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Abstract 

This study investigated the delivery of contaminated sediments to the channel network by urban 

drainage systems in Johnson Creek in Oregon, USA. Concentrations of five heavy metal concentrations 

measured in 136 samples collected from 37 stormwater outfalls and 99 bed sampling points were 

analysed.  While concentrations of zinc, cadmium and lead increased with distance downstream in 

Johnson Creek, this was not the case for chromium and copper.  Zinc, copper, and cadmium 

concentrations in outfalls were significantly higher than those in the stream bed, indicating that 

stormwater runoff is responsible for delivering contaminated sediments to Johnson Creek. Zinc 

concentrations in outfalls were negatively associated with elevation and slope in the contributing sub-

catchment, and positively with impervious cover. However, no statistically significant relationships were 

found between the other heavy metal concentrations and sub-catchment variables. These findings 

demonstrate that relationships between sediment-related, heavy metal concentrations and sub-

catchment characteristics in this heterogeneous, rural-urban catchment are more complex than those 

found in situations where land-use is more segregated, questioning the applicability of commonly held 

assumptions regarding changes in the sources and delivery paths of flood-related, sediment-associated 

pollutants that accompany urbanisation. 
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Introduction 

The risks associated with flood water inundation are generally well known and understood, however, 

further risks stem from deposition of contaminated, flood-derived sediments (Brinkmann et al. 2000; 

Dennis et al. 2003). Heavy metals in urban streams are of particular concern for human and ecological 

health. Heavy metals accumulate in the tissues of aquatic species and long-term health concerns can 

arise if, for example, humans consume contaminated species that have high levels of heavy metals (Dalu 

et al. 2017).  

In urban environments, heavy metals are primarily transported during surface water flooding (Gobel et 

al. 2007; Berndtsson 2014) and accumulate in low-energy locations such as drain outfalls and slack 

water areas in streams and floodplains. Kang et al. (2009) found that in a highly urbanised catchment, 

storm runoff contributed up to 93% of the annual, heavy metal yield, with the sediment quantity and 

related heavy metal concentration increasing with annual rainfall.  

In urban areas, heavy metal pollutants mostly occur through their attachment to fine-grained, 

suspended load sediments carried to the stream network by surface water runoff during flood events 

(Van Metre and Mahler 2003, Zanders 2004, Hubbart 2012). For example, Wei and Yang (2010) showed 

that ~85% of the heavy metal pollutants derived from urban surfaces are conveyed adsorbed to fine (D < 

500µm) sediment particles. Where urban stormwater is conveyed to streams via piped drainage 

networks, it is therefore likely that significant heavy metal contributions originate from stormwater 

outfalls. Urban inputs of heavy metals may be derived from vehicles (e.g., tyres, brake linings and 

petrochemicals), commercial and industrial sources, construction activities and degradation of old 

buildings. 

As mixed rural-urban catchments typically exhibit spatially-distinct patterns of topography and 

development between the upper and lower areas of the catchment, heavy metal concentrations may be 

expected to increase with distance downstream in the drainage network (Sharley et al. 2016). However, 

the influence of contrasts in sub-catchment land-use and intra-catchment transport are less well 

understood (Goodwin et al. 2003). When assessing pollution-related flood risks, it is important to 

identify which sub-catchments, land-uses and topographic factors are associated with sources, 

mobilisation and delivery of flood-sediment related heavy metals. Understanding sediment sources and 

pathways as they relate to heavy metals is also necessary to provide insights into the potential for 

changes in land-use within and between sub-catchments to influence stormwater delivery of pollutants 

to sediment hot spots.  

To address these issues, this paper investigated spatial variation in heavy metal concentrations in an 

urban drainage system and what factors affect heavy metal concentrations. The research was 

performed as part of the ‘Clean Water for All’ initiative, sponsored jointly by the UK EPSRC Blue-Green 

Cities (B-GC) Research Consortium and the US Portland-Vancouver ULTRA (Urban Long-term Research 

Area) project. The study reports the preliminary outcomes of analysis of the data and identifies that 

further analyses are required to find answers to questions posed by the initial findings reported here.  
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Study area 

The study was performed in Johnson Creek Oregon, which rises in the foothills of the Cascade Mountain 

Range and flows west for 42km, before joining the Willamette River (Figure 1). The creek drains a 

diverse landscape ranging from forests and agricultural areas in the headwaters to suburban and urban 

areas further downstream.   

Figure 1 near here 

The catchment underwent substantial development during the 20th Century, involving deforestation, 

wetland drainage, agricultural expansion, industrialisation and urbanisation. Expansion of agricultural, 

residential and industrial areas, coupled with implementation of piped drainage in approximately 75% of 

the catchment and channelisation of the drainage network, increased stormwater runoff, flood peak 

flows and delivery of pollutants to the Johnson Creek drainage network (Chang 2007, Chen and Chang 

2014). Industrial development included the establishment of numerous small manufacturing works, a 

number of car dismantling businesses and several large, metal component manufacturers, mainly 

located along Johnson Creek itself (Figure 2). Many reaches of Johnson Creek have been designated as 

‘impaired’ by the US Environmental Protection Agency due to elevated stream temperatures, the 

presence of e-coli, and concentrations of heavy metals that exceed applicable limits (Chang et al. 2014).  

The piped drainage system is separate from the sewer network and stormwater runoff is conveyed 

directly to Johnson Creek without treatment (Johnson Creek Watershed Council, 2005). Consequently, 

elevated concentrations of pollutants in stormwater can be attributed directly to catchment 

characteristics and anthropogenic activities in the contributing sub-catchment.  

Figure 2 near here 

More recently, stream restoration efforts have been implemented at multiple sites along Johnson Creek 

and its tributaries, involving floodplain reconnection (Levell and Chang 2006, Ahilan et al. 2018), riparian 

planting, and installation of green infrastructure to trap pollutants in pocket-wetlands and at set-back 

stormwater outfalls (Janes et al., 2017).   

Sample collection and heavy metal analysis 

Sediment samples were collected in May 2014 during a period of low rainfall and runoff. Samples were 

collected from stormwater outfalls and the channel bed upstream, adjacent to and downstream of the 

outfall, at 37 locations spread along the main stem of Johnson Creek (Figure 1).  Outfall sediment 

samples were collected within the stormwater structure and above the stream surface elevation, 

minimising the influence of stream flow in the receiving water, so that concentrations of sediment-

adsorbed pollutants would reflect inputs from the contributing sub-catchment, rather than sources 

upstream in the Johnson Creek catchment.  

Samples were sieved, with particles finer than 2mm retained for laboratory analysis. Samples were dried 

at 105°C for 24 hours and then subjected to strong acid digestion, in preparation for analysis by 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP OES, Tyler and Longjumeau, 1995). ICP 
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OES analysis allows pollutant concentrations to be measured with a precision of 0.1 ppb with confidence. 

ICP OES analyses were performed for eight key urban pollutants: Cu, Zn, Pb, Ni, Ca, Ba, Sn, Mn. This 

short communication reports results generated for the five heavy metals: Cu, Zn, Pb, Cr, Cd. 

Maps were created to visually inspect downstream trends in heavy metal concentrations. Non-

parametric, Mann-Whitney U-tests were conducted to test the significance of differences in mean heavy 

metal concentrations between outfall and stream bed sediment samples. Spearman’s rank correlations 

were used to explore relationships between catchment characteristics and sediment-related metal 

concentrations. All statistical tests used a 95% level of confidence to determine statistical significance. 

Contributing sub-catchments for the outfalls were delineated using the ArcHydro tool in ArcGIS 10.4. 

Catchment variables derived for each sub-catchment were based on 2011 National Land Cover Data, 

hydrologic soil groups,  and selected topographic parameters (e.g., elevation and slope) derived from an 

available, 10m Digital Elevation Model (USGS 2015).  The results were used to add outfall sub-catchment 

characteristics to the sediment contamination database. All data were spatially referenced and mapped 

in a GIS. The database may be downloaded free for non-commercial research applications. Details of 

how to access the database are included at the end of this short contribution. 

Within each sub-catchment, distance-weighted catchment variables were then derived using the 

method of Watson and Chang (2018).  Using this method, the influence of each catchment driver of 

pollution was weighted in proportion to the hydrologically-defined distance between the outfall and the 

area in the sub-catchment where the driver operates. This approach has the potential to increase the 

explanatory power of statistical relationships derived between observed metal concentrations and 

driving variables. 

 

Results 

Downstream trends in heavy metal concentrations 

Overall heavy metal concentrations in stream bed sediment samples did not exhibit a clear downstream 

trend in Johnson Creek (Figure 3).  This was unexpected because urban development, piped drainage 

and traffic movements all increase with distance downstream in the study catchment (Figure 1).  

Figure 3 near here 

However, concentrations of zinc and cadmium did increase with distance downstream (Figure 3a and 

3e). High zinc and cadmium concentrations are usually associated with industrial emissions and/or high 

traffic densities (Berndtsson 2015). In this regard, a downstream increase in concentrations would be 

expected in the increasingly urbanised, industrialised and traffic-clogged lower catchment. Further, the 

highest concentrations are associated with proximity to known industrial point sources listed in an 

inventory of known toxic release sites and other environment cleanup sites (see Figure 1 & Figure 2). 

Conversely, higher concentrations of copper, chromium, and lead were found in both upstream and 

downstream reaches where listed cleanup sites are closely located (Figure 3b, 3c, and 3d), suggesting 
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that point industrial sources as well as land use based non-point sources (e.g., traffic) are potential 

sources of metal pollution in streams.   

Differences between outfall and stream bed samples 

Concentrations of zinc, cadmium, and copper were all significantly higher in outfall samples than stream 

bed samples (Figure 4), indicating that stormwater drainage may be an important sources of metal-

contaminated sediments to Johnson Creek. Concentrations of lead were also higher in outfall samples, 

though the difference is not statistically different. Chromium concentrations were slightly higher in 

stream bed samples, but the difference was not statistically significant (p>0.05), suggesting that 

chromium sources may differ from those of the other four heavy metals investigated in this study.  

Figure 4 near here 

Correlations between catchment characteristics and metal concentrations 

Concentrations of zinc were positively correlated with the percentage of developed land-cover and the 

average curve number (a measure of surface runoff generation) within the contributing sub-catchment 

(r = 0.34, 0.30, respectively). Concentrations were negatively correlated with elevation and slope (Figure 

5) (r = -0.3 and -0.34 respectively). These correlations were weak, but statistically significant. No 

statistically significant relationships were found between concentrations of the other four heavy metals 

and variables defining catchment characteristics. These findings indicate that conditions in the 

contributing sub-catchments alone are insufficient to explain variations observed in sediment-related, 

heavy metal concentrations in Johnson Creek.  

Figure 5 near here 

Discussion 

In a catchment that is predominantly rural in its headwaters and upper catchment, but mainly suburban 

and urban in its lower catchment, heavy metal concentrations would be expected to be higher in 

outfalls lower in the catchment (e.g. see Akdogan et al. 2016), which receive stormwater from sub-

catchments with lower, flatter terrains, more urban development and more extensive impervious 

surfaces. This is the case for zinc and cadmium, but not for chromium or copper or lead, which were 

found in high concentrations in both upstream and downstream reaches. Conventional wisdom would 

also suggest that heavy metal concentrations associated with fine sediments delivered to Johnson Creek 

stormwater outfalls would increase in proportion to the percentages of developed land and impervious 

surfaces in the contributing sub-catchments, while decreasing as those sub-catchments become lower 

and flatter (Zafra et al. 2017). However, initial analysis of measured data reveals that this is clearly the 

case only for zinc (Figure 5). This may be because, of the five metals investigated, zinc is most easily 

adsorbed onto fine sediment and transported to streams via stormwater runoff during surface water 

flood events (Sharley et al. 2016). It follows that the more complicated processes involved in 

mobilisation and delivery of other sediment-related heavy metals in developed catchments like Johnson 

Creek (where sub-catchment land-use is spatially heterogeneous), may be responsible for more nuanced 
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relationships than are currently assumed. Additionally, the potential influence of other environmental 

cleanup sites near monitoring sites on the elevated levels of other heavy metal concentrations need 

further investigation.  

The finding that spatial relationships are nuanced is consistent with the outcomes of other multi-

disciplinary fieldwork performed during the ‘Clean Water for All’ study (Ahilan et al. 2018; Janes et al. 

2017 ), which establish that mixed development within sub-catchments distributed throughout the 

catchment of Johnson Creek has produced a fine-grained mosaic of land-uses, often exhibiting stark 

contrasts at sub-decimetre scales. In places, surface runoff from industrial sites located adjacent to the 

mainstream drains directly to Johnson Creek via simple, piped outfalls, with no buffering because urban 

green spaces are absent and the riparian corridor is non-existent. In other sub-catchments, floodwater 

passes through bioswales in green streets, pocket wetlands and intact riparian corridors before reaching 

Johnson Creek. It is hypothesised here that subtle changes in land-use patterns, runoff paths, outfall 

designs and the degree to which blue-green stormwater ‘treatment trains’ manage stormwater quality 

as well as quantity significantly affect the sources, mobilisation, and delivery of sediment-related, heavy 

metals by the drainage system.  

Aging of drainage pipes and other urban water infrastructure could also affect outfall and stream bed 

heavy metal concentrations. The majority of the study outfalls are fed by relatively old networks and, as 

old pipes deteriorate, they could become either sources of additional heavy metals (due to corrosion) or 

potential sinks (due to leakage of contaminated sediments). The degrees of corrosion and/or leakiness 

of these pipe networks are currently unknown. Conversely, some neighbourhoods feature new infill 

developments, upgraded drainage systems, and/or retro-fitted, blue-green infrastructure. These 

neighbourhoods benefit from blue-green stormwater treatment trains that effectively reduce peak 

storm runoff volumes while also slowing the transport of fine sediments and retaining contaminants. 

However, the effectiveness of blue-green infrastructure in reducing pollutant delivery to drainage 

outfalls is, as yet, unproven. Sediment outfall sampling and analysis should, therefore, continue in order 

to help understand and explain the pollutant removal functionality of blue-green infrastructure.   

An additional confounding factor is that runoff from three-quarters of the study catchment is collected 

and drained via complex pipe networks, further complicating the analysis of the delivery of flood 

sediments to Johnson Creek. The boundaries of sub-catchments in the piped drainage system are very 

difficult to define, but it is known that they do not necessarily coincide with the topographically-defined 

sub-catchment watersheds used in this study.  Hence, further analysis is warranted to establish the true 

spatial distributions of flood water sub-catchments discharging to Johnson Creek.  

To improve our understanding of the relationship between catchment characteristics, development and 

sediment-related, heavy metal concentrations, monitoring should continue as the results will help 

elucidate the nuanced sources and dynamics of heavy metals in Johnson Creek. Future analyses should 

include additional, explanatory variables that better represent historical and changing catchment land-

uses, site-specific, industrial emitters and the impacts of multi-functional, blue-green infrastructure.  To 

this end, the authors have made available the 2014 database and invite researchers to investigate and 

supplement it through further analyses and the addition of new data. The contaminated sediment 
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database may be freely downloaded for non-commercial, research applications from either the Blue-

Green Cities project CWfA data repository (https://rdmc.nottingham.ac.uk/handle/XX) or the 

corresponding author’s research page at https://www.pdx.edu/geography/hydrology-and-water-

resources. 

 

Acknowledgments 

This research was performed as part of an interdisciplinary project undertaken by the UK Blue-Green 

Cities (B-GC) Research Consortium (http://www.bluegreencities.ac.uk) with the Portland-Vancouver 

ULTRA (Urban Long-term Research Area) project (PVU, http://www.fsl.orst.edu/eco-p/ultra/), as part of 

the ‘Clean Water for All’ initiative (http://www.epsrc.ac.uk/funding/calls/cleanwaterforall/). The 

research reported in this short communication was funded by the UK Engineering and Physical Sciences 

Research Council under grant EP/K013661/1. Additional contributions came from the Environment 

Agency and Rivers Agency (Northern Ireland). PVU is funded by the National Science Foundation award 

#0948983. We thank the City of Portland Bureaus of Environmental Services, Metro, and the Johnson 

Creek Watershed Council for their generous support and sharing of data, field equipment, time, and 

expertise. We appreciate Professor Colin Thorne, Editor Paul Samuels, and two anonymous reviewers 

whose comments greatly helped improve the quality of the manuscript.  

 

References 

Ahilan, S., Guan, M, Sleigh, A., Wright, N. and Chang, H. The Influence of Floodplain Restoration on 

Sediment Dynamics in an Urban River. Journal of Flood Risk Management, 2018, S986-S1001. 

Akdogan, Z., Guven, B., & Balcioglu, I. Modeling nutrient and heavy metal transport at selected 

catchments in the Marmara region. Fresenius Environmental Bulletin, 2016, 25(4), 969-980. 

Berndtsson, C. J. Storm water quality of first flush urban runoff in relation to different traffic 

characteristics. Urban Water Journal, 2014, 11(4), 284-296. 

Brinkmann, R., Montz, B. E., and Tobin, G. A. Lead pollution in flooded and non‐flooded areas in ST. 

Maries, Idaho. Journal of Environmental Science & Health Part A, 2000, 35(3), 407-417. 

Chang, H. Streamflow characteristics in urbanizing basins in the Portland Metropolitan Area, Oregon, 

USA, Hydrological Processes, 2007, 21(2): 211-222 

Chang, H., Thiers, P., Netsuil, N. R., Yeakley, A., Rollwagen-Bolen, G., Bolen, S., Singh, S. Relationships 

between environmental governance and water quality in growing metropolitan area of the Pacific 

Northwest, USA. Hydrology and Earth System Sciences, 2014, 18: 1383-1395. 

Chen, H. and Chang, H. Response of Discharge, TSS, and E.coli to Rainfall Events in Urban, Suburban, and 

Rural Watersheds. Environmental Science: Processes and Impacts, 2014, 16 (10): 2313 – 2324 

This article is protected by copyright. All rights reserved.

https://rdmc.nottingham.ac.uk/handle/XX
https://www.pdx.edu/geography/hydrology-and-water-resources
https://www.pdx.edu/geography/hydrology-and-water-resources
http://www.bluegreencities.ac.uk/
http://www.fsl.orst.edu/eco-p/ultra/
http://www.epsrc.ac.uk/funding/calls/cleanwaterforall/
http://onlinelibrary.wiley.com/doi/10.1111/jfr3.12251/full
http://iahr.tandfonline.com/doi/abs/10.1080/1573062X.2013.795236
http://onlinelibrary.wiley.com/doi/10.1002/hyp.6233/full
http://search.proquest.com/openview/e52e8784ce18fece4b6de7b19cee7641/1?pq-origsite=gscholar&cbl=105724
http://pubs.rsc.org/-/content/articlehtml/2014/em/c4em00327f


Charters, F. J., Cochrane, T. A., & O'Sullivan, A. D. Characterising urban zinc generation to identify 

surface pollutant hotspots in a low intensity rainfall climate. Water Science and Technology, 2017, 

wst2017306. 

Dalu, T., Wasserman, R. J., Tonkin, J. D., Mwedzi, T., Magoro, M. L., & Weyl, O. L. Water or sediment? 

Partitioning the role of water column and sediment chemistry as drivers of macroinvertebrate 

communities in an austral South African stream. Science of the Total Environment, 2017, 607, 317-325. 

Duan, J., Tan, J., Wang, S., Hao, J. Chai, F.  Size distributions and sources of elements in particulate 

matter at curbside, urban and rural sites in Beijing, J. Environmental Sciences, 2012, 24(1), 87-94. 

Dennis, I.A., Macklin, M.G., Coulthard, T.J., Brewer, P.A. The impact of the October–November 2000 

floods on contaminant metal dispersal in the Swale catchment, North Yorkshire, UK. Hydrological 

Processes, 2003, 17, 1641–1657. 

Fletcher, T. D., Vietz, G., & Walsh, C. J. Protection of stream ecosystems from urban stormwater runoff: 

the multiple benefits of an ecohydrological approach. Progress in Physical Geography, 2014, 38(5), 543-

555. 

Gobel, P., C. Dierkes, and W. G. Coldewey. Storm water runoff concentration matrix 

for urban areas Journal of Contaminant Hydrology, 2007. 91, 26-42. 

Goodwin, T.H., Yound, A., Holmes, M.G.R, Old, G.H., Hewitt, N., Leeks, G.J.L, Packman, J.C. and Smith, 

B.P.G.  The temporal and spatial variability of sediment transport and yields within the Bradford Beck 

catchment, West Yorkshire, Science of the Total Environment, 2003, 314-316, 475-495. 

Hubbard, J.A. Using sediment particle size class analysis to better understand urban land use effects, 

International Journal of Applied Science and Technology, 2012, 2(1), 12-27. 

Janes, V.J., Grabowski, R.C., Mant, J., Allen, D., Morse, J.L. and Haynes, H. The impacts of natural flood 

management approaches on in‐channel sediment quality. River Research and Applications, 2017, 33(1), 

89-101. 

Kang, J. H., Lee, Y. S., Ki, S. J., Lee, Y. G., Cha, S. M., Cho, K. H., & Kim, J. H. Characteristics of wet and dry 

weather heavy metal discharges in the Yeongsan Watershed, Korea. Science of the Total Environment, 

2009, 407(11), 3482-3493. 

Levell, A. and Chang, H. Monitoring the Channel Process of a Stream Restoration Project in an Urbanizing 

Watershed: A Case Study of Kelley Creek, Oregon, USA. River Research and Applications, 2008, 24(2), 

169-182. 

Rodreguez-Seijo, A., Arenas-Lago, D., Andrade, M. and Vega, F.  Identifying sources of Pb pollution in 

urban soils by means of MC-ICP-MS and TOF-SIMS, Environmental Science and Pollution Research, 2015, 

22(10), 7859-7872.  

This article is protected by copyright. All rights reserved.

http://wst.iwaponline.com/content/early/2017/05/29/wst.2017.306.abstract
https://www.sciencedirect.com/science/article/pii/S0048969717316959
https://www.sciencedirect.com/science/article/pii/S1001074211607316
http://journals.sagepub.com/doi/abs/10.1177/0309133314537671
https://www.sciencedirect.com/science/article/pii/S004896970300069x
http://ijastnet.com/journals/Vol_2_No_1_January_2012/2.pdf
http://onlinelibrary.wiley.com/doi/10.1002/rra.3068/full
https://www.sciencedirect.com/science/article/pii/S0048969709001752
http://www3.interscience.wiley.com/journal/117923647/abstract
http://www3.interscience.wiley.com/journal/117923647/abstract
https://link.springer.com/article/10.1007/s11356-014-4027-9


Sharley, D. J., Sharp, S. M., Bourgues, S., & Pettigrove, V. J. Detecting long-term temporal trends in 

sediment-bound trace metals from urbanised catchments. Environmental pollution, 2016, 219, 705-713. 

Tyler, G. and Longjumeau, F. ICP-OES, ICP-MS and AAS Techniques Compared, ICP Optical Emission 

Spectroscopy, Technical Note, 1995, 5. 

US Geological Survey. National Hydrography Dataset (NHD) http://nhd.usgs.gov. 2015. Accessed January 

2015 

Van Metre, P.C. and Mahler, B.J. ‘ The contribution of particles washed from rooftops to contaminant 

loading to urban streams’, Chemosphere, 2003 ,52, 1727-1741. 

Wei B. and Yang L. A review of heavy metal contamination in urban soils, urban road dusts and 

agricultural soils from China, Microchemical Journal, 2010, 94, 99-107. 

Zafra, C., Temprano, J., & Tejero, I.  The physical factors affecting heavy metals accumulated in the 

sediment deposited on road surfaces in dry weather: a review. Urban Water Journal, 2017, 14(6), 639-

649. 

Zanders, J.M. ‘Road sediment: characterisation and implications for performance of vegetated strips for 

treating road runoff’, Science of the Total Environment, 2004, 399, 41-47. 

Word count: 2517 words.  

This article is protected by copyright. All rights reserved.

http://www.horiba.com/fileadmin/uploads/Scientific/Downloads/OpticalSchool_CN/TN/ICP/ICP-OES__ICP-MS_and_AAS_Techniques_Compared.pdf
https://www.sciencedirect.com/science/article/pii/S0045653503004545
http://www.tandfonline.com/doi/abs/10.1080/1573062X.2016.1223320
https://www.sciencedirect.com/science/article/pii/S0048969704005704


Figure legends 

Figure 1. Location map for the study catchment: Johnson Creek, Oregon. Note extensive impervious area, 

mostly located in the lower catchment. 

Figure 2. Subcatchment boundaries and the location of environment cleanup sites 

Figure 3. Downstream distributions of heavy metal concentrations in bed sediments sampled around 

drain stormwater outfalls in Johnson Creek (unit: ppb). 

Figure 4. Comparison of sediment-related heavy metal concentrations sampled in outfalls (37) and the 

stream bed (99) of Johnson Creek (unit: ppb). 

Figure 5. Relationships between zinc concentrations at outfalls along Johnson Creek and distance-

weighted, catchment characteristics in the contributing sub-catchments. All trend lines are statistically 

significant at the 5% level. 
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Figure 1. Location map for the study catchment: Johnson Creek, Oregon. Note extensive impervious area, mostly located in the lower basin. 
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Figure 2. Subcatchment boundaries and the location of environment cleanup sites
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Figure 3. Downstream distributions of heavy metal concentrations in bed sediments sampled around 

drain stormwater outfalls in Johnson Creek (unit: ppb). 
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Figure 4. Comparison of sediment-related heavy metal concentrations sampled in outfalls (37) and 

the stream bed (99) of Johnson Creek (unit: ppb). 
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Figure 5. Relationships between zinc concentrations at outfalls along Johnson Creek and distance-

weighted, catchment characteristics in the contributing sub-catchments. All trend lines are 

statistically significant at the 5% level. 
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