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Abstract Asphalt concrete is one of the most

important building materials in the modern world,

but the leaching potential of metals from this com-

posite material to the environment is poorly under-

stood. In this study, metals leaching from four hot-mix

asphalt samples were analyzed: two fresh samples of

low-traffic and high-traffic composition and their

weathered equivalents collected from roads in the city

of Edmonton, Alberta, Canada. A sequential extrac-

tion, based on the Community Bureau of Reference

method, was applied to study the speciation and

potential mobility of metals and metalloids in those

samples. Major trace metals identified in all four

samples were Mn, P, Ba, Sr, Zn, V, and Ni, with the

highest metals concentrations generally found in

weathered asphalt concrete. Of the major trace metals,

P, Mn, Sr, and Zn were relatively mobile, having large

portions of their total concentrations in the exchange-

able/acid-soluble and reducible fractions. When con-

sidering the most mobile fraction (exchangeable/acid

soluble) and using Canada as a model country, up to

180 t P, 440 tMn, 50 t Ba, 36 t Sr, 11 t Zn, and 0.11–3.2

t of other metals and metalloids (including Cr, Ni, Cu,

As, and Pb) could potentially leach from the top layer

of Canada’s total of paved public roads. To place these

amounts into perspective, they were estimated to make

up to 22% of Canada’s annual release numbers into

soil, water and air for these same metals and metal-

loids. However, they are concentrated in a small area

around roads and highways, creating the potential for

localized soil and groundwater contamination.

Keywords Asphalt � Road construction � Urban
environment � Inorganic pollutants � Soil
contamination

Introduction

Asphalt concrete (also rolled asphalt or pavement)

comprises approximately 85% of the material used to

surface trails, roads, highways, and airfields (Asphalt

Institute and Eurobitume 2011). It is a composite

material made of approximately 95% aggregates,

typically gravel, sand, and various recycled materials

(glass, fly ash). The remaining 5% is binder referred to

as liquid asphalt or bitumen, which consists of refined

products of crude oil and added polymers (Asphalt

Institute and Eurobitume 2011). Natural bitumen by

itself has been used for construction and other

purposes for more than 3000 years (National Asphalt
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Pavement Association 2018) and has been specifically

applied as road construction material for more than

2600 years (Abraham 1960). The asphalt concrete in

its modern form as pavement material finally appeared

in various European countries in the nineteenth

century (National Asphalt Pavement Association

2018).

Aging or hardening of asphalt concrete due to

chemical and physical influences (e.g., UV radiation,

traffic, water) was shown to release organic contam-

inants, such as polycyclic aromatic hydrocarbons, into

air, water, and soil (Sadler et al. 1999; Birgisdottir

et al. 2007; Sirin et al. 2018). In addition to mobiliz-

able organic compounds, asphalt aggregates and

binder can contain elevated concentrations of trace

metals and metalloids, depending on their origin.

Bitumen, being the source material for the binder, is

known to contain various heavy metals due to their

presence in crude oil (e.g., Cr, Ni, Cd, and Pb) and

their input during the storage and refining process

(e.g., Cu) (Essoka et al. 2006; Akpoveta and Osakwe

2014). For example, Ni and V can be often found in the

binder material, with reported concentrations up to

140 ppm and 1600 ppm, respectively (Asphalt Insti-

tute and Eurobitume 2011). The aggregate material

can also be a source of contaminants. For example, fly

ash from smoke stacks is often used as a substitute for

fine-grained aggregates in asphalt concrete and is a

known source of As, Ba, Cd, Cr, and Pb (Landsberger

et al. 1995; Jukić et al. 2017). Those contaminants,

however, have been shown via sequential extraction

techniques to concentrate in the insoluble fractions of

the concrete.

Despite these studies, the metal and metalloid

mobility in the final product that is used for road

construction has not been well investigated. Although

it is known that roads can be a localized source of

heavy metals, especially due to traffic emissions (e.g.,

Pagotto et al. 2001; Legret and Pagotto 2006), the

amount of metals that can be sourced from the actual

asphalt concrete remains unclear. To address this, we

sequentially digested asphalt material—using the

Community Bureau of Reference (BCR) extraction

method (Rauret et al. 1999)—to determine metal and

metalloid speciation and ultimately assess their poten-

tial mobilities.

Materials and methods

Sample collection and characterization

Two fresh asphalt samples (laboratory-pressed into

6-inch pucks using a Superpave Gyratory Compactor)

were provided by a local pavement company in

Edmonton, Alberta, Canada, in November 2018.

Those samples represented different hot-mix types,

one being a low-traffic mix (fresh LT) and one a high-

traffic mix (fresh HT) (Table 1 and Figure S1 in

supplementary information). One weathered low-traf-

fic asphalt sample (weathered LT) was extracted from

a pothole on a parking lot in September 2018. No

absolute age information of the pavement could be

found, although themost recent complete paving event

occurred at least 25 years prior to sampling. A

weathered high-traffic asphalt sample (weathered

HT) was extracted from a crack on an arterial road

in November 2018. According to records from the city

of Edmonton, the last milling event on this road

section was performed in 2003.

Dust was removed from the asphalt concrete

samples using wet paper towels, and subsamples were

broken off using a stainless steel hammer. The pieces

were further disaggregated with the hammer with the

materials being packed in plastic bags. It was then

sieved (2 mm) and the fractions weighted. The\ 2

mm fraction was ground with a ceramic mortar and

pestle and air-dried for analysis. pH was determined

using this fraction in a 1:2 solid/water ratio using a pH

probe and an equilibration time of 30 min (Kalra

1995).

Sequential extractions

Sequential extractions were performed in triplicates as

detailed in von Gunten et al. (2017). Briefly, 1 g of the

ground sample was extracted with 20 mL 0.1 M acetic

acid for 16 h to extract the exchangeable and acid

soluble metals and metalloids, which can be consid-

ered as the most mobile fraction (fraction 1). The

second fraction (reducible) was extracted with 20 mL

0.1 M hydroxylamine hydrochloride (pH 2 with nitric

acid) for 16 h. The third fraction (oxidizable) was

extracted twice with 5 mL 30% hydrogen peroxide

(second time at 85 �C in an oven) and finally with

25 mL 1 M ammonium acetate adjusted to pH 2 with

nitric acid (approximately 6 vol% required). Between
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each extraction step, the sample was separated from

the extraction fluids by centrifugation and the super-

natant was filtered (0.2-lm nylon syringe filters) prior

to analysis. The sample was then dispersed in 10 mL

of ultrapure water and centrifuged again for washing.

The washing water was discarded and the sample air-

dried before the next extraction step.

The high amount of viscous bitumen in the fresh

asphalt samples posed three challenges during this

procedure. First, the samples could not be equally

finely powdered with the mortar and pestle; the

weathered samples being generally more fragile were

easier to grind. This also resulted in high variation

between replicates. Second, when the centrifugation

force was high ([ 8000 g), the sample became

compacted and subsequently was hard to disperse.

For our samples, 10 min at 4000 g resulted in

satisfactory separations. Finally, the high abundance

of bitumen led to the formation of a highly resilient

residue after the third extraction step, which made it

challenging to apply a subsequent final digestion,

raising concerns that not all metals and metalloids

were liberated. Therefore, the residual fraction (frac-

tion 4) was calculated for each element as the

difference between the total amount, as determined

by total digestion (see below), and the sum of the three

sequential extraction steps.

Total digestion

Total digestion was conducted using 0.1 g of fresh

material that was previously ashed at 600 �C for 10 h

in an Across International STF1200 600/700 mm tube

furnace. The loss on ignition (LOI) was measured by

weighing to account for the escaping organic material

and structural water. The final digestion was initiated

with 5 mL of 30% hydrogen peroxide and 5 mL of

70% nitric acid at room temperature for 1 h and then at

130 �C for 1 h. Afterward, 5 mL of hydrofluoric acid

was added and the samples heated overnight until all

liquid evaporated (von Gunten et al. 2017). The

remains were dissolved in 5 mL of 70% nitric acid and

20 mL of 4.5% boric acid (Wilson et al. 2006) at

130 �C for 1 h. The sample was filtered and diluted 15

times prior to analysis with 2% nitric acid and 0.5%

hydrochloric acid. The residual fraction (fraction 4)

for each element was then calculated as the difference

between the total amount and the sum of the three

sequential extraction steps. This digestion is more

vigorous than the usual aqua regia method (e.g.,

Rauret et al. 1999) and ascertains that all metals and

metalloids in the sample material are solubilized.

Elemental analysis

Elemental analysis was performed using an Agilent

8800 Triple Quadrupole ICP-MS. The instrument was

operated in high matrix introduction mode using Ar as

Table 1 Properties of the analyzed asphalt samples

Fresh LT Weathered LT Fresh HT Weathered HT

Asphalt type Hot-mix, low traffic Hot-mix, low traffic Hot-mix, high traffic Hot-mix, high traffic

State Fresh, laboratory-

compacted

Weathered

for[ 25 years

Fresh, laboratory-

compacted

Weathered for

15 years

Origin Local asphalt supplier Parking lot Local asphalt supplier Arterial road

Location N/A 53.521� N 113.496� W N/A 53.519� N 113.538�
W

Density 2368 kg/m3 Unknown 2361 kg/m3 Unknown

[ 2 mm fraction 82% 86% 90% 71%

\ 2 mm fraction 18% 14% 10% 29%

\ 2 mm LOI

(600 �C)
8% 11% 8% 11%

pHwater 7.45 8.02 7.15 8.59

LOI: loss on ignition. Density provided by supplier. Further specifications on fresh LT and HT asphalt concrete are given by the city

of Edmonton (City of Edmonton Transportation Services 2015)
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carrier and dilution gas. An elemental mix was used

for external calibration with standards prepared in 2%

nitric acid and 0.5% hydrochloric acid. Internal

standards and collision and reaction gases for inter-

ference reduction were used according to Sakai

(2015). For details see Table S1.

Results and discussion

Sample characteristics

All samples had a similarly abundant\ 2 mm frac-

tion, ranging from 10 to 29% (Table 1). The ash

content was marginally larger in the weathered

samples (11%) as compared to the fresh ones (8%),

suggesting that weathering increased the mineral

proportions. Correspondingly, the pH of the weathered

material was higher at pH 8.0–8.6, as compared to the

fresh samples (pH 7.2–7.5), indicating that more

minerals able to buffer solution pH are exposed to

water in the weathered material.

Total amount of metals and metalloids

in the samples

As determined by total digestion, ranges for the major

inorganic constituents of the asphalt concrete were: Fe

(8.34–40.0 g/kg), Al (7.24–20.1 g/kg), Ca (6.99–12.8

g/kg), K (4.83–6.24 g/kg), Na (0.671–4.50 g/kg), Mg

(1.45–2.81 g/kg), and S (0.685–2.81 g/kg) (Table 2).

The concentrations of those elements were, on average,

similar in the fresh LT and HT samples. The largest

differences (a factor of approximately 2) were found in

average P and Mn contents, but they were within the

error range of the analysis.More variationwas observed

for weathered LT and HT samples, which, on average,

had bulk metals concentrations two times higher than

the fresh samples. This is likely due to the highly

weathered state of those samples. This, in turn, led to a

decreased organic fraction of the total sample mass and

therefore a smaller dilution effect by hydrocarbons. To

account for natural sample variation, concentrations

were normalized toAl (Ho et al. 2012),which turnedout

to be mostly in the residual fraction, suggesting low

mobility (see below). This normalization allowed to

account for weathering effects and indicated that the

major element concentrations in the weathered LT and

HT sampleswere on average 99% compared to the fresh

samples (Fig. 1). While the normalized Fe was more

concentrated in weathered samples (up to ? 144%), K

and Ca substantially decreased up to- 8% and- 44%,

respectively).

Trace elements, considered as those with concentra-

tions\ 1 mg/g in the analyzed asphalt samples were:

Mn (98.0–748 mg/kg), P (202–552 mg/kg), Ba (157–

386 mg/kg), Sr (32.2–81.7 mg/kg), Zn (10.7–30.7

mg/kg), V (15.0–42.7 mg/kg), and Ni (7.66–19.1

mg/kg) (Table 2). The asphalt concrete compositions

were similar as reportedbyLegret et al. (2005), although

Cu and Zn concentrations were up to 10 times lower.

Barium, as one of the major trace metals, is a common

contaminant in oil, being present in the reservoir

(Merdhah and Yassin 2007) or artificially added as a

drilling additive (Marwil et al. 1960). None of the

elements were found to exceed the Canadian Soil

Quality Guidelines for the Protection of Environmental

and Human Health (Canadian Council of Ministers of

the Environment 2018) in the\ 2 mm fraction of the

asphalt concrete, when assuming a worst-case scenario,

in which the entire\ 2 mm fraction would replace an

equivalentmass of soil. Similar to the bulk elements, the

amounts of trace elements in fresh LT and HT samples

were similar and theweathered sampleshad, onaverage,

two times higher concentrations as compared to their

fresh counterparts. Normalization of trace metals to Al

indicated that the weathered samples had on average

109% of the fresh samples concentrations (Fig. 1). By

considering this normalization, many metals and met-

alloids were more highly concentrated in the weathered

LT sample than the fresh asphalt (Table S2). This was in

contrast to the HT samples, in which for some cases

(notably for Co, Ni, Zn, Sr, As, Mo, and Ba), the

weathered samples were depleted compared to the fresh

asphalt. In both types of asphalt concrete, Mn was

consistently enriched by more than 100% in the

weathered samples relative to the fresh, while Ce, Pb,

and Th similarly decreased in both sample types (up to

- 49%, - 36%, and - 36%, respectively).

Elemental speciation

The distribution of elements between the four differ-

entiated fractions shows that the majority of the

elements were in refractory fractions (oxidizable and

residual), with the notable exceptions of Mg, Ca, P,

Mn, Co, Zn, and Sr. For those elements, the first two

fractions (exchangeable/acid soluble and reducible)
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made up to 84%, 87%, 60%, 52%, 13%, 30%, and

35%, respectively (Fig. 1, see supplementary data for

absolute concentrations). Sodium and Ba were also

elevated in the two first fractions of the weathered

materials, comprising up to 92% and 13%, respec-

tively. The other elements had, in general, less than

10% of their overall concentration in the first two

fractions. These two fractions (exchangeable/acid

soluble and reducible) are the most mobile under

many environmental conditions and can together be

considered as the ‘‘direct effect fraction’’ in terms of

bioavailability and toxicity effects (Yuan et al. 2011).

When comparing the weathered and fresh asphalts,

this leachable, direct effect fraction (in relative terms)

notably increased for Na, Mg, and Ba in both low-

traffic asphalt and high-traffic asphalt. This suggests

that the weathering process created relatively more

soluble and mobile pools for those elements, likely a

consequence of silicate weathering in the asphalt

aggregates. On the other hand, for Al, P, S, Cr, Mn, Fe,

Ni, As, Mo, Ce, Th, and U, the direct effect fraction

either disappeared completely in the weathered sam-

ple or decreased substantially, implying that weath-

ered asphalt concrete has relatively lower

concentrations of potentially mobile elements.

Table 2 Absolute metal and metalloid concentrations in asphalt samples

Low traffic High traffic

Fresh Weathered Norm. change Fresh Weathered Norm. change

Na g/kg 2.2 ± 0.4 4.5 ± 0.3 ? 20% 2.3 ± 0.4 0.7 ± 0.4 - 88%

Mg g/kg 1.45 ± 0.12 2.8 ± 0.2 ? 12% 2.1 ± 1.0 2.3 ± 0.4 - 54%

Al g/kg 7.2 ± 1.2 12.6 ± 0.5 0% 8.1 ± 1.4 20.1 ± 1.8 0%

K g/kg 4.8 ± 1.3 5.9 ± 0.3 - 30% 4.8 ± 1.0 6.2 ± 0.7 - 48%

S g/kg 0.86 ± 0.15 1.64 ± 0.04 ? 9% 0.69 ± 0.14 2.8 ± 0.4 ? 65%

Ca g/kg 8 ± 3 12.83 ± 0.16 - 11% 7 ± 4 9.7 ± 1.1 - 44%

Fe g/kg 9 ± 3 40 ± 10 ? 144% 8 ± 5 22 ± 4 ? 7%

Li mg/kg \ 0.9 \ 0.7 – \ 0.9 \ 3 –

P mg/kg 390 ± 150 440 ± 40 - 35% 200 ± 60 550 ± 70 ? 10%

V mg/kg 16.0 ± 1.0 32.3 ± 2.0 ? 16% 15 ± 4 43 ± 6 ? 15%

Cr mg/kg 14.3 ± 1.0 20.66 ± 0.16 - 17% 8.5 ± 1.3 18.0 ± 1.6 - 15%

Mn mg/kg 200 ± 100 700 ± 200 ? 105% 100 ± 50 600 ± 100 ? 131%

Co mg/kg 1.22 ± 0.06 4.2 ± 0.4 ? 100% 1.2 ± 0.4 3.0 ± 0.3 - 1%

Ni mg/kg 7.7 ± 0.2 17 ± 2 ? 28% 9 ± 2 19 ± 3 - 14%

Cu mg/kg \ 2 \ 2 ? 16% \ 2 \ 4 - 7%

Zn mg/kg 10.7 ± 0.3 22 ± 2 ? 46% 13 ± 2 31 ± 4 - 32%

Sr mg/kg 32 ± 6 82 ± 6 ? 108% 37 ± 10 63 ± 6 - 33%

As mg/kg 2.44 ± 0.17 8.8 ± 0.8 ? 25% 2.4 ± 0.6 4.0 ± 0.2 - 6%

Mo mg/kg 0.96 ± 0.14 2.09 ± 0.16 - 35% 0.9 ± 0.3 2.2 ± 0.3 ? 10%

Se mg/kg \ 2 \ 2 – \ 2 \ 3 –

Cd mg/kg \ 0.06 \ 0.2 – \ 0.08 0.25 ± 0.06 –

Ba mg/kg 160 ± 40 390 ± 30 ? 41% 160 ± 50 260 ± 40 - 35%

Ce mg/kg 16 ± 2 17.6 ± 1.6 - 36% 12 ± 3 15.6 ± 1.4 - 49%

Pb mg/kg 4.8 ± 1.3 6.9 ± 0.2 - 17% 4.0 ± 0.9 6.3 ± 0.9 - 36%

Th mg/kg 2.3 ± 0.7 2.6 ± 0.2 - 36% 1.8 ± 1.0 3.3 ± 1.2 - 28%

U mg/kg 0.37 ± 0.04 0.88 ± 0.02 ? 38% 0.27 ± 0.12 0.70 ± 0.02 ? 2%

Values represent averages ± standard deviation (n = 3). Norm. change: change between weathered and fresh samples based on Al-

normalized values. For normalized data see Table S2
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Fig. 1 Al-normalized concentrations of metal and metalloids

and their relative distribution in the four solid fractions F1–F4.

Note the different scales for trace metals. F1: exchangeable/acid

soluble. F2: reducible. F3: oxidizable. F4: residual. LT: low-

traffic. HT: high-traffic. See Tables S3–S6 for absolute values
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Further changes between fresh and weathered

samples were observed for S, V, Ni, and Mo, where

the oxidizable fractions decreased from on average

84% to 38%, 43% to 14%, 29% to 16%, and 78% to

27%, respectively. Because the oxidizable fraction is

mostly composed of organic material and metal sulfide

minerals (Tessier et al. 1979), this observation is

consistent with the decrease in the bitumen binder due

to weathering. Sulfur, V, and Ni are known contam-

inants in bitumen (Asphalt Institute and Eurobitume

2011) and bitumen-derived products such as petro-

leum coke (Jack et al. 1979). Molybdenum was

previously described as a major trace metal in crude

oil and natural asphalts (Erickson et al. 1954) and is

sometimes added artificially to the asphalt binder in

form of MoS2 to reduce the formation of cracks and

potholes (Peters and Alphaflex Industries Inc. 1995).

Shifts of S, V, Ni, and Mo in the oxidizable fraction

suggest that larger portions of those elements were

either released into the environment or changed their

speciation within the asphalt concrete. The organic

fraction of asphalt concrete could potentially

accumulate certain metals and metalloids that have

an affinity toward organic matter (e.g., Ni, Cu, and U;

Lopez et al. 2000; Yang et al. 2015), an effect that

could impact the oxidizable fraction of the material.

We observed notable increases of the organic fractions

for the elements Sr (LT only), and the heavier

elements Ba, Ce, Pb, Th, and U.

Environmental implications

A considerable fraction of metals and metalloids have

the potential to be leached into the environment over

time from the\ 2 mm fraction of fresh asphalt

concrete, especially from the first and most mobile

fraction (exchangeable/acid soluble). Using Canada as

a model country and an estimate on its paved road

surface area, potential metal release from this first

fraction of asphalt concrete can be determined (see

supplementary information for details on calcula-

tions). Canada’s road network consisted of 452

thousand km of paved two-lane equivalents in 2017

(Transport Canada 2018). Given an average lane width

Table 3 Potential release of metals and metalloids from fresh asphalt (based on extracted fraction 1—exchangeable/acid soluble)

Fresh LT (\ 2 mm) Fresh HT (\ 2 mm) Average All Canada Per year Release 2016 Fraction of asphalt

mg X/kg mg X/kg mg X/kg t X t X/year t X/year %

P 18 14 16 180 6.0 6280 0.95

V 0.068 0.047 0.057 0.66 0.022 68 0.32

Cr 0.40 0.16 0.28 3.2 0.11 39 2.7

Mn 47 29 38 440 15 1295 11

Co 0.075 0.070 0.073 0.83 0.028 12 2.3

Ni 0.22 0.11 0.16 1.9 0.062 181 0.34

Cu 0.16 0.097 0.13 1.5 0.049 1240 0.040

Zn 1.4 0.47 0.94 11 0.36 1259 0.28

Sr 3.0 3.3 3.2 36 1.2

As 0.087 0.023 0.055 0.63 0.021 57 0.37

Mo 0.015 0.0074 0.011 0.13 0.0043 0.2 22

Se 0.020 0.019 0.019 0.22 0.0074 35 0.21

Cd 0.0037 0.0051 0.0044 0.050 0.0017 9 0.19

Ba 4.3 4.5 4.4 50 1.7

Pb 0.027 0.026 0.027 0.31 0.010 249 0.041

Th 0.00056 0.0027 0.0016 0.018 0.00061

U 0.011 0.0088 0.010 0.11 0.0038

All Canada values based on average fresh asphalt density, total paved road area and an asphalt thickness of 1 cm. Yearly release

estimated with an asphalt lifetime of 30 years. Documented release based on data from Environment and Climate Change Canada

(2017). X elements of interest
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of 3.7 m and considering an actively leaching layer of

1 cm, this gives an estimated leachable paved volume

of 0.03 km3. With a given average asphalt density

(Table 1), one can calculate a total affected asphalt

mass of 7.9 9 107 t, of which 1.1 9 107 t are

contributed by the\ 2 mm fraction. In terms of trace

metals, this process has the potential to yield up to 440

t Mn, 180 t P, 50 t Ba, 36 t Sr, 11 t Zn, 3.2 t Cr, 1.9 t Ni,

1.5 t Cu, 0.83 t Co, 0.67 t V, 0.63 t As, and over 1.5 t of

potentially hazardous metals and metalloids, such as

Pb and Cd (Table 3). The resulting total amounts are

relatively low when compared to reported metal and

metalloid releases for the year 2016 (Environment and

Climate Change Canada 2017). For example, when a

maximum lifetime of a paved road is assumed to be

30 years (Statistics Canada 2018), the paved public

road network of Canada would contribute to about

22% of the documented releasedMo, 11% ofMn, 3%
of Cr, and 2% of Co. For other metals of high concern,

such as Ni, As, Cd, and Pb, the overall numbers are

even smaller, making approximately 0.34%, 0.37%,

0.19%, and 0.041%, respectively. Nevertheless, for

areas in close proximity of paved roads, and especially

in urban environments, those elements may be present

at elevated concentrations and once mobilized, have

the potential to reach surface and groundwater and be

taken up by flora and fauna.

Conclusions

This study explored the potential of asphalt concrete as

a source of trace metals. Using typical samples from

the city of Edmonton, we showed that asphalt

concrete, a widely used pavement material, has the

potential of releasing mobilizable metals and metal-

loids into the environment. Aging processes generally

decreased the amount of elements in the exchange-

able/acid-soluble, reducible, and oxidizable fractions,

reflecting their previous release to the environment.

This release is attributed to the decay of the organic

fraction and the physical and chemical weathering of

aggregates. Although the amounts of elements

released were relatively modest, one needs to consider

contamination of soils underneath the paved roads.

Long-term exposure of soils to leaching asphalt

concrete could lead to an accumulation of metals in

soils and their subsequent transport to aquifers, espe-

cially, Mn, Zn, Sr, and Ba. This effect, however, is yet

to be investigated and systematically quantified in

pavement-covered soils. The organic fraction of

asphalt concrete may also act as a sink for heavier

metals, which could lead to an underestimation of

leached metals. Future studies should investigate this

potentially important effect.
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