed]

	



Clark, H.F.; Hausladen, D.M.; Brabander, D.J. Urban gardens: Lead exposure, recontamination mechanisms, and implications for remediation design. Environ. Res. 2008, 107, 312–319. [Google Scholar] [CrossRef] [PubMed]

	



Hynes, H.P.; Maxfield, R.; Carroll, P.; Hillger, R. Dorchester lead-safe yard project: A pilot program to demonstrate low-cost, on-site techniques to reduce exposure to lead-contaminated soil. J. Urban Health 2001, 78, 199–211. [Google Scholar] [CrossRef]

	



Binns, H.J.; Gray, K.A.; Chen, T.; Finster, M.E.; Peneff, N.; Schaefer, P.; Ovsey, V.; Fernandes, J.; Brown, M.; Dunlap, B. Evaluation of landscape coverings to reduce soil lead hazards in urban residential yards: The Safer Yards Project. Environ. Res. 2004, 96, 127–138. [Google Scholar] [CrossRef]

	



Blaylock, M.J.; Salt, D.E.; Dushenkov, S.; Zakharova, O.; Gussman, C.; Kapulnik, Y.; Ensley, B.D.; Raskin, I. Enhanced Accumulation of Pb in Indian Mustard by Soil-Applied Chelating Agents. Environ. Sci. Technol. 1997, 31, 860–865. [Google Scholar] [CrossRef]

	



Bowers, C. Matrix Effect Corrections in X-ray Fluorescence Spectrometry. J. Chem. Educ. 2019, 96, 2597–2599. [Google Scholar] [CrossRef]

	



Parsons, C.; Grabulosa, E.M.; Pili, E.; Floor, G.H.; Roman-Ross, G.; Charlet, L. Quantification of trace arsenic in soils by field-portable X-ray fluorescence spectrometry: Considerations for sample preparation and measurement conditions. J. Hazard. Mater. 2013, 262, 1213–1222. [Google Scholar] [CrossRef]

	



Croffie, M.E.T.; Williams, P.N.; Fenton, O.; Fenelon, A.; Metzger, K.; Daly, K. Optimising Sample Preparation and Calibrations in EDXRF for Quantitative Soil Analysis. Agronomy 2020, 10, 1309. [Google Scholar] [CrossRef]

	



Tavares, T.R.; Nunes, L.C.; Alves, E.E.N.; de Almeida, E.; Maldaner, L.F.; Krug, F.J.; de Carvalho, H.W.P.; Molin, J.P. Simplifying Sample Preparation for Soil Fertility Analysis by X-ray Fluorescence Spectrometry. Sensors 2019, 19, 5066. [Google Scholar] [CrossRef] [PubMed]

	



Weindorf, D.C.; Zhu, Y.; Chakraborty, S.; Bakr, N.; Huang, B. Use of portable X-ray fluorescence spectrometry for environmental quality assessment of peri-urban agriculture. Environ. Monit. Assess. 2011, 184, 217–227. [Google Scholar] [CrossRef] [PubMed]

	



U.S. EPA 600/R-96/084 Guidance for Data Quality Assessment: Practical Methods for Data Analysis EPA QA/G-9, QA00 Version. 2000. Available online: https://semspub.epa.gov/work/06/217322.pdf (accessed on 21 December 2022).

	



Gallhofer, D.; Lottermoser, B.G. The Influence of Spectral Interferences on Critical Element Determination with Portable X-ray Fluorescence (pXRF). Minerals 2018, 8, 320. [Google Scholar] [CrossRef]

	



Goff, K.; Schaetzl, R.J.; Chakraborty, S.; Weindorf, D.C.; Kasmerchak, C.; Bettis, E.A. Impact of sample preparation methods for characterizing the geochemistry of soils and sediments by portable X-ray fluorescence. Soil Sci. Soc. Am. J. 2019, 84, 131–143. [Google Scholar] [CrossRef]

	



Bellon-Maurel, V.; McBratney, A. Near-infrared (NIR) and mid-infrared (MIR) spectroscopic techniques for assessing the amount of carbon stock in soils—Critical review and research perspectives. Soil Biol. Biochem. 2011, 43, 1398–1410. [Google Scholar] [CrossRef]

	



Metzger, K.; Zhang, C.; Daly, K. From benchtop to handheld MIR for soil analysis: Predicting lime requirement and organic matter in agricultural soils. Biosyst. Eng. 2021, 204, 257–269. [Google Scholar] [CrossRef]

	



Foxx, H.A. Using the Spatial Variability of Lead in Urban Soils and Demographic Variables to Predict Exposure Risks: An Environmental Justice Analysis in Terre Haute, Indiana. Master’s Thesis, Indiana State University, Terre Haute, Indiana, August 2014. [Google Scholar]

	



Czimczik, C.I.; Masiello, C. Controls on black carbon storage in soils. Glob. Biogeochem. Cycles 2007, 21. [Google Scholar] [CrossRef]

	



Esiana, B.O.I.; Berns, A.E.; Adderley, W.P.; Bol, R. Organic Carbon Speciation in Urban Anthrosols—The Legacy of Historical Waste Management. Soil Syst. 2022, 6, 53. [Google Scholar] [CrossRef]

	



Gilliam, F.S. Response of the herbaceous layer of forest ecosystems to excess nitrogen deposition. J. Ecol. 2006, 94, 1176–1191. [Google Scholar] [CrossRef]

	



Girmay, G.; Singh, B.R.; Mitiku, H.; Borresen, T.; Lal, R. Carbon stocks in Ethiopian soils in relation to land use and soil management. Land Degrad. Dev. 2008, 19, 351–367. [Google Scholar] [CrossRef]

	



Lorenz, K.; Lal, R. Biogeochemical C and N cycles in urban soils. Environ. Int. 2009, 35, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



U.S. EPA. Guidance for Developing Ecological Soil Screening Levels (as Revised in 2005). Available online: https://www.epa.gov/sites/default/files/2015-09/documents/ecossl_guidance_chapters.pdf (accessed on 15 January 2023).

	



U.S. EPA. Interim Ecological Soil Screening Level Documents. Available online: https://www.epa.gov/chemical-research/interim-ecological-soil-screening-level-documents (accessed on 11 November 2022).

	



U.S. EPA. Regional Screening Levels (RSLs)—Generic Tables Resident Soil (as Revised in 2022). Available online: https://semspub.epa.gov/work/HQ/403632.pdf (accessed on 21 December 2022).

	



CT Gen Stat §22a-133k-2 (as Revised in 2021). Available online: https://portal.ct.gov/-/media/DEEP/site_clean_up/remediation_regulations/RSR_2-16-21-with-indents.pdf (accessed on 21 December 2022).








[image: Sustainability 15 07924 g001 550] 





Figure 1. (a) Individual triplicate in situ pXRF measurements of Pb versus pellet pXRF measurements and (b) average of three in situ measurements of Pb with standard deviation error bars versus pellet pXRF measurements, where the red line indicates a regression with a slope of 1. 
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Figure 2. Boxplots of metal concentrations as determined by pXRF and AD/ICP-MS for a subset of samples from lot 1: (a) Pb; (b) Cr. 
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Figure 3. Average in situ and pellet pXRF measurements compared to AD/ICP-MS; the red line indicates a regression with a slope of 1. 
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Figure 4. Linear correlation between wet (in situ) and dry pXRF Pb measurements (n = 30, R2 = 0.9618) indicated by the blue line; the red line indicates a regression with a slope of 1. 
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Figure 5. Lead concentrations determined by pXRF and AD/ICP-MS analysis for 30 samples with various soil screening thresholds. 
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Figure 6. Lead concentrations determined by pXRF analysis for 32 wet and dry samples with various soil screening thresholds. 
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Table 1. Statistical comparison of pXRF and AD/ICP-MS datasets.
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Statistical Test

	

	
Pb

	
Cr

	
As






	
In situ pXRF vs. AD/ICP-MS

	
t-test p-value

	
0.8365

	
1.810 × 10−19

	
2.390 × 10−4




	
F-test p-value

	
0.6326

	
0

	
4.440 × 10−4




	
Avg. % difference 1

	
9.941

	
106.3

	
66.16




	
Pellet pXRF vs. AD/ICP-MS

	
t-test p-value

	
0.4901

	
1.800 × 10−16

	
n.a. *




	
F-test p-value

	
0.01063

	
0

	
n.a. *




	
Avg. % difference 1

	
21.15

	
104.0

	
n.a. *








* Non-detects account for >15% of the dataset. 1 The percent difference for x vs. y was calculated by     x − y     x + y   / 2   100  %.
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Table 2. Statistical comparison of elemental concentration values determined by in situ and pellet pXRF analysis methods in a subset of samples from lot 1, computed at the 95% CI (α = 0.05).
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	Element
	F-Test for Dataset Comparison

p-Value
	Avg. % Difference 1





	Pb
	0.08123
	−11.22



	Ni
	2.472 × 10−8
	29.47



	Cu
	0.01342
	4.415



	Zn
	4.554 × 10-4
	8.116







1 Computed for in situ vs. pellet (x vs. y) pXRF measurements as     x − y     x + y   / 2   100  %.
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Table 3. Federal and CT state soil screening levels.
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	Element
	EPA Eco-SSL

(Plants) a
	EPA RSL

Residential Soil b
	CT

Residential DEC c





	As
	18
	35
	10



	Cr (III)
	n.a.
	120,000
	3900



	Cr (VI)
	n.a.
	230
	100



	Cu
	70
	3100
	2500



	Pb
	120
	400
	400



	Ni
	38
	1500
	1400



	Se
	0.52
	390
	340



	Zn
	160
	23,000
	20,000







a Ecological Soil Screening Level (Eco-SSL) [43]; b Regional Screening Level (RSL) [44]; c Direct Exposure Criteria (DEC) [45].
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