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The impact of macropores on heavy metal retention
in sustainable drainage systems
Ruth Quinn and Alejandro Dussaillant

ABSTRACT
Numerous laboratory and ﬁeld experiments have found that rain gardens exhibit excellent heavy
metal retention (>88%). However, none examined the impact of macropore ﬂow on this retention;
this was established to be a key factor in heavy metal capture by previous landﬁll leachate
experiments. Therefore, the aim of the experiments detailed in this paper was to investigate the
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effect of a single artiﬁcial macropore on heavy metal retention in a layered soil column (with a similar
conﬁguration to a rain garden). The ﬁndings of these experiments suggest that macropore ﬂow does
not impact the hydraulic performance or heavy metal retention of the columns with 99% of copper,
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lead and zinc captured. This indicates that macropores are not detrimental to heavy metal retention
in rain garden systems with highly conductive soils; this was attributed to the high hydraulic
conductivity of the media used and the depth of the system. However, in shallower systems, such as
green roofs, the retention of heavy metals and other pollutants may be impacted by the existence of
preferential ﬂow, and more research into this area is needed.
Key words

| heavy metals, macropores, sustainable drainage systems

INTRODUCTION
Storm water runoff from impervious surfaces such as roads,

There are numerous types of SuDS, such as green roofs,

highways, roofs and car parks contains a number of pollu-

detention basins and swales. However, this paper focuses on

tants harmful to the environment (Klein ; Davis et al.

an inﬁltration-based method known as a rain garden.

). The detrimental effects of these pollutants are visible

Rain gardens are vegetated depressions that have been

in lakes and waterways throughout the United Kingdom

speciﬁcally designed to collect and inﬁltrate the storm

with 11% of the total pollution in Scottish rivers attributed

water. They are usually shallow depressions (less than

to it (Ellis & Mitchell ). In the United States, urban

200 mm in depth) and much smaller than the impervious

runoff is second only to agriculture as a source of river pol-

surface from which they receive runoff. Rain gardens con-

lution (Ellis & Mitchell ). This pollution is caused by

sist of vegetation, a high permeability upper layer and

the transfer of contaminants present in urban storm water

lower storage zone; an underdrain may also be present to

such as nutrients, hydrocarbons and heavy metals through

prevent overﬂow in cases of heavy precipitation (Dussail-

storm drains and pipes into local waterways.

lant ). Water is directed into these systems as opposed

In order to prevent this pollution, alternatives to conven-

to conventional storm drains, travels through them and,

tional drainage systems have been proposed in the form of

depending on the subsoil, may replenish groundwater or

sustainable drainage systems (SuDS). SuDS attempt to repli-

slowly percolate into the drainage network. Therefore, it

cate natural systems and drain away urban runoff through

is of crucial importance to minimize contaminants released

collection, storage and ﬁltration before releasing the water

by these systems in order to maintain groundwater and

slowly back into the environment (Klein ).

waterway purity.
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Heavy metals concentration levels in runoff are unlikely

were determined. They found that the undisturbed columns

to affect human health but may induce ecotoxic effects

exhibited preferential ﬂow and only retained between 70

(Brown et al. ). Thus, numerous laboratory and ﬁeld

and 75% of the inﬂuent Zn, Cu and Pb. In contrast, the hom-

experiments have examined heavy metal retention in rain

ogenized columns retained all heavy metal input. The soil

garden devices and other inﬁltration systems (Davis et al.

used in these columns was clay and consequently had a

; Hsieh & Davis ; Blecken et al. ; Paus et al.

lower conductivity than rain garden soils, so it is unclear

; Lim et al. ; Trenouth & Gharabaghi ). It was

whether retention rates would differ in SuDS.

found that in the majority of cases dissolved metals were

Macropores may also be a factor in explaining the ﬁnd-

removed almost completely in the ﬁrst 200 mm of soil (Sun

ings of both Johnson & Hunt () and Kluge et al. (),

& Davis ). This is due to the high organic content of

who studied heavy metal retention in operating rain garden

the upper layer, which has an increased capacity for metal

devices. Both studies found substantial deposits of Cd, Cu,

removal (Li & Davis ). Sun & Davis () observed

Pb and Zn at depths greater than 200 mm. These deposits

that the majority of the heavy metals were removed via

may be caused by preferential pathways in the soil bypassing

adsorption (88–97%), and the remainder were either accumu-

the upper retentive soil layer.

lated in the vegetation (0.5–3.3%) or not captured (2–11.6%).

Therefore, the aim of this paper is to investigate the effect

Experiments were also completed into the effects of

of a single 10 mm diameter macropore on heavy metal reten-

changes in runoff pH, duration and pollutant concen-

tion in layered soil (with similar soil layout to a rain garden)

trations, which were all found to have a minimal effect on

under conditions speciﬁc to a temperate climate. This will

the removal of heavy metals (Davis et al. ).

establish whether macropores are of concern with regards

It was discovered that the single biggest contributing factor

to heavy metal removal in rain garden systems.

to reduced metal retention was ﬂowrate. In the experiments

Soil column experiments in both the saturated and unsatu-

completed by Farm (), the retention of cadmium (Cd), chro-

rated regimes are widely used for applied and theoretical

mium (Cr) and copper (Cu) was high (>96%) at lower ﬂow

studies. In terms of heavy metal sorption studies, column exper-

rates (2,500 mm/h); however, when the rate was increased to

iments have inherent advantages over other approaches such as

4,000 mm/h results showed that the retention dropped dra-

batch studies as they work at a high solid to solution ratio close

matically (51%). This type of a high ﬂowrate can occur in an

to the one encountered in a natural rain garden device (Burgis-

actual rain garden due to a process called preferential ﬂow.

ser et al. ; Highways Research Agency ). Due to these

Macropore ﬂow is by far the most common preferential

reasons, column experiments were chosen as a suitable

pathway in highly conductive homogenous soils such as rain

method for examining heavy metal retention in rain garden soil.

gardens. Common macropores in SuDS include wormholes,
root holes and fractures. Due to their high ﬂowrate and
capacity for bypassing the highly retentive upper layers of

METHODS

soil, macropores have been found to increase the movement
of pollutants (Safadoust et al. , ; Beven & Germann

Experimental design

). So although there are numerous experiments into
heavy metal retention in homogenous rain garden soil

Five bioﬁlters were constructed from acrylic plastic columns

(Davis et al. ; Hsieh & Davis ; Blecken et al.

(140 mm internal diameter, 1,200 mm in height). Transparent

; Gülbaz et al. ; Lim et al. ; Lucke & Nichols

columns were used in order to observe the hydraulic efﬁciency

), the inﬂuence of macropores has not been examined.

of water ﬁltration through the media. The inner walls of the col-

This was established as a key factor in limiting heavy

umns were roughened using coarse sand paper to optimize

metal retention in a previous study completed into landﬁll

soil-column wall adhesion, as recommended by Smajstrla

soil by Camobreco et al. (). In their experiments, the

(). Silicone rings were also installed at 300 mm intervals

heavy metal efﬂuent concentration for two undisturbed

on the interior surface of the columns prior to the addition of

and two homogenized soil columns of length 350 mm

soil to minimize sidewall ﬂow (Cowin ).
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The metal contaminants Cu, Pb and Zn were chosen as
the focus of this experiment as they are the most common
metals present in urban storm water and also have the greatest detrimental effects on the environment (Brown et al.
; Davis et al. ).

An additional 300 mm was left clear at the top of the

With regards to metal concentration, high values (com-

column to allow for ponding. This soil conﬁguration was

pared with storm water heavy metal concentrations (Hares

chosen as it reﬂects a typical rain garden design and the top

& Ward ) and those recommended for synthetic storm

layer mix of soil has proven to be an optimal choice for
heavy metal retention and water inﬁltration (Morgan ).
Two of the columns contained artiﬁcially created macropores which extended through both upper and lower layers

water runoff for the design of rain gardens (Davis et al.
)) were chosen: 10,000 μg/L Cu, 10,000 μg/L Pb and
30,000 μg/L Zn. These values are identical to those used
by the Highways Research Group () and were chosen

of soil. These were of 10 mm in diameter in accordance with

as it allowed the examination of a large quantity of heavy

previous solute transport experiments (Allaire-Leung et al.

metal inﬂow in a short period of time.

). These macropores were created by inserting a metal
rod through the length of the column from top to bottom,

A 20-L container was used to deliver the metal solution
to the columns via adjustable sprinklers to control ﬂow and

following the procedure of Kay et al. (). In order to pre-

distribute the inﬂow uniformly across the surface of the soil.

vent collapse, this insertion process was completed before

The ﬂow rate was measured by determining the time

each experimental run. It was observed that the rod was

required to ﬁll up a ﬁxed volume in a volumetric ﬂask.

easily inserted into the substrate each time indicating that
collapse did not occur.

A number of sensors were installed throughout the columns. In order to measure soil water content eight

Two sets of columns were created, three with normally

Campbell Scientiﬁc S645-L 3-Rod 75 mm time domain

packed homogeneous soil (matrix columns) and two with

reﬂectometry (TDR) probes were installed through three of

preferential pathways (macropore columns).

the columns (Column 1 (macropore column), Column 2
(matrix column) and Column 5 (macropore column)). To

Experimental procedure

measure water head, eight Campbell Scientiﬁc 229-L water
matric potential (WMP) sensors were installed throughout

In these experiments an excessive rainfall scenario was

three of the columns (Column 1 (macropore column),

replicated; this is a relatively high water input rate for a rela-

Column 2 (matrix column) and Column 5 (macropore

tively long period of time (5 hours). This input water rate

column)), as close as possible to the TDR probes to obtain

was determined using data from a weather station located

values at consistent locations. A diagram of the columns

at Heathrow. The above average rainfall amount was

and sensor positions is given in Figure 1.

decided at 10.9 mm/h (about 90% of total annual rainfall

The water outﬂow rate from the base of each column

in the London area). This value is based upon total annual

was measured using a tipping bucket rain gauge (Two

rainfall vs. intensity ﬁgures (Quinn ) This was deter-

Environmental Measurement Ltd. Golden River 2 mm tip

mined to be an adequate reﬂection of a high average

rain gauges, one Texas Instrumentation TR-525M rain

rainfall in temperate climates such as the UK. The average

gauge, one ADCON RG1 rain gauge and one ONSET

input into a rain garden is much higher than 10.9 mm/h

2 mm tip rain gauge). The TDR probes, WMP sensors and

however as it receives runoff from impervious surfaces sur-

rain gauges were connected to a Campbell Scientiﬁc

rounding it. The area ratio of rain garden to impervious

CR10X datalogger where their measurements were stored.

surface was chosen as 10% as this was found to yield the

To determine whether preferential ﬂow occurred, a

most beneﬁcial results in a climate such as that of the UK

tracer (bromide) of concentration 10,000 μg/L was included

(Dussaillant et al. ). This resulted in a total maximum

in the inﬂow. Its outﬂow concentration was monitored using

water input of 120 mm/h.

a Cole-Parmer Bromide Ion Combination Epoxy Electrode
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Diagram of column experiments. All units in mm.

and from the breakthrough curves the degree of macropore
ﬂow was ascertained (Cole-Parmer ).

A preliminary run was completed in order to obtain a
sizeable number of blank samples and a meaningful represen-

Three 20 mm3 samples of water outﬂow were taken on

tation of background heavy metal concentration for each set

breakthrough from the base of each column and every hour

of experiments. This run was identical in duration and

subsequently. The samples were ﬁltered through 0.45 μm

sampling times to the experimental runs but the input was

ﬁlter paper. The concentration of Br and the pH of the

pure distilled water without additional heavy metals.

sample were also measured at this time. Nitric acid was then
added to the outﬂow samples to preserve them for analysis.

RESULTS

All samples were sent to the Consultancy Laboratory at
the University of Greenwich for analysis. Determinations

Hydrological results

were made by ICP-MS (Thermo X series II). Calibration
was via synthetic standards. The magnitude of error for

In order to determine whether preferential ﬂow occurred,

this equipment is 5% of result concentration given and the

the results of soil moisture content, tracer analysis and

level of detection was 0.03 μg/L for Cu, 0.01 μg/L for Pb

breakthrough times were examined. Water breakthrough

and 0.1 μg/L for Zn.

refers to the point at which water begins to ﬂow from the

Three experimental sets were completed, each consisting

column. If a preferential channel exists in the soil, the

of four runs. Each of these runs lasted for 300 min (5 hours)

water should typically travel quickly through it and thus

of water input. Following the completion of each experimen-

have a shorter breakthrough time than a matrix column.

tal set (4 runs), the media in each column were removed

The basic hydrological parameters of the columns are

and replaced with new material. This process was completed

shown in Table 2. The saturated soil moisture content was

to ensure the repeatability and accuracy of experiments.

determined using the TDR probes and the hydraulic conduc-

A summary of experimental design is given in Table 1.

tivity with a hydraulic permeability test.
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Summary of experimental design

Diameter of
column

Upper
boundary

Lower
boundary

Upper boundary
metal

ﬂow

ﬂow

concentration

Length of

Description of

no.

Column title

Internal

External

condition

condition

condition

Column composition

run

set

1

Macropore

0.14 m

0.15 m

Free ﬂow

Matrix

3

Matrix

4

Matrix

10,000 μg/L Cu;
10,000 μg/L
Pb;
30,000 μg/L
Zn

Each set
comprised 4
runs. There
were 3 sets
in total

5

Macropore

Top ﬁlter layer
(600 mm): 50%
compost/50% coarse
sand mix. Drainage
layer (300 mm):
coarse sand. Total
column length:
1,200 m

300 min

2

Average
ﬂow:
10 cm/h

Column

The saturated hydraulic conductivity for the upper compost/sand layer was 770 mm/h. This is signiﬁcantly higher

However, Nimmo () detailed a number of cases where preferential ﬂow occurred in unsaturated ﬁeld conditions.

than the value of 100 mm/h recommended for a rain

From Figure 2 at a depth of 15 cm and 55 cm the soil

garden in order to protect groundwater (Prince George’s

moisture contents in the columns are comparable differing,

County Maryland, Department of Environmental Resources

on average, 11 and 14%, respectively. It is noted that at

). It was decided that this soil be examined despite this

75 cm there is a distinct difference in water content values

ﬁnding in order to assess whether its capacity for heavy

with Column 5 (macropore) having a considerably larger

metal retention is limited by its high permeability. There

value than Column 2 (matrix) during water input. This

are numerous advantages to using a highly conductive soil

difference was, on average, 35%. This may be due to macro-

such as reduced ponding and increased plant survival.

pore ﬂow occurring in the upper layer and transferring
water from the surface directly to the drainage layer. There
is no clear proof that preferential ﬂow has occurred however

Soil moisture content

as this could be due to soil heterogeneity so the tracer and
Figure 2 shows the variation in soil moisture between the matrix

breakthrough results are also analysed.

and macropore columns for Experimental Set 1, Run 1. Similar
soil moisture content results were obtained for all runs.

Water breakthrough times

In Figure 2 water input occurred between 0 and 300
minutes (5 hours) and a clear wetting and drying front are

Figure 3 shows the breakthrough times for each of the col-

observable.

umns for the four runs in all experimental sets. Water

If the soil moisture content values in Figure 2 are compared

breakthrough time refers to the point at which water

to the θsat values contained in Table 2, it can be seen that the soil

begins to ﬂow from the column. If there is a preferential

moisture content is not close to saturation, thus macropore

channel through the soil, the water should typically travel

ﬂow should not be expected to occur in accordance with the

quickly through it and thus will have a shorter breakthrough

ﬁndings of other column experiments (Lamy et al. ).

time than a matrix column (Jury & Horton ).

Table 2

|

Hydrological parameters of the columns

Sand/Soil mix

Sand

Parameter

Column 1
(macropore column)

Column 2
(matrix column)

Column 5
(macropore column)

Column 2
(matrix column)

Column 5
(macropore column)

θsat (m3/m3) (saturated soil moisture content)

0.466

0.491

0.467

0.306

0.343

Ksat (mm/h) (saturated hydraulic
conductivity)

770

770

770

1,100

1,100
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Soil moisture content for a matrix and macropore column for Experimental Set 1, Run 1.

Figure 3 shows that there is no considerable difference

remained similar with a maximum decrease in soil moisture

in breakthrough times between the columns. On average,

content of 21%. The 96 hour break between Runs 2 and 3

they fall within 10% difference of one another. Run 1 con-

resulted in a longer time to water breakthrough as the col-

sistently has the lowest breakthrough times, and this was

umns were considerably drier than for the other runs.

attributed to the initial higher water content of the columns
(Quinn ).

Tracer results

The slight differences between the breakthrough times
of the runs are attributed to the preceding periods of dry-

It was found that in all runs at breakthrough the tracer inﬂow

ness. There was a period of 48 hours between Run 1 and

concentration was equal to the tracer outﬂow concentration.

Run 2, 96 hours between Run 2 and Run 3, and 48 hours

This indicates that piston ﬂow has occurred and that tracer

between Run 3 and Run 4. However, soil initial conditions

and water move at the same velocity and the front arrives as

Figure 3

|

Breakthrough times for columns for all experimental sets.
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one discontinuous jump to the ﬁnal concentration (Jury &

function of experimental time (along the four runs) for each

Horton ). This gives a preliminary indication that no sur-

of the experimental sets. For Set 1, one sample was taken at

face macropore ﬂow occurred. However, there is still a

water breakthrough and every hour afterwards. This resulted

possibility of subsurface initiated preferential ﬂow which

in numerous spikes in the outﬂow concentration of Pb and Zn

would inﬂuence metal retention. This will be ascertained by

which was attributed to their tendency to remain in particu-

examining the heavy metal outﬂow results.

late rather than dissolved form. This leads to abnormally
high values upon analysis. The samples were ﬁltered through

Heavy metal outﬂow results

0.45 μm ﬁlter paper; however, this has been found to be insufﬁcient at removing particulate matter and in future 0.1 μm

Figure 4 shows the range and average of the blank sampling

should be used (Chen et al. ). For Sets 2 and 3, three

procedure. It is evident that the upper layer of soil contained

samples were taken at every sample time to temper these

a low concentration of heavy metals (Quinn ). Thus, it

large values. The trend line for each column represents the

was important to differentiate between this background con-

median values and the error bars represent the maximum

centration and increased outﬂow concentration due to the

and minimum concentration values of the three samples.

input of additional heavy metals. Figure 4 indicates that
for all sets the blank concentration of heavy metals fell

It is evident from Figure 5 that in all cases the heavy metals
were retained almost completely with the rates of >99%.

within the same range. It is clear that the initial Cu and

In order to demonstrate the repeatability of the exper-

Pb outﬂow concentrations for all experimental sets is com-

iments, Figure 6 shows a comparison between sets for

parable. The initial concentration for Zn varies between

individual columns for each of the heavy metals Cu, Pb

the sets from 3 to 42 μg/L but in all cases it is far less than

and Zn. Overall, each column exhibits the same heavy

the input concentration of 30,000 μg/L.
In Figure 5 the results of the four experimental runs are
shown; heavy metal outﬂow concentration is displayed as a

Figure 4

|

Blank sample ranges of the columns.
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Heavy metal outﬂow concentrations for all experiment sets.

The small variations between the sets are attributed to
differences in background concentration (Figure 4).
From Figure 5 there appears to be no signiﬁcant differ-

a macropore in highly conductive rain garden soil does not
decrease heavy metal retention. Statistical analysis in the
form of a t-test was performed to further conﬁrm this ﬁnding.

ence between the outﬂow concentrations from the matrix

The p-values from t-tests were used to compare macro-

and macropore columns. This indicates that the presence of

pore (Column 1 and 5) and matrix (Column 2 and 4)

Figure 6

|

Comparison of experimental sets for each column.
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columns. Column 3 was excluded from statistical analysis, as

some SuDS, all of the water contained in the macropores

during the experiments, sidewall ﬂow was consistently

transfers directly to matrix region instantaneously due to

observed resulting in erratic outﬂow concentration values.

the conductivity of the media (Morgan ; Quinn ).

It was found that there were two cases with a consistent

These experiments support this conclusion.

statistical difference between macropore and matrix col-

With regards to heavy metal retention, it was found that

umns (one case for Cu, Set 3 (0.0082) and two cases for

there was a statistically signiﬁcant difference between

Zn, Set 2 (0.003 and 0.0017)). These cases correspond to

macropore and matrix columns for Cu and Zn concen-

sets which had large ranges of outﬂow concentration, as

tration outﬂow. Cu and Zn are the most mobile of heavy

illustrated by the error bars in Figure 5.

metals so if a small concentration was present in the macropores it would not be retained to the same extent as in the
matrix region as macropores have a lower heavy metal

DISCUSSION

retentive capacity (Knechtenhofer et al. ). This result
has been found by previous ﬁeld studies, that macropores

In this study, column experiments were performed to inves-

can adsorb heavy metals but that their adsorption sites

tigate the heavy metal retention in rain garden soil with and

decrease over time as they reach retention capacity (Knech-

without macropores under English climatic conditions. A

tenhofer et al. ). This is supported by the retention of Pb

preliminary analysis of the soil moisture content, break-

in these column studies which was unaffected by macropore

through times and tracer results indicated that there was

ﬂow due to its immobility in soil.

no signiﬁcant hydrological difference between the macropore and matrix columns.

However, there is a possibility that due to the low concentrations involved, these statistical ﬁndings are simply

It should be noted that the hydraulic conductivities of

anomalies. This is supported by the ﬁndings of the other

both the upper (soil/sand mix) and lower (sand) layers are

sets where there was no difference between macropore

very high with a saturated hydraulic conductivity value of

and matrix columns.

770 mm/h and 1,100 mm/h, respectively. These values are

From the raw data for all experimental sets, it was clear

properties of the soil and were calculated by examining

that for all heavy metals (Cu, Pb, Zn) excellent retention was

the velocity of the wetting wave using the instantaneous pro-

seen (>99%) for both macropore and matrix columns. This

ﬁle method (Quinn ). Nimmo () proposed that

result correlates with previous ﬁndings (Davis et al. ;

macropores in soils have a ‘natural speed limit’ in unsatu-

Sun & Davis ; Li & Davis ; Blecken et al. ).

rated soils. This limit varies depending on soil type but has

These results differ from the macropore column ﬁndings

been found to range from 41.6 mm/h to 2,500 mm/h. The

of Camobreco et al. (), who found that columns exhibit-

minimum breakthrough times for the columns (Experimen-

ing preferential ﬂow only retained 70–75% of the inﬂuent

tal Set 1, Run 1: 35 minutes Column 3) indicate that the

Cu, Pb and Zn. This is attributed to the length of the col-

water velocity through the columns was 1,100 mm/h. This

umns; the columns in this paper were packed with a depth

is within these speed limits. Thus, water could be active in

of 600 mm of optimized soil and 300 mm coarse sand as

the macropores, yet have the same speed as ﬂow in the

opposed to the 350 mm of soil used by Camobreco et al.

matrix region; this would explain the similar breakthrough

(). This indicates that in deeper SuDS devices, macro-

times and tracer results despite the deviation in soil moisture

pore ﬂow is not of paramount concern with regards to the

content between the two types of column.

retention of heavy metals and may be beneﬁcial in terms

These ﬁndings also support the possibility of complete

of increased hydraulic conductivity over time (Dussaillant

water transfer from the macropore to matrix region. Water

). However, in shallower systems such as green roofs,

transfer has been found to occur between the regions in

their retention may be impacted by the existence of preferen-

grassland soil but has never been examined in the context

tial ﬂow, and more research into this area is needed. The

of a rain garden (Weiler & Naef ). It has been proposed

difference in retention may also be attributed to the level

that due to the high hydraulic conductivity of the soil used in

of soil saturation. The soil moisture contents observed by
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Camobreco et al. () were similar to those observed in

does not occur in other sets it is attributed to anomalous

the experiments presented in this paper. However, they

values caused by low outﬂow concentrations.

did not record the saturated soil moisture content so the
degree of column saturation is unclear.

The above results were then compared to other macropore
retention experiments and it was observed that macropore

There were several limitations to this study. The water

ﬂow may not impact rain gardens due to their depth. However,

loading rate of 120 mm/h was signiﬁcantly inferior to the

in shallower systems, such as green roofs, heavy metal and

saturated soil conductivity (770 mm/h). Thus, the soil

other pollutant retention may be impacted by the existence

matrix remained unsaturated and no ponding occurred,

of preferential ﬂow and more research into this area is needed.

which is not the usual mode of operation of a rain garden.
The chosen soil conductivity is also far superior to recommended values which limits its capacity to ﬁlter
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