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• A naturally occurring process is used
as an inspiration to modify soil prop-
erties.

• In-situ soil permeability reduction
was induced by Al-OM precipitation.

• An active iteration between numeri-
cal modeling and field activities was
applied.

• A flow barrier was created at depth by
separate injection of Al and OM.

• The permeability of the treated sand
was reduced to 2% of its original value.
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A B S T R A C T

Using naturally occurring processes to modify the engineering properties of the subsurface has received
increasing attention from industry and research communities as they aid in the development of cost-
effective, robust and sustainable engineering technologies. In line with this trend, we propose to use
precipitates of aluminum (Al) and organic matter (OM) to reduce soil permeability in-situ. This process is
inspired by podzolization: a soil stratification process where a layer with low permeability is developed at
depth via the precipitation of metal-OM complexes.
In this study, the concept of applying Al-OM precipitates for in-situ soil permeability reduction was for the
first time applied in the field. The aim of the field experiment was to create a cylindrical flow barrier in a
sand layer at depth. In order to design and engineer the field application, we performed a series of scenario
analyses with a site-specific 3D reactive transport model. This led to an in-situ engineering approach where
a flow barrier was created by separate injection of Al and OM using a combined injection/extraction strat-
egy. During the field application, the local variation of soil conditions required significant modifications to
the design. Further scenario analyses with the model were conducted to adapt the original design and to
understand the consequences of these modifications.
The results show that a cylindrical flow barrier was created after an injection period of 8 days. The precipita-
tion of Al-OM is a highly localized process, where large amount of precipitates is formed in the close vicinity
of the injection filter screens. Evaluation of pumping tests that were performed after the injection activities
revealed that the permeability of the treated sand was reduced to 2% of its original value. This first full-scale
field test demonstrates that applying Al-OM precipitates is a suitable bio-based engineering tool to reduce
soil permeability in-situ.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The permeability of soil is an important factor controlling the flow
of water through the subsurface. Being able to reduce the permeability
can provide a solution to a wide range of problems such as reducing the
spreading of contaminants in soil and groundwater (Mulligan et al.,
2001), preventing seepage into building pits (Benmebarek et al., 2005;
Wang et al., 2009), or in the case presented in this paper, improving
the stability of dikes (Reid, 1997; Ng and Shi, 1998; van Baars and van
Kempen, 2009). High permeability layers at shallow depths below
a dike can cause stability problems at high water levels. Due to an
increase in pore water pressure in the dike body, failure of the dike
by slope sliding and heaving of the top soil may occur (van Beek et
al., 2010). Conventional methods to increase the stability of the dike
often take away this effect by adding large amounts of mass to the
landside of the dike or by blocking the water flow using impermeable
sheet pile barriers within the dike (Duncan et al., 2014). In densely
populated countries like The Netherlands, it is becoming more and
moredifficulttofindsupport forsuchinvasivemethods.Oneappealing
alternative is the creation of a flow barrier in the highly permeable soil
layers using in-situ processes. The appeal lies in the promise that such
techniques are potentially efficient and cost-effective, have minimal
environmental impact, and provide long-term stability of the dike.

One example of such in-situ processes is microbially induced cal-
cite precipitation (MICP). This technique has been studied extensively
in the past decade as a bio-based alternative to modify soil properties
(DeJong et al., 2010, 2013; Pham et al., 2016). In most applications of
MICP, the soil is treated by the injection of ureolytic bacteria, together
with urea- and calcium-rich solutions. In-situ calcite precipitation
leads to a permeability reduction and also an increase in strength of
the soil (Gomez et al., 2015; Proto et al., 2016). Laboratory scale exper-
iments have demonstrated that MICP can decrease the permeability
of a porous medium by two orders of magnitude (Al Qabany and
Soga, 2013; Martinez et al., 2013). Several field-scale trials have been
carried out, and results indicate that MICP is an effective bio-based
tool to reduce the permeability of porous/fractured media under field
conditions (van Paassen et al., 2010; Cuthbert et al., 2013; Phillips et
al., 2016).

In this study we present a different approach to reduce soil per-
meability, which is inspired by the natural soil formation process
podzolization. This process leads to the formation of a nearly imper-
meable spodic B-horizon (Anderson et al., 1982; Lundström et al.,
2000a). Although still under debate, it is commonly accepted that
the formation of the B-horizon is caused by the complexation of
organic matter (OM) with polyvalent metals, such as iron (Fe) and alu-
minum (Al), and subsequent precipitation of these organo-metallic
complexes deeper in the soil profile (Lundström et al., 2000b; Sauer
et al., 2007). These organo-metallic precipitates have proven to be
stable in soils over centuries (Lundström et al., 2000a; von Lützow et
al., 2008). Although this is the first study, to our knowledge, which
applies organo-metallic precipitates to reduce soil permeability, a
lot of research has been carried out on OM-metal interaction in
the water treatment and soil science communities (van Hees and
Lundström, 2000; Nierop et al., 2002; Jarvis et al., 2006). Researchers
from both fields showed that organo-metallic precipitates occur as
floc-like structures with sizes ranging from 17 lm (Scheel et al., 2008)
up to 1000 lm (Jarvis et al., 2005), depending on the environmen-
tal conditions. Due to this broad size range, metal-OM flocs have
the potential to be more efficient in reducing soil permeability than
mineral crystals, such as calcite. Crystals reduce the permeability
of a porous medium by filling up the pores (Baveye et al., 1998;
Emmanuel and Berkowitz, 2005), while the larger-sized metal-OM
flocs can cover the pore throat as the mechanism to reduce perme-
ability (Sharma and Yortsos, 1987; Ryan and Elimelech, 1996). This
would imply that less mass of metal-OM flocs is needed, compared
to calcite crystals, to achieve the same permeability reduction.

In this paper we present the first field experiment on the in-situ
formation and precipitation of metal-OM complexes as a method to
reduce the soil permeability. We used aluminum as metal cation in
this study (Jansen et al., 2003). The formation of Al-OM precipitates
was induced by separate injection of Al and OM solutions into the
subsurface. Dispersion resulted in sufficient mixing of the two com-
ponents. The field site is located in the flood plain along a dike stretch
that is prone to failure by heaving. The aim of the field test is to create
a vertical flow barrier in a sand layer at depth.

The objectives of the field experiment were 1) to test whether
the concept of in-situ Al-OM precipitation is a suitable engineering
tool and 2) to quantify the extent of permeability reduction that
can be achieved under field conditions. The design and implemen-
tation of the field experiment are done using an iterative method
where numerical modeling is integrated with data acquired from
the field. Additional information about the soil conditions obtained
during the drilling and installation of the infrastructure required fast
on-site changes to the original design. The site-specific numerical
model was used to develop multiple scenarios in order to understand
the consequences of these adaptations and to re-design the field
experiment.

2. Materials and methods

2.1. Workflow and site information

The sequence of activities carried out for this full-scale field test
is given in Fig. 1. The implementation is based on an active itera-
tion between numerical simulations and field activities. The model
was first used to check the feasibility of the newly developed experi-
mental design. Subsequently, additional information acquired during
field activities was incorporated into the model in order to adapt the
plan for the next engineering activities on site.

The field site is located at a dike along the river Lek, The
Netherlands. The site covers a surface area of 100 m2. Earlier site
investigations in the close vicinity revealed the presence of a confined
Holocene sand aquifer located between 6 and 8 m below ground sur-
face (bgs). According to the regional groundwater flow model, the
hydraulic conductivity of the Holocene sand is around 10−4 m/s. This
highly permeable sand layer causes the toe of the dike to be prone
to heaving, which means that the overburden soil pressure is not
sufficient to resist an increase in pore water pressure that is induced
by high water levels in the adjacent river (Allersma et al., 2002). The
implementation of a vertical flow barrier, in the upstream direction
(i.e., in the flood plain), is a way to mitigate this failure mechanism
as the barrier can effectively retain the water pressure at a location
where sufficient overburden soil pressure is present and therefore
protect the dike.

To test the feasibility of using in-situ Al-OM precipitation to
reduce soil permeability in full-scale field conditions, we decided on
a cylindrical structure of the flow barrier because 1) a cylindrical
flow barrier diverges the ambient flow and leads to distinct hydraulic
signals which can be monitored at wells located at different locations
surrounding the barrier, and 2) being able to construct a com-
plex structure demonstrates the flexibility of the hereby proposed
approach to reduce the permeability. A cylindrical flow barrier is, in
our opinion, the most favorable structure to detect the reduction in
permeability on a small scale.

2.2. Chemicals and preparation of solutions

In this field experiment aluminum chloride (AlCl3 • 6H2O, Alfa
Aesar, Germany) and humic acid (HUMIN P775, Humintech,
Germany) were selected as aluminum and organic matter sources.
Both are commercially available and have a high water solubility.
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Fig. 1. Sequence of activities carried out in the full-scale field test.

The solutions of aluminum chloride and humic acid are later in the
text referred to as Al solution and OM solution.

Prior to the field experiment, a number of laboratory experi-
ments were carried out to identify the Al and OM concentrations that
are needed in the field. According to Jansen et al. (2002) the reac-
tion between Al and OM has a critical molar metal to carbon (M/C)
ratio, above which the insoluble Al-OM complexes precipitate. For
the aluminum and organic matter sources used in this experiment,
the critical molar M/C ratio was determined to be 0.06 (data not
shown). At molar M/C ratios higher than 0.06, floc-like precipitates
are formed instantaneously.

In the field, 1 m3 stock solutions of Al and OM were prepared
with concentrations of approximately 1 g/l of Al and 11 g/l of C. The
stock solutions were mixed with extracted groundwater from the
site in order to prepare the injection solutions. Two vessels, each con-
taining around 12.5 m3 of injection solution, were equipped with a
circulation system to homogenize the solutions. Daily measurements
of Al and OM concentration were carried out during the implemen-
tation. The OM injection solution had a total organic carbon (TOC)
concentration ranging between 0.5 and 0.74 g/l. The Al injection solu-
tion contained Al in the range of 0.09 to 0.11 g/l. The molar M/C
ratio ranged between 0.06 and 0.10, indicating that the conditions
were always favorable for precipitation. This was also daily checked
on site by mixing of the two solutions and visually inspecting the
development of flocs.

2.3. Modeling

The aim of the field experiment is to create a cylindrical flow
barrier in-situ using separate injection of Al and OM solutions. Mixing
and reaction of the two injected solutions results in the formation
of Al-OM precipitates and thus reduces the soil permeability. In
terms of model development, this requires a coupled description
of water flow, solute transport, precipitation, and the permeability
reduction induced by the precipitates. A 3D reactive transport model
was implemented in COMSOL Multiphysics (v5.2), coupling Darcy’s
law and solute transport. The precipitation of Al-OM precipitates and

its impact on the permeability are explicitly defined with empirical
relationships based on earlier laboratory experiments.

The simulated domain is cube-shaped and covers an area of 50 m
(length) by 50 m (width). Two opposite boundary surfaces adhere
to the river and the ditch and the other two are no-flow bound-
aries as they are parallel to the flow field. A detailed overview of
the applied boundary conditions can be found in Fig. S2 of the sup-
porting information (SI). Injection and extraction wells are specified
in the domain at their corresponding locations with realistic length
and diameter. Initial concentrations for Al and OM are set to zero
as their background concentrations are orders of magnitude lower
than that of the injected solutions. The soil layering together with
corresponding transport properties are in accordance with informa-
tion derived from either drillings carried out in the field or earlier
site investigations in the close vicinity.

The simulation is specified by defining boundary conditions and
model parameters. In this study, model parameters either came
from lab/field activities or representative values from literature.
The scenario analysis was carried out by varying the boundary
conditions. The design of the field experiment was based on adjusting
parameters related to the boundary conditions, such as the loca-
tion of the injection/extraction wells, the injection/extraction rate,
duration of injection/extraction, and the concentration of the reactive
components.

Groundwater flow in the model is described by Darcy’s law, for
which the governing equations are given in Eqs. (1) and (2).

∂

∂t
(epq) + ∇ • (qu) = Qm (1)

In which

u =
K
l

(∇p + qg∇z) (2)

where t is time [T]; ep is the porosity [L3/L3]; q is the fluid density
[M/L3]; u is the Darcy velocity [L/T]; Qm is the volumetric source/sink
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term [L3/L3T]; K is the hydraulic conductivity tensor [L/T]; p indi-
cates the pressure head [L]; l is dynamic viscosity of the fluid
[M/LT]; g is the gravity acceleration constant [L/T2] and z is the
vertical direction assumed positive upwards [L].

Eq. (3) is used to describe the solute transport.

∂hci

∂t
− ∇ • Di∇hci + ∇ • uci = Ri + Si (3)

where ci is the concentration of solute i[M/L3]; h is the volumet-
ric water content [L3/L3]; Di is the dispersion tensor [L2/T], and
it consists of molecular diffusion (DD,i) and hydrodynamic disper-
sion (De,i); Ri is the reaction term of solute i[M/L3T] and Si is the
volumetric source/sink term of solute i[M/L3T].

The complexation of Al and OM is the most important reaction
in this experiment. In this model, this reaction is implemented as
a two-component reaction (Eq. (4)). The fast reaction kinetics are
approximated by adjusting the rate parameters in Eq. (5), and the
occurrence of the precipitation reaction is determined by the molar
M/C ratio.

aAl(aq) + bOM(aq) → cAl-OM(s) (4)

Rp =

{
kpcOM cAl / cOM �0.06

0 cAl / cOM < 0.06
(5)

where a, b and c are stoichiometric coefficients, in this study we
assumed b = c = 1 and a = 0.06; Rp is the precipitation rate
[M/TL3]; kp is the rate constant for precipitation [1/T]; cAl and cOM

are the concentration of Al and OM respectively. For the permeabil-
ity reduction induced by the precipitation of Al-OM complexes, an
embedded ramp function is used to correlate the mass of Al-OM
precipitates to the permeability reduction empirically. To be consis-
tent with laboratory observations, a threshold precipitate mass level
is specified in the ramp function as the mass needed to trigger the
permeability reduction (Fig. S3 in SI). The model assumed 4 orders of
magnitude as the maximum permeability reduction.

2.4. Design of the field experiment and baseline scenario analysis

The baseline scenario analysis demonstrated the feasibility of
creating a cylindrical flow barrier (inner diameter of 5 m) across
the height of the sand layer using separate injection of Al and OM
solutions. The design of the field experiment was therefore based
on the baseline analysis. In total 20 injection wells, ten wells for
the injection of each solution, are needed and placed in a unique
well arrangement: in two circles with a radius of 2.5 m for the Al
injection wells (Al1-10) and 3 m for the OM injection wells (C1-10).
The spacing between any neighboring Al and OM injection well is
approximately 1 m (shown Fig. 2b)). The baseline scenario analy-
sis further suggested that an extraction well (Pw) installed in the
center of the two injection circles can enhance the mixing between
Al and OM and confine the injected solutions within the test site.
Eight monitoring wells (M1-8) surrounding the two injection circles
were proposed. The filter screen of all wells is located at a depth of
6–8 m bgs which covers the Holocene sand layer. The Al solution and
OM solution are injected via the two injection circles simultaneously
at 0.5 m3/d per well. During injection, groundwater is continuously
extracted via the extraction well (Pw) at 10 m3/d. The baseline
scenario analysis indicated that the flow barrier can be completed
after 3 days of injection.

2.5. Well installation

Well installation took place in July 2016. In total, 29 boreholes
were drilled to approximately 15 m bgs by sonic drilling. Soil profiles
were recorded at selected well locations and are provided in the SI
(i.e., at well Pw, M1, and M8). The soil layering at this particular site
differed considerably from the available data in the close vicinity.
The Holocene sand layer was 6 m thick instead of the expected 2 m.
It consists of a 2 m thick fine sand at a depth of 7 to 9 m bgs which
is underlain by a 4 m thick medium to coarse sand layer reaching
to a maximum depth of around 13 m bgs. Falling head tests were
performed in the lab using KSAT (KSAT, UMS GmbH, Germany) on
samples recovered from the drilling and revealed that the fine sand
has a hydraulic conductivity of 4 m/d and the coarse sand of 20 m/d.
These differences in the soil layering imposed a challenge for the
well installation as filter screens were prepared for a 2 m thick sand
layer. In order to prevent any additional costs, it was decided on site
that the installation was to be continued with the materials at hand
and the original design needed to be adapted:

Instead of one injection well, two wells (32 mm outer diameter)
were installed at each of the 20 injection points: one in the coarse
sand with a filter screen from 9 to 12 m bgs and the other in the fine
sand layer with a filter screen from 7 to 8 m bgs (illustrated in Fig. 2
a)). It was expected that the vertical dispersion in the soil would
allow the injected solutions to diffuse between the two filter screens
(Gelhar et al., 1992). Moreover, the assumption was made that the
injected solutions would, to some degree, change their transport pat-
tern during the course of injection due to the induced changes in
permeability, which means that the injected solutions are directed
towards the least resistant soil layers and fill the gaps without filter
screens. A similar idea has been reported by DeJong et al. (2013) in
their discussion of using MICP to change soil permeability. In each
of the eight monitoring wells (M1-8) a single tube (32 mm outer
diameter) with a filter screen from 9 to 12 m bgs was installed. The
extraction well (Pw) was installed with a single tube (125 mm outer
diameter) that has a filter screen from 9 to 13 m bgs.

Based on the additional soil information from the drilling, some
of the model parameters were also updated, i.e., the soil profile, the
transport properties and the injection well setting. A new scenario
analysis with the model was carried out in order to adapt the injec-
tion strategy. This included alteration of the injection and extraction
rate, change to a sequential injection strategy, and a longer injection
time. These adaptations resulted in significant modifications to the
original design of the field experiment discussed in Section 2.4.

2.6. Field implementation and monitoring

The injection started in September 2016. During a period of
8 days, a total volume of 17 m3 of Al and OM solutions was injected
into the sand layer, from which 6 m3 of each injection fluid was
injected via the deep wells and 2.5 m3 via the shallow wells. This cor-
responds to a total injected mass of around 12 kg aluminum chloride
and 25 kg OM in the coarse sand and 5 kg and 10 kg of the two com-
ponents in the fine sand layer. The injection system was equipped
with an online system that continuously recorded the injection rates
and injection back-pressure.

In total twelve pressure sensors (CTD divers®, Van Essen
Instruments, The Netherlands) were used to monitor the changes
in hydraulic head on site. The divers were installed in the eight
monitoring wells (M1-8), the extraction well (Pw), and in three vary-
ing injection wells (depending which ones were in use for injection).
The measurement interval of the CTD divers was set to be 30 s. Before
the injection phase, constant-rate pumping tests were performed at
well Pw using pumping rates of 10 m3/d and 20 m3/d. The results
were used to derive the background hydraulic situation of the site.
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Fig. 2. Illustration of the design of the field experiment. a) Profile view and b) top view.

2.7. Pumping tests after the injection and well hydraulics

To facilitate the quantification of the reduction in permeability,
additional scenario analyses with the model have been carried out.
These analyses gave insight in where and how to implement pump-
ing tests after the injection. Based on this information a series of
constant-rate pumping tests were performed at well Pw immediately
after the implementation, after 1 month, and after 6 months using
pumping rates of 20 m3/d and 40 m3/d. Two additional constant-rate
pumping tests were conducted at well C3 and C8 with a pumping
rate of 10 m3/d. Data from the pumping tests were used to derive the
transmissivity at the site via the Thiem equation (Eq. (6)) (Kruseman
and de Ridder, 1991).

s =
Q

2pT
ln

(
re

r

)
(6)

where s is the hydraulic drawdown [L]; Q is the pumping rate
[L3/T]; T is the transmissivity [L2/T], and T = KB, K is the hydraulic
conductivity [L/T] and B is the thickness of the aquifer [L]; re is a
sufficiently far distance from the pumping well, which is undisturbed
by the pumping [L] and r is the radial distance from the pumping
well [L]. For a multiple-layer aquifer, its lumped transmissivity is
calculated as T =

∑
Ti

n
i=1, where Ti is the transmissivity of each layer

(Desbarats, 1992).
The pumping tests provide information on the local hydraulic

conductivity rather than the permeability. The relation between
hydraulic conductivity and permeability is given in Eq. (7) (Pinder
and Celia, 2006). In this field experiment, the injected Al and OM
solutions have approximately the same rheological properties and
density as the groundwater. Although the permeability is not directly
characterized, the measured reduction in hydraulic conductivity is
considered to be identical to the reduction in permeability.

j = K
l

qg
(7)

where j is the permeability [L2].

3. Results and discussion

3.1. Design of the field experiment and adaptations to the injection
strategy

The original design of the field experiment is described in
Section 2.4. Due to the fact that the thickness of the aquifer was
larger than expected, some adaptations had to be made to the original
design and especially the injection strategy. Originally the injection
strategy assumed simultaneous injection of the Al and OM solutions
in all 20 injection wells. In the modified system with two wells
installed per injection point, this was not feasible anymore because
the hardware available for the injection did not have sufficient capac-
ity. A four step rotating injection strategy was developed in order to
meet the hardware capacity and still achieve the objectives of the
field test. The sequence starts with the injection of the Al and OM
solutions in 10 wells located in the upstream direction of the circle at
a rate of 0.5 m3/d per well. In the following second step, the injection
sector, consisting of 10 wells, is rotated by 90◦ anti-clock wise. The
90◦ rotation of the injection sector is continued into the third and
forth step. Alongside with the injection, extraction of groundwater
at well Pw is maintained at a rate of 6 m3/d. Fig. 3 gives the simu-
lated spatial distribution of injected Al and OM solutions at various
injection steps, from which sub-figures a)–d) give an illustration of
the four step rotating injection strategy. The simulation results show
that the sequential injection creates a circular mixing zone of the
two components between all adjacent injection points. In addition,
Al is well contained within the test site due to the extraction in Pw.
This is corroborated by groundwater analysis during and after the
injection, where Al was never measured above the detection limit
(10lg/l) in the extraction well and the surrounding monitoring wells
(data not shown).

The four step injection strategy was first applied three times (i.e.,
three full circles of injection) in the deep wells that are located in
the coarse sand layer, and then repeated another two times in the
shallow wells in the fine sand layer. Consequently, less mass of the
two components is injected in the shallow sand layer. This is due
to the fact that less area is needed to be treated in this layer. Also
the lower permeability of the fine sand implies that less precipitates
are required to reduce its permeability to the same level as in the
coarse sand. Given the short spacing between the injection wells, the
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Fig. 3. Simulated Al and OM concentration contours after specific injection steps, where a)–d) illustrate the first four injection steps applied in the coarse sand, e) represents the
final status in the coarse sand at the end of injection, and f) shows the completion of the first four injection steps in the fine sand. Red and green contour lines indicate cAl/cAlo and
cOM/cOMo , in which cAlo and cOMo are the input concentrations of the two injection solutions. The contour lines are scaled from 0.1 to 1.0 with a spacing of 0.1, where the highest
values are found at the corresponding injection wells and attenuate with further distance. Locations of Al and OM injection wells are given in red and green dots and the black
circle indicates the location of the extraction well Pw.

lower permeability of the fine sand layer is considered favorable for
the application. As illustrated in Fig. 3f), the spreading of the injected
solutions is less profound in the fine sand layer compared to the
coarse sand layer (Fig. 3d)). This results in a more concentrated mix-
ing band and a higher efficiency of material usage in the fine sand
layer.

This is confirmed by the simulated spatial distribution of Al-OM
precipitates in the 3D domain, shown in Fig. 4. The band of Al-OM
precipitates is thinner and with less mass in the fine sand layer
compared to the precipitation band in the coarse sand layer. The
simulation results further demonstrate that the precipitation of
Al-OM is a highly localized process, which occurs mainly in the
close vicinity of the injection wells. As a consequence, a very limited

amount of precipitates is formed at the depths without filter screen
(i.e., 8–9 m bgs and 12–13 m bgs). This indicates that the extent of
vertical dispersion is not sufficient to create adequate mixing over a
height of 1 m. The other assumption, i.e., optimization of the trans-
port pattern due to the reduced permeability, is also less favorable
than expected. Instead of changing the flow path, after the forma-
tion of the precipitates, the solutions, which were still introduced
via the injection wells, experienced local immobilization and little
further mixing was taking place (as shown in Fig. 3e)). According to
the simulation, two gaps with little Al-OM precipitates will therefore
remain in the flow barrier at the two locations without filter screen
(Fig. 4d)). Fig. 4 also shows the effect of the background groundwater
flow on the location of the flow barrier. The barrier is shifted towards
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Fig. 4. Simulated spatial distribution of the Al-OM precipitates after the injection, where a) illustrates the spatial distribution of Al-OM precipitates in the 3D domain; b) and c)
are horizontal cross sections in the middle of the coarse sand and fine sand; d) is the vertical cross section cutting through Pw and perpendicular to the flow direction. The color
bars represent the mass of precipitates (normalized to the OM concentration of the injection solution).

the downstream direction. The extraction of groundwater in the
center of the two injection circles even increased this effect for the
upstream part. In addition, relatively large amounts of precipitates
are located in the two areas where the injection wells are aligned
along the groundwater flow direction. In this case hydrodynamic
dispersion favors mixing of the two components.

Fig. 5. Comparison of simulated hydraulic conductivity profiles and Darcy velocity
profiles under ambient flow condition at the location of the flow barrier before and
after the injection.

The results presented above imply a large variability in the
achieved reduction in permeability in the sand layer. Most perme-
ability reduction occurs in zones where large amounts of Al-OM
complexes have been precipitated. The least reduced permeability is
found in the area that was not covered by the injection wells. This is
illustrated in Fig. 5, in which the simulated hydraulic conductivity pro-
files before and after the formation of the flow barrier are compared.
The two gaps at a depth of 8–9 m bgs and 12–13 m bgs complicate
the measurement of the permeability reduction as groundwater will
preferentially flow through these gaps. The quantification of perme-
ability is based on Darcy’s law, where the permeability is determined
by the ratio between the Darcy velocity and the hydraulic gradient. To
demonstrate the impact of the two gaps, a scenario analysis was per-
formed in which the Darcy velocity field before and after the injection
were compared under natural background flow conditions. Although
the simulation indicates that a significant reduction in permeability
is achieved, there is only a small difference between the overall Darcy
velocity averaged over the complete depth of the aquifer before and
after the injection, namely 0.26 m/d against 0.09 m/d. This is due to
the preferential flow through the two gaps (Fig. 5). The consequence
is that quantification of the permeability reduction induced by
Al-OM precipitates is a challenge and not as straight forward as
initially hoped for.

3.2. Permeability reduction induced by Al-OM injection and
precipitation

The impact of the formed Al-OM precipitates on the permeability
of the sand layer was quantified using field measurements. The first
set of data was derived from measurements conducted during the
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injection, where the temporal variation of hydraulic head in the
monitoring wells and the adjacent river are recorded (shown as
Fig. S4 in SI). During the injection, groundwater was extracted from
well Pw at a constant rate of 6 m3/d. A reduced permeability at the
location of the flow barrier should lead to an increase in hydraulic
gradient. This means that the measured head differences between
monitoring wells (M1-8) and well Pw should gradually increase
along with the formation of the flow barrier. Nevertheless, the varia-
tion in head caused by the tide is approximately 20 cm (Fig. S4 in SI)
which complicates the identification of these changes in head differ-
ence over the course of the injection. When analyzing the measured
data in detail, a very gentle increase, in the order of 1–2 cm, of head
differences is noticed at the end of the injection period. This increase
is however subjected to a high level of uncertainty and can not be
regarded as solid evidence of a permeability reduction.

A second set of data consists of the injection rate and the back-
pressure during the injection. While maintaining roughly a constant
injection rate of 5 m3/d, the injection back-pressure for the Al solution
increased from 0.5 bar in the first injection step to 0.95 bar in the last
step in the coarse sand layer. At the same time, the back-pressure at
the OM injection wells increased from 0.4 to 0.9 bar (Fig. S5 in SI).
This increase is attributed to the fact that the injection system has to
overcome a higher resistance in order to maintain the same injection
rate. The growing resistance is a consequence of the reduction in
permeability that occurred in the close vicinity of the injection wells.

In order to quantify the integrated effect of the reduction in per-
meability on the groundwater flow, pumping tests were carried out
after all injection activities were completed. These pumping tests had
to be designed in a way that the measured differences in hydraulic
head are distinct from the effect caused by the tide and the presence
of the two gaps within the flow barrier. This was done using scenario
analyses with the 3D model. By applying a constant-rate pumping
test, the hydraulic gradient across the barrier must become steeper
regardless how the Darcy velocity distributes over the depth. The
steepness of this hydraulic gradient is proportional to the imposed
flow rate at the pumping well. This implies that with a sufficiently
high pumping rate, a distinct signal should be detectable with the
given well arrangement. Fig. 6 gives the simulated distribution in
drawdown from pumping tests at well Pw applying various pumping
rates (i.e., 10, 20 and 40 m3/d). The hydraulic gradient across the zone
with reduced permeability becomes steeper as the pumping rate is

Fig. 6. Simulated and measured drawdown distribution from pumping tests per-
formed before and after the injection at well Pw using constant rates of 10, 20 and
40 m3/d (marked in blue, green and red respectively). The area defined by the two
dashed lines indicates the location of the flow barrier (based on model simulation).

increased. The difference in drawdown before and after the forma-
tion of the flow barrier at radial distances larger than 3 m from the
extraction well is 10 cm at a pumping rate of 20 m3/d and 20 cm at
a pumping rate of 40 m3/d. These differences are considered to be
measurable in the field. It was therefore decided to perform pumping
tests in Pw using rates of 20 m3/d and 40 m3/d.

Results from these pumping tests corroborate the results of the
scenario analysis. The drawdown measured from pumping tests after
the injection is noticeably less than the one measured before the injec-
tion (Fig. 6). This demonstrates that the hydraulic gradient becomes
steeper at the location of injection and that the local permeability was
reduced. Nevertheless, the measured differences in drawdown are
smaller than expected from the model simulation. Instead of 10 cm
and 20 cm, the differences in drawdown at radial distance larger than
3 m are 5 cm and 12 cm for pumping tests at 20 m3/d and 40 m3/d
respectively. This discrepancy is most likely a result of the overall
permeability reduction assumed by the model, which is based on
laboratory experiments. Apparently in this field test, the achieved
permeability reduction is less than 4 orders of magnitude.

3.3. Quantification of the permeability reduction

In order to determine the permeability of the flow barrier, a
transmissivity analysis was applied. The analysis was based on the
hypothesis that the injection led to a decrease in the local transmis-
sivity, while prior to the injection the transmissivity of the aquifer
is homogeneous in the planar direction. The transmissivity analysis
is coupled with results from the forward simulation, i.e. the loca-
tion of reduced transmissivity was based on the simulated spatial
distribution of the Al-OM precipitates.

Data was derived from the pumping tests performed before and
after the injection. The background transmissivity of the aquifer
was determined to be 88 m2/d. As shown in Fig. 7, this background
transmissivity gives a good match between the measured and cal-
culated drawdowns for various pumping tests performed before
the injection. For pumping tests after the injection, the background
transmissivity is kept the same for the area that is not affected by the
injection. At the location of the flow barrier the reduced transmissiv-
ity is quantified by fitting against the measured drawdown. The best
fit for the transmissivity at the location of the barrier is determined
to be 25.5 m2/d, which is 28% of the background transmissivity.

Fig. 7. Calculated and measured drawdown distribution from pumping tests per-
formed before and after the injection at well Pw using constant rates of 10, 20 and
40 m3/d (marked in blue, green and red respectively). The drawdown calculation is
based on Thiem’s solution.
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Fig. 8. Soil profile and the hydraulic properties before and after the injection (Kf and Kc are the hydraulic conductivity of the fine and coarse sand before the injection, while Kf_r

and Kc_r give the reduced hydraulic conductivity; To denotes the background transmissivity and Tr is the reduced transmissivity that caused by the injection).

It should be noticed however that the transmissivity at the loca-
tion of the flow barrier is vertically integrated over the entire height
of the aquifer and therefore also includes the two gaps in the flow bar-
rier at the bottom and in the middle part of the aquifer. As illustrated
in Fig. 8, the injection decreased the permeability at two different
depths along the aquifer, creating a flow barrier of 3 m thickness in
the coarse sand layer and 1 m thickness in the fine sand. In order to
understand to what extent the Al-OM precipitates reduced the per-
meability in these two barriers, it was assumed that the permeability
in both layers was reduced by the same extent (N). Accordingly, we
were able to quantify the extent of permeability reduction (N) which
is 42.7 times lower than the original permeability. This implies that
the Al-OM precipitates reduced the permeability of the sand to 2%
of the background permeability.

3.4. Verification of the spatial distribution of Al-OM precipitates and
uncertainties in the quantification

The modeled spatial distribution of reduction in permeability
was verified with additional data from constant-rate pumping tests
at C3 and C8 (pumping rate 10 m3/d). Due to the effect of back-
ground flow on the location of the precipitation zones, which is
illustrated in Fig. 4b), it is expected that OM injection wells located
in the downstream direction (i.e., C3) will have a higher reduc-
tion in permeability than those located in the opposite direction
(i.e., C8). Measured drawdowns, given in Fig. S7 in SI, confirm that
the hydraulic gradient resulting from pumping at C3 is much steeper
in the close vicinity of the well compared to the one from pumping
at well C8. The results therefore corroborate the spatial distribution
of the precipitates derived from the 3D modeling.

The uncertainty in the quantification of permeability reduction is
largely related to the spatial distribution of Al-OM precipitates. The
knowledge of the spatial distribution of Al-OM precipitates in this
study is derived from 3D process-orientated modeling, which greatly
mitigates the uncertainty involved in the calculation. Although the
modeling results are heavily influenced by the used model param-
eters, the parameters used in this study either came from lab/field
experiments or representative values from literature. As the modeled
spatial distribution of the precipitates was verified with field pump-
ing tests, we are confident that the modeling results give a sufficient

insight regarding the distribution of the Al-OM precipitates in the 3D
domain.

4. Implications for future applications of Al-OM precipitates as a
bio-based engineering technique

This field experiment is the first demonstration of the feasibility
of using Al-OM precipitates as a geo-engineering tool to construct a
flow barrier under field conditions. The results demonstrate that this
concept can reduce the soil permeability to 2% of its original per-
meability, which is comparable to other bio-based techniques, such
as MICP. In comparison with MICP, the use of Al-OM precipitates
has several advantages. The application of MICP requires the injec-
tion of multiple components such as nutrients, urea, calcium, and
bacteria. Research is still ongoing on the use of economically viable
chemicals for large-scale application (Cunningham et al., 2014). The
Al and OM sources used in this study, however, are already available
at relatively low costs and in large quantity. In addition, the appli-
cation scheme of MICP is relatively complicated and often requires
the circulation of solutions within the porous medium (Cuthbert et
al., 2013; DeJong et al., 2014). This is mainly due to the production
of ammonia as a by-product, which is subjected to strict regulations
(DeJong et al., 2010). The hereby presented two component mixing
concept uses a comparably straightforward application scheme. Due
to the fact that both solutions have the same rheological properties
as groundwater, the requirements for the equipment on site is also
low. With respect to by-product management, spreading of ionic Al
may raise environmental concerns. The spreading can, however, be
controlled by proper design of the injection strategy. As in this exper-
iment, groundwater analysis during and after the implementation
demonstrated that no Al ions arrived at the extraction well or any of
the surrounding monitoring wells (data not shown). In fact, given the
high reactivity of Al ions, the residual of injected Al will either adsorb
to the soil matrix or precipitate as aluminum hydroxide (Duan and
Gregory, 2003).

The major challenge encountered in this field experiment is the
quantification of the achieved reduction in permeability. Under-
standing of the spatial distribution of the precipitates is the key
element to interpret the field measurement data and further improve
the application. Due to excessive costs in real engineering practices,
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installation of an extensive monitoring network is however not fea-
sible. Future research on alternative monitoring systems, preferably
non-destructive, should be carried out, as they might provide a better
insight in the spatial distribution of Al-OM precipitates at depth.

Another challenge in the hereby proposed geo-engineering tech-
nique is process control. The application of Al-OM precipitates
depends on the mobility and reactivity of Al and OM in the subsur-
face and their mixing and reaction in-situ. The high reactivity of Al
puts a limit on the spacing between Al and OM injection wells. In
this field experiment, numerous injection wells and the adaptation
of an injection-extraction strategy results in fast mixing of the Al and
OM solutions. This reduces the impact of other processes, including
the interaction with the soil skeleton, Al hydrolysis, and microbial
degradation of OM. However, under circumstances where the time
scale for mixing of the two components is larger, the impact of those
processes needs to be taken into account.

Another practical concern is related to the efficiency of material
usage. As earlier discussed in Section 3.1, the barrier that is formed in
the mixing zone inhibits the further reaction of the two components,
indicating that parts of the injected Al and OM are not contributing
to create the flow barrier. Further research is therefore needed to use
the materials as efficiently as possible.

In general, this full-scale field test represents a major step for-
ward towards the application of Al-OM precipitates as a bio-based
engineering tool to reduce soil permeability in-situ. Further stud-
ies are necessary to test this concept under different site conditions
and using different implementation strategies. Additional labora-
tory tests are required to understand the interaction between Al
and OM and the exact mechanism of permeability reduction by Al-
OM precipitates. The model we developed in this field experiment
adopts empirical correlations to represent our laboratory observa-
tions regarding these two processes. With more detailed knowledge
available, mechanistic models of these two processes can be devel-
oped and improve the model capacity. In addition, such knowledge
would help to investigate alternative sources of Al and OM, which may
further enhance the suitability and flexibility of the hereby presented
bio-based engineering technique.
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