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This study quantifies the field hydraulic performance of a dual-functionality landfill cover, combining microbial
methane oxidation with water diversion using a capillary barrier. The investigated 500 m? test field, constructed
on a landfill in the Netherlands, consisted of a cover soil optimised for methane oxidation, underlain by a sandy
capillary layer and a gravelly capillary block. Outflows from these layers were measured between 2009 and
2023. Average precipitation was 848 mm/a, evapotranspiration, diverted infiltration and breakthrough
amounted to 504 (59.4 %), 282 (33.3 %) and 62 (7.3 %) mm/a, respectively. On average, the capillary barrier
diverted 82 % of the inflow into the capillary layer. Breakthrough occurred mainly from October to March when
evapotranspiration was low and the maximum water storage capacity of the cover soil was reached. During this
period, inflow into the capillary barrier exceeded its diversion capacity, caused by the relatively high hydraulic
conductivity of the cover soil due to its optimisation for gas transport. The diversion capacity declined drastically
in the year after construction and increased again afterwards. This was attributed to suffusion of sand from the
capillary layer into the capillary block and subsequent washout to greater depths or the influence of iron pre-
cipitates at the bottom of the capillary layer. The effect of a more finely grained methane oxidation layer on the
hydraulic and methane oxidation performance should be investigated further. These measures could further
improve the combined performance of the dual functionality landfill cover system under the given conditions of a
temperate climate.

latter limits the infiltration of precipitation from the cover soil into the
waste body and hence reduces the amount of generated leachate.

1. Introduction

Landfills pose a risk to human health and the environment due to the
potential emissions of methane to the atmosphere and leachate poten-
tially infiltrating the underlying soil and groundwater. Therefore the
placement of an impermeable base liner in combination with a geolog-
ical barrier and a landfill cover system comprising multiple functional
layers, and the collection and treatment of gas and leachate are
mandatory in many countries. One of the landfill cover designs that aims
to limit both types of emissions simultaneously is a combination of a
microbial methane oxidation system with a capillary barrier system. The

* Corresponding author.

The principle of microbial methane oxidation systems evolves
around methanotrophic bacteria naturally present in a cover soil that
oxidise methane to carbon dioxide. A so-called biocover, applied to
cover a complete landfill or larger sections of it, can be cost-effective on
landfills where emissions are relatively low or active gas extraction and
treatment is no longer economically or technically viable (see reviews by
Gebert et al., 2022; Huber-Humer et al., 2008; Scheutz et al., 2009).
Such a system consists of at least two layers: a gas distribution layer with
a methane oxidation layer (MOL) on top. A gas distribution layer evenly
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distributes landfill gas, which leaves the waste through hotspots, to the
overlying methane oxidation layer, where the methane is oxidised using
atmospheric oxygen.

A capillary barrier system is commonly used as part of a sloped
landfill cover to limit infiltration of water into the waste body (e.g.
Aubertin et al., 2009; Melchior, 1993; Rahardjo et al., 2016). It consists
of a top layer of finer-grained mineral material, for example, sand
(capillary layer, CL), overlying a layer of coarser mineral material, for
example, gravel (capillary block, CB). Due to its finer average grain and,
consequently, smaller pore sizes, the capillary layer has a higher mois-
ture retention capacity than the capillary block. In addition, the capil-
lary block is generally rather dry and hence has a very low hydraulic
conductivity and behaves like a hydraulic barrier. Consequently, most of
the precipitation that infiltrates into the capillary layer from the over-
lying cover soil is diverted downslope within the capillary layer and does
not enter the capillary block (Fig. 1). However, when the matric po-
tential in the capillary layer reaches the water entry value of the capil-
lary block, water will start infiltrating into the capillary block, which is
defined as breakthrough (Baker & Hillel, 1990; Stormont & Anderson,
1999). This condition depends on the infiltration rate into and the
diversion capacity of the capillary layer, combined with the slope length
(Oldenburg & Pruess, 1993; Ross, 1990; Yeh et al., 1994). The infiltra-
tion rate is controlled by the hydraulic conductivity and available water
storage in the cover soil, which both depend on the cover soils’ prop-
erties and the local climatic conditions. The diversion capacity is
impacted by the slope angle and the (difference in) hydraulic properties
of the capillary layer and capillary block (Aubertin et al., 2009; Kampf
et al., 2003; Khire et al., 2000; Ross, 1990; Steinert, 1999).

Capillary barriers generally perform well in (semi-) arid regions
where potential evapotranspiration exceeds precipitation considerably
(Khire et al., 1999; Stormont, 1996). In regions where precipitation
exceeds potential evaporation during some part of the year, break-
through is more likely to occur, as shown by various field studies
investigating different capillary barrier system designs (Abdolahzadeh
et al., 2011; Giurgea et al., 2003; Kampf & Montenegro, 1997; Li et al.,
2022). During such periods, excess precipitation either needs to be
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stored in the soil covering the capillary barrier system or within the
capillary layer itself, or drained laterally to a point where the water can
be collected (Khire et al., 2000; Li et al., 2022; Scarfone et al., 2023;
Stormont & Morris, 1998; Yang et al., 2004).

Recent field studies used capillary barriers to prevent landfill gas
from leaving or oxygen from entering a landfill (Ng et al., 2021; Zhan
et al., 2020a) or a sulfidic mine waste tailing (Zhang et al., 2024). In
contrast, several other studies have investigated the feasibility of
combining the microbial methane oxidation function with the water
diversion function of a capillary barrier in a landfill cover (Fig. 1). This
design could be used in combination with or after active in situ treat-
ment of landfilled wastes (Brand et al., 2016). In such a setup, the
capillary block also serves as a gas distribution layer as it is mostly dry
and highly permeable for gas flow. This landfill cover design has been
studied in the laboratory (Berger et al., 2005; Wawra & Holfelder, 2003)
as well as in the field (Geck et al., 2016; Rower et al., 2016a, 2016b,
Zhan et al., 2020b). Rower et al., (2016a) and Geck et al. (2016)
observed a satisfactory average oxidation efficiency of 77 % and 84 %
respectively at a large-scale test field in the Netherlands. However, the
oxidation showed a seasonal pattern with lower efficiencies in winter
and higher efficiencies in summer. This was partly attributed to the
accumulation of water at the bottom of the capillary layer in the periods
of low evapotanspiration, due to the capillary barrier effect, especially in
the downslope areas. It reduced the gas permeability, causing the
landfill gas to migrate upslope, resulting in a higher local methane load
to the cover and a lower oxidation efficiency (Ahoughalandari & Cabral,
2017; Wawra & Holfelder, 2003).

This study adds the aspect of the hydraulic performance of such a
combined methane oxidation-capillary barrier system by analysing the
water balance of the same test field as studied by Rower et al., (2016a)
and Geck et al. (2016) for the period between 2009 and 2023 (Fig. 1).
Field observations of such a long duration for a capillary barrier system
are rare, enabling analysis of the temporal variability of capillary barrier
performance and its response to changing hydrological conditions.

Evapotranspiration

Breakthrough
(Outflow CB)

Test field catchment area I

lDiverted infiltration
(Outflow CL)

Fig. 1. Conceptual cross section of the test field in the downslope direction (not to scale) showing the landfill cover design with the incoming and outgoing water

flows (MOL: methane oxidation layer, CL: capillary layer, CB: capillary block).
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2. Materials and methods
2.1. Test field

2.1.1. Setup and construction

The test field of 500 m? horizontal surface area was constructed on a
1:5 slope in August 2009 on the landfill Wieringermeer, located in the
northwest of the Netherlands (Fig. 2), comprising four soil layers: a
methane oxidation layer topsoil and subsoil on top of the sandy capillary
layer and the capillary block constructed from gravel (from top to bot-
tom; Fig. 1). Grass was used as vegetation cover. Around the test field
perimeter, vertical high-density polyethylene (HDPE) walls of 40 cm
height were placed to prevent the inflow of external water and uncon-
trolled outflow of water from within the test field area. Above the
collection zone of the diverted infiltration at the bottom end of the test
field, a geomembrane was placed in order to prevent vertical seepage of
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water from the cover soil into the capillary layer. Above the geo-
membrane a drainage mat was installed to drain the seepage from the
cover soil laterally. A boundary zone of 3 m width of identical soil
layering was placed around the test field to negate any influences of the
surrounding cover soil, which differs in soil properties and layering. The
field and boundary area were underlain with a HDPE membrane to
separate the test field from the waste body and enable the collection and
quantification of percolating water. The soil was placed loosely with a
long-range excavator to avoid a decrease in air capacity of the methane
oxidation layer. Photos of the construction of the test field are presented
in the Supplementary Material section S.1. After concluding that this air
capacity was too high for optimal gas distribution, the top 60 cm of the
methane oxidation layer was compacted in August 2013 using a bull-
dozer, which resulted in a more uniform gas distribution over the test
field (Geck et al., 2016).

Soil moisture probes
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Fig. 2. Location (52.77° N, 5.08° E) and top view of the test field. Distances are given parallel to the slope and the area is given horizontally. The base of landfill is

located at —5 m above sea level.

Table 1

Soil properties of the different layers and fitted van Genuchten (1980) parameters. Gravel, sand, silt and clay are defined as particles larger than 2 mm, between 0.063
and 2 mm, between 0.002 and 0.063 mm and smaller than 0.002 mm, respectively. Data from melchior + wittpohl Ingenieurgesellschaft (2009, 2011, 2014).

Layer Topsoil Subsoil Capillary layer Capillary block
Layer thickness (m) 0.2 0.9 0.3 0.2
Proctor density (kg/m>) 1.604 1.728 1.709 1.631
Average bulk density (g/cm®) 1.214 1.369 1.502 1.601
Gravel (mass-%) 3.0 3.1 4.0 98.6
Sand (mass-%) 43.2 78.0 95.7 1.3
Silt (mass-%) 40.5 8.9 0.3 0.1
Clay (mass-%) 13.3 10.0 0.0 0.0
Total organic carbon(mass-%) 4.4 2.3 0.2 0.6
Saturated hydraulic conductivity (m/s) 4.5 x 10 4.8 x 10° 6.2 x 10° 2.7 x 102
Porosity, 6, (m*/m®) 0.51 0.47 0.42 0.46

o (1/kPa) 0.64 1.57 0.71 —
n(-) 1.20 1.22 1.62 -

0, (m*/m?) 0.06 0.08 0.00 -
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Fig. 3. Left: Average water retention curves of the top and subsoil of the methane oxidation layer (MOL-TS, MOL-SS, respectively) and the capillary layer (CL),
measured after construction in 2009 with a fitted van Genuchten-Mualem (VG-M) model (Mualem, 1976; van Genuchten, 1980). Right: Estimation of the hydraulic
conductivity as function of matric potential given by the fitted van Genuchten-Mualem model and the saturated hydraulic conductivities presented in Table 1,
including geometrically averaged hydraulic conductivities of each layer at 1 kPa (melchior + wittpohl Ingenieurgesellschaft., 2014).

2.1.2. Soil properties

Various soil physical properties of the methane oxidation layer were
measured in 2009 and 2011 and before and after the compaction in 2013
(Table 1). The capillary layer and block were analysed only in 2009.
Grain size distribution was determined using a wet sieving test,
following the German standard DIN 18123, and soil moisture retention
properties were measured using pressure plate tests (German standard
DIN ISO 11274; Fig. 3). Saturated and unsaturated hydraulic conduc-
tivities were obtained using a falling head test in the laboratory and the
method developed by Ankeny et al. (1988) in the field, respectively. A
spreadsheet containing the measurements can be found at DOI: 10.4121
/1900c71a-9980-4848-81bb-6815e4478b2c.

A van Genuchten-Mualem model (Mualem, 1976; van Genuchten,
1980) was fitted on the water retention data using the RETC-software
(van Genuchten et al., 1991). The parameters o, n and 0, were fitted,
using the porosity as saturated water content (8s) and assuming m =
1 —1. This yielded an estimate for the hydraulic conductivity as function
of matric potential (Fig. 3).

The topsoil classifies as loam and the subsoil in the methane oxida-
tion layer as loamy sand (Food and Agriculture Organization of the
United Nations, 2014). The latter also has a relatively coarse texture and
high hydraulic conductivity due to its high air-filled porosity, resulting
from its optimisation for methane oxidation. The material of the capil-
lary layer classifies as coarse sand (Food and Agriculture Organization of
the United Nations, 2014) and the capillary block is comprised of gravel.

Based on laboratory experiments, the design diversion capacity of
the capillary layer was approximately 20 mm/d. Although filter stability
was considered during the design of the field (melchior + wittpohl
Ingenieurgesellschaft, 2008), an excavation in 2017 found sand in the
capillary block (van Verseveld, 2018). Furthermore, this excavation
revealed the formation of a thin layer of iron precipitates at the bottom
3 cm of the capillary layer (Supplementary material section S.4). Further
details on the test field setup, construction and soil properties can be
found in Geck et al. (2016) and Rower et al., (2016a).

2.2. Local climatic conditions

The precipitation, reference crop evapotranspiration (ETrf) and
temperature measured at the Royal Netherlands Meteorological Institute
(KNMI) weather station at De Kooy between 1980 and 2010 were
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analysed to characterise the local climate (KNMI, 2023a). This was the
closest weather station (25 km away from the test field) with measure-
ments in that time period.

The reference crop evapotranspiration provided by the KNMI is an
estimate of evapotranspiration of a soil covered with optimally growing
grass without shortage of water under the prevailing weather conditions
(De Bruin, 1987). This estimate is based on the expression of Makkink &
Heemst (1967) which uses temperature and the daily sum of global ra-
diation and is only applicable on a regional scale between March and
October (De Bruin, 1987).

2.3. Test field water balance

The water balance of the test field was analysed on both daily and
annual scale. An overview of the data used per analysis is given in the
supplementary material (section S.5) and the data and processing scripts
are published at https://doi.org/10.4121/1900c71a-9980-4848-81
bb-6815e4478b2c.

2.3.1. Daily water balance
The water balance of the test field (Fig. 1) on a daily scale was
defined as:

AS:P*ETa*ch*ch (1)
where AS denotes the change in water storage (mm/d), P the precipi-
tation (mm/d), ET, the actual evapotranspiration (mm/d) and Q. and
Q¢ denote the outflows from the capillary layer and capillary block
respectively (mm/d). On-site precipitation observations were charac-
terized by many gaps and were only used to analyse the short-term
hydraulic behaviour on hourly scale, which is not considered in this
paper. Instead, the hourly precipitation data of the KNMI weather sta-
tion at Berkhout (16 km away from the test field) between November
2009 and April 2023 were used (KNMI, 2023b). Daily outflows were
derived from the outflow measurements (see section 2.3.3). Evapo-
transpiration and the change in water storage were not measured
directly. Instead, these were approximated by the measured volumetric
water contents (see section 2.3.3) and the reference evapotranspiration
provided by the KNMI, multiplied with a crop factor of 1 because of the
test fields’ grass vegetation cover (Feddes, 1987).
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2.3.2. Annual water balance

Observations of the soil moisture between 2010 and 2014 showed
that the water content at the start of April is approximately equal each
year. Hence, April was chosen as the start of the hydrological year to
analyse the annual water balance and the change in stored water was
assumed to be zero:

AS=P—ET,—Qq—Qu ~0 2

With AS the change in stored water (mm/a), P the precipitation (mm/a),
ET, the evapotranspiration (mm/a) and Q. and Q. the outflow from the
capillary layer and block respectively (mm/a). As the outflows (see
section 2.3.3) and the precipitation (KNMI station Berkhout) were
measured, the residual of the annual water balance was then assumed to
reflect the yearly evaporation.

2.3.3. Measurements of outflow and water storage

The outflows from the capillary layer and capillary block were
measured between November 2009 and April 2023. They were recorded
using 3 L tipping buckets (Umweltanalytische Produkte GmbH), and
tipping events were registered automatically. Bucket volume was re-
calibrated monthly to account for any volume reduction by pre-
cipitates in the outflow. If necessary, the buckets were cleaned. In this
study, the average bucket volume was used for the whole timeseries. The
tipping buckets discharged into 1 m® tanks which were emptied by RS-
100 pumps (230 V, 25 mm outlet, German Water and Energy Group
GmbH). The number of pump switches combined with the pump volume
per switch (0.5 m°3) served to cross-check the flow volumes estimated
using the tipping bucket data. The two timeseries were in good accor-
dance with each other, except for the period 23-03-2013 to 05-10-2013
and 19-03-2022 to 04-05-2022 for the capillary layer (Supplementary
material section S.6). For these periods, the tipping bucket flow was
therefore omitted for the analysis on daily scale and replaced by the
pump flow for the analysis on a yearly scale. Due to power or network
failures, the recording of discrete outflow events was sometimes
disturbed. However, the data were stored cumulatively, so the total flow
over the no-data period was preserved, resulting in a larger discrete flow
for the day after a no-data period. Therefore, these days were not
considered for the analysis of daily flow patterns, but were included in
the analysis of the yearly time scale.

Volumetric water contents were measured between May 2010 and
October 2014 at 5, 15, 40 and 80 cm depth at up-, mid- and downslope
positions (Fig. 1) using frequency domain reflectometry probes (ECH20
EC-5, Decagon) connected to a data-logging unit (Supplementary ma-
terial section S.7). Data were recorded at an interval of 15 min.
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Fig. 4. Average monthly precipitation, reference crop evapotranspiration
(ET,er) and temperature for the period 1980 to 2010. Analysis based on data
from weather station De Kooy from the Royal Netherlands Meteorolog-
ical Institute.
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3. Results
3.1. Local climatic conditions

The local climate can be described as a maritime temperate climate
(Cfb; Beck et al., 2018; Koppen, 1884). The average annual precipitation
and reference crop evapotranspiration between 1980 and 2010 at
weather station De Kooy were 750 and 580 mm/a, respectively. Average
monthly precipitation during that period follows a slight seasonal
pattern, with more rain from October to December than from April to
June (Fig. 4). The seasonal pattern of the average temperature is much
stronger and ranges from approximately 3.5 °C in February to 17 °C in
August. Along with the temperature, the reference crop evapotranspi-
ration ranges from less than 10 mm/month in January and December to
approximately 100 mm/month in July. On average, there is thus a
precipitation surplus from September to March which can be as large as
70 mm/month. Conversely there is a precipitation deficit between April
and August of up to 30 mm/month. Moreover, likely due to climate
change, the annual precipitation, reference crop evapotranspiration and
temperature increased after 2010, but the seasonal pattern remained
similar (van Dorland et al., 2023).

3.2. Annual water balance and capillary barrier flows

The yearly precipitation in the study period ranged from 699 mm/a
in 2018 to 1011 mm/a in 2017, averaging 848 mm/a (Fig. 5). In general,
55-65 % of the precipitation evaporated, except for drier years when it
reached up to 74 % (2016). Compared to the precipitation, the variation
in evaporation was little and ranged between 459 mm/a in 2010 to 564
mm/a in 2017, with an average of 504 mm/a (59 % of the precipitation).
Breakthrough averaged around 62 mm/a (7.3 % of the precipitation),
with a range from 20 (2010, 2016) to 80 mm/a (2019). In 2012, an
exceptional breakthrough of 162 mm/a was observed, which equals 16
% of the precipitation in that year. Drier years, such as 2010 and 2016,
showed breakthrough amounts of approximately 20 mm/a. Diverted
infiltration exhibited a relatively large spread compared to the relative
spread in evaporation and breakthrough, ranging from 167 mm/a in
2016 to 375 mm/a in 2017, with an average annual value of 282 mm/a.
In general, the equivalent of 31-36 % of the precipitation was diverted
by the barrier. Lower fractions were observed in the dry years 2016 (23
%) and 2018 (26 %). On average, the capillary barrier successfully
deviated 82 % of the inflow into the capillary barrier.

3.3. Daily capillary barrier outflows

The outflow from the capillary layer and the capillary block both
exhibited strong seasonal variability (Fig. 6). Days with outflow occured
mainly when the evapotranspiration was low. Generally, in the summer
half-year (April-September) precipitation is evaporated from or stored in
the cover soil and hence does not reach the capillary barrier. In the
winter half-year (October-March), the storage capacity of the cover soil
is exceeded, and the soil transmits the precipitation to the capillary
barrier, inducing discharge from the latter. These conditions can also
occur outside the winter half-year, of which April 2018 is an example.

Furthermore, the outflow from both layers showed characteristic
behaviour of a flow peak followed by an exponential decay upon inflow
of water. The flow peaks were higher and the decay times were shorter
for the capillary block than for the capillary layer. Discharge from both
layers combined reached up to 16 mm/d. For both layers, 45 % of the
total discharge in the measurement period was caused by flows of more
than 2 mm/d (Supplementary material section S.8). Of the total 4582
days with valid capillary block flow measurements, only 498 (10 %)
were without any breakthrough, whereas on approximately 70 % of the
days, there was a flow between 0 and 0.1 mm/d, which made up for 10
% of the total breakthrough.

Over the time of the field trial, breakthrough occurred at different
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are plotted as points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Daily precipitation, reference crop evapotranspiration, water content at 80 cm depth, diverted infiltration (capillary layer outflow) and breakthrough

(capillary block outflow). Periods without data are indicated by grey shading.

discharge rates from the capillary layer, indicating a change in the
diversion capacity of the capillary barrier (Fig. 7). Initially, major
breakthrough of more than 1 mm/d occurred at a diversion capacity of 6
mm/d. In 2010, the diversion capacity drastically decreased to
approximately 2 mm/d. The diversion capacity increased again to
approximately 4 mm/d in the years after.

Before the compaction of the top 60 cm of the cover soil in 2013, the
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water content at 80 cm depth was similar for the up and downslope
positions. The midslope observations show a similar trend, but generally
were lower by ~ 5 vol%. After the compaction of the top 60 cm in 2013,
the mid and downslope moisture contents were similar, and the upslope
observations showed a positive offset. These differences are likely due to
local differences in soil water retention in relation to heterogeneity in
soil compaction during test field construction and the compaction in
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Fig. 7. Relationship between daily outflows from the capillary barrier
(breakthrough) and the capillary layer (diverted infiltration), clustered by year
of measurement.

2013 or to heterogeneity of the methane oxidation layer material, for
example, by aggregation (Supplementary material section S.4).

On 17-02-2020 and 24-12-2020 the breakthrough exceeded 8 mm/d,
amounting to 11.8 and 15.1 mm/d, respectively.

4. Discussion
4.1. Potential errors in the annual water balance

The potential errors in the components of the annual water balance
were considered insignificant for the total water balance. The error in
the precipitation measurements has an order of magnitude of only 10>
mm/d (Kuik, 2001). Also, KNMI estimated the difference in average
annual precipitation amount between the Berkhout station and the test
field to be less than 5 mm per year (Wolters et al., 2011). Furthermore,
the average difference between the annual outflow measured by the
tipping buckets and the pumps was 14.9 and 3.2 mm/a for the capillary
layer and block, respectively, amounting to approximately 5 % of the
annual flow volume (Supplementary material section S.6).

The annual water balance residual was used as an estimate of the
evapotranspiration and includes the uncertainties related to precipita-
tion and outflow (see above), the change in stored moisture over each
year, and the possibility of subsurface in and outflow from the test field
in the methane oxidation layer. The absolute difference between the
water content at the start and the end of each year, based on the data
collected between 2010 and 2014, averaged for each layer over the three
locations along the slope, amounted to an average of 20 mm, i.e.
approximately 4 % of the yearly average water balance residual (Sup-
plementary material section S.9). Concerning the subsurface flow, a
vertical HDPE bund extending to the top of the capillary barrier pre-
cluded lateral inflow of water into the capillary barrier itself (Fig. 1).
Potential interflow within the methane oxidation layer, if at all
happening, was assumed to be net zero for the total of the test field area,
as the potential inflow at the upper boundary would equal the potential
outflow at the lower boundary. The assumption is based on the fact that
due to the construction of a boundary zone with identical soil properties
around the test field, the soil properties can be considered similar within
and outside of the field at both positions along the slope. Similarly, a
capillary effect between the methane oxidation layer and the capillary
layer was considered negligible as the cover soil commonly had a water
content of approximately 23 vol-% (Fig. 6), which corresponds
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approximately to the water entry value of the capillary layer (approxi-
mately 30 kPa; Fig. 3). So, the error in the evaporation estimate was
considered negligible. The yearly water balance residual amounted to
475-525 mm/a (55-65 % of the precipitation), which is similar to the
annual evapotranspiration measured elsewhere in the Netherlands and
on a test field in Northern Germany under comparable climatic condi-
tions (Elbers et al., 2009; Melchior et al., 2010).

4.2. Annual performance of the capillary barrier system

On average, the capillary barrier diverted 282 mm/a (equivalent to
33 % of the annual precipitation), which equals 82 % of the infiltration
reaching the capillary barrier. Variability in annual precipitation is
mainly reflected in variability in diverted infiltration. However, the
absolute average annual breakthrough in this study (62 mm/a; 7.3 % of
precipitation) exceeds the currently accepted seepage rate into a waste
body of 5 mm/a in the Netherlands (Ministerie van Volkshuisvesting,
Ruimtelijke Ordening en Milieubeheer, 1991). The German landfill
ordinance (DepV, 2009) stipulates a maximum of 10 to 30 mm/a,
depending on the hazard class of the landfill, and the European Landfill
Directive accepts a maximum of 30 mm/a (Council Directive, 1999/31/
EC on the Landfill of Waste, 1999). As expected, based on the annual
precipitation and evaporation patterns, the system performance
occurred was poorer mainly in the winter half-year (October-March). As
Geck et al. (2016) observed that colder and moister conditions also
impeded the methane oxidation efficiency of the cover soil in the test
field, the winter period is critical to both aspects of this dual function-
ality cover system. Concerning the hydraulic performance during this
period, during which the storage of the methane oxidation layer was
exceeded, the occurrence of breakthrough is determined by the inflow
rate of the infiltrating water into the capillary barrier, controlled by the
hydraulic properties of the cover soil, and the diversion capacity of the
capillary barrier.

4.3. Permeability of the cover soil

Field studies of cover designs where the capillary barrier was pro-
tected from high inflow rates performed better than the system in this
study. The capillary barriers in the field studies of Melchior et al. (2010)
(Hamburg, Germany) and Giurgea et al. (2003) (Karlsruhe, Germany),
which were subject to comparable climatic conditions as in this study,
diverted 90 and 93 % of the total infiltration reaching the capillary
barrier, respectively. The combination of a drainage and thick less
permeable clay layer diverted most of the precipitation so that only 12 %
(Giurgea et al., 2003) and 16 % (Melchior et al., 2010) of the annual
precipitation reached the capillary barrier, protecting it from high hy-
draulic loads, even after deterioration of the clay layer by crack for-
mation in dry periods. Consequently, less breakthrough amounts were
observed. Melchior et al. (2010) reported an average annual break-
through of 16 mm/a (1.8 % of precipitation), and Giurgea et al. (2003)
observed 7 mm/a of breakthrough (0.8 % of precipitation). A field study
in Quebec (Canada), where precipitation and evapotranspiration on
average amount to approximately 1200 and 400 mm/a, respectively
(Wang et al., 2013), showed an average annual breakthrough of only 8
mm/a (0.7 % of the precipitation equivalent; Abdolahzadeh et al.,
2011). The capillary barrier in this cover design was also protected by a
low permeable layer.

In contrast, the cover soil used in this study has a hydraulic con-
ductivity at saturation and at 1 kPa matric potential of an order of
magnitude of 10 and 10°® m/s, respectively (Fig. 3). This relatively
high conductivity results from the optimisation of the soil for its gas
transport properties, required to satisfy the methane oxidation function,
and also from requirements regarding slope stability. The soil’s prop-
erties were unique in that regard, as the soil combined a relatively high
moisture retention capacity with a high hydraulic conductivity (classi-
fication according to Ad-hoc Arbeitsgruppe Boden, 2005). As a result,
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the inflow rates were significantly higher than the diversion capacity of
the capillary barrier, leading to breakthrough of up to 15 mm/d.

Recently, Ng et al. (2021) investigated the performance of a cover
design with a low permeable layer beneath the capillary barrier to make
the system capable of diverting the high precipitation in a humid regions
like in Hong Kong. During a four-year field test, on average 24 mm/a of
precipitation percolated through the cover. Also, Zhan et al., (2020a)
tested a two-layer cover design consisting of a loess capillary layer on
top of a gravel capillary block in Xi’an (China). Only 16 mm of the
approximately 1000 mm precipitation in the two-year observation
period percolated through the cover. This cover design also showed
promising results regarding methane oxidation (Zhan et al., 2020b).
However, the climate at the location of these studies is much different
with an annual evapotranspiration higher than the precipitation and the
rainy season coinciding with a period of high temperatures and evapo-
transpiration, making an intercomparison with these studies difficult.

As a consequence of the dual functionality design, the methane
oxidation layer did not hydraulically protect the capillary barrier as well
as the low permeability layers in the studies of Giurgea et al. (2003),
Melchior et al. (2010) and Abdolahzadeh et al. (2011). However, such a
layer would form an obstruction for gas transport and reduce methane
oxidation, which was also the case for the cover design tested by Ng et al.
(2021). This precludes the implementation of these concepts in a
methane oxidation system. Nevertheless, reducing the hydraulic con-
ductivity of the methane oxidation layer and thereby possibly compro-
mising on its gas transport properties could improve the hydraulic
aspect of the cover design. This could be done by increasing the share of
finer particles in the soils used for the methane oxidation layer (Mah-
moodlu et al., 2016). Increasing the depth of the methane oxidation
layer could also reduce the hydraulic load into the capillary barrier due
to a longer travel time of the soil percolate.

Although the hydraulic conductivity of the methane oxidation layer
decreased and gas distribution at its base became more even (Geck et al.,
2016) after compaction of the upper decimeters in 2013, its effect on the
system’s overall hydraulic performance was estimated to be negligible.
The soil water volumetric water content measurements (Supplementary
material section S.7) indicated that saturation was rarely reached in the
test field. The compaction primarily decreased the amount of coarse
pores (van Verseveld & Gebert, 2020), which are less relevant for un-
saturated flow. This is also suggested by the smaller reduction in hy-
draulic conductivities at 1 kPa matric potential compared to the
saturated hydraulic conductivities (Supplementary material section
S.3).

4.4. Diversion capacity of the capillary barrier

The capillary barrier’s design diversion capacity of 20 mm/day
would have been suited to manage the hydraulic load from the methane
oxidation layer. However, the actual diversion capacity in the test field
consistently fell short of this design capacity. This can be attributed to
heterogeneities introduced by the construction with large machines
which can lead to changes in the granular matrix, affecting its hydraulic
properties, inducing local breakthrough and a reduction of the diversion
capacity (Ho & Webb, 1998).

The diversion capacity of the capillary barrier exhibited a dynamic
behaviour, showing after a sharp decrease from approximately 6 to 2
mm/d in 2010, and a steady increase to 4 mm/d over the subsequent
years. This increase in diversion capacity over time explains why the
annual breakthrough in 2012 was double the amount of the break-
through registered in 2017 and 2019 when annual precipitation
amounts were similar. Nevertheless, the diversion capacity of the test
field in this study before 2010 (6 mm/d) and after 2018 (4 mm/d) is
relatively high compared to the capacities in the field studies of Giurgea
etal., (2003; 1 mm/d) and Kampf & Montenegro (1997; 2.8 mm/d). The
excavation in 2017 showed the presence of a saturated capillary seam
(as also reported by Kampf et al., 2003), the formation of iron
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precipitates at the upper boundary of the capillary seam (Supplementary
material section S.4), and the presence of sand particles in the capillary
block. It is hypothesised that in 2010, although filter stability was taken
into account during design, suffusion led to an infiltration of sand par-
ticles from the capillary layer into the capillary block, increasing its
water entry value and hence decreasing the diversion capacity of the
capillary barrier. The extent and, hence, the possible effect of the par-
ticle dislocation is unknown. The subsequent steady increase of the
diversion capacity after 2013 is suspected to be due to further suffusion
into deeper layers of the capillary block, driving the sand particles away
from the interface with the capillary layer, thereby again decreasing the
water entry value of the capillary block and improving the diversion
capacity of the capillary barrier.

The observed iron precipitates indicated a boundary between
reducing (saturated) and oxidising (unsaturated) conditions and were
likely formed from iron released from the cover soil. Iron-rich percolate
and corresponding iron precipitates at the test field’s outflow were also
observed from the neighbouring test field constructed with the same
cover soil. In that field, the functionality of a stormwater drainage mat
underlying the cover soil was tested for diversion of water as an alter-
native to the capillary barrier. The formation of iron precipitates is
suspected to have increased the stability of the remaining sand particles,
decreasing suffusion. On the other hand, the iron precipitates could also
have induced an opposite effect by decreasing the hydraulic conduc-
tivity in the saturated seam of the capillary layer, thereby reducing its
diversion capacity (Kampf et al., 2003), and increasing its moisture
retention, enhancing breakthrough as the water entry value of the
capillary block would have been reached faster.

Lastly, the high number of days (70 %) with capillary block flows
between 0 and 0.1 mm/d could be explained by steady uniform seepage
through the capillary barrier as observed by Kampf et al. (2003) in their
laboratory study. This corresponds with the film phase flow described by
Scarfone et al. (2020) and Steinert (1999). These flows entail 10 % of the
total breakthrough amount and cannot be easily prevented, which
makes this an important phenomenon to take into account when
designing landfill cover systems containing capillary barrier systems.

5. Conclusions

This study presented a field test of a dual-functionality landfill cover
which combines methane oxidation and infiltration diversion with a
capillary barrier. The long term field hydraulic performance of this
design was promising but requires refinement. Over 13 years, on
average, 59 %, 33 % and 7 % of the precipitation (848 mm/a) evapo-
rated, was diverted and percolated through the cover, respectively. The
capillary barrier diverted 82 % of the water percolating through the
methane oxidation layer. As expected, the system failed mainly in the
winter half-year (October-March) when precipitation exceeded evapo-
transpiration. Compared to other field studies, the permeability of the
cover soil or methane oxidation layer was high, leading to a relatively
higher inflow rate of infiltration into the underlying capillary barrier
during that period. In contrast, the diversion capacity of the capillary
barrier was also relatively high initially, but it decreased after one year
of operation, leading to higher breakthrough amounts. The decrease was
followed by a partial restoration of the diversion capacity, in 2023
reaching up to approximately 66 % of the original value. Possible ex-
planations for the deterioration of the diversion capacity are the suffu-
sion of sand from the capillary layer into the capillary block and
subsequent washout to greater depths and the potential influence of iron
precipitates at the interface between the capillary layer and block.
However, more research is needed to identify the cause of this dynamic
behaviour as maintaining a stable diversion capacity is crucial for the
performance of this dual-functional landfill cover configuration in a
temperate climate. Follow-up research could also investigate the effect
of using a soil with a higher share of fine particles for the methane
oxidation layer on the hydraulic and methane oxidation performance.
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