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Abstract The aqueous mobility and potential bioavail-
ability of metals and metalloids in road runoff in a ‘wet—
dry’ tropical location were assessed by analysing metal and
metalloid concentrations in particulate, total dissolved and
labile dissolved phases in runoff waters. Road-derived Al,
Cu, Pb, Sb and Zn concentrations were substantially ele-
vated in runoff when compared to receiving creek waters.
Median dissolved concentrations in road runoff exceeded
those in creek waters by up to an order of magnitude.
Leaching experiments of road sediments confirmed that
several metals and metalloids were released in high con-
centrations from road sediments. Labile Zn and Cu con-
centrations measured by diffusion gradients in thin films
(DGT) showed that almost all dissolved Zn and up to half
of dissolved Cu in runoff waters and in road sediment
leachate were potentially bioavailable. Comparisons of
dissolved metal concentrations in receiving waters affected
by road runoff with ecosystem guideline levels, indicated a
risk of reaching toxic levels of Cu and Zn in the receiving
waters in the absence of adequate treatment or dilution.
Low dilution rates of road runoff are likely to occur during
late ‘dry’ season/early ‘wet’ season storms which have the
potential to produce high metal concentrations derived
from long periods of accumulation of road sediment at a
time when creek flow rates are at their annual minimum.
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Introduction

Traffic on roads represents a diffuse source of trace metal
emission throughout the world, and investigations have
demonstrated that roadside soils and road sediments are
important sinks for trace metals (e.g. Westerlund et al. 2003;
Morcelli et al. 2005; Westerlund and Viklander 2006;
Hjortenkrans et al. 2006). The trace metals hosted by road
sediments are commonly mobilised from road surfaces and
flushed into the stormwater drainage network during runoff
events (e.g. Estebe et al. 1998; Bickstrom et al. 2003; Lee
et al. 2005; Brown and Peake 2006; Han et al. 2006a; Desta
et al. 2007; Flint and Davis 2007; Eriksson et al. 2007). The
dissolved fraction of trace metals mobilised from road sur-
faces likely contains a high proportion of the most labile and
potentially bioavailable metal fraction (e.g. Hallberg et al.
2007). As bioavailable metals and other traffic-derived
contaminants can impact on ecosystem health, the treatment
of road runoff waters is invariably pursued.

The need for, or adequacy of, runoff treatment is
increasingly judged by comparing the dissolved metal levels
in receiving waters affected by runoff waters to background
metal levels in the receiving environment and/or to water
quality standards. With the growing understanding of the
role of chemical speciation in determining bioavailability
and toxicity of metals (e.g. Campbell 1995), metal speciation
data in road runoff waters should become increasingly
important. However, the measurement of metal speciation
and metal bioavailability in runoff waters is complicated by a
number of factors. Firstly, analysis and characterisation of
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episodic road runoff water flows, in particular “first-flush’
runoff waters, are inherently difficult (e.g. Mangani et al.
2005; Kim et al. 2005a, b; Han et al. 2006a, b; Kayhanian
etal. 2007). Secondly, chemical exchange most likely occurs
between runoff waters and the road surface and suspended
sediment during the transit of runoff waters into the receiving
environment. Such ongoing reactions imply that instanta-
neous speciation measurements, even if practical, would be
of little value in understanding the potential impact on
receiving waters. Thus, methods capable of time-integrating
measurement of metal speciation may be more appropriate.
Diffusion gradients in thin films (DGT) (Davison and Zhang
1994; DGT Research 2008) are one of a few time-integrating
techniques for measuring metal speciation in environmental
waters (Batley et al. 2004). DGTs are diffusion controlling
resin-gel devices that bind only free ions and relatively small
labile complexes, which represent bioavailable metal spe-
cies (Zhang and Davison 2000). The unique advantage of
DGTs in most applications lays in the combination of their
operational simplicity and low cost as well as their ability to
be deployed in situ to provide time-integrated multi-element
measurements. However, with respect to analysis of episodic
runoff waters, a difficulty with DGTs is that they require
constant submergence, an ionic strength >0.2 mmol 17"
(Alfaro-De la Torre et al. 2000; Peters et al. 2003; DGT
Research 2008) and relatively long deployment times (sev-
eral hours) to reach detection limits in the low- to sub-pg/L
range.

This research investigated the aqueous mobility and
potential bioavailability of trace metals in road runoff in a
climatically ‘wet—dry’ tropical location in northern

Australia. Specifically, the objectives were: (1) to examine
trace metal concentrations in particulate, (total) dissolved
and labile dissolved phases in road runoff waters from the
Kuranda Range Road; (2) to assess the future need for
treatment of road runoff in connection with a planned
major upgrade of the Kuranda Range Road; and (3) to
investigate the use of the DGT technique to assess potential
bioavailability of metals in road runoff. Although DGTs
have previously been used to study the metal toxicity of
sewage treatment waters (Buzier et al. 2006), there are no
published works on the use of DGTs to understand metal
bioavailability in road runoff waters.

Site description, sampling and analysis
Study site

This study focused on the Kuranda Range Road, which
traverses the Wet Tropics World Heritage Area of north
Queensland, Australia (16°50'S, 145°40'E), approximately
15 km northwest of Cairns (Fig. 1). Altitudes within the
research area range from near sea level up to 610 m above
sea level. The region has a tropical monsoonal climate,
with distinct ‘wet’ and ‘dry’ seasons. Approximately 80%
of the annual rainfall occurs between November and April.
The average annual rainfall in the area is approximately
2,000 mm (Cairns Airport; Bureau of Meteorology 2008)
and rainfall intensity can be high during storms events
(100 mm/h over a 10 min duration has a 1-year average
recurrence interval, Bureau of Meteorology 2009b).

Fig. 1 Sketch map of the
Kuranda Range Road study
area. Road runoff sampling was
conducted at the Streets Creek
test site; creek water sampling
occurred at both the Streets
Creek site and the Avondale
Creek site. The highlands rise to
approximately 600 m above sea
level in the western part of the
area shown
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The Kuranda Range Road carries an average daily traffic
(ADT) volume of approximately 7,000 vehicles on two
single lanes; the course is convolute and has an average
grade of 6%. The surface comprises basalt aggregate and
bitumen, and runoff waters enter local catchments via
concrete gutters, swales and overland flows. The Kuranda
Range Road crosses two main creek systems: Streets Creek
and Avondale Creek which drain approximately 1.6 and
1.9 km?, respectively, of mostly undisturbed rainforest.
Creek flow rates range from >100 L/s during prolonged
monsoonal rainfall evens to almost no flow during late
‘dry’ season conditions.

Road runoff samples were collected from a pilot runoff
treatment facility where the Kuranda Range Road crosses
Streets Creek. A concrete gully was used to collect road
runoff from a 30 m long by 6.6 m wide section of road
(Fig. 2). Although direct runoff to Streets Creek from the
present road is relatively insignificant (<5 L/s at the test
site), an assessment was required of the potential impacts
of a much higher runoff rate from a planned bridge with
approximately 4,000 m? of road surface area.

Road sediment samples and analysis

Pratt (2006) and Pratt and Lottermoser (2007a) presented
data for 44 road sediment samples from the Kuranda Range
Road and adjacent roads. Three samples (KR1, KR2 and
KR3), representing low, medium and high metal concen-
trations amongst this sample set, were selected for further
leaching and DGT experiments.

An amount of road sediment was trapped in a filter bag
(100 pm pore-size) in a pit downstream of the collection

Fig. 2 Kuranda Range Road testing site at Streets Creek (during
testing of sampling system). Road runoff samples were collected in a
concrete gully from a 30 m long by 6.6 m wide section of road. The
sample intake point was at the end of the gully (arrow). Sampling
events were triggered by a water level probe installed in a V-notch
weir downstream of the intake point (not shown)

gully at Streets Creek test site from 27 November 2006 to 2
January 2007 (36 days). The sample represents bulk road
sediment, although some fine particulate matter (<100 pm)
may have been removed during runoff events. The mass of
the sample corresponded to an accumulation rate of 144 g
per day for the 198 m? road surface sampled. In order to
determine the solubility of metals, 300 mL of the sediment
sample was added to 3 L of freshly collected road runoff
water in a plastic basin (2 cm depth) and left exposed to the
atmosphere at 23-24°C for 31 h. pH and EC measurements
were recorded during this period, and a filtered (0.45 um)
water sample was collected at the start and end of the
experiment and analysed by ICPMS at Charles Darwin
University (CDU, Darwin, Australia).

Road runoff water sampling and analysis

Road runoff water samples were collected between 8
December 2006 and 25 January 2007 from the Streets
Creek test site (Table 1). This period represented the onset
of the 2006-2007 ‘wet’ season. Precipitation events during
the sampling period (Fig. 3) were from discrete storm cells
and did not include monsoonal or cyclonic events. An
automated Teledyne ISCO sampler was used to collect
flow-weighted samples (one sample per 200 L flow) during
storm events. Sampling events were triggered by a water
level probe installed in a V-notch weir, receiving the runoff
downstream of the sampling point. Sampler programming
and data logging (sampling time and flow rate) were per-
formed using ISCO Flowlink® software.

Following significant rainfall events, bottles were
recovered and recorded data downloaded. The duration
between water sampling and processing ranged from 1.5 to
3 days. It is recognised that metal exchange reactions
between dissolved and particulate phases are likely to
occur relatively rapidly, following the initial contact
between road sediment and precipitation, and continually
evolve during and after sampling. The implications of this
are discussed in “Potential bioavailability of metals in road
runoff waters”.

Each sample set was divided into individual storm
events (or parts of storms) based on the down-loaded flow
data. Composite samples were then produced for each
storm event by mixing of equal volumes of individual
samples through an acid-washed 500 pm nylon screen into
an acid-washed compositing device (USGS Modified
Churn Splitter fabricated from Teflon). Consequently, the
data for runoff compositions presented below are event
mean concentrations.

Total suspended sediment (TSS) concentration was
determined by vacuum filtration of a measured sample
volume thorough a pre-weighed 0.45 um membrane filter
followed by filter drying at 75°C for 24 h and reweighing.
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Table 1 Sampling details for Kuranda Range Road runoff events including antecedent rainfall, runoff flow rate, pH, electrical conductivity (EC)

and total suspended sediment (7'SS) concentration

Storm event no. Date Time No. subs.? ARF-3d° mm Flow® L/s pH EC pS/cm TSS mg/L
1 8/12/06 13:58 6 13 0.38 7.44 60 339
2 29/12/06 15:31 3 8 0.57 7.80 38 110
3 31/12/06 2:49 3 31 0.67 7.81 33 66
4 31/12/06 3:43 3 31 0.87 7.44 24 27
5 16/1/07 23:24 3 3 1.20 6.69 34 50
6 20/1/07 21:18 4 16 0.63 6.52 36 58
7 21/1/07 12:08 3 29 1.47 6.59 14 56
8 21/1/07 16:28 3 29 0.45 6.97 36 54
9* 22/1/07 12:52 4 47 1.88 7.01 18 131
10* 22/1/07 13:13 4 47 1.58 6.98 13 112
1" 22/1/07 13:27 4 47 0.55 6.98 17 53
12 25/1/07 7:27 4 32 0.48 7.08 27 162

* Number of flow-weighted samples (one sample per 200 L flow)
® Average flow rate during sampling

¢ 3 days average antecedent rainfall for four stations within 5 km of the Streets Creek test site, Saddle Mountain, Kuranda Hilltop, Kamerunga

Bridge and Myola, Bureau of Meteorology 2009a)

# Three parts of the same storm event

Fig. 3 Daily rainfall and road

runoff sampling events at the 35
Streets Creek test site. Rainfall

shown is the average recorded at 30
4 stations (Saddle Mountain,

Kuranda Hilltop, Kamerunga

Bridge and Myola) <5 km from 25
the test site (Bureau of

Meteorology 2009a) 20
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pH and EC were measured electrochemically following the
electrode manufacturer’s standard procedures for calibra-
tion and measurement. Unfiltered and filtered (0.45 pm
Gelman Supor filter) water from the Churn Splitter was
collected in acid-washed LDPE bottles and acidified with
Suprapur grade nitric acid to a concentration of 1% (vol.).
Samples were submitted to CDU for analysis of metal and
metalloid concentrations by ICPMS. Procedural blanks (de-
ionised ‘Milli-Q’ water), replicate samples, spiked samples
and certified reference water (NRC SLRS-4) were included
for quality control. Based on data for spike recoveries and
certified reference water, the analytical accuracy of metal
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and metalloid concentration data was estimated to be within
+10% at concentration levels >5 times the detection limit.
Based on replicate determinations, precision was generally
<10% (20 relative standard deviation) at concentration
levels >5 times the detection limit.

Creek water sampling and analysis

Water samples were collected from Streets and Avondale
Creek, approximately 50 m upstream of the Kuranda
Range Road in order to characterise the background water
quality during wet season (early March, late March and
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early May) and dry season (early September, early Octo-
ber) flow conditions. For this reason, sampling was carried
out on days with no significant rainfall and when no road
runoff contributed to creek flows. Water sampling con-
sisted of manual grab samples using acid-washed LDPE
bottles. Bottles were rinsed repeatedly with sample water
before final sampling. Measurement of pH and EC and
sample preparation and analysis of TSS and trace metals
were carried out as for road runoff samples.

Diffusion gradients in thin films

The DGT devices (APA2 open diffusive gel type) were
purchased from DGT Research (Lancaster, UK). The
requirement for DGTs to be continually submerged to
avoid drying of the gels meant that DGTs could not be used
in situ in episodic runoff waters. Instead, DGT measure-
ments were conducted on a selection of recently collected
runoff samples in the laboratory. DGT measurements were
carried out in 3 L of stirred samples in acid-washed 4 L
plastic containers for durations of approximately 24 h. The
ionic strength of all samples was adjusted by addition of
1 mmol/L NaNO;. Separate experiments to measure the
effect of NaNOj; addition on metal and metalloid concen-
trations were carried out in a similar set-up using metal-
spiked unfiltered creek water with NaNO;5 additions of nil,
0.90, 1.79 and 5.38 mmol/L.

Three road sediment samples (KR1, KR2 and KR3)
were leached in de-ionised water with 1 mmol/L NaNOs.
DGT measurements were conducted on these leachates. In
all DGT experiments, pH, EC and temperature were
determined and unfiltered and filtered (0.45 pm) water
samples were taken at the beginning and the end of each
experiment and analysed by ICPMS (CDU).

Following deployment, DGTs were disassembled, the
resin gels eluted in nitric acid and analysed by ICPMS and
concentrations calculated according to Davison and Zhang
(1994) and DGT Research (2008). Several unused DGTs
were analysed as blanks for each experiment. Metal
uptake by the type of DGT used in this study is based on
binding to chelex-100 chelating resin and, anionic metal-
loids, such as As and Sb, are not taken up by Chelex
based DGTs.

Results

Road sediment

Kuranda Range Road sediment is characterised by an
abundance of coarse-grained particles (1-4 mm) whilst the

finer grained fraction (<106 pm) constitutes <10 wt%
(Pratt and Lottermoser 2007a). The sediment has distinctly

elevated total trace metal concentrations (Table 2) with
large quantities of Cd, Cu, Pb and Zn bound to the fine-
grained (<250 um) sediment fraction which includes
abundant Zn-rich tyre rubber shreds and metal-rich shav-
ings (Pratt 2006; Pratt and Lottermoser 2007a).

During the 31 h leach experiment of the bulk road
sediment from the Streets Creek test site, EC values
increased from 24.1 to 118 pS/cm and pH values decreased
from 7.11 to 6.38. Leaching released major (>1,000 mg/L)
amounts of Al, minor (>5 mg/L) Cu, Ni and Zn, and traces
(<5 mg/L) of As, Cd, Sb and Pb (Table 3). Aluminium is
likely to predominantly have been derived from soil clay
minerals on the road and is not considered a major traffic-
related metal contaminant. The leachate concentrations
shown in Table 3 were derived by subtracting the
concentrations in the initial leachate solution (i.e. before
sediment addition) from the concentrations in the final
leachate (0.45 pm filtered samples).

Road runoff water

The road runoff waters were characterised by near-neutral
pH, low EC and variable TSS concentrations (Table 1).
There is no clear relation between 3-day antecedent rainfall
and the pH, EC or TSS concentrations (Table 1). Such
correlations may occur where road sediment accumulates
during long dry spells before precipitation leads to runoff
events with elevated TSS, EC (due to dissolution of TSS)
and pH (due to increased TSS buffering capacity). Dis-
tinctly elevated metal levels have been reported for such
runoff waters (e.g. Kim et al. 2005a). The storm event on
22/1/07 (sampled in three sequential parts: #9, #10 and
#11, Table 2) displayed a typical pattern of initial high
intensity (as measured by runoff flow rate) followed by
declining intensity during the later part of the storm. This
decline in intensity was correlated with a decreasing TSS
concentration as the road surface became progressively
cleaned of sediment during the storm. The absence of a
more general relationship between pollutant concentration
and antecedent rainfall for all samples is likely to be a
function of the sampling design, which sought to obtain
event mean concentrations. This was done to provide an
overall assessment of the effects of road runoff on stream
catchments, including any dilution of initially elevated

Table 2 Trace metal abundance (mg/kg dry weight) within road
sediment samples (<2 mm fraction), Kuranda Range Road, north
Queensland (from Pratt 2006)

Mn Ni Cu Zn Cd Pb
KR1 387 36 34 1,100 0.19 123
KR2 775 94 44 2,200 0.29 54
KR3 542 29 66 235 0.13 174

@ Springer



1452

Environ Earth Sci (2010) 60:1447-1458

Table 3 Metal chemistry of unfiltered (UF) and filtered (F, 0.45 pm) road runoff waters and their suspended particles (P), road sediment

leachate (filtered 0.45 pm only) and receiving creek waters

Road runoff water (n = 12) Road sediment Creek water median Guideline Guideline value/creek
- - leachate® (n = 16) value® water median

Min. Median Max.

Al UF pg/L 674 1,660 6,840 36

Al F ng/L 16.3 27.0 97.6 1,980 7.2 55 7.6

Al P mg/kg 14,600 19,900 27,900 11,400

As UF pg/L 0.28 0.66 2.03 0.23

As F ng/L 0.18 0.29 0.49 2.63 0.19 13 68.4

As P mg/kg 35 4.5 6.5 11.2

Cd UF pg/L 0.04 0.06 0.41 0.01

Cd F ng/L 0.01 0.02 0.03 0.05 0.01 0.2 20

Cd P mg/kg 0.5 0.6 1.1 0.3

Cu UF pg/L 4.2 11.8 56.0 0.4

Cu F pg/L 1.6 3.0 6.9 32.9 0.3 14 4.7

Cu P mg/kg 79 101 169 38

Ni UF pg/L 2.5 4.7 20.1 0.4

Ni F pg/L 0.2 0.3 1.3 6.5 0.3 11 36.7

Ni P mg/kg 34 47 85 31

Pb UF ng/L 1.9 6.8 46.0 0.05

Pb F pg/L 0.10 0.26 0.72 0.81 0.02 34 170

Pb P mg/kg 62 100 134 12

Sb UF ng/L 0.19 0.80 1.93 <0.05

Sb F pg/L 0.13 0.35 1.19 1.10 <0.05 No data No data

Sb P mg/kg 2.1 5.5 8.7 No data

Zn UF pg/L 13 57 402 1.1

Zn F pg/L 2.9 6.3 16.7 207 0.8 8 10

Zn P mg/kg 349 743 1,140 108

Water quality guideline values are shown for comparison (filtered 0.45 pm only)

n number of samples

% Gully trapped road sediment leach from the Streets Creek test site (see text for details)
° Water quality guideline values for a 95% protection level (NWQMS 2000)

concentrations that may occur in the waning portions of
storm events.

The metal chemistry of filtered and unfiltered road
runoff waters is listed in Table 3. In general, filtered waters
contained significantly lower trace metal values than
unfiltered samples. The difference in metal concentrations
in filtered and unfiltered samples represents the labile
particulate metal concentration (Mp) desorbed from the
particulate matter in unfiltered samples upon acidification
to 1% HNO;:

Mp = (Myr — Mg) * 1,000/TSS [mg/kg dry weight]

where Myp and Mg [pg/L] represents the unfiltered and
filtered metal concentrations, respectively, and TSS [mg/L]
represents the suspended sediment concentration.

Figure 4 shows the strong linear correlations recorded
for TSS and concentrations of Zn, Cu, Pb and Cd in
unfiltered road runoff samples. The linear slopes (1,185,
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157, 133 and 1.2 mg/kg dry wt., for Zn, Cu, Pb and Cd,
respectively) correspond approximately to the maximum
labile particulate metal concentrations shown in Table 3
(1,140, 169, 134 and 1.1 mg/kg dry wt. for Zn, Cu, Pb and
Cd, respectively). The strong correlations (R > 0.96)
shown in Fig. 4 suggests that the labile portion of metals in
road sediment remained approximately constant during the
7 week sampling period. The recorded levels of labile Zn,
Cu, Pb and Cd were elevated by factors of up to approxi-
mately 10 compared to local bedrock, soil and stream
sediments (Pratt 2006; Pratt and Lottermoser 2007a).

A comparison of the median labile metal concentrations
in runoff particulates shown in Table 3 (Zn = 743,
Cu=101, Pb=100, Ni=47 and Cd = 0.6 mg/
kg dry wt.) with the total metal concentrations in the
<500 pm sediment grain size fraction (Zn = 1,540,
Cu = 66, Pb = 87, Ni = 47 and Cd = 0.3 mg/kg dry wt.;
Pratt and Lottermoser 2007a) suggest preferential transport
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Fig. 4 Relationship between total suspended sediment (TSS) con-
centration and concentrations of Zn (Fig. 4a), Cu (Fig. 4b), Pb
(Fig. 4b) and Cd (Fig. 4c) in unfiltered Kuranda Range Road runoff
samples. The slopes and correlation coefficients (R) are shown at the
upper end of the linear regression lines (slope, R)

of some metals during runoff events. For example, labile
particulate Zn is lower than total road sediment Zn while
labile particulate Cd, Cu and Pb exceed total road sediment
concentrations of these metals. These differences are likely
to reflect physical sorting of road sediment containing
grains of variable size and density. For example, dense Zn-
rich steel particles may not be easily transported from the
road surface by runoff flow and therefore become under-
represented in suspended particulates. By contrast, Pb is
likely to have been derived in part from fine-grained
automotive air emissions (Backstrom et al. 2003) that is
relatively easily transported by runoff waters and therefore

will be overrepresented in the suspended particulates rel-
ative to in situ sediment.

The receiving creek water samples collected upstream
from the Kuranda Range Road are likely to contain near-
natural background concentrations of metals and metal-
loids (Table 3) given their near-pristine rainforest catch-
ments and absence of any substantial urban or industrial
emission sources. The median road runoff dissolved metal
and metalloid concentrations (0.45 pum filtrate) exceed the
median element concentrations in the receiving creek
waters by the following approximate factors: Al x4, As
x 1.5, Cd x2, Cu x10, Pb x13, Sb >x7 and Zn x8. Nickel
concentrations were not appreciable elevated in runoff
waters relative to creek waters.

DGT experiments

The potential bioavailability of metals in road runoff
waters was evaluated by DGT measurements following
addition of NaNO;. While there were no substantial
changes to unfiltered and filtered metal concentrations with
addition of NaNQs, there were small consistent trends of
declining DGT-labile concentrations for all five metals
analysed (i.e. ~10-20% decrease in metal concentrations
with increasing NaNOj addition; Table 4). This observa-
tion accords with earlier observations of a tendency of
DGTs to overestimate metal concentrations in low-ionic
strength waters (<0.2 mmol/L; Alfaro-De la Torre et al.
2000; Peters et al. 2003; DGT Research 2008). However,
the experiments demonstrated that small additions of
NaNOj; up to approximately 1 mmol/L did not substantial
change metal speciation, consistent with the very limited
formation of metal-nitrates in most natural waters.

Filtered and DGT-labile Mn, Cu and Zn concentrations
and the DGT/filtered concentration ratios measured for
creek and runoff waters are shown in Table 5. Manganese
was included to help evaluate DGT performance. Road
runoff waters have DGT-labile/filtered metal ratios of
approximately 100%, 25-46% and 47-77%, for Zn, Cu and
Mn, respectively. By contrast, creek water had DGT-labile/
filtered metal ratios of approximately 53 and 34%, for Cu
and Mn, respectively. Therefore, almost all Zn and a sub-
stantial proportion of Cu in the road runoff waters were in
potentially bioavailable forms. Nickel, Cd and Pb con-
centrations could not be reliably measured by DGTs in
road runoff and creek waters due to high detection limits
for Ni (1 pg/L for a 24 h deployment) and low concen-
trations for Cd (<0.02 pg/L) and Pb (<0.03 pg/L). DGT-
labile Zn could not be measured in creek waters due to the
low dissolved Zn concentration.

The road sediment leaching experiments with DGT
measurement of metal concentrations were carried out
in de-ionised water containing 1 mmol 1! NaNOs;, and
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Table 4 Electrical conductivity

(EC), pH and unfiltered (UF), gﬁlljloolsrl) ﬁl(; ) pH  Mn (pg/L) Cu (ug/L) Zn (pg/L) Cd (ug/L) Pb (ng/l)
filtered 0.45 pm (F) and
DGT-labile (DGT) metal UF  Nil 68 716 5.8 75 76 23 2.0
concentrations in metal-spiked
creek water at different levels of F 4.0 69 82 21 1.2
NaNOj; addition DGT 2.9 48 65 2.1 0.3

UF 0.90 153 7.12 55 71 72 2.1 1.9

F 3.6 68 75 2.1 1.1

DGT 2.6 44 60 2.1 0.2

UF 1.79 231 7.16 5.7 72 73 2.1 1.9

F 39 69 75 2.1 1.1

DGT 2.5 40 53 2.0 0.2

UF 5.38 566 7.09 6.2 81 79 2.2 1.9

F 4.0 74 78 22 1.1

DGT 2.3 39 54 1.8 0.2
Table 5 Filtered 0.45 pm (F)
and DGT-labile (DGT) Mn, Cu Mn Cu Zn
and Zn concentrations in creek Creek water F (ug/L) 1.60 0.72 132
water (n = 1), road runoff from
storm events no. 912 (n = 4, Creek water DGT (pg/L) 0.55 0.37 <1.5
range shown), and in road Creek water DGT/F (%) 34 53 No data
sediment leachates (n = 3, Runoff water F (pg/L) 0.58-1.72 1.63-3.49 2.87-10.8
range shown)

Runoff water DGT (pg/L) 0.29-1.30 0.66-1.23 2.85-12.1

Runoff water DGT/F (%) 47-77 25-46 99-112

Sediment leachate DGT/F (%) 91-98 62-82 90-93

hence, any capacity to form inert metal complexes in the
leachate would have been derived from the road sediment
itself. The proportions of metals that were leached from the
sediment over 4.5 h were 2-5% for Zn, 7-11% for Cu and
2-4% for Mn (0.45 pm filtered samples). Compared to
road runoff waters, the DGT-labile/filtered concentrations
in the leachate were slightly lower for Zn but substantially
higher for Mn and Cu (Table 5). The data derived from the
leaching experiments added to the evidence from runoff
waters that Kuranda Range Road sediment is prone to
release substantial concentrations of potentially bioavail-
able Cu and Zn.

Discussion
Comparison to guideline values

The background water quality of the Kuranda Range creek
waters is compared to the Australian water quality guideline
values for freshwater systems (NWQMS 2000) in Table 3
in order to assess the capacity of the creek system to dilute
road runoff waters without reaching concentration levels
that are likely to constitute a toxicity risk to the aquatic
ecosystem. The Australian water quality guidelines contain

@ Springer

default concentration ‘trigger values’ for metal toxicants for
alternative levels of protection (99, 95, 90, and 80%),
depending on ecosystem conditions. Here, the 95% guide-
line values (for slightly to moderately disturbed aquatic
systems) has been selected as appropriate for the Kuranda
Range creek waters. The data in Table 3 show that the
guideline values most likely to be exceeded in receiving
creek waters, which receive road runoff, are those for Al, Cu
and Zn. While the creek background concentrations for Al,
Cu and Zn were factors of 7.6, 4.7 and 10 below the
guideline levels, respectively, the maximum concentrations
of these metals in road runoff were relatively high
(exceeding the guideline levels). Therefore, in the absence
of treatment or dilution, Al, Cu and Zn concentrations in
creek waters affected by road runoff could potentially rise
to levels that would pose an ecotoxicity risk. It should be
noted that during storm events in the late ‘dry’ season/early
‘wet’ season, dilution of runoff waters entering the creek
systems may be almost absent as creek base flow is very low
(see “Assessment of environmental impact”™).

Potential bioavailability of metals in road runoff waters

Although a generalised quantitative measurement of bio-
available forms of metals has proved to be an elusive goal
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(see Meyer 2002 for a discussion), Zhang and Davison
(2000) argued that biological responses to dissolved metals
may, depending on the particular biological species, be a
function of both the free ion activity as well as some
portion of dissolved labile inorganic and organic metal
complexes. The ‘open-pore’ gel version of DGTs (as used
in the present study) have been shown to measure free
metal ions and labile inorganic and organic metal com-
plexes, specifically those complexes that are <5 nm in size
and are sufficiently labile to dissociate and be bound to the
Chelex gel layer within the effective measurement time of
the DGT device (approx. 13.5 min, Zhang and Davison
2000). An alternative ‘restricted-pore’ DGT gel (pore-size
approximately 1 nm) is capable of excluding a higher
proportion of large metal-organic complexes (Zhang and
Davison 2000). However, colloidal-bound metals and inert
dissolved metal complexes are excluded from measure-
ment by all DGTs.

In natural waters, humic and fulvic acids derived from
transformed organic matter form supra-molecular struc-
tures and have the ability to chelate positively charged
metal ions (Piccolo 2001). The runoff waters from the
Kuranda Range Road are likely to contain, or potentially
generate, humic and fulvic acids due to the abundance of
leaf litter derived from the surrounding rainforest. Pratt and
Lottermoser (2007a) reported a median organic carbon
content in the <75 pum fraction of Kuranda Road sediment
of 9.38 wt% (n = 9). Other road sources of organic ligands
with a potential to form metal-organic complexes include
bitumen, tyre fragments and automotive fuel and lubricants
(Wik and Dave 2005).

Metal uptake by ‘open-pore’ DGTs can include sub-
stantial portions of metals bound to humic and fulvic acids
(Zhang and Davison 2000), although in some cases such
complexes were found not to be acutely toxic in toxicity
tests (Tusseau-Vuillemin et al. 2004; Buzier et al. 2006).
Therefore, in the present study metal measurement by
‘open-pore’ gels is likely to constitute a conservative
estimate of the maximum potential bioavailability consis-
tent with the requirements for a conservative management
of environmental threats in the high-value World Heritage
Area surrounding the Kuranda Range Road.

The DGT-measured concentration data for the Kuranda
Range Road runoff waters (Table 5) showed that Zn in the
dissolved phase (0.45 um filtered sample) was potentially
highly bioavailable (DGT/filtered = approximately 100%),
whereas Cu was only partly bioavailable (DGT/fil-
tered = 25-46%). Consequently, the ecotoxicity risk of
elevated levels of dissolved Cu in runoff waters is reduced
by the indicated lower bioavailability. Buzier et al. (2006)
reported similar levels of DGT-measured bioavailable Cu
in waste water, namely 41-42 and 29-37% of dissolved Cu
in raw and treated waste water, respectively.

In the present study, DGT measurements were per-
formed on unfiltered runoff waters, which were 1.5-3 days
old. It is recognised that metal partitioning between dis-
solved and particulate species is likely to have continually
evolved both prior to, and after sampling. Therefore, DGT-
labile concentrations are likely to represent an evolved
stage of metal exchange where reaction rates have slowed
considerably since the initial phase of precipitation runoff
from the road surface. Previous DGT measurements of
reactions between particulate and dissolved phases have
shown that initial reaction rates are relatively high followed
by slowing rates and an approach to exchange equilibrium
after approximately 36 h (Munksgaard and Parry 2003).
Consequently, it is reasonable to assume that the DGT-
labile metal concentrations in road runoff waters measured
in this study equates to the maximum potential bioavail-
ability that would prevail in the receiving environment with
no or little dilution.

The high DGT/filtered Zn concentration ratios in road
sediment leachates (90-93%) confirmed that Zn potential
bioavailability in road runoff is likely to be high and sug-
gests that there was no substantial Zn complexing capacity
derived from the sediment itself. By contrast, a much
greater proportion of Cu was bound in inert complexes
unavailable to DGTs (DGT/filtered = 62-82%). The lower
DGT/filtered Cu ratios in runoff waters compared to sedi-
ment leachates suggest that some complexing capacity was
derived from the precipitation itself, possibly due to
organic ligands acquired from the overhanging forest
canopy.

Assessment of environmental impact

Traffic-derived metals may be taken up by flora and fauna
(e.g. Schifer et al. 1998; Garcia and Millan 1998; Viard
et al. 2004; Pratt and Lottermoser 2007b), and the dis-
charge of metal enriched road runoff waters can adversely
impact on aquatic organisms (e.g. Day et al. 1993; Pitt
et al. 1995; Forman and Alexander 1998; Trombulak and
Frissell 2000; Wik and Dave 2005; Pettigrove et al. 2007).
Creek dependent fauna in the Kuranda Range include
threatened frog species.

The relatively high solubility of metals, recorded for
both suspended particles in runoff waters and road sedi-
ment, combined with the DGT evidence of high potential
bioavailability for some metals, suggests that Kuranda
Range Road runoff waters could pose an ecotoxicity risk to
the receiving creek systems under adverse conditions, i.e. if
large volumes were discharged without adequate treatment
or dilution. The potentially bioavailable Cu and Zn con-
centrations in road runoff samples in the present data set
can be estimated at up to approximately 20 times that in
the receiving creek water (based on maximum filtered
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concentrations and average DGT/filtered ratios, Tables 3
and 5). Receiving creek waters, if dominated by road
runoff during times of minimal dilution, may exceed
guideline levels for Cu and Zn concentrations (Table 3).
Since these guideline levels are based on ecotoxicity data
(albeit not for local species) and hence represent bio-
available concentrations above which some detrimental
response may occur, it appears that Kuranda Range Road
runoff waters may have the potential to impart toxic effects
in the receiving creek systems. A recent road runoff study
by Kayhanian et al. (2007) identified Zn and Cu as the
principal cause of toxicity to a range of freshwater and
marine species; however, the recorded runoff concentra-
tions of dissolved Zn and Cu were more than an order of
magnitude higher than those recorded for the Kuranda
Range Road.

Figure 5 shows the estimated median monthly flow rate
for Streets Creek and the median monthly rainfall for Cairns
Airport (10 km SE of study site, Bureau of Meteorology
2008). As no hydrographic data were available for Streets
Creek, flow rates were calculated from long-term data
records (QNRW 2008) from the upper part of the nearby
Clohesy River catchment by adjusting for catchment size.
Although much larger, the upper Clohesy River catch-
ment’s main hydrographic characteristics are likely to be
broadly similar to those of the Streets Creek catchment. The
data highlight two important observations pertaining to
dilution of road runoff water into Streets Creek. Firstly,
creek base flow is likely to be very low (<5 L/s) towards the
end of the ‘dry’ season (September—December). Secondly,
creek flow rates respond slowly to increase in rainfall at the
onset of the ‘wet’ season as a consequence of a high infil-
tration capacity in rainforest catchments. This is consistent
with the observed slow response of flow in Streets and
Avondale Creeks during storm events. By contrast, road
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Fig. 5 Calculated median monthly flow rate for Streets Creek and
observed median monthly rainfall for Cairns Airport (15 km SE of the
study site, Bureau of Meteorology 2008). Streets Creek flow rates
were calculated from long-term data records (QNRW 2008) from the
upper part of the nearby Clohesy River catchment by adjusting for
catchment size (see text)
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runoff is near instantaneous during intense storm events.
Therefore, at the beginning of the ‘wet’ season, low flow
rates in the receiving creeks (<5 L/s) may coincide with
high road runoff rates during storms. Runoff rates of

>100 L/s can be expected with an average recurrence
interval of 1 year from a 4,000 m® bridge surface for a
100 mm/h rainfall intensity event over a 10 min duration,
Bureau of Meteorology (2009b). This may lead to the dis-
charge of almost undiluted road runoff waters with exces-
sive bioavailable metals into local creek systems. However,
metal levels will vary depending on the preceding length of
time available for build-up of road sediment at the close of
the ‘dry’ season. This risk to the Kuranda Range aquatic
ecosystems must be adequately managed by treatment of
road runoff waters from the large bridge structures planned
for the upgrade of the Kuranda Range Road.

Conclusions

Aluminium, Cu, Pb, Sb and Zn were identified as the most
significantly elevated metals and metalloids released from
road sediment during storm events when compared to the
concentrations in receiving creek waters. The median dis-
solved concentrations in road runoff waters (<0.45 pm
filtrate) exceeded the median concentrations in the creek
waters by up to an order of magnitude. Copper and Zn were
assessed as the metals most likely to reach ecotoxic con-
centration levels.

Measurement of DGT-labile metal concentrations
showed that almost all dissolved Zn and approximately half
of dissolved Cu in road runoff waters were potentially
bioavailable. DGT measurements were carried out after
addition of NaNOj to the sampled runoff waters in order to
raise the ionic strength as required by the DGT technique.
Experiments showed that NaNO; addition to approximately
1 mmol/L had negligible effects on metal speciation.

During the early ‘wet’ season there is the potential for
large accumulations of road sediment to coincide with
minimal creek flows and hence minimal dilution potential.
Consequently, in the ‘wet—dry’ tropics, the highest eco-
toxicity risk associated with road runoff is likely to occur
during the first storm events of the early ‘wet’ season.
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