
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10040-023-02602-z

PAPER

Prevention of well clogging during aquifer storage of turbid tile 
drainage water rich in dissolved organic carbon and nutrients

Emiel Kruisdijk1,2  · Julian F. Ros1 · Devanita Ghosh1 · Maren Brehme1 · Pieter J. Stuyfzand1,3 · 
Boris M. van Breukelen1

Received: 25 April 2022 / Accepted: 19 January 2023 
© The Author(s) 2023

Abstract
Well clogging was studied at an aquifer storage transfer and recovery (ASTR) site used to secure freshwater supply for a 
flower bulb farm. Tile drainage water (TDW) was collected from a 10-ha parcel, stored in a sandy brackish coastal aquifer 
via well injection in wet periods, and reused during dry periods. This ASTR application has been susceptible to clogging, as 
the TDW composition largely exceeded most clogging mitigation guidelines. TDW pretreatment by sand filtration did not 
cause substantial clogging at a smaller ASR site (2 ha) at the same farm. In the current (10 ha) system, sand filtration was 
substituted by 40-μm disc filters to lower costs (by 10,000–30,000 Euro) and reduce space (by 50–100  m2). This measure 
treated TDW insufficiently and injection wells rapidly clogged. Chemical, biological, and physical clogging occurred, as 
observed from elemental, organic carbon, 16S rRNA, and grain-size distribution analyses of the clogging material. Physical 
clogging by particles was the main cause, based on the strong relation between injected turbidity load and normalized well 
injectivity. Periodical backflushing of injection wells improved operation, although the disc filters clogged when the turbidity 
increased (up to 165 NTU) during a severe rainfall event (44 mm in 3 days). Automated periodical backflushing, together 
with regulating the maximum turbidity (<20 NTU) of the TDW, protected ASTR operation, but reduced the injected TDW 
volume by ~20–25%. The studied clogging-prevention measures collectively are only viable as an alternative for sand filtra-
tion when the injected volume remains sufficient to secure the farmer’s needs for irrigation.
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Introduction

Managed aquifer recharge (MAR) is becoming an impor-
tant technique for water management in response to 
increasing water scarcity and global climate change (Dil-
lon et al. 2019; Greve et al. 2018; Stikker 1998). Excess 
water is stored in an aquifer during wet periods and 
later abstracted to overcome water shortages during dry 

periods. The technique provides storage with a minimal 
use of above-ground space and prevents the loss of water 
by evaporation (Page et al. 2018; Pyne 1995). Aquifer stor-
age transfer and recovery (ASTR) is one of the methods 
allowing for excess water to be stored in an aquifer. It 
comprises injection wells and a recovery system composed 
of abstraction wells, utilizing the aquifer to improve water 
quality via physical and biogeochemical processes during 
subsurface transport (Dillon 2005; Pyne 1995). Aquifer 
storage and recovery (ASR), as opposed to ASTR, utilizes 
a single well for injection and abstraction.

A major drawback of AS(T)R is the risk of well clog-
ging. Injection wells are more prone to clogging compared 
to abstraction wells, especially when source water quality 
is poor (Page et al. 2018). Dillon et al. (1994) surveyed 40 
ASR sites in the United States and concluded that about 80% 
of injection wells suffered from clogging. Clogging results 
in a reduction of the injection rate, which threatens AS(T)R 
feasibility (Maliva 2020). This can occur within minutes to 
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weeks of AS(T)R operation (Olsthoorn 1982; Rinck-Pfeiffer 
et al. 2000), after which well rehabilitation is necessary to 
restore injection rates (Jeong et al. 2018; Martin 2013).

Physical, biological, chemical, and mechanical processes 
induce injection-well clogging (Martin 2013). Olsthoorn 
(1982) and Pyne (1995) laid a strong scientific foundation 
on clogging, and concluded that physical and biological pro-
cesses often dominate. Particles in injected water can cause 
physical clogging. Martin (2013) and Pyne (1995) stated 
for that reason that turbidity levels should be reduced to 
1–5 nephelometric turbidity units (NTU) to reduce physical 
clogging. Furthermore, column studies showed that injec-
tion water should contain suspended solids below 2 mg/L to 
sustain injection rates (Okubo and Matsumoto 1983), while 
concentrations as low as 0.1 mg/L are recommended in prac-
tice (Zuurbier and van Dooren 2019). Biological clogging 
results from microbial growth. Injection rates can substan-
tially be reduced by growing biofilms of impermeable slime 
and mats of (dead) cells (Pyne 1995). Biological clogging 
can be reduced by taking away the substrates needed for 
microbial metabolism from injected water, for example, by 
reducing dissolved organic carbon (DOC) concentrations 
below 2 mg/L (Zuurbier and van Dooren 2019), ammonium 
concentrations below 0.5 mg/L (Hubbs 2006), and eliminat-
ing high concentrations of nitrate and phosphate (Eom et al. 
2020; Stuyfzand and Osma 2019).

The other two clogging mechanisms are chemical and 
mechanical clogging. Chemical clogging occurs due to the 
precipitation of carbonates, Fe- and Mn-(hydr)oxides, and 
other minerals (Martin 2013). Mineral precipitation is often 
mediated by microorganisms, which makes it difficult to 
distinguish chemical from biological mechanisms (Martin 
2013; Rinck-Pfeiffer et al. 2000). Mechanical clogging is 
caused by injecting entrained air, or by the production of 
biogenic gases within the aquifer by microbial activity (Mar-
tin 2013).

Treatment of the water before injection can prevent these 
clogging mechanisms. For example, (1) Page et al. (2011) 
injected high-nutrient and high-turbidity storm water after 
treatment by ultrafiltration and granular activated carbon 
and did not observe major clogging; (2) Camprovin et al. 
(2017) showed that injection of sand-filtered surface water in 
a coarse sandy aquifer can substitute the injection of potable 
water, although some clogging was detectable. Neverthe-
less, the options for treatment are often limited because of 
financial and spatial constraints.

In this study, an agricultural ASTR system was studied 
in which tile drainage water (TDW) from an agricultural 
parcel (10 ha) was collected, injected in an aquifer, and 
recovered when needed for crop irrigation. TDW composi-
tion exceeded most of the clogging mitigation guidelines 
(e.g., mean injected DOC: 25 mg/L,  NO3: 14 mg/L, turbid-
ity: 2–165 NTU) and, therefore, the injection wells were 

susceptible to clogging. The system studied in the current 
research replaced a successful smaller-scale agricultural 
ASR system (2.3 ha) equipped with a sedimentation basin 
and slow and rapid sand filtration as clogging-prevention 
measures (Tolk and Veldstra 2016). This system did not clog 
substantially during the injection of ~27,000  m3 tile drainage 
water (TDW) over more than 3 years. The new system was 
designed to occupy a smaller surface area, while reducing 
the costs of treatment. The slow and rapid sand filtration 
and sedimentation basin were therefore substituted with disc 
filters, which resulted in an estimated spatial gain of about 
50–100  m2 and a reduction of 10,000–30,000 Euro on build-
ing costs (costs and space extrapolated from the prior ASR 
site, based on quotations). Obtained insights are not only 
useful for the specific region studied in this research, but for 
any other similar system when built, as similar exceedances 
of the clogging mitigation guidelines are expected. Imple-
mentation of agricultural AS(T)R for freshwater availabil-
ity has potential worldwide, as agricultural fields with tile 
drainage are common. For example, about 17% of cropland 
in the USA (Pavelis 1987) and 34% in Northwest Europe 
(Abbott and Leeds-Harrison 1998) have been altered by 
artificial surface or subsurface drainage, and Smedema and 
Ochs (1997) estimated that drainage systems are used in 
one-third of the land area where natural drainage constrains 
agricultural development and/or production.

Well clogging was assessed during ASTR where TDW 
was treated using disc filters. Subsequently, automated 
periodic backflushing of the injection wells was added to 
the system, followed by the addition of automated turbidity 
regulation to prevent the injection of turbid TDW. These 
latter two measures are also relatively low cost and do not 
claim additional space. The three set-ups with an increasing 
number (1, 2, and 3) of clogging prevention measures were 
monitored during three injection periods over 1.5 years. This 
study evaluated the clogging potential of TDW at the ASTR 
site during these periods by monitoring the normalized well 
injectivity, the turbidity of TDW before and after treatment, 
and the interior of the wells using a camera. Furthermore, 
the main clogging mechanisms were diagnosed by elemen-
tal, organic carbon, 16S rRNA, and grain-size-distribution 
analysis of the clogging material.

Materials and Methods

Description of the ASTR system

The research site is located in a coastal polder close to the 
town of Breezand, in the province of North Holland, the 
Netherlands—coordinates (decimal degrees): 52.8883, 
4.8221; (Fig. 1). In this area, tile drainage commonly pre-
vents water damage to crops (flower bulbs at this research 
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site) by quickly discharging water to the surface-water sys-
tem during and after rainfall events. The drains are situated 
in a shell bed at approximately 70 cm-below surface level 
(bsl) in a 1-m sandy layer above a confining clay layer. In 
the current system, tile drainage water (TDW) does not enter 
the surface-water system, but rather is distributed to a drain 
reservoir (volume = ~1  m3). In this reservoir, TDW is con-
tinuously sensed on electrical conductivity (EC) as a meas-
ure of salinity. TDW with an EC > 1,700 μS/cm is directly 
discharged to the surface-water system. The remaining suf-
ficiently fresh TDW is stored in the brackish/saline aquifer 
below the confining clay layer by an ASTR system. First, 
water is pumped from the reservoir and filtered by seven 
40-μm-2” Spin Klin disc filters (Netafim, Israel) in series—
Fig. S2 of the electronic supplementary material (ESM). The 
pump in the drain reservoir ensures the required pressure for 
disc filter operation and a constant 3-m standing head in the 
standpipe which is required for injection. To prevent clog-
ging, every disc filter was backflushed for 20 s. Backflushing 
was initiated once the differential pressure over the filters 
exceeded 0.6 bar; additionally, the filters were backflushed 
every 6 h. TDW, used for backflushing of the filters, was 
discharged to the surface-water system; afterwards, it was 
injected into the aquifer via two injection wells. In times of 
drought, stored TDW can be abstracted by four abstraction 
wells surrounding the injection wells at about 7 m distance, 
and reused for irrigation. A more detailed schematic repre-
sentation of the ASTR system can be found in section S1 
of the ESM.

Injection occurred in about equal proportions through 
injection wells one (INJ-1) and two (INJ-2) (well screens 
from 11.5 to 33 m bsl). The maximum injection capacity is 
approximately 14  m3/h per well. INJ-1 and INJ-2 are situated 
5 m apart (PVC, borehole diameter = 240 mm, internal well 
diameter = 100 mm, slot size = 0.5 mm). A monitoring well 
(MW) is fixed at the midpoint of the gravel pack (approxi-
mately 35 mm from the well screen) screened at 20.5 to 
22.5 m bsl (internal diameter = 25.4 mm, slot size = 0.5 mm) 
at both injection wells. MW-1 and MW-2 correspond to the 
monitoring wells in the gravel pack of INJ-1 and INJ-2, 
respectively.

Four abstraction wells (ABS-1 to ABS-4) surround INJ-1 
and INJ-2 in a symmetrical configuration (Fig. 1). The 
abstraction wells are screened from 12 to 23 m bsl (bore-
hole diameter = 400 mm, internal well diameter = 190 mm, 
slot size = 0.5 mm). Each borehole contains a MW in the 
gravel pack approximately 50 mm from the well screen, 
screening a depth of 16.5–18.5 m bsl (PVC, internal diam-
eter = 24.5 mm, slot size = 0.5 mm). MW-3 to MW-6 cor-
respond to the monitoring well situated in the borehole of 
ABS-1 to ABS-4, respectively.

The Dutch national database DINOloket (GeoTOP 
v1.4 model) provided insights regarding the large-scale 

hydrogeological structure of the target aquifer (TNO-NITG, 
TNO-NITG DINOloket 2021). The agricultural topsoil is 
an approximately 1-m coarse sand layer in which the tile 
drains are situated, while below, there is a confining layer 
of ~10 m thickness consisting mostly of clay and peat. The 
ASTR target aquifer is found below the confining layer rang-
ing to about 40 m bsl, consisting mostly of unconsolidated 
fine-to-coarse sand of Holocene and Pleistocene age. The 
groundwater level in the target aquifer is about 1 m bsl The 
electrical conductivity increases from about 1,900 μS/cm at 
12 m bsl to more than 9,000 μS/cm at 32 m bsl.

Set‑up of the ASTR clogging study

ASTR operation

Three periods of injection were monitored between October 
2019 and March 2021, during which time approximately 
5,000  m3 TDW was injected in each of the injection wells. 
In the first period, 1,350  m3 TDW was injected per well 
from 31 October 2019 until 12 December 2019. Well clog-
ging occurred during this period. Afterwards, an automated 
backflush system was installed in both INJ-1 and INJ-2, 
to prevent rapid clogging of these wells. The automated 
regime consisted of a 15-min backflush of 20  m3/h in each 
well, which occurred after consecutive injection of 150  m3 
per well. The injected volume was reduced to 50  m3 after 
2 weeks of operation, as indications of clogging were still 
observed. In this period, 1,450  m3 TDW was injected per 
well from 20 September 2020 until 16 October 2020. In the 
third period, a turbidity sensor was installed in the drain res-
ervoir to further diminish clogging. The monitored turbidity 
was used for the regulation of ASTR operation. TDW > 20 
NTU was directly discharged to the surface-water system 
to prevent clogging of the disc filters and injection wells. 
During this period, 2,150  m3 was injected per well from 8 
December 2020 until 18 March 2021. Stored water was not 
yet abstracted by the abstraction wells during the period of 
investigation at this ASTR pilot, only for backflushing and 
sampling.

Phreatic groundwater levels rise quickly in the agricul-
tural topsoil during and after large rainfall events. This can 
result in crop damage and, therefore, quick drainage of TDW 
is needed. The injection capacity of the ASTR system was 
not adequate to drain all TDW from the field during large 
rainfall events. Therefore, TDW was discharged to the sur-
face-water system during these events in the first injection 
period. In the second and third injection periods, the system 
was adapted so that TDW could be partly discharged to the 
surface-water system and partly injected via the injection 
wells. As a result, a part of the water could be stored during 
these events, because the same pump was used simultane-
ously for the discharge to the surface-water system and to 
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the injection wells. However, less water entered the ASTR 
system, which resulted in a lower standing head in the stand-
pipe and a reduced injection capacity.

Clogging monitoring

Clogging of INJ-1 and INJ-2 was examined by continuous 
monitoring (10-min interval) of water pressure in MW-1, 
MW-2, and MW-3 using CTD divers (van Essen Instru-
ments, the Netherlands). Barometric pressure was measured 
using a baro-diver (van Essen Instruments, the Netherlands). 
Unfortunately, the barometric pressure data could not be 
obtained from the baro-diver between February 7 and March 
18, 2021 (third injection period). Instead, daily barometric 
pressures were obtained from the local weather station de 
Kooy, Den Helder (about 5 km from the research site). This 
resulted in a lower resolution of calculated phreatic surface 
levels, injectivity index, and the hydraulic head rise in the 
third injection period.

Injected volumes and injection rates were continu-
ously monitored during the second and third periods 
with Arad Octave ultrasonic water meters. A relation 
was obtained between the injection rate  (m3/h) and the 
head rise in MW-3 (cm) for the second and third periods 
(Eq. 1, R2 = 0.86, n = 46; see section S2 of the ESM). 
This site-specific relation was used to estimate the injec-
tion rate in the first period for INJ-1 and INJ-2, as con-
tinuous monitoring of the injection rate did not occur in 
this period:

where the coefficients 0.1449 and 1.2301 are dimension-
less. The ratio of the injection rate over the water pressure 
was used to monitor well performance, which is referred 
to as the well injectivity  (m3/h/bar) (Brehme et al. 2018; 
Maliva 2020). All injection rates were normalized to 20 °C 
by multiplication with the term in Eq. (2) so that the effects 
of viscosity could be disregarded. This was done similarly 
by Stuyfzand and Osma (2020):

where t is the temperature of the TDW as measured with the 
CTD diver at MW-1 and MW-2. Furthermore, well clog-
ging was monitored visually using the submersible camera 
before and after rehabilitation of each well; daily rainfall 
was obtained from a tipping bucket (EML, ARG100, United 
Kingdom); and the phreatic groundwater level was moni-
tored in the field using a CTD diver (van Essen Instruments, 
the Netherlands).

(1)Injection rate = 0.1449 × head rise in MW3 − 1.2301

(2)

Injection rate normalized =
(

t + 43.1

20 + 43.1

)2

× Injection rate

Well rehabilitation

Injection wells were rehabilitated from 2–4 February 2020 
after the first injection period and on 26 November 2020 
after the second injection period. Clogging material sam-
ples were taken as described in section ‘Groundwater and 
suspended material sampling’ during both events. Visual 
inspections of the well screens were performed using a sub-
mersible camera (Camtronic Inspector® 36) before and after 
each rehabilitation.

During both rehabilitations, the injection wells were first 
backflushed using a submersible pump with a flow rate of 11 
 m3/h for 15 min. Well screens were subsequently cleaned by 
high-pressure jetting (mechanical cleaning) at 100–200 bar. 
Simultaneously, water was discharged from the well at 3 
 m3/h for 55 min using a submersible pump. Finally, a post-
backflush was performed (11  m3/h abstraction) for 15 min.

Groundwater and Suspended Material Sampling

Samples were taken from the TDW, filtered material from 
the 40-μm Klin disc filters, the wall lining of the standpipe, 
clogging material during well rehabilitation, and native 
groundwater. All samples were stored in the dark at 4 °C. 
Native groundwater was sampled from six monitoring wells 
with 1-m well screens from 12 to 32 m below surface level 
(bsl), located at 2.5 m from INJ-1. TDW was sampled from 
the drain reservoir, but only when drainage water was dis-
charged in wet periods to ensure that no stagnant water was 
sampled. Furthermore, material was sampled from all disc 
filters and the inner wall of the standpipe. The condition in 
the collection drain was filmed using the submersible camera 
and afterwards it was visually interpreted. A 3-min discharge 
event was filmed by placing the submersible camera in the 
collection drain approximately 1 m from the discharge out-
let. Lastly, both well rehabilitations were sampled. Jerrycans 
(10 L, PE) were filled with discharged water from the first 
backflush and the high-pressure jetting.

Sample analysis

Preparation of the well rehabilitation samples

Samples from the well rehabilitation (9.3–10.7 L) were 
stored upright for 3–6 days, to let the suspended mate-
rial settle. A large part of the fluid-fraction was removed 
(8.5–9.8 L; 90–99% of total volume) using a peristaltic pump 
and transferred to clean 10 L PE jerrycans. The wet slurry 
left (0.1–1.0 L) contained the solid-fraction, which was 
transferred to 1 L glass bottles. The fluid-fraction (section 
‘Analysis of TDW, native groundwater, and the fluid-fraction 
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ofthe well rehabilitation samples’) and solid-fraction (sec-
tion ‘Analysis of the solid-fraction of the well rehabilitation 
samples’) were analysed separately afterwards.

Analysis of TDW, native groundwater, and the fluid‑fraction 
of the well rehabilitation samples

TDW and native groundwater were sensed on EC, pH, and 
temperature (C4E/ PHEHT/ OPTOD, Ponsel, France) using 
a flow cell in the field. Well rehabilitation samples were 
sensed on EC, pH, and temperature (InoLab Multi 720 and 
InoLab Multi 9420, WTW™, Germany) in the lab, without 
temperature correction for EC at temperatures ranging from 
11.4–12.6 °C. These EC values were converted to  EC20 by 
Eq. (3) (Stuyfzand 1993; Walter 1976):

where  ECx is the EC calculated at temperature x, and  ECt 
is the EC monitored at temperature t (°C). Turbidity (NTU) 

(3)EC
x
= EC

t
× (1 + 0.023 × (x − t))

was determined by a turbidimeter (HACH 2100 N Turbidim-
eter, United States). For further analysis, all samples were 
filtered over 0.45-μm cellulose acetate membrane (Whatman 
Spartman 30/0.45RC syringe). Anions (Br, Cl, F,  NO2,  NO3, 
 PO4,  SO4) were analysed using ion chromatography (883 
Basic IC Plus; Metrohm AG, Switzerland). Cations (As, B, 
Ba, Ca, Co, Cr, Cu, Fe, K,Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, 
Sb, Se, Sr, Ti, V, and Zn) were analysed using inductively 
coupled plasma – mass spectrometry (ICP-MS; Plasma-
Quant MS, Analytik Jena, Germany) after acidification with 
69%  HNO3 (1:100).  NH4 (using an acidified sample) and 
alkalinity (using a not acidified sample) were analysed using 
discrete analysis (DA; Aquakem 250, Labmedics, UK). The 
alkalinity of the fluid-fraction of the well rehabilitation sam-
ples was not determined and was, therefore, estimated by Eq. 
(4) (Stuyfzand 1993):

(4)X =
|
||

∑
a −

∑
c
|
||
×
MW

x

Z
x

Fig. 1  a Location of the research site (red pin) in the Netherlands. b Regional map of the field site showing the ASTR pilot and the 10-ha agri-
cultural field in blue. c Map of the well configuration with injection wells (yellow) and abstraction wells (red) 
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where X is the major constituent lacking in the ionic bal-
ance—in this case alkalinity (mg/L)—∑a −  ∑ c the sum 
of anions minus the sum of cations (meq/L), and  MWx the 
molecular weight of X (g/mol, and Zx the charge of X (−). 
DOC was determined using a total organic carbon analyser 
(TOC-V CPH, Shimadzu, Japan). Mineral saturation indices 
were calculated for mean TDW using PHREEQC version 
3.6.2 (Parkhurst and Appelo 2013). Total dissolved solids 
(TDS) were calculated by summing all analysed solutes, 
where DOC was multiplied with 2.5 to estimate dissolved 
organic matter.

The residue of evaporation (RE) was estimated using Eq. 
(5) with a factor 0.698 as done before by Stuyfzand (1993), 
Eq. 3.3, p. 83). Equation 6 was presented by Knudson (1901) 
to calculate the water density ρ (kg/L) as function of RE and 
temperature, suitable for EC < seawater:

Analysis of the solid‑fraction of the well rehabilitation samples

The wet slurry left was heated in the oven at 105 °C for 72 h 
to evaporate the residual water. Total solids (TS) remain-
ing originated from the fluid- and solid-fraction in the wet 
slurry. A digital microscope (VHX-5000 series, Keyence, 
Mechelen, Belgium) with 20–200× and 100–1000× mag-
nification was used to visually inspect some of the samples. 
About 1 g of the total solids (TS) was crushed, homoge-
nized, and acidified to dissolve carbonates before the analy-
sis of organic carbon  (Corg; LECO Induction Furnace Instru-
ments). From these samples, organic material (by oxidation 
using  H2O2 at about 100°), iron-oxides and carbonates (by 
acidification after the addition of HCl) were removed, and 
clay particles were disaggregated (by addition of tetrasodium 
pyrophosphate) afterwards. Lastly, these samples were ana-
lysed on sediment particle size by laser diffraction (Helos 
KR wet particle analyser, Sympatec GmbH, Germany). 
Furthermore, 30 mg of homogenized crushed material was 
analysed for elemental composition after digestion (APHA 
method 3030E). The digested substance was diluted to 
100 ml with ultra-pure water. From this sample, a subsam-
ple was taken which was diluted (1:50), acidified with 69% 
 HNO3 (1:100), filtered over 0.45 μm, and analysed for major 
cations (Ca, Fe, Mn, P, Al) by ICP-MS.

Each chemical constituent was corrected for mineral and 
salt formation during evaporation of the remaining fluid 
fraction as similarly done by Stuyfzand and Osma (2019). 
First, the weight ratio of chemical constituent X (%) was 

(5)RE = 0.698 × EC
20

(6)
� = 1 +

(
8.05 × 10

−7
)
× RE −

(
6.5 × 10

−6
)
×
(
t − 4 + 2.2 × 10

−4 × RE
)2

estimated by Eq. (7), using the concentration of constituent 
X (mg/L) and total digested material (mg):

Second, the weight of the chemical constituent X (mg) as 
part of the TS was calculated by Eq. (8):

Third, the weight of the chemical constituent X (mg) in 
water was estimated by multiplying the concentration of 
constituent X in the fluid fraction (mg/L) with the evaporated 
volume (L) using Eq. (9):

Finally, the fraction (%  dry wt) of chemical constituent 
X in the total suspended solids (TSS; mg) was calculated 
after correction for the remaining fluid fraction by Eq. (10):

Analysis of bacterial communities by 16S rRNA analysis

Suspended solids were filtered from the well rehabilitation 
water samples using Nalgene reusable filter units (Thermo 
Scientific). Powerbead tubes (Qiagen) disintegrated the frac-
tion of biomass in the suspended solids, after which the envi-
ronmental DNA was extracted following the manufacturer’s 
instructions using the DNeasy PowerLyzer PowerSoil Kit 
(Qiagen). The Qubit 4 Fluorometer (Thermofisher) quanti-
fied the extracted DNA. Extracted DNA was afterwards sent 
for 16S ribosomal RNA (rRNA) sequencing to Novogene 
(Hongkong). The universal primers 341F (5′- CCT ACG 
CGA GGC AGC AG) and 517r (5′- ATT ACC GCG GCT 
GCT GG −3′) targeted the V3–V4 hypervariable region 
(Muyzer et al. 1993), which was sequenced with the Illu-
mina HiSeq paired-end platform generating paired-end raw 
reads of 400–450 bp. The quality of the sequences (base 
calling, base composition, guanine-cytosine (GC) content 
was checked using FastQC (Andrews 2010). The pipeline 
QIIME (version: 1.9.1; Caporaso et al. 2010) performed the 
selection of 16S rRNA genes, clustering, and OTU picking 
and taxonomic classification. The chimeric sequences were 
removed using de novo chimera method in UCHIME imple-
mented in the tool VSEARCH. The processed reads from 
both libraries were pooled and clustered into operational 
taxonomic units (OTUs), using the Uclust program (similar-
ity cutoff = 0.97). Representative sequences were identified 

(7)Weight ratio X =
constituent X × 0.1

digested material
× 100

(8)XTS =
% weight ratio X

100
× TS per sample

(9)
XH2O = constituent X in fluid fraction × evaporated volume in slurry

(10)XTSS =
XTS − XH2O

TSS
× 100
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for each OTU and aligned against the SILVA database using 
the PyNAST program (Caporaso et al. 2010). An unrooted 
Neighbor-Joining (NJ) tree was constructed of the 32 pre-
dominant bacterial 16S rRNA gene sequences using the soft-
ware MEGA X version 11 (Tamura et al. 2021). The raw 
sequencing data have been submitted to the NCBI Sequence 
Read Archive; accession number PRJNA809926 (Delft Uni-
versity of Technology 2022).

Results and Discussion

Tile drainage water and native groundwater 
characteristics

The native groundwater was brackish and deeply anoxic in 
the target aquifer. Salinity gradually increased with depth 
(EC = 1,860–9.830 μS/cm).  O2 and  NO3 were absent.  Fe2+ 
concentrations ranged between 9.5–39 mg/L;  SO4:Cl ratios 
( mg∕L

mg∕L
 ) were 0.002–0.0005 and substantially lower than sea 

water (~0.14), being the source of the native brackish 
groundwater; while methane concentration ranged between 
11 and 40 mg/L. These groundwater compositions point to 
both Fe- and  SO4-reducing and methanogenic redox 
conditions.

T i l e  d r a i n a ge  wa t e r  ( T DW )  wa s  f r e s h 
(EC = 1,293 ± 397  μS/cm), nutrient-rich, and (sub)oxic 
 (O2 = 6.4 ± 1.9  mg/L). High nutrient concentrations 
 (NO3: 14.1 ± 11.3  mg/L;  PO4: 5.21 ± 0.80  mg/L;  NH4: 
0.13 ± 0.11 mg/L) originate from agricultural fertilizers. 
Degradation of organic matter likely results in reduction 
of  O2 in the top soil, while TDW is mostly oxygenated 
in the not fully saturated tile drains and drain reservoir. 
The presence of particulate Fe-(hydr)oxides in TDW was 
indicated by the higher Fe concentration in the unfiltered 
(Fe = 0.43 mg/L) vs. filtered (Fe = 0.17 mg/L) TDW sam-
ple collected before injection in May 2020. High-frequency 
(every 10 min) turbidity measurements levelled between 5 
and 20 NTU after filtration by the disc filters, with extremes 
up to 165 NTU. The mean temperature of TDW was 10.1 °C, 
with a maximum of 14.5 °C observed in autumn and a mini-
mum of 9.0 °C in winter. Mean values of mineral saturation 
indices (SIs) in TDW (see section S3 of the ESM) were 
supersaturated for various minerals consisting of Ca and/
or Fe and/or  PO4: calcite  (CaCO3, SI = 0.3), ferrihydrite 
(Fe(OH)3, SI = 1.3), Fe-hydroxyphosphate  (Fe2.5PO4(OH)4.5, 
SI = 15), and hydroxyapatite  (Ca5(PO)4(OH), SI = 3.0). Note 
that the tile drainage network is constructed in a shell bed, 
which likely led to (super)saturated conditions for calcite 
and hydroxyapatite as a result of the enriched Ca concen-
trations plus the high  PO4 concentrations in TDW. Further 

information on the composition of TDW is presented in sec-
tion S3 of the ESM.

Figure  2 displays microscope images of materials 
obtained from the 40-μm disc filters and from the stand-
pipe after injection period 2 in November 2020. These 
materials likely consist of Fe-oxidizing bacteria (FeOB), 
as, first, filamentous morphologies and structures are 
observed similar to FeOB (Emerson and De Vet 2015; 
Krepski et al. 2012). Second, iron-oxides were present as 
shown by a simple acidification test (pH < 3; 1%  HNO3) 
on the suspended material, which resulted in a substan-
tial decline in the volume of the bulk material (section 
S4 of the ESM). Third, a metallic sheen was observed in 
the standpipe on top of the stagnant water surface—after 
41 days of standstill, after injection period 2 in November 
2020 (section S5 of the ESM), which indicates the pres-
ence of FeOB (Emerson and De Vet 2015). The interior 
of the standpipe was covered by a thick structure of most 
likely Fe-precipitates and microbial deposits, which was 
observed after submerging the camera in the standpipe 
(section S6 of the ESM). A similar structure was observed 
on the lining of the inner wall of the outlet of the collec-
tion drain to the drain reservoir (section S7 of the ESM). 
The relation with FeOB seems likely, as Süsser and Schw-
ertmann (1983) also observed bacterial oxidation of Fe(II) 
in drainpipes. The observed particles in the microscope 
images can be mineral precipitates like Fe-(hydr)oxides, 
hydroxyapatites, or calcite (as being (super)saturated in 
TDW), but also silts and/or clay particles.

Table 1 presents clogging mitigation guidelines from 
the literature and compares them with the mean water 
quality composition of TDW. Biological clogging was 
thus likely to occur in the current research, as the guide-
lines of DOC, nutrients, and oxidants  (O2 and  NO3) were 
largely exceeded. Furthermore, physical clogging was 
also expected as (1) turbidity levels were above the rec-
ommended value, and (2) suspended material <40 μm can 
pass the disc filters.

Extent of the Clogging Problem

Figure 4 presents daily rainfall, phreatic groundwater lev-
els in the agricultural field, hydraulic heads in the aquifer 
at MW-1 and MW-3, turbidity in the standpipe after TDW 
passed the 40-μm disc filters, and the normalized well injec-
tivity calculated for INJ-1. These data were used to analyse 
and describe the extent of clogging in INJ-1. The data for 
INJ-2 is presented in section S8 of the ESM and is only 
briefly discussed in this section, as clogging in INJ-1 and 
INJ-2 developed in a similar way. However, the hydraulic 
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head rise in MW-1 was generally lower than in MW-2 (cor-
responding to INJ-1 and INJ-2, respectively) during the sec-
ond and third injection period, while the flow was about the 
same. This could be caused by small variations in hydrogeol-
ogy and/or the quality of the well construction.

Injection period one

At the start of operation, the highest normalized well injec-
tivity (~5.5  m3/h/bar) was observed. The injectivity gradu-
ally decreased afterwards, due to clogging. Frequent short 
injectivity peaks showed that only small volumes were 
injected from 28 November 2019 until 6 December 2019. In 
this period, the normalized well injectivity decreased, indi-
cating well clogging. From 6 December 2019 until the end 
of period one on 11 December 2019, heavy rainfall events 
provided larger volumes for injection. The large TDW dis-
charge coincided with increasing turbidity (measured after 
the disc filters) and resulted in a substantial head increase in 
MW-1. The inside of the collector drain was filmed and it 
was observed that it was covered with a mat of probably Fe-
precipitates and microbial deposits (section S7 of the ESM). 
The turbidity increase likely resulted from the high water 
pressures and flow velocities in the drain related to the large 
rainfall event. This induced the mobilization of precipitates 
and microbial deposits. Concurrently, the hydraulic head 
in MW-3 at 7 m distance from INJ-1 decreased. The head 
increase in MW-1 suggested clogging of the well screen 
or the borehole wall, which matched with the lower head 
in MW-3 caused by a lower injection rate. The normalized 
well injectivity largely reduced (5.5 to 2  m3/h/bar) during 
the 23 days of operation in injection period 1, which indi-
cated that the wells got quickly clogged. Figure 3a depicts 
the clogged state after injection period 1 from screenshots 
of video footage of the interior of INJ-1. The full screen 
(21.5 m) showed internal well staining of predominantly 
orange/brown and black/Gy materials. Based on the video 
footage, it was roughly estimated that approximately 95% 
of the screen slots were filled. It seems very likely that the 
borehole wall is also clogged to some extent, besides the 
clogging of the well screen.

Injection period two

After injection period one, well screens were rehabilitated 
and an automated backflush system was installed in both 
injection wells with the aim to limit clogging. Note, that 
the injectivity did not return to its initial value of injection 
period 1. This suggests that the borehole wall and aquifer 
were still partially clogged, in contrast to the well screen as 
video footage shows clean filter slots (Fig. 3b). During injec-
tion period 2, automated backflush events resulted in a more 
stable injectivity between 20 September 2020 and 3 October 

2020 (Fig. 4); however, from 6 October 2020 until the end of 
injection period 2, injectivity substantially decreased from 
3.5 to less than 2  m3/h/bar, during a severe rainfall event 
(˜45 mm in 3 days). The hydraulic head increased in INJ-1, 
which later abruptly decreased. The increase in hydraulic 
head must have been related to clogging of the well screen 
and/or the borehole wall, which is probably caused by the 
high turbidity of the TDW injected during and after the 
rainfall event. The abrupt decrease in hydraulic head prob-
ably resulted from clogging of the disc filters, due to a large 
influx of suspended materials. Visual inspections showed 
that the disc filters were fully clogged, and the filter back-
flush system was not able to clean the filters anymore.

Injection period three

Well screens were again rehabilitated before the start of 
injection period 3, using the same rehabilitation methods 
as after injection period 1. As an additional precautionary 
measure, this time a turbidity sensor was installed in the 
drain reservoir, which together with the controller regu-
lated that only TDW with a turbidity below a set maxi-
mum value (<20 NTU) was used by the ASTR system. 
TDW with a turbidity >20 NTU was thus discharged to the 
surface-water system. Injectivities during injection period 
3 were comparable to the initial injectivities of injection 
period 2, which suggests that the borehole wall and aqui-
fer did not get further clogged during injection period 2. 
Observed hydraulic heads and injectivities were relatively 
stable during period 3. The large rainfall event at 9 March 
2021 (~35 mm in 1 day) did not immediately decrease 
injectivity as observed in injection period 2. Zuurbier and 
van Dooren (2019) observed increased well injectivity 
after a 30-day standstill at another ASR site in the Nether-
lands, which they assigned to microbial die-off. However, 
a 33-day standstill in January 2021 (injection period 3) 
did not increase normalized well injectivity in the current 
study, which suggests that biological clogging is not the 
main clogging mechanism.

Diagnosing the main clogging mechanisms

Clogging material composition

Clogging material of INJ-1 and INJ-2 was sampled during 
the first rehabilitation event (backflush and high-pressure 
jetting); unfortunately, however, the backflush samples com-
prised insufficient total suspended solids (TSS) for elemental 
analysis. Table 2 shows an overview of the composition of 
the suspended matter in the samples obtained during high-
pressure jetting. The analysis could retrieve only between 
3.3–16.8% of the weight of the TSS; thus, a large part is 
not identified, because (1) not all materials were digested 
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(mainly quartz) before analysis, (2) some major elements 
were not analysed (especially S and Si, due to restrictions 
of the laboratory analysis), and (3) the element contents 
were not converted to their oxide, hydroxide, or mineral 
form in which they are naturally observed in aquifers. The 
main constituents in the suspended matter are, in decreasing 
order, Fe,  Corg, P, Ca, Al, Mn. From these constituents, con-
tents of  Corg, Fe, P, and Mn were mostly substantially larger 
than observed in the aquifer sediments (Table 2), indicating 
that they originate from the clogging material in the well 
and thus not from the aquifer.  Corg likely originates from 
organic matter residues from the crops or top soil, or from 
biomass grown in the well and is related to biological clog-
ging. Fe contents are probably related to Fe-(hydr)oxides, 
Fe-sulphide, and Fe-PO4 precipitates (Stuyfzand and Osma 
2019). The latter also partly explains the observed P con-
tents; however, P could partially also originate from organic 
matter. Observed Mn contents are likely from Mn-(hydr)
oxides. In INJ-1, samples were taken during the downward 
movement of the jetting nozzle. The sequence of samples 
(HD1–HD5) therefore represents increasingly larger depths; 
however, the specific depth of the abstracted water cannot 
be determined. Contents of specific constituents did not cor-
relate with depth.

The particle size distribution was determined for a 
sample taken during backflush and a sample taken during 
high-pressure jetting (HD3, INJ-1; Fig. 5). The distribution 
showed two distinct peaks for the backflush sample—at 10 
and 200 μm. The 10-μm peak was not observed in the distri-
bution of the sample collected during high-pressure jetting, 
indicating that the materials from the 10-μm peak do not 

originate from the aquifer, as this peak would otherwise be 
expected at both samples. The 10-μm peak likely represents 
clays and silts that have passed the disc filters (<40 μm) 
and resulted in physical clogging of the well screen. Note 
that materials >40 μm cannot pass the disc filter and must 
therefore come from the aquifer.

Hydrochemical environment in the well

Water compositions remarkably varied between the back-
flush samples of INJ-1 over time, as described in the fol-
lowing. The composition of the first backflush samples 
represented the standing well volume and the later sam-
ples the water in the aquifer. Note, that the ASTR system 
was idle for ±2 months before these samples were taken 
between injection periods 2 and 3. The standing water in 
the well was deeply anoxic, as  O2 and  NO3 were absent. 
Moreover, a ‘rotten egg’ smell was noticed when removing 
the well heads before sampling; the smell of  H2S indicates 
a  SO4-reducing environment. This coincides with the 20% 
lower  SO4 concentrations measured in the standing water 
of the well compared to the aquifer water sampled at INJ-1 
 (SO4: 160 vs. 200 mg/L). Furthermore,  Fe2+ (3,500 vs. 
45 μg/L) and  Mn2+ (580 vs. 420 μg/L) concentrations were 
elevated in the standing water in the well, which suggests 
reductive dissolution of Fe- and Mn-(hydr)oxides in the well 
during standstill. Stuyfzand et al. (2006) and Vanderzalm 
et al. (2006) also observed increases of DOC,  Fe2+,  Mn2+, 
 NH4, and P concentrations in the standing water in the well 
they investigated, which were likely caused by the decay of 
biomass in the well. Mayer and Jarrell (2000) concluded that 

Fig. 2  Microscope images of 
suspended material retained 
from a the 40-μm disc filters 
and b the standpipe. The images 
show brownish filamentous 
structures and black particles
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P mobilization can also be associated with a reductive disso-
lution of iron-oxides in which P is co-precipitated.  PO4 and 
DOC also showed elevated concentrations in the standing 
water in the well in the current study (respectively;  PO4

3−: 
37 vs. 12 mg/L and DOC: 48 vs. 25 mg/L). Therefore, it was 
also expected that the strongly anoxic conditions are related 
to decay of biomass within the well.

Bacterial communities

Bacterial communities were analysed using metagenomics 
in two samples taken from the standpipe (sample SP) and the 
clogged well (sample CW) during the second rehabilitation. 
Chemical analysis showed variations in the oxidative con-
ditions between these samples, which resulted in selective 
sustenance of the bacterial population. The metagenomic 
library datasets from the partially oxic standpipe sample 
(SP) and anoxic clogged well sample (CW) were clustered 
and results are presented in Fig. 6.

TDW resides in the standpipe after filtration by the disc 
filters, and was aerobic, as the standpipe contains openings 
to the atmosphere. The standpipe was always partly filled 
with TDW and was only flushed during ASTR injection. 
A sample was taken of the wall lining of the standpipe 
(Fig. 2, and sections S5 and S6 of the ESM). This sample 
was dominated by methylothrophic (methane degraders/ 
consumers) microbes such as Nitrospira, Methylotenera, 

Crenothrix, Methylomona, Methanosaeta, and Methylo-
bacter,  indicating the use of  CH4 as their electron donor, 
which can also trigger the reductive dissolution of Fe(III) 
minerals (Glodowska et al. 2020; Jorgensen 1989). How-
ever, the predominant genera Crenothrix is known as a 
 CH4-oxidizing and Fe-oxidizing bacteria (Stoecker et al. 
2006) and Nitrospira as a  NO2-oxidizing bacteria (Bayer 
et al. 2021), symbiotically supporting  NO3 dependent Fe-
oxidation processes (Fig. 6). Furthermore, the standpipe 
sample presented  NH4-oxidizing groups like Nitroso-
archaeum and the co-dominance of  NO2-oxidizers like 
Nitrospirae, which can compete with  CH4-oxidizers (such 
as Methylotenera, Methalomonas) for nitrogen sources 
(Daebeler et al. 2014). The denitrifying bacteria Polynu-
cleobacter provides a symbiotic balance to both the groups. 
 NO3 in TDW was the main N source in the system, and 
this caused the existence of denitrifying bacteria, nitrite 
oxidizers, and ammonium oxidizers. Overall, a high rate 
of biological activity was induced by the DOC and  NO3 
available in TDW, resulting in an abundance of bacterial 
groups involved in C and N metabolism and iron oxidation 
in the standpipe. The conditions in the wall lining of the 
standpipe seemed (highly) anaerobic based on the observed 
genera, despite the aerobic TDW residing in the standpipe. 
In this sample, a very high predominance of Cenothrix con-
firmed the filamentous and sheathed structures observed 
microscopically (Fig. 2).

Table 1  Overview of clogging 
mitigation guidelines in 
comparison to the mean water 
quality composition of TDW

Clogging mitigation parameter Literature parameters Mean TDW 
concentra-
tionRecommended 

value
Source

Turbidity (NTU) <5 Martin (2013) 5–165
Total iron (μg/L) <10 Zuurbier and van Dooren (2019) 430
DOC (mg/L) <2 Zuurbier and van Dooren (2019) 24.7
Ammonium (mg/L) <0.5 Hubbs (2006) 0.13
Phosphate (mg/L) Low Stuyfzand and Osma (2019) 5.2
Nitrate (mg/L) Low Eom et al. (2020) 14.1
Dissolved oxygen (mg/L) Low Stuyfzand, TU Delft, personal com-

munication, 2021
2–6

Sodium Adsorption Ratio (−) <6 Zuurbier and van Dooren (2019) 1.40

Fig. 3  Screenshots from video 
footage of the interior of INJ-1 
after injection period 1, which 
depict the well screen a before 
rehabilitation, and b after 
rehabilitation, both taken on 2 
February 2020 at 15-m depth
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The CW (clogged well) sample showed a high abundance 
of methanogenic microbes (Methanosaeta, Methanoregula, 
Methylomonas, Methalomonas) along with Fe(III) reducers 
(Rhodoferrax, Ferribacterium, Pseudomonas, Acidovorax). 
Also, an abundance of nitrate reducing - Fe(II) oxidisers 
(Gallionella and Acidovorax) was observed. During Fe-oxi-
dation, the end product Fe(III) can inhibit methylogenesis 
(Reiche et al. 2008); however the presence of methanogenic 
bacterial groups suggested otherwise. Their presence prob-
ably related to the coagulation and clogging by the exopoly-
saccharide producing filamentous microbes like Arcobacter, 
Trichococcus, Pseudoarthobacter, Burkholderia, and Gal-
lionella, which trapped the Fe(III) by producing bacterio-
ferritin-Fe(III)-exopolysaccharide complexes in the system 
(Rivera 2017). The presence of Sulfurimonas and Sulfuri-
curvum indicated  NO3 reduction coupled to sulphur and 

hydrogen oxidation, which was reflected by the absence of 
 NO3. However, the presence of sulfur reducing genera such 
as Sulfospirillum and Desulfovibrio caused the reduction of 
this  SO4, probably causing the smell of ‘rotten eggs’ during 
sampling. Interestingly in this sample, clogging did not only 
result from the filamentous mesh formed by Fe(II) oxidizers, 
but also from stabilizing iron-sequestering protein (bacteri-
oferritin, siderophore), which were formed by filamentous 
bacterial groups such as Burkholderia, Gallionella, and 
Nocardiodes (Schneider et al. 2007; Tuomanen et al. 2000). 
Furthermore, Fe(III) is trapped by the biopolymer produced 
by the groups (Arcobacter, Trichococcus, Pseudoarthobac-
ter, Burkholderia, Gallionella), which makes the biomass a 
robust and dense iron oxide matrix (Fig. 3).

The bacterial communities of both samples showed an 
abundance of genera which are involved in the metabolism 

Fig. 4  Data obtained during injection period 1 (green panel; 23 days 
of injection), period 2 (red panel; 25  days of injection), and period 
3 (blue panel; 66  days of injection). They show rainfall (mm/day), 
phreatic water level in the field (cm bsl), normalized injectivity index 
 (m3/h/bar) of INJ-1, observed groundwater head  (cmH2O) in INJ-1 

(measured in MW-1) and MW-3 at 7  m from INJ-1, and turbidity 
level (NTU) of injected water after the disc filters measured in the 
standpipe. No data on phreatic water level could be gathered between 
29 November and 11 December 2019 (first injection period)
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of C and N and Fe-oxidation. The functional analysis of the 
communities corresponds with the visual images obtained 
with a microscope (Fig. 2 and section S6 of the ESM) and 
the camera footage within the well (Fig. 3). One can there-
fore conclude that biological clogging plays a role during 
well clogging. The influence of biological clogging could 
be decreased by lowering the concentrations of nutrients (C, 
N, P) and Fe in the TDW, which is, however, very difficult 
to realize in a low-cost way.

Impact of precautionary clogging‑prevention 
measures on ASTR performance

Figure 7 shows the normalized well injectivity versus the 
cumulative turbidity load after the disc filters—turbidity 
(NTU) × injected volume  (m3). The turbidity load relates to 
the total number of particles injected; therefore, the figure 
shows the relation between well clogging and the number of 
particles injected. Each data point represents a monitoring 
time step of 30 min. It is possible that injection was switched 
on and off within this monitoring time step. The calculated 
normalized injectivity would then be too low, as it would be 
calculated as the mean of the preceding period when injec-
tion occurred and the subsequent period that the pump was 
turned off (or the other way around). To take out these erro-
neous values, all data points were deleted where the injec-
tivity was 0 in the 30 min before and after the monitoring 

time step studied. Note that the figure still contains some 
data points that are lower than the main trend. These outliers 
are likely caused by the ASTR system, which turned both 
on and off within one monitoring time step of 30 min. The 
mean normalized well injectivity is, therefore, lower during 
these time steps. For further interpretation, the focus is on 
the main trend of the high-level normalized well injectivi-
ties observed.

In injection period 1, normalized injectivities decreased 
quickly compared to the other injection periods. This showed 
that the TDW composition is not suitable for injection with 
only the 40-μm disc filter treatment. In injection period 2, 
wells were periodically backflushed. This was an effective 
measure, as the injectivity declined significantly slower 
compared to injection period 1, while a similar number of 
particles were injected. Injectivities suddenly dropped after 
a cumulative turbidity load of 30,000, which was not related 
to the pump capacity, but rather coincides with clogging of 
the disc filters. Injection period 3 shows a similar trend as 
injection period 2. At the end of the period injectivities drop, 
however, this does not relate to clogging but to a decrease 
in pump capacity related to a large precipitation event. A 
considerable difference is that in injection period 3, a larger 
amount of water was injected (2,150  m3) compared to injec-
tion period 2 (1,450  m3) for the same cumulative turbidity 
load, as only water was injected with a NTU <20. Therefore, 
turbidity regulation of TDW shows to be a powerful method 

Table 2  Overview of the 
constituent contents in 
suspended solids obtained 
during high-pressure jetting in 
injection wells 1 and 2, which 
are compared to the mean 
constituent contents in the 
aquifer

Constituents in clogging material with contents higher than maximally observed in the aquifer are shown in 
italic

Constituent Injection well 1 (INJ-1) Injection well 
2 (INJ-2)

Aquifer

HD1 HD2 HD3 HD4 HD5 HD1 Min Max

TSS mg/L 294 445 6558 376 2243 242 – –
Corg % dry wt 1.99 2.26 1.14 5.16 1.68 4.03 0.02 1.47
Fe % dry wt 2.73 2.63 0.35 6.22 1.96 6.24 0.31 1.29
P % dry wt 1.47 1.46 0.21 3.57 0.61 3.40 0.03 0.13
Ca % dry wt ˜0.0 0.74 1.52 1.46 3.72 0.12 0.09 3.97
Al % dry wt 0.13 0.15 0.12 0.24 0.41 0.28 1.79 6.54
Mn % dry wt 0.03 0.05 0.01 0.14 0.05 0.27 <0.01 0.04
Sum % 6.2 7.3 3.3 16.8 8.4 14.3 2.23 13.57

Fig. 5  Particle-size distribution 
of the total suspended solids 
(TSS) obtained a during back-
flush, and b from high-pressure 
jetting. The red line displays the 
percentage cumulative volume 
of the sediments and the blue 
line the percentage volume 
density
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to prevent injection well clogging, especially in combination 
with periodic backflushing of the injection wells.

Potential alternatives to prevent clogging of this 
ASTR system

Water quality could be increased using other measures to 
intensify or replace the current clogging-prevention meas-
ures—for example, disc filters could be installed with 
smaller pore sizes. Stuyfzand and Osma (2019) treated 
recycled injection water with 20-μm spin Klin disc filters, 
followed by a 1-μm bag filter. Disadvantages are the higher 
costs of the system and its maintenance. Note that the 1-μm 
bag filter clogged within 2 days during the study by Stuy-
fzand and Osma (2019), while the injected recycled injection 
water was of a better quality (e.g., turbidity <3 NTU) than 
the injected TDW in the current study. The most studied 
and applied treatment step in AS(T)R is a slow sand filter 
preceded by a rapid sand filter, which was successfully used 
at the former 2.3-ha ASTR pilot site. Zuurbier et al. (2014) 
and Camprovin et al. (2017) also successfully treated source 
waters with slow sand filters before injection. Slow sand 
filters have the advantage that biological processes (such as 

aerobic respiration, and iron and organic matter oxidation) 
occur which are beneficial to prevent well clogging, besides 
the physical removal of particles (Maliva 2020). The disad-
vantage of slow sand filters is the large space needed above 
ground besides additional costs.

Generally, injection wells will get clogged slowly over 
time, despite all measures to prevent clogging; therefore, 
well rehabilitation remains essential. In the current study, 
two well rehabilitations were performed based on back-
flushing and high pressure well jetting of the well screen. 
Video footage of the wells showed that the slots of the well 
screen were opened after rehabilitation, but the injectivity 
did not return to its initial value; thus, it was suspected that 
the wellbore skin (borehole wall and nearby aquifer) was 
not fully rehabilitated. For future rehabilitations, ‘com-
pressed air juttering’ is recommended. The groundwater 
level in the well is strongly lowered using compressed air 
during this method, and rises quickly when the pressure is 
released (Olsthoorn 1982). This routine is repeated until 
most particles from the well screen, borehole wall, and area 
near the well are removed. Note that air bubbles may get 
stuck in the vicinity of the well and could therefore also 
limit injectivity.

Fig. 6  A taxonomic heat map 
showing the distribution of the 
common and predominant (in 
both libraries) top 32 bacterial 
genera in the two samples. The 
phylum corresponding to each 
genus is represented in the left 
column. The two right columns 
show the abundance of these 
bacteria in the samples shown 
by a color gradient, which 
indicates the distance between 
the raw score of the sequences 
and the standard deviation (blue 
is abundant and red is not abun-
dant). CW is the clogged well 
sample and SP is the standpipe 
sample

CW SP
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Feasibility of ASTR with tile drainage water

The timespan of this study on clogging was relatively short 
(~1.5 years) compared to the lifetime of an ASTR system 
(several decades). Injecting larger volumes over longer 
periods of time may result in clogging due to mechanisms 
unnoticed in the current study. This study showed that TDW 
turbidity can largely vary over time and relates to rainfall 
events. Disc filters were not sufficient to prevent clogging, 
as highly turbid TDW resulted in rapid clogging of the well 
screen, borehole wall, aquifer, and/or disc filters. Well clog-
ging substantially decreased after adding automated peri-
odic backflushing of the injection wells and regulating the 
maximum turbidity (<20 NTU). It also resulted in a loss of 
injected TDW volume of ~10% by backflushing (5  m3 after 
50  m3 injection) and another ~10–15% as a consequence of 
the turbidity regulation. Altogether this represents a loss of 
injected TDW of 20–25%. Reducing the maximum turbidity 
to <5 NTU as proposed by Martin (2013) would certainly 
further decrease the degree of well clogging, but would at 
this site lead to a dramatic reduction of 80–85% of TDW 
that is available for injection. This is a major disadvantage 
of the proposed clogging-prevention measures. Agricultural 
ASTR is, therefore, only practically and economically attrac-
tive using these measures, if a large enough volume of water 
can be injected that can secure the farmers’ need for fresh 
irrigation water. Soil composition and tile drainage system 
design that would lead to TDW with a considerably lower 
turbidity would make the business case more favorable. An 
alternative for regulating maximum turbidity would be to 
further treat TDW, although treatment is often restricted by 
financial, spatial, or practical limitations.

Conclusion

The current study analyzed well clogging of an aquifer stor-
age transfer and recovery (ASTR) system in which tile drain-
age water (TDW) was collected from an agricultural parcel 
(10 ha), stored in an aquifer, and later abstracted and reused 
for irrigation. This system was susceptible to well clogging, 
as TDW composition considerably surpassed most clogging 
mitigation guidelines (e.g., mean injected DOC: 25 mg/L, 
 NO3: 14 mg/L, turbidity: 2–165 NTU). Increasing turbidity 
values related to large rainfall events, during which precipi-
tates and microbial deposits were released from the drain 
interiors due to the higher water pressures and flow veloci-
ties. Slow and rapid sand filtration successfully prevented 
well clogging of a smaller-scale (2.3 ha) ASR pilot which 
was previously studied at the same farm. These clogging-
prevention measures occupy a large area above ground and 
have relatively high costs. Therefore, three alternative meas-
ures were studied in three injection periods over 1.5 year of 
ASTR operation. Injected tile drainage water (TDW) was 
treated with 40-μm disc filters in the first injection period. 
Nonetheless, the normalized well injectivity decreased 
quickly over time and video footage showed a substantially 
clogged well screen. Clogging was associated with physi-
cal, chemical, and biological processes, based on the results 
of elemental, organic carbon, 16S rRNA, and grain-size 
analysis. The injected turbidity load is strongly related to 
the decrease in normalized well injectivity, which suggests 
that particles in injected TDW were the prime source of 
clogging. Rehabilitation did not fully recover the well to the 
initial injectivity, which suggests that also the borehole wall 
and aquifer were clogged. In the second injection period, 

Fig. 7  Overview of the normal-
ized well injectivity versus the 
cumulative turbidity load—tur-
bidity (NTU) × injected volume 
 (m3)—during the three injection 
periods
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automated periodic backflushing of the injection wells was 
added as a clogging-prevention measure, which resulted in 
less clogging. However, a severe rainfall event (44 mm in 
3 days) resulted in discharge of highly turbid TDW (up to 
165 NTU) which rapidly clogged the disc filters. In the last 
injection period, the turbidity of TDW was regulated (<20 
NTU), in addition to the previous measures. The ASTR 
operation was preserved, but the injected TDW volume 
decreased by ~20–25% due to the backflushing and turbid-
ity regulation. The three measures together not only reduced 
clogging substantially, but also significantly reduced the 
volume of water available for injection. Agricultural ASTR 
is therefore only feasible by using the studied clogging-
prevention measures, but also important is whether or not 
the injected water volume adequately secures the freshwater 
needs of the farmer.
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