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Aging water infrastructure renewal in urban areas creates opportunities to systematically implement green infrastructure (GI) systems. However, historical soil contamination from gasoline lead additives, steel manufacturing by-products, and other historical industry raise the potential that novel GI drainage patterns and geochemical environments may mobilize these legacy pollutants to green infrastructure sites previously isolated from most hydrologic flows. Characterization of GI soil chemistries across GI type to build on previous observations in other cites/regions is fundamental to accurate assessments of these emerging management scenarios and the resultant risk of increased metal exposures in downstream environments. In particular, clarification of ecosystem services this metal sequestration may provide are vital to comprehensive assessment of green infrastructure function. During 2021, soil metal chemistry, specifically, As, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn was measured at a high spatial resolution in six Pittsburgh (Pennsylvania, United States) GI installations using a portable X-ray Fluorescence Spectrometer. Patterns of trace metal accumulation were identified in these installations and evaluated as a function of site age and GI connection to road systems. Trace metals including chromium, copper, manganese, and zinc all seem to be accumulating at roadside edges. Remobilization of historically contaminated soils also seems to be a potential mechanism for transporting legacy trace metal contamination, particularly lead, into GI systems. However, metals were not clearly accumulating in installations less connected to road inputs. These findings are consistent with literature reports of trace metal transport to GI systems and reconfirm that clarification of these processes is fundamental to effective stormwater planning and management.
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1 INTRODUCTION
In the last 20 years, stormwater managers in the United States have begun to shift strategies to address aging water infrastructure systems. These water systems often have not been replaced/updated since they were installed in the late 1800s/early 1900s (Collins et al., 2004). As efforts to address aging infrastructure ramp up, managers are shifting toward green infrastructure (GI), water management structures that capture stormwater runoff from roads, parking lots, and buildings and divert it to slower flow paths through soils and groundwater. When GI captures runoff from the road, contaminated waters may be focused into soil and subsoil flow paths.
For example, Pittsburgh, Pennsylvania is bound by a consent decree that requires multi-billion-dollar fixes to its sewer overflow problem (National Research Council, 2005). The RAND Corporation’s 2017 pilot study estimates that more than 9 billion gallons of mixed sewage and stormwater is discharged to Pittsburgh surface waters in a typical year from combined sewer overflows (CSO) (Fischbach, et al., 2017). There is a concerted regional effort to “green” the substantial responses necessary to address water infrastructure challenges and promote the use of GI as part of a comprehensive regional management strategy (MacDonald, 2016; Allegheny County Sanitary Authority, 2019; Bain, et al., 2019).
Moreover, Pittsburgh has an extended history of industrial contamination. Most prominent is the long history of intense iron and steel manufacturing, beginning in the late 1700s with establishment of early iron furnaces (Sharp and Thomas, 1965) and continuing through present with operations at facilities including the Clairton Coke Works and the Edgar Thompson works (Tarr, 2004). Steel production and metal recycling contributed substantial loads of trace metals to background soils in the region (Maxim et al., 2022). In addition, urban soil inputs including lead gasoline additives and paint residue likely also impacted Pittsburgh soils, particularly at the roadside and dripline, similar to patterns in other cities (Schwarz et al., 2012; Wade et al., 2021). This legacy contaminant impacted soils represent a novel context for GI and raise the potential for new interactions between soil metal contaminants and stormwater flux.
As GI is increasingly used in stormwater management, the resultant evolution in GI soil chemistry is not as well documented. Stormwater infrastructure has long been recognized as a potential mechanism for directly introducing contamination to subsurface waters (Lerner, 1986; Bhaskar and Claire, 2012). Twenty years ago, Pitt et al. (1999) reviewed the potential for groundwater contamination by infiltration of urban stormwater during management; Marsalek et al. (2006) documented contaminated sediment in a variety of best management practices in Ontario, Canada. While GI sediments may be elevated relative to soil screening levels; Kondo et al. (2016) did not detect soil trace metal enrichment in green infrastructure relative to background soils across the City of Philadelphia (United States).
Recent work has focused on differentiating the spatial patterns of metals in green infrastructure. Gavrić et al. (2021) examined soil metals in a chronosequence of grassy swales in Sweden, but did not observe clear gradients in metals concentration with distance from road, and attributed the patterns to metals deposited during snow storage. Adhikari et al. (2023) sampled green infrastructure at storm water inlets and areas where water pools during retention, comparing both with reference measurements. In both cases, the relatively sparse sampling within the green infrastructure require reliance on broad assumptions about how materials are transported to and move within the green infrastructure.
Some have suggested this metal retention is an “ecosystem service” ((Sharma and Malaviya, 2021) is a recent review). However, this conceptualization centers surface water quality and doesn’t necessarily consider what happens to the metals once retained. When contaminated sediments are introduced to novel geochemical environments, contaminant cycling can evolve in unexpected ways (Danfoura and Gurdak, 2016). Further, metals can be mobilized by road deicer salts (Bäckström, et al., 2004; Wilhelm, et al., 2019) to complex soil water flow paths that create salt plumes that persist following the cold season (Rossi, et al., 2017). Further, even if GI are constructed with imported, relatively clean soil materials, these engineered soils interact with environments rich with legacy contamination. Once road salt influenced waters reach GI, they can create seasonal chemistry fluctuations that can mobilize legacy metal contamination (Mullins, et al., 2020). A combination of these GI moderated processes may reintroduce legacy contamination to local groundwater.
This study explores the concentrations and spatial distribution of metals and metalloids in GI soils in Pittsburgh. A handheld X-ray Fluorescence Spectrometer (XRF) was used to measure metal content in six GI across Pittsburgh, PA. during the summer of 2021 (Figure 1). Dense point samples from each site were interpolated into continuous estimates of soil metal concentrations using geographic information systems (GIS). Then, site soil metal patterns were compared with each other and examined in the context of roadside/parking lot connectivity and time since installation to evaluate the GI influences on soil metal chemistry in Pittsburgh.
[image: Figure 1]FIGURE 1 | Map of Pittsburgh and sampled green infrastructure installations. Inset map of Allegheny County showing the county hillshade, City of Pittsburgh boundary (green), and sampled GI sites (red dots).
2 METHODS
2.1 GI site selection
There are at least 340 potential green infrastructure sites to evaluate in Allegheny County (3RWW, 2022). Six infiltration-based sites were chosen for this study based on accessibility (i.e., this research was completed during the tail end of COVID risk mitigation, so complicated access permission processes were not within the scope of this work), green infrastructure installation age (i.e., time since installation), and how connected the GI system was to road inputs (Table 1). The Negley Run Bioswale is the only site adjacent to a state road (i.e., with traffic data) and it had an annual average daily traffic of 3,704 in 2022 (Pennsylvania Department of Transportation, 2022).
TABLE 1 | Green Infrastructure site characteristics, age, and direct road connection relationship.
[image: Table 1]Pittsburgh has mean minimum January temperatures of −6.7°C and mean maximum July temperatures of 36°C and receives approximately 1 m of precipitation, distributed evenly throughout the year (National Research Council, 2005). The city lies on the rugged Allegheny Plateau, underlain by deeply incised stratigraphic sequences of shale, sandstone, mudstone, and limestone (National Research Council, 2005). These bedrocks tend to weather to clay-rich soils (National Research Council, 2005). Soil chemistry are surprisingly consistent across the city and observed patterns reflect historical human impacts rather than underlying geology (Maxim et al., 2022). Further, five of the six green infrastructure sites contained artificial, engineered soils, limiting reliance on parent material chemistry for inference. While geochemistry can be an important factor in green infrastructure metal content, the sites in this study are not sensitive to geochemical variability. The importance of legacy contamination is considered in the discussion.
2.2 Sampling grid setup
At each site-meter sampling grid was set up with measuring tapes and pin flags. Specific grid setup information for each green infrastructure site is provided below:
Negley Run Bioswale (Figure 2A): This grid was 130 m long by 3 m wide. The first 30 m were above the bioswale and are interpreted to reflect pre-bioswale soil conditions and serve as a positive control, reflecting pre-installation conditions. The remaining 100 m of grid length was in the bioswale. During construction, legacy soil in the bioswale was excavated and replaced with a gravel-sand aggregate covered by mesh and topsoil. Sampling stations were then established along three rows parallel to the road and 1 meter apart, forming a grid. The near road sample stations were located ∼13 cm from the pavement edge. Measurements were made every meter along each of the rows. Row 1 was roadside, row 2 fell in the middle of the swale, and row 3 on the side of the swale away from the road.
[image: Figure 2]FIGURE 2 | Maps of sampled GI installations, (A) The Negley Run Blvd. Bioswale and Control soil, (B) The McKinley Park lower raingarden, (C) The Cathedral of Learning raingarden, (D) The Peterson Event Center raingarden, (E) The Phipps Conservatory raingardens #2 and #3. The Allegheny County high resolution imagery (Allegheny County Division of Computer Services Geographic Information Systems Group, 2017a) is slightly transparent with the county 6 ft hillshade underneath accentuating areas with steeper slopes in black (Allegheny County Division of Computer Services Geographic Information Systems Group, 2017b).
Cathedral of Learning Rain Garden (Figure 2C): A triangular grid was laid out as follows: the longest side is at the bottom (southwest side) of Figure 2C (∼17 m), and the gird extends ∼10 m to the west.
Peterson Events Center Rain Garden (Figure 2D): The grid was laid out as follows: the longest side (8 m) is the northwest edge nearest to Allequippa Street and the second longest (6 m) is the southwest edge adjacent to the Peterson Event Center.
McKinley Park Lower Rain Garden (Figure 2B): The grid was laid out relative to a midline tracing the longest portion of the raingarden (∼16.5 m). Perpendicular lines were laid at each meter marker with longest secondary axis of ∼10.5 m.
Phipps Conservatory Rain Garden #2 (Figure 2E. Left): Due to its irregular shape, a grid was laid out Phipps Conservatory side (northeastern) in a southwest direction. The longest width of the raingarden was 1 meter into the garden from the parking lot pedestrian path that separates the gardens (∼18 m) and was used as centerline. Perpendicular lines were laid at each meter marker with the longest secondary axis of (∼12.5 m).
Phipps Conservatory Rain Garden #3 (Figure 2E. Right): The grid was laid similar to rain garden #2 but in reverse order, as they mirror one another. The longest width about 1 m into the pedestrian path from the parking lot bottom (∼18 m) acted as a centerline. Perpendicular lines were laid at each meter marker with the longest secondary axis of ∼11 m.
2.3 XRF measurements
An Olympus Delta X-ray Fluorescence Spectrometer was used to measure soil concentrations. XRF measurements were made at least 1 hour after precipitation to avoid potential dilution of the metal concentration measurement. The XRF analyzer was calibrated with its 316 stainless steel calibration check reference coin before each site visit and after a battery was depleted and replaced. The calibration procedure includes internal accuracy checks as part of the calibration. Before a soil measurement was made, grass/vegetation was removed from the soil surface, and a clear plastic film was laid down to preserve the mylar film protecting the X-Ray source. The plastic was replaced approximately every 50 measurements or when it was torn/punctured. For each soil measurement, the XRF analyzer’s X-Ray source was placed level with the soil surface and held in that position till test completion, assuring the XRF was a uniform distance from the soil. Soil metal content (K, Ca, S, P, Cl, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, W, Hg, As, Pb, Bi, Se, Th, Rb, U, Sr, Y, Zr, Mo, Ag, Cd, Sn, and Sb) was measured using all three of the instrument’s beams (1. 40 kV Si-PIN, 2. 40 kV SDD and 3. 50 kV SDD). In this manuscript we focus on and report the following elements (As, Cr, Fe, Ni, V, Cu, Mn, Pb, and Zn).
In situ measurement with portable XRF instruments can be confounded by soil moisture, as variations in moisture can change the apparent concentration. Regardless, these instruments are widely used in urban systems (Schwarz et al., 2012; Kondo et al., 2016). In particular, we were seeking methods that did not require repeated soil disturbance (i.e., removal of samples) to allow future measurement of the GI soils and assessment of accumulation processes. Differences between saturated soils and adjacent unsaturated soils were evaluated to assess the impacts of soil moisture variations.
2.4 Metal concentration interpolation using ArcGIS
After sampling, each data set was imported to ArcGIS using the workflow in Supplementary Figure S1. Data collected by the XRF analyzer were downloaded in .csv format. The data were cleaned to remove any incomplete tests. Grid coordinates were then imported to ArcGIS Pro (2.7.0) and displayed using the Display XY Data tool. Then GI site extent polygons were generated using the Aggregate Points tool. Kriged interpolations of soil metal concentration were generated for each site and each element using the Geostatistical Analyst tool (ArcGIS Pro 2.x). The Kriging/CoKriging methods were used with simple kriging to generate statistical surfaces. The data were then optimized based on semivariograms as the function type. Interpolations were restricted to the site polygon. A uniform concentration shading was developed for each element based on the Negley Run Blvd. data (i.e., the site with the most measurements). These ranges were then used for each site’s legend. Any maximum value exceeding the Negley dataset maximum were added to the legend’s highest value and the range extended. In some sites the measured element concentration range did not span the Negley dataset ranges. In these cases, legends were simplified to fewer classification bins, e.g., for elements including As and Ni in Supplementary Figures S2, S3, S5. In some instances, the kriged results smoothed out extreme concentration values and made patterns in chemistry change less apparent. In cases where this variability is important, Inverse Distance Weighted (IDW) surfaces were generated to visualize conditions in the GI.
3 RESULTS
Soil chemistry data, measured in mg/kg, for metals analyzed in this study are organized by site and site age (Table 2).
TABLE 2 | Ranges of metal concentrations observed within each GI installment. Table is organized by age of the site, newest to oldest and reported relative to sampling in the summer of 2021. Limits of detection were obtained from Olympus NDT.
[image: Table 2]3.1 McKinley Park raingarden
The McKinley Park raingarden receives inputs from a storm drain in the northwestern area of Figure 2 at the street intersection. Runoff is fed into an upper raingarden, flowing down a sloped-rocky cascade, and finally reaching the lower raingarden through the input pipe in the southwestern corner Figure 2.
Compared with the other GI, the McKinley Park raingarden had the highest sampled concentrations for As at 29 mg/kg, Fe at 99,236 mg/kg, Ni at 75 mg/kg, and Mn at 2,920 mg/kg though the relatively low surrounding concentrations obscure these hotspots when kriged (Figure 2; Table 2). The measured concentrations for Pb and Zn were low at ranges 12–25 mg/kg and 16–191 mg/kg respectively. While the Kriging for this installment did not show any clear patterns relative to the input pipe, when individuals points were compared, Mn and V concentrations were higher on the western side of the garden (t-tests, p < 0.05) (Figure 2).
3.2 Cathedral of Learning raingarden
The Cathedral of Learning raingarden receives inputs from a pipe in the northwestern corner of the installation. This pipe is fed by stormwater runoff from an engineered turf between the Heinz Chapel (North) and the Cathedral of Learning at the University of Pittsburgh. The raingarden was constructed below grade with a ∼0.5 m tall concrete wall surrounding it at ground level. This raingarden had the highest measured concentration of Cr at 617 mg/kg and V at 78 mg/kg (Figure 3; Table 2). The garden has comparatively low concentrations of Pb, with an average concentration of 16 mg/kg, and the lowest measured concentration of Zn at 16 mg/kg, with an average Zn concentration of 51 mg/kg. Concentrations of As, Fe, Mn, and V appear elevated around the input pipe in the western corner of the Cathedral raingarden, however, only the mean Mn concentrations were significantly different (p < 0.5) (Figure 3; Supplementary Figure S3). In addition, there are single elevated concentrations of Cr and Cu observed in the eastern and southeastern corner of the garden, respectively, that create apparent hotspots in Supplementary Figure S3. These are single measurements, so are probably outliers rather than hotspots. Concentrations of As, Fe, Mn and V were elevated in the center-western portion of the raingarden (the average concentration for As, Fe, and V are all significantly higher than the concentrations in the rest of the garden (t-test, p < 0.5), mean Mn concentrations are not significantly different (Figure 3).
[image: Figure 3]FIGURE 3 | Inverse Distance Weighted (IDW) maps of soil metal concentrations in the Cathedral of Learning raingarden (panel (A): V, panel (B): Mn, panel (C): Cr, panel (D): Cu). Yellow triangle is inlet location. IDW surface interpolations are based on data collected for this study and scales generated based on ranges from within this site. All kriged metal patterns for this site are shown in Supplementary Figure S3.
3.3 Negley Run Boulevard bioswale (100 m)
The Negley Run Boulevard bioswale receives inputs from precipitation and runoff directly from Negley Run Boulevard as the curb is cut to grade. Portions of the swale with soils that were elevated above the level of the road surface are labeled with green in Figure 4; Supplementary Figure S5. Similarly, storm drains and streetlights with concrete berms potentially obstructing runoff flow are labeled with yellow and cyan respectively Figure 4; Supplementary Figure S5. The bioswale had the second highest concentration of Cr at 178 mg/kg, highest concentration of Cu at 108 mg/kg, second highest concentration of Pb at 142 mg/kg, and highest concentration and average concentration of Zn at 1,166 mg/kg and 250 mg/kg (Table 2). Elements As, Fe, Mn, Ni, and V all had average concentrations similar to the other sampled GI averages.
[image: Figure 4]FIGURE 4 | Inverse distance weighted (IDW) maps of soil metal concentrations in the Negley Bioswale (panel (A): Pb, panel (B): Cu, panel (C): Zn). IDW surface interpolations are based on data collected for this study and scales generated based on ranges from within this site. All kriged metal patterns for this site are shown in Supplementary Figure S4.
Chromium, Cu, Mn, Ni, and Zn were all measured at elevated concentrations in near-road portions of the bioswale soil. Arsenic was not observed in the legacy soils or southwestern portion of the bioswale soils (Supplementary Figure S4). Both Fe and As concentrations were lower in areas where the bioswale soils were saturated by the hillside flow and elevated in the drier soils in the northeastern portion (Supplementary Figure S4). Manganese was measured in the 552–724 and 725–896 range throughout the bioswale. Nickel had higher measured concentrations in non-saturated areas (Supplementary Figure S4). Finally, lead was measured at higher concentrations, 96–506 mg/kg, in the legacy soil along the roadside and was not observed at high concentrations at roadside in the bioswale soils (Figure 4; Supplementary Figure S5).
The Negley Run Boulevard bioswale legacy soil (upstream of upper limit of the swale) was not replaced during bioswale construction and assumed to reflect chemistry of soils in place prior to the bioswale construction. For example, this portion reflects a more traditional road construction including a curb separating the road and soil in this area. Therefore, while it receives similar modern inputs from precipitation, it also contains any historical pollutants or contamination from lead fuel combustion and steel industry deposited prior to 2016. This soil area had the highest concentrations of lead measured ranging from 96–506 mg/kg. These lead concentrations exceed the EPA’s regional screening levels in residential soils of 400 mg/kg (Table 2) (EPA, 2021). It also had the second highest concentration of Cr at 25–155 mg/kg (Table 2). Roadside patterns of accumulation are visible for Cu, Mn, Pb, and Zn similar to patterns observed in the bioswale soil (Figure 4; Supplementary Figure S5).
3.4 Phipps Conservatory raingarden #2 & #3
The Phipps Conservatory raingarden’s #2 (Supplementary Figure S5) and #3 (Supplementary Figure S6) receive inputs via curb cuts in the cement perimeter. The raingarden #3 also receives stormwater from the building to the east via a pipe. These raingardens had the same average concentrations of As, Cr, Pb, and V, while average concentrations of Cu and Ni only varied by 1 mg/kg (Table 2).
Both raingardens have low concentrations of Pb (Avg. of 18 mg/kg) and Zn (#2 avg. of 90, #3 avg. of 108 mg/kg) compared to the other sampled GI. Hotspots of As and Cu are present in the southwest center of raingarden #2. In raingarden #2 higher concentrations of Ni were measured in the flow paths extending into the center of the garden from two northwestern curb cuts (Supplementary Figure S5). Additionally, elevated concentrations of Cr and Mn relative to the rest of the garden were measured near the pedestrian walkway (eastern side of the maps) in raingarden #2 and similarly in raingarden #3 for Ni and Mn (Figure 5; Supplementary Figures S5, S6).
[image: Figure 5]FIGURE 5 | Inverse Distance Weighted (IDW) maps of soil metal concentrations in the Phipps Rain Garden #2 (panel (A): Mn), and Phipps Garden #3 panel (B) Mn and panel (C) Ni). IDW surface interpolations are based on data collected for this study and scales generated based on ranges from within this site. All kriged metal patterns for this site are shown in Supplementary Figure S5.
3.6 Peterson Event Center raingarden
The Peterson Event Center raingarden received precipitation and allegedly runoff from a stormwater drain on an upgradient street (Allequippa). Storm drain water is piped into the raingarden and is deposited in the western portion of the installation (Supplementary Figure S7, yellow rectangle). Though the oldest raingarden in this study, its average metal concentrations were consistent with the other GI (Table 2). It has the second highest Ni sample at 69 mg/kg. It is unclear whether patterns in the concentrations of Cr, Ni, Mn, and V are developing from piped runoff or the hillside (Supplementary Figure S7). However, concentrations of As, Cr, Fe, Mn, Ni, and V are all elevated in the southeastern raingarden soil, above and below the pipe. It is not clear the GI is functioning as planned.
3.7 Differences in XRF measurements between saturated and non-saturated soils
As noted in the methods, wet soils can appear less concentrated due to the apparent additional mass of water in the sampled volume. We chose not to conduct the standard practice of removing the soil and drying to minimize disturbance to the green infrastructure. However, it is important to estimate the impacts of soil saturation on the measured values. We ran t-tests between the Negley Bioswale soils upstream of the saturated zone (Figure 6) and soils within the saturated zone. The t-test results indicate that Cr, Zn, and Pb mean concentrations are significantly lower in the saturated zone (p < 0.05). In contrast, Mn mean concentrations were significantly higher in the saturated zone (p < 0.05). All other differences in means were not significant.
[image: Figure 6]FIGURE 6 | Kriged interpolation of soil metal content in the Negley Run Bioswale. The control “legacy” soil (left-most) and the bioswale soil (right). Two separate color scales are used to allow clearer visualization of concentration pattern. However, the shorter length of “control” soil on the left cannot be directly compared with the much longer GI soils on the right. Note the elevated levels of lead measured at the roadside in the “control” soil. In contrast, areas of elevated Pb concentration in the GI soil are on the slope side of the swale, away from the road and near the hillslope.
4 DISCUSSION
4.1 Roadside/road connected GI and patterns of accumulation
Historically trace metals like Zn, Cr, and Pb have been deposited in urban soils due to automobile emissions, both from gasoline lead additives and from automobile wear (tires and brake pads) (Kabata-Pendias and Pendias, 2011). In Pittsburgh intense metallurgy introduced a wide variety of metal contaminants (Tarr, 2004). Lead deposition has diminished substantially following removal of gasoline additives by Clean Air Act regulations. However, other metals including Zn, Cr, Cu, and V seem to be accumulating in GI soils influenced by road runoff inputs traffic (Figure 4; Supplementary Figure S8). In particular, portions of the Negley Run Bioswale located directly adjacent to the road have soil metal concentrations up to 3.6 times larger than soils only a meter away. It is important to consider these soils had been accumulating materials for less than 5 years when measured in 2021 (Table 1).
Bioswale soils directly adjacent to the road (row 1) had higher average concentrations of Cr (71 mg/kg), Cu (53 mg/kg), and Zn (434 mg/kg) than soils not directly connected to the road (rows 2&3) Cr (12 &13 mg/kg), Cu (30 & 29 mg/kg), and Zn (171 & 142 mg/kg) (t-tests, p<<0.05) (Supplementary Figure S8). In the legacy soil (i.e., measured soils not in the GI) Pb and Zn had higher concentrations at the roadside (row 1) than in soils further from the road (rows 2&3) (t-test, p<<0.05). These measurements show a gradient of higher concentrations of metals accumulating at the edge of the bioswale indicative of pollutant transport originating from the road.
While the Phipps Conservatory raingardens #2 & #3 are fed directly by parking lot runoff, when compared to inputs from the road at the Negley Run bioswale, we expected metals to accumulate more slowly. In these raingardens, areas downstream of curb cuts seem to have elevated metal concentrations, specifically Zn and Fe (Supplementary Figure S9). We examined associations between inlet location and concentrations, however, there are too many unconstrained factors (e.g., soil carbon) in addition to simple proximity to demonstrate a statistical association. That said, these concentration patterns suggest inputs at the curb cuts may in turn be focusing the metal inputs into the garden.
These observations seem to indicate that roadside/road connectivity drive at least part of the observed metal accumulation in GI soils. Any patterns of metal accumulation were not clear in GI fed by runoff sources not connected to roads or indirectly connected to the road.
4.2 Soil metal patterns in GI not connected to roads
The McKinley Park, Cathedral of Learning, and Peterson Event Center raingardens were still expected to accumulate metals over time due to general increased metal fluxes in urban areas. However, in these GI sites, concentration patterns were not clearly elevated in areas near inputs delivering runoff. For example, the McKinley Park raingarden does not have concentration gradients between the input pipe in the southwestern corner and the rest of the garden (Figure 2).While this infiltration pond was only a year old when measured and there are additional upstream GI elements at this site that could accumulate metals, when this pattern is considered in conjunction with all of these sites, metal inputs to these GI soils do not seem to be dominated by stormwater inputs.
The interpolated soil chemistry patterns in the Cathedral of Learning raingarden seem to indicate elevated concentrations of As, Fe, Mn, and V that suggest a source contribution at the center of the garden (Supplementary Figure S3). Areas of elevated concentration were not associated with the input pipe in the northwestern corner, so the metals do not seem to be transported by the stormwater inputs. The reason for hotspots in the center of the garden are not clear.
Finally, the patterns observed in the Peterson Event Center raingarden are also not associated with the input pipe location (Supplementary Figure S7). There are hotspots of V, Fe, and As concentrations that seem to straddle the pipe outlet (Supplementary Figure S7). These hot spots could be associated with runoff inputs, however, it is not clear why only these metals are associated with the pipe, as there are hot spots of other metal concentrations (Cr & Ni) upgradient of the pipe. Concentrations up gradient of the input may result from overland flow from the road or sidewalks bordering the garden. In addition, this rain garden was built in a fill from the old University of Pittsburgh stadium, so there is a higher probability the patterns in this garden may have been inherited prior to establishment of the GI. Nonetheless, mechanisms responsible for this combination of accumulation patterns in this GI are hard to explain with available data.
When considered as a group of observations, the McKinley Park, Cathedral of Learning, and Peterson Event Center raingardens reflect metal chemistry patterns that do not seem to be associated with known input outfalls. However, some of these cases are not, or less, directly connected to road systems and runoff moves through design elements that may also accumulate metals [a cascade of infiltration basins (McKinley) and a formal lawn (Cathedral)]. Ultimately, these GI have lower metal concentrations when compared to more directly road connected GI. While all of these GI have hotspots of elevated metal concentrations, these patterns are not associated with input outfalls. These observations underline the importance of local inputs and the relative position of the GI in treatment trains when evaluating risks of metal accumulation in specific installations.
4.3 Site age and characteristics
Site age was expected to reflect GI soil metal accumulation over time. That is, if metal content reflects accumulation over time, older GI installations should have more metal content in the soils. We could not identify any cases where it seems that soils have been replaced as part of a management regime in the study set, an event that would “reset the clock.” In most cases rain gardens were constructed with engineered sediments and therefore screened before emplacement. While this baseline condition likely varied from installation to installation, the baseline would minimize metal contaminant content at time zero.
However, the McKinley Park raingarden was the youngest GI sampled (1-year-old) and had the highest point concentrations of several elements (As, Fe, Ni, and Fe). The elevated concentrations were not associated with the inlet and other elements (Cr, Cu, Pb, or Zn) were not associated with this hotspot. This evidence suggests these contaminants were present at installation. The rain garden is situated in a location that may have been a historical coal mine portal and the elevated concentration element mix is consistent with coal geochemistry (i.e., elevated Fe, As, etc.), However, we do not have sufficient evidence to confirm this possibility.
As another example, the Cathedral of Learning raingarden is about the same age (5 years old) as the Negley Run bioswale but shows virtually no metal accumulation when compared to the strong Zn, Cu, and Cr concentration gradients measured in the swale (Supplementary Figure S8). The Cathedral raingarden was primarily installed to manage drainage water from the formal lawn engineered to prevent standing water and turf mortality. The organic carbon rich topsoil in the lawn would likely bind any metals upstream of the GI, effectively treating inputs before transport to the rain garden. Again, this example highlights the importance of relative loads to GI metal accumulation.
Finally, the Peterson Event Center raingarden was the oldest infrastructure sampled (10 years old) and had relatively average metal concentrations when compared to the other study sites. The Peterson garden design is the most nebulous of our study sites as it was completed as a student driven project with minimal formal planning documents. While the rain garden was intended to be connected to storm water inlets on the ridge top above, it is not clear this connection happened. For example, the soil metal concentrations in the installation are not clearly associated with the inlet outfall. GI soil chemistry is more heavily influenced by the site-specific inputs at the Peterson Event Center rather than road impacts. As GI are increasingly used to treat road and parking lot runoff, these installations have a stronger probability of accumulating road contaminants and becoming deleterious landscape units (e.g., ecological traps) (Clevenot et al., 2018).
4.4 Mobilization of legacy soil to green infrastructure
Lead was expected to accumulate in some amount at the road edge due to remobilization of legacy roadside lead during normal traffic. However, in general, Pb was well below USEPA action levels across the sites and only exceeded action levels in the portion of the Negley Run Bioswale where we measured “historical” soils above the bioswale footprint (action levels for all metals are summarized in Table 2). These soils can be considered “background” soils for comparison of relative contamination levels. Unexpectedly elevated Pb concentrations (at levels similar to those measured in the legacy soils) were observed along the edge of the Negley Run Bioswale opposite from the road. We interpret this concentration pattern as slow transport of legacy soil contaminated during historical periods through solifluction of hillslope soils into the bioswale (Figure 6). In this case, these processes may be exacerbated by mowing of the toe slope, particularly during wet periods when soils are pushed down by the weight of the mowing equipment. During field measurements, this transport was not clearly apparent, suggesting these processes may not be detectable to visual inspection alone.
These observations suggest an additional complication when integrating green infrastructure into road stormwater management systems. Legacy contamination of all roads in place by at least 1986 likely have elevated concentrations of Pb. If these soils are transported to the novel geochemical environments in GI (Danfoura and Gurdak, 2016), geochemical processes such as reduction of binding iron oxyhydroxides can mobilize otherwise relatively unavailable metals. The transport of contaminated sediments to GI remains a primary source of uncertainty in our evaluation of the net benefits of green infrastructure for associated systems, particularly benefits to biotic and ecological systems.
5 CONCLUSION
XRF analysis provides rapid, high-resolution characterizations of soil chemistry patterns in green infrastructure. Soil Cr, Cu, Mn, and Zn patterns in GI most closely connected to road inputs (Negley Run Bioswale, Phipps raingardens) indicate accumulation of road inputs associated with road runoff inputs in these installations. However, in GI not directly connected to road sources, metals were not clearly accumulating. In addition, site age does not clearly influence metal accumulation in these systems, suggesting local input chemistries are more important than time in GI soil metal accumulation.
The concentrations reported here are relatively lower than other measurements in green infrastructure (e.g., Kondo et al., 2016). However, this work uses an in situ XRF approach to map metal concentrations across the entire green infrastructure installation. While more qualitative than other approaches, it minimizes disturbance and should allow for examination of longer term changes in these patterns. Costs associated with more intense chemical assays generally result in a trade off with sample numbers (e.g., Marsalek et al., 2006; Kondo et al., 2016; Adhikari et al., 2023 all have limited samples in the green infrastructure, often 3 or less). Therefore, this approach allows a less ambiguous means to track change (i.e., one doesn’t have to worry about disturbance created by repeated resampling) and a finer scale rendering of chemical patterns.
In particular, while observed Pb concentrations appeared to be well below actions levels in most of the GI sites, the patterns at the Negley Bioswale raise an often-overlooked source of metals to GI, legacy contaminated soils. In the Negley Bioswale Pb concentrations are highest on the side of the bioswale away from the roadside and adjacent to legacy soils. Slow hillslope processes seem to be transporting contaminated legacy soil to the green infrastructure and introducing these sediments to novel geochemical environments. The potential implications of this process are not clear, limiting our ability to evaluate potential risks to connected systems (e.g., ecological).
Ultimately, these findings indicate metals are accumulating in some of the GI installations, particularly in GI with direct connections to the roads. The approach outlined here allows rapid reassessment in future periods, allowing a relatively inexpensive and rapid assessment of metal accumulation in GI. However, these findings also suggest continued examination of chemistry within installations [e.g. (Danfoura and Gurdak, 2016; Mullins, et al., 2020)] is vital to assessing the potential for geochemical environments that facilitate metal transport from the green infrastructure to connected subsurface flow paths.
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