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A B S T R A C T

Metal mining operations can release toxic metals to surrounding environments where site-specific
conditions control the movement of contaminants. Colloid-facilitated transport, the transport of
contaminants with small, mobile particles, has been recognized as a potential contaminant
transport vector in groundwater, but it remains unclear under what conditions it is important and
whether neutral, metal-rich mine drainage from legacy mining impacts this transport vector. This
work presents a set of laboratory column experiments that study the effect of colloids on metal
mobility in saturated, wetland sediment that has been receiving neutral mine drainage for nearly
a century, using mixed and single metal input solutions at neutral pH. Results indicate that
colloid-facilitated transport is only important when small (<0.01 μm) colloids, most likely formed
from organic matter, are present. Larger particles were found to be generally immobile, so could
aid in the immobilization of metal contaminants. These findings imply that colloid-facilitated
transport is an important transport vector in mine-impacted wetland sediment and should be
considered when remediating mine sites.

1. Introduction

Contamination from metal mining operations is a major environmental challenge with toxic metals released from waste-rock piles
significantly degrading water quality [1,2]. Waste impoundments, both waste-rock and tailings, can pose serious risks to areas in
immediate proximity to mines, but contaminant transport increases the area impacted. Contaminant transport is highly site-specific,
with solution chemistry, physical characteristics of the porous media, and flow patterns all impacting how contaminants migrate.

Ordinarily, transport is conceptualized as a two-phase system consisting of an immobile solid phase and an aqueous phase;
however, small mobile particles, colloids, can participate in metal transport creating a three-phase transport scenario where a carrier
phase is added [3]. Colloids have similar characteristics to solids, so can readily interact with metal ions that have an affinity to the
solid phase [4]. If these particles are present and act to enhance metal mobility, the apparent solubility of metals can be higher and
contamination can be observed at distances that would not be expected under a two-phase system [5–7]. Colloid-facilitated transport
has been a research focus over the last several decades in an attempt to determine how much impact colloids have on metal mobility
and whether colloids are always contaminant transport vectors [8,9]. A large base of research has indicated that metal contamination
can be impacted by colloids, allowing them to be carried farther than anticipated [8]. Colloid-facilitated transport can be impacted by
changing concentrations of colloids [10], the presence of organic molecules such humic acid [7,11], and a complex solution
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composition [12].
Colloids are generally defined as particles less than 10 μm in size [13] that form when particles are released from the solid matrix or

as solids precipitate from solution [14]. A wide range of materials form colloids, including geologic materials such as clay particles or
other mineral fragments, organic matter including humic and other organic substances, and microorganisms including living or dead
bacteria cells [9,15]. The composition and source of colloids can be controlled by the (bio)geochemistry of an area [8]. Colloids are
ubiquitous in both groundwater and surface water [16], so are expected to be readily available to participate in colloid-facilitated
contaminant transport. Many researchers have found evidence for colloid-facilitated transport at both laboratory [4,7,10, 12,
17–19] and field scales [20–24], but it remains unclear whether colloids participate in metal transport in all scenarios [10].

While the aqueous transport of contaminants has been extensively studied in and around mine-waste impoundments, research
generally focuses on recently placed waste-rock piles [2,25–27] or legacy mine sites that have been partially remediated or had
mitigation efforts implemented [28,29]. To our knowledge fewer studies have focused on legacy mine sites that have not undergone
any remediation. Because both physical and chemical properties (e.g., the pH, ionic strength, Eh, and conductivity) of the subsurface
may impact colloid mobility [8], it is possible that long-term contamination, which could expose the subsurface to high quantities of
metal contaminants, has the potential to alter whether colloid-facilitated transport is an important process at legacy mine sites.

The objective of the current experimental, laboratory study was to examine whether colloid-facilitated transport is important in
saturated wetland sediment that has received continuousmetal-rich drainage from an abandoned, uncontrolled waste-rock pile located
at the Ore Chimney Mine property near Kaladar, Ontario, replicating, as much as possible, existing field conditions. Zinc was the
primary target metal in these experiments due to high quantities of sphalerite in the waste rock which has been shown to be highly
weathered [30], leading to elevated Zn concentrations in the wetlands adjacent to the waste rock [31]. Field-collected sediment and
natural, sediment-derived colloids were used to allow for a representation of long-term contamination impacts. The effects of solution
composition, flow rate and colloid suspension characteristics were investigated.

2. Methods

2.1. Sediment source and description

Sediment used in this study was collected from a wetland adjacent to a waste-rock pile at the Ore Chimney Mine property. The
property is located in the area of Kaladar and Barrie townships, approximately 100 km northwest of Kingston, ON [32,33]. Under-
ground operations at the mine occurred between 1909 and 1932 [33] and targeted a gold-bearing quartz-carbonate vein system [34,
35]. It is not clear when the waste-rock pile was first constructed, but it was approximately its current size in the 1930s (based on aerial
images taken in 1934 [36]). The waste rock contains high concentrations of sulfide minerals including galena, sphalerite, pyrite, and
others [37], as well as carbonate minerals such as calcite [30]. High degrees of mineral weathering were identified by Hicks [30], with
sphalerite being the most weathered. Investigations of the wetland groundwater and sediment identified elevated concentrations of Zn
and other metal contaminants near the waste-rock pile, with limited transport beyond approximately 30 m from the edge of the waste
rock [31].

Sediment was collected in late October 2020 using a steel auger and stored in plastic bags. Sediment was kept frozen at approx-
imately − 20 ◦C and thawed for use in April 2022. Sediment used for this experiment consisted of a fine-grained organic sediment
collected approximately 1 m below the sediment/water interface, in the same area as sediment characterized by Harper et al. [31]; it
was determined that the sediment contained an average of 79 % organic matter (maximum 90 %) in this area of the Ore Chimney
wetland. All sediment collected at the site was saturated due to standing water in the wetland.

2.2. Column physical parameters and packing

Experiments consisted of a set of two, 30.5 cm long by 3 cm diameter columns constructed of polyvinyl chloride (PVC) bodies and
caps, with sample ports and inflow/outflow lines constructed of 0.6 cm semi-rigid high-density polyethylene (HDPE) tubing and
stainless-steel Swagelok® fittings. Five sample ports were constructed at 5 cm intervals along the length; HDPE tubes extended roughly
2.5 cm into the column with approximately 20 small holes punched along this length. Glass wool was used to loosely pack the sample
tube and prevent sediment from entering the sample port. Teflon tape was used on all threaded connections. A piece of Nitex nylon
mesh with 100 μm pores was placed in each end cap to prevent sediment from entering inflow and outflow lines.

Columns were packed with a volumetric mixture of 15%Ore Chimney wetland sediment and 85% quartz sand (classified grain size
30/40 mesh). This mixture was used to reduce the overall sorption capacity of the column packing so that experiments could be run in
a reasonable time frame. The ratio was chosen based on batch experiments that indicated high adsorption capacity of the organic-rich
sediment (Supplemental Materials 1), and previous analysis of the wetland sediment that showed high metal loads including up to
approximately 9000 mg/kg Zn, 2700 mg/kg Pb, and 275 mg/kg Cd [31]. Although adding quartz sand modified the natural character
of the sediment, the quartz was determined to have low sorption capacity for Zn (Figure S1.2); this configuration was used to provide
faster breakthrough of metals and colloids through the column. A layer of approximately 1 cm of sand was added to the bottom of the
column and the sediment/sand mixture was added, scoop-wise with gentle tapping on the sides of the column to remove air pockets
and homogenize layers. All packing was saturated with deionized water prior to addition to the columns. Columns were allowed to
rest, undisturbed, for 24 h to allow settling to occur, and additional sediment/sand mixture was added if settling had lowered the level
of the sediment in the column. Porosity of the column packing (15 %wetland sediment and 85 % sand) was estimated prior to addition
to columns by drying then saturating a sample to determine the volume of void space (Supplemental Materials 2). Porosity ranged from
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30 % to 40 %.

2.3. Column operation – flow, experimental phases, and input solutions

Flow to the columns was controlled with a peristaltic pump (Masterflex® L/S® precision variable-speed console drive with
Masterflex® L/S® standard pump head for precision tubing and L/S® 13 Puri-Flex™ precision pump tubing). Flow rates were
continuously monitored, and pump tubing was replaced as needed if it became clogged or flow rate in the column dropped. Flow in the
columns was from bottom to top to ensure continuous saturation, and the column was kept vertical.

The experiment was run in three consecutive phases; Phase 1 had a target flow rate of 0.15 mL/min, (range of 0.12 mL/min to 0.17
mL/min), corresponding to a linear flux of approximately 100 m/year. In Phase 2, the flow rate was doubled to approximately 0.3 mL/
min (range of 0.32 mL/min to 0.33 mL/min), corresponding to a linear flux of approximately 200 m/year. In Phase 3, the higher flow
rate was maintained (range of 0.22–0.33 mL/min), but the colloid composition of the input solution was changed (discussed below).
During Phase 1, approximately 2 pore volumes were replaced each day and in Phases 2 and 3, approximately 4 pore volumes were
replaced each day. Samples were collected every three days regardless of flow rate. Phase 1 lasted 90 days, Phase 2 lasted 18 days, and
Phase 3 lasted 30 days. Phase lengths were selected by actively monitoring metal and colloid concentrations and starting the next
phase once all parameters were relatively stable, or when it was clear that the previous change did not result in a significant change in
measured parameters. Variation in flow rate was due to pump tube clogging and wear of the pump tubing.

Input solutions to the columns consisted of metal solutions that contained colloids extracted from the Ore Chimney sediment.
Colloid extraction was conducted using methods similar to those used by Roy and Dzombak [38] and Jiang et al. [17]. Sediment was
thoroughly mixed with deionized water using a wrist action shaker and allowed to settle for 24 h so larger particles settled out. Since
colloids do not easily settle from solution [39], colloids remained in suspension and were syphoned off, being careful not to disturb
settled sediment. For Phases 1 and 2, this suspension was centrifuged at 3000 rpm for 60 min to concentrate colloids, and the su-
pernatant (any liquid above the visible colloid mass) was removed and discarded. The concentrated colloids that remained were rinsed
with NaCl (to remove exchangeable cations) and then deionized water to minimize the concentration of solutes released from the Ore
Chimney sediment and decrease their addition to input solution concentrations. The concentrated colloids were dried so a knownmass
of colloids could be added to the solution. For Phases 1 and 2, there was the potential for small colloids to be lost if they remained in the
supernatant after centrifuging.

In Phase 3, to ensure as complete a colloid suspension as possible and prevent the loss of the smallest particles, the centrifuging and
drying steps were removed, and the colloid suspension was used without additional preparation to make the input solution. For many
elements, this led to concentrations of metals and other solutes in the input solution that were greater than the target metal con-
centration (i.e., what was added from the stock solutions) because they were not removed by rinsing during colloid preparation
(Table 1). These higher concentrations were considered the new input concentrations to allow for determinations of whether the
higher concentrations impacted the results. For all experimental phases, magnetic stir plates were used to continuously mix input
solutions and ensure homogeneous distribution of colloids.

Metal solutions were prepared with reagent grade solutions or salts of each metal diluted to the appropriate concentration with
deionized water or the Phase 3 colloid suspension. Column 1 used a ZnCl2 solution with no other metals added to the solution to allow
individual metal responses to be investigated (Table 1). To replicate effluent conditions from the Ore Chimney waste rock, investigate

Table 1
Input solution parameters for each column including the metal ions and their total aqueous concentration, and the concentration of colloids. Metal
concentrations determined by ICP-MS. Colloid concentration in Phase 3 was measured in Nephelometric Turbidity Units (NTU) and converted to
concentration (mg/L) (see Supplemental Materials 3 for details).

Constituent Column 1 Column 2

Concentration (ppb) Concentration (ppb)

Input
solution
(Target)

Input solution using
extracted colloids
(Measured)
Phases 1 and 2

Input solution using
colloid suspension
(Measured)
Phase 3

Input
solution
(Target)

Input solution using
extracted colloids
(Measured)
Phases 1 and 2

Input solution using
colloid suspension
(Measured)
Phase 3

Al 0 0 180 0 0 180
Ca 0 830 35160 6000 7020 41350
Cd 0 0 0 500 0 0
Cu 0 0 20 100 0 20
Fe 0 0 30 0 0 30
K 0 20 2380 5000 6030 8380
Mg 0 40 5320 5000 5090 10380
Mn 0 0 80 100 90 170
Na 5750 6370 7050 10750 9980 10650
Ni 0 0 0 100 70 70
Pb 0 0 0 50 0 0
Zn 15000 8920 9740 15000 11770 12590
Colloids

(mg/L)
75 75 194 75 75 194
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metal mobility in an un-remediated wetland sediment and to allow for the investigation of competitive adsorption with multiple metals
present, Column 2 used a mixed metal solution containing metals that were found in the Ore Chimney waste-rock porewater [30] and
wetland groundwater [31]. Concentrations of each metal were chosen based on previous research findings from the site to align with
environmentally relevant concentrations (Table 1). The pH of each solution was adjusted to pH 7 with a 30 % NaOH solution.

2.4. Sampling and analysis

Samples of approximately 25–30 mL were collected at the sample ports by closing the effluent port and opening the sample port.
Earlier experiments (unpublished) indicated that dissolved oxygen (DO) is consumed in columns using this sediment, so samples were
collected in sealed, N2(g) purged flasks and kept in a low oxygen environment (less than 5 % O2) during processing to ensure stable
redox conditions. Initial sampling started with only the port closest to the inlet and sampling of the other ports began after approx-
imately 40 pore volumes. When more than one port was sampled, the column was allowed to run for at least 30 min between sampling
to re-establish flow in the column. Samples were collected at the first sample port (5 cm along column length), the middle sample port
(15 cm along column length), and the end sample port (25 cm along column length).

All sample preparation and testing was conducted in an oxygen depleted, N2(g) environment with less than 5 % O2(g). Prior to
additional sample preparation, all samples were tested for pH with an Oakton Ion 700 pH bench meter with a Cole-Parmer pH probe
(accuracy of ±0.01 pH units) and turbidity with an Apera Instruments TN420 turbidity meter to allow for the determination of colloid
concentration (see Supplemental Materials 3). Samples were filtered with a Sterlitech polycarbonate stirred-cell filter and poly-
carbonate filter membranes with pore sizes of 10 μm, 1 μm, 0.1 μm, and 0.01 μm. Filtering was completed sequentially with the filtrate
from the previous filter pore size being filtered at the next largest pore size to prevent filter blinding from larger particles. The entire 30
mL sample was filtered and approximately 6 mL of sample was saved after each filter size. Anything not removed by the 0.01 μm filter
was considered part of the dissolved phase, since the 0.01 μm filter size was the lower limit of the filtration equipment available. All
samples were saved in 15 ml plastic centrifuge tubes, acidified to pH of ~2 with approximately 50 μL of 70 % trace-metal grade nitric
acid, and refrigerated at 4 ◦C until metal concentrations could be analyzed. Aqueous samples were tested for metal concentrations with
inductively coupled plasma mass spectrometry (ICP-MS). The analysis of samples with ICP-MS allows for the determination of total
metal concentration (dissolved plus colloidal) since colloids are ionized during analysis. Detection limits for each element in ICP-MS
analysis were calculated as three times the standard deviation of a series of blank samples tested after instrument calibration through
all runs (used for Na, Mg, Al, K, Ca, Fe, and Zn), or as the concentration of the lowest calibration standard (0.1 ppb) if the calculated
detection limit was lower than this value (used for Mn, Ni, Cu, Cd, and Pb) [40]. Internal standards contained 10 % methanol to
improve consistency in the internal standard recovery and reduce matrix effects during analysis that resulted from the high organic
carbon content present in the samples.

Scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS) was used to image colloids on filter
membranes. Samples were coated with gold to increase conductivity and imaged with both back scatter electron and secondary
electron imaging. While EDS provided general elemental composition, because the samples were not smooth or uniform, it was not
possible to use this technique to determine exact percentages of the composition.

2.5. Column dismantling and porewater extraction/analysis

At the end of the experiment, column packing was removed with a plastic spoon, separating upper and lower portions of the
columns. Samples were stored in plastic bags and refrigerated at 4 ◦C.

Porewater was extracted from the column packing through centrifugation. Centrifuge tubes (50 mL) were altered to allow for the
separation of water and sediment. A centrifuge tube was shortened to the 30 mL mark and a small hole was drilled in the tip. A small
amount of glass wool was placed at the tip and the tube was filled with roughly 25 mL of the column packing. Another centrifuge tube
was shortened to the 20 mL mark and placed under the sediment packed tube to collect the water. Samples were centrifuged at 3000
rpm for 5 min. Two 25 mL portions of sediment were centrifuged for both the upper and lower sections of the column, resulting in
approximately 20 mL of water which was filtered using the same processes as for all other water samples, acidified and refrigerated.
Water samples that were collected through centrifugation of column packing from the sediment in the lower part of the column had
sediment loads that were too high to allow for filtering, so these samples did not go through processing or testing. After filtration and
acidification, particles settled from filtered porewater samples that had been collected from the upper part of the column, so analysis
was only conducted on the liquid above the settled particles to ensure particles would not clog ICP-MS components.

2.6. Data processing and analysis

For quality control, duplicate samples were collected throughout the experiment and the results of these duplicates were averaged
to provide a single value for that sample. Colloid concentrations in samples were determined by converting the measured turbidity
values fromNTU tomg/L using calibration curves created from both colloid suspensionmethods (Supplemental Materials 2). Turbidity
results were excluded from analysis if column flow problems (e.g., clogged tubing or stopcocks not being opened) caused pressure to
build in the column leading to a sudden release of sediment when flow was re-established.

Sample and porewater data were analyzed to determine if there were large portions of metals associated with colloids and any
specific particle size fraction. The percent of total concentration associated with any size fraction was determined for filtrate samples.
Size classes were assigned (Table 2) and concentrations in each class were determined by subtracting the results from the next smallest
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filter. The percent of total metal concentration was determined with Equation (1). For water testing results, the data from the three size
classes (A, B, and C) were grouped to give two categories, colloidal (>0.01 μm) and dissolved (<0.01 μm).

% of total =
Concentration in Size Class

Total Concentration
× 100 (1)

Where the total concentration is considered the concentration of the 10 μm filtered sample.
For analysis of associations between major cations/metals and colloids, outliers were removed. Outliers were considered any

concentration that was greater than three standard deviations above the mean of the three non-suspect filtrate concentrations of that
sample. Fewer than 0.2 % of any column’s results were identified as outliers and removed.

3. Results

3.1. Colloid characteristics

Colloid morphology varied between size classes (Fig. 1), but colloids were similar between columns. The largest sized colloids had
highly irregular morphology (with colloids generally being composed of aggregates of smaller particles) and generally resembled the
morphology of humic acid observed by other researchers [e.g., 41]. Colloids below 10 μm in size and above 1 μm, were also generally
irregular, but some platy particles were observed. Below 1 μm in size, particles were more regular in shape with a largely circular or
oblong shape. Due to limitations of SEM, particles present on the 0.01 μm filters could not be distinguished.

Compositional analysis (EDS) of particles on filter membranes revealed high quantities of carbon and oxygen, but it was not
possible to determine exact elemental ratios because of the surface morphology of the particles. A few particles had measurable
concentrations of Fe, Al, Ca, S, Si, and Mg, but were still primarily composed of C and O. Additional information available in Sup-
plemental Materials 4.

3.2. pH and colloid concentration

Throughout the experiment the pH in both columns remained approximately circum-neutral (defined as pH between 6 and 8 [42]),
but did show a moderately acidic pH, particularly in Phase 1 (minimum pH of 5.07) (Fig. 2). In both Columns 1 and 2, the pH was
consistent between sampling ports (Fig. 2). The pH varied sample to sample, with the most variability observed near the beginning of
the experiment, but pH remained between 5.0 and 6.9.

The colloid concentrations were generally low throughout the experiment but had extreme, single-sample spikes at several points.
In Column 1 (Fig. 3A), colloid concentrations were high (179 mg/L) in the first sample from the first port and decreased over the next
four samples, reaching a minimum of approximately 10 mg/L. Colloid concentrations were stable at this minimum at the first port with
some minor variations throughout the remainder of Phase 1 and all of Phase 2. At the middle port and the end port, colloid con-
centrations in Column 1 were initially higher than those observed at the first port, and generally decreased to the minimum (with two
spikes at 74 pore volumes and 150 pore volumes) throughout the remainder of Phase 1 and all of Phase 2. In Phase 3, colloid con-
centrations increased substantially at the first port of Column 1 reaching and exceeding the concentration observed in the first sample
(maximum of 207 mg/L). The colloid concentrations in the middle and end ports also increased during Phase 3, but not to the same
degree as was observed at the first port.

In Column 2 (Fig. 3B), the colloid concentration trend was the same as that observed in Column 1, with the exception of the initial
decrease in colloid concentration in the first port. With random concentration spikes at some ports, concentrations were low
throughout Phase 1 and 2 (approximately 5 mg/L). As with Column 1, colloid concentrations increased throughout Phase 3, reaching
the maximum concentration of 246 mg/L at the first port at 348 pore volumes.

3.3. Major cations– Na, Mg, K, and Ca

In Column 1 (Zn only input solution), low total major cation concentrations were the result of element release from the Ore
Chimney wetland sediment in the column packing. The elements Mg, K, and Ca were not included in the input for Column 1; however,
Na was present in the input solution from pH adjustment with NaOH. In Column 2 (mixed metal input solution), higher total con-
centrations of major cations resulted from the presence of these elements in high concentrations in the input solution. In Phase 3 the
change in colloid extraction procedure meant that the major cations present in the contaminated sediment remained in solution, rather
than being removed during colloid extraction processes, resulting in higher element concentrations in the input solution. For Phase 3,

Table 2
Colloid size class definitions for water analysis.

Size Class Definition

Class A Between 1 and 10 μm
Class B Between 0.1 and 1 μm
Class C Between 0.01 and 0.1 μm
Class D Below 0.01 μm (dissolved)
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testing of the uncentrifuged colloid suspension (filtered at 0.45 μm) indicated that an additional 5000 ppb of Mg, 2000 ppb of K, and
34000 ppb Ca were present, increasing the Phase 3 input concentrations to 10000 ppb Mg, 7000 ppb K and 40000 ppb Ca.

Throughout the experiment, total major cation concentrations in samples reflect the input concentrations regardless of column,
phase, or sample port (Fig. 4). In Column 1, Na concentrations were generally stable throughout the experiment but showed random
concentration spikes (Fig. 4A). It is not clear what caused these concentration spikes, but spikes occurred at the end port (farther along
the flow path) near the same pore volume at which a spike was not observed in earlier sample ports; this may have been an artifact of
sampling procedure. Calcium was released from the column packing for the first approximately 50 pore volumes; concentrations
decreased slightly and stabilized with approximately a 25 pore volume separation between sample ports, indicating that Ca release was
progressing through the column (Fig. 4G and H).

Very little association between major cations and colloids was observed in Column 1 (Table 3) or Column 2 (Table 4). Generally, an
average of less than 5 % of the total Na, Mg, or Ca concentration was found in association with the colloid sized particles, regardless of
experimental phase. The remainder of the total concentration was found in the dissolved (<0.01 μm) phase. Calcium had a few in-
dividual samples that had strong associations with colloids (e.g., one sample in Phase 1 of Column 1 where 60.2 % of the total

Fig. 1. Representative images of colloids on A. 10 μm pore size filter, B. 1 μm pore size filter, C. 0.1 μm pore size filter, and D. 0.01 μm pore size
filter. Note the different scale on the different images.

Fig. 2. pH variability of samples (accuracy of ±0.01 pH units) collected from the first, middle, and end ports in A) Column 1 and B) Column 2. Line
colour indicates sample port. Unshaded region indicates Phase 1, grey shaded region indicates Phase 2, and blue shaded region indicates Phase 3.
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concentration was associated with colloids), although the average association in each phase (Tables 3 and 4) remained small. Po-
tassium was eliminated from analysis in Column 1 since concentrations were low (close to the detection limit) or below the detection
limit, and low levels of contamination were observed, with consistently increasing K concentrations in more filtered samples. Po-
tassium was included in the analysis for Column 2 (Table 4) since concentrations of K in this column were less impacted by
contamination and the variability was lower.

3.4. Metals – Al, Fe, Cu, Mn, Ni, Cu, Pb, Cd, and Zn

In Column 1, Zn was the only metal included in the input solution, so any other metal observed in the samples was released from the
column packing. To first identify concentration trends more clearly, trends are visualized and discussed based on the 0.01 μm filtered
samples only, as these represented the dissolved phase metals; subsequent discussion will include colloidal association.

Aluminum, Fe and Cu had similar dissolved (<0.01 μm) concentration trends in Columns 1 and 2 (Fig. 5A–F). Concentrations of
these elements were high in the first sample with the highest concentration found in Column 1. In both columns, concentrations of
these metals decreased substantially by the second and third samples and were stable at their concentration minimum throughout the
remainder of Phase 1 and the entirety of Phase 2. Aluminum, Fe, and Cu concentrations spiked in both columns at the beginning of
Phase 3, particularly in the first port. Concentrations continued to increase, stabilizing by 300 pore volumes. Concentrations began to
increase at the middle and end ports at approximately 300 pore volumes.

Dissolved Mn concentrations were stable throughout Phases 1 and 2 with very low concentrations in Column 1 (Fig. 5G) and
concentrations of approximately 50 ppb in Column 2 (Fig. 5H). In both columns, Mn concentrations were approximately the same at all
three ports. Manganese concentrations began to gradually increase at the beginning of Phase 3; a maximum Mn concentration of
approximately 150 ppb was reached in Column 1 and a maximum Mn concentration of approximately 300 ppb was achieved in
Column 2, slightly higher than the input concentration. Approximately 80 ppb Mn was found in uncentrifuged colloid suspension, so
the Mn input concentration increased in Phase 3.

Dissolved concentrations of both Pb (Fig. 6A and B) and Cd (Fig. 6C and D) were low throughout the duration of the experiment but
showed modest increases in both columns throughout Phase 3. Lead concentrations dropped below the detection limit in both columns
during Phases 1 and 2 but reached the input concentration in Phase 3 in Column 2. Despite the modest increase in concentration
observed in Phase 3, Cd concentrations did not approach the input concentration. Nearly identical trends for Cd were observed be-
tween the two columns despite the input concentrations being drastically different.

Dissolved Zn concentrations at the first port in Column 1 increased steadily for the first 50 pore volumes and then stabilized at
approximately 5000 ppb (Fig. 6E). The concentration of Zn at all ports spiked at the beginning of Phase 3, then decreased to con-
centrations close to the input concentration (15000 ppb), but variation was observed. Zinc concentration in the first port spiked to just
above the input concentration, while the concentration increased to over 20,000 ppb in the second and third ports. Following the
decrease in phase three, the concentration continued to be variable. In Column 2, Zn was more mobile than in Column 1 with higher
concentrations throughout the first two phases of the experiment, stabilizing at a concentration of 10,000 ppb (Fig. 6F). Zinc con-
centrations in Column 2 spiked to close to 20,000 ppb at the beginning of Phase 3 but decreased slightly and stabilized at the input
concentration of 15,000 ppb for the remainder of the experiment.

The percent of total metal concentration associated with colloids showed variation. Because approximately one third of samples
had Pb concentrations below the detection limit and other samples saw increasing concentrations in increasingly filtered samples, Pb

Fig. 3. Colloid concentration of samples collected from the first, middle, and end sample ports in A) Column 1 and B) Column 2. Line colour
indicates sample port. Unshaded region indicates Phase 1, grey shaded region indicates Phase 2 and blue shaded region indicates Phase 3. Black
dashed line indicates input solution colloid concentration in each phase.
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was excluded from analysis of colloid associations in both columns. Associations between Fe and colloids were not calculated for Phase
2 in either column because concentrations in water samples were very low (i.e., <3 ppb) and low levels of contamination during
filtering had a substantial impact on results.

The degree of differentiation between filter sizes was variable between metals, columns and experimental phases (Tables 5 and 6,
and Supplemental Materials 5). In general, Mn, Zn, and Cd had low association with colloids with less than 20 % of the total metal
concentration associated with colloids between 0.01 and 10 μm. Aluminum, Fe and Cu had high percentages of total metal concen-
tration associated with colloids in both columns; Al had between approximately 25 and 65 % associated with colloids, Fe had generally
between 20 and 45% associated with colloids in Phase 3, and Cu had generally between 10 and 55% associated with colloids (Tables 5

Fig. 4. Dissolved concentrations (<0.01 μm) of major cations in samples collected from Columns 1 and 2 including Na (A and B), Mg (C and D), K (E
and F), and Ca (G and H). Unshaded region indicates Phase 1, grey shaded region indicates Phase 2, and blue shaded region indicates Phase 3. Line
colours indicate sampling port. Black dashed line indicates input solution concentration. Note different scale for different elements.
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and 6). The percent of total metal concentration associated with colloids was similar in Columns 1 and 2, and minor variation was
observed between experimental phases and sample ports.

3.5. Extracted porewater results

High percentages of trace elements were associated with colloid sized particles in porewater samples extracted from the column
packing at the end of the experiments (Table 7). These colloids, however, were not mobile and remained in the column porewater
rather than exiting the column with the effluent. These particles were only mobilized during centrifuging of the column packing
samples.

In filtered porewater samples from both Column 1 and Column 2, the majority of the major cations Na, Mg, and K were found
primarily in the dissolved phase (between 80 % and 99 %) (Table 7). Calcium was also primarily associated with the dissolved phase
(66.3 % in Column 1 and 58.0 % in Column 2), however a significant amount, approximately 25 %, was associated with a single
colloidal size fraction, either Class B in Column 1 or Class A in Column 2 (Supplemental Materials 5).

Extracted porewater data showed variable results for metal concentrations, but all metals had some percentage of their total
concentration associated with a colloid size class. In both columns, the majority of Al was associated with a colloid size fraction with
68 % associated with Class B in Column 1, and 57 % in Class A and 34 % in Class B in Column 2 (Supplemental Materials 5). A
maximum of 16 % of Al was found in the dissolved phase. Iron had similar results to aluminum. In Column 1, 62 % of Fe was associated
with Class B colloids while in Column 2, 56%was associated with Class A and 33%was associated with Class B colloids (Supplemental
Materials 5). Results for Cu, Zn, Cd, and Pb were similar with higher percentages associated with Class A particles in Column 2 than
was found in Column 1. The highest percentage of total metal concentration associated with colloids was found for Al, Fe, Cu and Pb in
Column 2 with approximately 10 % in the dissolved phase (Table 7 and Supplemental Materials 5).

Table 3
Average percent of total major cation concentration associated with colloidal sizes (between 0.01 μm and 10 μm) and in the dissolved phase (<0.01
μm) for Column 1. Percentages that were found to be negative values or greater than 100 %, which resulted from testing variation, sample het-
erogeneity and/or contamination of samples that went through more filter steps, were replaced with 0 or 100 (%), respectively. Averages were only
calculated if greater than 3 samples were above detection limits.

Colloid Class →
First Port Middle Port End port

Colloidal Dissolved Colloidal Dissolved Colloidal Dissolved

Metal Phase >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) >0.01 μm (%) <0.01 μm (%) <0.01 μm (%)

Na 1 2.2 97.8 2.3 97.7 2.0 98.0
2 0 100 0 100 0.2 99.8
3 0.3 99.7 0.2 99.8 0.2 99.8

Mg 1 0 100 0 100 0 100
2 0 100 0 100 0 100
3 0 100 0 100 0 100

Ca 1 0 100 0 100 0.1 99.9
2 0 100 0 100 0 100
3 0 100 0 100 0 100

Table 4
Average percent of total major cation concentration associated with colloidal sizes (between 0.01 μm and 10 μm) and in the dissolved phase (<0.01
μm) for Column 2. Percentages that were found to be negative values or greater than 100 %, which resulted from testing variation, sample het-
erogeneity and/or contamination of samples that went through more filter steps, were replaced with 0 or 100 (%), respectively. Averages were only
calculated if greater than 3 samples were above detection limits.

Colloid Class →
First Port Middle Port End port

Colloidal Dissolved Colloidal Dissolved Colloidal Dissolved

Metal Phase >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%)

Na 1 1.7 98.3 0.9 99.1 1.2 98.8
2 0 100 0 100 0 100
3 1.4 98.6 0.6 99.4 0.7 99.3

Mg 1 3.5 96.5 2.7 97.3 3.1 96.9
2 0.7 99.3 0.3 99.7 1.5 98.5
3 3.1 96.9 1.0 99.0 0.8 99.2

K 1 0 100 0 100 0 100
2 0 100 0 100 0 100
3 2.5 97.5 1.1 98.9 1.3 98.7

Ca 1 1.7 98.3 0.9 99.1 1.2 98.8
2 0 100 0 100 0 100
3 1.4 98.6 0.6 99.4 0.7 99.3
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4. Discussion

The results of the current column experiment show high removal of metals with Zn concentrations reaching half the input con-
centration during Phases 1 and 2 (Fig. 6E and F). This indicates that large quantities of Zn were adsorbed by the sediment, even though
the column packing consisted of only 15 % organic, wetland sediment. Other metals were also immobilized in Column 2, with Pb
dropping below detection limits in Phases 1 and 2 (Fig. 6A and B). Because the organic sediment was not the majority of the column
packing, higher attenuation efficiencies could likely be achieved in the sediment, as was observed by Harper et al. [31] at the Ore

Fig. 5. Dissolved (<0.01 μm) metal concentrations for samples collected from sampling ports (indicated by line colours) for Al (A and B), Fe (C and
D), Cu (E and F), and Mn (G and H) for Columns 1 and 2. Unshaded region indicates Phase 1, grey shaded region indicates Phase 2, blue shaded
region indicates Phase 3. Black dashed lines indicate input solution concentrations in each phase of the experiment. Note different scales for
different elements.
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Chimney wetland. At the site, metal immobilization in the wetland sediment continues to occur even after approximately 100 years of
drainage. Zinc concentrations in the sediment reach up to 9000 mg/kg [31] indicating high attenuation is possible in this sediment.

Similar metal removal results have also been obtained in other, relatively young, constructed wetlands used for the treatment of
contaminated water. For example, Gandy et al. [43] showed treatment efficiencies of over 65% for Zn could be achieved in a pilot scale
short hydraulic residence time wetland constructed with compost, and Song et al. [44] showed that laboratory scale constructed
wetlands could remove approximately 90 % of Pb and just over 70 % of Zn. The Zn concentration in the mine discharge (input

Fig. 6. Dissolved (<0.01 μm) metal concentrations for samples collected from sampling ports (indicated by line colours) for Pb (A and B), Cd (C and
D), and Zn (E and F) from Columns 1 and 2. Unshaded region indicates Phase 1, grey region indicates Phase 2, blue region indicates Phase 3. Black
dashed lines indicate input solution concentrations in each phase of the experiment. Note different scales for different elements. All metals plotted
with 0.01 μm filtrate.
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conditions) studied by both Gandy et al. [43] and Song et al. [44] was lower than those studied here, but flow rates in the wetland
studied by Gandy et al. [43] were higher than in the current experiment (approximately 150 m/year compared to 100 m/year in the
columns in Phase 1), which may have contributed to the different removal efficiency. When the flow rate was increased in Phase 2 of
the current experiment, removal efficiency did not go down indicating that the differences in substrate between all of these studies
likely impacted the removal efficiency more.

Comparisons between Columns 1 and 2 indicate that the mobility of Zn was impacted by competitive adsorption (Fig. 6E and F)
[45]. When other metals were present (Column 2), the mobility of Zn was higher than when Zn was the only metal present in solution

Table 5
Average percent of total metal concentration associated with colloidal sizes (between 0.01 μm and 10 μm) and in the dissolved phase (<0.01 μm) for
Column 1. Percentages that were found to be negative values or greater than 100 %, which resulted from testing variation, sample heterogeneity and/
or contamination of samples that went through more filter steps, were replaced with 0 or 100 (%), respectively. Averages were only calculated if
greater than 3 samples were available for calculation. NC indicates values that were not calculated.

Colloid Class →
First Port Middle Port End port

Colloidal Dissolved Colloidal Dissolved Colloidal Dissolved

Metal Phase >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%)

Al 1 43.8 56.2 53.8 46.2 59.9 40.1
2 64.3 35.7 54.6 45.4 52.8 47.2
3 41.6 58.4 38.7 61.3 21.2 78.8

Mn 1 0 100 0 100 0 100
2 0 100 0 100 0 100
3 1.4 98.6 0 100 0 100

Fe 1 25.0 74.1 39.2 61.4 35.1 64.9
2 NC NC NC NC NC NC
3 32.5 67.5 25.4 74.6 11.3 88.7

Cu 1 25.9 74.1 33.1 66.9 37.1 62.9
2 19.9 75.2 22.5 76.9 25.4 74.6
3 35.7 64.3 12.9 87.1 0 100

Zn 1 12.9 87.1 6.0 94.0 0 100
2 11.0 89.0 7.3 92.7 8.4 91.6
3 9.4 90.6 5.5 94.5 4.5 95.5

Cd 1 13.6 86.4 8.9 91.1 19.9 80.1
2 15.0 85.0 0 100 0.6 99.4
3 15.9 84.1 0 100 0 100

Table 6
Average percent of total metal concentration associated with colloidal sizes (between 0.01 μm and 10 μm) and in the dissolved phase (<0.01 μm) for
Column 2. Percentages that were found to be negative values or greater than 100 %, which resulted from testing variation, sample heterogeneity and/
or contamination of samples that went through more filter steps, were replaced with 0 or 100 (%), respectively. Averages were only calculated if
greater than 3 samples were available for calculation. NC indicates values that were not calculated.

Colloid Class →
First Port Middle Port End port

Colloidal Dissolved Colloidal Dissolved Colloidal Dissolved

Metal Phase >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%)

Al 1 38.3 61.7 47.1 52.9 57.5 42.5
2 42.9 57.1 28.4 71.6 49.1 50.9
3 49.7 50.3 42.9 57.1 47.3 52.7

Mn 1 0 100 0 100 0 100
2 0 100 0 100 0 100
3 3.6 96.4 0.6 99.4 0.4 99.6

Fe 1 0 100 3.1 98.2 26.0 74.0
2 NC NC NC NC NC NC
3 44.2 55.8 32.9 67.1 35.8 64.2

Ni 1 4.0 96.0 3.7 96.3 2.2 97.8
2 2.8 97.2 1.8 98.2 2.2 97.8
3 10.7 89.3 5.2 94.8 4.4 95.6

Cu 1 15.9 83.9 22.1 77.9 24.8 75.2
2 21.1 78.9 0 100 2.1 97.9
3 46.5 53.5 33.4 66.6 29.8 70.2

Zn 1 5.1 94.9 5.6 94.4 7.1 92.9
2 0.8 99.2 0.1 99.9 3.0 97.0
3 7.3 92.7 2.8 97.2 1.9 98.1

Cd 1 38.3 61.7 47.1 52.9 57.5 42.5
2 42.9 57.1 28.4 71.6 49.1 50.9
3 49.7 50.3 42.9 57.1 47.3 52.7
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indicating that other metals, including Pb and Cd were more likely to fill sorption sites than Zn. Interestingly, the effect of competitive
adsorption was less pronounced in Phase 3 of this experiment when the more complete colloid suspension acted to facilitate metal
mobility, in particular for Zn, when the input concentration was reached immediately at the start of Phase 3, regardless of metal
solution composition.

High concentrations of colloids were not mobile, particularly during the first two phases of the experiment, even with continuous
input of colloids (Fig. 3). The colloid concentration was higher than the input concentration in the first sample from the first port of
Column 1, indicating particle release from the column packing, however this was not observed in Column 2 which had low colloid
concentrations throughout Phases 1 and 2. Colloid concentrations decreased rapidly in both columns implying colloid collection
within the column and a lack of particle transport. Because of minimal particle transport, the condition that particles must be mobile
for colloid-facilitated transport to occur may not be met in the first two phases of the experiment. Conditions were more favorable for
colloid-facilitated transport in Phase 3.

Little to no association was observed between the major cations and colloids in water samples, as evidenced by the low percentages
of these elements that were found in the 0.01 μm–10 μm colloid size fractions (Tables 3 and 4). This is similar to the results of
Chowdhury et al. [20] who determined that Na, Ca, and K were all transported in the aqueous phase in the porewater of unsaturated
soils at an abandoned coal mine in Ohio, USA, even though colloid-facilitated transport was implicated for the transport of metals such
as Zn, Mn, and Fe. It has also been shown by other researchers that Na and Ca act to alter colloid behaviour, rather than having the
colloids act as a transport pathway for these elements. Grolimund and Borkovec [4] showed, experimentally, that a switch from a
solution dominated by monovalent Na + ions to divalent Ca2+ ions, increased colloid immobilization on solid surfaces because of the
strength of the interactions between the negatively charged solid surfaces and the positively charged ions. In the current experiment
both the ionic strength and the concentration of divalent ions was lower in Column 1 than Column 2. It would therefore be anticipated
that Column 1 would have higher overall colloid mobility as particles would be less likely to be collected on solid surfaces through
physical-chemical collection [3]. This was observed in the first approximately 15 pore volumes where the colloid concentration was
higher in Column 1 samples than in Column 2 (Fig. 3), however it was not the case for the remainder of the experiment with both
columns having low colloid concentrations in samples and a colloid concentration increase in Phase 3 of roughly the same amount.

The low percentages of Mn, Zn, and Cd associated with colloids studied (between 0.01 μm and 10 μm) in water samples indicates
that these metals were primarily transported in the dissolved phase and colloids did not have a substantial impact on their transport
behaviour (Tables 5 and 6). These findings are similar to those of Baumann et al. [46] who determined that the majority of metals
studied in landfill leachate and un-impacted groundwater were found in the dissolved phase (defined as less than 0.001 μm in their
study) or associated with less mobile particles greater than 1 μm in size. Baumann et al. [46] also attributed the high percentage of
metals found in the dissolved phase to low colloid concentrations at one of the landfill sites studied, a finding that could apply to the
current experiment since colloid concentrations in water samples were generally low, particularly in Phases 1 and 2.

In Column 1, Al, Fe, and Cu had high concentrations in the first several water samples collected at sample ports, but the con-
centration quickly decreased (Fig. 5). Although Al and Fe were not included in the input solutions, release occurred over several pore
volumes indicating an initial flushing from the system and then slower release over time. It was determined that the percent of Al, Fe,
and Cu associated with the colloid-size fraction was high (up to 65 % Al, up to 45 % Fe, and up to 50 % Cu) in both columns (Tables 5
and 6). While these high associations with colloids were observed, concentrations of these metals were relatively low in water samples
throughout the experiments (approximate maximum concentration of Al at 3000 ppb (decreasing trend), Fe at 550 ppb (decreasing
trend), and Cu at 500 ppb) so the mobility of these metals was still quite low. It is possible that these elements were being observed in
the structure of the particles (i.e., colloid structures contained Al or Fe), associated with the surface of particles (i.e., adsorbed), as well
as in the dissolved phase (i.e., not associated with particles).

Since the degree of association between metals and colloids above 0.1 μm in porewater extracted from the column packing at the
end of the experiment was high (Table 7), there is further support that larger, less mobile particles were aiding in the immobilization of
metals in the current experiment, similar to what was determined by Baumann et al. [46]. Data from extracted porewater indicated

Table 7
Percent of cation concentration associated with colloidal sizes (between 0.01 μm and 10 μm) and in the dissolved phase (<0.01 μm) for porewater
samples from Columns 1 and 2.

Colloid Class →
Column 1 Column 2

Colloidal Dissolved Colloidal Dissolved

Metal >0.01 μm (%) <0.01 μm (%) >0.01 μm (%) <0.01 μm (%)

Na 2.4 97.6 9.2 90.8
Mg 11.4 88.6 21.0 79.0
K 0.9 99.1 9.4 90.6
Ca 33.7 66.3 42.0 58.0
Al 84.5 15.5 91.1 8.9
Mn 27.1 72.9 36.2 63.8
Fe 63.5 36.5 88.2 11.8
Cu 76.2 23.8 62.2 37.8
Zn 47.1 52.9 89.8 10.2
Cd 60.1 39.9 52.0 48.0
Pb 47.1 52.9 71.6 28.4
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that high proportions of metals were found between 1 and 10 μm in Column 1, while high proportions of metals were found between
0.1 μm and 1 μm in Column 2. Because these colloids had limited mobility under water flow conditions and were only removed from
column packing under centrifugal force, it is possible to conclude that these size fractions aided in the removal of metal contaminants
from solution and added to the sorption capacity of the sediment.

The increase in trace metal concentration observed in Phase 3 indicates that some portion of the more complete colloid suspension
used during this phase facilitated metal transport through the columns. It was determined that the colloid suspension added significant
concentrations of the major cations to the input solution, but added only minor amounts of metals, so it can be concluded that the
suspension was facilitating metal transport, not simply increasing the concentration being added to the system. This can be seen
particularly for Cd which was not mobile prior to Phase 3 but began to increase in both columns with the change in colloid suspension.
It is possible that the near-identical trend observed for the two columns, despite the different input concentrations, resulted from the
liberation of cadmium in the column packing and the enhanced transport facilitated by the smaller particles present in the suspension.

Although in the current study particles smaller than 0.01 μm are categorized as being in the dissolved phase, the increase in metal
concentrations and mobility in Phase 3, when the smallest colloids were included in the input, indicates that these small particles are
facilitating transport. While the composition of the colloids in this study was not directly characterized, it is possible that they are
humic in nature due to the organic composition of the sediment. Increased metal mobility caused by humic acid is consistent with other
research which has shown that mineral colloids can be stabilized by organic matter [19,47]. However, it is also possible that organic
substances were acting directly as metal carriers in the current experiment, consistent with research on constructed wetlands [11].
Though not specifically addressed in this study, additional experiments that characterize the relationship between dissolved and total
organic carbon and metals would make it possible to determine if the colloids are organic in nature.

5. Conclusion

The impacts of colloids on the mobility of Zn and other metals were studied experimentally. Results indicate that Zn was mobile in
the organic wetland sediment and mobility was enhanced when other metals were present in solution due to competitive adsorption.
Metal mobility was low and metals were immobilized in the column in the first two phases of the experiment, but the more complete
colloid suspension used in the third phase of the experiment resulted in enhanced metal mobility, indicating that small particles,
potentially humic acids below 0.01 μm in size, were responsible for facilitating metal transport. While these small particles were
mobile in the columns, larger particles were not, similar to the findings of other researchers; however, these small particles were not
removed by filtration and were therefore considered part of the dissolved phase (defined as anything less than 0.01 μm in size). The
results of this study provide evidence that colloid-facilitated metal transport can occur in wetland sediment, but that small particles
that are often considered “dissolved” are the dominant size-fraction enhancing metal transport.
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