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Abstract
A 5-day detailed field investigation at a new RBF test well gallery in Embaba, Cairo, was conducted to evaluate the hydraulic 
setting and the behavior of iron and manganese. The well gallery consists of six vertical wells placed along a straight line 
parallel to the Nile riverbank. A low anisotropy factor for the aquifer (kf,h:kf,v) of 1.7 was determined by evaluation of a multi-
step pumping test. Travel times between 11 days from the river toward the central wells and 22 days toward the outermost 
wells were estimated by groundwater flow modeling and particle tracking. The riverbed is rich in fine suspended sediments 
that have elevated iron and nitrogen concentrations. Depth-dependent water sampling during regular well operation indicates 
that the thick organic-, Fe- and Mn-rich riverbed is the primary source for ammonium, iron and manganese in the bank filtrate. 
Iron-rich groundwater flow from the opposite riverbank was identified as a secondary source of iron in the pumped water. 
The vertical position of the filter screen affects total travel times but would not reduce the portion of Mn-rich bank filtrate. 
The authors recommend continuous well operation for achieving stable water quality and lowering the risk of well clogging.
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Introduction

Rapid economic development and population growth lead to 
an increasing water demand in many countries. The global 
water demand is projected to increase by 55% in 2050 and 
causing severe water stress, e.g., in North and South Africa 

(WWAP 2016). Egypt faces already a water shortage of 
around 13.5 billion cubic meters per year (BCM/year), that 
is expected to continuously increase up to 26 BCM/year in 
2025 (Omar and Moussa 2016). Currently, this shortage 
can be compensated by drainage reuse, which consequently 
deteriorates the water quality. Riverbank filtration (RBF) 
has been successfully used as natural and cost-efficient 
water treatment in many countries in Europe (e.g., Bourg 
and Bertin 1993; Grischek et al. 2002), the USA (e.g., Ray 
et al. 2003; Regnery et al. 2015) and Asia (e.g., Sandhu et al. 
2011; Suratman et al. 2014).

Ghodeif et al. (2016) showed the potential for application 
of RBF along the Nile River in Egypt. The water demand of 
the Egyptian capital Cairo is mainly met by abstraction of 
surface water from the Nile River and subsequent treatment 
using flocculation, filtration and disinfection. One of the largest 
waterworks is located in Embaba, Cairo, with a total capacity 
of 1.2 million  m3 per day. To cope with the increasing water 
demand, the Holding Company for Water and Wastewater 
(HCWW) plans to expand the capacity of the waterworks 
Embaba (Fig. 1). The potential RBF site was first assessed in 
2012 during a 3-day field investigation (Bartak et al. 2014). 
Groundwater, Nile river water and riverbed sediment samples 
indicated unfavorable conditions for the application of RBF. 
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In particular, sedimentation behind the surface water intake 
was suspected to foster severe clogging in front of the planned 
catchment. Since riverbed clogging usually causes water qual-
ity as well as water quantity issues during RBF (Schubert 2002; 
Ulrich et al. 2015; Grischek and Bartak 2016; Przybyłek et al. 
2017), a more detailed investigation of the feasibility of RBF 
in Embaba was necessary and the construction of a test well 
was proposed. In 2015, six pumping wells (PW) were drilled to 
assess the applicability of RBF at the site (Fig. 2). Details and 
first monitoring results are presented in Ghodeif et al. (2018).

The aim of this paper is to show an approach to assess the 
suitability of RBF within a limited time frame and available 
equipment. Consequently, this paper highlights the results 
from a 5-day detailed field investigation including a pump-
ing test and depth-dependent water sampling in pumping 
wells during operation. Based on the field results, a simplified 
groundwater flow model was built that helped to evaluate the 
suitability of the site conditions for RBF. Finally, suggestions 
are given for the improvement of the test site to achieve full-
scale RBF application in Embaba.

Materials and methods

Riverbed sediment analysis

Five sediment samples were taken from the clogging layer 
of the Nile riverbed in front of the RBF wells (Fig. 2), 

mixed for analysis, sieved to gain the fraction < 2 mm and 
air-dried. Total Kjeldahl nitrogen (TKN) was determined 
according to DIN EN 16169. Total organic carbon (TOC) 
was measured after DIN EN 13137. Furthermore, samples 
were analyzed for heavy metals such as As, Cd, Cr, Cu, 
Fe, Mn, Ni, Pb and Zn according to DIN EN ISO 11885 
and Hg according to DIN EN ISO 12846. Analyses were 
conducted by the laboratory Ergo Umweltinstitut GmbH 
(DIN EN ISO/IEC 1705 certified).

Regular monitoring of raw water quality

After the six pumping wells went in operation in July 2015, 
multiple samples from all PW were taken by the laboratory 
of the HCWW. Samples were analyzed in the laboratory for 
electrical conductivity (EC), pH, turbidity, alkalinity, major 
cations and anions, iron (Fe), manganese (Mn), ammo-
nium  (NH4

+) and total organic carbon (TOC). Details are 
described in Ghodeif et al. (2018).

At various RBF sites, persistent micropollutants like 
pesticides, pharmaceuticals and sweeteners in river water 
and bank filtrate were used as tracer or to determine the 
portion of bank filtrate in the pumped water (e.g., Grischek 
et al. 1997; Heberer et al. 2004; Massmann et al. 2008a, b). 
In order to check the applicability of such an approach in 
Embaba, one water sample was screened for > 50 organic 
micropollutants.

Fig. 1  Location of Embaba waterworks
Fig. 2  Top view of the study area
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Depth‑dependent water sampling and temperature 
measurement

Water samples from PW were taken regularly by HCWW 
from the standpipe above the surface. Thus, each water 
sample represents a composite of bank filtrate and ground-
water entering the 24 m long screen. Depth-dependent sam-
pling makes it possible to determine whether discrete zones 
along the filter screen show varying water qualities. Com-
mon depth-dependent sampling approaches first remove the 
pump and afterward lower a smaller pump combined with 
a packer system.

Several authors used an efficient method to collect depth-
dependent water samples with a small diameter hose and 
additional flow rate logging during well operation (e.g., 
Izbicki et al. 1999; Landon et al. 2010). This avoids time-
consuming removal of the pump and makes expensive equip-
ment unnecessary. The more important advantage is that 
steady-state flow conditions to the well are not disturbed by 
removing the pump.

For depth-dependent sampling in Embaba, a peristaltic 
pump (Model 410, Solinst Ltd, Canada) with an attached 
3 × 0.5 mm PTFE hose was used. Using a suction pump 
located at ground level includes the limitation to about 8 m 
max drawdown below ground level in a well. As additional 
weight for lowering the hose beneath the pump and to avoid 
large particles entering the hose, a metal sinter filter (pore 
size 200 µm) was fitted to the hose end. The hose was low-
ered through the inner observation well (OW) and past the 
pump inside the well casing. Water was sampled every 5 m 
from the bottom of the well to the top of the filter screen. 
At least 1.5 hose volumes were pumped before sampling. 
EC was measured on-site for each sample (3430i, WTW 
Weilheim, Germany). Water samples were filtered on-site 
through 0.45 µm membrane filters. Major cations  K+,  Na+, 
 Ca2+,  Mg2+ and dissolved heavy metals such as As, Cd, 
Cr, Cu, Fe, Mn, Ni and Zn were measured with ICP-OES 
(Optima 4300 DV, PerkinElmer, Waltham, MA, USA).  Br−, 
 Cl−,  F−,  NO2

−,  NO3
−,  PO4

3− and  SO4
2− were determined 

with ion-chromatography (autosampler AS50, eluent gen-
erator EG50, gradient pump GP50, electrochemical detector 
ED50, separation column AS19, all from Dionex). Organic 

micropollutants were analyzed by LC–MS/MS (LC: 1100 
Agilent, MS detector: Q3200, AB Sciex) after filtration 
(membrane filter, pore size 0.45 µm) and enrichment (solid 
phase extraction using  SiliaPrepX® HLB, 200 mg, 3 ml, 
from SiliCycle, enrichment factor 500) at the Institute for 
Water Chemistry, TU Dresden, Germany.

Because no flow rate data logs were available for the 
pumping wells, reliability of the measurements was checked 
by mixing calculations. Manganese concentration profiles 
of groundwater flowing toward the wells were calculated 
based on the measured Mn profiles from PW3 and PW6 for 
four possible flow distributions (Eq. 1). Calculations started 
at the lower filter screen edge, where the flow inside the 
well at a certain point is the sum of inflow from all points 
deeper in the well. Since no mixing with deeper groundwater 
was assumed to occur at the lowest point, the measured Mn 
concentration in the well reflected the aquifer concentra-
tion (Sukop 2000). The effect of mixing with groundwater 
through the lifting of the hose is taken into account by Eq. 1.

cAq, calculated Mn concentration of groundwater in the aqui-
fer in mg/l; cwell, measured Mn concentration along the filter 
screen inside the well in mg/l; Q, estimated flow rate towards 
the well in  m3/h.

Estimation of aquifer properties and travel time

A multi-step pumping test was carried out to estimate aqui-
fer properties. To re-establish natural flow conditions, all 
six wells were switched-off 24 h in advance to the pumping 
test. Because of missing observation wells, the PW were 
sequentially switched-on and the remaining wells functioned 
as observation wells (Table 1). Water levels were manually 
monitored with an electric contact meter and with auto-
matic pressure loggers (Mini Diver, Van Essen Instruments 
B.V., Delft, The Netherlands). PW5 and subsequently PW4 
were switched-on after drawdown in the OW’s was constant 
(± 0.01 m) for at least 15 min.

(1)cAq,n =
cwell,n ∗

∑n

i=1
Qi −

∑n−1

i=1

�

Qi ∗ cAq,i
�

Qn

Table 1  Well operation during 
the multi-step pumping test

Step Well no.

PW1 PW2 PW3 PW4 PW5 PW6

Initial All wells switched-off 24 h before starting the first well

1 Not used Monitoring Monitoring Monitoring Monitoring Pumping
2 Not used Monitoring Monitoring Monitoring Pumping Pumping
3 Not used Monitoring Monitoring Pumping Pumping Pumping
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Evaluation of the pumping test was carried out using the 
software AQTESOLV (Duffield 2007). To estimate verti-
cal anisotropy of the aquifer (kf,h:kf,v), the Neuman solution 
(Neuman 1974) for unconfined aquifers was chosen. The 
hydraulic conductivity of the aquifer (kf,h) of 5 × 10−4 m/s 
(43.2 m/day) was taken from Ghodeif et al. (2018) and aqui-
fer geometry (Online Resource 1) was adopted from Bartak 
et al. (2014).

Based on discharge measurements and known saturated 
aquifer thickness of ≈ 50 m, transmissivity (T) was fixed at 
0.025 m2/s and kf,h:kf,v was variable. A constant head bound-
ary represented the Nile River. Since AQTESOLV has no 
option to implement a third-type boundary (Cauchy), the 
so-called characteristic leakage length (Eq. 2) was used to 
move the boundary by a virtual distance away from the well 
(Haitjema et al. 2001). The characteristic leakage length rep-
resents a virtual flow distance within the aquifer on which 
the head loss would be equal to the actual head loss by the 
clogging layer.

λ, characteristic leakage length in m; kf,h, horizontal hydrau-
lic conductivity of the aquifer in m/s; kf,clog, hydraulic 

(2)� =

√

kf,h ∗ H ∗ M

kf,clog

conductivity of clogging layer in m/s; M, thickness of clog-
ging layer in m; H, saturated aquifer thickness in m.

Hydraulic conductivity of the clogging layer (kf,clog) and 
subsequently total travel times (tA) from the river to the wells 
were estimated by groundwater flow and transport modeling 
using Modflow-2005 code (Harbaugh 2005) with Model 
Muse (Winston 2009). The model domain covered an area 
of 2200 m × 1900 m. Mesh size was 1 m around the pumping 
wells and increased (factor ≤ 1.2) to maximum 10 m at the 
model boundaries (Fig. 3). Slope of the Nile river was set 
to 0‰. The real slope is estimated to be 0.02‰ (Ghodeif 
et al. 2018) which is very low and therefore neglected for 
modeling. To implement the actual depth of the 24 m long 
filter screen, the 60 m thick aquifer was divided into four 
layers (Fig. 4). For better implementation of vertical aquifer 
anisotropy in Model Muse, Layer 2 consisted of ten equally 
distributed sublayers.

Northern and southern model boundaries were no flow 
boundaries (Neumann BC). A constant head (CHB, Dirichlet 
BC) across all layers at the northeastern riverbank repre-
sented the groundwater level at the opposite riverbank. This 
prevented that the river boundary (Cauchy BC) acted as only 
possible water source. Along the western model boundary, 
a general head boundary (GHB, Cauchy BC) represented 
the unaffected groundwater level. The unaffected ground-
water level was set to 16.6 m asl at a distance of 2500 m and 

Fig. 3  Discretization of the 
catchment area and initial 
hydraulic heads without pump-
ing
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reflects the natural groundwater slope of around 0.083‰ 
(Ghodeif et al. 2018). Hydraulic conductance  (Cb) of the 
GHB was calculated according to Eq. 3.

Cb, conductance of the GHB in  m2/s; A, area of river cell 
(A = length × width) in  m2; l, distance to the boundary in m.

Pumping test data were used for trial-and-error model cal-
ibration. Drawdown from initial water levels in the wells was 
set as calibration value because of missing accurate elevation 
data for absolute head measurements. Initial water levels 
were measured after 24 h without pumping. Time-steps 1, 
2 and 3 had 4, 3 and 2 observation values for calibration. 
The pumping rate for each well was set to 4080 m3/day and 
is the maximum pumping rate of the actual wells. Aquifer 
hydraulic conductivity remained constant at 5 × 10−4 m/s 
(43.2 m/day) during calibration. Hydraulic conductance of 
the Nile riverbed (CRIV) was used as calibration param-
eter (Eq. 4). All given CRIV in this publication refer to the 
cell area of 1 m2 in front of the wells and are equal to the 
widely used leakage coefficient (Eq. 5). CRIV for cells with 
an area > 1 m2 was automatically adjusted according to the 
different cell areas.

CRIV, hydraulic conductance riverbed in  m2/s; A, area of 
river cell (A = length × width) in  m2

L, leakage coefficient  s−1.
The initial CRIV of 2.5 × 10−4 m2/s (21.6 m2/day) was 

changed to 1.9 × 10−6 m2/s (0.162 m2/day) for best-fit cali-
bration (trial-and-error). Root-mean-square-error (RMSE, 
Eq. 6) was chosen as indicator for best-fit. Calibration target 
was RMSE ≤ 0.1 m.

(3)Cb =

kf,h ∗ A

l

(4)CRIV =

kf,clog ∗ A

M

(5)L =

kf,clog

M

(6)RMSE =

√

√

√

√

1

n

n
∑

i=1

(

sobs − ssim
)2

i

RMSE, root-mean-square-error in m; sobs, observed draw-
down in m; ssim, simulated drawdown in m; n, number of 
measurements.

The defined anisotropy factor of 5 for the aquifer and 
CRIV for the riverbed were assigned to the model for follow-
ing travel time estimation using backward particle tracking 
with PMPath (Chiang and Kinzelbach 2001). Initial particle 
placement at each well was at the top, the middle and the 
bottom of the filter screen. Pumping rates for each of the six 
wells were set to the designed discharge of 3600 m3/day. The 
impact of different clogging conditions was assessed in four 
scenarios for a 0.2 m thick clogging layer:

(a) Calibrated model.
(b) “Worst-case” clogging, k f,clog = 1 × 10−7  m/s, 

CRIV = 0.043 m2/day.
(c) Calibrated CRIV-value + removing clogging layer in 

front of the catchment.
(d) “Worst-case” status + removing clogging layer in front 

of the catchment.

The assumed clogging layer thickness of 0.2 m represents 
the mean clogging depth of 0.03 m for sand and 0.3 m for 
gravel at the Elbe river in Dresden (Beyer and Banscher 
1976). Scenarios c and d were taken into account because 
a dredging vessel is regularly removing mud in front of the 
surface water intake from the riverbed (Fig. 2). Scenarios c 
and d assumed that after removal (dredging), a 0.02 m thin 
clogging layer remained on top of the aquifer, that had the 
kf,clog of the calibrated clogging layer (5 × 10−6 m/s). Thus, a 
CRIV of 21.6 m2/day was assigned in the area in front of the 
catchment where the clogging layer was removed.

Heavy riverbed clogging can lead to an expansion of the 
cone of depression from the RBF wells up to the opposite 
riverbank (e.g., Przybyłek et al. 2017). In order to avoid 
the possible flow from groundwater from the opposite riv-
erbank in Embaba, raising the deep filter screen was tested 
with the flow model. The filter screen position was changed 
from originally − 9.5 to − 33.5 m asl (24 m long) to 2.5 
to − 3 m asl with a length of 5.5 m (Online Resource 2). 
For raising the filter screen to 2.5 to − 3 m asl in the flow 
model, the abstraction rate of each well (3600 m3/day) was 
evenly distributed to three sublayers in layer 2. To check for 

Fig. 4  Cross section A–A and 
vertical discretization of the 
catchment area without pump-
ing
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possible modeling errors, abstraction was simulated using 
a CHB that represented the lowered water level in the wells 
during pumping. Additionally, the impact of an anisotropy 
factor of 10 for the aquifer to the raw water composition 
was tested.

Results

Nitrogen, carbon and heavy metal content of Nile 
clogging layer in Cairo

The mixed sample from the clogging layer of the Nile river-
bed had a TKN content of 1100 mg/kg and a TOC content of 
5600 mg/kg. Fe and Mn contents were 10,100 and 367 mg/
kg. The content of As was low with < 3 mg/kg. Cd and Hg 
contents were < 0.3, Cr 12 and Cu 16.3 mg/kg. Contents of 
Ni, Pb, and Zn were 25, 6.17 and 26.7 mg/kg, respectively.

Quality of bank filtrate

Values for Fe and Mn determined in pumped water in Nov 
2016 were 0.24–0.82 and 0.67–1.15 mg/l (Table 2) and are in 
good agreement with those observed by Ghodeif et al. (2018) 
from July 2015 to Nov 2016 (0.1–0.8 Fe and 0.4–1.1 mg/l Mn). 

Water from PW1 to 4 showed the highest Mn concentration with 
1.02–1.15 mg/l. Water of PW6 had the lowest EC (408 µS/cm) 
among all wells. DOC and UV-absorbance at a wavelength of 
254 nm showed a decrease by about 40% as a result of mixing, 
biodegradation and sorption processes in the aquifer. Chloride 
and sulfate concentrations are lower in the pumped water than 
in river water, indicating a significant portion of groundwater 
having lower concentrations. There are no problems with heavy 
metals in river water and bank filtrate.

In Germany, measurements of persistent micropollutants 
including pesticides, pharmaceuticals and sweeteners in river 
water and bank filtrate are used at various RBF sites to deter-
mine the portion of bank filtrate in the pumped water. Whereas 
for such calculation several sampling campaigns are required, 
especially regular river water quality monitoring, only ran-
dom sampling was done in Embaba in Sept 2016 to check if 
this approach could be applied here too. A long list of micro-
pollutants including acesulfame, 4-DMA-antipyrine, 4-IP-
antipyrine, acetamipride, ametryn, amidotrizoate, atenolol, 
atrazine, benzotriazole, desethylatrazine, desisopropylatrazine, 
bentazone, bezafibrate, carbamazepine, carbofuran, ciprofloxa-
cin, clothianidin, diazepam, diclofenac, diuron, gabapentin, 
glyphosate, hexazinone, iomeprol, iopamidol, isoproturon, 
linuron, loratadine, metformin, metoprolol, N,N-dimethyl-
sulfamide, naproxen, paracetamol, phenazone, primidone, 

Table 2  Water quality data for 
the Nile river and in PWs, Nov 
9, 2016 (n = 1)

n.a. not analyzed
a Sampling on Sept 27, 2016

Parameter Unit Nile PW1 PW2 PW3 PW4 PW5 PW6

EC µS/cm 456 475 454 476 532 446 408
DOCa mg/l 4.8 2.7 n.a. 2.8 2.7 3.1 n.a.
UV-254a m−1 8.0 4.6 n.a. 5.2 4.7 5.1 n.a.
Fetot mg/l 0.07 0.69 0.82 0.43 0.58 0.48 0.24
Mn mg/l 0.01 1.15 1.02 1.05 1.13 0.91 0.67
NH4

+ mg/l 0.16 n.a. n.a. n.a. n.a. n.a. 2.16
Ca2+ mg/l 32.0 41.0 40.5 42.0 47.2 39.5 35.9
Mg2+ mg/l 14.9 14.7 13.9 15.3 16.9 13.8 12.9
Na+ mg/l 43.6 34.5 29.8 31.3 35.9 32.0 30.2
K+ mg/l 5.5 5.4 5.8 5.8 6.1 5.4 5.0
Cl− mg/l 34.1 24.4 22.6 24.3 26.9 21.1 20.5
SO4

2− mg/l 35.6 19.6 21.0 31.4 52.0 25.8 23.8
NO3

− mg/l < 1 < 1 < 1 < 1 < 1 < 1 < 1
Br− mg/l 0.07 0.14 0.10 0.09 0.08 0.06 0.06
PO4

3− mg/l n.a. 0.11 0.07 0.12 0.05 n.a. 0.08
As mg/l < 0.01 < 0.01 < 0.01 0.01 < 0.01 < 0.01 0.013
Cd mg/l < 0.003 < 0.003 < 0.003 < 0.003 < 0.003 < 0.003 < 0.003
Cr mg/l 0.006 0.006 0.007 0.007 0.006 0.007 0.007
Cu mg/l 0.023 0.022 0.022 0.022 0.022 0.022 0.022
Ni mg/l < .0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Pb mg/l < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Zn mg/l 0.013 0.124 0.034 0.006 < 0.006 < 0.006 < 0.006
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propanil, ranitidine, simazine, sulfamethoxazole, terbutryn 
and tolytriazole was found below the limit of quantification 
(LOQ) of 2–20 ng/l. Table 3 documents all micropollutants 
with concentrations found above the limit of detection (LOD) 
or around. In general, only very low micropollutant concentra-
tions were found in Nile river water compared to major Euro-
pean rivers, probably due to limited industrial effluents and 
high discharge (mixing) and high temperature and bioactivity 
in the Nile River. Except for ibuprofen, all measured concen-
trations in river water were below the proposed safety thresh-
old value of 100 ng/l for micropollutants in surface water used 
for drinking water supply. Ibuprofen was the only compound 
found with concentrations similar to those found in German 
rivers with significant input of sewage. The higher value in 
PW3 could be a result of a higher concentration in the river 
water a few weeks before sampling and different bank filtrate 
portion and travel times compared to the other PWs. The bio-
degradable caffeine is mostly removed during RBF. The quite 
persistent X-ray contrasting agents such as iomeprol, iohexol 
and iopromide show very low concentrations in river water 
and lower concentrations in bank filtrate, indicating mixing 
with non-polluted groundwater. Also, sweeteners as aspar-
tame, cyclamate and saccharin were detected but at very low 
concentrations. Determination of organic micropollutants may 
not be applied at Embaba to calculate mixing of bank filtrate 
and groundwater because the concentration level in the Nile 
River is very low.

Fe and Mn distribution along the filter screens 
of PW3 and PW6

Depth-dependent water samples were taken every 5 m from 
the bottom to the estimated top of the filter screen. The sam-
pling procedure was applied only at PW3 and PW6. PW3 
represents the central part in the row of operated wells, 
where the highest drawdown and shortest travel times of 
bank filtrate were expected. Because PW6 is the southern-
most well, lower drawdown and longer travel times from the 

river to the well were expected. The required time for one 
profile was about 3 h.

For PW3 and PW6, manganese concentrations varied 
between 0.60 to 0.71 mg/l along the lower 20 m of the fil-
ter screen (Fig. 5). The iron concentration showed a sharp 
peak of around 0.5 mg/l at 5 m above the lower filter screen 
edge and decreased toward the upper screen section. Along 
the upper 5 m of the filter screen of PW3, iron and man-
ganese concentrations increased to 0.45 and 0.97 mg/l, 
respectively. In PW6, manganese remained almost steady at 
0.62–0.64 mg/l along the entire screen section.

The reliability of the measurements was checked by a 
mixing calculation (Fig. 6). If uniform inflow was assumed 
along the filter screen of PW3, a concentration of 2.1 mg/l 
was calculated at the top of the filter screen, which was dou-
ble the measured concentration. A non-uniform inflow of 60, 
70 and 80% within the upper half of the filter screen (− 19 to 
− 4 m asl) resulted in a concentration of 1.2–1.3 mg/l, which 
was close to the measured value of 1.0 mg/l. The inflow 
distribution had very little effect on the difference between 
measured and calculated concentration for the lower half 
of the filter screen. For PW6, no or very little effect was 
observed for the Mn concentration when a uniform or non-
uniform inflow was applied (Online Resource 3). The mixing 
calculation was repeated for iron and showed similar qualita-
tive and quantitative changes in the same order of magnitude 
(data not shown).

Estimated aquifer anisotropy and travel times

Pumping test data (Fig. 7) were analyzed with AQTESOLV 
to check the plausibility of the parameter set and the hydrau-
lic connection of observation wells and used to estimate 
vertical anisotropy (kf,h:kf,v) of the aquifer (Table 4). Initial 
CRIV was set to 21.6 m2/day and based on the assumption 
that kf,clog (5 × 10−5 m/s) is around 1/10 of hydraulic conduc-
tivity of the aquifer (5 × 10−4 m/s). Using Eq. 4 resulted in 
λ = 10 m, equal to the actual distance to the riverbank. The 

Table 3  Organic 
micropollutants in ng/l in Nile 
River water and PWs, Sept 27, 
2016 (n = 1)

Micropollutant Source/use Nile PW1 PW3 PW4 PW5

Aspartame Sweetener 16 < 2 7 3 < 2
Caffeine Coffee 34 4 8 4 2
Cotinine Tobacco 4 < 2 < 2 < 2 < 2
Cyclamate Sweetener 0.6 0.4 0.2 0.4 0.4
Diuron Herbicide 5.5 5.4 5.8 6.1 5.4
Ibuprofen Pharmaceutical 60 45 154 38 49
Iohexol X-ray contrast agent 3 2 2 3 5
Iopromide X-ray contrast agent 4 < 2 < 2 < 2 < 2
Saccharin Sweetener 2 1 1.2 0.4 0.4
Theophyllin Tea, pharmaceutical, degrada-

tion product of caffeine
3 < 2 < 2 < 2 < 2
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initial estimation did not lead to convergence. Subsequently, 
CRIV was set to 2.16 m2/day (kf,clog = 1/100 kf,h) resulting 
in λ = 32 m and enabled auto estimation. Further increase in 
λ to 80 and 180 m was tested but had only minor effects to 
the matched results. The entire pumping test and all three 
time-steps were independently evaluated. Estimated aquifer 

anisotropy was 2.2 for evaluation of the entire pumping test 
as step-drawdown test. Auto estimation for independent 
evaluation of time-step 1, 2 and 3 resulted in anisotropies of 
4.1, 2.0 and 1.3, respectively. Results indicated a very low 
porosity of 0.10 (mean, n = 4). Since it was assumed that the 
sandy aquifer is mostly unconfined, the actual porosity is 

Fig. 5  Fe and Mn in a PW3 and 
b PW6 along the filter screen. 
Dashed red lines indicate the 
top and the bottom of the filter 
screen

Fig. 6  Calculated Mn concen-
tration in the aquifer from PW3 
for uniform inflow, 60, 70 and 
80% inflow at the upper half of 
the filter screen. Dashed lines 
indicate filter screen position. 
Dotted black line indicates the 
most probable inflow distribu-
tion after Tügel et al. (2016) for 
wells with long filter screens

Fig. 7  Observed drawdown 
during the pumping test in 
PW5–PW2
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probably around 0.2–0.3. Because transmissivity was fixed, 
the Neumann solution underestimated anisotropy of the 
aquifer, too. Thus, for the subsequent modeling with Model 
Muse anisotropy of the aquifer was set to 5, as discussed 
later.

The initial CRIV of 21.6 day−1 (kf,clog = 5×10−5 m/s) 
resulted in a RMSE of 0.17 m. Best-fit was achieved for a 
CRIV of 2.16 day−1 (kf,clog = 5×10−6 m/s) with a RMSE of 
0.12 m and applied in the model (Online Resource 4). The 
designed pumping rates of 3600 m3/day were used for mod-
eling scenarios because the maximum pumping rates could 
be only achieved as the water was directly discharged back 
to the river and not into the collecting main. CRIV varied 
according to scenarios a–d (Table 5).

Estimated total travel times for scenario a (calibrated 
model = 100%) resulted in travel times of 11–22  days 
(Table 4). For the worst-case clogging conditions (scenario 
b), travel times increased to 23 (209%) to 85 d (386%). 
After removing the clogging layer in front of the riverbank 
(scenarios c and d), travel times decreased by 13–27%. 
Travel times for scenarios c and d were equal. Compared 
to scenario a, the bank filtrate (BF) portion decreased to 
43% when worst-case clogging was assumed (scenario b). 
Removing the clogging layer had only minor impact (< 1%) 
for calibrated clogging conditions (scenarios a-c) but led 
to an increase by 34.5% for worst-case clogging conditions 
(scenario b–d). For both worst-case scenarios b and d, the 

water budget showed that the wells abstracted 44 and 16% 
groundwater from the opposite riverbank flowing beneath 
the riverbed.

Discussion

Accuracy of the groundwater flow model

To estimate travel times between the Nile and the pumping 
wells and to test possible improvement options, a simplified 
groundwater flow model was set-up for Embaba. Evalua-
tion of a pumping test with AQTESOLV gave an estimated 
anisotropy of 1.7 for the aquifer, which is low. A sensitiv-
ity analysis proved that a different aquifer anisotropy factor 
did not change the calibration in Model Muse substantially. 
Using kf,h:kf,v of 5 and 10 changed the RMSE by only < 0.1% 
(data not shown). An anisotropy factor of 5 for the aquifer 
was selected and the middle range between the suggested 
value from AQTESOLV and the typical upper value of 10 
for unconsolidated aquifers (Hölting and Coldewey 2013). 
Su et al. (2004) for example, determined an anisotropy factor 
of 5 for alluvial aquifer sediments.

Because of an almost vertical flow path from the Nile 
River to the well screens, a higher vertical aquifer anisot-
ropy would have greatly prolonged the simulated travel times 
from the river to the wells. A lower effective porosity would 
have shortened simulated travel times. Due to a lack of data, 
a standard value of 25% for effective porosity was used in 
this study. Sefelnasr and Sherif (2014) reported a low effec-
tive porosity of 12–19% for the Nile delta aquifer north of 
Cairo. After Sherif (1999) an effective porosity of 30% is 
representative for the same study area. Thus, the applied 
value is within the reported span but near the upper limit. 
Although the divergent effects of a higher aquifer anisotropy 
and lower effective porosity might even out their individual 
effects on travel time, the absolute error cannot be exactly 

Table 4  Estimated aquifer anisotropy and porosity from AQTESOLV

Time-step kf,h:kf,v Porosity Variance Standard deviation

1 + 2 + 3 2.2 0.50 0.00487 0.06977
1 4.1 0.09 0.00009 0.00940
2 2.0 0.11 0.00469 0.06855
3 1.3 0.03 0.00166 0.04079
Median 1.7 0.10

Table 5  Shortest estimated travel times as a function of CRIV

Scenario CRIV kf,clog Travel time from the river to well no. BF portion GW portion

PW1 PW2 PW3 PW4 PW5 PW6 Landside Beneath 
riverbed

m2/day m/s Days Days Days Days Days Days % % %

a 2.16 5 × 10−6 22 14 12 11 15 16 91.5 5.0 3.5
% of actual estimated  tA 100 100 100 100 100 100

b 0.043 1 × 10−7 85 29 24 23 39 50 43.0 13.0 44.0
% of actual estimated  tA 386 207 200 209 260 313

c 2.16 5 × 10−6 16 12 10 9 13 13 92.5 4.5 3.0
% of actual estimated  tA 73 86 83 82 87 81

d 0.043 1 × 10−7 16 12 10 9 13 13 77.5 6.5 16.0
% of actual estimated  tA 73 86 83 82 87 81
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evaluated for the estimated travel times. Thus, it was decided 
to evaluate the travel times mostly qualitatively rather than 
quantitatively.

Transmissivity was fixed at 0.025 m2/s during aquifer 
anisotropy estimation with AQTESOLV and for subse-
quent flow modeling. This value was based on the esti-
mated saturated aquifer thickness of 50 m, and kf,h of the 
aquifer (5 × 10−4 m/s = 43.2 m/day), that Ghodeif et  al. 
(2018) determined by sieve analysis. Bartak et al. (2014) 
used a transmissivity of 0.03 m2/s for the same study site 
and Sefelnasr and Sherif (2014) reported a transmissivity 
of 0.023–0.035 m2/s (2000–3000 m2/day) for the Nile delta 
north of Cairo. Thus, the adopted T of 0.025 m2/s is in good 
agreement with the reported data.

Best-fit for calibration was mainly a function of aquifer 
hydraulic conductivity and leakage factor. RMSE for the 
calibrated model was with 0.12 m slightly higher than the 
pre-set calibration target of 0.1 m. Because the major tar-
get of the flow model was supporting the first evaluation 
of the field site, rather than building a precise model of the 
catchment, the result of the trial-and-error calibration was 
accepted to be sufficiently accurate.

Evaluation of the existing RBF system

Iron and manganese concentrations of the pumped water 
at Embaba were similar to observations from other RBF 
sites worldwide. Iron concentrations of around 0.5 mg/l in 
Embaba are less than usually observed during RBF under 
anoxic conditions (e.g., Grischek et al. 1995; Massmann 
et al. 2004). The measured Mn concentrations of up to 1 mg/l 
are also common for many anoxic RBF sites (Grischek and 
Paufler 2017).

Riverbed sediments from the Nile river showed an ele-
vated iron content with 10,100 mg/kg. Bartak et al. (2014) 
determined at the same study site up to 37,000 mg/kg Fe 
and 780 mg/kg Mn for the top layer of the riverbed as well 
as 11,000 mg/kg Fe and 130 mg/kg Mn for aquifer material 
(both grain size < 2 mm). Paufler (2015) measured Fe and 
Mn contents around 1000 and 250 mg/kg for riverbed sedi-
ments (grain size < 2 mm) from the Elbe river in Dresden, 
Germany. Grischek (2003) determined an iron content of 
3500 mg/kg in aquifer material (grain size < 2 mm) from the 
alluvial aquifer in Torgau (Germany). The grain size frac-
tion < 0.2 mm of riverbed sediments from the Glatt River in 
Switzerland contained 6700 mg/kg Fe and 280 mg/kg Mn 
(von Gunten et al. 1994). Bourg et al. (1989) determined 
up to 32,000 mg/kg Fe and 380 mg/kg Mn in riverbed sedi-
ments of the heavily polluted Deûle River, France. Reduc-
tion of Fe-/Mn(hydr)oxides is a common source for elevated 
Fe and Mn concentrations during RBF (e.g., Jacobs et al. 
1988; Massmann et al. 2008a).

Results of the depth-dependent water sampling indicate 
different flow conditions toward some wells within the gal-
lery. Fe and Mn concentration profiles in PW3 indicate 
that the wells in the center of the gallery receive iron- and 
manganese-rich water mainly via the upper part of the filter 
screen. This observation would suggest a possible reductive 
dissolution of the Fe/Mn(hydr)oxides within the riverbed. 
Furthermore, iron concentration profiles in PW3 and PW6 
showed similar peaks at the lower edge of the filter screen. A 
possible explanation is that old, anoxic and iron-rich ground-
water is flowing from the opposite riverbank beneath the 
riverbed toward the wells. Results from flow modeling show 
that a large portion of groundwater flow from the opposite 
riverbank can be expected in case of a heavily clogged 
riverbed. The current dredging scheme could be another 
explanation for the observed profiles. Mud from the Nile 
riverbed is currently only removed around the surface water 
intake. PW6 is located adjacent to the intake and close to 
the area where the mud has been removed (Fig. 2). Thus, 
dredging the iron-rich mud in front of PW6 partly removed 
the potential source for iron. More importantly, oxygen-rich 
Nile water can perhaps pass the thin, remaining clogging 
layer and enter the aquifer without complete reduction of  O2 
levels. As a result, oxygen prevents extensive Fe/Mn(hydr)
oxide reduction and bank filtrate entering the upper part of 
the filter screen of PW6 contained less iron. Since the mud 
showed no elevated manganese content, the described effect 
was less visible for the manganese profile.

Accompanying flow rate logging during depth-dependent 
sampling as per the method of Izbicki et al. (1999) would 
have helped for data interpretation, but was not possible. 
Mixing calculations underlined that the manganese-rich 
bank filtrate enters the upper part of the filter screens of both 
wells even at the most unlikely inflow distribution (Fig. 5). 
More reasonable estimations of 60–80% inflow through 
the upper half of the filter screen (Tügel et al. 2016) led to 
similar results. When typical flow conditions are taken into 
account along PW6, the resulting concentration profile fur-
ther supported the hypothesis that the manganese-rich water 
enters the upper filter screen section. Because all calculated 
concentration profiles showed only minor deviations from 
the measured concentrations inside the well, all measured 
Fe and Mn profiles in PW3 and PW6 were considered suf-
ficiently reliable to draw further conclusions.

The TKN content of 1100 mg/kg in Nile riverbed sedi-
ments is slightly elevated. David et al. (2011) determined up 
to 1800 mg/kg TKN in sediments of the Vène river (French), 
downstream of a sewage treatment plant (STP). Sediment 
samples from riverbanks adjacent to agricultural activities in 
Canada contained 2000–5900 mg/kg TKN (Frey et al. 2015). 
Gil et al. (2009) measured between 900 and 6800 mg/kg in 
sediments of the Han river in Seoul (Korea). The Han river 
was highly polluted due to upstream inputs of pollutant and 
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wastewaters. The TKN content of the sediment column was 
reduced by 50–60% through partial dredging of the upper 
riverbed layer. Matisoff et al. (1981) observed an increas-
ing  NH4

+ concentration with higher TKN content of the 
sediment. Thus, the slightly elevated  NH4

+ concentrations 
in all wells (Table 2) could result from mineralization of 
organic nitrogen compounds within the riverbed. Diffuse 
pollution by fertilizers or sewage cannot be ruled out but 
has not been proven yet. Potential  NH4

+ sources could be 
tested by isotope sampling and determination of δ15/NH4

+ 
or δ15/NO3

− ratios.
The TOC content of 0.56 weight-% is within a com-

mon order of magnitude for riverbed sediments and is 
in agreement with the former measured TOC content of 
1.1 weight-% at the same study site (Bartak et al. 2014). 
Diem et al. (2013) measured organic carbon contents of 
up to 1.7 weight-% for fine sediments of an alpine river-
bed in Switzerland. Bourg et al. (1989) measured around 
9 weight-% organic matter (OM) in riverbed sediments in 
France. Massmann et al. (2008a) determined between 0.2 
and almost 10 weight-% OM in lake-bottom sediments in 
Berlin.

Table 2 shows that almost the highest Fe and Mn con-
centrations were measured at the northern-most PW1 and 
that concentrations decrease toward PW6. PW1 is placed 
adjacent to the outflow of the flocculation unit (Fig. 2). 
Aluminum sulfate  (Al2(SO4)3) is used as flocculant for pre-
treatment of surface water in Embaba. Alum sludge usu-
ally has high heavy metal content (e.g., Sengupta and Shi 
1992), but dissolution of the sludge and accompanying metal 
release are unlikely to occur within Nile river water, which 
is aerobic and has a pH of around 8. Thus, the sludge is 
not considered to be the direct source for Fe or Mn. Albre-
cht (1972) mentioned that alum sludge could result in soil 
clogging when it is disposed of on land. Thus, the disposed 
flocculation sludge could contribute to riverbed clogging in 
front of the wells.

Impact of different clogging conditions 
on the existing RBF system

The impact of variable CRIV on the total travel times was 
qualitatively evaluated to minimize uncertainties from esti-
mated aquifer anisotropy and effective porosity. Scenario c 
represents a possible improvement of the current calibrated 
situation (scenario a) by removing mud from the riverbed 
in front of the wells. Mud removal by dredging can reduce 
the local infiltration resistance and enable higher abstraction 
rates. It may also reduce the total travel time and prevent 
anoxic conditions that can cause the release of heavy met-
als such as Fe and Mn. Scenario b represents worst-case 
clogging conditions, in which total travel times increased 
up to 386% compared to scenario a (= 100%). A comparison 

of results from scenario a with those from scenarios b and 
c suggests that the travel time through the clogging layer 
itself does significantly shorten or prolong the total travel 
time. Already a 50-fold less-conductive clogging layer with 
a thickness of 0.2 m prolongs the total travel times by at 
least 100% (12 days) up to 286% (63 days). Removal of 
the clogging layer in scenarios c and d led to similar travel 
times as the hydraulic properties of the underlying aquifer 
were similar in both scenarios. Bartak et al. (2014) men-
tioned that > 70% of the riverbed material has a grain size 
of < 0.125 mm and the hydraulic conductivity of the riv-
erbed is most probably ≪1.5 × 10−5 m/s ( ≪1.3 m/day). 
Grischek and Bartak (2016) determined a leakage coeffi-
cient between approx. 1 × 10−6 and 1 × 10−7 s−1 (0.086 and 
0.0086 day−1) for the Elbe river in Dresden. Taking the 
estimated clogging layer thickness of 0.2 m from Embaba, 
this would be equal to a kf,clog of 2 × 10−7 to 2 × 10−8 m/s 
(0.017–0.0017 m/day). Pholkern et al. (2015) measured 
kf,clog values up to of 1 × 10−6 m/s (0.086 m/day) for the Ping 
river in Thailand. Thus, the applied CRIV of 2.16 m2/day 
(kf,clog = 5×10−6 m/s) for Embaba is an optimistic estima-
tion. That means that the determined travel times from the 
river to the wells should be considered as minimum travel 
times. For a RBF site at the Rhine river in Germany (slope 
0.18‰, flow velocity 1.0–1.4 m/s), heavy clogging of a riv-
erbed stretch with riverbed hydraulic conductivities around 
1 × 10−8 m/s was observed up to 80 m apart from the river-
bank (Schubert 2002). Taking the low slope of the Nile river 
of 0.02‰ (Ghodeif et al. 2018) and the low flow velocity of 
0.5–0.7 m/s (Bartak et al. 2014) into account, severe clog-
ging across almost the entire stream width of the Nile river 
is likely to occur in Embaba.

Estimated BF portions reflected the influence of the riv-
erbed hydraulic conductivity. The BF portion was variable 
because the assigned constant head at the opposite riverbank 
was an additional water source within the domain. Above a 
kf,clog of around 3 × 10−6 m/s (0.22 m/day), the BF portion 
was ≈ 90% (Fig. 8). A hydraulic conductivity of the clog-
ging layer one order of magnitude lower led to a BF portion 
of < 50%. Adopting the observed clogging conditions from 
other RBF sites, the BF portion in Embaba is probably less 
than 60%. Groundwater flow from the opposite riverbank 

Fig. 8  Estimated portion of bank filtrate (BF) as a function of clog-
ging layer thickness and hydraulic conductivity of the clogging layer
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acting as another water source becomes even more likely 
when considering the deep filter screen position.

Potential improvements for future planning 
at the RBF site in Cairo

Due to a short distance between the Nile riverbank and the 
wells, an optimization of the filter depth could be beneficial 
to the existing RBF system. Even if RBF at Embaba occurs 
naturally, groundwater flow beneath the river contributing 
to elevated Fe concentrations cannot be ruled out. As shown 
in Fig. 8, riverbed clogging can result in BF portions < 50%.

Raising the elevation of the filter screen to 2.5 to − 3 m asl 
was tested in scenarios a–d as a means of increasing the BF 
portions. None of these simulated scenarios yielded a note-
worthy increase in the BF portion (Fig. 9). To rule out mod-
eling error being responsible for this result, the impact of 
two additional model approaches was tested. Modflow uses 
finite difference equations that do not recognize resistance 
between cells, if a well penetrates several layers. As a result, 
different heads are computed for each cell, although the head 
inside the well would be the average of the cells represent-
ing the well (Anderson 2005). Particle tracking indicated 
a preferential flow to the uppermost of the three cells (not 
shown). Applying a CHB that represented the lowered water 

level in each well simulated the total abstraction rate satis-
factorily (20,870 m3/day compared to 21,600 m3/day total 
abstraction from six wells), but did not lead to different BF 
portions. The third approach tested an anisotropy factor of 
10 for the aquifer, typical for unconsolidated aquifers (Hölt-
ing and Coldewey 2013). BF portions remained in the same 
ratio. Hence, elevating the filter screen to 2.5 to − 3 m asl is 
not useful to increase the BF portion in Embaba. Grischek 
(2003) similarly observed at two RBF sites along the Elbe 
River in Germany, that raising the filter screen position 
would not improve the raw water quality.

Due to the elevation of the filter screen, the estimated 
travel times from the river to the wells decreased by 35–83% 
(Fig. 10). The simulated reduction in travel time is probably 
distributed among the travel time within the clogging layer 
and the travel time through the underlying aquifer. Since 
the clogging layer is assumed to be the primary source for 
Fe and Mn, shorter travel times through the clogging layer 
could reduce the potential to release iron and manganese 
from the clogging layer. However, removal of organic pol-
lutants, bacteria, viruses and parasites, and protection from 
shock loads would probably become less effective. Thus, if 
the estimated total travel times are in the correct order of 
magnitude, an elevation of the filter screen is not recom-
mended for Embaba.

Fig. 9  Impact of an elevated 
filter screen position on the dis-
tribution of the different source 
waters. Scenarios a–d refer to 
different clogging conditions. 
See text for explanation

Fig. 10  Estimated reduction of 
travel times for a the calibrated 
clogging status and b worst-
case clogging status with 
elevated filter screen from − 5 
to − 29 m asl (current status) to 
2.5 to − 3 m asl
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Continuous well operation would have the beneficial 
effects of achieve stable water quality and lowering the risk 
of well clogging (sand input and iron incrustations). Further-
more, a decreasing total travel time and especially shorter 
residence time of the bank filtrate within the organic-, Fe- 
and Mn-rich riverbed would lead to lower concentrations of 
Fe and Mn in the pumped water. Grischek and Paufler (2017) 
showed for wells in Torgau and Dresden (Germany) that iron 
and manganese concentrations can decrease over longer time 
periods with continuous well operation.

Dredging the riverbed sediments in front of the entire 
riverbank instead of just around the surface water intake also 
has the potential to improve the quality of the bank filtrate. 
Gil et al. (2009) showed that dredging the upper sediment 
layer can reduce nutrient contents from the soil column by 
about 55%. Hence, removing the clogging layer in Embaba 
should lead to lower ammonium concentrations in the bank 
filtrate. Additionally, the results of the depth-dependent sam-
pling showed that perhaps the removal of mud in front of 
PW6 led to a lower iron concentration in the bank filtrate.

Conclusions

A 5-day field investigation was conducted to evaluate the 
potential of a new RBF site in Cario, Egypt, with focus on 
the hydraulic setting and the behavior of iron and manga-
nese. Minimum travel times between 11 days toward the cen-
tral wells and 22 days toward the outermost wells were esti-
mated by groundwater flow modeling and particle tracking. 
Riverbed sediments from the Nile river showed an elevated 
iron and nitrogen content. Depth-dependent water sampling 
during regular well operation showed that the thick organic-, 
Fe- and Mn-rich riverbed is the source for iron, manganese 
and ammonium in the bank filtrate. Removing the clogging 
layer using the available dredging vessel has the potential to 
improve the quality of the pumped water. The authors rec-
ommend testing the effect of entirely removing the clogging 
layer in front of the catchment. Additionally, iron profiles 
and flow modeling indicated an iron-rich groundwater flow 
beneath the river. Due to already short travel times from the 
river to the wells and only minor impact to the BF portion, 
elevating the deep filter screens would probably not improve 
water quality in Embaba. Continuous well operation would 
definitely be desirable and would have beneficial effects by 
achieving stable water quality and lowering the risk of well 
clogging.
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