Use the right soil to get the stormwater treatment you want 
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1
Introduction
Urban runoff is an increasing environmental problem with the expansion of impervious surfaces in our cities. Stormwater is an issue because it is generated in large volumes over short times, and it carries a diverse range of pollutants both of which degrade the receiving waterways. Storm water running from urban areas contains gross pollutants (mainly organic – grass clippings, leaves and 20-25% litter, mainly as paper), suspended solids, metals, toxic organic oils and surfactants, nutrients, microorganisms and oxygen demanding materials (Wong, Breen & Lloyd, 2000).  New Zealand studies show road dust and road runoff can contain high concentrations of pollutants, particularly zinc and copper from tyre and brake wear (ARC, 1992a,b).  Pollutants are both dissolved and sediment-bound, with the fine sediment fraction (less than 125 µm) containing about half of the metal pollutants (Zanders 2000).  
In the natural hydrological cycle, soils and plants contribute significantly to buffering water flows and removing dissolved and particulate constituents in the water.  This function of soil-plant systems is now being used to treat urban stormwater through the use of bio-infiltration and bioretention systems, e.g. raingardens and swales. However, soils are not all created equal – some soils are less effective at infiltrating, storing and treating stormwater. 

Soils on recontoured land, for example, are likely to be unsuitable due to their physical condition. In 2001-2002 we showed that soils re-worked to meet typical subdivision practice for housing – concrete slabs on graded level building platforms with shallow topsoil on compacted subsoil– can have a drastically reduced ability to store and infiltrate water and a reduced capacity to support plant growth. Many subsoils were effectively impermeable to water and hostile to roots making them unsatisfactory for onsite mitigation of stormwater without substantial amelioration.  A study of urban riparian soils boardering the Opanuku Stream showed similar degradation with land contouring within 20 m of the stream probably the main cause.  Some natural soils may also be unsatisfactory due to their physical and chemical properties, especially when re-worked or compacted, for example during the construction or mowing of semi-engineered soil-plant systems such as raingardens and swales.  Soil  can play an influential role in the mitigation of urbam stormwater. 

Raingardens and swales are part of the Low Impact Urban Design toolkit.  These ‘bioretention systems’ use soil and plants to temporaily retain (10 minutes to 72 hours+) and clean stormwater. Raingardens are multi-layered, metre-deep soil sponges with a cover of native frangible species (trees where safety allows), recharge to groundwater can be avoided by installation of under-drains connecting to stormwater system or detention pond. Traditional swales by contrast have 50 to 100 mm of ‘topsoil’ over compacted road base with a cover of mown grass – the aim being to detain and physically filter water through grass, not infiltrate.

2
Aims
The overall aim of this research is to develop guidelines for design of New Zealand soil-plant systems that reduce runoff and associated contaminants in stormwater by using the right soil under the right conditions. We investigated the effect of different soils and variable soil physical and chemical properties on the performance of two semi-engineered, soil-plant systems – raingardens and swales.  We assessed infiltration rate, leachate quantity & quality, plant growth and sinks for applied metals in two raingardens and assessed soil chemistry, physical condition and accumulation of metals in four motorway swales.  

3
Methods
3.1
Raingardens

Two experimental raingardens were established in cylindrical containers (0.78 m2 surface area) by 1.30 m deep using an Ultic Soil from North Shore (a clay soil from weathered sandstone) mixed 1 sand :4 soil ratio to improve drainage, and an Allophanic Soil from Hamilton, (a loam from volcanic ash) (Fig. 1) (New Zealand Soil Classification, Hewitt 1993).  Containers were greased to prevent by-pass flow and the interface between each layer was scarified.  Every week for six months 195 L of artificial stormwater was applied over 4 hours (0.81 L/min or 62.5 mm/hr), based on the raingarden receiving runoff from a 25 mm storm of 4 hours duration, being 10% of the runoff source area.  The first 3 applications were clean water to see what was leached and if the leached mass stabilised over these events.  The leachate was measured for metals, nutrients and sediment load. On completion of the experiment, the raingardens were destructively sampled to allow measurement of soil porosity using intact cores, and 100 mm increment samples for soil chemical analysis and root mass.  This allowed assessment of the destination of applied contaminants between raingarden layers, effluent and plants. 
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Fig. 1.
Detail of raingarden construction for Ultic Soil; the Allophanic raingarden had 100 mm of topsoil over 900 mm of subsoil. 

3.2
Swales
We sampled soil physical and chemical properties of four swales on a stretch of the Auckland Motorway meeting Auckland Regional Council TP10 construction guidelines. High pollutant loading was expected at two sites adjacent to the On/Off ramps of the Silverdale Interchange; low pollutant loading was expected at two sites 1.5 km south of the Silverdale Interchange on a straight stretch of road.  Within each swale we sampled along two pairs of transects, 15 and 16 m (Transects 1&2) and 50 and 51 m (Transects 3&4) from the ‘upstream’ drain (Fig. 2).  At each site, an adjacent area with undisturbed soils under pasture was used as a baseline control.  At each site an intact, 100-mm diameter core was taken at the soil surface (‘topsoil’) and 100 mm depth (‘subsoil’) for measurement of hydraulic conductivity and aeration; grab samples from 0–20, 20–50 and 50–100 mm depths were taken for measurement of texture, pH, total C and N, Olsen P (available P), P retention, total and EDTA-extractable Cd, Cr, Cu, Ni, Pb and Zn.  Grab samples each pair of transects were then bulked at each distance from the road and each depth. 
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Fig. 2.
Sampling design within swales and sample locations (squares)
4
Results
4.1
Raingardens
The better physical properties of the Allophanic Soil resulted in much cleaner leachate than the Ultic Soil. The Allophanic Soil maintained a high infiltration rate and significantly buffered the flow of stormwater (leachate took 1 hour to pass through the column). The Ultic Soil developed an anaerobic subsoil that was inhospitable to roots and generated ammonium. It also suffered structural collapse, surface ponding for up to 24 hours and discoloured leachate (mean suspended solids 30 mg/l).  Nitrate and phosphorus concentrations in the leachate consistently exceeded that of the artificial stormwater but were generally low (<5 mg/l).  Both soils retained more than 99% of applied zinc. 


[image: image2]
Fig. 3A 
 Cumulative leachate flow in the Ultic Soil slowed as the structurally unstable soil continued to settle.

[image: image3]
Fig. 3B.  In contrast with the Ultic Soil, the stable Allophanic Soil maintained a high flow rate throughout the 6 month duration of the experiment.

[image: image4]
Fig. 4.
Oxygen diffusion rate (ODR) over 3 days following irrigation of raingardens.  The Allophanic topsoil and subsoils retained a high diffusion rate, however, the Ultic Soil topsoil became saturated (zero oxygen diffusion) shortly after irrigation and took nearly 3 days to recover to a pre-irrigation state.  During the first 2 days plant roots were likely to be stressed in the Ultic Soil.


[image: image5]
Fig. 5: Nitrate-N in the applied stormwater and effluent from the Allophanic and Ultic raingardens.  A flush of nitrate-N occurred in the first irrigation (clean water C1), being highest in effluent from the fertile Allophanic Soil.  Both soils released N; effluent from the Ultic Soil contained 225% more N than applied in the stormwater; the Allophanic Soil 180% more, however the mean concentration of nitrate was low (3 mg/l).  Nitrate-N was the main form of nitrogen in the effluent.  Ammonium-N was a small but significant component of effluent from the Ultic Soil throughout the trial.  


[image: image6]
Fig. 6.  Total phosphorus in the applied stormwater and effluent from the Allophanic and Ultic raingardens.  The Ultic Soil was consistently poorer at removing P; Total P removal levels were 78% for Ultic and 86% for the Allophanic Soil.
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Fig. 7.  Suspended sediment in the effluent from the Allophanic and Ultic raingardens.  Effluent from the Ultic Soil was always disoloured (mean value 32 mg/l) compared to the clear effluent from the well-aggregated Allophanic Soil (mean value 4 mg/l).

4.2
Swales
Unsaturated hydraulic conductivity (K-40) represents water flow into the soil when rainfall does not pond on the soil surface. K-40 removes the influence of large pores, such as wormholes, and large cracks that typify dry compacted soils and sampling disturbance.  While the topsoil shows satisfactory infiltration (hydraulic conductivity) rates, the subsoil was found to have poor infiltration (Table 1). A third of the subsoil samples recorded saturated hydraulic conductivity rates less than 0.4 mm/hr indicating poor drainage and suitability for shallow rooting plants only (McLaren and Cameron, 1990 p 91). Half of the sub soil samples had Ksat of less than 5 mm/hr. This infiltration rate severely limits the capacity of swale soils to infiltrate stormwater. Infiltrating stormwater in swales has been shown to significantly reduce pollutant loads, however, many sites have a compacted, blocky soil surface with cracks that allow bypass flow – this impairs treatment of runoff. 

Table 1.Soil physical condition in 4 swales.  Data represents sampling positions a,b, and c (see fig 2) for all swales. Values are medians, number of samples given in parentheses. Top soil (0-7.5 cm) and subsoil (10-17.5 cm)

	Measured soil parameter
	Swale
	Pasture control

	
	Top soil
	Subsoil
	Top soil
	Subsoil

	Dry bulk density

(t/m3)
	1.00 (42)
	1.25 (46)
	-
	-

	Saturated HC (mm/hr)


	157 (45)
	5.10 (37)
	76 (24)
	41 (12)

	Unsaturated HC, K-40
(mm/hr)
	3.0 (44)
	1.0 (31)
	10 (24)
	10 (12)


The soils generally showed adequate fertility with Olsen P levels averaging 14 mg/kg and Carbon to Nitrogen ratios averaging 15 – satisfactory for the growth of grasses and clover species desirable in swales. About 80% of the sampling sites soils have pH 6.5 to 7.5; much higher than typical in the ‘parent’ Ultic soils, probably reflecting lime and concrete associated with road building.  Low carbon contents (3 to 4%) reflect the mixing of subsoils and topsoil when soils were stripped from parent areas. However, the soils were in poor physical condition with thin topsoil (50 mm) over compacted, poorly draining subsoil. The general poor physical condition lead, in places, to poor plant growth, weed establishment, bare patches and persistent water logging (sometimes accompanied by the growth of rushes). These characteristics are expected to reduce the performance of the swale for treating stormwater.


[image: image8]
Fig. 7.  Carbon to nitrogen ratios in the swales and adjacent pasture sites.  Red lines indicate the optimal range for pasture.


[image: image9]
Fig. 7. Readily available (Olsen) Phosphorus in the swales and adjacent pasture sites.  Red lines indicate the minimum value  for low-fertility pasture species.
5.
Conclusions

Swale and raingarden performance is maximised by using soils with high carbon content, low fertility and high phosphate retention.  Such soils have high water storage, aeration and ability to remove metals, and low risk of N and P leaching.
Concluding slides from the Powerpoint presentation
How to sabotage a soil-plant treatment system

· Use an intrinsically poor soil - structurally unstable, cracking, low carbon, preloaded, 

· Degrade topsoil before use

· Let machines traffic the area – especially when soils are wet 

· Maximise plant stress – shallow soil, poor physical condition, low fertility

· Disturb it frequently – every 3 to 12 months
How to maximize performance of s oil-plant treatment system

· Use and sustain a living topsoil to 200 mm

· Use an intrinsically fantastic subsoil

· Get plants actively growing with minimum stress - maximise rooting depth, aeration, carbon  

· Minimise risk - underdrain, maximise root depth, avoid machine traffic 

· Minimise soil disturbance (renovate bark and harvest plants instead?)
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