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Abstract
A Comparison of the Performance of Contrasting Stormwater
Treatment Systems, Ryelands Subdivison, Lincoln, Canterbury

by
Sarah Margarette Hunt

Urban stormwater runoff is a leading cause of contamination in urban surface water and
soil. The quality of the stormwater discharges is increasingly important in the
Canterbury region as the population grows, and land use becomes more intensive. I
aimed to evaluate and compare the performance of two stormwater treatment systems (a
wet and a dry system), in a residential subdivision, Lincoln, Canterbury.
Stormwater samples were taken from inlets, outlets and along the systems during three
rain events. Samples were analysed for a variety of water quality parameters including
nutrients total phosphorus (total P), and nitrate nitrogen (NO3 - N), suspended solids,
E.coli and metals. Plant samples were collected from various locations down the
stormwater systems and analysed for metals, and total P. Soil samples were also taken
and analysed for metals, total P, total petroleum hydrocarbons, and polycyclic aromatic
hydrocarbons. Laboratory results were analysed using Microsoft Excel statistical
application to compare contaminant removal efficiency ratios, and event mean
concentrations. The event mean concentrations of contaminants at the outlets were
assessed against guidelines to determine the performance of the stormwater treatment
systems.
The results show that the dry stormwater treatment system‟s performance was similar to
the Wet system‟s performance. In the Dry system, for all three rain events the suspended
solid mean concentrations in the discharge were below the consent condition of 80
mg/L, and the NO3 - N mean concentrations were below the Australian New Zealand
Environment and Conservation Council (ANZECC) 90 % guideline of 3.4 mg/L. Cu
and Zn mean concentrations were below the ANZECC 90 % guidelines for Rain Event
1 and 2, but not below the guidelines in Rain Event 3.
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In the Wet system, the suspended solid mean concentrations in the discharge were the
only contaminant concentrations below the guidelines for all three rain events. The
mean concentrations of Cu and NO3 – N in the discharge were only below the
guidelines in Rain Events 1 and 2. The Zn concentrations in the discharge were only
below the guidelines in Rain Event 1. Neither system managed to remove total P in the
discharge to below the ANZECC 90 % guideline of 33 µg/L in any of the rain events.
In the three rain events sampled both the wet and dry stormwater treatment systems
were performing to an adequate standard, which enabled the protection of the receiving
environment. However, it is uncertain how the systems would perform if there were
higher contaminant concentrations in the influent.
The removal efficiency ratios for the contaminants were event specific. In rain events
with positive contaminant removal efficiency ratios, the systems behaved as
contaminant sinks. The Dry system was a sink for NO3 – N in Event 2. The Wet system
was a sink for Cu and NO3 – N in Event 2. When there were negative contaminant
removal efficiency ratios the systems behaved as contaminant sources. The Dry system
was a source for Cu in Event 2, and P in Event 1. The Wet system was a source for Cu in
Event 3, Zn in Event 2, P in Events 1 and 3, and NO3 – N in Event 1.
Based on the current levels of contamination in the Wet system it will be at least 79
years before the first contaminant (Zinc) reaches a concentration in the soil where it
poses a risk to human health and in the Dry system it will be 9,000 years.
Keywords: Contaminant, metals, pollutant, residential subdivision, runoff, urban, water
quality, wetland
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Chapter 1
Introduction
Urban stormwater runoff is an important cause of contamination in urban surface water and
soil (Davis, et al., 2001; Elliott, 1998; Pitt, et al., 1995). Urban stormwater runoff is the most
important factor affecting the urban water quantity (Christchurch City Council, 2003;
Ministry for the Environment, 2008b). The importance of the quality and quantity of
stormwater discharges in the Canterbury region is increasing as the population grows and land
use rapidly becomes more intensive. The Selwyn District in particular is one of New
Zealand‟s fastest developing districts (Statistics New Zealand, 2010).
Currently under the Resource Management Act 1991 (RMA – New Zealand‟s foremost piece
of environmental legislation), people wishing to create new developments (e.g. residential,
commercial or industrial subdivisions) which produce stormwater discharges are required to
submit an application for a discharge permit to the regional council. The application must
include an Assessment of Environmental Effects (AEE, Schedule 4 of the RMA). An AEE
must give a description of the affected environment, the nature of the discharge, the
stormwater system design, and an assessment of actual and predicted effects. Within the
assessment of actual and predicted effects the effects on water quality, methods of treating the
discharge, and the predicted concentrations of contaminants in the discharge after treatment
must all be described.
The principal contaminants in stormwater are metals (Beca Varter Hollings & Ferner Ltd,
1992; Snelder, 1995; Wanielista & Yousef, 1994), hydrocarbons, sediment (usually measured
as suspended solids), nutrients (N and P), and microbial pathogens (Elliott, 1998; Legret &
Pagotto, 1999; Mosley & Peake, 2001; Murakami, et al., 2008).

This research was undertaken to evaluate and compare the performance of two stormwater
treatment systems in a residential subdivision, Lincoln, Canterbury (Figure 1). Both
stormwater treatment systems are designed to function in a similar manner, however due to
the effect of a high water table one system (the wet/southern system) is becoming an emergent
wetland, while the other (dry/northern system) remains mainly dry.
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Figure 1. Annotated satellite image of the water sampling locations in the dryland (northern) system, and the
wetland (southern) system in Ryelands subdivision, Lincoln (Google Imagery, 2010) .

The main questions this research seeks to answer are:
1. What are the contaminants in the stormwater systems?
2. What are the concentrations of the contaminants in the influent and effluent
stormwater in the two systems?
3. What are the potential exposure pathways by which contaminants could enter the food
chain?
4. What is the difference in performance between the dry and wet stormwater treatment
systems?
5. What are the life expectancies of Ryelands‟ stormwater treatment systems?
This research will benefit Selwyn District Council and Environment Canterbury. It will
contribute to the limited information available about the performance of stormwater treatment
systems in Canterbury which has a unique combination of climate, soil types and
hydrogeology. The results of this study may be used to help design future systems, especially
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when developing new residential subdivisions post the Christchurch earthquakes, and
influence decisions about stormwater consents for future residential developments.

1.1 Climate of the Site
The study area is located in the South Island of New Zealand in the mid-latitudes (43 °S, 172
ºE) of the Southern Hemisphere. The climate of the region is strongly affected by the
northeast–southwest trending Southern Alps which lie to the west of the region. The dominant
regional orographic effect is caused by the Alps which lie at an angle to the prevailing
westerly air flow (Barringer, et al., 1995). This creates strong rain shadow and fohn wind
effects. Summers are warm, with the typical summer daytime maximum air temperatures
ranging from 18°C to 26°C, with extremes of 30 °C or more (Ministry for the Environment,
2008a).The highest temperatures occur when hot dry north-westerlies blow over the Alps and
the Canterbury Plains.
The winters are cold with frequent frosts. Typical winter daytime maximum air temperatures
range from 7 °C to 14 °C. On average, May, June, July and August are the wettest months,
receiving 60 % of the annual rainfall. Heavy rainfalls in Lincoln result from depressions,
either with centres south and south-east of the South Island producing south-westerly frontal
rain with preceding thunderstorms, or with centres north to east of the South Island producing
north-easterly to south-easterly rain (Griffiths, et al., 2009).
East-northeast and south-west winds are dominant over the Canterbury Plains. North-easterly
on-shore sea breezes are caused by differential heating between the land and ocean. The
south-westerly and southerly winds are associated with frontal activity (Barringer, et al.,
1995).
The long term mean annual rainfall is 650 mm. Although long term mean monthly rainfalls
are similar, droughts often occur in summer months because Canterbury‟s rainfall is highly
variable and annual potential evapotranspiration exceeds annual rainfall (Barringer, et al.,
1995). The long term average annual potential evapotranspiration is 917 mm/yr (NIWA,
2010). Figure 2 shows the long-term average monthly rainfall and potential
evapotranspiration (PET).
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Figure 2. Long-term average monthly rainfall and potential evapotranspiration (PET) recorded at Lincoln (18812009) climate stations (NIWA, 2010).

1.2 Geology and Geomorphology
Lincoln is located on the Canterbury Plains, South Island, New Zealand. The Canterbury
Plains consist of a classic coarse-grained coalescing braid plain system of Late Pleistocene
and Holocene age (Browne & Naish, 2003; Cox, 1978). The Plains are about 200 km long and
100 km wide and are built from the Rangitata, Rakaia, Ashburton and Waimakariri braided
rivers‟ abandoned flood plains (Browne & Naish, 2003; Forsyth, et al., 2008). Most areas of
the Plains are covered in gravels derived from Mesozoic greywackes and argillites of the
Torlesse Supergroup in the Southern Alps (Leckie, 2003) which have been reworked by
fluvial processes during the interglacial periods (Taylor, 1996).

1.3 Soils at the Site
The soils in the study area are mapped as Immature Pallic soils (Landcare Research, 2011) or
more specifically Templeton deep silt loam on sand and Wakanui silt loam and sandy loam
(Kear, et al., 1967). Wakanui soils are imperfectly drained. They interfinger between the well
drained Templeton soils and the poorly drained Temuka soils. The Wakanui soils occur in the
depressions among Templeton soils (Cox, 1978).
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1.4 The Ryelands Subdivision
The subdivision is located to the south of Lincoln Township, and has a total area of 34.6 ha.
The subdivision comprises four lifestyle blocks (17.2 ha) with the balance of the land
developed into 117 residential lots (17.4 ha) (Tricker, 2000). This study will focus on the
stormwater arising from only the residential lots. The stormwater discharge permit
commenced on 7 April 2000, and the stormwater system became operational in 2002. Most of
the allotments were built on by July 2005 (Hamilton, 2004).
The Dry system has a catchment area of 6.52 ha in which there are approximately 50 houses.
The total length of the Dry system from the first inlet to the outlet at Liffey Stream is about
230 m. The swale component of the Dry system is about 130 m long and 10 m wide including
the riparian vegetation (Figure 1). The vegetation in the swale is an assortment of herbs and
grasses including Watercress, Rorippa Nasturtium (L.); Water Forget – Me Not, Myosotis
scorpiodies (L.); Cocksfoot, Dactylis glomerata (L.); Ryegrass, Lolium perenne (L.); and
Dock, Rumex obtusifolius (L.). At the end of the swale a detention basin drains through a
gravel filter strip.
The Wet system has a catchment area of 10.88 ha. 85 houses are in this catchment area. The
total length of the Wet system is similar to the Dry system, about 230 m. The wetland
component of the system is 200 m long and ranges from 20 to 30 m wide. The wetted area is
approximately 0.2 ha. The depth of the standing water is subject to seasonal variation. The
vegetation in this system includes the species mentioned above, as well as Raupo, Typha
orientalis (L.); Mohuautoto, jointed tug rush, Baumea articulate; and Kapungaawga, softstem bulrush, Schoenoplectus tubernuemontani (C.C.Gmel.). After the wetland component of
the system is a gravel filter strip.
Both treatment systems discharge into the Liffey Stream (L1 Creek). This stream starts just
north of Lincoln Township. It is fed by the discharge of excess water from the Paparua Water
Race, and several springs (Maunsell Limited, 2008). Untreated and treated stormwater
discharges enter the stream within Lincoln Township. After the February 22nd 2011
earthquake in Christchurch, the Liffey Stream presently receives the sewerage of Lincoln,
Springston and Prebbleton. The Liffey Stream joins with Lincoln Main Drain and the L2
River, and eventually discharges into Lake Ellesmere (Te Waihora).
There have been problems with the Wet stormwater system. In May 2005, works took place to
raise the overflow outlet of the retention basin. The holding capacity needed to increase to
743 m3 as water was flowing directly from the pond into the Liffey stream via the overflow.
The retention basin storage capacity is required to be in excess of the 5-year event
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requirement of 690 m3 (Hamilton, 2005). Increasing the capacity to 743 m3 also allows for the
establishment of wetland plant species which is likely to reduce the capacity of the basin
(Hamilton, 2005).
In the Wet system on the one occasion that it was monitored by the consent holder, the
concentration of sediment in the discharge was 100 mg/L which is non-compliant with the
consent condition (Hamilton, 2004, 2005). The consent states 80 mg/L is the maximum
concentration of sediment in the discharge (Environment Canterbury, 2009). Hamilton (2005)
suggested that the high concentration of sediment in the discharge may have been due to a
constant base flow of groundwater flowing through the stormwater treatment system.
Hamilton (2005) proposed planting native wetland species with high water drawing capacities
or using subsoil drains to remove groundwater as potential methods of mitigating the negative
effect groundwater is having on the stormwater system.

1.5 Legislative Framework
1.5.1 The Resource Management Act 1991 (RMA)
The purpose of the RMA is to promote the sustainable management of natural and physical
resources (Section 5). When the RMA was established, it amalgamated many separate acts
into one holistic environmental act. The RMA provides for the preparation of regional policy
statements, regional and district plans. Once approved, they become part of the legislative
framework that regulates stormwater management.
Section 15 of the RMA controls the discharge of contaminants into the environment.
The RMA interpretation of “contaminant” includes:
―any substance (including gases, [odorous compounds,] liquids, solids, and microorganisms) or energy (excluding noise) or heat, that either by itself or in combination
with the same, similar, or other substances, energy, or heat—
(a) When discharged into water, changes or is likely to change the physical, chemical,
or biological condition of water; or
(b) When discharged onto or into land or into air, changes or is likely to change the
physical, chemical, or biological condition of the land or air onto or into which it is
discharged…‖
Section 15 in summary says that no person may discharge:
a) any contaminant or water into water; or
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b) any contaminant onto or into land in circumstances which may result in that contaminant
(or any other contaminant emanating as a result of natural processes from that
contaminant) entering water; or
c) any contaminant from any industrial or trade premises onto or into landunless the discharge is expressly allowed by a rule in a regional plan, a resource consent or
regulations under the RMA.
Under section 30 of the RMA, Regional councils have the responsibility to control the
discharge of contaminants into or onto land, air or water; the discharge of water into water,
and the discharge of contaminants to the coastal marine area.
Under section 31 of the RMA, territorial authorities are responsible for achieving integrated
management of the effects of the use, development or protection of land and associated
natural and physical resources, and the control of subdivision of land.
1.5.2 Proposed Natural Resources Regional Plan (PNRRP)
Environment Canterbury‟s PNRRP is the main regional plan to sustainably manage
Canterbury‟s air, land and water resources. Chapter 4 of this plan covers water quality.
The rules that specifically relate to stormwater are:
Rule WQL 5 - Discharge of stormwater containing contaminants onto or into land;
Rule WQL 6 - Discharge of stormwater containing contaminants into a river, lake or
artificial watercourse;
Rule WQL 7 - Discharge of stormwater containing contaminants onto or into land or
into a river, lake or artificial watercourse from a stormwater management area.
Ryelands subdivision is located within the Lincoln Integrated Stormwater Management Plan;
Rule WQL 7 therefore applies to the stormwater treatment systems studied in this research
project.
1.5.3 ANZECC Guidelines
The Australian and New Zealand Environment and Conservation Council (ANZECC)
reviewed and updated their 1992 water quality guidelines in 2000. These became the
Australian and New Zealand Guidelines for Fresh and Marine Water Quality 2000. The
guidelines are a reliable set of reference standards based on a substantial amount of
7

collaborative science and research; prescribing levels of contaminants or trigger levels above
which intervention is needed. There are four protection levels which can be applied to the
contaminant levels: 99 %, 95 %, 90 %, and 80 %. The levels give an estimate of the
percentage of species living in the aquatic habitat expected to survive the corresponding
contaminant levels.
These guidelines are not mandatory and have no formal legal status. They are not a National
Environmental Standard as provided for in Section 43 of the RMA. However, Environment
Canterbury has adopted the ANZECC 90 % protection levels in the PNRRP as the maximum
for some toxicants in urban waterways (Schedule WQL 1).
There is a four step process to applying guideline trigger values to a site in the ANZECC
guidelines. In this research, the total contaminant concentrations are assessed against the
ANZECC 90 % protection water quality guidelines, which are dissolved concentrations. This
is the recommended first step. This is a conservative approach which at best will overestimate
the fraction of contaminant that is bio-available. The second step is to modify the general
guideline by site specific factors. The third step is to apply these modified values to the site. If
the concentrations at the site still exceed these guidelines the fourth step is to carry out a
biological effects assessment. (ANZECC & ARMCANZ, 2000).
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Chapter 2
Review of Literature
2.1

Urban Stormwater

Urban stormwater refers to the runoff from urban surfaces caused by rainfall events (NIWA,
2008). Before urbanisation, stormwater was managed by nature. The water cycle functioned
normally where water would move from the atmosphere to the earth and back to the
atmosphere through precipitation, run-off, river flows, infiltration into soils, percolation into
groundwater, storage, evaporation and transpiration by plants (Whant, 2005).
Urbanisation has caused major changes to the hydrology of urban catchments. Less
infiltration causes an increase in the number of floods, runoff volume, flood height, the rate of
rise of floods, and a decrease in flood duration. There is a greater peak flow and shorter lag
time for stream flows (Christchurch City Council, 2003). There is a reduction in base flows
because less percolation through the soil is occurring. This can reduce groundwater recharge,
causing streams to dry out in the summer (Christchurch City Council, 2003). There is an
increase in stream bank erosion and sediment transport caused by the increased volume and
velocity of water during floods (NIWA, 2008). Urban stormwater transports contaminants
into the receiving environments reducing the quality of water and soil in the catchment
(Brown & Peake, 2006; Callander, et al., 1999) .
Traditionally in Christchurch and most other cities in New Zealand, stormwater was piped or
channelled directly into the surface waterways (Callander, et al., 1999). A paradigm shift is
currently taking place with the realisation that the urban receiving environments are not a
place for disposing waste but need restoring and protecting. Stormwater management is now
focused on systems that reduce and attenuate flows, and treat contaminated water (NIWA,
2008). These systems include low impact design (LID), water sensitive design (WSD),
sustainable urban drainage systems (SUDS) and best management practices (BMPs) (NIWA,
2008).

2.2 Stormwater Treatment Systems
The stormwater treatment systems identified in the Auckland Regional Council‟s technical
publication „TP10‟ are water quality ponds, wetlands, detention practices, filtration and
infiltration systems, rain gardens, bio filtration systems, vegetative filters, and gross pollutant
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traps. The Auckland Regional Council places emphasis on using a “stormwater treatment
train” which uses multiple BMPs in conjunction with each other, as different stormwater
practices do not all perform the same functions (Auckland Regional Council, 2003). It is
important to consider the site constraints such as catchment size, soil type, slopes, the land use
in the catchment, and the priority contaminants when choosing a stormwater treatment system
(Auckland Regional Council, 2003). Table 1 shows the potential effectiveness of each BMP
for removing the most common contaminants in stormwater.
Table 1. Potential contaminant removal effectiveness of stormwater management practices (adapted from
Auckland Regional Council, (2003))
Practice

Suspended
Solids

Oxygen
Demand

Total
Lead

Total
Zinc

Total
Phosphorus

Total
Nitrogen

Bacteria

Extended
detention
dry pond

+

#

+

#

#

∆



Wet Pond

+

#

+

#

#

∆



Constructed
Wetland

+

+

+

+

+

∆



Infiltration
Practices

+

+

+

+

+

#

+

Revegetation

+

+

+

+

#

#

∆

Sand Filter

+

+

+

+

#

∆

+

Bio filtration
(swale, filter
strip, rain
garden)

+

∆

+

#

∆

∆



+ High Potential for removal

# Moderate Potential for removal

 Insufficient Knowledge

∆ Low potential for removal

Many studies have been carried out on the effectiveness of various stormwater treatment
systems (Brough, 2009; Fletcher, 2002; Fletcher, et al., 2003; Fulcher, 1994; Lind & Karro,
1995; Middleton & Barrett, 2008; Schueler, 1992; Strecker, 1993; Watershed Management
Institute, 1997; Wotzka, 1988). Table 2 shows the pollutant removal efficiencies of different
treatment systems reported in the literature. The overwhelming theme of these studies is that
the effectiveness of the stormwater treatment system depends on choosing the right
combination of stormwater treatment practices. These need to match the management
objective, the types of the contaminants targeted to be removed, and the catchment
characteristics.
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It is recommended in Christchurch that ground soakage devices such as swales and adsorption
basins should be used to treat stormwater as the infiltrated stormwater can help recharge the
aquifers, mitigate flooding problems and improve surface water quality (Callander, et al.,
1999). Elliott (1998) concluded that even though stormwater treatment ponds and infiltration
may have the positive effect of improving water quality, they had little effect on improving
sediment quality in the receiving environment and therefore contaminant abatement measures
should be taken at source. Pitt et al. (2003) suggested that although infiltration can be
effective in controlling runoff quality and quantity, there is potential for groundwater
contamination through infiltration. Urban runoff with high concentrations of contaminants
should be pre-treated or diverted from infiltration basins to avoid soil and groundwater
contamination.
Swales can be used as a pre-treatment device before stormwater runoff reaches the infiltration
basin (Auckland Regional Council, 2003). The processes that occur in a swale are filtration,
infiltration, adsorption, biological uptake and sedimentation (Auckland Regional Council,
2003).The main objective of a swale is to convey the stormwater at a controlled rate to
another treatment device. Deletic (2005) found that the sediment trapping efficiency in swales
was dependent on the grass length and particle size of the sediment.
Sediment trapping is an important process because as Kang et al. (2009) found, a large portion
of metals were associated with solids. Kang et al. (2009) recommended that stormwater
treatment systems which use the process of sedimentation would be beneficial for reducing
the metal load. However, dissolved metals are thought to be a potential problem as they
accumulate long term in the receiving environment.
Parkinson (2006) concluded the Ryelands stormwater treatment system is a well-designed
system which reduces contaminant loadings and ensures protection of the Liffey stream.
However, it was recommended that further testing be carried out during the winter months to
see whether a continually full detention pond still provides adequate treatment with the
associated reduction in stormwater residence time.
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Table 2. Pollutant Removal Efficiency (%) values reported in the literature
Treatment
System
Dry
detention
basin
Extended
detention
wet pond

Wetlands

Filtration
Systems
Swales

TSS

1

2

Total
Phosphorus
10-30

Total
Nitrogen
10-20

BOD

40-80
0.6
50-90

40-60

20-40

20-40

30-80

30-60

60-80
70-80
91
60-80
40-90
87
76*
75
>75

40-80

40-60

78
40-80

85
20-60
30-40
24

20-60

36
46*
45

25

Total Suspended Solids

2

Biological Oxygen Demand

3

Chemical Oxygen Demand

Total Lead

Total Zinc

20-40

20-60

30-70
20-60

20-40
20-40
45*
15

25-80
73-94
-100-76
20-60
20-40
20-40
20-40
35
* Median results from 26 wetland studies in the United States.
1

3

COD

55*
15

Bacteria

Reference

10-50

Total
Copper
10-40

20-40

20-60
11
30-90

20-60
1
30-90

20-60
2
20-80

0-40

40-80

40-80

40-80

40-80

40-80
60-90

40-80
70-80

60-100

42*
50
>75

40*
>75

(Watershed Management Institute,
1997)
(Christchurch City Council, 2003)
(Parkinson, 2006)
(Watershed Management Institute,
1997)
(Christchurch City Council, 2003)
(Auckland Regional Council, 2003)
(Wotzka, 1988)
(Christchurch City Council, 2003)
(Auckland Regional Council, 2003)
(Wotzka, 1988)
(Strecker, 1993)
(Schueler, 1992)
(Auckland Regional Council, 2003)

60
20-60
59

(Fulcher, 1994)
(Fletcher, 2002)
(Auckland Regional Council, 2003)
(Christchurch City Council, 2003)
(Parkinson, 2006)

85
40-80
90-100
68
83*
75
>75

90
20-60
8

80
20-60
17

20-80

20-40
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2.2.1 Methods to Determine Contaminant Removal Efficiency
There are numerous methods to determine the efficiency of stormwater treatment systems.
The most common methods use flow weighted event mean concentrations (EMC),
concentrations of a pollutant at a single point in time (grab samples), and contaminant
loadings.
2.2.1.1

Flow Weighted Event Mean Concentration (EMC)

The EMC is used to represent the flow-proportional average concentration of a given
contaminant during a storm event. The definition of an EMC is the total constituent mass
divided by the total runoff volume (Geosyntec Consultants & Wright Water Engineers Inc.,
2009). To calculate the efficiency of a treatment system using EMCs over multiple storm
events, the Efficiency Ratio can be used:
Efficiency Ratio = (average inlet EMC – average outlet EMC) / average inlet EMC
Equation 1.

The assumption in this calculation is that all EMCs are weighted equally irrespective of
whether the storm is high volume and high concentration or low volume and low
concentration (Geosyntec Consultants & Wright Water Engineers Inc., 2009).
2.2.1.2

Concentrations

Concentrations of pollutants taken at single points in time during a storm event can be used to
produce a pollutograph. A pollutograph is a plot of concentrations of pollutants as a function
of time (Geosyntec Consultants & Wright Water Engineers Inc., 2009). Pollutographs allow
for analyses of changes in concentrations throughout the storm event, for example the „first
flush‟ phenomenon can be identified. The „first flush‟ concept is defined as “the initial period
of stormwater runoff, during which the concentration of pollutants is substantially higher than
during later periods” (Yufen, et al., 2008). Concentration data can be useful to assess if the
pollutant concentrations surpass a threshold value, especially at the outlet of the system into a
receiving water body. Concentrations can be used to calculate a mean concentration efficiency
ratio:
Mean Concentration Efficiency Ratio = 1 – (average outlet concentration / average
inlet concentration)
Equation 2.
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The weakness of this method is that if the influent has high contaminant concentrations, a
large percent removal will be demonstrated. Conversely, where low influent concentrations
exist, a low percent removal will be demonstrated. In many cases the storm water system can
only remove contaminants to a minimum concentration. This method also does not take into
account the storage capacity of the treatment systems (Geosyntec Consultants & Wright
Water Engineers Inc., 2009).
2.2.1.3

Contaminant Loadings

Contaminant loads are calculated by using an average pollutant concentration and multiplying
the total volume of flow over the averaging period. Contaminant loadings are useful when
assessing the impact on receiving water. The quality of the receiving water will be affected by
the total contaminant loads in the effluent rather than the concentrations (Geosyntec
Consultants & Wright Water Engineers Inc., 2009). Using contaminant loadings the
summation of loads method can be used to calculate the performance of the stormwater
treatment system. This is based on the ratio of the sum of all the inlet loads to the sum of all
the outlet loads:
Summation of Loads = 1- (sum of outlet loads / sum of inlet loads)
Equation 3.

The limitations of this method are that big storms with high concentrations and high volumes
control the performance, and the monitoring period has to be long enough to take into account
any temporary storage of pollutants (Geosyntec Consultants & Wright Water Engineers Inc.,
2009).
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2.3 Contaminants
2.3.1 Metals
The most commonly detected metals in urban runoff are zinc (Zn), lead (Pb), copper (Cu),
chromium (Cr), nickel (Ni) and cadmium (Cd) (Aryal, et al., 2010; Beca Varter Hollings &
Ferner Ltd, 1992; Joshi & Balasubramanian, 2010; Snelder, 1995; Wanielista & Yousef,
1994). Zn is a common metal in Christchurch urban stormwater due to a high proportion of
galvanized roofing in the city. The sources of metals in the waterway can be attributed to road
transport, vehicle component wear (Snelder, 1995), atmospheric deposition, soil erosion, and
corroding metal surfaces such as galvanised roofing, and combustion surfaces (Chralowicz,
2001). Vehicle tyre wear is a source of Zn and Cd (Whant, 2005). Lead, Cu and Zn are
released from vehicle brakes (Aryal, et al., 2010). Engine wear and fluid leakage are sources
for Ni and Cr (Whant, 2005). The body of vehicles coated with hexavalent Cr to prevent
corrosion, is a major source of Cr (Aryal, et al., 2010). May and Muttucumaru (2009) showed
pollutant accumulation on the catchment surface was essentially supply limited, and that
significant proportions of heavy metals originate from highly impervious areas. Pollutant
loadings depend on the building and vehicle density, and the type of materials in the area.
Important sources of pollutants include building sidings, vehicle brakes, tyre wear, and
atmospheric deposition (Davis, et al., 2001).
Beyond threshold concentrations, most metals cause toxic effects and have a negative impact
on the structure and function of aquatic ecosystems (Graves, et al., 2004; Wanielista &
Yousef, 1994). Human health problems and death are known to result from high metal
concentrations. High levels of Cd and Pb can have many cumulative effects on human health,
including anaemia, mental retardation, hearing impairment, damages to the liver and kidney,
and hypertension (Ella, et al., 2010; Mor, et al., 2009) Aquatic organisms avoid areas where
there is high metal toxicity resulting in a reduction in the number and diversity of fauna (Beca
Varter Hollings & Ferner Ltd, 1992). Metals do not decompose but they accumulate in
sediments, plants and filter feeding animals such as shellfish (Beca Varter Hollings & Ferner
Ltd, 1992). These are potential exposure pathways by which contaminants can enter the food
chain.

15

2.3.2 Polycyclic Aromatic Hydrocarbons (PAHs)
Urban runoff can contain relatively high level concentrations of polycyclic aromatic
hydrocarbons (PAHs). Beca Varter Hollings and Ferner Ltd (1992 p.22) provide a definition
for PAHs, “PAHs are a group of over 100 different chemicals that are formed during the
incomplete burning of coal, oil, and gas”. PAHs are synthetic organic compounds that contain
two or more fused aromatic rings made up of carbon and hydrogen atoms (Aryal, et al., 2010).
PAHs derive from the atmospheric particles of fires or exhausts, sump oil, and abraded
bitumen. PAHs can be highly toxic to aquatic animals and are known to be carcinogens (Beca
Varter Hollings & Ferner Ltd, 1992; Maunsell Limited, 2008; Snelder, 1995). Most PAHs are
insoluble in water and are associated with the particulate components of runoff (Maunsell
Limited, 2008; Snelder, 1995).
2.3.3 Suspended Solids
Suspended solids originate from exposed earth surfaces. Human activities such as stripping of
vegetation and topsoil, and the re-contouring of land intensify the amounts of soil entering the
stormwater runoff (Maunsell Limited, 2008). In a natural environment, sediment from erosion
is part of normal fluvial processes. All the material temporarily or permanently suspended in
the flow of a stream is termed „suspended load‟ (Press, et al., 2004). The sediment can be silt
sized (0.002 – 0.05 mm) or smaller and is held in suspension during stormwater flows. Larger
soil particles above silt sized are also contaminants, but they have different physical
characteristics and settle more rapidly. The suspended solids are often the vehicle by which
contaminants are transported in the water (Snelder, 1995).The sediment settles out and
deposits on the bed of the water body when the flow velocity decreases (Maunsell Limited,
2008). Suspended solids can include soil, organic particles, and breakdown products of the
built environment entrained in stormwater flow (Beca Varter Hollings & Ferner Ltd, 1992).
Some sediment can be tolerated in the water but too much can cause negative effects on the
water body and the biota living in the water (Wanielista & Yousef, 1994). Sediments can
reduce light transmission through the water thereby reducing growth of aquatic plants and
organisms. Sediment can clog fish gills, reduce spawning areas, smother benthic organisms,
change benthic habitats and fill up estuaries (Beca Varter Hollings & Ferner Ltd, 1992;
Wanielista & Yousef, 1994). Sediment oxygen demand can also remove oxygen from the
water. Suspended solids can cause a reduction in aesthetic values (Wanielista & Yousef,
1994).
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2.3.4 Nutrients
Nutrients are chemicals that promote the growth of algae and water plants. Most nutrients in
stormwater are removed from the atmosphere by rainwater, washed from soils, from decaying
plant material, fertiliser applications, animal manure, and roading materials (Snelder, 1995).
Residential areas are major contributors of nutrients in urban runoff (Aryal, et al., 2010). The
main macronutrients in stormwater are usually C, N and P. The nutrients that have the most
adverse effect on the water quality are those that are in the dissolved form and thus readily
available. These include the orthophosphate (HPO₄⁻) form of P, and the ammonium (NH4+)
and nitrate (NO₃⁻) forms of N (Wanielista & Yousef, 1994). The excess nutrients promote the
growth of algae that leads to eutrophic conditions. When the algae die and decompose this can
lead to further decreases of dissolved oxygen (Chralowicz, 2001). Other negative effects of
excess nutrients are surface algal scums, water discoloration, odours, toxic releases and
overgrowth of plants (Wanielista & Yousef, 1994).
2.3.5 Pathogens
Disease-causing bacteria, protozoa and viruses (also known as pathogens) in a water body can
be derived from agricultural land used for grazing, large populations of water fowl on a water
body, sewage overflows, or leaking sewers (Maunsell Limited, 2008). Some examples of
micro-organisms that can be harmful are faecal coliforms, Cryptosporidium spp., Giardia
spp., Shigella spp., Salmonella spp., and Clostridium spp. (Wanielista & Yousef, 1994). Large
populations of harmful micro-organisms in a water body can cause water fowl kills, and can
pose a serious health risk to people and animals that come in contact with the water.
The levels of microbial populations have been reported to fluctuate depending on the amount
of rainfall and the amount of solar radiation (Cho, et al., 2010; Gannon & Busse, 1989). Wet
weather causes storm runoff and re-suspension of solids which increase microbial
populations. During dry weather microbial populations decrease during the day because of
mortality due to solar radiation, but then increase at night time due to continuous pointsource inputs (Cho, et al., 2010). Qureshi and Dutka (1979) argued that the “first flush” has a
minor effect on the microbial population because their study demonstrated that there was little
relationship between the duration, intensity and amount of rainfall and the occurrence of peak
microbial populations.
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2.4 Contaminant Loadings
Contaminant loads vary according to the flux of contaminants in the catchment, time between
rainfall events, rainfall duration, and intensity of the rainfall event (Duncan, 2005). It is
accepted that the longer the time between rainfall events or the antecedent dry period, the
more time there is for pollutants to accumulate (Pitt, et al., 1995). Brezonik and Stadelmann
(2002) found that pollutant event mean concentrations were positively correlated with days
since the last rain event. A study in the United Kingdom (Fulcher, 1994) found a similar
result, showing a direct relationship between the mean concentration of suspended solids and
the biochemical oxygen demand with the rainfall amount and the antecedent dry period.
Korean research also found that metal loads during wet weather were proportional to the
rainfall depth and antecedent dry period (Cho, et al., 2010). Li and Barrett (2008) had an
unexpected result that contradicted these findings. They found that pollutant event mean
concentrations significantly decreased with increasing antecedent dry period for all analysed
pollutants. Their explanation for this was that the pollutants originating from passing vehicles
build up on the pavement during the pavement‟s wet period. When the pavement is dry the
pollutants are removed by wind, volatilization, biodegradation and chemical decay (Cross &
Duke, 2008).
The duration of the rainfall event can influence the contaminant loadings in the stormwater
because the longer it rains, the more contaminants accumulate in the stormwater. Initially
there will be a “first flush”. With continuing rain the contaminant concentrations decrease as
most contaminants will have mobilised during the rainfall event (Yufen, et al., 2008).
The intensity of the rainfall event is the final factor to affect contaminant loadings. A high
intensity rainfall will be able to mobilise contaminants more easily due to more water flow.
This will encourage the mobilisation of more sediment and contaminants.

2.5 Effects of Soil and Plants in Wetlands
2.5.1 Soil
The three main functions of soil in a wetland are to support plant growth by providing a
substrate for plant roots and acting as a source of essential nutrients, to be a habitat for soil
organisms, and to be a system for water supply and purification (Brady & Weil, 2008).
Root growth is of particular importance to the wetland soil because it increases the hydraulic
quality (Stottmeister, et al., 2003). As the roots grow they modify the soil by pushing through
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cracks and channels, and increasing the porosity by forming new secondary pores. When the
roots and rhizomes decay, they provide organic matter which contributes to increased soil
fertility and improved soil structure (Brady & Weil, 2008). The roots also support numerous
microorganisms which further stabilise aggregates.
Soil organisms play an important role in soil. They create soil aggregates and promote
aeration by tunnelling and burrowing through the soil, and they aid in the nutrient cycling by
breaking down organic matter and other dead matter (Uphoff, et al., 2006).
The soil purifies the water through physical and chemical processes such as filtration,
adsorption, degradation and volatisation.
2.5.2 Plants
Wetland plants can survive in water - saturated substrate due to well-developed internal gas
space (aerenchyma) throughout the plant tissues. The aerenchyma supplies O2 from the
atmosphere to the plant root system. The roots and rhizomes of the plants leak O2 into the soil
creating oxidised microzones (Figure 3) (Brix, 1987; Kansiime, et al., 2007; Stottmeister, et
al., 2003).
In the oxidised microzones the organic content in the H2O is decomposed to CO2 and H2O.
Moreover, NH3 is oxidised to NO3- by nitrifying bacteria in these zones (Brix, 1987;
Kansiime, et al., 2007).

Figure 3. The different redox conditions around the roots of wetland plants (Brix, 1987).

In the anoxic zone (Figure 3), the free O2 is depleted, but NO3- is still present. In the anoxic
zone, degradation of organic matter can take place by denitrifying bacteria. This process

19

reduces NO3- (or NO2-) to N2O and N, which volatilizes into the atmosphere (Brix, 1987;
Gersberg, et al., 1983).
In the reduced zone (Figure 3), organic matter may be decomposed anaerobically to CO2 and
CH4 by fermentative processes (Brix, 1997).
The interaction of these three zones and the microbial degradation processes in these zones is
vital for efficient decomposition of organic matter and nutrient removal. These interactions
also help the decomposition of persistent compounds such as chlorinated hydrocarbons (Brix,
1987).
2.5.2.1

The Uptake of Inorganic Compounds by Plants

Plants remove inorganic compounds from water via the following mechanisms:


Physicochemical adsorption. Suspended Fe oxides may deposit onto the surface of
submerged aquatic plants and adsorb As or other dissolved elements (Elbaz-Poulichet,
et al., 2000; Robinson, et al., 2006)



Accumulation into plant matter (Liu, et al., 2007)

The soluble „bioavailable‟ metal in the soil is the dominant factor that affects the plant
accumulation of metals (Jung, 2008). Some metals such as Cu and Pb are strongly sorbed to
sediments and soils, and are therefore are expected to have a low accumulation into plant
matter (Fritioff, 2005). Other factors that affect accumulation in plant matter include
variations in plant species, and variations in the growth stage of the plants (Deng, et al.,
2004). Plant uptake is only temporary, with the release of the inorganic compounds back into
the environment when the plant decomposes (Brix, 1987). For permanent removal of
inorganic compounds the aquatic vegetation needs to be harvested (Fritioff, 2005). The
function of plant uptake of inorganic compounds is usually insignificant, as the compounds
taken up during one growing season are small in proportion to the total input of inorganic
compounds into the wetland system via the stormwater (Brix, 1987; Gersberg, et al., 1983;
Stottmeister, et al., 2003). Nevertheless, there are some plants known as „hyperaccumulators‟
which can accumulate relatively large amounts of inorganic compounds (Stottmeister, et al.,
2003). For a plant to be considered a “hyperaccumulator”, it must uptake contaminant
concentrations of greater than 1000 mg/kg (Brooks, et al., 1977). For example Myriophyllum
propinquum has been demonstrated to be a hyperaccumulator of As (Robinson, et al., 2006).
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2.6 Potential Exposure Pathways for Contaminants to Enter the
Food Chain
Metal accumulation in plants is a channel by which toxic elements enter the food chain and
provide an exposure pathway to humans. The animals which consume plants with high metal
accumulation can accrue high concentrations of metals in their bodies. This can be toxic,
causing severe negative effects on the animals themselves and in those further up the food
chain (Gasaway & Buss, 1972). Animal toxicity is relevant to this study because ducks
commonly hunted and eaten by humans, may eat toxic plants in the stormwater system and
accumulate metals in their bodies. This could be a source of chronic metal ingestion.
Another potential exposure pathway is the uptake of contaminated suspended solids by
aquatic biota (Costa, et al., 1980; Thomann, et al., 1992; Weltens, et al., 2000). Particle–
feeding organisms that ingest contaminated particles, may experience toxic effects or
mortality (Weltens, et al., 2000). This can lead to bio-magnification as particle-feeding
organisms are at the bottom of the food chain, so any other animal that consumes these
organisms will ingest the contaminants.
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Chapter 3
Methodology
3.1 Water Sampling
I used grab sampling to obtain the water samples. Grab sampling provides an instantaneous
representation of the source sampled (Duncan, 2005). I chose grab sampling because not
having access to automatic samplers, it was cost effective and relatively simple. However, the
limitation of this method was that I had to be alert, ready and available to collect the
stormwater samples when it rained. This in itself was challenging, as the rain often fell in the
early hours of the morning. I needed enough rain to create water flow through the stormwater
systems but often it would stop raining during the sampling period, and there would be
insufficient water to sample. Catching the first flush would have been easier with automatic
samplers, but in some of the sample locations, the water volumes were so low that automatic
samplers may not have been able to capture the samples. To ensure sampling took place
during a rain event sufficient to produce enough volume for water collection, weather
forecasts were monitored using the rain radar images on the website metvuw.com.
The weather data came from the Lincoln weather station which is operated by Plant & Food
Research, located approximately two kilometres from the Ryelands subdivision site. The
weather data were accessed using the NIWA Cliflo database (NIWA, 2010).
In this study, three rain events were monitored, as described in section 3.1.3 below.
The U.S. EPA Stormwater Sampling guidelines state that the antecedent dry period needs to
be at least 72 hours in order to allow contaminants to build up on the impervious surfaces.
(U.S. EPA, 1992). The antecedent dry period for each of the three sampled rain events was
recorded and met these requirements (Table 3).
During the first two rain events, water samples were taken at 15 minute intervals for the first
two hours, and 30 minute intervals for the next two hours. Both rain events were sampled for
a total of four hours. For the third rain event, water samples were taken at 30 minute intervals
for the first four hours and then at 60 minute intervals for the next two hours. This rain event
was sampled for a total of six hours.
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3.1.1 Sampling Locations
For the Dry (northern) system, samples were collected at points D1, D2, D3 and D4 on Figure
1. D1 and D2 represent the inflow points, D3 represents the midpoint and D4 represents the
exit point of the treatment system.
For the Wet (southern) system, sampling occurred at the points W1, W2, W3 and W4 on
Figure 1. W1 and W2 represent the inflow points, W3 represents the midpoint and W4
represents the exit point of the treatment system.
These collection points were selected based on their locations in the stormwater systems and
on the direction of the water flow, to get a better understanding of the spatial and temporal
variations in contaminant concentrations (Figure 4).
3.1.2 Grab Sampling
Samples were taken in 100 mL sterilised polyethylene bottles. The bottles were filled with
water by plunging the bottle, neck downwards below the water surface. The bottle was then
tilted so the neck pointed slightly upwards with the mouth of the bottle directed into the
current. When there was no current, a current was made artificially by pushing the bottle
forward horizontally in the direction away from the hand. The sample was collected in the
upstream flow in order to prevent contamination by suspended bottom sediment.
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3.1.3 Stormwater Sampling Events
Event 1 was the largest event with a total rainfall of 56 mm, and the highest average rainfall
intensity of 4.2 mm/h (Table 3). Event 2 had the most rainfall before the sampling began, and
had the shortest antecedent dry period of 3 days. Event 3 had the smallest amount of rainfall
before sampling (2.4 mm) enabling the first flush to be captured. This event had the least
intense rain with an average rainfall intensity of 1.2 mm/h. These events satisfy the U.S.
Environmental Protection Agency‟s definition of a storm event (U.S. EPA, 1992).
Table 3. Characterisation of the three stormwater sampling events
Sampling
Event

Date

Antecedent
Dry Period

Total
Rainfall in
event

Rain
before
sampling

Rain
during
sampling

Storm
Duration

Avg.
rainfall
intensity

Max.
rainfall
intensity

(Days)

(mm)

(mm)

(mm)

(h)

(mm/h)

(mm/h)

1

08/08/2010

14

56

13

18.6

36

4.2

6

2

18/08/2010

3

24.4

16.2

8.2

9

2.1

4.2

3

10/10/2010

17

9.6

2.4

7.2

5

1.2

2.4

3.2 Plant Sampling and Preparation
Eleven locations were selected for plant sampling based on the locations where water
sampling had occurred and where metal accumulation in plants would be most prevalent, such
as at the inlets into the stormwater systems (Figure 4). Six locations were selected in the Dry
treatment system; four in the Wet treatment system; and one at the control site. The criterion
for selecting the control site was that no stormwater should run across the site. The samples of
Watercress were collected from sites Wet 1, 2 and 3. Samples of Water Forget-Me Not were
collected from sites Dry 1 and Dry 5. Samples of Cocksfoot were collected from sites Wet 1
and sites Dry 2, 3, 4 and 5. Ryegrass samples were collected from sites Wet 5, and Dry 4, 5, 6
and 7. Dock samples were collected from sites Wet 3, and Dry 2, 3, 4, and 5 (Figure 4).
After collection, the plants were rinsed thoroughly in deionised water to remove soil and
sediment particles. Washed plant samples were oven-dried at 107 ºC for 7 days to a constant
weight. The samples were ground in a mill (Yellow line, A10, IKA-Werke, Staufen,
Germany) to powder for digest. 0.5 g of plant powder was added to a digestion tube. Ten
millilitres of HNO3 were added. The samples were digested in a MDS- 2000 microwave
digestor (CEM Corporation, North Carolina, U.S.A.), then transferred into 25 mL volumetric
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flasks, the digestion tube was then rinsed with double deionised water. Double deionised
water was added to the volumetric flask to make up to the 25 mL mark.

Figure 4. Representation of sample types and locations in the dry (A) and wet (B) treatment systems.

3.3 Soil Sampling and Preparation
Eleven locations were selected for soil sampling based on the locations of the plant and water
sampling (Figure 4). Seven of these locations were on the Dry treatment system (site 6 was
the control site), and three were on the Wet treatment system.
The top 150 mm of soil/sediment from between the plant roots was collected, oven-dried at
107 ºC for 7 days, sieved through a 2 mm mesh and stored in sealed plastic bags. For the soil
digest 0.5 g of soil was put in a digest tube. An aqua regia solution (3:1 conc. HCL:HNO3)
was added to the sample, then soil and solution were put in the MDS- 2000 microwave
digestor. Once finished, the digest was filtered through Whatman No. 52 filter paper into 25
mL volumetric flasks, the vessel was rinsed three times with double deionised water, and that
water was added to the volumetric flask to make up to the 25 mL solution.
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3.4 Chemical Analyses
All chemical analyses unless otherwise stated were carried out by Lincoln University‟s
Analytical Services Unit. Heavy metals and total P in the water, plant and soil samples were
analysed by using a Varian 720 – ES Inductively Coupled Plasma-Optical Emission
Spectrometer fitted with an SPS – 3 auto sampler (ICP-OES) (Varian, Inc., Mulgrave,
Melbourne, Australia). An ultra-sonic nebuliser was fitted for the water analyses.
All reagents and chemicals used in the analyses were of analytical grade. All plastic and glass
equipment was rinsed with tap water and put in an acid bath of 10 % HCl for at least four
hours. This was rinsed three times with reverse osmosis water and three times using deionised
water. In every run of the analyses there was replication of at least one sample, a blank, and a
reference sample. The reference soil was a sandy soil - ISE 98, the reference plant samples
were Grass 100.
The concentrations of NO3 – N, NO2 –N and NH4+ - N in the water samples were determined
by using flow injection analysis (FIA). The Alpkem FS3000 twin channel analyser was used
with Alpkem Winflow 4.03 software (Alpkem, O.I. Analytical, College Station, Texas,
U.S.A.; application notes P/N A002423 and P/N A002380).
Total suspended solids in the water samples were analysed by using a modified version of the
standard gravimetric method APHA 2540 D (APHA/AWWA/WEF, 1998). 1.2 micrometre
Whatman filter papers were rinsed with deionised water and inserted into crucibles. The
crucibles were oven-dried at 107 ºC for one hour, and then placed in a desiccator to cool for
one hour. Once the crucibles were cooled they were weighed and the weights were recorded.
The water samples were filtered through the filter paper in the crucibles under suction, and
then the crucibles were returned to the oven to be dried for one hour at 107 ºC. The crucibles
were placed in the desiccator to cool for one hour, and then weighed again. The pre weight
was subtracted from the final weight to determine the amount of suspended solids filtered.
The suspended solid weight was divided by the volume of water filtered to determine the
suspended solid concentration in the sampled water.
The concentrations of E.coli, in the water samples were analysed by using the Membrane
Filter Technique (Eaton, et al., 2005).
One soil sample from site Dry 1 and one soil sample from site Wet 1 were sent to an IANZ
accredited laboratory (Hills Laboratories) to be analysed for Polycyclic Aromatic
Hydrocarbons (PAHs) and Total Petroleum Hydrocarbons (TPHs). For the PAH screening the

26

method used was sonication extraction and GC- MS SIM analysis (modified U.S. EPA 8270).
For TPH the method was sonication extraction in DCM, and GC- FID analysis (U.S. EPA
8015B/MfE Petroleum Industry Guidelines).

3.5 Statistical Analyses
Data were analysed using Microsoft Excel Data Analysis Application (2010). For the analyses
of the water samples, correlations were made between concentrations and time, concentrations
of contaminants at different sample sites, and concentrations and rainfall. Two sample t–tests
were used when comparing the means of concentrations in the Dry and Wet systems. For the
soil and plant samples, geometric means and standard deviation ranges were given.
The mean concentration efficiency ratios were calculated using Equation 2.
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3.6 Soil Loading
To get an indication of the life expectancies‟ of the stormwater systems, i.e. how long the soil
in the systems can continue to adsorb the contaminants before the soil poses risk to human
health, and may become a source of contaminants soil loading calculations were made.
To calculate an annual soil loading I assume all contaminants transported in the stormwater
systems are adsorbed by the soil. The annual loading (g) of contaminants (Qx) was calculated
using the total annual volume of water (L) through each system (Vs) and the average
concentration (g/L) of each contaminant (Cx) measured during my water sampling.
Qx = Vs Cx
Equation 4.

The annual volume of water (L) that goes through each system (Vs) was calculated by using
the catchment area (m2) for each system (As), the annual rainfall (R) (m) and the runoff
coefficient (C) of 0.55 (Department of Building and Housing, 2006).
Vs = As* R*C*1000
Equation 5.

The annual increase in soil concentration was calculated by adding the mass of a contaminant
to the mass of 10 cm of surface soil assuming a soil bulk density of 1.3 t/m3. The mass
(tonnes) of soil in each system (Ms) is calculated by using each systems‟ swale wetted area
(As) (m2), depth of soil (m), and bulk density (t/m3).
Ms = As 0.1 ρs
Equation 6.

The annual increase in concentation (mg/kg) of contaminant (ΔCx) is given by:
ΔCx = Qx / Ms
Equation 7.
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Chapter 4
Results
4.1 Water Analyses
4.1.1 Suspended Solids
Rain Event 1. In the Dry system at all sites, the suspended solid concentrations had a negative
correlation with time (r = -0.923, p > 0.05). The mean influent and effluent concentrations
were similar, but the mean concentration at mid-swale was higher (Figure 5A). In the effluent,
throughout the whole rain event all the samples were below the consent condition of 80 mg/L
(Figure 6A). This shows that the system was performing as required by the consent
conditions.
In the Wet system, at each sampling location the concentrations of suspended solids generally
increased throughout the sampling event (Figure 6B). There was a minor decline in
concentrations between the influent and mid-swale, but then a substantial increase in the
effluent (Figure 5B). The Wet system performed in terms of complying with the consent
conditions of not having suspended solid concentrations greater than 80 mg/L in the discharge
(Figure 5B and Figure 6B).
Rain Event 2. In the Dry system the concentrations of suspended solids at the sampling sites
decreased with time, however this was not significant (r = -0.7, p > 0.05) (Figure 6C). The
mean concentrations decreased between the influent and effluent sites (Figure 5A). All the
results in the effluent were below the consent condition which shows the system performed
(Figure 5A and Figure 6C).
In the Wet system the suspended solids concentration increased throughout the rain event at
most sites (r = 0.91, p > 0.05). There was no significant difference between the mean
concentrations in the influent and effluent using the two sample t–test of unequal variances, t
(8) = -0.69, p > 0.05. All the suspended solid results in the effluent were below the consent
condition which means the system performed (Figure 5B and Figure 6D).
Rain Event 3. In the Dry system the concentrations of suspended solids at site Dry 1 declined
over the sampling time from 35 mg/L to 11 mg/L. There was a significant first-flush effect at
site Dry 2 where initially the concentration of suspended solids was 109 mg/L. This decreased
to 3 mg/L after one hour. At site Dry 3 the concentrations of suspended solids ranged from 6
mg/L to 1 mg/L. Concentrations at site Dry 4 ranged from 25 mg/L to 13 mg/L and were low
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compared with the consent condition (Figure 6E). The concentrations decreased from the
influent to mid–swale, but then increased again in the effluent (Figure 5A). At all times the
suspended solid concentration in the effluent remained below 80 mg/L which meant the
system performed throughout this rain event (Figure 5A and Figure 6E).
In the Wet system, site Wet 1 had a peak four hours into sampling after the rain intensity
increased. The concentrations at site Wet 2 decreased throughout the sampling from 53 mg/L
to 0 mg/L. The concentrations at site Wet 3 were low; they ranged from 1 mg/L to 13 mg/L.
The concentrations at site Wet 4 ranged between 13 mg/L and 31 mg/L (Figure 6F). Similar
to the behaviour in other rain events, the mean concentrations decreased from the influent to
mid–swale, and then increased in the effluent (Figure 5B). All the suspended solid
concentrations in the effluent were under the 80 mg/L consent condition, which demonstrates
this system performed during this rain event (Figure 5B and Figure 6F).
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4.1.2 Heavy Metals
4.1.2.1

Copper

Rain Event 1. In the Dry system the Cu concentrations ranged from below detection limit
(0.07 µg/L) to 0.719 µg/L (Figure 8A). The mean concentrations decreased between the
influent and effluent, but it was not significant (t (31) = 0.54, p > 0.05). During this rain event
the Dry system performed to the standards set by the ANZECC 90% guideline of 1.8 µg/L.
All concentrations in the effluent were below this guideline (Figure 7A and Figure 8A).
In the Wet system all the Cu concentrations were below the detection limit, with the exception
of two samples at site Wet 2 towards the end of sampling (Figure 8B). The Wet system
performed very well because the concentrations in the effluent were all below the ANZECC
90 % guideline (Figure 7B and Figure 8B).
Rain Event 2. In the Dry system many concentrations were below detection limit. A two
sample t-test of unequal variances showed the increase in mean Cu concentrations between
the influent and the effluent were significant t (30) = -11.5, p < 0.001 (Figure 7A). This
significant increase in mean Cu concentrations down the system caused the removal
efficiency ratio to be -0.88 (Figure 9). All the Cu concentrations in the effluent were under the
ANZECC 90 % guideline, so during this rain event the system performed (Figure 7A and
Figure 8C).
In the Wet system the total Cu concentration at site Wet 1 ranged from below the detection
limit to 1.4 µg/L and from below detection limit to 3.8 µg/L at site Wet 2. Temporal patterns
of concentration at these two sites were similar to the rainfall intensity. The concentrations at
sites Wet 3 and Wet 4 were mostly below detection limit (Figure 8D). A two sample t-test of
unequal variances showed there was a significant decrease in the mean Cu concentrations
between the influent and effluent t (26) = 5.6, p < 0.001. The Cu removal efficiency ratio was
0.82. All the concentrations in the effluent were below the ANZECC 90 % guideline which
showed that this system performed very well (Figure 9).
Rain Event 3. In the Dry system there was a clear first flush effect in the Cu concentrations.
Site Dry 1 had a high concentration (13.2 µg/L) at the start of the sampling but it decreased as
soon as sampling started. The concentrations at site Dry 2 followed a similar trend to site Dry
1 but with lesser concentrations. It started at 6 µg/L and decreased to 0.6 µg/L by the end of
sampling. At site Dry 3 the Cu concentrations decreased from 5.5 µg/L to 1.3 µg/L. At site
Dry 4 the Cu concentrations peaked at 4.2 µg/L and declined to 1.9 µg/L (Figure 8E).
Throughout the whole sampling period the Cu concentrations in the effluent were above the
ANZECC 90 % guideline. This system did not perform well in removing Cu to the standard
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set by the ANZECC guideline.
In the Wet system at sites Wet 1 and 2, the Cu concentrations both peaked at 30 min with 4
µg/L and 10.5 µg/L respectively. The concentrations at Wet 1 then declined over the course of
sampling to below the ANZECC 90 % guideline, while the concentrations at Wet 2 declined
but stayed in the vicinity of the ANZECC guideline. At sites Wet 3 and 4 the peaks in the Cu
concentrations came one hour after the peaks at site Wet 1 and 2. At sites Wet 3 and 4 the Cu
concentrations peaked at 1800 h but did not decrease as much as the concentrations at sites
Wet 1 and 2 (Figure 8F). The mean Cu concentrations increased down the system (t(14) = 3.2,
p < 0.01) (Figure 7B). The contaminant removal efficiency ratio was -0.11 (Figure 9). With
the exception of the first hour of the sampling period, the Cu concentrations in the effluent
exceeded the ANZECC guideline, so this system did not perform well at removing Cu.
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4.1.2.2

Zinc

Rain Event 1. In the Dry system the Zn concentrations ranged from below detection limit
(0.05 µg/L) to 85 g/L (Figure 11A). The samples taken from sites Dry 1, 3 and 4 had pulses of
Zn at similar times while the pulses of Zn concentrations from site Dry 2 had a lagged effect.
There was a significant peak in the Zn concentration at site Dry 2 near the end of the sampling
event, after there had been an increase in the rain intensity (Figure 11A). The mean
concentration of Zn in the effluent was below the ANZECC 90 % guideline of 15 µg/L which
means the system performed.
In the Wet system the Zn concentrations ranged from below the detection limit to 71.6 µg/L
(Figure 11B). The Zn concentrations had similar pulsing patterns to those in the dry treatment
system. The sites Wet 1, 3 and 4 pulsed at similar times, with site Wet 2 having a lagged
effect. The mean Zn concentration in the effluent was less than the ANZECC 90 % guideline,
so this system performed well.
Rain Event 2. In the Dry system the Zn concentrations ranged from below the detection limit
to 81.6 µg/L (Figure 11C). The Zn concentrations had similar pulsing patterns to those in
Rain Event 1. The sites Dry 2, 3 and 4 pulsed at similar times, and lagged behind the site Dry
1 pulses. The mean Zn concentrations increased from the influent to mid– swale, and then
decreased in the effluent (Figure 11A). The mean Zn concentration in the effluent was below
the ANZECC 90 % guideline value which demonstrates that the system performed (Figure
10A).
In the Wet system the Zn concentrations ranged from below detection limit to 60.2 µg/L
(Figure 11D). The samples taken from sites Wet 2, 3 and 4 had pulses of Zn at similar times
while the pulses of Zn concentrations from site Wet 1 occurred slightly earlier. The mean Zn
concentrations increased from the influent to mid–swale, and then again from mid–swale to
the effluent (Figure 10B). The mean Zn concentration in the effluent was 34 µg/L which is
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almost double the ANZECC 90 % guideline. In this rain event the system did not perform
well at removing Zn.
Rain Event 3. In the Dry system the Zn concentrations ranged from 8.8 µg/L to 180 µg/L. At
the start of sampling the Zn concentrations at sites Dry 1 and 2 were high (146 µg/L and 133
µg/L). The concentrations had small pulses throughout the sampling, but then had a steady
increase towards the end of the sampling period. Sites Dry 3 and 4 had dramatic pulses
(reached concentrations above 160 µg/L) which were correlated with each other during the
sampling event (r = 0.728, p < 0.05). These pulses at site Dry 3 occurred before the rain
intensity increased (Figure 11E). The mean Zn concentrations increased from the influent to
the mid-swale (t (11) = -1.26, p > 0.05), and then decreased in the effluent (t (16) = 1.6, p >
0.05) (Figure 10A). The mean concentration in the effluent was higher than the ANZECC 90
% guideline, which meant this system did not perform (Figure 10A).
In the Wet system, the concentrations at all the sampling sites pulsed at the same time (Figure
11F). Site Wet 1 peaked in the first hour of sampling with concentrations above 90 µg/L. Site
Wet 2 had the highest concentration with a peak of 105 µg/L at the start of sampling; the
concentration declined until three hours later when it peaked again at 92 µg/L. Sites Wet 3
and 4 had similar concentrations (Figure 11F). The mean Zn concentration decreased from the
influent to mid–swale, and then again from mid–swale to the effluent. The decrease from the
influent to the effluent was not significant (t (23) = 1.4, p > 0.05) (Figure 10B). The mean Zn
concentration in the effluent was greater than the ANZECC 90 % guideline, so the system did
not perform well enough in this rain event.
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4.1.2.3

Lead

Almost all of the Pb concentrations in the Dry and Wet systems were below the detection
limit (0.95 µg/L) in all rain events. In the third rain event, Pb was detected at sites 1, 3 and 4
in the Dry system, and sites 3 and 4 in the Wet system. However, these concentrations were
well below the ANZECC guideline for Pb in freshwater ecosystems.
4.1.3 Nutrients
4.1.3.1

Phosphorus

Rain Event 1. In the Dry system the P concentrations ranged from 23.7 µg/L to 96.7 µg/L
(Figure 13A). The P concentrations at all sites were significantly negatively correlated with
the rainfall intensity (r = -0.597, p < 0.05). The mean P concentration increased from the
influent to mid – swale, and then decreased from mid–swale to the effluent (Figure 12A). The
mean P concentration in the effluent was higher than in the influent which caused the removal
efficiency ratio to -0.51 (Figure 14). In the effluent the mean P concentration was over double
the ANZECC 90 % guideline of 33 µg/L. This demonstrates that the system was not
performing in terms of removing P to the ANZECC 90 % standard.
In the Wet system, all the P concentrations were negatively correlated with the rainfall
intensity (r = -0.701, p < 0.05), and positively correlated with time (r = 0.643, p < 0.05)
(Figure 13B). The mean P concentration increased from the influent to the mid–swale, and
continued to increase in the effluent (Figure 12B). These increases were reflected in the
removal efficiency ratio of -0.81 (Figure 14). The performance of this system was poor, as the
mean P concentration in the effluent was more than three times the ANZECC 90 % guideline.
Rain Event 2. In the Dry system the P concentrations ranged from 18.1 µg/L to 152 µg/L.
The mean P concentrations had a positive correlation with rainfall (r = 0.475, p > 0.05), and a
negative correlation with time (r = -0.477, p > 0.05) (Figure 13C). The mean P concentrations
increased down the system from the influent, to mid–swale and from there to the effluent
(Figure 12A). The mean P concentration in the effluent exceeded the ANZECC 90 %
guideline, therefore this system performed poorly.
In the Wet system the concentrations ranged from 40 µg/L to 180 µg/L (Figure 13D). Site Wet
1 started with low concentrations but then increased to over 150 µg/L after 90 minutes of
sampling. Site Wet 2 had high concentrations with an average of 144.2 µg/L. After an hour,
the concentration decreased to 40 µg/L but then increased back up to high levels again. The
concentrations of P at sites Wet 3 and 4 were similar, and behaved similarly. They both
increased over the sampling period from about 80 µg/L to 120 µg/L (Figure 13D). The mean
P concentrations decreased from the influent to mid–swale, and then slightly increased from
40

mid-swale to the effluent. The mean P concentration in the effluent was well above the
ANZECC 90 % guideline, so this system performed poorly in this rain event (Figure 12).
Rain Event 3. In the Dry system, the P concentration at site Dry 1 at the start of sampling was
213 µg/L. This declined over the next hour and a half to 53 µg/L. For the rest of the sampling
period the concentrations fluctuated between 45 µg/L and 75 µg/L. The concentrations at site
Dry 2 behaved similarly to site Dry 1. At the start of sampling, the concentration of P was 118
µg/L. The concentrations then fluctuated between 39 µg/L and 75 µg/L for the rest of the
sampling time. Sites Dry 3 and 4 had high concentrations. At site Dry 3 the concentrations
decreased over the sampling time from 200 to 100 µg/L. The concentrations at site Dry 4
follow the rainfall intensity (Figure 13E). There were increases in the mean P concentrations
at each location down the system (Figure 12A). The mean P concentration in the effluent was
nearly 6 times the concentration recommended in the ANZECC 90 % guideline (Figure 12A).
This system performed very poorly at removing P.
In the Wet system, within the first hour of sampling at site Wet 1 the concentrations peaked at
242 µg/L and then declined over the rest of the sampling period to 69 µg/L. At site Wet 2
there was a major spike in P concentration two and a half hours into sampling when the
rainfall intensity increased. There was a significant positive correlation between the P
concentrations at sites Wet 3 and 4. They had the same trends and similar concentrations (r =
0.994, p < 0.001). They peaked after an hour at 300 µg/L. For the rest of the sampling period
the concentrations varied between 200 and 300 µg/L (Figure 13F). There was a significant
increase in the mean P concentrations between the influent and the mid-swale (t (16) = -2.19,
p < 0.05), and then a slight decrease between the mid–swale and the effluent (t (18) = 0.122, p
> 0.05) (Figure 12B). The removal efficiency ratio was -0.56 (Figure 14). The mean P
concentration in the effluent was six times higher than the ANZECC 90 % guideline, thus the
system performed poorly (Figure 12B).

41

B
300

300

250

250

200

200

Conc. (µg/L)

Conc. (µg/L)

A

150
100
50

150
100
50

0
Influent
(D1+D2)

Mid swale
(D3)

Effluent
(D4)

0
Influent
(W1+W2)

Sample Locations

Mid swale
(W3)

Effluent
(W4)

Sample Locations
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the Wet treatment system (B) for the three rain events (± SEM).
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Figure 13. Concentrations of total Phosphorus in the Dry and Wet treatment stormwater treatment systems
during rain events one (A and B), two (C and D), and three (E and F).
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Figure 14. A comparison of the mean Phosphorus concentration removal efficiency ratios for the Dry and Wet
treatment systems in three rain events.

4.1.3.2

Nitrate – Nitrogen

Rain Event 1. In the Dry system the concentrations of NO 3 – N throughout the whole
sampling period were minor at all sites, and did not change significantly throughout the
sampling (Figure 16A). There was an increase in the mean NO3 – N concentrations from the
influent to the effluent (t (30) = -0.926, p > 0.05) (Figure 15A). The mean concentration in the
effluent was substantially under the ANZECC 90 % guideline, which meant this system
performed.
In the Wet system, the concentrations of NO 3 – N were minor. There was a slight increase in
concentrations down the system, and this change was significant (t (31) = -2.73, p < 0.05)
(Figure 15B). The Wet system‟s removal efficiency ratio was -0.29 (Figure 17). The mean
concentration in the effluent was lower than the ANZECC 90 % guideline, so this system
performed.
Rain Event 2. In the Dry system, the concentrations were similar to the levels in Rain Event 1
with the exception of site Dry 2 which increased at the end of sampling (Figure 16C). The
mean concentration decreased from the influent to mid – swale (t (24) = 2.11, p < 0.05), and
increased from mid–swale to the effluent (t (19) = -2.56, p < 0.05) (Figure 15A). The removal
efficiency ratio was 0.54 (Figure 17). The mean concentration in the effluent was below the
ANZECC 90 % guideline, therefore this system performed.
In the Wet system the concentrations at sites Wet 1 and Wet 2 increased in the last hour of
sampling from below 3 mg/L to 4.1 and 3.7 mg/L respectively, while the concentrations at
sites Wet 3 and 4 increased only slightly (Figure 16D). There was a significant decrease in the
mean concentration from the influent to mid–swale (t (23) = 5.49, p < 0.001), and a slight
increase from the mid–swale to the effluent (Figure 15B). The removal efficiency ratio was
0.6 (Figure 17). The mean concentration in the effluent was below the ANZECC 90 %
guideline, therefore this system performed.
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Rain Event 3. In the Dry system the concentrations of NO3- N at sites Dry 1, 2, and 4
remained constant throughout the duration of the sampling, except for a pulse two hours after
sampling began at 1930 hr. This pulse coincided with a dip in the rainfall intensity. The
concentrations at site Dry 3 seemed to peak when the rainfall intensity dipped (Figure 16E).
There was a significant increase in the mean concentration from the influent to mid–swale (t
(8) = -3.29, p < 0.05), and a significant decrease from mid–swale to the effluent (t (11) = 2.62,
p <0.05). The mean concentration in the effluent was below the ANZECC 90 % guideline
(Figure 15A), which shows the system performed.
In the Wet system, at sites Wet 1 and Wet 2 the concentrations decreased in the first hour of
sampling from 10 and 13 mg/L to 0.5 mg/L. At Wet 2 there was a small rise in concentration
at 1900 h when the rain intensity increased. The concentrations at sites Wet 3 and 4 increased
over the first one and a half hours of sampling time, peaking at 7 mg/L, and then proceeded to
decline throughout the remaining sampling time (Figure 16F). At each sample location down
the system the mean concentrations increased (Figure 15B). This system nearly performed to
the ANZECC 90 % guideline, but exceeded it by 0.2 mg/L.
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Figure 15. Mean average total Nitrate - Nitrogen concentrations at locations along the Dry treatment system (A)
and the Wet treatment system (B) for the three rain events (± SEM).
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Figure 16. Concentrations of NO3-N in the Dry and Wet stormwater treatment systems during rain events one (A

and B), two (C and D), and three (E and F).
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Figure 17. A comparison of the mean Nitrate - Nitrogen concentration removal efficiency ratios of the Dry and
Wet treatment systems in three rain events.

4.1.4

E.coli

The majority of the E.coli concentrations exceeded the Ministry for the Environment (MfE)
contact / recreation guideline of 500 cfu/100mL. The Wet system had a higher mean average
concentration than the Dry system (Figure 18).
3500
E.coli (cfu/100mL)

3000
2500
2000
1500
1000
500
0
Dry System

Wet System

Figure 18. A comparison of the mean average E.coli concentrations in the Dry and Wet systems over the first
two rain events (± SEM).

Rain Event 1. In the Dry system there was a trend of an increasing E.coli count over time at
all sites (Figure 19A). All the sites exceeded the MfE contact/recreation guideline. Site Dry 1
was the only site that had concentrations below the contact / recreation guideline during the
first two hours of sampling.
In the Wet system, the E.coli concentrations in all samples were around the guideline of 500
cfu/100mL, with most sites exceeding the guideline by 500 cfu/100mL during the last hour of
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sampling (Figure 19B). As with the Dry system, the E.coli count tended to increase over time.
The site Wet 1 was the only site that had a trend of decreasing E.coli concentrations.
Rain Event 2. In the Dry system the concentrations of E.coli taken from site Dry 1 increased
to 900 cfu/100mL and then decreased to 200 cfu/100ml by the end of sampling.
Concentrations from site Dry 2 were the only concentrations that stayed below the guideline
throughout the whole sampling time. The concentrations of E.coli from site Dry 3 peaked at
just over 2500 cfu/100mL and then for the following two samples stayed below 1000
cfu/100mL. E.coli concentrations from site Dry 4 started at 3000 cfu/100mL and then
decreased throughout the sampling period to 1300 cfu/100mL (Figure 19C).
In the Wet system, site Wet 1 was the only site to have concentrations fall below the guideline
value of 500 cfu/100mL, with a range from 300 to 800 cfu/100mL. Site Wet 2 had extremely
high E.coli concentrations ranging from 2100 to 21600 cfu/100mL. Site Wet 3 E.coli
concentrations ranged from 500 to 3100 cfu/100mL. Sites Wet 1, 2, 3 and 4 all had an
increasing trend but site Wet 4 had a steeper incline towards the end of the sampling event.
The range of E.coli concentrations at site Wet 4 was from 800 to 2700 cfu/100mL (Figure
19D).
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Figure 19. Concentrations of E.coli in the Dry and Wet stormwater treatment systems during rain events one (A
and B), and two (C and D). (Note the log scale of the Y-axis of Figure 19D).
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4.1.5 Summary of Contaminant Removal Efficiency Ratios
Table 4. Summary of the Dry and Wet stormwater treatment systems‟ contaminant removal efficiency ratios in
three rain events where there are significant differences between the influent and effluent.

Event

Copper
Wet

Dry

1
2

0.82

3

-0.12

Phosphorus

Nitrate Nitrogen

Wet

Dry

Wet

-0.81

-0.51

-0.29

-0.17

0.60

-0.88

Dry

0.54

-0.56

Table 4 shows the contaminant removal efficiency ratios for the dry and wet stormwater
treatment systems are similar. Both systems have a similar number of negative removal
efficiency ratios. There were negative removal efficiencies for P in both systems. Both
systems had positive removal efficiencies for NO3 – N in Rain Event 2.
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4.2 Plant Analyses
The plants located near to the influent pipes entering the treatment systems had higher metal
concentrations than plants located further down the systems. Most of the metal concentrations
in the plants were still within the range of background metal concentrations of plants grown in
uncontaminated areas; however, the plants in the Wet system consistently had higher
geometric means than the Dry system (Table 6). Some plants such as Rorippa nasturtium aquaticum (L.) had accumulated up to 2.7 times more Zn than is usually found in
uncontaminated plants (Table 5).

Table 5. Metal and Nutrient Concentrations in differing plant species and locations from the Dry and Wet

W1

Rorippa nasturtium - aquaticum (L.)

W2

Rorippa nasturtium - aquaticum (L.)

Metal and Nutrient Concentration (mg/kg DW)
system (m)

Rorippa nasturtium - aquaticum (L.)

Distance along

Species

Location

stormwater treatment systems.

As

Cd

Cu

Zn

Pb

P

0

BDL

0.28

17.6

96.6

0.30

8437

80

2.27

0.29

18.9

127.2

1.53

7315

W3

192

0.47

0.07

7.25

126.6

0.24

5842

Dactylis glomerata (L.)

W1

0

2.47

0.22

22.6

80.9

4.22

3890

Lolium perenne (L.)

W3

192

0.84

0.02

9.04

41.2

0.43

3982

Rumex obtusifolius (L.)

W4

230

0.43

0.02

5.96

35.3

0.54

3407

Myosotis scorpioides (L.)

D1 (repeat)

50

0.40

0.02

20.2

106.1

0.67

4344

Myosotis scorpioides (L.)

D5

192

0.44

0.06

11.9

74.5

1.32

5001

Dactylis glomerata (L.)

D2

131

BDL

0.01

2.64

23.5

0.09

3732

Dactylis glomerata (L.)

D3

168

0.36

0.02

4.98

32.8

0.28

2826

Dactylis glomerata (L.)

D4

178

BDL

BDL

4.45

15.0

BDL

1216

Dactylis glomerata (L.)

D5

192

0.15

BDL

5.29

31.04

BDL

1066

Lolium perenne (L.)

D6 (control)

BDL

0.28

0.07

12.4

62.4

2.23

5093

Lolium perenne (L.)

D4

178

0.53

0.10

10.4

47.4

0.31

2798

Lolium perenne (L.)

D5

192

0.46

0.01

10.1

37.4

0.12

3023

Lolium perenne (L.)

D7

230

0.41

0.04

6.53

34.1

1.34

2362

Rumex obtusifolius (L.)

D2

131

BDL

0.03

7.35

41.1

BDL

5639

Rumex obtusifolius (L.)

D3

168

0.21

BDL

6.20

34.2

0.35

4503

Rumex obtusifolius (L.)

D4

178

BDL

0.04

5.45

23.5

BDL

2990

Rumex obtusifolius (L.)

D5

192

0.26

0.03

6.74

25.9

0.25

2950

BDL – Below Detection Limit
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Table 6. Comparison of the background element concentrations in plants grown in uncontaminated soil with the
geomean of the concentrations in the Dry and Wet systems .
Range (mg/kg)

Wet system (mg/kg)

Dry system (mg/kg)

(Kabata-Pendias & Pendias,
2000)

(Geomean & SD range of
geomean)

(Geomean & SD range of
geomean)

As

0.009-1.5

0.99 (0.43 - 2.29)

0.33 (0.22 - 0.49)

Cd

0.03-1.26

0.09 (0.03 - 0.32)

0.03 (0.01 - 0.06)

Cu

1.1-33.1

12 (6.82 - 21)

7.23 (4.32 - 12.1)

Pb

0.1-10

0.69 (0.63 - 2.06)

0.43 (0.15 - 1.24)

Zn

12 - 47

75.4 (43.2 - 131)

37.1 (22.3 - 61.9)

P

200-5,000

5167 (3556 - 7508)

3075 (1868 - 5064)

Metal

Arsenic. The Wet system had a higher geometric mean of 0.99 mg/kg while the Dry system
had a geometric mean of 0.33 mg/kg (Table 6). The highest As concentration was measured in
the sample of Dactylis glomerata (L.) at site W1 (2.5 mg/kg), while the lowest concentration
was detected in the sample of Dactylis glomerata (L.) at site D5 (0.15 mg/kg). Ninety percent
of the element concentrations in the plants were still within the range of background element
concentrations of plants grown in uncontaminated areas with the exception of Dactylis
glomerata (L.) at the site W1 and Rorippa nasturtium – aquaticum (L.) at site W2, which both
exceeded the range (Table 5). The concentrations of As in the plants ranged from below the
detection limit (0.00045 mg/kg) to 2.5 mg/kg. The general range of As concentrations in

Metal Concentration (mg/kg)

plants grown on uncontaminated soil is 0.009 to 1.5 mg/kg dry weight (DW) (Table 6).
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Nasturtium Scorpioides glomerata perenne
aquaticum
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Plant Species

Rumex
obtusifolius

Figure 20. As, Cd and Pb geometric mean average concentrations (for both Dry and Wet systems, and all
replicates) in different plant species in the stormwater treatment systems (±SEM).
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Dactylis glomerata (L.) was the plant species which had the highest concentrations of As and
Pb. The aquatic plants Rorippa nasturtium – aquaticum (L.) and Myosotis scorpiodes (L.) had
higher concentrations of As and Pb than Lolium perenne (L.) and Rumex obtusifolius (L.)
(Figure 20).

Copper. Cu concentrations in the plants ranged from 2.6 to 22.6 mg/kg, the maximum value
was found in Dactylis glomerata (L.) at site W1. The minimum concentration was also found
in Dactylis glomerata (L.), but at site D2 (Table 5). The range of Cu concentrations reported
to be in plants grown on uncontaminated soil is 1 – 33 mg/kg (Table 6). Therefore Cu
concentrations in the plants in both treatment systems are within a normal range.

Zinc. The geometric mean concentration of Zn in the plants in the Wet system was 75.4
mg/kg. In the Dry system the geometric mean was 37 mg/kg. In plants grown on
uncontaminated soil the range of Zn concentrations is from 12 – 47 mg/kg (Table 6). The
plants in the Wet system had concentrations significantly higher (P < 0.05) than plants grown
on uncontaminated soil, which indicates Zn contamination. In both systems sixty five percent
of the metal concentrations in the plants were still within the range of background metal
concentrations of plants grown in uncontaminated areas (Table 6). However, some plants such
as Rorippa nasturtium – aquaticum (L.) at site W2 had accumulated up to 2.7 times more Zn

Metal concentration (mg/kg)

than what is usually found in uncontaminated plants (Table 5).
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Figure 21. Cu and Zn geometric mean average concentrations in different plant species in the stormwater
treatment systems (±SEM).
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The aquatic species Rorippa nasturtium – aquaticum (L.) and Myosotis scorpioides (L.) had
significantly higher concentrations of Zn than the other species. There were no major
differences in the Cu concentrations (Figure 21).
Phosphorus. The maximum P concentration (8437 mg/kg) was in the Rorippa nasturtium –
aquaticum (L.) at site W1, while the minimum P concentration (1066 mg/kg) was in the
Dactylis glomerata (L.) at site D5. The aquatic species Rorippa nasturtium – aquaticum (L.)
and Myosotis scorpioides (L.) had significantly higher concentrations of P than the other
species (Figure 22). The Wet system had a geometric mean average P concentration of 5167
mg/kg which is above the range (200 – 5000 mg/kg) given for plants grown on

Phosphorus Concentration (mg/kg)

uncontaminated soil.
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Figure 22. Phosphorus geometric mean average concentrations in different plant species in the stormwater
treatment system (±SEM).
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4.3 Soil Analyses
The highest element concentrations in the soil were near the influent pipes entering the
treatment systems. The control site had elevated concentrations of Pb and P compared to the
sample sites within the systems. Site D5 had elevated concentrations of As and Cu compared
to the other locations. The only element concentrations that exceeded the range given for
uncontaminated soils were Cu and Zn at site W1 (Table 7). Soil contamination is not an issue
in these stormwater systems.
Table 7. Metal and nutrient concentrations in the soil from different locations in the Dry and Wet stormwater
treatment systems compared with a range of concentrations in uncontaminated soil .
Location

Distance along system

Metal and Nutrient Concentration (mg/kg)

(m)

As

Cd

Cu

Zn

Pb

P

W1

0

6.6

0.46

29.7

324.6

26.3

1177

W2

192

3.8

0.28

9.0

74.0

14.8

565

W3

230

4.1

0.26

7.1

80.9

24.1

523

W3 (repeat)

230

3.9

0.26

7.8

80.3

79.6

480

D1

50

5.2

0.28

15.3

137.7

17.4

676

D2

131

3.7

0.27

8.5

80.3

15.2

630

D3

168

3.9

0.24

7.7

63.9

14.6

428

D4

178

3.7

0.26

8.9

69.2

15.8

546

D4 (repeat)

178

3.9

0.27

8.7

69.1

16.1

499

D5

192

5.4

0.31

11.3

66.7

20.0

301

3.7

0.29

12.7

94.5

42.3

922

4.4

0.24

9.3

64.6

15.8

442

<1 - 95

0.06 –1.1

13 - 24

17 - 125

10 - 67

205 - 1658

D6 (Control)
D7

230

Range in
uncontaminated
soils1
1

(Kabata-Pendias & Pendias, 2000)

Arsenic. The minimum As concentration (3.7 mg/kg) was found in the control site, while the
maximum As concentration (6.6 mg/kg) was detected at the site W1 (Table 7). This range of
concentrations fits within the range of As concentrations detected in uncontaminated surface
soils worldwide.
Cadmium. The range of Cd concentrations was from 0.2 mg/kg at site D3 to 0.5 mg/kg in the
soil at site W1 (Table 7). These Cd concentrations are within the range of Cd concentrations
in uncontaminated surface soils worldwide.
Copper. The maximum Cu concentration of 29.7 mg/kg was found in the soil from site W1.
The minimum Cu concentration of 7.1 mg/kg was detected in the soil from site W3 (Table 7).
The normal range of Cu concentrations in uncontaminated surface soil is from 13 – 24 mg/kg.
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The concentration of Cu in the soil at site W1 (29.7 mg/kg) is slightly elevated compared to
the normal range of Cu concentrations in uncontaminated soil, while the concentration of Cu
in the soil at W3 (7.1 mg/kg) is below this normal range.
Zinc. The range of Zn concentrations in the soil samples ranged from 63.9 mg/kg at site D3 to
324 mg/kg at site W1 (Table 7). This range of concentrations is at the upper end or exceeds
the normal range of Zn concentrations in uncontaminated surface soils, which is 17 – 125
mg/kg (Table 7).
Lead. The range of Pb concentrations was from 14.6 mg/kg at site D3 to 79.6 mg/kg at site
W3 (Table 7). The normal range of Pb concentrations in uncontaminated soil is from 10
mg/kg to 67 mg/kg (Table 7). Thus the Pb concentration at site W3 exceeds the normal range
of Pb concentrations in uncontaminated soil.
Phosphorus. The maximum P concentration was 1176 mg/kg in the soil at W1. The
minimum P concentration was 301 mg/kg detected in the soil at site D5 (Table 7).
Polycyclic Aromatic Hydrocarbons. The ANZECC interim sediment quality guidelines
(ISQG) for aquatic systems suggest the low trigger value for total PAH should be 4 mg/kg dry
weight. The results from site D1 and site W1 were both <0.05 mg/kg.
Total Petroleum Hydrocarbons. The results for TPH were <110 mg/kg for site Dry 1 and
114 mg/kg for site Wet 1. The guidelines used for assessing TPH levels in soil are the
Ministry for the Environment's Guidelines for Assessing and Managing Petroleum
Hydrocarbon Contaminated Sites in New Zealand. For sandy surface soils, the guidelines
provide a limit of 500 mg/kg for the volatile TPH fraction.
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4.3.1 Soil Loading
Table 8 shows the mean average metal and nutrient concentrations in the soil of the wetted
swales in the Dry and Wet systems, the calculated annual contaminant flux in the stormwater,
and the calculated years until the metal and nutrient concentrations in the soil will reach the
threshold values. The threshold values used were from the Human Health Soil Guidelines
(Ministry for the Environment, 2010). The background concentrations of contaminants in
Canterbury soil are also included as a comparison.
Table 8. The mean average metal concentrations in the soil and the calculated number of years until soil
contamination in the stormwater systems.

Location

Metal and Nutrient Concentration (mg/kg)
As
Cd
Cr
Cu
Ni
Pb

Zn

P

Wet system
4.8

0.3

22.0

15.3

10.9

21.7

159.8

754.6

0.11

0.01

0.04

0.13

0.23

0.02

1.78

7.48

174

920

7.E+06

2.E+05

31871

79

4.4

0.3

19.9

10.2

10.6

16.5

80.4

503.8

0.001

9.2E-06

2.4E-05

0.0001

0.0007

2.0E-05

0.0024

0.0061

19609

5.E+05

1.E+10

3.E+08

4.E+07

9.E+04

Background concentrations in
Canterbury Soil ¹

8.7

0.2

16.8

15.5

17.8

65.6

Human Health soil guideline values
- residential area, 10% produce²

24

5

280000

32000

730

300*

Average concentration in soil
Annual contaminant flux in
stormwater
Years to threshold value*
Dry system
Average concentration in soil
Annual contaminant flux in
stormwater
Years to threshold value*

1

13.4

(Tonkin and Taylor, 2007); 2 (Ministry for the Environment, 2010); * (NZWWA, 2003)

* Assumes 100 % contaminant absorption by the soil

The average concentrations in the soil are around or below the background concentrations in
Canterbury soil, with the exception of Zn in both the Dry and Wet systems which exceeds the
background concentrations. There are low annual contaminant fluxes in stormwater which are
barely increasing the metal concentrations in the soil to above background levels. Zinc is the
first contaminant that will accumulate in the Wet system’s soil to such a level that the soil
becomes unsafe. It is calculated it will take 79 years.
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Chapter 5
Discussion
5.1 Stormwater Sampling
In many places such as California, U.S.A. there is a seasonal first flush. This is where there
has been an extended period of dry weather, where pollutants build up. In the initial rain after
this dry period the first flush has higher concentrations of contaminants than the subsequent
first flushes (Lee, et al., 2004). Lincoln has a seasonal first flush to a lesser extent because it
has a temperate climate with more evenly distributed rainfall (Figure 23). The seasonal first
flush was not sampled. The earliest samples collected were during August nearing the end of
the winter (Figure 23). This means that the full range of behaviours and concentrations of
contaminants in the systems were not sampled. It is expected that if the sampling was carried
out in May, and the seasonal first flush was captured the contaminant concentrations would be
much higher.

Figure 23. Lincoln's monthly rainfall for Jan to Nov, 2010.

The behaviour and performance of the contaminants are unique to each rain event. The factors
in each rain event that influence the behaviour and performance of the contaminants are the
rainfall intensity, the duration of the rain event, the volume of previous rainfall and the
antecedent dry period (Cho, et al., 2010). These factors have been outlined in Table 3 for the
three rain events I sampled.

5.2 Behaviour of the Contaminants in the Systems
Both the Dry and Wet systems were acting as a source or a sink for the contaminants
depending on the rain event. In general if the system had a negative removal efficiency ratio
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for a contaminant this would suggest that the system was acting as a source because there
were higher concentrations of the contaminant in the effluent than there was in the influent.
An example of both systems acting as a source for a contaminant is during Rain Event 1 when
there were negative removal efficiency ratios for the P concentrations (Figure 14). There were
higher P concentrations in the effluent of the systems during these rain events, than there was
in the influent. When the systems acted as sinks for the contaminants this was demonstrated
by positive removal efficiency ratios. This would occur if there were higher concentrations of
contaminants in the influent than effluent. The both systems acted as a sink for NO3 – N in
Rain Event 2 (Figure 17).
In the water samples the contaminants in the Wet system behaved similarly to the
contaminants in the Dry system. The contaminants exhibited either supply, or transport
limited behaviour. If the contaminant is supply limited this means once the source of the
contaminant has diminished the concentration will decrease in the monitoring results. An
example of a contaminant demonstrating supply limited behaviour is Cu. There is an initial
flush of Cu off the road and other hard standing surfaces at the start of the storm event, but as
the Cu gets washed off the surfaces the supply decreases, and therefore so does the Cu
concentration in the stormwater (Figure 8). Transport limited behaviour is where the
concentration of the contaminant is affected by the energy levels in the system to transport the
contaminant. P is an example of a contaminant which is transport limited. The concentrations
are strongly affected by the rainfall intensity. When the rainfall intensity increases, more
energy is in the system, the contaminants mobilise and concentrations increase (Figure 13E).
In the Wet system all the contaminants were transport limited to some degree. The
concentrations increased as the rainfall intensity increased even though there sometimes was a
slight lag effect in the concentrations. Cu was the only contaminant in the Wet system that was
more supply limited than transport limited. The contaminants behaved the same in the Dry
system.
The differences in the systems were the concentrations of contaminants. Generally the Wet
system had higher mean average concentrations of all the measured contaminants in the
influent. There may have been higher concentrations of metals and suspended solids in the
Wet system because there is a greater proportion of road length to catchment area than in the
Dry system catchment area (110 m of road per hectare compared with 90 m of road per
hectare in the Dry system). The differences in the P concentrations in the influent of the Dry
and Wet systems could be because there are fertilised lawns due to more houses being in the
catchment area. Additionally, previous to the residential subdivision the land was used as a
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dairy farm, with regular fertilisation (M. Morrish, personal communication, 10 December,
2010). The stormwater may have solubilised some residual P from the soil. Another source of
P which may have caused relatively high concentrations in both systems compared with the
ANZECC guidelines are detergents washed into the stormwater systems from people car
washing. The NO3-N is higher in the Wet system influent than the Dry system influent due to
the ground water rising to the surface in the Wet system, especially during the winter. NO3- N
concentration is high in groundwater due to NO3 - N leaching from the agricultural land
further up the catchment. The NO3 – N levels sampled in Lincoln Township‟s groundwater at
14.6 m depth was 11.7 mg/L (Abraham & Hanson, 2010). When this concentration in the
groundwater is compared with the concentrations in my results it suggests that a dilution
effect of the NO3 – N may have taken place in the stormwater systems. A French study shows
that ground water has a significant influence on the NO3–N concentrations in surface water
(Ruiz, et al., 2002). The E.coli is higher in the Wet system possibly due to ducks that frequent
the system. Other sources of E.coli include dog faeces washed off the footpath into the
stormwater system, birds defecating into the stormwater system from the vegetation above,
and decaying fauna.

5.3 Performance of the Systems
The performance of the stormwater treatment systems is defined as how well the stormwater
system meets its goals (Geosyntec Consultants & Wright Water Engineers Inc., 2009). The
only legal performance goals for these systems are that they have to have less than 80 mg/L of
suspended solids in the effluent as per the consent condition. During all three sampling events
the suspended sediment in the discharge never exceeded 80 mg/L at both systems. This
demonstrates that the systems are performing as they were designed to.
The other goal is that the concentrations of the contaminant in the effluent should be aiming
to meet the ANZECC 90 % guidelines. The performance of the stormwater systems were
dependent on the rainfall event and the contaminant that was being removed. The results show
that with the exception of P, and Rain Event 3, the concentrations of contaminants in the
effluent are below the specified ANZECC 90 % guidelines. The contaminants exceed the
ANZECC 90 % guidelines in Rain Event 3 most probably because the stormwater sampled
was part of the first flush, where the concentrations of contaminants are at the highest. The
results suggest that with the exception of the first flush, both the Dry and Wet systems are
performing.
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Using the mean concentration removal efficiency ratio it is possible to get an indication of the
removal of contaminants in the stormwater treatment systems. Each system performed
differently depending on the contaminant, but not all differences between the influent and
effluent were statistically significant.
In both systems almost all of the suspended solid concentrations in the stormwater were
below the consent condition of 80 mg/L. This is consistent with the suspended solid data
collected in Ryelands subdivision during another study in 2006 (Parkinson, 2006). It is
expected the suspended solid concentrations would be below 80 mg/L because the subdivision
is now well established, so there should be no significant sources of suspended solids. The
sources of the suspended solids present in the stormwater would be silt, soil and litter which
have accumulated on roads and hardstand areas in the antecedent dry period, and the sediment
in the swale and wetland that is re-suspended during times of increased water flow.
There are reductions of Cu in the Wet system in Rain Events 1 and 2, but an increase in Event
3. In the Dry system there is a reduction in event one, but increases in Events 2 and 3. The Cu
concentrations were so minor, and many samples were below detection limit that this has
likely had a major influence on the Cu removal efficiency ratios. The Cu concentrations in
this study are similar to the results Parkinson (2006) presented.
The removal efficiency ratios for Zn were not significant. Concentrations of Zn in this study
are lower than the typical Zn concentrations in urban stormwater in New Zealand which are
reported to be 260 µg/L (Williamson, 1993). In the Integrated Stormwater Management Plan
for Lincoln the assumed event mean concentration range for Zn is 90 – 800 µg/L (Maunsell
Limited, 2008). The Zn concentrations from this study are at the bottom of this range. The
results suggest that even though the mean Zn concentrations in the Wet system are above the
ANZECC 90 % guideline, they are still lower than Zn concentrations in urban areas from
other studies in New Zealand.
Most of the P concentrations in the stormwater samples were over the ANZECC guideline of
33 µg/L. A study of P concentrations in residential areas during 4,390 individual storm events
throughout the U.S.A. showed the mean P concentration was 300 µg/L (Brown, et al., 2003).
In this study the maximum P concentration of all of the storm events was 344 µg/L. This
suggests that in comparison with the study in the U.S.A. the P concentrations in this study are
minor. In terms of P removal efficiency, the Dry system did not perform and neither did the
Wet system. In two of the rain events there were significant negative removal efficiency ratios.
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The negative removal efficiency ratios mean that there is a source of P in the stormwater
systems such as decaying plant matter.
The NO3 – N removal efficiency ratios demonstrated that in Rain Event 1the Wet system
performed poorly when removing NO3 – N from the stormwater. The primary reason for this
is that groundwater may have been sampled in the Wet system which contains high levels of
nitrates. The Dry system and Wet system both had positive removal efficiencies in Rain Event
2.
The MfE contact/recreation guideline of 500 cfu/100mL was used for E.coli. This guideline
was constantly exceeded in both systems. Using this guideline the systems did not perform. A
study carried out in drains from a residential area in Michigan, U.S.A. during a storm event
showed E.coli levels ranged from <50 to 130,000 cfu/100mL (Gannon & Busse, 1989). This
is a larger range than found in this study (100 – 21,600 cfu/100mL). Even though the systems
did not perform in terms of the MfE contact/recreation guideline, similar results have been
obtained from other studies.
A limitation of assessing the performance of stormwater treatment systems against guidelines
are that when the concentrations exceed the guidelines, depending on the point of view it
could be regarded that the guidelines are too stringent, or that the systems are not performing
well enough. An inherent assumption in this study is that the ANZECC 90 % guidelines are
the correct guidelines for the quality of the effluent to be aiming to meet.
Another limitation is when the concentrations of contaminants were below the guidelines, I
assumed the system performed well. The reason the system performed is not necessarily
because the system removed contaminants, but also because the concentrations of
contaminants in the influent were already below the guidelines. It is uncertain how the system
would perform if the contaminant concentrations in the influent were higher.
5.3.1 Plant Uptake
The performance of the systems is improved by plant uptake. The plants take up the
contaminants, and remove them from the stormwater. However, when the plants die and
decompose the contaminants are released back into the system, counteracting the initial
benefits. Harvesting the vegetation before the plants die would remove the contaminants from
the system and help to mitigate this problem. The disadvantages of this method are that it is
costly and time consuming to harvest the vegetation and the problem of eliminating the
contaminants is not solved as the contaminants will just be shifted to another location.
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The concentrations of contaminants in the plants from the Dry system are within the range of
background element concentrations in plants grown in uncontaminated soil. In the Wet system
the geometric mean average concentrations of contaminants were also within the range of
background element concentrations in plants grown in uncontaminated soil with the exception
of Zn and P. In the Wet system all the geometric mean average element concentrations were
higher than the concentrations in the Dry system.
As expected, the plant samples taken from the sites near system inlets had higher contaminant
concentrations than plants further down the system. This may be due to higher concentrations
of bioavailable elements in the soil at these sites (Deng, et al., 2004). The differences in the P
concentrations in the plants, do not always reflect the P concentrations in the soil (Gusewell &
Koerselman, 2002) but can also be attributed to the age of the plants, the plants developmental
stage and the species (Tanner, 1996). In this study there was a positive correlation between
the P concentrations in the soil and in the plants but it was not significant (r = 0.527, p >
0.05).

5.4 Longevity of the Systems
The soil loading results which are contaminant dependent, show the Wet system will not pose
a risk to human health for at least another 79 years or more, and for the Dry system it will be
9,000 years (Table 8). There are several assumptions and uncertainties in the equations used
to calculate the metal concentrations in the soil of the stormwater treatment systems. The
assumption used is that all the metal entering the swale is retained by the soil. This is a very
conservative assumption. It is known that some metals will be removed by plants through
filtration, adsorption, and cation exchange (Liu, et al., 2007), and some metals will stay in the
stormwater in dissolved and particulate forms to be discharged into the surface waterway. The
removal efficiency ratios give an indication that in many cases only a small proportion of
metal concentrations are retained in the system and in some cases the metal concentrations
actually increase in the stormwater. This has not been included in the soil loading
calculations. It is assumed that the concentrations of metals in the stormwater from this study
will be maintained into the future. Due to the predicted population increase in Lincoln in the
future, I expect the concentrations of contaminants to increase as more vehicles use the roads.
This is not accounted for in the calculation.
In the calculation, the assumption is the density of the soil is 1.3 t/m3, and that all the metals
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will be retained in the top 0.1 m of soil. It is reported that 1.3 t/m3 is a measured bulk density
of a Templeton soil at 0.1 m depth (Carey, et al., 2002).
The calculation does not take into account the additions of water to the stormwater system
other than rainfall, and assumes the water samples collected are representative of the water
quality that goes through the swale. There may be some water going through the system from
people irrigating their gardens and lawns, groundwater seepage into the stormwater system
and also one-off events such as people washing their vehicles with detergent in driveways,
washing paint into the system, or spills of any sort.
An uncertainty in the calculation is the area of the catchment and swale. The areas have been
manually calculated from a GIS map and are subject to human error.
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Chapter 6
Conclusions
This research sought to compare the performance two stormwater treatment systems in a
residential subdivision. Water, plant and soil samples were collected at locations down each
system, and analysed for various contaminants. The water samples were collected for three
different rain events through the winter of 2010. The seasonal first flush was not captured.
The concentrations of these contaminants were assessed against guideline values to determine
how well the systems were performing, and to compare the difference in performance
between the two systems.
In the water samples, the main contaminants detected were Cu, Zn, P, NO3 – N, suspended
solids and E.coli. Both systems performed similarly, and had similar removal efficiency
ratios.
In the Dry system, the only significant positive removal efficiency ratio was for NO3 – N in
Rain Event 2. The Wet system’s only significant positive removal efficiency ratios were for
Cu in Rain Event 2, and NO3 - N also in Rain Event 2. There were significant negative
removal efficiency ratios for P in Rain Event 1 for the Dry system, and Rain Events 1 and 3
for the Wet system. Both systems had negative removal efficiency ratios for Cu in one rain
event. The Wet system had a significant negative removal efficiency ratio for NO3 – N in Rain
Event 1.
Both systems performed well in terms of not having suspended sediment concentrations in the
effluent exceeding the stated consent condition of 80 mg/L in all of the three rain events.
With regard to NO3 – N, the Dry system performed better than the Wet system because the
mean NO3 – N concentration in the effluent was less than the ANZECC 90 % guideline in all
three rain events. The Wet system had mean NO3 – N concentrations in the effluent less than
the ANZECC 90 % guideline for two rain events only.
The Dry and Wet systems performed similarly with regard to Cu as both systems had one rain
event where the mean Cu concentration in the effluent was above the ANZECC 90 %
guideline.
The Dry system performed better than the Wet system as it only had one rain event where the
Zn concentrations in the effluent exceeded the ANZECC 90 % guidelines, whereas the Wet
system had two rain events where the ANZECC guidelines were exceeded.
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In all rain events, both systems were never able to achieve the concentration of P in the
effluent set by ANZECC 90 % guidelines.
Plant analyses showed that Zn and P in the Wet system were the only contaminants which
exceeded the range for background metal concentrations in plants grown in uncontaminated
soil. Soil samples were analysed for trace elements, TPH, and PAH. Zinc and Cu at the
influent point of the Wet system, and Zn at the influent point of the Dry system were the only
contaminants that were above background concentrations for the Canterbury region.

There are two potential exposure pathways by which contaminants could enter the food chain
in these stormwater systems. The first is via ducks eating plants and invertebrates which may
have accumulated contaminants to toxic levels, accumulating metals in their bodies and then
being eaten by humans. The other pathway is by aquatic biota at the bottom of the food chain
consuming contaminated suspended solids. Biota further up the food chain eat the
contaminated specimens, which leads to bio magnification.

The Wet system is expected to last at least 79 years before any contaminant reaches a
concentration in the soil where it poses a risk to human health. In the Dry system it will be
9,000 years. The contaminant that is most likely to reach the human health soil guideline first
in both systems is Zn.

Throughout the sampling of the three rain events both the Dry and Wet stormwater systems
performed to an adequate standard, so that the receiving environment was protected from any
significant forms of contamination from the discharged stormwater.
This research may be taken into consideration by local and regional councils, and developers
when making decisions about urban stormwater quality in residential subdivisions.

6.1 Further Research
This study has highlighted opportunities for further research in the field of stormwater
research in Canterbury, New Zealand. Research on stormwater quality is limited in
Canterbury, so research on contaminant concentrations in stormwater from urban subdivisions
(old and new), and efficiencies of different stormwater treatment systems in a Canterbury
context would be useful. A better understanding of how the systems performance is affected
by rain event specificity such as rainfall intensity, antecedent dry period, rainfall duration and
antecedent rainfall is also needed.
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In this research, as a consequence of not being able to capture flow rates when sampling, the
efficiency of the two stormwater treatment systems relative to contaminant loads was not able
to be quantified. This made the performance analysis difficult. A study that compares the
efficiency of the two treatment systems using the effluent probability method (Geosyntec
Consultants & Wright Water Engineers Inc., 2009) could be undertaken. It is recommended
that more storms are sampled as three storms are not representative considering they all have
different rainfall intensities, and durations. Being able to sample the first flush of storms and
the seasonal first flush would also be beneficial.
When assessing the contaminant concentrations of the stormwater against the ANZECC
guidelines there is a four step process as outlined in chapter 1.5.3. This research only
completed the first step due to time and financial constraints. It is recommended that in future
research all four steps are completed. This would enable a complete assessment of the
contaminant concentrations against the ANZECC guidelines.
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