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a b s t r a c t

Runoff and rainfall quality was compared between an aged intensive green roof and an adjacent con-
ventional roof surface. Nutrient concentrations in the runoff were generally below Environmental
Quality Standard (EQS) values and the green roof exhibited NO3

� retention. Cu, Pb and Zn concentrations
were in excess of EQS values for the protection of surface water. Green roof runoff was also significantly
higher in Fe and Pb than on the bare roof and in rainfall. Inputeoutput fluxes revealed the green roof to
be a potential source of Pb. High concentrations of Pb within the green roof soil and bare roof dusts
provide a potential source of Pb in runoff. The origin of the Pb is likely from historic urban atmospheric
deposition. Aged green roofs may therefore act as a source of legacy metal pollution. This needs to be
considered when constructing green roofs with the aim of improving pollution remediation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

One of the problems of growing urbanisation is the potential for
high pollutant loads in urban storm runoff (Rocher et al., 2004).
Urban runoff can have significant adverse ecological effects in
receiving water bodies. Heavy metals in particular have been found
to be highly persistent and toxic to aquatic flora and fauna at low
environmental concentrations (Pizzol et al., 2011). Nutrients can
also be a problem when urban surface waters discharge to water
bodies that are already nutrient-rich, resulting in eutrophication
(Ellis and Mitchell, 2006). The poor water quality of urban runoff
results from the accumulation of particulate matter and dissolution
of environmentally harmful substances as it is conveyed over the
impervious roofs and roads in the urban watershed (Lye, 2009). On
rooftops these substances include: heavy metals leached from roof
surface materials (Rocher et al., 2004); dry and wet deposited air
pollutants such as SO2 and NOx (Fowler et al., 2007); airborne dusts
from vehicle use, industry, construction (Robertson et al., 2003;
Göbel et al., 2007); and salts from road de-icing (Lundmark and
Olofsson, 2007). The distribution and concentration of pollutants
in runoff is related to the nature of the surfaces (Mendez et al.,
2011), as well as local patterns of wet and dry atmospheric depo-
sition (Forster, 1999). This Urban Diffuse Pollution (UDP) can be
difficult to identify, measure, and control, but there is nonetheless a
hester.ac.uk, andyspeak33@
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need to control UDP sources in order to preserve water resources
from the pressures of urbanisation and climate change (DEFRA,
2011). One way to control UDP is to employ catchment based
measures such as Sustainable Urban Drainage Systems (SUDS).
These are preferable because they involve the multiple agencies
identified in the process of UDP generation (DEFRA, 2012). They
also place a greater emphasis on improving the quality of the water
resource by sequestering pollutants where possible (CIRIA, 2007).
SUDS technologies that improve the hydrological function of roof-
tops, such as green roofs, have the potential to be a great benefit for
alleviating the problem of UDP, because roofs can account for 50% of
the urban impervious area in the UK (Dunnett and Kingsbury,
2004).

The ability of green roofs to reduce the volume of stormwater
runoff has been frequently reported (Getter et al., 2007; Stovin
et al., 2012) with runoff retentions of between 50% and 100%
(Rowe, 2011). Green roofs are also efficient at capturing air pollu-
tion such as NOx, SO2, ozone (Currie and Bass, 2008), and PM10
(Speak et al., 2012) and it is generally expected that the pollutants
would be retained in the vegetated roof or consumed in reactions
(Berndtsson et al., 2009). However, there is the possibility that air
pollution that has been captured by vegetation will eventually
leach into the roof runoff, thus trading air pollution for water
pollution (Rowe, 2011) unless runoff is treated.

Studies have revealed green roofs to be both sources of water
contaminants, as well as sinks. Berndtsson et al. (2006) found
extensive sedum-moss roofs to be a source of pollutants such as Cd,
Cr, Cu, Fe, K, Mn, Pb, Zn, NO3

� and PO4
3� when compared to a non-

vegetated roof. However, it was concluded that the overall runoff
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quality can be considered good in relation to water quality stan-
dards. Mendez et al. (2011) found elevated As and high Pb in the
first flush of an extensive green roof. The green roof substrate itself
can be a source of metals, as was found in a study with different
commercial soil assemblages based on either clay and peat mix-
tures or inorganic volcanic material and compost. Significant
quantities of Fe and Al were leached from some substrate types and
considerable quantities of Cu from another (Vijayaraghavan et al.,
2012). Most studies, however, find no substantial release of heavy
metals from green roofs. A comparison of a Swedish extensive roof
with an intensive roof in Japan found neither roof to be a great
source of metals (Berndtsson et al., 2009). One of the first studies to
investigate green roof runoff quality found percentage retention of
contaminant influx to be 95% for Pb and 88% for Cd (Köhler et al.,
2002). Metal concentrations found in green roof runoff are gener-
ally similar to those in precipitation, and consequently, when the
reduced quantity of runoff by green roofs is taken into consider-
ation, the net effect is of a reduced metal flux (Berndtsson, 2010).
Concentrations of heavy metals in runoff coming from different
urban surfaces, including tiles, concrete and copper roofs, revealed
green roofs to have the lowest amount of metals, except for Zn
(Göbel et al., 2007). Green roofs also generally act to mitigate mild
acid rain by raising the pH from between to 5 to 6 in rainfall to
between 7 and 8 (Berndtsson, 2010).

The most common impact on green roof runoff quality comes
from N and P. High nutrients have been frequently found in green
roof runoff (Vijayaraghavan et al., 2012; Gregoire and Clausen,
2011; Teemusk and Mander, 2007; Monterusso et al., 2004) with
the N and P amounts being directly related to organic matter
content (Moran et al., 2003). Additionally, the use of artificial fer-
tilisers on green roofs is a major source of nutrients. Emilsson et al.
(2007) demonstrated how conventional fertilisers cause high
nutrient concentrations in the runoff, and this was influenced by
not only the vegetation system type, but by the age of the vegeta-
tion mat. Old mats reduced the risk of nutrient leaching, potentially
due to temporary storage in the substrate and enhanced uptake by
the well-established vegetation. Consequently, reduced application
of fertilisers is often suggested by authors to reduce the nutrient
concentrations in green roof runoff (Emilsson et al., 2007; Teemusk
and Mander, 2011). Dissolved Organic Carbon (DOC) has also been
found to be high in green roof runoff due to the presence of organic
material (Mentens et al., 2006; Berndtsson et al., 2009). This can be
an issue because the discolouration can be problematic in situa-
tions where runoff is collected for re-use (Berghage et al., 2007),
and concentrations of DOC over 8 mg l�1 can produce disinfection
by-products which may then require post-disinfection treatment
under US legislation (Mendez et al., 2011).

There are a number of factors which can influence the green roof
runoff quality such as the volume of rainfall, local pollution sources,
plant selection, and substrate composition (Rowe, 2011). NO3

�

concentrations were found to be higher in runoff from a sedum roof
in comparison to herbaceous perennials, and in runoff from shal-
lower substrates (Monterusso et al., 2004). The age of the green
roof can have an effect onwhether the roof behaves as a source or a
sink of contaminants. Köhler et al. (2002) found retention of PO4

3�

increased from 26% in the first year to 80% in the fourth year of
monitoring of an extensive green roof. Similarly Berndtsson et al.
(2006) stated that PO4

3� release was not a problem on mature
roofs. The age of the roof can affect the hydrological conductivity
(Getter et al., 2007) and also the contaminant retention due to
uptake by the well established vegetation. Conversely one might
also expect saturation of contaminants. For instance, shallow soils
can quickly become sites of significant N leaching as a result of high
atmospheric inputs and limited retention capacity (Dise and
Wright, 1995).
Green roofs are a relatively new technology in the UK, thus
studies on aged green roofs are scarce. A benefit of such a study
would be to reveal how older green roofs influence runoff water
quality and consequently to see if both contemporary and historic
loadings of metals in an urban environment significantly impact on
this quality. Although many green roofs are now being established
in relatively clean environments, this is not the case everywhere.
Installation of green roofs in polluted areas as part of an air quality
management strategy needs to be guided by an awareness of the
issue of legacy pollutants so that suitable recommendations can be
issued. There is evidence of legacy inputs affecting water quality in
other environments, such as N input to forest ecosystems from
chronic atmospheric N deposition exceeding assimilation capacity
and resulting in enhanced export of dissolved inorganic N in runoff
(Dise et al., 1998). Soils contaminated by historical metal mining or
past atmospheric metal deposition can also influence surface water
quality (Rothwell et al., 2008; Mayes et al., 2010). Extensive roofs,
by definition, have substrates less than 150 mm and there are en-
gineering limits to how deep the soil layer of intensive roofs can be
due to the load bearing capacity of buildings. These shallow sub-
strates, positioned within urban environments, have the potential
to become saturated with dry and wet deposited pollutants over
time. Fine fractions of Road Deposited Sediment (RDS) can also be
carried on winds ultimately settling on rooftops, and RDS can
frequently be highly contaminated with heavy metals such as Pb
(Taylor and Robertson, 2009). The main sources of Pb in urban
centres historically are from leaded petrol use in vehicles and in-
dustries handling materials that bear Pb (Del Rio-Salas et al., 2012).
While the use of leaded petrol in UK has been phased out since
1985, Pb can persist in soils due to its long residence time (Tijhuis
et al., 2002). Studies in Manchester have found high Pb levels in
RDS several years after the phase-out of leaded petrol, especially in
the finer fractions (Robertson and Taylor, 2007). Thus urban soils in
Manchester, and possibly old inner city green roofs, are likely to
contain elevated Pb, as well as other metals associated with urban
anthropogenic inputs, such as Cu, Mn and Zn (Robertson et al.,
2003).

There is an ongoing need for quantitative assessments of the
impacts of green roofs on water quality, especially if their potential
as SUDS is to be promoted. The objective of the current study is to
compare the quality of runoff from an aged intensive green roof
with that from an adjacent bare roof. The age of the roof, at 43
years, will be a most interesting factor of the study by revealing
what impacts age may have on the runoff quality. This will allow
the future performance of green roofs to be better estimated.

2. Methodology

2.1. Site description

Manchester is a large city in north-west England with a popu-
lation of 498,000 (MCC, 2010).

A green roof within the University ofManchester campus, on the
Precinct building, was chosen for the study. The area is classified as
open midrise, characterised by a fairly open arrangement of
buildings of 3e9 storeys with some trees, typical of an inner city
university campus area (Stewart and Oke, 2012). The roof was
chosen because it has a conventional roof area (900 m2), consisting
of concrete paving slabs, adjacent to a large (408 m2) intensive
green roof, which is 43 years old (which has been dated to 1970 on
the original blueprints), and has an average depth of 170 mm. The
roof is not within rain shadows of any adjacent taller buildings.
Fig. 1 shows cross sectional representations of the two study roofs.
The green roof is of fairly standard constructionwith the vegetation
and substrate layers divided from the ‘egg box’ design plastic



Fig. 1. Cross section of the green roof (left) and bare roof (right) showing layer depths.
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drainage layer by a fibrous membrane. Both roofs are protected by a
tough geotextile membrane. The bare roof is a conventional roof
surface consisting of concrete paving. The 60 � 60 cm paving slabs
sit on top of an insulating polystyrene cushion and a plastic foam
membrane that are impermeable to water.

The green roof is of particular interest due to its age, the fact that
the roof was not constructed specifically for the study, and due to it
having a mineral soil substrate rather than the more usual, pre-
fabricated, light weight aggregate (LWA) based substrate. Green
roof studies with an experimental component often use specially
constructed extensive green roof test rigs. While offering a certain
degree of control over variables of interest, artificial experimenta-
tion studies can overestimate the benefits. For instance, test rigs are
often 100% green coverage, whereas in reality green roofs often
have quite high proportions of conventional roof surface, at the
periphery, or to provide access for maintenance. Investigating a
well established, real green roof which is subject to local weather
patterns, will reveal green roof characteristics that can be sensibly
applied to the real world.

Building managers were consulted and it was ascertained that
no additions of artificial fertilisers or fresh soil had been carried out
since 1994, when it was last landscaped. The vegetation on the
green roof is dominated by the grasses Agrostis stolonifera and
Festuca rubra, and the invasive weed Plantago lanceolata.
Table 1
Characteristics of the rainfall-runoff events sampled.

Event Date Rainfall
(mm)

Duration
(hh:mm)

ADWP
(hh:mm)

No. of samples
from each roof

A 07/05/2012 0.32 01:30 68:10 5
B 07/06/2012 5.3 11:00 08:00 3
C 15/06/2012 12.76 10:20 06:10 13
D1 06/07/2012 22.3 11:30 08:40 1
D2 10/07/2012 5.44 17:30 06:10 2
D3 11/07/2012 1.23 04:10 09:00 1
E 15/08/2012 13.31 05:20 64:50 14
F 21/08/2012 1.34 03:40 30:00 4
G 10/09/2012 17.45 10:40 05:10 12
H 11/10/2012 21 12:50 15:10 7

a Indicates collection of rainfall via funnel.
Vegetation covers approximately 70% of the catchment area sur-
face. In summer the vegetation can reach considerable heights,
especially the flowering shrub Senecio jacobaeawhich covers about
20% of the green roof and grows to a height of 60 cm. There are a
few individuals of larger plants e Buddleja davidii and Rubus fruti-
cosus in the southern part of the roof.
2.2. Sample collection and analysis

Ten rainfall events were sampled between May and October
2012, seven of which were classed as full event sampling and three
events (D1eD3) were sampled as spot monitoring during a wet
period in July 2012. See Table 1 for descriptions of the rain events.
The number of rain events sampled is similar to previous work
(Berndtsson et al., 2006; Mendez et al., 2011). Rain events are
defined as being separated by a dry period of at least 6 h in
accordance with previous green roof hydrological research (Stovin
et al., 2012). Rainfall depth and duration were recorded, as well as
the Antecedent Dry Weather Period (ADWP). Square plastic pots
were constructed to sit in the top of two drainage downpipes that
have a diameter of 150 mm e one draining the green roof section
and one draining the adjacent conventional roof section (Fig. 2).
Runoff entering the drains was channelled into the pots using
specially constructed plastic collars fixed into the drain openings
with waterproof sealant, and water could then leave the pots via a
60� v-notch cut into one side. 100 ml of runoff were manually
collected from the pots in plastic sample bottles. Samples were
collected as near to the start of runoff commencement as possible,
and then at 10 min intervals, until the runoff started to diminish
once peak runoff flow was reached. Sampling frequencies were
then reduced to every 20 min or every hour, depending on flow
rate. This meant that some longer rain events generated a larger
number of samples than other events. Approximately 20% of the
area of the both roof catchments is taken up by a glass atrium roof
(Fig. 2). For the green roof, this means that a proportion of the
runoff will be attributable to a non-green surface.

Bulk rain samples were collected at the same time as four of the
events (Table 1) using a funnel of diameter 310mmwhich had been
thoroughly rinsed with de-ionised water. Rainfall data were ob-
tained from the Whitworth Observatory (UoM, 2012), situated
150 m from the precinct roof, which employs a Theis laser dis-
trometer, with an accuracy of>90% and resolution of 0.001mmh�1.

Water samples were promptly taken to the laboratory and
filtered using 0.45 mm syringe filters (VWR cellulose acetate).
Subsamples of 20 ml were acidified with high purity nitric acid, to
stabilise the samples before analysis for metal ions using ICP-MS
(Agilent 7500cx). All samples were then stored in a refrigerator in
the dark ready for analysis which in all cases was carried out within
aweek of collection. Benchtopmeters were used tomeasure the pH
Rain collecteda Volume runoff (l) Runoff retention (%)

Green roof Bare roof Green roof Bare roof

1530 1665 54 15
775 790 62 35

Yes � 2 1875 1895 62 35

Yes

Yes � 2 1635 2130 68 30
150 210 70 30

2665 2670 69 33
Yes 3305 3300 74 31



Fig. 2. Plan of the Precinct roof showing drainage catchment areas for the bare and green roofs.
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(Hanna HI9124) and conductivity (Hanna HI9033). Anions were
measured using ion chromatography in accordance with US EPA
method 300 (Metrohm 882 Compact IC plus) and the analytes
consisted of Cl�, NO3

�, PO4
3� and SO4

2�. Visible light absorbance
over the wavelength range 190e700 nm was recorded using a
spectrophotometer (Hach Lange DR5000). Absorbance at 400 nm
can be used as a proxy for Dissolved Organic Carbon (DOC) in
accordance with other work (Wallage et al., 2006). The ratio of the
absorbance at 465 nm and 665 nm, also known as the E4/E6 ratio,
can give an indication of the nature of the DOC, with ratios of 8e17
indicating fulvic acids and 2e5 characteristic of humic material
(Wallage et al., 2006).

A representative number of samples of the substrate layer were
collected and analysed in a laboratory to determine the following
physical parameters: soil texture (particle size analysis), field ca-
pacity (Buchner funnel method); dry bulk density (cylinder sam-
pling method); porosity (from bulk density and particle density);
and organic matter content (loss on ignition). A Guelph per-
meameter was employed on the green roof to determine the
saturated hydrologic conductivity, a measure of permeability.
Twelve extra soil samples were taken from the surface of the green
roof, with the sampling locations maximally spaced over the green
roof. These samples were analysed in a laboratory to determine pH,
conductivity, and water soluble Cl�, NO3

�, NO2
�, PO4

3� and SO4
2�.

On the bare roof, it was observed that substantial accumulations of
dust were located underneath the paving slabs. Four samples of this
dust were collected. The soil and dust samples were dried at 40 �C
and sieved to 125 mm to remove stones/twigs/leaves and homo-
genised in a ball grinder (Fritsch Spartan pulverisette 0) and then
analysed for metals using X-ray fluorescence (XRF) in accordance
with US EPA method 6200. Each sample was analysed three times
with a Niton XL3t XRF analyser. Three 40 mm diameter cores of the
full substrate depth were taken from central areas of the green roof
sections (Fig. 2). These were split into ten equal fractions, prepared
as described above, and analysed separately using XRF to provide a
depth profile of soil elements.

Soil geochemistry data for Manchester city centre were made
available by the British Geological Survey (BGS) Geochemical
Baseline Survey of the Environment (G-BASE) project which aims to
provide a national capability for geochemical mapping (Johnson
et al., 2005). Composites are made from five surface samples
(0.05e0.20 m) within a 20 m � 20 m square, and analysed using
XRF (Fordyce et al., 2005). 55 data points were used to produce
geochemical maps using ordinary kriging techniques in Arc-Map
utilising a boxecox transformation to normalise data. The Envi-
ronmental Quality Standards (EQS) for surface water quality under
directive 2000/60/EC of the Water Framework Directive were ob-
tained from the UK Environment Agency (EA, 2011).

2.3. Data analysis

Runoff quantity and retention data were available for three of
the fully sampled events, C, E and H (Table 1), and this was used to
estimate fluxes of the analytes by calculating the product of the
average event concentration and the total runoff volume for both
roofs. The runoff quantity data were also used to investigate the
presence of a first flush in the events by using mass/volume re-
lationships (Kaczala et al., 2011). Only event E was found to have a
significant first flush and these higher concentrations were
excluded when calculating averages and undertaking analysis. This
event was the only one to exhibit first flush, possibly for two rea-
sons e event E had one of the largest ADWP of all the events
(Table 1) so there would have been a relatively larger accumulation
of dry deposited material on this roof, and the nature of the manual
sampling technique meant that the first few minutes of runoff in
other events may have been missed while preparing equipment at
the onset of rain.

Data were checked for normality using the Anderson Darling
test and found to be not normal. Sampling data were pooled for
comparison of median values using the KruskaleWallis non-
parametric statistical test with concentration as the independent
variable. The three groups, Green Roof (N ¼ 60), Bare Roof (N ¼ 59)
and Rain (N ¼ 6), were classed as independent. All statistical in-
vestigations were carried out using R (version 2.11.1).

3. Results

The weather during the study period was unusually wet. 52% of
the days had rain and July 2012 had over double the average
amount of rain, calculated as the climate average for 1981e2010.
The maximum ADWP for the studied rainfall events was just under
three days.

3.1. Substrate properties

Table 2 shows the soil characteristics and, where possible, a
comparison to the Forschungsgesellschaft Landschaftsentwicklung
Landschaftsbau (FLL) guidelines for an intensive green roof (FLL,



Table 2
Selected soil characteristics and comparison to the FLL guideline values for an intensive green roof.

Permeability
(cm/sec)

pH Field capacity
(max water
capacity
for FLL)

Bulk density
g cm�3

Particle
density
g cm�3

Porosity (q) Organic
content g l�1

Cl�

mg kg�1
NO2

�

mg kg�1
NO3

�

mg kg�1
PO4

3�

mg kg�1
SO4

2�

mg kg�1

Green roof 1.68 � 10�3 6.5 38% 1.03 2.47 0.58 202.54 77.9 2.49 50.84 3.35 8.51
FLL guideline

value
5 � 10�4 6e8.5 45e65% e e e <90 e e e e e
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2008). For a full summary of the physical soil properties see Speak
et al. (2013). The soil is a sandy loam, with quite high organicmatter
content. Soil chloride levels were comparable to those from a low
impact roadside plot (Goodrich et al., 2009). The water-extractable
soil nutrient levels are average for a mineral soil (Sumner, 2000).
Fig. 3 shows the depth profiles for three of the more important
elements and no depth-concentration relationship is apparent
within the substrate layer.

The concentrations of selected elements are presented in
Table 3, along with the UK ambient background soil concentrations
for comparison (Barraclough, 2007). The mean and median
elemental concentrations are consistently higher in the bare roof
dust than in the green roof substrate. However, the range of values
is wider on the green roof, for all elements with the exception of Zn.
The mean concentrations for both green roof soil and bare roof
dusts are higher than themean background concentration, and also
higher than the 95th percentile background value in the case of As,
Cr, Cu and Pb. The only exception is Mn in the green roof substrate
which has a lower mean than the background. UK Contaminated
Land Exposure Assessment (CLEA) Soil Guideline Values (SGVs)
were not exceeded for Cr. Mean Pb values in the bare roof dust
exceeded the SGVs for residential use and some upper values
exceeded the SGVs for commercial use. Levels of As in the dust
exceed SGVs for residential soil use but fall below the commercial
use guidelines. The green roof substrate only exceeded the resi-
dential SGVs for Pb in the upper range of results. The G-BASE data
revealed a location of very high metals within the University
campus, close to the green roof. Fig. 4 shows spatial distributions of
Cd, Cu, Pb and Zn. Average Standard Error (ASE) values for Cd, Cu, Pb
and Znwere 0.6, 121.5, 246.5 and 290.5 mg kg�1 respectively. For all
the metals there are elevated soil concentrations to the south and
east of the studied area, with a very obvious hot spot within the
University campus. The precinct roof is located very close to this
area of high metals. Exploratory data analysis was undertaken by
removing the hot spot data point with extreme values, and the
Fig. 3. Vertical soil profiles for Cu, Pb a
trend of higher metals around the University campus and to the
South West of the city centre persisted.

3.2. Water chemistry

Firstly pH and conductivity were significantly lower in the
rainwater than in either of the roof runoffs (pH Kruskal Wallis
X2 ¼ 13.4, p < 0.001, conductivity X2 ¼ 15.9, p < 0.001). Green roof
runoff displayed higher Fe and Pb concentrations than the bare roof
runoff and rainwater (Fig. 5). The differences were highly signifi-
cant for both Fe (X2 ¼ 76.1, p < 0.001) and Pb (X2 ¼ 31.2, p < 0.001).
Rainwater was significantly higher in Cu (X2 ¼ 36.6, p < 0.001) and
Zn (X2 ¼ 71.4, p < 0.001) than in the runoff from either roof, and
also higher for Cd and Ni, however the differences for the latter two
were minimal. There were also no significant differences in the
levels of Cr and Mn between the roof runoffs and rainwater.

The fluxes of metals are presented in Table 4. A percentage flux,
relative to rainfall, of greater than 100% indicates the roof is acting
as a source of the contaminant. Both roofs therefore appear to act as
sinks of the metals, with the exception of Pb, which displayed very
high enrichment factors in the runoff of both roofs over the rainfall.
Event E also showed the green roof to be a potential source of Cr.

There were no significant differences in Cl�, PO4
3� or SO4

2�

between the roofs or between the roofs and rainwater. NO3
� levels

were higher in the bare roof runoff than in the green roof runoff and
rainwater and this difference was significant (X2 ¼ 25.5, p < 0.001).
A post hoc test (ManneWhitney with Bonferroni correction) shows
the major difference exists between the two roof runoffs, as
opposed to rain and runoffs. The NO3

� levels are below 50 mg l�1,
which is the upper limit for surface freshwaters with regards to
eutrophication threat (EA, 2012). Some of the higher recorded
values for PO4

3� exceed the environmental standards of waters
classified as poor i.e. 0.5 mg l�1 (DEFRA, 2010) but just over half of
the data (54% for bare roof runoff and 53% for green roof runoff),
and the median, were below the detection limit. The fluxes in
nd Cr in the intensive green roof.



Table 3
Elemental composition of the green roof substrate and bare roof dusts for selected elements, including the ambient background levels for England (Barraclough, 2007) and
CLEA Soil Guideline Values (SGVs), where available, for comparison.

Concentration mg kg-1

As Cr Cu Fe Mn Pb Zn

Green roof substrate (n ¼ 36) Median 23.3 67.2 17 21,188 245 105 126
Mean 33.7 76.5 45.7 25,575 313 164 160
Range 13.4e90.2 49e118 0e195 11,070e53,077 164e638 59e463 66.5e402

Bare roof dust (n ¼ 12) Median 46.2 142.9 171 38,058 838 705 1942
Mean 47.2 144 182 38,252 834 691 2401
Range 43e53.4 126e163 124e262 34,928e41,961 719e942 567e789 1347e4375

UK ambient background Mean 13.9 33.4 19.8 e 615 62 95
95 percentile 27.1 59.5 43.3 e 1567 158 224

CLEA SGV Residential 32 200 e e e 450 e

Commercial 640 5000 e e e 750 e
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Table 4 reveal the bare roof to be more frequently a source of the
anions in comparison to rainwater inputs, with SO4

2� being higher
than in rainfall for all three events. PO4

3� is always lower than the
rainfall input on both roofs and NO3

� is lower on the green roof.
The absorbance at 400 nm is significantly higher on the green

roof runoff (X2 ¼ 69.7, p < 0.001), being approximately double that
from the bare roof runoff. A post hoc test shows the major differ-
ence is between the two roof runoffs, as opposed to between rain
and runoffs. The green roof runoff was observed to have a weak
green/yellow colour, and the median value of 3 abs m�1 is double
the European Community standard of 1.5 abs m�1 acceptable for
drinking water (Mitchell, 1990). The E4/E6 ratios were consistently
low with an average of 3.3 (SD ¼ 0.89) and one high value of 18.5
during the first flush at the start of event E.

4. Discussion

4.1. General runoff characteristics

The roofs had the effect of slightly raising the pH of the rain-
water, which is likely a result of the effect of dissolved solutes
Fig. 4. Spatial distribution of Pb, Cd, Cu and Zn using ordinary
picked up on the roof. This buffering effect on slightly acidic rain is
common (Teemusk and Mander, 2011). Berghage et al. (2007)
recommend artificial liming of green roofs after 10e30 years
because the pH buffering effect is predicted to diminish. This was
not apparent on the 43 year old roof in the present study. The
conductivity is raised by roughly 50 mS cm�1 on each roof relative to
the rainfall conductivity as a result of the increase in dissolved ion
content (Fig. 5).

A source of PO4
3� and SO4

2� maybe present on both roofs giving
rise to the higher concentrations found (Fig. 5) and the highfluxes of
SO4

2� for some events (Table 4). The SO4
2� values are much lower

than in previous studies, however (Teemusk and Mander, 2007;
Vijayaraghavan et al., 2012). PO4

3� values are also lower than
somepublished values (Beck et al., 2011; Vijayaraghavan et al., 2012)
but may potentially contribute to eutrophication. However, this
threat may not be regarded as severe due to the fact that just over
half the data were below the detection limit. There are no sources
from artificial fertilisers on the green roof and older roofs tend to
generate less PO4

3� runoff consistent with Emilsson et al. (2007).
Lower NO3

� in the green roof runoff compared to the bare roof
could be due to being scavenged by plants. One might expect N
kriging with 55 data points. Source: BGS G-BASE project.



Fig. 5. Boxplots to show water quality parameters for Bare roof runoff (B), Green roof runoff (G) and rainfall (R). Red lines indicate the EQS values for protection of surface water
quality. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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saturation on a limited depth soil after 43 years of receiving at-
mospheric inputs (Dise and Wright, 1995) but this does not appear
to be the case even though annual N deposition in Manchester in
2011 is moderate at 12e14 kg N ha�1 yr�1 (DEFRA, 2013). Average
NO3

� levels in rainfall, at 1.9 mg l�1, were higher than the UK
average of 0.35 mg l�1 for the period 1986e2000 (Hayman et al.,
2001). This could be an indication of high local sources from fos-
sil fuel combustion (Buss et al., 2005) in vehicles in the city centre.

The higher Cl� concentrations in the roof runoffs than in rainfall,
and the indication of the roofs as sources from the flux data, could
likely be coming from airborne spread of road salting (Lundmark
and Olofsson, 2007) as Manchester is not a coastal city so rain-
water inputs will be small. The median rainwater Cl� concentration
of 1.3 mg l�1 is at the lower end of the range of values of 0.4e
3000mg l�1 for rainfall in England (White and Broadley, 2001). The
green roof is also a further distance from Oxford Road, and the
study took place mostly over the summer when road salting was
not occurring. Soil water soluble Cl� values for roadsides in Poland
varied from 40 to 150 mg kg�1 (Czerniawska-Kusza et al., 2004) so
the present study values are comparable.

The absorbance data suggest there is higher DOC in the green
roof runoff, most likely from the soil organicmatter. The E4/E6 ratios
reveal this to be mostly humic in nature (Wallage et al., 2006) with
a brief pulse of younger fulvic acids in the first flush of event E
which could be coming from fresh leaf litter on the green roof
surface or collected in the drainage channel. The water from this
roof is not being re-used so colour can be considered to be not an
issue.

4.2. Elevated metal concentrations

It would appear that dissolved metal concentrations may be an
issue for green roof runoff quality for this aged green roof. Median
Cu, Pb and Zn all exceed the EQS values for protection of surface
water (1, 7.2 and 8 mg l�1 respectively) and thus may contribute to
UDP. Fluxes, however, indicate both roofs to be sinks, with the
major exception of Pb. This could be due to the unusually large
rainwater concentrations found in this study, especially for Cd, Cu
and Zn (Fig. 5). Cu and Zn levels were comparable to those found in
rainfall in a large city in China (Zuo et al., 2012). This may be a result
of the small rainwater sample size or high local sources of metals in
rain. Rainwater concentrations at the Holme Moss station of the
heavy metal monitoring network (Fowler et al., 2006), which is
closest to Manchester, recorded Cd, Cr, Cu, Pb and Zn levels of 0.04,
0.23, 1.57, 2.27 and 12.2 mg l�1 respectively in 2005, which further
highlights the extreme nature of the rainfall concentrations recor-
ded for Cd, Cu and Zn in this study. In comparison with other
studies, green roof runoff values for Cu, Cr, Fe and Zn are fairly
similar to those reported by Berndtsson et al. (2006) on a one year
old extensive green roof, and the Zn values were lower than the
300 mg l�1 found by Mendez et al. (2011).

The Pb values deserve further discussion, as the high values in
the runoff of both roofs and low values in the rainfall suggest a
source of Pb on the roofs. The highest concentrations were found on
Table 4
Output flux expressed as a percentage of input flux for the three rainfall events where fl

Roof Event Cr Mn Fe Ni Cu

Bare C 35.5 12.4 14.7 9.5 7.0
E 88.8 19.2 22.1 13.5 11.8
H 40.8 24.0 6.2 5.2 16.6

Green C 23.6 19.9 53.9 8.4 6.4
E 134.9 27.5 51.9 21.3 11.1
H 16.5 16.7 12.5 3.3 8.6
the green roof with a median value of 15 mg l�1, which is higher
than the 10 mg l�1 (Berndtsson et al., 2006) and 4 mg l�1 (Mendez
et al., 2011) found in previous studies. The indication of a poten-
tial source of Pb in the green roof soil and bare roof dusts is
certainly corroborated by the high Pb values found in the solid
phase within the sediments/soils (Table 3). A mean of 164 mg kg�1

on the green roof and 691mg kg�1 on the bare roof compare well to
inner city RDS samples taken from Manchester city centre, which
varied seasonally but ranged from 71 to 660 mg kg�1 (Robertson
and Taylor, 2007). There is some lead flashing on the atrium roof
over which the rainfall can flow, and roof surfaces have been
sources of Pb in previous studies on conventional roof surfaces
(Simmons et al., 2001; Rocher et al., 2004). Flashing sometimes
gives rise to elevated Pb (Abbasi and Abbasi, 2011). Rainwater that
is acidic or contains high concentrations of Cl� can be plumbo-
solvent, but rainwater can also reduce corrosion by forming a
protective, insoluble coating of PbCO3 (Evans, 1960). Given such
high Pb concentrations in the dust or soil from the roofs it is likely
that the majority of the Pb is being leached from those
compartments.

In order to separate the influence of the atrium runoff on Pb
concentrations, atrium runoff was diverted and sampled separately
for a heavy rain event. The results in Fig. 6 indicate that both the
atrium and the green roof are raising the Pb concentrations over
that of rainfall. The median and range are larger for the atrium,
which would suggest the flashing may indeed be a contributing
factor; however the values for the whole study are higher for green
roof runoff.

To further investigate the dynamics of Pb on the green roof, a
simple input/output model was proposed (Fig. 7). Inputs were
calculated from atmospheric deposition data (MacKenzie et al.,
1998; Fowler et al., 2006; Cloy et al., 2008) and extrapolations
from trends in emissions data (MAPAC, 1993; NAEI, 2013) over the
lifetime of the green roof. Present day mean soil concentration and
soil bulk density were used to estimate the total amount of Pb
stored within the green roof as 72 g. Present day Pb output was
calculated from the product of runoff volume and present daymean
runoff concentration. Total Pb output (Fig. 7a) is simply total Pb
deposited minus Pb stored in the soil. Assumptions made are that
rainfall retention efficiency is 66% (Speak et al., 2013), runoff con-
centration has remained constant over the life of the green roof,
and the soil contained negligible Pb when the green roof was
installed. The latter is therefore assuming the soil selected by the
constructors came from an uncontaminated source and has become
contaminated over the lifetime of the green roof. The present day
situation shows there is more Pb coming out of the roof than is
being deposited which implies the green roof soil is acting as a
source of Pb. An output of 38 g over 43 years suggests a rate of
0.88 g yr�1 which is not too dissimilar to the present day empiri-
cally estimated rate of 1.34 g yr�1, indicating the model has appli-
cability. Keeping present day atmospheric inputs and outputs
steadymeans the green roof would continue to be a source of Pb for
70 years. The model also includes the contribution of the atrium,
with its potential lead flashing source, and it is clear that while
ux calculation was possible. Bold results indicate >100%.

Zn Cd Pb Cl� NO3
� PO4

3� SO4
2�

6.1 0.0 140.3 82.5 137.9 62.5 101.8
70.8 3.1 512.3 78.1 142.4 54.0 121.2
19.8 0.0 219.3 202.6 87.9 0.0 105.2
2.0 0.0 233.9 46.7 34.0 36.0 127.0

16.6 3.6 734.4 128.7 64.4 24.1 97.5
1.1 0.0 69.4 64.2 23.3 0.0 35.8



Fig. 6. Boxplot of Pb concentrations in the runoff from the atrium (A), the green roof
(G) and in rainfall (R) for one event.
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concentrations are comparable to green roof runoff concentrations,
overall mass flux is much lower.

The original source of the Pb in the substrates is debatable but it
is likely a remnant of Pb pollution from vehicle use prior to the
phasing out of leaded petrol in 1985, as contemporary atmospheric
deposition is minimal. This is evidenced by the low rainwater
concentrations and total Pb deposition in 2008 in Manchester was
10e15 g ha�1 yr�1 (DEFRA, 2013) (cf. 50e75 g ha�1 yr�1 in 1995e
1998 (Fowler et al., 2006)). Both roofs will have received direct
atmospheric deposition plus inputs of RDS, carried to the rooftops
by winds. The bare roof dusts represent a primary form of the
contaminated RDS, whereas it has become somewhat diluted
within the green roof soil. While there is a much smaller quantity of
sediments under the paving of the bare roof, the high Pb content is
contributing significantly to the runoff concentrations, with just
under half the values exceeding the EQS (Fig. 5). The green roof
substrate is 43 years old and the original source of the soil is also
unknown so it is possible that Pb may have been high in the soil
when it was installed. Depth profiles for the metals were uniform
possibly as a result of high bioturbation on the roof. It could be the
soil was high in metals to start with, as a result of less stringent
guidelines on the quality of soil sources for roof gardens in the
1970s, before FLL guidelines were compiled. However, this does not
account for the higher metal concentrations in the dusts on the
bare roof.

One other thing to consider is the hot spot of contaminants
located very close to the precinct roof (Fig. 4). Soil Pb levels in this
Fig. 7. A model of the atmospheric inputs, stores and outputs of Pb for (a) the entire
life of the green roof and (b) the annual flux based on present-day data. There is
currently more Pb coming out of the roof than is being deposited which implies the
green roof is acting as a source of Pb.
area exceed the SGVs for commercial use. There is the possibility
that some of the contamination on the precinct roof may have
arisen from aeolian dust transport of this nearby contaminated
topsoil. Resuspended soil has been previously linked to the long
distance transport of Pb (Young et al., 2002). Examination of past
industries in the area has not revealed any obvious source for this
high contamination.

The soil and dust levels on the precinct roof were quite high for
most of the metals, exceeding the 95th percentile values of the UK
ambient background survey. The narrower range of contaminants
in the bare roof dusts backs up the notion that the green roof soil,
with its wider ranges of concentrations, has diluted RDS inputs. The
two roofs behaved similarly with respect to runoff concentrations
for most contaminants, relative to the rain. The bare roof dusts are
much less in quantity than the green roof soil therefore sources of
contamination to both roofs might be similar which adds weight to
the explanation of atmospheric deposition and Aeolian transport of
RDS. However, this is just speculation without further experiments
to determine the ultimate sources of the contaminants.
4.3. Implication of findings

The discovery of legacymetal contamination of urban soils is not
a new phenomenon; however this is possibly the first time it has
been found in the soils and runoff from a green roof. Source
apportionment (Del Rio-Salas et al., 2012) of the metals found
within the green roof substrate and in the bare roof dusts would
enable more details about the processes behind the contamination
to be revealed. Pb isotopic analysis (Chiaradia and Cupelin, 2000),
for instance, could quantify the contribution of anthropogenic
processes to the Pb enrichment observed in the area and roof
sediments and determine whether the green roof soil represents a
diluted form of the RDS. Nonetheless the 43 year old green roof is
old enough to have been exposed to direct atmospheric inputs as
well as post leaded petrol ban inputs from re-suspended RDS. The
fact that a green roof can thus potentially contain a store of Pb
pollution must be taken into consideration when constructing
contemporary green roofs near to pollution sources. Green roofs are
rightly being heralded as remediators of air pollution but if that
pollution is accumulating to levels which impact the future runoff
quality then problems may ensue. The promotion of green roof
runoff for re-use, for instance as a source of potable water, espe-
cially needs to be carefully considered.

This study investigated an old intensive green roof with a
mineral soil of unknown origin. Modern green roof technologies
are currently based on utilising various light weight substrates,
such as expanded clay, and consideration is being given to the
impact of these upon runoff (Vijayaraghavan et al., 2012). Expanded
shale has been found to be good for retention of P, NH4eN and
metals (Long et al., 2006). There are also amendments to substrates,
such as adding biochar, which can significantly reduce nutrient
leaching whilst simultaneously allowing the addition of artificial
fertilisers (Beck et al., 2011). This study has shown that the long
term performance as regards runoff quality, of these modern sub-
strates, should be at least estimated, or ideally longitudinal moni-
toring studies commenced. The pollution reduction properties of
green roofs in urban areas can then be balanced with improve-
ments in the runoff quality from the substrates.
5. Conclusion

Runoff from a green roof and an adjacent conventional roof
surface was characterised with regards to heavy metals and nu-
trients, and linked to soil chemical properties. The study roof is of
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interest because it is an aged intensive green roof. The following
findings were made:

� Nutrient levels in the runoff were not problematic for runoff
quality, as the roofs appear to be a net sink for PO4

3� in most
cases. NO3

� levels were also low so the roof did not appear to
be saturated with regards to inorganic N, contrary to expec-
tation. Fluxes of nutrients will also be lower in the green roof
runoff due to higher runoff retention.

� High concentrations, exceeding the EQS limits for protection of
freshwater, of Cu, Pb and Zn were apparent in the green roof
runoff. Overall fluxes for three rain events revealed Pb quan-
tities to be higher in runoff from both the green roof and the
bare roof than in rainfall, which suggests the existence of a Pb
source within their respective sediments. Lead flashing within
the rainfall catchments of both roofs may also contribute.

� Metal and metalloid concentrations, specifically As, Cr, Cu, Fe,
Pb and Zn, within these dusts exceeded the 95th percentile
values of UK ambient background, thus indicating contamina-
tion on both roofs.

� Possible sources of contamination include wind blown Road
Deposited Sediment (RDS) which has settled onto the roofs and
become diluted within the green roof substrate, and a local
area of highly polluted topsoil which may also contribute to
wind blown contaminated sediment load on the roofs.
Contaminated soil used in the original green roof construction
cannot be overlooked, however this would not account for the
higher concentrations of contaminants on the bare roof.

� The results of a budget analysis on this 43 year old green roof
suggest that historic atmospheric deposition of Pb could be
contributing to the Pb signal seen, thus the green roof substrate
may be acting as a store of legacy pollution.

The study highlights the need for consideration of local atmo-
spheric pollution inputs when installing a green roof and the
consequent deterioration of runoff quality which may result as the
roof ages.
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