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EXECUTIVE SUMMARY
This is the second deliverable in WP 6 aimed at improving groundwater quantity
and quality by discharging river water through infiltration basins located in the
Lower Valley of the Llobregat River in Catalonia, Spain. Deliverable 6.2 deals
with the evolution of water quality during the infiltration path and once it reaches
the aquifer.
This document reflects our recent work related with some physical, chemical
and biological aspects influencing these soil processes. In particular, we
analyze bioclogging formation to understand changes in infiltration capacity of
the pond. Furthermore, we complete these studies with an enhanced monitoring
following of hydrochemical field parameters, both temporal and spatial scale.
Finally, we present some theoretical approaches and results about
biogeochemical processes occurring into the soil during MAR, such as carbon
cycle and oxygen dynamics.
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1 Introduction
1.1 Objective
This is the second deliverable in the Work Package entitled DEMO Site 4:
Llobregat River Infiltration Basins, Sant Vicenç dels Horts, Catalonia,
Spain. The main objective of Deliverable 6.2 is to demonstrate the potential of
MAR to improve quality of groundwater by discharging Llobregat River water
through infiltration basins.

1.2 Previous work
The site has been extensively monitored for several discontinued periods of
time both in terms of infiltration rates and also on geochemical variations of the
infiltrated water. Furthermore, a vegetal compost-made reactive organic layer
was placed at the bottom of the pond (Figure 1.1).

Figure 1.1. Reactive organic carbon layer composition, and image taken during placement.

The objective of the pond was to provide a large concentration of labile organic
carbon dissolved in the water in order to promote biogeochemical reactions that
4
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could degrade a large number of organic molecules, here including emerging
compounds. During the first months after the organic layer was installed, an
improvement in the elimination of some pollutants present in the recharge water
was observed, leading to a positive impact on the quality of the recharged
water. The impact of the organic layer at large times had not yet been
assessed.
The work included in this deliverable involved the development of
biogeochemical models to account for the processes taking place within the soil
and the aquifer in an integrated way, here combining processes such as
decantation and infiltration of suspended solids, chemical precipitation and
biological degradation processes. This resulted in additional site
characterization, with a number of hydraulic and tracer tests to find and map
heterogeneous patterns. Emphasis was placed on the description of processes
occurring right below the pond, such as denitrification and reduction of organic
matter, boosted by the microbial activity in the non-saturated zone.

1.3 Outline
The document incorporates different chapters. Chapter 2 deals with bioclogging
characterization of the site, followed by Chapter 3 dealing with the evolution of
hydrochemical parameters and the corresponding biological implications.
Chapter 4 provides the preliminary modelling of the carbon cycle in relation to
the organic layer already cited. Last, Chapter 5 deals with the oxygen dynamics
at the vadose zone at pore-scale during dry-wet cycles.
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2 Bioclogging characterization
2.1 Infiltration evolution
In any MAR facility there is a duality between quantitative and qualitative
aspects. This is the reason why the interest in clogging has evolved through the
years. On one hand clogging results in reduction in the infiltration capacity with
time; thus, there is a need to perform periodical maintenance operations aimed
at recovering the initial infiltration rate. On the other hand, the reduction in
infiltration rate implies larger residence times of solutes in the vadose zone,
mostly at locations colonized by biomass, thus allowing for significant
geochemical changes.
Biological activity, such as biomass growth and biogas generation, obstructs the
pores and reduces both porosity and pore connectivity (Baveye and Valocchi,
1989). Biological clogging is typically described with one out of three modeling
approaches: macroscopic, micro-colony-based, or biofilm-based. Macroscopic
transport equations resulting from all three models are identical if biofilms and
micro-colonies are fully penetrating. Moreover, all approaches yield acceptable
predictions for coarse-textured materials (which are typical in MAR operations),
while poor predictions arise in fine-textured materials (Baveye et al., 1998).
Bio-clogging manifests itself through a combination of factors: formation of a
thin impermeable layer at the soil surface, biofilm formation on the soil grains,
and precipitation of biomass that occludes the pores. We focus on the last two
phenomena that act to reduce porosity.
Biomass growth occurs in four stages: time-lag (adaptation), exponential growth
(microbes have acclimated), stationary (the substrate becomes the limiting
element for growth), and decay (when substrate is exhausted) (Zwietering et al.,
1990). While assessing the performance of MAR facilities, one is concerned
with the initial stage of bio-clogging in which biomass grows exponentially. This
approximation implicitly assumes the variation in porosity due to biofilm growth
to be small relative to the initial biomass. It is adequate for risk assessment
purposes, since a large reduction in porosity and permeability would make the
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MAR operation not viable, so that standard MAR operations would not allow
clogging to develop beyond the exponential growth phase.
During the initial filling of a pond, the formation of gas can be as significant as
that of biofilm in terms of total clogging. Gas can be generated by a number of
chemical processes taking place at the pore scale (e.g., microorganism activity,
temperature effects, and the release of trapped bubbles). As gas occupies
(mainly) the larger pores, water saturation and consequently hydraulic
conductivity and infiltration rates decrease. The relationship between gas/water
content and conductivity is also a characteristic of the grain size and soil type.
In the case of the Sant Vicenç ponds, clogging was assessed by comparing the
flow entering the pond infiltration in relation to the water surface in a test
performed lasting 70 days, from January to March 2014 (see Figure 2.1). All
throughout the infiltration test there is a clear correlation between the two
measures in the sense that oscillations display approximately the same
frequency. Nevertheless, the general trend is approximately constant for water
level while infiltration rates clearly decrease with time.

Figure 2.1. Temporal evolution of inflow rate at the pond together with the evolution of water
level during an infiltration test. The reduction in infiltration over time with similar water levels is
an indication of clogging.
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2.2 Biofilm description
In order to assess the effect of biofilm formation in the loss of infiltration
capacity of the pond, two field campaigns were performed in July 2014 and
March 2015. The first one refers to wetting period and the second one, to dry
conditions (under natural conditions). Soil samples were taken at the bottom of
the pond (Figure 2.2), and then sent to the microbiological laboratory of the
Department of Environmental Microbiology at the Universitat Autònoma de
Barcelona. The sampling points were distributed along the sedimentation pond,
reactive layer, vadose zone and groundwater (upstream and downstream at
different depths). The 16S rDNA was amplified using primers for the domain
Bacteria (341f-GC/907r) and products were resolved on DGGE gels (Figure
2.3).

Figure 2.2. Example of a location where samples were taken at the bottom of the pond for
biological characterization in March 2015.
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Figure 2.3. DGGE gel of the soil samples corresponding to the sample campaign of July 2014.
1-Sedimentation pond R1; 2-Sedimentation pond R2; 3-Infiltration pond, center, down, R1; 4Infiltration pond, center, down, R2; 5-Infiltration pond, north, R1, 6-Infiltration pond, north, R2; 7Infiltration pond, south, R1; 8-Infiltration pond, south, R2; 9-Infiltration pond, center, up, R1; 10Infiltration pond, center, up, R2.
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A cluster dendrogram showing similarity among different band patterns was
elaborated using Dice coefficient and UPGMA algorithm again for the samples
from the July 2014 campaign (Figure 2.4). Microbial population richness and
equitability were measured from DGGE band profiles by the Shannon Index (H)
and Pielou’s Evenness Index (E). The former measures specific diversity of a
natural ecosystem or community. Normal values in natural ecosystems range
between 0.5 and 5. The Pielou’s Evenness Index is the Shannon Index scaled
to its maximum value. Therefore it is constrained between 0 and 1, with 1 being
complete equitability (equal abundance of each microbial population that makes
up the ecosystem).

Figure 2.4. Dendrogram of the recharge period (July 2014) generated by Cluster analysis using
UPGMA algorithm representing the similarities between samples. The first letter means the
sampling period (W corresponds to wetting period). The second letter P, A, S or C refers to
Piezometer, Water, Soil or Vadose Zone respectively. The number after this indicates sample
depth and the final number indicates the replicate. For example, W_P1_18_1 means that is the
first replicate sampled of P1 and extracted at 18m depth in the wetting sampling campaign.
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A part of the field survey carried out during recharge period, a similar sampling
survey was carried out during no recharge period (March 2015) to evaluate the
change in the microbial community induced by a MAR facility with a reactive
layer (Figure 2.5).

Figure 2.5. Dendrogram of the dry period (March 2015) generated by Cluster analysis using
UPGMA algorithm representing the similarities between samples. The first letter means the
sampling period (D stands for drying period). The second letter P, R, C or S refers to
Piezometer, River, Vadose Zone or Soil respectively. The number after this indicates sample
depth and the final number indicates the replicate. For example, D_P1_18_1 means that is the
first replicate sampled of P1 and extracted at 18m depth in the drying sampling campaign.

Additionally, we sampled all piezometers as well as water at the pond at
different depths for hydrochemical characterization. Water was sampled using a
bailer device. In each sample several parameters were measured in situ,
including temperature, pH and conductivity. Later, following the standard
sample-keeping protocol, samples were preserved at 4ºC until they were taken
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to the lab for freezing and subsequent analysis of ammonia, TOC, DOC and
major anions and cations.

2.3 Microbial community description
The combination of the inflow and the water levels in the pond, together with the
observations and monitoring carried out over the years, prove that the biological
component is a very significant issue in the clogging of the porous media.
From the first results of the sampling campaigns, there is evidence that the
microbiology system is characterized by the water content (drying versus
flooding) and fully controlled by the presence of the reactive layer at the bottom
of the pond. In other words, having a bed organic determines the type of
environmental microbial communities (Figure 2.6). These results are largely
corroborated by the observed specificities in the corresponding hydrochemical
signature for each individual sampling campaign.

Figure 2.6 Diversity and Richness indexes according to the sampling period. The two graphs
above show the average results in each of the two sampling campaigns. The graphs below
show the evolution of the indexes in the sampling points.
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The results for the sediment samples indicate that both the Shannon and the
richness indexes values are significantly larger during the recharge periods.
This finding confirms that biofilms are small microbial ecosystems where
gradients in the concentrations of nutrients and oxygen associated to the
presence of water can be high enough to allow the development of diversity and
biomass. On the contrary, during dry conditions (biofilms are dehydrated)
diversity is significantly reduced.
In the coming future we intend to sequence all the bands detected in the
samples corresponding to both campaigns. In this way we will be able to directly
differentiate detailed changes in microbiology. This will allow us to not only
detect changes depending on the location and the spatial sampling period, but
also to detect biological reactions that potentially may occur depending on the
microorganism species that will be detected during the sequencing process.
This knowledge of the microorganisms that develop in the reactive layer is
indeed necessary to fully understand the role of this layer regarding the
degradation of both organic matter and pollutants.
Regarding water samples, the full analysis has not been carried out, but from
the pre-screening data it is possible to ensure that they have less diversity and
richness as compared to the sediment samples. The subsequent sequencing
and comparison between the bands of samples of water and sediments will help
us understanding how recharge drives water quality beneath the infiltration point
and some meters downstream, and how these changes in quality condition the
degradation communities and processes.
In line with what has already been seen in dendrograms, the temperature of the
samples during the wet campaign is clearly positively correlated with recharge.
Samples taken in piezometers P1 and P3 (upstream of the pond) and P10
(located farthest downstream) have a lower temperature than samples collected
at location affected by infiltration.
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2.4 Hydrochemistry
Regarding the electrical conductivity (Figure 2.7) the values recorded during the
wetting period report quite inhomogeneous values both in terms of depth and
when comparing different piezometers. The point with the largest conductivity
reported is P3, located between the settling and the infiltration ponds. Also P1
and P10 display larger conductivities as compared to samples taken from the
river (lowest conductivity value). Thus, all the points that are strongly influenced
by recharge (P2, P5, P8 and P9) display intermediate values between that of
the river and the indigenous water. P10 recovers the background levels
measured in P1, possibly because at this distance downstream the mixing
proportion corresponding to the infiltrating water is minimal.

Figure 2.7 Hydraulic conductivity values (in µS/cm) in both sampling campaigns for different
points and depths. Values in black correspond to the July 2014 campaign (wetting period), and
those in green to that of March 2015 (drying period).

Regarding variations in depth, the most significant point is P8. We see that
conductivity is smallest the closest to the surface, due to the effect of the
infiltrating water, and more conductive at the bottom, closest to the background
level.
Regarding the drying period, values display a higher degree of homogeneity,
with just slight variations. As the river and the aquifer background water display
a similar conductivity value, mixing proportions cannot be assessed.
Regarding the hydrochemical evaluation, we found that the conditions for
denitrification and iron reduction were reached in both sampling campaigns; in
particular, we detected nitrate reduction between the unsaturated zone and P8
14
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and the presence of iron and manganese in the saturated area. The isotopic
data confirm that the nitrate variation really corresponds to a denitrification
process. Also, other hydrochemical campaigns corroborated that redox
reactions promoted due the reactive layer favor emergent pollutant degradation
(Figure 2.8)
The explanation of why reduction happens beneath the pool (piezometer P8)
during the drying period is associated with washing with rainwater. Actually, in
the last 10 days prior to sampling it rained more than 30mm, enough to dissolve
different ions, dragging them toward the saturated zone. These reducing
conditions may be conditioning the unsaturated zone microbiology, as already
hinted by the dendrogram analyses.

Figure 2.8 Mean values of field parameters and some chemical compounds in P1 (background
water), infiltration water (INF), and vadose zone (VZ) before installation of reactive layer (Pre-L)
and after that (L). Asterisks indicates quantitation limit/2. (Adapted from Valhondo et al., 2015)
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3 Evolution of hydrochemical parameters
3.1 Field data
The Llobregat MAR system has been well characterized from both the physical
and hydrochemical points of view, thanks to the implication of the regional water
authorities, with the help of numerous European and National projects that have
been carried out on this site.
Recently, and within the context of MARSOL, additional hydrochemical
monitoring (temperature, redox potential, dissolved oxygen and electrical
conductivity) was performed (see Figure 3.1). These campaigns involved
measurements and sampling in six (6) piezometers, to allow for a reasonable
description of the spatial and temporal distribution of the parameters.

Figure 3.1. Sampling campaign for hydrogeological characterization (March 2015).
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3.2 Discussion and conclusions
The objectives of the hydrochemical campaign were:
- Characterizing the most relevant factors (recharge cycles, temperature, etc)
that determine changes in the hydrogeochemistry and microbiological
communities of the study area and understanding how they can affect
bioclogging and pollutant degradation.
- Evaluating other environmental changes non related with MAR that could
affect also the development or changes in the microbial communities.
- Evaluating the relative contribution of the river and the infiltration pond in the
overall water balance.
- Searching for spatio-temporal correlation of temperature, conductivity, redox
potential and dissolved oxygen in the piezometers related to the influence of
MAR.
- Understanding the carbon cycle in the MAR system.

Regarding the spatial distribution, Figure 3.2 shows the profiles of dissolved
oxygen, Eh, temperature and electrical conductivity in six piezometers, in all
cases corresponding to the August 2014 campaign. As a general trend, the
dissolved oxygen concentration values measured on all 6 piezometers are quite
high at the surface and decrease with depth. Despite that, anoxic conditions do
not result in anaerobic activity, as Eh remains quite stable and positive at all
points and depths analyzed. Also electrical conductivity is quite constant, with
values ranging around 1.6-1.7 mS/cm except for piezometers P1 and P2, with a
lower conductivity, close to 1.4 mS/cm. Surely this is due to the influence of the
river. However, results obtained in other campaigns (not shown) suggest that
changes in conductivity are mainly due to background hydrochemical
characteristics.
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Figure 3.2. Profiles of Dissolved Oxygen, Eh, T and CE in six piezometers corresponding to the
August 2014 campaign.

Temperature is a key factor to determining and understanding the impact of
recharge in the aquifer. Figure 3.3 shows differences between the temperature
in different piezometers in the wetting and drying periods. In July 2014 (pond in
operation) the highest temperature was measured closest to the pond.

Figure 3.3 Temperature profile in each piezometer for a wetting (left) and drying (right) periods.
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To provide a first analysis of the temporal evolution, Figure 3.4 displays the data
recorded in piezometer 5, considered quite representative of the overall
behavior, in up to five sampling campaigns. These took part in 2014 during the
months of July, August, October (2 campaigns) and November. Furthermore,
during the first and third campaign the pond was empty, while the other three
were performed under infiltration conditions. The most significant point in Figure
3.2 is the inverse correlation of temperature and dissolved oxygen, so that the
latter increase during winter.

Figure 3.4. Profiles of Dissolved Oxygen, Eh, T and CE in the 5 sampling campaigns.

From the temperature and conductivity data it is possible to follow the recharge
pulses (Figure 3.5). This is especially significant in piezometer P8. In particular,
we see how piezometer P8.3 (the closest one to the surface) gets sudden
increases in temperature directly correlated with the infiltration periods.
Additional changes, mostly in temperature, allow delineating the area affected
by recharge.
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Figure 3.5. Temporal evolution of conductivity and temperature in all observation wells.
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4 Modelling the carbon cycle in relation to layer
reactive redox processes installed on a system of
artificial recharge
4.1 Reactive layer monitoring
The fact that the Sant Vicenç dels Horts MAR system is a pioneer in the
installation of a reactive organic layer at the bottom makes it particularly
interesting to study this layer in detail, both in terms of performance (processes
that develop), but also regarding the sustainability of the layer in terms of being
suitable to provide organic carbon during time.
The organic carbon layer acts as bio stimulator, being the primary source of
energy driving a number of biological processes. Moreover, these degradation
processes can induce reducing conditions in the vadose zone and the aquifer
that promote additional processes (Kitanidis and McCarty, 2012).
A relevant observation in the Sant Vicenç dels Horts ponds is that even if the
water entering the ponds carries quite a small load of organic matter (DOC < 20
mg/L in most samples), in some water sampled from piezometers this DOC was
higher. A hypothesis that could explain this fact is the presence of plants when
the pool is in operation for long periods (Pinney et al., 2000). Moreover, the
compost being the main compound in the reactive layer had the role of
supplying organic matter to the system. Therefore, it is possible that compost
has not yet been exhausted and that it continues supplying organic carbon. In
any case this hypothesis has not been tested.
To understand the flow of reactive carbon within the layer, two different works
were carried out. The first one implied the analysis of redox potential with depth.
The second one consisted in a preliminary mass balance evaluation, accounting
for the cycles of operation at the pond.
Regarding the first objective, we are interested in root growth as a potential
sustainable source of organic carbon. The roots have certain mechanisms that
allow the soil to reach Eh values as low as -250 mV (Stottmeister et al., 2003).
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The reason is that the rhizosphere (soil layer where the roots grow) is
biochemically very active and has a high potential for degradation of organic
compounds. Figure 4.1 reproduces the well-known sequence of degradation of
redox compounds in groundwater.

Figure 4.1 Sequence of redox degradation of organic matter and corresponding Eh values.
(Source:(Rivett et al., 2008))

Each redox process has therefore a different redox potential associated to. For
this reason we monitored the pond bed with a network of Eh sensors
(Vorenhout et al., 2011) (see Figure 4.2). These sensors, placed down into the
ground to a maximum depth of 50 cm, are able to measure Eh continuously.
This allows relate these Eh potential values with the degradation reactions that
are expected to occur. Despite knowing that the actual Eh values measured in
the field are a sum of different potential and thus often quite difficult to correlate
with a single redox couple (Runnells and Lindberg, 1984), vertical profiling is
usually quite robust as a way to discriminate the origin of the carbon source
(plants, reactive layer, etc) and see if the organic matter in the soil has a
tendency to oxidation or reduction.
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Figure 4.2. Eh sensors placed in the infiltration pond

4.2 Mass Balance model in the reactive layer
Soil biogeochemical cycles, particularly carbon (C), are regulated by non-linear
dynamic processes acting on multiple spatial and temporal scales (RodriguezIturbe and Porporato, 2004). The carbon cycle at the soil involves the presence
of separate pools corresponding to the different states where organic carbon
can be found.
Currently, several models exist to provide the evolution of the C-cycle, ranging
from quite simple (involving just one pool) to very complex, non-linear ones.
Understanding the dynamics of the interactions atmosphere/biosphere involving
for example the water content variations is important to better define processes
such as soil quality, the respiration process (gas emissions), and the dynamics
of the biomass concentrations. There is a strong non-linear link between the
biological processes taking place at the soil (such as biomass decomposition
and microbial activity) and a number of environmental factors including soil
water content taking place at different spatial as well as temporal scales.
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The model used here is that of Manzoni and Porporato (2007), where the
organic carbon supplied to the soil is decomposed into one abiotic pool
(substrate), expressed in terms of substrate concentration including the litter
and the humus fractions of Soil Organic Matter (SOM-C), plus a biotic pool
(biomass) that regulates the soil-atmosphere fluxes (D’Odorico et al., 2003)
The input to the system is provided by addition of plant residue expressed as
mass of carbon per unit of volume and time ( ADD* [ML-3T-1]), while the output is
given by microbial respiration, which is expressed as a fraction r of the total
decomposition rate ( DEC [ML-3T-1]). The decomposition rate is linearly
proportional to the product of the two concentrations (substrate and biomass).
The exchange between pools is given by equilibrium between the fraction of
decomposition that does not result in microbial respiration, and the microbial
decay or lysis ( BD ), as shown in Figure 4.3.

Figure 4.3. The organic carbon two-pool system to account for the redistribution into a biotic
(biomass) and an abiotic (substrate) pool. Plant residual and dead microbial mass sustain the
carbon pool (Cs), which is decomposed by microbes (Cb) to obtain food and energy, with a
fraction (r DEC) lost in respiration.

The system of ordinary differential equations (ODEs) describing the carbon
balance for the two-pool system is given in dimensionless form as
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 dX s  t 
 dt  ADD   ks f D X s  t  X b  t   kd X b  t 
,

 dX b  t   (1  r ) k f X  t  X  t   k X  t 
s D s
b
d b
 dt

(1)

Defined in terms of dimensionless variables and quantities:

t r  t kr
X i  Ci Cr

(2)

i  s, b.

ADD*
;
ADD 
k r Cr

k s*Cr
;
ks 
kr

kd*
kd  .
kr

(3)

Where the subindices s,b in (2) stand for biomass and substrate, X i (i=s,b) are
dimensionless concentrations normalized with respect to a reference one C r
[ML-3], and time is normalized by a reference reaction rate kr [T-1]. Moreover, kd*
[T-1] is the biomass decay constant, being a characteristic of the actual
microbial population;  is a coefficient belonging to the interval [0,1], indicating
whether the system is controlled by the availability of nitrogen; ks* [ L3M-1T-1] is
the potential decomposition rate (which depends on the actual substrate being
supplied). Finally f D  s, T  is a dimensionless reducing factor depending nonlinearly of soil moisture ( s ) and temperature ( T ), through f D  s, T   f1  s  f 2 T 
as described in Porporato et al. (2003). These functions are modeled as

 s / s fc if
f1  s   
 s fc / s if

0  s  s fc
s fc  s  1


0

 (T  Tmin ) 2
f 2 T   
2
 (Tref  Tmin )

1


,

(4)

for T  Tmin
Tmin  T  Tref

(5)

T  Tref
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where s fc is the soil moisture at field capacity, Tmin is a temperature inhibiting
microbial respiration, and Tref is a reference temperature.
By imposing steady state conditions in (1), the following expression for the
steady state concentrations can be derived

X s st  s, T  

kd

(1  r )ks f D  s, T 

X b st 

ADDs  s 1  r 
.
kd r

(6)

where ADDs s corresponds to the asymptotic amount of organic matter
supplied; it is assumed constant since otherwise the solution would not reach a
steady-state value.
For steady state conditions, the substrate pool concentration depends on soil
moisture and temperature as an inverse dependency upon f D  s, T  . It also
depends on whether N becomes a limiting factor for organic matter
decomposition, so that the smaller the  value, the larger the asymptotic
concentrations remaining at the substrate pool. The biomass pool, instead,
depends linearly on the external input of plant residue supplied, and it is mostly
controlled by the respiration rate.
Different solutions to (1) can be derived by assuming different degrees of
simplification obtained by an approximation. Assuming the system in equilibrium
and then a sudden change in the supplied organic carbon leads to substrate
and biomass pool concentrations both given as the product of an exponential
decay term multiplied by either a monotonous or a sinusoidal function. This
latter one appears only whenever the following condition is met:

0<ADD* <

4 kd*2 r 2

(7)

 f D ks* (1 r )

It is to be expected that in most cases this condition would be met, so that
oscillations at the local scale should be the rule rather than the exception,
prevailing in systems that are either (1) very dry or very close to saturation
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conditions, (2) for large respiration rates, (3) when the soil temperature is very
low, or (4) when the system is N-limited.
The actual solution becomes
X s  t   X s st 

2b

X b  t   X b,1st 

where

 at   1
exp   sin 
 2  2


a

 at   1
exp   sin 
 2  2



 t


 at 
1
 t    exp   cos 
2
2


(8)


t


(9)

 is the difference between the (dimensionless) biomass concentration

at steady state and the initial one; a, b are coefficients given by

a

ADDs s f D ks 1  r 
kr
; b   d ; and   a2  4ab(1 r) is the discriminant
kd r
1  r 

of the characteristic polynomial of the system of equations.
Assuming that all other parameters are constant, oscillations are more visible
when kd is large. The opposite occurs for large ks values, resulting in the
exponential being the dominant behavior so that oscillations are hardly visible
and could be obscured in experimental data even at point scale.
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5 Pore-scale oxygen (O2) dynamics of vadose zone
under dry-wet cycles of artificial recharge
5.1 Introduction
Subsurface redox zonation is driven by the spatial and temporal distribution of
oxygen that serves as the primary terminal electron acceptor during the
degradation of organic carbon. Thus, a proper mapping of the subsurface
distribution of oxygen during aquifer recharge is required to fully understand the
fate of organic and inorganic contaminants in aquifer systems.
Application of surface river water (also reclaimed water) in rapid infiltration
systems is cyclic (wetting/drying). Drying is often accompanied by physical
removal of a low-permeability layer on the pond’s floor by scrapping as a way to
restore aerobic conditions of the topsoil surface, recovery of infiltration capacity,
and renewing of the soil´s capability of biodegradation (Bouwer, 2002).
However, a way to assess the optimal ratios of flooding/drying time periods is
lacking (Akhavan et al.,2013).
We performed an infiltration experiment in a 1m high lysimeter equipped with an
array of sensors, and monitored a number of physical and chemical parameters
continuously over a period of 85 days, mimicking the conditions of the Sant
Vicenç dels Horts site in terms of soil material and water chemical composition.
Our aim was to link the spatial and temporal dynamics of fluid flow, water
retention, and pore-scale O2 concentration distribution with depth and time
observed with a succession of wetting and drying cycles.

5.2 Materials and Methods
Soil was collected in the vicinity of the Managed Aquifer Recharge facility
located in Sant Vicenç dels Horts, at the prodelta region of the Llobregat River.
Pebbles and coarse grains were removed by passing the soil through a sieve of
size 0.2 cm increasing the relative amount of fine grains in order to control the
permeability and enhance the soil’s capacity to develop bacterial activity.
Analysis of particle size distribution indicated that the soils were composed
mainly of medium sand (>80%).
28

MARSOL

Deliverable D16.2

A rectangular shaped lysimeter was constructed following the method described
in Rubol et al. (2014). It was made of plexiglass, and sized 1.2 m high, 0.46 m
long, 0.15 m wide in order to reduce unwanted wall boundary effects and to
allow for some degree of heterogeneity in both the vertical and horizontal
directions. All the used instrumentation and materials (except the soil) were
autoclaved.

Figure 5.1. Sketch of the experimental setup, the location of the sensors and input/output water
systems. Constant ponding is produced during wetting periods. Light bulbs are used to simulate
drying.

The lower 15 cm of the tank was filled with silica sand and covered with a thin
and dense geo-synthetic membrane to prevent the flushing of the smaller
particles out of the system. The upper 85 cm of the tank was filled with the
sieved soil immediately to minimize perturbations both in soil conditions and
existing cellular biodiversity. Granular materials were placed by layers of about
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10 cm thick and packed manually. Porosity values were estimated ranging from
0.27 to 0.38 depending on the sensor location.
The top 20 cm of the tank was left empty to allow for ponding conditions to
develop during wetting periods, driving continuous downward infiltration,
mimicking an aquifer recharge facility. The system was fed with chemically
controlled (synthetic) water having the chemical signature of the Llobregat
River.
To monitor the infiltration rate, pumped water and water level at the pond were
recorded. Infiltration as a function of time was estimated by applying water
balance considerations at the pond. The rate of evaporation during the wetting
phases was negligible. During drying periods, no water was supplied and an
array of five 15W light bulbs was turned on. They were placed 15cm above the
surface to mimic the effect of the sun directly on the soil surface during the
drying phases. Only the surface of the lysimeter was directly exposed to light,
while the lateral walls were covered by a black plastic bag to prevent
autotrophic activity inside the system. The bottom of the tank was connected to
an external water reservoir to fix a head pressure downward boundary
condition.
The tank was subjected to five wetting (W) cycles alternated with five drying (D)
cycles of variable duration (see Table 5.1). In the middle of the longest wetting
cycle, W3, infiltration was discontinued for a short period of time, followed by
scrapping of the top (about 5 cm) before wetting was resumed.
Three types of sensors were placed (see Figure 5.1) at different depths: 5
capacitance sensors (5TE, Decagon Devices) to measure volumetric water
content and temperature, 5 tensiometers (three T5, UMS; and two MPS-2,
Decagon Devices) to measure soil water potential, 2 pressure transducers
(Mini-Diver, Schlumberger) to monitor the pressure heads at the top and
bottom, and several non-invasive optical sensors (PreSens) to measure partial
pressures of oxygen and carbon dioxide (both dissolved and in gas phase).

30

MARSOL

Deliverable D16.2

Table 5.1. Information about the duration of the wetting/drying cycles
Cycle

Abbreviation

Duration

First wetting cycle

W1

5d 11h

First drying cycle

D1

7d 13h

Second wetting cycle

W2

6d 6h

Second drying cycle

D2

7d 18h

Third wetting cycle

W3a

7d 12h

W3b

6d 14h

Third drying cycle

D3

25d 22h

Fourth wetting cycle

W4

2d 8h

Fourth drying cycle

D4

4d 17h

Fifth wetting cycle

W5

10d 23h

Fifth drying cycle

D5

1h

5.3 Temporal evolution of infiltration rates
In each wetting cycle, a quasi-exponential reduction in the infiltration rate with
time was observed except for a brief period at the beginning of the experiment,
when the system had to adapt to the sudden change in the hydraulic conditions.
The time evolution of infiltration rates is presented in Figure 5.2. During W1 the
infiltration rate slightly increased from 200 to 240 L/day. In the remaining wetting
cycles a general trend was observed starting from an initial high value just after
the beginning of the cycle, which then decreased rapidly. For example, by the
end of W2 the infiltration rate was down to 100 L/day, and was as low as 12
L/day by the end of W5.
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At the beginning of all wetting phases the infiltration rate was larger than 200
L/day, indicating a brief period of recovery of the system after each drying
periods. An interesting observation after scrapping in W3; a sudden recovery of
the infiltration rate was observed, rising from 40 to 200 L/day, followed again by
a decrease.
During wetting conditions the water content in the soil approached the porosity
values, indicating a high saturation condition. During drying, the water content
largely reduced to values ranging 0.1 and 0.2. This resulted in capillary
pressures that never exceeded 0.2 MPa.

Figure 5.2. Evolution of the infiltration rate (in L/day) with time during the experiment. Blank
areas correspond to drying phases.

5.4 Oxygen dynamics
O2 concentrations displayed distinctive trends both in depth and time
associated to the different drying and wetting cycles (Figure 5.3).
Concentrations measured at the pond were always below the theoretical value
that would be obtained by invoking equilibrium with the atmosphere, yet higher
than those recorded at any sensor within the lysimeter.
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Figure 5.3. O2 concentration at the ponding and at different depths during wetting (measured as
dissolved oxygen in mg/L) and drying cycles (measured as oxygen partial pressure in hPa). The
values at depths 15, 30 and 58 correspond to the arithmetic average of the duplicate sensors.

During W1, O2 concentration in the ponding area remained consistent between
8 to 9 mg/L (Figures 5.3). In the soil, however, during the first 24 h of infiltration,
redox conditions experienced a drastic shift. After a transient period when
oxygen concentration decreased at all depths, a well-stratified profile of
decreasing oxygen with depth was established. After this time O2 concentration
at each depth remained consistent with time.
A similar trend of O2 concentration was observed at the beginning of W2 as
compared to W1, the only difference being the faster depletion of O2 at depths
below 5 cm. After day 14, O2 levels decreased at all depths making the system
almost completely anoxic by day 15. After W3a the soil remained fully anoxic.
After scrapping (day 34), oxygen levels recovered at all depths. Afterwards, O2
concentration decreased in an approximately exponential way but at a slower
rate than those observed in the previous wetting phases.
Regarding drying, Figure 5.4 shows the time evolution of the oxygen in the pond
and at different depths for the first 5 days after the commencement of the drying
periods. The partial pressure of O2 in the ponded water was fairly consistent at
200 hPa for all cycles. The distribution of O2 along the vertical cross-section

33

MARSOL

Deliverable D16.2

lysimeter did not vary much between the 5 drying periods, all displaying very
similar distribution patterns. During the first hours, oxygen concentrations at all
depths recovered very fast and eventually the values showed a clear trend with
depth. Re-oxygenation was slower at greater depths, but eventually oxygen
partial pressure reached atmospheric levels at all depths. At steady state
conditions, partial pressure of soil O2 remained just below 200 hPa.

Figure 5.4. Dynamics of O2 at the first days of each drying cycle.

5.5 Conceptualization of results
5.5.1. Effects of wetting, drying and removal of surface layer on water
infiltration dynamics
The infiltration capacity of the system, although roughly constant, increased
slightly during W1. This effect may be related to the physical rearrangement of
the grain particles at the micro-scale at the start of the wetting. Since the soil
was hand-packed, the initial flowing water acted by rearranging particle
locations, generating a new pore distribution, including some small scale
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preferential paths, changing the overall hydraulic conductivity during the first
few days.
After W1, the time evolution of measured infiltration rates during wetting cycles
displayed a seemingly exponential decrease, down to 60% after W2 and 85%
after W3 as compared to the original values measured at the start of each
corresponding cycle. Similar exponential-like decreases in infiltration rates have
been widely reported, and are attributed to the decline in permeability due to
clogging (e.g., Bouwer, 1978; Pedretti et al., 2012). A consequence of clogging
is a significant decrease of pressure heads in the vertical cross-section right
below the soil surface where maximum microbial colonies form (Bouwer, 2002).
An additional important observation to make here is how the rate of oxygen
depletion during wetting is smaller (in absolute value) in W1 as compared to
other cycles.
We contend that all reported observations could be explained by the presence
of EPS (extracellular polymeric substances) that are capable of reducing
hydraulic conductivity thus promoting clogging (Thullner et al.,2002; Rubol et
al., 2014). During W1, microbial colonies had to develop (this being quite a
relatively slow process). After W2, colonies did not necessarily grow anymore,
but EPS were excreted with time, leading to clogging. During drying phases, the
infiltration capacity in the lysimeter got restored approximately back to its
original value, as EPS reduced its volume. Under such low saturated conditions,
living microbial cells could remain active, sheltered from desiccation by EPS (Or
et al., 2007).
When the system was re-wetted a fast recovery of the biological activity was
observed in the oxygen profile. A plausible explanation would be that bacterial
colonies, still active despite the low water content, just had to reactivate or
readapt themselves to the increase in water availability under very favorable
conditions (presence of water and nutrients).
The infiltration capacity of the system increased following the scrapping of the
top surface layer (within W3), but it did not reach the value registered at the
beginning of W3. One possible reason is that scrapping only affects the top
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surface, while clogging is expected to take place at all depths. Notice however
that at the beginning of W4, the infiltration capacity shot up again to quite a high
value, suggesting that desiccation is more effective than scrapping in terms of
infiltration rate recovery.
5.5.2. O2 concentration dynamics and changes in biological activity
during wetting and drying
Dynamics of O2 concentrations within the lysimeter and in any infiltration site
can be attributed to three main processes: flow advection, diffusion in the air
phase, and O2 consumption. In a wetting cycle, once the infiltration front
reaches the sensor by advection, oxygen concentrations rapidly decline with
time due to biological activity, in a somewhat exponential shape, indicated also
by the soil CO2 respiration activity (Figure 5). The decay parameters range
between 0.0044 (wetting cycle W3b) and 0.0427 (wetting cycle W3a), indicating
that at the beginning of the third wetting cycle the rate of oxygen consumption
was the highest but the value dropped to the minimum after scrapping.

Figure 5.5. Partial pressure of CO2 (%pCO2) during wetting (solid lines) and drying cycles
(dotted lines). Data during drying cycles is not shown

A water draining marks the beginning of each drying cycle, so that the advective
flow of gas, quickly occupied the pore spaces previously filled by water. In
general, after about 3 h of drying the system reached quasi steady state oxygen
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conditions, displaying a well-defined vertical gradient, a distribution that is
characteristic of a combination of diffusion and decay (biological consumption).
In other words, the soil was biologically active both during drying and wetting
periods. Bacterial activity remaining consistent during both wetting/drying cycles
was reported by Roberson and Firestone (1992) and Zhang and Yan (2012),
suggesting that desiccation does not have significant effect on cell activity. That
is, while the overall cell activity possibly decreased due to the drop in the
amount and diversity of electron acceptors, the activity remained almost intact
due to the availability of oxygen.We believe that the microbial activity was most
likely shielded by the presence of EPS surrounding them during drying cycles.
5.5.3. Relevance of the frequency of monitoring O2 dynamics
We also considered the effect of oxygen sampling on bio-growth estimates by
comparing sensors with different monitoring frequencies, with intervals between
measurements ranging from 20 seconds to 1.16 days. It was observed the
presence of high frequency oscillations that are missed in the coarser sampling
protocols.
Oxygen variations at high frequency do not result in oscillations in biomass
concentration. Nevertheless variations at some intermediate frequencies might
have a strong effect in biomass growth due to the strong non-linearity in the
driving (mass balance) equation. As a consequence, there is a greater
sensitivity in the evaluation of bacterial growth and activity as a function of the
O2 concentration sampling resolution.
This has a potentially very strong impact on real field applications. Studies
conducted at field scale are only able to record spatiotemporally averaged
changes, obscuring the actual dynamics. For example, Kohfahl et al. (2009)
modeled oxygen flux rates in groundwater during induced bank infiltration using
data comprising of a sampling campaign of 20 measurements in 20 months.
Furthermore, the biogeochemical transport model of the fate of pharmaceutical
components during artificial recharge presented by Greskowiak et al. (2006)
used monthly data. Although our study was performed in a laboratory set up as
opposed to these field (real) studies, we postulate the need for a fine (in space
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and time) sample strategy in order to link the spatial and temporal dynamics of
infiltration and O2 dynamics as a function of depth.
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6 Conclusions
Several conclusions can be drawn from this study:
 Microbial studies prove that the biological component is a very significant
issue in the clogging of the Llobregat MAR system.
 There is evidence that the microbiology system is characterized by the
water content (drying versus flooding) and fully controlled by the presence
of the reactive layer at the bottom of the pond.
 Pond soil samples indicate that both the Shannon index and the richness
index values are significantly larger during recharge periods. On the
contrary, during dry conditions (when biofilms are dehydrated) diversity is
significantly reduced.
 Temperature is a key factor to determining and understanding the impact of
recharge in the aquifer.
 It is necessary to understand the flow of the carbon within the reactive layer
to test its efficiency supporting biodegradation processes.
 Subject a MAR system to wetting-drying cycles displays a seemingly
exponential decrease of infiltration rates during wetting cycles. This is
attributed to the decline in permeability due to clogging.
 Scrapping of the top surface of a MAR system increases the infiltration
capacity, but do not reach the initial value. One possible reason is that
clogging is expected to take place at all depths, not only the top layer.
 There is a greater sensitivity in the evaluation of bacterial growth and
activity as a function of the O2 concentration sampling resolution. This has
a potentially very strong impact on real field applications.
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