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Abstract

Laboratory column tests conducted to gain insight regarding the biological and chemical clogging

mechanisms in a porous medium are presented. To seed the porous medium with landfill bacteria, a

mixture of Keele Valley Landfill and synthetic leachate permeated through the column under

anaerobic conditions for the first 9 days of operation. After this, 100% synthetic leachate was used.

The synthetic leachate approximated Keele Valley Landfill leachate in chemical composition but

contained negligible suspended solids and bacteria compared with real leachate. The removal of

volatile fatty acids (VFAs), primarily acetate, in leachate as it passed through the medium was highly

correlated with the precipitation of calcium carbonate (CaCO3(s)) from solution. The columns

experienced a decrease in drainable porosity from an initial value of about 0.38 to less than 0.1 after

steady state chemical oxygen demand (COD) removal, resulting in a five-order magnitude decrease

in hydraulic conductivity. The decrease in drainable porosity prior to steady state COD removal was

primarily due to the growth of a biofilm on the medium surface. After steady state COD removal,

calcium precipitation was at least equally responsible for the decrease in drainable porosity as

biofilm growth. Clog composition analyses showed that CaCO3(s) was the dominant clog constituent

and that 99% of the carbonate in the clog material was bound to calcium.
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1. Introduction

Most modern municipal solid waste (MSW) landfills utilize leachate collection systems

(LCS) to control the leachate level and hence limit the advective flow of contaminants

through an underlying low permeability barrier (e.g., compacted clay or composite liner).

Leachate collection systems typically consist of perforated HDPE pipes within a granular

drainage blanket. Field studies of landfill LCS have provided direct evidence that the

granular layer can experience a significant decrease in porosity and hydraulic conductivity

due to the formation of clog material within the pore space of the porous media. This is

called clogging. Clogging is a result of the growth of biological slimes (biofilm),

accumulation of inorganic solids, and attachment of suspended particles. Brune et al.

(1991) studied numerous German landfills and suggested that incrustations can form in the

drainage media due to high populations of microorganisms in leachate and the

precipitation of minerals out of solution, thus reducing the void space of the media.

Rowe (1998b) reported a number of cases involving clogging of sand and pea gravel in

landfills. A field exhumation of a coarse gravel (50 mm nominal size) collection system

exposed to leachate for about 4 years at the Keele Valley Landfill (KVL) in Maple, Ontario

(Fleming et al., 1999) reported significant clogging (organic and inorganic material) in the

saturated component of the drainage layer. Bouchez et al. (2003) reported biologically

mediated clogging in France, Colombia, and Venezuela landfill drains.

The focus of this paper is on clogging within the granular layer of the collection system

due to biological and chemical processes. There have been several laboratory studies that

provide additional evidence that clogging occurs in granular porous media permeated with

leachate as summarized below. These clogging processes have been observed in other

landfill materials such as geosynthetics (Koerner and Koerner, 1990, 1995; Brune et al.,

1991; Cazzuffi et al., 1991; Fourie et al., 1994; Rowe, 1998a), mineral liners (Darkin et al.,

2001; Hrapovic and Rowe, 2002), and collection and recirculation pipes (Turk et al., 1997;

Fleming et al., 1999; Maliva et al., 2000; Manning, 2000).

Armstrong (1998) and Rowe et al. (2000a,b) performed numerous laboratory column

experiments to examine the effects of temperature, mass loading (in terms of flow rate),

and particle size on the clogging rate of saturated gravel size material permeated with KVL

leachate. One disadvantage of using real leachate is the natural variability of the leachate

characteristics with time. To further understand the various factors that contributed to

clogging within a granular medium, a series of experiments were conducted (Rowe et al.,

2002) using synthetic leachate, which approximates KVL leachate in chemical

composition, but provides a relatively constant influent source concentration of leachate

constituents to the columns. These experiments initially operated with a KVL-synthetic

leachate mixture for a short duration to seed the porous medium with landfill bacteria.

After this inoculation period, 100% synthetic leachate was used. Volatile fatty acids

(VFAs) present in the KVL and synthetic leachates provided a carbon source for bacteria

growth. In contrast to real KVL leachate, which varies daily and has a relatively high

suspended solid loading and biological activity, synthetic leachate contains a negligible

amount of suspended solids and bacteria and, hence, any clogging must be directly related

to biological and chemical processes occurring within the column. Armstrong (1998) and

Rowe et al. (2000a,b, 2002) assessed changes in leachate chemical oxygen demand (COD)
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and calcium (Ca2+) concentrations before and after leachate passed through a 660-mm

column of gravel size material (4-, 6-, and 12-mm glass beads). Drainage gravel in a

collection system may include pea gravel with a size range between about 2 and 20 mm to

course gravel with a size up to 100 mm. These studies show that as COD was removed

from the leachate, Ca2+ depleted from the leachate. However, previous studies have not

provided insight regarding what VFAs were fermented within the column, where

fermentation occurred, or how VFA fermentation was related to Ca2+ precipitation.

Additionally, the column studies by Armstrong (1998) and Rowe et al. (2000a,b, 2002)

assessed the clog material properties only after significant clogging occurred. Thus, it is

not known if the clog material properties changed with time or VFA fermentation prior to a

major reduction in porosity and hydraulic conductivity.

The objective of this study is to use well-controlled column experiments to examine the

relationship between the changes in VFA and Ca2+ concentrations in synthetic leachate

with the formation of an active biofilm and the accumulation of clog solids within the pore

space of a gravel size glass bead material. A secondary objective is to identify whether

there is a change in clog composition between the various stages of the clogging process.

Thus, this study differs significantly from previous studies in that the variation in clog

formation and consumption of VFAs with position and time is examined.
2. Methodology

Four identical columns packed with 6-mm-diameter glass beads were permeated with

synthetic leachate at a rate of 0.51 m3/m2/day. This flow rate was one of three used by

Rowe et al. (2000a) to study the effect of mass loading on the rate of clogging, and lies

within the range of flows expected near the collection pipe in Ontario, Canada landfills

with pipe spacing between 50 and 200 m. Before permeating the columns with leachate,

they were purged with nitrogen gas to remove oxygen and promote anaerobic conditions.

The source leachate was connected to Tedlar gas bag containing simulated landfill gas

(60% methane, 40% carbon dioxide) to maintain anaerobic conditions. The effluent

leachate passed through a gas lock attached to the column to prevent the ingress of oxygen

into the column. Throughout the experiment, the columns were connected to Tedlar gas

bags to collect the gas generated by biological processes in the columns. When the gas

bags were full, they were temporarily removed from the column and emptied, while

ensuring that oxygen could not enter into the column. The gas bags were purged at least

once a week. Monitoring of the leachate entering and leaving the column indicated that

reducing conditions were prevalent throughout the study.

The columns operated at 21 8C, which is one of the three temperatures (10, 21, and 27

8C) used by Armstrong (1998) to study the effect of temperature on the rate of clogging.

This operating temperature lies within the range of values measured at the barrier system

(i.e., just below the waste) in a number of landfills. For example, at a Toronto, Canada

landfill, Barone et al. (2000) reported temperatures of about 10 to 15 8C within a section of

the landfill with an operational underdrain system, and between 22 and 43 8C in older

sections with French drains and a leachate mound height between 3.7 and 5.9 m. Koerner

et al. (1996) reported that the temperature at the barrier system at three US landfills
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remained relatively constant within the following ranges: Pennsylvania 18–23 8C; Florida
20–30 8C; and California 10–30 8C. Rowe (1998a) provides a summary of temperatures in

the barrier system measured at various landfills reported in literature and discusses the fact

that the temperature in the barrier system (i.e., leachate collections system and liner)

increases after the collection system clogs but that for leachate mounds less than about 4

m, the barrier temperature was less than 30 8C.
Each column consisted of a 50-mm-diameter, 700-mm-long, PVC monitoring well pipe

with a flush joint cap and plug, and mounted in an upright position (Fig. 1). Each column

was equipped with an influent valve near the column base and an effluent valve just above

the packed beads. The length of the porous medium (beads) was 360 mm. Piezometers and

sample ports were positioned at 60-mm intervals above the column base screen to a height

just below the effluent valve. Each piezometer consisted of a nylon elbow barbed fitting

tapped into the column and fitted with clear nylon tubing to see the height of leachate rise

and remove any gas generated within the column. The piezometers were located closer

together in this study than in previous studies (Armstrong, 1998; Rowe et al., 2000a,b,

2002) in order to further examine the reduction in hydraulic conductivity of the clogging

medium. Each column was separated into six sections. A section was defined as the length
Fig. 1. Column schematic (P=piezometer, S=section, screen=30 mm, height of inlet (h inlet)=20 mm, top of beads

(h top)=390 mm, height of outlet (houtlet)=393 mm, length of packing=360 mm, P1=23 mm, P2=90 mm, P3=150

mm, P4=210 mm, P5=270 mm, P6=330 mm, P7=390 mm).
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of the medium between two adjacent piezometer locations, with the first section (S1)

starting above the base screen, and the last section (S6) at the top of the column (Fig. 1).

On the opposite side of the column from each piezometer port, a leachate sample port was

tapped into the column.

The synthetic leachate (Table 1) was selected to have a composition similar to KVL

leachate that was collected between June and August 1993 (Hrapovic, 2001). It consists of

three volatile fatty acids with various salts and a trace metal solution.

In order to inoculate the columns with typical landfill bacteria, a mixture of 50% KVL

leachate and 50% synthetic leachate was initially prepared and permeated through each

column for 3 days (0.86 m3/m2, 6.0 pore volumes—P.V.). When half of this mixture was

used, additional synthetic leachate was added to the initial blend, resulting in a

composition of 25% KVL leachate and 75% synthetic leachate. The real and synthetic

leachate blends were used to reduce the shock to the landfill bacteria that would occur with
Table 1

Composition of synthetic leachate (adapted from Hrapovic, 2001)

Component Per litre

Acetate 7 ml

Propionate 5 ml

Butyrate 1 ml

K2HPO4 30 mg

KHCO3 312 mg

K2CO3 324 mg

NaCl 1440 mg

NaNO3 50 mg

NaHCO3 3012 mg

CaCl2 2882 mg

MgCl2�6 H2O 3114 mg

MgSO4 156 mg

NH4HCO3 2439 mg

CO(NH2)2 695 mg

Na2Sd 9H2O Titrate to an Eh �120 mV:�180 mV

NaOHa Titrate to a pH 5.8–6.0

Trace metal solution (TMS) 1 ml

Distilled Water To make 1 l

Composition of trace metal solution (TMS)

FeSO4 2000 mg

H3BO4 50 mg

ZnSO4d 7H2O 50 mg

CuSO4d 5H2O 40 mg

MnSO4d 7H2O 500 mg

(NH4)6Mo7O24d 4H2O 50 mg

Al2(SO)3d 16H2O 30 mg

CoSO4d 7H2O 150 mg

NiSO4d 6H2O 500 mg

96% concentration H2SO4 (AnalR) 1 ml

Distilled water To make 1 l

a The addition of sodium from this titration increases the total sodium concentration in the solution to about

2800 mg/L.
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a sudden switch from a 50–50 blend to a 100% synthetic leachate. Each column operated

with the second mixture for 6 days (2.17 m3/m2, 15.2 P.V.). Subsequently, 100% synthetic

leachate was used for the duration of the experiment. This seeding procedure was similar

to that described by Rowe et al. (2002) in a previous series of synthetic leachate column

experiments.

Water quality analyses were performed on leachate samples obtained from all sample

ports on a weekly basis for COD, Ca2+, acetate (AA), propionate (PA), and butyrate (BA).

In addition, pH, Eh, total (TSS) and volatile (VSS) suspended solid measurements were

made on leachate samples from just before the influent valve and just after the effluent

valve. Two methods of leachate collection were utilized to limit the volume of leachate

removed from the sample ports to 1 to 3 ml, to provide discrete position concentrations of

the measured parameters.

COD concentration was measured using Hachk COD reactor with Hachk COD

reagents that heated the reagent and leachate at 150 8C for 2 h and then analyzed with the

Hachk DR2000 Spectrophotometer. Ca2+ concentrations were obtained using a Philips

PU9100X atomic absorption spectrometer. The pH and Eh were measured using an YSI

Water Quality Monitor (Model 3400) that was equipped with the appropriate probes. TSS

and VSS were tested using a gravimetric measurement of the residue retained on a 0.45-

Am glass fiber filter dried at 105 and 550 8C, respectively. VFA concentrations were

obtained by gas chromatography (GC), using a Shimadzu GC-9A and a Varian 3400

instrument equipped with flame ionization detectors and 15 m�0.53 mm (or 0.25 mm) ID,

0.5-Am film NUKOLk (Supelco, Bellfonte, PA) capillary columns. Injections to the

Varian 3400 were automated (Varian 8200 auto sampler) and performed using solid phase

micro phase extraction (SPME) with 10 min immersion/2 min desorption of a 75-Am
Carboxenk/Polymethylsiloxane fiber (Supelco). All aqueous VFA samples were acidified

in 1% H3PO4 prior to analytical separation. Isovaleric acid was used as internal calibration

standard.

To assess the amount of clogging that occurred in the columns, drainable porosities

were calculated twice a month by measuring the volume of fluid drained from a section in

the column, and dividing this by the total volume within that section (correcting for the

volume of fluid removed from the piezometers). Some fluid cannot be removed from the

columns in this test due to surface tension of the fluid on the beads and clog material, and

fluid trapped within the non-connected void spaces and biofilm. Thus, the drainable

porosity represents the pore space that will freely drain fluid in a gravitational field under

atmospheric pressure. In early stages of column operation, the drainable porosity provides

a useful indication of the level of clogging. In late stages of the test, the drainable porosity

drops to zero but this does not imply zero actual porosity.

The initial hydraulic conductivity of the 6-mm glass beads within the column was 0.333

m/s based on a modified version of a constant head hydraulic conductivity test (ASTM

D2434-68). The hydraulic conductivity of the clogging medium was obtained when the

porosity decreased sufficiently to allow measurement of a head difference between two

adjacent piezometers. Thus, knowing the flow rate and the head drop between two

adjacent piezometers, the hydraulic conductivity was calculated. At a flow rate of 0.51 m3/

m2/day, a head difference could not be reliably measured until the hydraulic conductivity

had dropped by four orders of magnitude.
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The four columns were each terminated and disassembled at increasing lengths of times

to allow an assessment of the clog composition changes with time. At disassembly, the

columns were cut longitudinally with the beads and clog material removed from specific

zones along the column (0 to 100, 100 to 200, 200 to 300, and 300 to 360 mm above the

base screen). The beads and clog material were oven-dried (105 8C) to obtain a moisture

content. They were then placed in a furnace (550 8C) and the relative amounts of organic

and inorganic component were deduced. Dry densities of the clog material removed from

the beads were obtained using ASTM D854. Analyses for clog composition were

conducted at selected sample locations at the time of column disassembly. Clog chemical

composition analysis included inductively coupled plasma spectrometry (ICP) and

inductively coupled plasma mass spectrometry (ICP/MS) for major and trace elements,

instrumental neutron activation analysis (INAA) for Co and Cr, pulse gamma neutron

activation (PGNAA) for B, and LECO method for total and organic carbon, S, SO4, and

CO2. Rowe et al. (2002) used these methods to assess the clog composition in a previous

column study permeated with synthetic leachate. This previous study had three columns

that were disassembled after a similar elapsed time of operation. The clog composition

results were reasonably consistent for each column, suggesting the testing methodology is

reproducible.

The accumulation of clog material on the bead surface can be represented as being

composed of a volatile and inorganic solid film (Cooke et al., 1999, 2001; Rowe et al.,

2000a,b, 2002). The volatile film contains an active component where microorganisms

grow and substrate is utilized and an inactive component which includes non-substrate-

consuming biomaterial. Rittmann (1993) suggested that biofilms are likely continuous for

highly loaded surfaces, such as those within the columns. The inorganic solid film consists

of precipitate material, inorganic solids, and entrapped inorganic suspended particles. The

volatile film thickness can be calculated using the method of Rittmann and Brunner

(1984), which assumes that the biomass is composed of 99% water by weight, while the

inorganic solid film thickness can be deduced as outlined by Rowe et al. (2002).

Representing clogging as two distinct uniform films is convenient when comparing

measured values to model predictions (Cooke et al., 1999, 2001). However, this simple

representation does not provide insights into the structure of the clog material in its

undisturbed state. Specialized techniques, such as environmental scanning electron

microscopy (Darkin et al., 2001), could be used to examine clog material in situ.

Biological Activity Reaction Tests (BARTsk) were used to quantify the aggressivity,

probable population and types of microorganisms present within leachate and clog

material. The BARTsk contain a selective standard culture medium that includes common

nutrients in landfill leachate (see BARTk, User Manual, 2003). Methanogenic (BioGas),

total aerobic (TAB) (which identifies facultative anaerobes), slime-forming (SLYM),

sulfate-reducing (SRB), denitrifying (DN) and iron-reducing (IRB) bacteria BARTsk
were conducted bimonthly on influent and effluent leachate, and on the clog material

retrieved during column disassembly. Upon inoculating the BART with the test sample, it

was monitored with time (about 10 days) for a reaction pattern sequence. The reactions

relate to growth events of bacteria that include one or more of the following: formation of

clouds, slimes, gels, colour changes, development of gassing, and precipitation. The

observed reactions for each BARTk are matched to the manufacturer interpretation chart.
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The sequence of the reaction indicates the type of bacteria present in the sample. The

number of days of delay before the first reaction is related to the probable population of

bacteria in the BARTk (BARTk User Manual, 2003).
3. Leachate composition changes

The average influent leachate composition varied slightly throughout the duration of the

experiment, but did not change significantly between columns at any point in time. The

average influent COD and Ca2+ concentrations were 14,600 and 790 mg/l, respectively.

The influent pH slightly increased with time from 5.9 to 6.2, with an average value of 6.1.

The influent and effluent COD and Ca2+ concentrations and pH values are summarized

with respect to time in Fig. 2. The average influent TSS and VSS measurements were low

(about 40 mg/l) with a relatively high standard deviation of approximately 30 mg/l. The

average influent AA, PA, and BA concentrations were 6190, 4660 and 930 mg/l,

respectively (i.e., acetate: 6540 mg COD/l; propionate: 7050 mg COD/l; butyrate: 1700

mg COD/l), the AA and BA influent concentrations are summarized with respect to time

in Fig. 3. The total calculated COD from the sum of the three average volatile acid

concentrations (15,300 mg COD/l) compares well (within 5%) with the measured average

influent concentration of 14,600 mg/l, confirming that the three measured volatile acids

comprise virtually all of the total COD. The leachate influent samples used for VFA

analyses were retrieved from port P1 located in the column (not in the source tank) and

hence the concentrations are not quite the same as in the source due to a small amount

VFA fermentation in the tubes leading to the columns (about 1 m in length), within the

influent valve and/or in the section of the column below the base screen. AA and BA

influent concentrations showed a slight decreasing trend with time, while PA did not

appear to change. Variations from the average influent concentrations also occurred during

the initial seeding of microorganisms at the start of the experiment. The seeding KVL and

synthetic leachate mixtures generally had a lower concentration of COD, VFAs, and Ca2+,

with a higher pH value by about one unit (Fig. 2). The TSS and VSS concentrations in the

first mixture of KVL and synthetic leachate were 110 and 50 mg/l, respectively. The

second mixture of KVL and synthetic leachate had TSS and VSS concentrations of 20 and

b15 mg/l, respectively.

There were three distinct periods with respect to COD removal (averaged over entire

flow path of the column) that were used to benchmark column disassembly times

(described below). The first being an acclimation period or lag time before significant

removal of COD (b10% between the influent and effluent ends of the column) occurred.

This lag period was about 280 days, during which 122 m3/m2 of leachate passed through

the columns. The reduction in COD within the column suggests that microorganisms are

growing on the porous medium. Steady state conditions, with 40% removal of COD

between the influent and effluent ends of the column, respectively, occurred after 355

days, by which time 153 m3/m2 of leachate had passed through the columns. Thus, a

transition period between the lag and steady state phase occurred over a period of 75 days

(between 280 and 355 days; during this period 31 m3/m2 of leachate passed through the

column).



Fig. 2. Variation in influent and effluent synthetic leachate characteristics with time: (a) COD concentrations

versus elapsed time, (b) Ca2+ concentrations versus elapsed time, and (c) pH versus elapsed time.
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In order to assess the biofilm and clog composition at specific COD treatment times, a

column was disassembled near the end of the lag phase, during the transition period, at the

start of steady state conditions, and some time after steady state conditions occurred (but

with a shorter steady state operation period than in previous synthetic leachate column

study reported by Rowe et al., 2002). Thus, a column was disassembled about 33 days

before the end of the lag phase, 15 days into the transition period, and 2 days and 72 days

after the start of steady state conditions. The disassembly times and cumulative volumes of

leachate passed through the column were 247, 295, 357 and 427 days and 108, 134, 153

and 183 m3/m2 of passed leachate, for columns denoted as VS-A, VS-B, VS-C and VS-D,

respectively.



Fig. 3. Variation in influent and effluent synthetic leachate characteristics with time: (a) acetate concentrations

versus elapsed time, and (b) butyrate concentrations versus elapsed time.
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Ca2+ removal between the influent and effluent leachate exhibited a lag, transition, and

steady state phase, at similar times to the COD removal (Fig. 2). Concurrent with the

decrease in COD and Ca2+ concentrations, there was a pH shift between the influent and

effluent leachate (Fig. 2). During the first 150 days of operation, the effluent pH increased

from 5.8 to 7.2. It then remained relatively stable for an additional 150 days, which

correlated with the end of the lag phase, at which time there was about 10% COD removal.

After which, the pH began to increase again. At the time of the final column disassembly,

the effluent pH was 7.7, an increase of about 1.5 pH units. Previous column studies

(Armstrong, 1998, Rowe et al., 2000a,b, 2002) showed an approximately linear

relationship between COD removed and Ca2+ removed as leachate permeated through a

gravel size medium. This relationship is consistent with the COD removed and Ca2+

removed in this study (Fig. 4). The removed concentrations of COD and Ca2+ were

calculated over varying leachate treatment lengths (60, 120, 180, 240, 300, and 360 mm).

Each length corresponds to the length of the flow path between sample port P1 (influent)

and each successive port along the column. The COD and Ca2+ removed concentrations



Fig. 4. Measured removal of Ca2+ versus measured COD removed and calculated AA removed. COD removed

and AA removed residuals minimized in regression analyses.

Fig. 5. Variation in average drainable porosity within each section of the column with time: (a) measured

drainable porosity with column elevation, and (b) calculated percent decrease in drainable porosity with column

elevation.
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were calculated from the difference in measured concentrations for each treatment length.

These results are consistent with the theoretical conclusions by Rittmann et al. (1996) that

as leachate passes through the drainage material, the loss of COD, in the form of acetate,

and generation of CO2 facilitate the formation of carbonic acid (H2CO3). The result is an

increase in pH and carbonate concentration, both of which allow, or accelerate, the

chemical precipitation of CaCO3(s).

The COD removed over each treatment length in this study is due to the

fermentation of AA and BA. PA did not experience significant removal within the

column. Measurable fermentation of AA and BA began after about 250 and 325 days,

respectively (Fig. 3). To assess the role of AA fermentation on Ca2+ precipitation, the

AA removed over each treatment length was plotted against the Ca2+ removed (Fig. 4).

The changes in AA concentration over each treatment length represent the net effect of

AA produced from BA fermentation and AA fermented by acetate degraders. The

change in BA concentration over each treatment length is the BA fermented. Thus, AA

removed was calculated by subtracting the change in measured AA over each treatment

length by the AA produced from BA fermentation over the same treatment length. PA

did not experience significant removal within this study; therefore, the AA produced

from PA fermentation was small. The approximately linear relationship between AA

removed and Ca2+ removed confirms the theoretically based conclusions drawn by

Rittmann et al. (1996) that the loss of COD in the form of acetate is the primary driver
Fig. 6. Variation in synthetic leachate acetate concentration with time: (a) measured acetate concentration with

column elevation, and (b) normalized acetate concentration relative to influent concentration with column

elevation. Note: Acetate concentrations do not distinguish between that entering the column and that generated by

butyrate fermentation.
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for CaCO3(s) precipitation. The results suggest that the synthetic leachate was capable

of precipitating approximately 16 g CaCO3(s) per litre of leachate from acetate

fermentation. This is inconsistent with that observed in a United Kingdom landfill

leachate which was capable of precipitating approximately 7 g CaCO3(s) per litre of

leachate from acetate fermentation (Manning, 2000).
4. Lag phase of COD removal

The average measured drainable porosity within each section of the column are shown

in Fig. 5 for different elapsed times. Due to the different disassembly times, drainable

porosities reported are the averaged values obtained from the columns remaining in

operation at the time the test was performed. The initial drainable porosity averaged 0.386

over the entire bed volume. This falls within the range of the porosity of drainage materials

used in leachate collection systems: 0.3 for sand to 0.5 for coarse (38 or 50 mm) uniformly

graded gravel.

During the inoculation process, there was an immediate decrease in drainable porosity

within the first 11 days (3.17 m3/m2 of leachate passed through the columns) to an

averaged value of 0.36. After an elapsed time of 46 and 140 days (20.2 and 61.4 m2/m3 of

passed leachate, respectively), the average drainable porosity had decreased to 0.34 and
Fig. 7. Variation in synthetic leachate butyrate concentration with time: (a) measured butyrate concentration with

column elevation, and (b) normalized butyrate concentration relative to influent concentration with column

elevation.
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0.32, respectively. During this time, there was only a small removal of COD and Ca2+

within the column (Fig. 2). Comparing the decrease in drainable porosity within 0 to 11

days to 11 to 46 days shows that some of the suspended material contained in the

inoculation leachate accumulated within the column and caused the drainable porosity to

decrease quicker in the former than the latter time interval. The particles that attached to

the beads may change the volume of fluid adhering to the medium compared to clean

beads; this can also be considered to be a factor in lowering the drainable porosity. The

rate of drainable porosity decrease between the 11- and 140-day measurements is

considered to be representative of the reduction rate expected during the lag phase of

operation for columns permeated with synthetic leachate that contains nutrients to feed the

biofilm. It can be inferred that the decrease in porosity during this time was due to

biologically driven clogging because there was a negligible accumulation of suspended

solids within the pore space of the medium and only a small removal of calcium (Fig. 2).

Towards the end of the lag phase (about 243 days), there was less than 10% removal of

COD, Ca2+, PA, and BA between the influent and effluent ends of the column. However,

AA experienced 18% removal, with the bulk of the removal occurring within the first

section (S1) of the column (i.e., between 0 and 60 mm). Figs. 6–8 show the AA, BA, and

Ca2+ concentrations along the length of the column at specific elapsed times. At the end of

the lag phase, the clog volatile solid content within the first 30 mm of the column was two

times greater than locations above this point (Fig. 9); however, the density of the volatile
Fig. 8. Variation in synthetic leachate calcium concentration with time: (a) measured calcium concentration with

column elevation, and (b) normalized calcium concentration relative to influent concentration with column

elevation.



Fig. 9. Variation in clog properties measured at column disassembly: (a) total dry solids mass per bead versus

column elevation, and (b) total volatile solids per bead versus column elevation. Note: total dry solids=non-

volatile solids (NVS)+volatile solids (VS).
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film was also about two times larger within the first 30 mm of the column compared to

locations above this point (Table 2). This resulted in a similar volatile film thickness at all

column locations at the end of the lag phase. The volatile film thickness was about four to

five times larger than the inorganic solid film thickness, likely due to the low Ca2+ removal

within the column, further confirming that during the lag phase the reduction in drainable

porosity, to an average value of 0.30 (Fig. 5), is primarily due to biofilm growth.

The reaction pattern sequence for all the BARTsk did not change significantly with

time, indicating that the types of microorganisms in the effluent leachate were relatively

constant throughout the duration of the experiment. The effluent leachate contained large

microbial consortia consisting of methanogens, coliforms, sulfate-reducing bacteria,

denitrifying bacteria and facultative anaerobes that initially seeded the medium with

diverse culture of bacteria. Within the first 80 days of the experiment, the probable

populations of sulfate- and iron-reducing bacteria in the effluent leachate increased by an

order of magnitude, suggesting that these bacteria are growing within the porous media

and detaching into the passing leachate. No significant increase in effluent leachate

probable populations of facultative anaerobes, slime-forming, and denitrifying bacteria

occurred over the duration of the experiment. Methanogenic bacteria were not detected in

the effluent leachate. Rowe et al. (2002) and Armstrong (1998) measured similar types of

effluent populations and bacteria types in previous column experiments using synthetic

and KVL leachate, respectively. Numerous researchers have reported that landfill waste

and leachate contain these types of bacteria (Jones et al., 1983; Brune et al., 1991;



Table 2

Characterization of material precipitated from leachate onto column medium

Sample position (mm above column screen)

0–100 100–200 200–300 300–360

Column VS-A (247 days)

Inorganic solid film Density (mg NVS/m3) 1.716 2.045 1.643

Volatile film density (mg VS/m3) 0.186 0.066 0.048 0.037

Inorganic solid film thickness (mm) 0.023 0.010 0.016

Volatile film thickness (mm) 0.090 0.069 0.071 0.092

Average drainable porosity (–) 0.30 0.30 0.32 0.30

Average total porosity (calc) (–) 0.38 0.36 0.35 0.32

Column VS-B (295 days)

Inorganic solid film density (mg NVS/m3) 2.369 1.996 1.914 2.147

Volatile film density (mg VS/m3) 0.074 (?) 0.211 (?) 0.073 0.081

Inorganic solid film thickness (mm) 0.027 0.0166 0.019 0.021

Volatile film thickness (mm) 0.118 0.076 0.054 0.048

Average drainable porosity (–) 0.30 0.32 0.35 0.35

Average total porosity (calc) (–) 0.35 0.34 0.38 0.36

Column VS-C (357 days)

Inorganic solid film density (mg NVS/m3) 2.752 2.449 2.422 3.156 (?)

Volatile film density (mg VS/m3) 0.149 0.151 0.108 0.118

Inorganic solid film thickness (mm) 0.135 0.082 0.062 0.047

Volatile film thickness (mm) 0.180 0.076 0.059 0.057

Average drainable porosity (–) 0.19 0.26 0.32 (?) 0.27

Average total porosity (calc) (–) 0.26 0.30

Column VS-D (427 days)

Inorganic solid film density (mg NVS/m3) 2.526 2.478 2.495 2.413

Volatile film density (mg VS/m3) 0.182 0.156 0.135 0.110

Inorganic solid film thickness (mm) 0.216 0.160 0.111 0.077

Volatile film thickness (mm) 0.161 0.109 0.097 0.085

Average drainable porosity (–) b0.10 0.14 0.21 0.21

Average total porosity (calc) (–) 0.22 0.28 0.31 0.30
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Palmisano and Barlaz, 1996). Rowe et al. (2000a) hypothesized that bacteria grow within

the decomposing waste, detach, flow with the leachate into the leachate collection system

and can attach to the surfaces of the granular drainage material. Thus, the presence of

typical landfill bacteria within the effluent leachate in this study suggests that the columns

are simulating the conditions found in a LCS during the acetogenic phase of the landfill.
5. Transition and steady state phase of COD removal

At the middle of the transition phase (about 295 days), there was about 17% removal of

COD between the influent and effluent of the column (Fig. 2). Sections S1 to S3 of the

column had a 35% removal of AA, with an additional 5% removal in the top half of the

column (Fig. 6). Comparing the 243- and 295-day AA concentration profiles, there was a
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larger removal of AA at 295 days within all column sections, in particular in the bottom

half (sections S1 to S3) of the column. Comparing the 243- and 295-day BA concentration

profiles (Fig. 7), BA was not significantly removed within the column at 243 days,

however, by 295 days section S1 had a 5% reduction in BA with little removal occurring

above this section, indicating that the BA degraders are growing within section S1 of the

column. Since the removal of AA was much larger than BA, it suggests that either there

was a much higher proportion of AA degraders compared to BA degraders in the column

or the utilization of AA by AA degraders is quicker than the utilization of BA by BA

degraders.

At 298 days, the drainable porosity decreased to about 0.18 within S1 and averaged

0.29 within S2 to S6 (Fig. 5). The decrease in drainable porosity occurred where there was

the largest decrease in VFA and Ca2+ concentrations. The decrease in drainable porosity

between 243 and 298 days is consistent with the modest increase in the clog dry and

volatile solids that accumulated within the pore space of the column between these times

(Fig. 9). Despite there being about 500 mg/l of Ca2+ removed between the influent and

effluent ends of the column (about 350 mg/l removed in the lower half of the column, Fig.

8), the volatile film thickness was larger than the inorganic solid film thickness at 295 days

(Table 2). The volatile and inorganic solid film thicknesses at 295 days were larger than

that at 247 days. Since the inorganic solid film density is more than one order of

magnitude larger than the volatile film density (Table 2), more Ca2+ precipitates need to

accumulate within the pore space of the column compared to volatile biomass, before the

inorganic solid film thickness approaches the active film thickness.

There was a similar influent AA concentration at 295 and 417 days, however, there was

greater removal of AA (accounting for the amount of AA produced from BA fermentation)

within S1 at 295 days than at 417 days (Fig. 6). The lower treatment of AAwithin section

S1 at the later elapsed time is due to the clogging of the medium. The drainable porosity

within section S1 at 295 and 417 days was 0.18 and b0.1, respectively (Fig. 5). Since the

flow rates of leachate entering the column were similar at these two times, the lower

drainable porosity within section S1 at 417 days resulted in a larger seepage velocity and

therefore lower leachate treatment time, compared to 295 day. As the seepage velocity

increases, the fluid shear stress acting on the biofilm increases, and the amount of biomass

that could detach from the medium surface also increases (Rittmann, 1982). Thus, the

ability for AA to be consumed in a sufficiently clogged zone (i.e., section S1 at 417 days)

compared to a less clogged zone (i.e., section S1 at 295 day) is challenged by a lower

leachate treatment time and the ability of the biofilm to sustain a positive net growth; both

result in lower removals of AA, provided all other conditions were similar.

The lower treatment of AA within section S1 at 417 days, compared to 295 days,

resulted in less Ca2+ removal at 417 days in this section (Fig. 8). Therefore, a larger mass

of Ca2+ was able to reach higher sections (sections NS1) of the column at this latter elapsed

time, where it then had the potential to be removed. The average drainable porosity within

sections S2 to S6 for 295 and 417 days was about 0.29 and 0.15, respectively (Fig. 5). This

large decrease in drainable porosity within sections S2 to S6 between 295 and 417 days is

attributed to a greater mass of acetate, and therefore calcium, being removed and biomass

produced, compared to before 295 days. For example, between sections S2 and S6 at 295

days there was about 1000 mg COD/l of AA removed, with minor removal of BA. At 417
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days, there was about 700 mg COD/l of BA removed, producing about 550 mg COD/l of

AA, resulting in a net AA removal of about 4000 mg COD/l (Figs. 6 and 7). The mass of

volatile solids that accumulated within sections S4 to S6 was about two times greater at

day 417 than at day 295, confirming that there was greater biomass produced after 295

days.

Prior to 353 days, there was only a minor amount of BA removed within the column

(Fig. 7). At 353 days, a small removal (12%) of BA occurred in sections S1 and S2, and

about 20% removed in sections S3 to S6. At 417 days, there was a uniform reduction in

BA along the length of the column with an overall removal of about 55%. Thus, BA

degraders grew within all sections of the column and are partially responsible for the

decrease in drainable porosity after 346 days (Fig. 5).

PA was not significantly removed in this study. Peeling et al. (1999) reported in a

synthetic leachate column study that PA degraded slower than AA and BA. This effect is

likely due to the slower growth rate of bacteria to oxidize PA to AA (Boone and Bryant,

1980).

At 357 days, the volatile film thickness was larger than the inorganic solid film

thickness within 0 to 100 mm above the base screen (Table 2). Thus, the reduction in

drainable porosity up to this time was influenced more by biomass growth than calcium

precipitation. However, from 100 to 360 mm, the volatile and inorganic solid film

thicknesses were similar. At 427 days, the inorganic solid film thickness exceeds the

volatile film thickness within 0 to 200 mm above the base screen, then from 200 to 360

mm the volatile and inorganic solid film thicknesses were similar. The trends in volatile

and inorganic solid film thickness with time (Table 2) suggest that prior to steady state

COD removal, biomass growth is largely responsible for the decrease in drainable

porosity, and after steady state COD removal, Ca2+ accumulation within the pore space is

at least equally responsible for the decrease in drainable porosity as biomass growth.

Fleming et al. (1999) observed that clogging was greatest adjacent to the collection pipe,

where the mass loading of organics and inorganics was highest, and decreases laterally

away from the pipe as the mass loading reduces. Similar to the field exhumation, clogging

in this study was largest where the mass loading of organics and inorganics was highest

(section S1). The degree of clogging decreased from sections S1 to S6 as the mass loading

of organics and inorganics reduced along the length of the column.

The decrease in drainable porosity, from an initial value of 0.38, to b0.10 within section

S1 at 427 day, resulted in a five-order magnitude decrease in hydraulic conductivity from

an initial value of 0.333 m/s to a value of about 10�6 m/s at 427 days. Based on measured

data, Rowe et al. (2000a) presented an empirical relationship between drainable porosity

and hydraulic conductivity for columns permeated with KVL leachate at flow rates (0.51,

1.02, and 2.04 m3/m2/day) that range of flows expected near the collection pipe. The Rowe

et al. (2000a) columns remained in operation until the hydraulic conductivity decreased

seven to eight orders of magnitude. The measured decrease in drainable porosity and

hydraulic conductivity in this study is reasonably consistent with Rowe et al. (2000a).

Generally, there was an increase in the volatile film density with longer elapsed times

(Table 2). The increase in volatile film density was largest near the influent end of the

column, where there was lowest drainable porosity and therefore highest seepage velocity.

Rittmann and McCarty (2001) stated that mechanical stresses (i.e., fluid shear stress) on
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the biofilm tend to increase biofilm density and that high-stress anaerobic biofilms could

reach densities to as much as 0.200 mg VS/cm3, which is consistent with the volatile film

density trends observed in this study.
6. Clog solid composition

X-ray diffraction (XRD) analysis was completed on clog solids obtained from 25 to 75

mm above the base screen in columns VS-B and VS-D. Magnesium-rich calcite (CaCO3)

was the dominant clog mineral detected. This mineral has a calcite structure with some

Mg2+ substituted for Ca2+ within the crystal lattice. A magnesium-rich calcite has a

different crystal structure than dolomite (CaMg(CO3)2). Aragonite (CaCO3) was also

detected in VS-D. Aragontie has the same chemical formula as calcite but a different

crystal structure and is typically less stable at most temperatures and pressures than calcite.

Maliva et al. (2000) detected a low magnesium form of calcite in clog scale obtained from

a leachate collection pipe in a Florida landfill that received incinerator ash and municipal

solid waste. Manning (2000) detected calcite as the dominant crystalline phase, with some

gypsum and no crystalline iron oxides, in a clog scale from a leachate collection pipe in the

United Kingdom. Bouchez et al. (2003) provided a summary of mineral species from clog

material obtained from France, Colombia, and Venezuela landfills. These included

carbonates (CaCO3, FeCO3, MnCO3, CaMg(CO3)2), sulfurs (FeS, FeS2), oxides (Fe2O3,

Fe3O4), and phosphate (MgHPO4).

Compositional analyses of clog material completed on samples retrieved from within

S1 (clog sample location 0–25 mm above the base screen) for each column and within S6

(clog sample location 300–325 mm above the base screen) for VS-B and VS-D show that

the dominant clog constituents were Ca2+ and CO3
2�, as shown in Table 3. Additionally,

the percentage of Ca2+ and CO3
2� in clog samples taken from within S1 (0 to 25 mm)

compared to S6 (300 to 325 mm) during the steady state phase (VS-D) did not differ

significantly. However, during the transition phase (VS-B), the percentage of Ca2+ was

16% higher within S6 than S1. The percentage of Ca2+ within the clog material before

steady state COD removal (columns VS-A and VS-B) was lower than during steady state

COD removal (columns VS-C and VS-D). The molecular weight ratio of Ca2+/CO3
2� is

0.666 for CaCO3(s) (40 g Ca2+/60 g CO3
2�); before steady state leachate treatment the clog

samples retrieved within S1 yielded Ca2+/CO3
2� ratio of 0.719 for VS-A. During steady

state leachate treatment the Ca2+/CO3
2� ratio decreased within S1 to a value of 0.661 and

0.658 for VS-C and VS-D, respectively. Ca2+/CO3
2� ratios larger than 0.666 suggest that

calcium may precipitate as compounds other than CaCO3(s); ratios less than 0.666 suggest

metals other than Ca2+ may precipitate with carbonate. The data indicates that before

steady state conditions, all of the CO3
2� was bound to Ca2+, and after steady state

conditions, about 99% of the CO3
2� was bound to Ca2+.

The percentage of Ca2+ and CO3
2� within clog material retrieved during the steady state

phase of leachate treatment in this study (37% and 57% respectively) was similar to that

reported in Rowe et al. (2002) in their synthetic leachate column study (36% and 51%

respectively), shown in Table 4. The synthetic leachate column studies had calcium and

carbonate percentages greater than the landfill exhumed samples (Brune et al., 1991;



Table 3

Compositions of material precipitated within synthetic leachate column experiments (nd—below detection limit)

Parameter Symbol Units VS-A S1

(247 days)

VS-B S1

(295 days)

VS-C S1

(357 days)

VS-D S1

(427 days)

VS-B S6

(295 days)

VS-D S6

(427 days)

Water content (%wet) 66.4 64.7 34.3 23.5 48.4 30.3

Organic Carbon C (%) 10.6 – 3.2 2.7 2.4 2.0

Organic Matter

(TVS)

(%) 12.0 29.9 6.7 5.10 7.87 4.8

Calcium Ca (%) 31.7 30.1 36.4 36.9 35.0 38.0

Carbonate as

CO3

CO3 (%) 44.1 – 55.1 56.1 57.6 57.6

Ca/CO3 0.719 – 0.661 0.658 0.608 0.659

Aluminium Al (%) 0.090 0.082 0.058 0.050 0.061 0.026

Carbon C (%) 18.6 16.9 13.1 12.2 15.2 12.9

Iron Fe (%) 0.021 0.035 0.021 0.014 0.024 0.007

Magnesium Mg (%) 0.633 0.609 0.681 0.796 0.669 0.392

Manganese Mn (%) 0.014 0.011 0.009 0.009 0.014 0.005

Potassium K (%) 0.008 0.095 0.091 nd Nd 0.008

Silicon Si (%) 0.167 0.254 0.134 0.481 0.180 0.067

Sodium Na (%) 0.441 0.575 0.256 0.352 0.267 0.249

Sulfur S (%) 0.12 0.08 0.05 0.04 0.04 0.04

Total Phosphorus P (%) 0.194 0.203 0.157 0.124 0.210 0.114

Bariuma Ba (ppm) 10.0 3.0 5.0 8.0 7.0 5.0

Boron B (ppm) 20.4 171.0 13.4 4.08

Chromiuma Cr (ppm) 8.0 3.0 nd 3.0

Cobalt Co (ppm) 97.1 29.7 27.1 12.1

Copper Cu (ppm) 54.0 18.0 40.0 19.0

Leada Pb (ppm) 4.90 0.72 4.08 1.35

Molybdenum Mo (ppm) 41.5 12.3 16.9 6.8

Nickel Ni (ppm) 107.3 54.0 35.8 35.9

Strontiuma Sr (ppm) 33.0 28.0 61.0 55.0 40.0 91.0

Zinc Zn (ppm) 65.3 42.2 37.4 11.7

a Constituent not a component of synthetic leachate and therefore must be present in distilled water.
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Fleming et al., 1999) and the KVL leachate permeated column studies (Armstrong, 1998;

Rowe et al., 2000a,b). Generally, the KVL field and column studies had larger silicon, iron

and magnesium contents compared to the synthetic column clog. Additionally, the Ca2+/

CO3
2� ratios in the field and KVL leachate column studies show that the percentage of

CO3
2� bound to Ca2+ is less than that in the synthetic leachate column studies. The

difference in clog composition between the synthetic and KVL leachate column studies is

likely the result of different leachate compositions (Rowe et al., 2002; VanGulck et al.,

2003). Bordier and Zimmer (1999) in a column study with waste overlying drainage stone

reported clog compositions within the drainage stone containing mainly calcium, iron and

sulphur. Also in a column experiment, Paksy et al. (1998) reported microbial mediated

clogging within aggregate material containing high concentrations of iron sulphide and

calcium carbonate, with smaller concentrations of sodium, magnesium, zinc, and

manganese.

The inorganic solid film densities measured after column disassembly were fairly

uniform along the length of the column. The average density over the length of the column



Table 4

Comparison of data from this study with some published compositions of material precipitated from landfill

leachates (values reported are in percentages except for Ca/CO3)

Ca CO3 Si Mg Fe Sum Ca/CO3

German landfill 21 34 16 1 8 80 0.62

Brune et al. (1991)

Toronto landfill 20 30 21 5 2 78 0.67

Fleming et al. (1999)

KVL-Particle size series

(27 8C, 0.51 m3/m2/day)

4 mm 27 49 4 1 3 84 0.55

6 mm 24 50 3 1 4 82 0.48

15 mm 26 52 2 b1 3 84 0.50

Rowe et al. (2000b)

KVL-mass loading series

(27 8C, 6 mm particle size)

0.51 m3/m2/day 24 50 3 1 4 82 0.48

1.02 m3/m2/day 27 58 3 1 4 93 0.47

2.04 m3/m2/day 27 49 3 b1 4 84 0.55

Rowe et al. (2000a)

KVL-Temperature (6 mm particle size,

0.51 m3/m2/day)

21 8C 30 47 2 b1 2 82 0.64

27 8C 24 50 3 1 4 82 0.48

Armstrong (1998)

Synthetic series 36 51 – b1 b1 98 0.71

Rowe et al. (2002)

Synthetic Series during steady

state leachate treatment (this study)

37 57 b1 b1 b1 94 0.66
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during the lag phase was 1.8 mg NVS/m3; transition phase was 2.1 mg NVS/m3; and

steady state phase was 2.5 mg NVS/m3 (Table 2). The Rowe et al. (2002) synthetic

leachate study, which had a longer steady state operation time than this study, reported

inorganic solid film density of 2.6 mg NVS/m3. Thus, the inorganic solid film density

approaches a maximum value during steady state COD removal.

Since the columns were disassembled at various elapsed times, the community structure

of microorganisms within the column at different elevations could be assessed. There was

no significant change in the bacteria types between the end of the lag phase and beginning

of the steady state phase. The probable populations of bacteria were two to three orders of

magnitude larger for the clog material than the effluent leachate samples collected at time

of disassembly, suggesting the biofilm was primarily responsible for nutrient removal

compared to suspended biomass. The BARTsk completed on clog material showed a

significant increase in denitrifying bacteria probable populations between the end of the

lag phase and the start of the steady state phase, an increase in sulfate-reducing bacteria

probable populations between the end of the transition phase and the start of steady state

phase, and a decrease in the iron-reducing bacteria probable populations between the

transition and the start of the steady state phase. Slime-forming bacteria and facultative

anaerobes had similar probable populations between the end of the lag phase and the start

of the steady state phase. Methanogenic bacteria, which were not detected in significant
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populations in the effluent leachate, were detected in the clog material. During the lag

phase, the BioGas detectors had low activity and were relatively uniform along the

column. During the transition phase, the methanogenic bacteria activity increased

significantly in the bottom half of the column, with a modest increase in the top half of

the column. At the start of the steady state phase, the methanoenic bacteria activity

decreased again in the lower half of the column, and increased in the top half of the

column. This suggests that these bacteria are dying or detaching from the medium surface

in the lower half of the column, as the seepage velocity through this part of the column

increased (a result of the low drainable porosity), and are growing within the top half of

the column.
7. Conclusions

Water quality measurements taken with time and position along the flow length of the

column showed that acetate was the first of the three VFAs to degrade, most significantly

near the base of the column at early times, but within all column sections at later times.

Butyrate degraded in all column sections after acetate removal began. Propionate was not

significantly degraded in this experiment. Propionate degraders have a slower growth rate

than acetate degraders, thus the columns may not have operated for long enough duration

for propionate degraders to grow in significant populations. The removal of calcium in the

leachate highly correlated with the fermentation of AA, confirming the theoretically based

conclusions by Rittmann et al. (1996) that AA fermentation is the primary driver for

calcium precipitation.

The columns experienced a decrease in drainable porosity from an initial value of

about 0.38 to b0.10 after steady state COD removal, resulting in a five-order magnitude

decrease in hydraulic conductivity. Clogging occurred due to a combination of biofilm

growth and calcium precipitate accumulating within the pore space of the medium. The

results indicate that biomass growth is primarily responsible for the decrease in

drainable porosity prior to steady state COD removal (i.e., before significant calcium

precipitation), and that after this time, calcium precipitation is at least equally

responsible for the decrease in drainable porosity as biomass growth for granular size

material permeated with synthetic leachate. Thus, clogging was primarily due to

biological and chemical processes. The degree of clogging is proportional to the mass

loading of organic and inorganic constituents. The highest mass loading occurred near

the influent end of the column in this study but would likely occur near the collection

pipe in a landfill. Thus, the longevity of the drainage layer may be extended by

increasing the number of collection pipes and therefore reducing the mass loading onto

any one pipe (provided all other conditions were similar).

The volatile film density increased between the lag and steady state phases. In

particular, the volatile film density was highest where the column experienced the most

clogging and, therefore, largest seepage velocity. As the seepage velocity increases, so too

does the fluid shear stress acting on the biofilm. Thus, the volatile film density was

sensitive to this mechanical stress. There was also a substantial increase in the clog

inorganic solid film density between the lag phase and the start of the steady state phase.
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However, during the steady state phase, the inorganic solid film density increased only

modestly, to an average value of 2.5 mg NVS/cm3. The inorganic solid film density

measurements were fairly uniform in position in the column at each measurement time.

Compositional analysis of the clog solids showed that the primary constituents were Ca2+

and CO3
2� with 99% of the carbonate bound to calcium, indicating that CaCO3(s)

precipitated from leachate.

This study has provided experimental data that can be used to calibrate clogging models

such as that proposed by Cooke et al. (1999, 2001) for relatively well-controlled

conditions. This model can simulate clogging in the drainage layer of the collection system

and will be used to develop improved design methodologies for design. Key input

parameters for this model that were obtained in this study include the composition and

densities of the volatile and inorganic solid films with some degree of clogging.
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