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ABSTRACT ARTICLE HISTORY
Managed aquifer recharge can store surface water as safe and Received 19 September 2018
reliable groundwater for later recovery. However, most options Accepted 17 October 2019
are problematic in karstic aquifers due to complex hydrodynamics KEYWORDS

reducing their effectiveness and hence general applicability. River Managed aquifer recharge;
bank filtration and urban stormwater infiltration systems are among river bank filtration; urban
the main managed recharge approaches to cope with this complex- stormwater; karst; Lebanon
ity. Experiences in Lebanon demonstrate the viability of these and

other options in karstic domains.

Introduction

The distribution of water resources varies at regional and global scales, with intensifying
changes mainly due to population growth, rapid urbanization, increasing living standards,
pollution of water resources, and changing climates (UNESCO-IHP, 2011). Water scarcity
affects megacities worldwide, notably in the belt between 10°N and 40°N, e.g., in southern
Florida, central India, western Mexico, and Lebanon (Figure 1). With a 1% annual increase
in global water demand, it is anticipated that around 5 billion people will face water
shortages in 2050 (i.e., nearly half the global population expected by then). This necessitates
urgent actions to reduce stress on surface and ground water resources (UN-Water, 2018).

Managed aquifer recharge is one of the foremost management tools to cope with water
scarcity. It has multiple objectives, for instance to augment water supplies and reduce
saltwater intrusion (Missimer, Guo, Woolschlager, & Maliva, 2017). It is definitely on the
rise after successful application at many sites in the world (David & Pyne, 2015; Dillon &
Stuyfzand, 2019; Hartog & Stuyfzand, 2017; Maliva, 2020). Geologic units usually act as
natural filters that transform water to better quality, so even polluted water can be used as
a recharge source (Asano, 1985; Bouwer, 2002; Stuyfzand, 1989a, 1989b; Stuyfzand,
2002). Numerous studies have shown the effectiveness of managed recharge in the
removal or degradation of microorganisms, turbidity, pesticides, dissolved organic car-
bon, and organic micropollutants (Dillon & Stuyfzand, 2019; Maliva, 2020).

However, managed aquifer recharge is problematic in karstic and highly fractured
aquifers, due to complex dynamics (Bakalowicz, 2011; Khadra, 2017). Hence, it is rarely
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Figure 1. World map of water scarcity in 2010. An area is water-scarce or severely water-scarce when
human demand is 20-40% or above 40% of available surface water, respectively (Burek et al., 2016).

applied in karst (Daher, Pistre, Kneppers, Bakalowicz, & Najem, 2011), and only few sites
exist in Europe (Sprenger et al., 2017) and elsewhere in the world. The most famous pilot
projects are the Wala reservoir in Jordan (Xanke et al., 2015; Xanke, Jourde, Liesch, &
Goldscheider, 2016), the karstic Gambier limestone aquifer in South Australia
(Vanderzalm et al., 2014), the Caldas Novas aquifer in Brazil (Troger, 2010), the
Floridan karst aquifer system in the US (Bacchus, Bernardes, Xu, & Madden, 2015a,
2015b), the Querenca-Silves limestone aquifer in Algarve, Portugal (Leitao et al., 2017),
and the Nardo aquifer in Italy (Masciopinto & Carrieri, 2002).

Lebanon is one of the most karstic areas in the Eastern Mediterranean (Figure 2). It is
facing water shortage, especially since 2011, because the great number of Syrian refugees
(around 1.4 million) has increased the pressure on the water resources (MoE/EU/UNDP,
2014). The national water strategy considers managed aquifer recharge one solution to
augment water supplies (MoEW, 2010). However, in practice it has not yet gained
confidence due to the different hurdles to its applicability in karst.

This article aims to strengthen faith in managed recharge by raising awareness and
acceptability of its application in karstic domains. We review the major types and
associated obstacles, and suggest several solutions for successful application in karst.
Cases from Lebanon are selected and described as examples of viable managed recharge
systems in a karstic-dominated area, which could be generalized to similar hydrogeolo-
gical settings elsewhere.

Managed aquifer recharge types and their prerequisites

In recent decades, managed aquifer recharge has witnessed many developments to meet
different conditions and needs (Dillon, 2005; Dillon & Stuyfzand, 2019; Maliva, 2020;
Stefan & Ansems, 2018). The main systems (Figure 3) include aquifer storage recovery
(water injected, stored and then extracted from the same well); aquifer storage transfer
recovery (water injected and then extracted by another well down-gradient); river bank
filtration (induced water recharge from a hydraulically connected river); basin recharge
(artificial recharge via basin(s)); rainwater harvesting (rainfall collected at rooftops, then
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Figure 2. Location map of Lebanon.
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ASR = Aquifer Storage Recovery
— ASTR = Aquifer Storage Transfer Recovery
AR = Artificial Recharge

BAR = Artificial Recharge via Basin(s)

CS = Channel structure

DW = Drywell

1G = Infiltration gallery

RBF = River Bank Filtration

RH = Rainwater Harvesting

RP = Road pits

Groundwater

Figure 3. The common types of managed aquifer recharge (adapted from Khadra, Stuyfzand, &
Khadra, 2017a).

directed to trenches or shafts to recharge underlying shallow aquifers); in-channel struc-
tures (subsurface dams, sand dams and gabions, which are usually built across ephemeral
streams with the aim of building a new groundwater reservoir behind these barriers);
infiltration galleries (covered trenches underground); recharge pits along roads (Jain, 2016);
and subsurface storage facilities known as drywells (they receive, store and then infiltrate
stormwater: Sasidharan, Bradford, Simtinek, DeJong, & Kraemer, 2018).
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The success of managed aquifer recharge generally depends on the hydrogeological setting,
water availability and quality, selection of the proper recharge type, and pretreatment of the
source water. Different aspects (e.g., technical, economic and legal) have been thoroughly
tackled by various authors (e.g., Maliva & Missimer, 2012; Megdal & Dillon, 2015; Pyne,
2005). Still, many challenges exist, for instance well clogging, mobilization of arsenic, beha-
viour of pollutants, and recovery efficiency, notably in karst aquifers. No managed recharge
type has overall applicability, and each has some pros and cons, as summarized in Table 1.

Viability of managed recharge in karstic domains

Managed aquifer recharge applications in karst have not gained unanimous faith yet due
to many problems, of which the most notable are high permeability, with limited
purification and chemical attenuation; very high transmission rate and unpredictable
tunnelled flow, which hampers recovery; low overall porosity; limited storage capacity;
high dispersivity; non-uniform response to recharge,; and complex surface terrains, often
inappropriate for recharge basins and characterized by high natural infiltration rates,
limiting the availability of surface water suitable for recharge (dolines may offer oppor-
tunities, however, e.g., the arid karst systems in Saudi Arabia: Schulz et al., 2016).

Due to this complexity, Daher et al. (2011) developed a list of criteria for aquifer
rechargeability assessment, which was applied to a case study in Lebanon (the Damour
aquifer). Rolf (2017) subsequently developed a framework to assess the suitability of
managed aquifer recharge, including karstic systems. It uses criteria with many themes,
related to aquifer characteristics, source water, and recharge techniques, among others. It
was used to assess the application of managed recharge at nine potential sites, but the
results showed no ideal choice of aquifer storage recovery in karstic units. These two
methods are considered useful cornerstones to extend a more comprehensive hazard
scale based on two major hydrodynamic factors:

¢ Rechargeability of the aquifer, which is the ease with which water can infiltrate and
become available as groundwater storage. It is assessed based on available physical
data and field observations to account for surface karst landforms, type of geologic
formation (marl vs. limestone and/or dolomite), infiltration potential as controlled
by steepness of the slope, and degree of karstification. Daher et al. (2011) suggested
a detailed list of criteria resulting in five levels indexed from 0 to 4, with 3 and 4
being the most suitable for managed recharge.

e Aquifer retention, natural attenuation and storage. These parameters are assessed
based on groundwater flow velocity (and thus residence time), preferential flow
paths (e.g., via conduits where recharged water is easily lost), aquifer confinement
(lateral and vertical), and aquifer inclination. Slower flow and longer residence is
better, but no specific thresholds for velocity and transit time are yet known.

These two factors are the main parameters to assess the dynamics of managed recharge
in karst, to assure that enough water storage with sufficient recovery is available. Other
general aspects are to be added as well (e.g., environmental, economic, governance, source
waters, and costs), before a full scheme can be selected with multi-criteria analysis.
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Managed aquifer recharge experience in Lebanon

Lebanon, as a mesothermal Mediterranean climatic area, has dry summers, mild and
moist winters, and abundant sunshine. The cumulative annual rainfall in the coastal areas
is about 600-1000 mm, increases to 1400 mm on the western flanks of Mount Lebanon
due to orographic effects, and drops to less than 600 mm in the central regions due to the
rain shadow on the leeward side of the orographic barrier. Lebanon has a surplus water
budget, where total precipitation exceeds natural losses by evapotranspiration and
groundwater flow across boundaries (Figure S1, supplementary online material); how-
ever, groundwater reserves are significantly stressed, and surface water is mostly lost to
the sea if not detained in reservoirs. Weak water management and governance are among
the main causes of water scarcity facing different territories in the country, notably the
highly populated coastal zones. It is anticipated that these conditions will worsen soon
due to population growth, increasing urbanization, and climate change. Managed aquifer
recharge is thought to be a viable choice for water buffering (Khadra, 2017).

Managed recharge in Lebanon is currently limited to a few incomplete and unsuccess-
ful trials, which ended with the onset of civil war in the mid-1970s (Daoud, 1973; MoEW
& UNDP, 2014). But the water authorities still see some potential in it, and managed
recharge has been added to the national water sector strategy aiming to recharge up to
200 Mm? of water by 2020 (MoEW, 2010). Thirty-three locations across the country were
nominated as suitable sites for recharge of surface or treated effluent water (Figure S2,
supplementary online material; MoEW & UNDP, 2014). However, no (fully) functional
pilot has yet been installed, and no policy regulations have been written except for limited
general guidelines in the water code ratified in April 2018.

Artificial recharge was earlier tested by Daoud (1973) in the Hazmieh area (south of
Beirut’s eastern suburbs; Figure 2) to prevent saltwater intrusion in a major dolomitic
limestone aquifer. Four recharge attempts were carried out between April 1968 and
May 1971 by injecting water from a nearby irrigation canal carrying water from the
Beirut River. They induced a slight rise in groundwater level and reduced salinity
(technical details in the supplementary online material). Intermittent injection has
been resumed during short periods of the wet season since 2000. Neither proper
monitoring nor reliable information is available, and salinization in the surrounding
area is continuing (MoEW & UNDP, 2014). Later efforts evaluated the Hazmieh site and
the chances of rerunning the same recharge wells. They concluded that implementing
managed recharge in Hazmieh or elsewhere in Lebanon is viable (Prinz, 2016), but these
conclusions remained at the desk level.

Another potential site is the Damour dolomitic limestone aquifer, south of Beirut
(Figure 2). Its recharge is possible from the neighbouring perennial Damour River. One
pilot injection programme was initiated in the 1970s, but operations soon ceased, and all
related information was lost (MoEW & UNDP, 2014). A rechargeability and feasibility
assessment by Daher et al. (2011) showed that managed aquifer recharge via infiltration
ponds or injection wells to the main aquifer is not a good choice, which is in line with the
anticipated hurdles of managed recharge in karst.

Meanwhile a project funded by the Dutch government is in progress to run a full pilot
test and assess its overall performance. It is part of a programme aiming at strengthening
the Lebanese water and agriculture sector. An exploration well was drilled in Khirbet
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Qanafar in Bekaa (central Lebanon) targeting the Miocene conglomerates (technical details
in Burger et al., 2019; Stuyfzand, Khadra, & Burger, 2019; summarized in the supplemen-
tary online material). The success of any pilot there, even though in a clastic aquifer, may
trigger local interest in testing or installing more sites.

Suggested solutions in karstic-dominated areas

Based on the pros and cons of managed recharge types (Table 1), two major techniques
seem to have potential in karstic areas: river bank filtration along major rivers to recharge
the hydraulically connected karstic aquifers; and borehole or trench recharge (notably in
the vadose zone) using stormwater runoff, especially in major urban areas. Both methods
need little land, which is advantageous for karstic terrains and urban areas, besides other
hydraulic preferences as mentioned later. Other options exist as well:

e Infiltration of desalinated seawater in coastal aquifers where enough water is stored
during low-demand periods for use in times of high demand. However, the density
difference between the desalinated water and the ambient, more saline groundwater
may force the stored freshwater to float upwards and spread out, reducing the recovery
and benefits. This necessitates the use of a ‘fresh storage saline extraction’ scheme, with
continuous pumping of saline water at a limited rate from below the stored cone-
shaped freshwater (Van Ginkel, Olsthoorn, Smidt, Darwish, & Rashwan, 2010), or
‘multiple partially penetrating wells’, where deeper wells operate for recharge and
shallower ones for recovery (Zuurbier, Zaadnoordijk, & Stuyfzand, 2014).

o A set-up of aquifer storage transfer recovery wells in which the injection wells are
up-gradient of the recovery wells, thus capturing the bubble when drifted down-
gradient, or aquifer storage transfer recovery with a target storage volume (volume
required for recovery plus a buffer-zone volume). This technique had success at
a pilot limestone aquifer in Hilton Head Island, South Carolina, where high recovery
was achieved (David & Pyne, 2015).

¢ Combined managed aquifer recharge methods, such as beach filtration followed by
reverse osmosis and deep well injection.

¢ Injection and storage of water in very deep aquifers that have not yet been con-
sidered for water supply. This needs exploration first, since the water there could be
brackish. Still, it is an interesting option because the hydraulic gradient (responsible
for bubble drift) could be low.

¢ Recharge of aquifers with a lithological, natural subterranean barrier that prevents
the water being directly lost to the sea, e.g., tectonic blocks of impermeable rock or
intruded magmatic dikes. No such setting is recognized along the Lebanese coast,
but an inland example appears in Khraibe, south Lebanon (Figure 4).

e Artificial recharge of the alluvial quaternary unit that covers different spots across
Lebanon and other eastern Mediterranean countries, including some coastal areas
(e.g., in the Damour coastal plain). This unit has higher porosity (characteristic of
uncemented clastic sediments), a more homogeneous character and lower perme-
ability, together facilitating higher recovery efficiency than karst. Targeting such
shallow units overlying karstic aquifers has been assessed positively elsewhere, for
instance in Algarve, Portugal (Leitéo et al., 2017).
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Ciicy Sannine-Maameltain Formations: jointed and fissured dolomitic limestone with chalky limestone and micritic limestone.
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@3 Hammana Formation: Alternation of brownish green marl and marly limestone, more marl are found in lower middle part
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C2a Abeih Formation: Brown green variable unit of marly limestone interbedded with thin beds of marl and yellow brown clayey
sandstone at the bottom.

Figure 4. Geological cross section across Khraibe in south Lebanon. (The location of Khraibe in
Lebanon is shown in Figure 2.)

Assessment of two managed recharge systems in Lebanon
River bank filtration

River bank filtration is associated with induced subsurface infiltration from nearby
groundwater extraction, which creates a hydraulic preference for groundwater flow
towards pumping wells. This constrains the flow and reduces the random losses expected
in karst. Bank filtration is recommended nowadays as a superior alternative to surface
water abstraction, to avoid the problems of turbidity, pathogens and pollution. It is
widely spread in the world, and has had high success, for instance in Germany,
Netherlands, Slovakia, Hungary, Switzerland, India, Egypt and the US (Dillon &
Stuyfzand, 2019). This option can easily gain public support because of its easy imple-
mentation, low cost, good investment of surface water that is lost otherwise, and natural
attenuation of river water during aquifer passage, resulting in lower concentrations of
suspended material, pathogens and various chemical pollutants (Dillon, Miller,
Fallowfield, & Hutson, 2002; Medema & Stuyfzand, 2002; Stuyfzand, 1998).

An example of a successful river bank filtration in karst occurs along the Damour
River in Lebanon (Figure 2). Surface water infiltration is induced from the river bed (with
a thin alluvial cover) before it flows and is then extracted from vertical wells tapping
a karstified dolomitic limestone aquifer in the vicinity. According to a 2011 survey, wells
within about 350 m from the channel (Figure S3, supplementary online material)
intercept bank-filtered water, as confirmed by §'%0 (the ratio of oxygen-18 and oxy-
gen-16) and chloride for a mixture of three end-members (river, local rain and infiltrated
ocean water). These wells receive over 50% river water contribution (Khadra &
Stuyfzand, 2014), summing up to a total discharge of about 3300 m>/d, a value that
was corroborated by 3-D numerical modelling (Khadra & Stuyfzand, 2018).

It is anticipated that installing additional wells close to the Damour River will increase
the induced river recharge, provided that exacerbation of saltwater intrusion is avoided.
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The closer the wells are to the river, the more surface water they intercept, but after
a shorter subterranean detention. It is not clear whether this shorter detention will have
a significant effect on water quality via filtration, adsorption and elimination of heavy
metals, organic micropollutants, and bacteria and viruses (Stuyfzand, Juhasz-Holterman, &
de Lange, 2006).

Management of urban stormwater

Stormwater in the Lebanese coastal cities (including the capital, Beirut) flows in drains
and as surface runoff, and ultimately discharges into the Mediterranean Sea. Capturing
this water (or at least part of it) and using it to recharge the underlying groundwater
reservoirs could be one way to alleviate water shortages (Figure 5). This could be done
even in karstic aquifers via widespread networks of infiltration galleries, pits along roads,
drywells, or urban infrastructure already having preferential flow paths (Bonneau,
Fletcher, Costelloe, & Burns, 2017). In fact, the superposed effect of spreading out
a network of infiltration sites with a significant amount of recharge might eventually
lead to a general rise of the water table, despite the local losses or random flow responses
expected in karst. This overall gain would improve many hydrological aspects, for
instance augmenting groundwater storage, saving precious land surface, and reducing
saltwater intrusion in coastal aquifers.

Previous trials (e.g., at the Andrews Farm in South Australia) showed success in
using aquifer storage recovery with urban stormwater in brackish limestone (Pavelic,
Dillon, Barry, & Gerges, 2006). Drywells are also very effective vadose zone facilities to
recharge groundwater. In Greater Beirut (the Lebanese capital and its northern and
southern suburbs), the same network was previously used for both stormwater and
wastewater discharge to the sea. A recent government project rehabilitated Beirut’s
sewers and constructed a separate network for stormwater, which is expected to cover
the whole city soon (CDR, 2017). No official reports have recorded the volumes of
collected stormwater. The average rainfall in Greater Beirut is ~190 Mm?®/year, which
exceeds annual water needs (about 124 Mm?/year, assuming 170 litres per person
per day for 2 million people). The infiltration rate in the city is expected to be nearly
nil due to high urbanization (Safi et al., 2018). Therefore, capturing any of the urban

Rainfall

Outfall pipe

of stormwater

/- & = %%—Q

) ¥ Urban underground
I Sea/ < o =z o “— drainage system

IGs or RPs intercepting Urban storm drains
part of urban stormwater on streets

Figure 5. A coastal city where urban runoff is lost to the sea via drainage networks, or intercepted and
forced to infiltrate via managed recharge systems.
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stormwater, even if some is lost to the unpredictable tunnelled flow of karst, could be
an excellent way to augment water storage and reduce the escalating salinization. It
would improve the sustainability of the urban water cycle, and raise the Blue City
Index. Assessing the overall feasibility of this technique and its influence on saltwater
encroachment requires complex variable-density flow and solute transport simulations,
coupled with some pilot sites, to evaluate the hydrogeochemical sustainability. The
main hurdle is to have effective, very rapid pretreatment, removing suspended solids
with very low maintenance, although karstic aquifers can handle high loads of sus-
pended solids.

Water quality and hydrochemical analyses

Water quality concerns need to be seriously addressed when applying either river bank
filtration, aquifer storage recovery or stormwater capture, not only in Lebanon but every-
where. First, there is the clogging potential of the source water. Clogging will reduce the
efficiency of recharge or recovery facilities over time, and may incur high labour costs to
regenerate the infiltration capacity of the river bed, basin or well. The clogging mechanism
is mainly (bio)physical during infiltration (e.g., sedimentation due to high turbidity and
total suspended solids, or the growth of biofilms and algae), and (bio)chemical during
recovery (e.g., iron oxides, manganese oxides, calcite and biofilms caused by mixing of
water from various environments and high fluxes near the well). Second, the chemical and
microbiological quality of the source water may be problematic due to disposal of effluents
and solid wastes, including nitrates, heavy metals, total organic carbon, organic micro-
pollutants, bacteria and viruses, and radioactivity. Third, infiltrating river water, by inter-
acting with deposited muds and then the aquifer matrix, can raise the levels of some
geogenic chemical constituents (e.g., Fe, Mn, As, NH,, Ca and HCO3).

Available data on the Damour River (Table 2) show slightly polluted CaHCO; water
characterized by low HCO3, Ca and SiO,, and relatively low Cl and SO, concentrations (<
50 mg/L). Fe and Mn are under 0.04 mg/L, ammonium is under 0.1 mg/L, and nitrate
averages 4 mg/L. The Damour river bank filtrate water mapped by Khadra and Stuyfzand
(2014) mostly mimics the surface water source except for being much less polluted (Table 2).
It is also characterized by pH stabilization, and attenuation of phosphate (34% removal) and
some trace elements, e.g., Al, Cr, La, Ni, Pb, Sb and V, which recorded over 25% removal (Al
recorded 98%). This testifies to the efficacy of the bank filtration process. However, Ba, Br
and Sr are mobilized due to desorption and/or dissolution from hosting minerals, and Ba
shows the highest mobilization, in line with the results of Khadra, Stuyfzand, and van
Breukelen (2017b).

The increase of Na level in the bank filtrate points to Ca/Na exchange. Redox reactions
are negligible, as indicated by the minor changes in O,, SO4, NO3 and NH,. Dissolution
of Mg-calcite and SiO, is very limited, and hence only a small TDS increase is recorded.
More concerns exist regarding the behaviour of potential pollutants in the river, and the
chance that organic micropollutants, bacteria and viruses reach the river bank filtration
wells. This could necessitate post-treatment of the raw extracted groundwater if used for
drinking water supply, e.g., via coarse pre-filtration, sedimentation, rapid sand filtration,
activated carbon filtration and chlorination.
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As for drywells, limited research has tackled their performance and impact on the
quantity and quality of groundwater (e.g., Sasidharan et al., 2018). Generally speaking, the
stormwater influent should be properly managed to reduce suspended particles and avoid
transport of surface pollutants, e.g., heavy metals and petroleum by-products, into the
groundwater. So the water should be pretreated with sand, gravel and boulders or by self-
cleaning strainers to reduce sediment accumulation from variable-sized loads, plant roots
and wastes. Sufficient separation between the drywell or trench and the water table, for
instance by the sedimentary material occasionally overlying karstic aquifers, is expected to
provide passive treatment, acting as a natural filter to remove pollutants and
impuritiesm although sometimes additional prefiltration (e.g., charcoal) is required. This
way clogging is reduced, and improved water quality is expected to reach the groundwater.

Conclusions

Managed aquifer recharge, as a non-conventional method to augment water supply, is
spreading worldwide because of its many advantages, including coping with water needs
(safe and inexpensive temporal subterranean storage); improving water quality (often
from polluted surface water to safe groundwater) via geo-purification or soil-aquifer
treatment; mitigating saltwater intrusion in coastal areas; and adapting to climate change.
There are still some obstacles to its application in karstic domains due to complex
hydrodynamics and low chemical attenuation, although it also has advantages, including
enhanced groundwater recharge and reduced clogging problems, even for turbid feed
water. Therefore, the success of managed recharge in karstic settings is still questionable,
and many doubts surround its application there.

In fact, managed aquifer recharge has a wide variety of applications and methods that
could be adapted to fit into the different hydrogeological settings including karst. River
bank filtration and artificial stormwater infiltration systems are among the main methods
suggested in karstic domains, besides other alternatives, for instance the infiltration of
desalinated seawater in coastal aquifers using fresh storage saline extraction, or multiple
partially penetrating wells, or recharge of aquifers by natural subterranean lithological
barriers that trap subsurface water.

River bank filtration is an easy, simple and cost-effective option that does not require
technical sophistication. The assessment of one site in Lebanon (the Damour area, south
of Beirut) confirms the efficacy of this technique in a dolomitic limestone karstic domain
where Damour River water is captured and water quality improved via filtration,
adsorption, and elimination of heavy metals and pollutants.

Management of stormwater in cities shows looks promising as well, even in karst
where complete water storage is not possible. Capturing any portion of the storm-
water that would otherwise be lost helps augment groundwater storage and reduce
saltwater intrusion in coastal zones. This applies to the city of Beirut, where much
water is lost through drains to the sea. Stringent regulations (e.g., on pretreatment)
for safe, successful and sustainable installations are required in a country like
Lebanon with random dumping and little governance of waste disposal. This
necessitates further research with at least one pilot in a Lebanese urban environment
on karstic grounds.
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In conclusion, regardless of any previous perception of the inadequacy of managed
aquifer recharge in karst, different available options can handle natural hydrodynamic
complexities. This highlights the role of managed recharge as a main tool to cope with
water needs, even in karstic-dominated areas. Like other karstic areas, Lebanon has
a chance to step forward in managed aquifer recharge, initially with small pilots. The
rule of thumb is to ‘start small, learn as you go, and expand as needed’ (Bouwer, 2002).

Acknowledgments

We would like to thank the editors and two anonymous reviewers for constructive comments that
improved this manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Wisam M. Khadra (1% http://orcid.org/0000-0003-0590-8870

References

Asano, T. (1985). Artificial recharge of groundwater. Boston: Butterworth-Heinemann.

Bacchus, S. T., Bernardes, S., Xu, W., & Madden, M. (2015a). What Georgia can learn from aquifer
storage and recovery (ASR) in Florida. In R. J. McDowell et al. (Ed.), Proceedings 2015 Georgia
Water Resources Conference. Athens: University of Georgia.

Bacchus, S. T., Bernardes, S., Xu, W., & Madden, M. (2015b). Fractures as preferential flowpaths
for aquifer storage and recovery (ASR) injections and withdrawals: Implications for environ-
mentally sensitive near-shore waters, wetlands of the Greater Everglades Basin and the regional
karst Floridan aquifer system. Journal of Geography and Geology, 7(2), 117-155.

Bakalowicz, M. (2011). Management of Karst groundwater resources. In P. E. van Beynen (Ed.),
Karst management (pp. 263-282). Dordrecht: Springer Science+Business Media.

Bonneau, J., Fletcher, T. D., Costelloe, J. F., & Burns, M. J. (2017). Stormwater infiltration and the
‘urban karst’: A review. Journal of Hydrology, 552, 141-150.

Bouwer, H. (2002). Artificial recharge of groundwater: Hydrogeology and engineering.
Hydrogeology Journal, 10, 121-142.

Burek, P., Satoh, Y., Fischer, G., Kahil, M. T., Scherzer, A., Tramberend, S., ... Wiberg, D. (2016).
Water futures and solution: Fast track initiative (final report). Working Paper. Laxenburg,
Austria: International Institute for Applied Systems Analysis. pure.iiasa.ac.at/13008/.

Burger, S., Brunke, M., Groen, K., Rolf, L., Metni, M., Matar, A., ... Wiersma, A. (2019). Managed
aquifer recharge in Lebano: Pilot site selection for MAR in unconsolidated sediments in Lebanon.
Netherlands: Acacia Water report.

CDR. (2017). Basic services of council for development and reconstruction in 2017. Beirut: Council
for Development and Reconstruction.

Daher, W., Pistre, S., Kneppers, A., Bakalowicz, M., & Najem, W. (2011). Karst and artificial
recharge: Theoretical and practical problems: A preliminary approach to artificial recharge
assessment. Journal of Hydrology, 408(3-4), 189-202.

Daoud, A. (1973). Groundwater recharge in the Beirut Area. MS Thesis, American University of
Beirut.



36 W. M. KHADRA AND P. J. STUYFZAND

David, R., & Pyne, G. (2015). Aquifer storage recovery: An ASR solution to saltwater intrusion at
Hilton Head Island, South Carolina, USA. Environmental Earth Sciences, 73, 7851-7859.

Dillon, P., & Stuyfzand, P. J.; 28 others. (2019). Sixty years of global progress in managed aquifer
recharge. Hydrogeology Journal, 27, 1-30.

Dillon, P.J. (2005). Future management of aquifer recharge. Hydrogeology Journal, 13(1), 313-316.

Dillon, P. J., Miller, M., Fallowfield, H., & Hutson, J. (2002). The potential of riverbank filtration
for drinking water supplies in relation to microsystin removal in brackish aquifers. Journal of
Hydrology, 266, 209-221.

Hartog, N., & Stuyfzand, P. J. (2017). Water quality considerations on the rise as the use of
managed aquifer recharge systems widens. Water, 9, 808.

Jain, S. K. (2016). Urban storm water management through artificial recharge and improvement in
groundwater regime. International Journal of Environmental Science, 1, 385-391.

Khadra, W. M. (2017). Analysis and remediation of the salinized, Damour coastal (Dolomitic)
limestone aquifer in Lebanon. PhD thesis, Delft University of Technology. doi:10.4233/
uuid:6d4208be-65c1-43e8-afa0-5019f22c6167.

Khadra, W. M., & Stuyfzand, P. J. (2014). Separating baseline conditions from anthropogenic
impacts: Example of the Damour coastal aquifer (Lebanon). Hydrological Sciences Journal, 59,
1872-1893.

Khadra, W. M., & Stuyfzand, P. J. (2018). Simulation of saltwater intrusion in a poorly karstified
coastal aquifer in Lebanon (Eastern Mediterranean). Hydrogeology Journal, 26, 1839-1856.
doi:10.1007/s10040-018-1752-z

Khadra, W. M., Stuyfzand, P. J., & Khadra, I. M. (2017a). Mitigation of saltwater intrusion by
‘integrated fresh-keeper” wells combined with high recovery reverse osmosis. Science of the Total
Environment, 574, 796-805.

Khadra, W. M., Stuyfzand, P. J., & van Breukelen, B. M. (2017b). Hydrochemical effects of
saltwater intrusion in a limestone and dolomitic limestone aquifer in Lebanon. Applied
Geochemistry, 79, 36-51.

Leitao, T. E., Ferreira, J. P. L., Martins, T., Oliveira, M. M., Henriques, M. J., Carvalho, T., ...
Rosa, M. J. (2017). Demonstrating managed aquifer recharge as a solution to water scarcity and
drought: MAR to improve the groundwater status in south Portugal (MARSOL) project, final
report, project ID 619120). Germany: European Union.

Maliva, R. G. (2020). Anthropogenic aquifer recharge: WSP methods in water resources evaluation
series no. 5. Switzerland: Springer.

Maliva, R. G., & Missimer, T. M. (2012). Aquifer storage and recovery and managed aquifer
recharge using wells: Planning, hydrogeology, design, and operation. Sugarland, TX:
Schlumberger Water Services.

Masciopinto, C., & Carrieri, C. (2002). Assessment of water quality after 10 years of reclaimed
water injection: The Nardo fractured aquifer (Southern Italy). Groundwater Monitoring &
Remediation, 22(1), 88-97.

Medema, G. J., & Stuyfzand, P. J. (2002). Removal of micro-organisms upon basin recharge, deep
well injection and river bank filtration in the Netherlands. In P. Dillon (Ed.), Management of
aquifer recharge for sustainability (pp. 125-131). Adelaide, South Australia: Proceedings, 4th
International Symposium on artificial recharge.

Megdal, S. B., & Dillon, P. (2015). Policy and economics of managed aquifer recharge and water
banking. Water, 7, 592-598.

Missimer, T. M., Guo, W., Woolschlager, J., & Maliva, R. G. (2017). Long-term managed aquifer
recharge in a saline-water aquifer as a critical component of an integrated water scheme in
Southwestern Florida, USA. Water, 9, 774.

MOoE/EU/UNDP. 2014. Lebanon environmental assessment of the Syrian conflict & priority inter-
ventions. Beirut: Ministry of Environment, Lebanon. Retrieved from http://www.lb.undp.org/
content/lebanon/en/home/library/environment_energy/lebanon-environmental-assessment-of
-the-syrian-conflict.html

MoEW. (2010). National water sector strategy. Beirut: Ministry of Energy and Water, Lebanon.


https://doi.org/10.4233/uuid:6d4208be-65c1-43e8-afa0-5019f22c6167
https://doi.org/10.4233/uuid:6d4208be-65c1-43e8-afa0-5019f22c6167
https://doi.org/10.1007/s10040-018-1752-z
http://www.lb.undp.org/content/lebanon/en/home/library/environment_energy/lebanon-environmental-assessment-of-the-syrian-conflict.html
http://www.lb.undp.org/content/lebanon/en/home/library/environment_energy/lebanon-environmental-assessment-of-the-syrian-conflict.html
http://www.lb.undp.org/content/lebanon/en/home/library/environment_energy/lebanon-environmental-assessment-of-the-syrian-conflict.html

WATER INTERNATIONAL e 37

MoEW, & UNDP. (2014). Assessment of groundwater resources of Lebanon. Beirut: Ministry of
Energy and Water, Lebanon.

Pavelic, P, Dillon, P. J., Barry, K. E., & Gerges, N. Z. (2006). Hydraulic evaluation of aquifer
storage and recovery (ASR) with urban stormwater in a brackish limestone aquifer.
Hydrogeology Journal, 14, 1544-1555.

Prinz, D. (2016). Managed aquifer recharge in the Hazmieh area to prevent seawater intrusion in
Beirut, Lebanon. Bonn: Deutsche Gesellschaft fiir internationale Zusammenarbeit.

Pyne, R. D. G. (2005). Aquifer storage recovery: A guide to groundwater recharge through wells (2nd
ed.). Florida: ASR Press.

Rolf, L. (2017). Assessing the site suitability of Managed Aquifer Recharge (MAR) projects in karst
aquifers in Lebanon, a multi criteria analysis. MS thesis, Utrecht University, Netherlands.

Safi, A., Rachid, G., El-Fadel, M., Doummar, J., Abou Najm, M., & Alameddine, I. (2018). Synergy
of climate change and local pressures on saltwater intrusion in coastal urban areas: Effective
adaptation for policy planning. Water International, 43(2), 145-164.

Sasidharan, S., Bradford, S. A., Simiinek, J., DeJong, B., & Kraemer, S. R. (2018). Evaluating
drywells for stormwater management and enhanced aquifer recharge. Advances in Water
Resources, 116, 167-177.

Schulz, S., de Rooij, G. H., Michelsen, N., Rausch, R,, Siebert, C., Schiith, C,, ... Merz, R. (2016).
Estimating groundwater recharge for an arid karst system using a combined approach of
time-lapse camera monitoring and water balance modelling. Hydrological Processes, 30,
771-782.

Sprenger, C., Hartog, N., Hernandez, M., Vilanova, E., Griitzmacher, G., Scheibler, F., &
Hannappel, S. (2017). Inventory of managed aquifer recharge sites in Europe: Historical
development, current situation and perspectives. Hydrogeology Journal, 25(6), 1909-1922.

Stefan, C., & Ansems, N. (2018). Web-based global inventory of managed aquifer recharge
applications. Sustainable Water Resources Management, 4(2), 153-162.

Stuyfzand, P. J. (1989a). Hydrology and water quality aspects of Rhine bank groundwater in the
Netherlands. Journal of Hydrology, 106, 341-363.

Stuyfzand, P. J. (1989b). Quality changes of river Rhine and Meuse water upon basin recharge in
the Netherlands’ coastal dunes: 30 years of experience. In A. I. Johnson & D. J. Finlayson (Eds.),
Artificial recharge of Groundwater (pp. 233-245). New York: Proceedings of the International
Symposium, Anaheim,, American Society of Civil Engineers.

Stuyfzand, P. J. (1998). Simple models for reactive transport of pollutants and main constituents
during artificial recharge and bank filtration. In J. S. Peters et al. (Ed.), Artificial recharge of
groundwater (pp. 427-434). Amsterdam: Proceedings, 3rd International symposium on artifi-
cial recharge.

Stuyfzand, P. J. (2002). Quantifying the environmental impact and sustainability of artificial
recharge systems. In Dillon (Ed.), Management of aquifer recharge for sustainability (pp.
77-82). Adelaide, South Australia: Proceedings, 4th International symposium on artificial
recharge.

Stuyfzand, P. J., Juhasz-Holterman, M. H. A., & de Lange, W. J. (2006). Riverbank filtration in the
Netherlands: Well fields, clogging and geochemical reactions. In S. A. Hubbs (Ed.), Riverbank
filtration hydrology (pp. 119-153). Netherlands: Springer.

Stuyfzand, P. J., Khadra, W. M., & Burger, S. (2019). Evaluation of managed aquifer recharge in
Lebanon, with focus on opportunities, problems with karstic aquifers, and preliminary results of
an ASR pilot in the Beqaa Valley (KWR report, KWR 2019.069). Netherlands.

Troger, U. (2010). Managing the Thermal Aquifer System of Caldas Novas, Brazil. In E. Escalante
(Ed.), Achieving ground water supply sustainability & reliability through managed aquifer
recharge (pp. 591-596). Abu Dhabi, UAE: Proceedings, 7th International symposium on
management of aquifer recharge.

UNESCO-IHP. 2011. The impact of global change on water resources: The response of UNESCO’s
International Hydrological Programme. Paris: UNESCO. Retrieved from: http://unesdoc.unesco.
org/images/0019/001922/192216e.pdf


http://unesdoc.unesco.org/images/0019/001922/192216e.pdf
http://unesdoc.unesco.org/images/0019/001922/192216e.pdf

38 W. M. KHADRA AND P. J. STUYFZAND

UN-Water. 2018. The United Nations World Water Development Report 2018: Nature-based
solutions for water. Paris: UNESCO. Retrieved from: http://creativecommons.org/licenses/by-
sa/3.0/igo/

Van Ginkel, M., Olsthoorn, T. N., Smidt, E., Darwish, R., & Rashwan, S. (2010). Fresh storage saline
extraction (FSSE) wells: Feasibility of fresh water storage in saline aquifer with a focus on the Red
Sea coast, Egypt (pp. 188-195). Abu Dhabi: Proceedings, 7th International symposium on
management of aquifer recharge.

Vanderzalm, J., Page, D., Dillon, P., Lawson, J., Grey, N., Sexton, D., & Williamson, D. (2014).
A risk-based management plan for Mount Gambier stormwater recharge system: Stormwater
recharge to the Gambier Limestone aquifer. Adelaide, South Australia: Goyder Institute for
Water Research, Technical Report 14/7.

Xanke, J., Goeppert, N., Sawarieh, A., Liesch, T., Kinger, J., Ali, W, ... Goldscheider, N. (2015).
Impact of managed aquifer recharge on the chemical and isotopic composition of a karst
aquifer, Wala reservoir, Jordan. Hydrogeology Journal, 23, 1027-1040.

Xanke, J., Jourde, H., Liesch, T., & Goldscheider, N. (2016). Numerical long-term assessment of
managed aquifer recharge from a reservoir into a karst aquifer in Jordan. Journal of Hydrology,
540, 603-614.

Zuurbier, K. G., Zaadnoordijk, W. J., & Stuyfzand, P. J. (2014). How multiple partially penetrating
wells improve the freshwater recovery of coastal aquifer storage and recovery (ASR) systems:
A field and modeling study. Journal of Hydrology, 509, 430-441.


http://creativecommons.org/licenses/by-sa/3.0/igo/
http://creativecommons.org/licenses/by-sa/3.0/igo/

	Abstract
	Introduction
	Managed aquifer recharge types and their prerequisites
	Viability of managed recharge in karstic domains
	Managed aquifer recharge experience in Lebanon
	Suggested solutions in karstic-dominated areas
	Assessment of two managed recharge systems in Lebanon
	River bank filtration
	Management of urban stormwater
	Water quality and hydrochemical analyses

	Conclusions
	Acknowledgments
	Disclosure statement
	ORCID
	References



