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Abstract In (semi-)arid regions, available water resources are
scarce and groundwater resources are often overused.
Therefore, the option to increase available water resources
by managed aquifer recharge (MAR) via infiltration of cap-
tured surface runoff was investigated for two basins in north-
ern Jordan. This study evaluated the general suitability of
catchments to generate sufficient runoff and tried to identify
promising sites to harvest and infiltrate the runoff into the
aquifer for later recovery. Large sets of available data were
used to create regional thematic maps, which were then com-
bined to constraint maps using Boolean logic and to create
suitability maps using weighted linear combination. This ap-
proach might serve as a blueprint which could be adapted and
applied to similar regions. The evaluation showed that non-
committed source water availability is the most restricting
factor for successful water harvesting in regions with
<200 mm/a rainfall. Experiences with existing structures
showed that sediment loads of runoff are high. Therefore,
the effectiveness of any existing MAR scheme will decrease
rapidly to the point where it results in an overall negative
impact due to increased evaporation if maintenance is not
undertaken. It is recommended to improve system operation
and maintenance, as well as monitoring, in order to achieve a
better and constant effectiveness of the infiltration activities.
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Introduction

Arid regions like Jordan are characterised by high evaporation
rates and high variability in precipitation in space and time
leading to unpredictability in surface-water runoff; therefore,
demand for agriculture and domestic use cannot be covered by
available surface-water resources, and accordingly groundwa-
ter resources are used. However, natural groundwater recharge
is also limited (commonly ranging between 0.1 and 5 % of
long-term average precipitation) and occurs mainly through
indirect recharge in wadi beds (Scanlon et al. 2006). Hence,
groundwater resources have been overused in many arid coun-
tries resulting in a decline in water tables, which can lead to
drying up of springs and shallow wells, as well as ingression
of saline waters, and has been experienced in Jordan, for ex-
ample around the Azraq Oasis (El-Naqa et al. 2007; Mesnil
and Habjoka 2012). Demand is expected to increase further
due to population growth and a rise in living standards, while
supply is expected to decline due to climate change and pol-
lution of available sources (MWI 2009).

In combination with demand reductions and other im-
proved management options, managed aquifer recharge
(MAR) can be an effective tool in reducing negative impacts
of groundwater overdraft on a local scale. MAR is defined as
intentional recharge in contrast to unintentional and unman-
aged recharge and can occur with different water sources
(stormwater, river base flow, treated wastewater etc.) and with
different recharge methods (e.g. infiltration, injection).
Advantages of MAR in arid regions are the availability of a
large free storage space (which has been created by the over-
abstraction) and the reduction of problems associated with
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surface storage like evaporation losses, large space require-
ments, algal blooms and potential contamination (Huisman
and Olsthoorn 1983). There is also the added benefit of natural
attenuation of a range of pollutants during recharge and stor-
age (Bouwer 1996; Dillon and Toze 2005).

Worldwide, a range of different MAR techniques are im-
plemented depending on site-specific conditions. For (semi-)-
arid regions in developing countries, low cost schemes like
recharge or recharge release dams and infiltration basins are
more suitable than complex and costly injection or infiltration
wells. MAR can provide a range of benefits to local commu-
nities like increased agricultural yields, drought resilience and
improved livelihood, but does not come without challenges or
constraints such as costs, ownership issues and environmental
impact (Gale et al. 2002).

Nevertheless, MAR is considered an important technique
for (semi-)arid regions with declines in groundwater levels
worldwide. For example, India has been at the forefront of
implementing small-scale community based recharge
schemes supported by an artificial recharge master plan
(CGWB 2002), guidelines (CGWB 2000) and manual
(CGWB 2007). There are also a number of studies investigat-
ing MAR potential with multi-criteria analysis (e.g.
Chowdhury et al. 2010; Machiwal et al. 2011).

Jordan suffers under chronic water scarcity due to the
(semi-)arid climate. Highest demand comes from the agricul-
tural sector (about 70 %) and groundwater abstractions have
been above the safe yield for many years resulting in constant-
ly declining water tables especially in the two basins investi-
gated in this study (Margane et al. 2002). Therefore, the
Jordanian National Water Master Plan and National Water
Strategy both emphasise the need for an increase in water
supply with MAR as one of the options (MWI 2009); hence,
this study was initiated by the Jordanian Ministry of Water and
Irrigation. The aim of this pre-feasibility study was to evaluate
all available information for the two surface-water basins in
north Jordan on a regional scale with respect to the potential
for MAR sites. The study focuses on the option of retention of
floodwater in mostly ephemeral streams followed by recharge
via infiltration.

The technical issues that need to be addressed during a pre-
feasibility study are:

1. Source water availability: In arid regions, rainfall is sparse
and often occurs in short intense events leading to flood
flows for only a few hours or days per year in otherwise
dry wadis, which hinders effective harvesting of source
water. Arid regions commonly do not produce sufficient
runoff for economic harvesting; furthermore, water is
frequently already committed for use and upstream har-
vesting leads only to a reallocation of water but does not
generate any additional water resources. ‘Use’ also en-
compasses environmental demand as ephemeral wadis
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usually sustain the sparse vegetation and local habitats
in arid regions. In addition, MAR is only beneficial if
water is captured that would otherwise be evaporating or
running off without recharging an aquifer further down-
stream. Although dissolution is no solution to pollution,
another benefit of surface runoff is the “improvement” of
water quality through the dilution of wastewater dis-
charges in the Amman-Zarqa (AMZ) basin. Climate
change may have a significant impact on source water
availability and should thus be taken into consideration
in the feasibility assessment (Kunstmann et al. 2007;
Smiatek et al. 2011).

2. Aquifer storage space: A suitable aquifer with sufficient
storage capacity is usually available in areas suffering
from over-abstraction and groundwater level declines;
however, underground storage space alone is not suffi-
cient, if other prerequisites are not fulfilled.

3. Effectiveness of transfer of harvested water to the aquifer:
For infiltration methods, which are the most cost effective
option, permeable soils and unsaturated zones are needed
to allow water to reach the aquifer. The first barrier is the
soil surface that might be blocked due to bio-crusts or get
clogged with fine sediments contained in the floodwater.
Constant and regular maintenance and monitoring is
therefore needed to prevent a recharge scheme turning
into an evaporation pond. An even more likely barrier is
an impermeable layer in the unsaturated zone that does
not permit sufficient percolation down to the aquifer.
These natural pedogenetic and geological heterogeneities
are usually not known or measureable in detail but can
severely reduce recovery efficiency.

This report addresses the aforementioned technical ques-
tions based on two separate assessments determining the abil-
ity of a sub-catchment to generate suitable runoff and the
ability of a site to harvest and transfer the runoff to a suitable
aquifer applying Boolean logic and linear weighted overlay
methods of thematic maps using geographical information
systems (GIS). Both methods have been proven to be useful
for multi-criteria decision making in GIS (e.g. Malczewski
2006) and have been used in similar studies before (e.g.
Al-Adamat et al. 2010; Jasrotia et al. 2007). In addition, fur-
ther issues for implementation like socio-economic and envi-
ronmental questions are addressed in the discussion.

Previously, two investigations looked at the potential for
MAR in the area (Alraggad and Jasem 2010; Rapp 2008).
Both studies used only a low number of criteria with a limited
number of classifications and only thematic map overlay. The
significance of this study is therefore the consideration of two
aspects, i.e. catchment and site suitability, and the consider-
ation of a high number of criteria and their overlay through
weighted linear combination. The results of the study were to
be used by the MWI for defining further efforts, for example,
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designing better monitoring and maintenance at existing
schemes or undertaking detailed feasibility studies at the most
promising sites. This case study also offers a methodology for
assessing catchment and site suitability for artificial infiltra-
tion schemes using GIS and multi-criteria analysis at the basin
level that could be employed for other study areas.

Study area

The study area encompasses two very different surface-water
basins in north Jordan, namely the Amman-Zarga (AMZ) and
the Azraq basins. The Amman-Zarqa basin (3,592 km?; note, this
is the official size of the administrative AMZ basin, while in
reality 81 km? discharges to the AMZ basin, but belongs ad-
ministratively to the Azraq basin) is the most densely popu-
lated basin in Jordan accommodating about 4.5 million inhab-
itants (>65 % of the total Jordanian population) including the
capital Amman and most of its industry. In contrast, the Azraq
basin (11,720 km?, including the catchment area of Qaa
Khanna; note, this is the official size of the administrative
Azraq basin from which 81 km? actually discharges into the
AMZ basin, while 326 kmz, in the northeast, discharges to
Syria) is only inhabited by about 30,000 people. The associ-
ated watersheds expand into Syria to the north (Fig. 1).

Topography

The topography is dominated by three main features: (1) in the
north, the area is gently sloping towards the south from the
highest point in the catchments, namely the volcanic cone of
the Jebel el Druze/Jebel el Arab (1,750 m above sea level (asl))
in Syria (highest point in Jordan is about 1,150 m asl); (2) in
the west, the Zarqa River and its tributaries have created

steeply incised valleys into the north—south trending highland
mountain range down to the lowest point in the catchments
(=194 m relative to sea level); (3) in the middle of the Azraq
basin, a very extensive flat depression without outflow (mor-
phological feature called gaa in Jordan) has developed at
around 500 m asl (Fig. 2). Accordingly, the morphology
shows very steep slopes in the western part of AMZ, while
more than 80 % of the total area is gently sloped (<5 % incli-
nation). Especially in the basalt areas in the north, the flat
topography results in a poorly connected drainage network
and fosters the occurrence of internal depressions called
marabs and mini-qaas (Allison et al. 1998).

Climate

The study area is characterised by cool winters (mean § °C)
with rainfall between October and April and dry and hot sum-
mers (mean 27 °C) between May and September. In correla-
tion with the topography, precipitation is highest (up to
450 mm/a) in the western mountains and decreases quickly
towards the south-eastern desert (<50 mm/a) (Fig. 2). Based
on the long-term average and the isohyetal method, the water
budget would start with about 821 million m® per year (MCM/
a) and 914 MCM/a of total rainfall with a standard variation of
about +45 % for AMZ and Azraq watersheds (including the
Syrian part), respectively. Rainfall often occurs in thunder-
storms with irregular intensity, duration and high spatial var-
iations, but intensity records show that only about 2—10 % of
all rainfall events have a total rainfall depth of more than
10 mm. Annual potential evaporation is high (2,500-3,
700 mm/a) and exceeds the annual rainfall by far. Estimated
actual evaporation ranges from 63 % of annual rainfall in the
western highlands to around 99 % of annual rainfall in the
eastern desert (Hammouri and El-Naga 2007). Daily potential

Fig. 1 Location of study area
showing the administrative
boundaries of the two basins and
the delineation of the watershed
areas (after US Geological
Survey’s HydroSHEDS (USGS
2008))
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Fig. 2 Orohydrographical map
(based on USGS-HyroSHEDS)
and isohyetal map (based on
long-term (min. 20 years) rainfall
records from 47 stations) of the
Amman-Zarga and Azraq basins
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evaporation values vary between 1 and 5 mm/day in winter
and 15-25 mm/day in summer. According to the aridity index
(UNDP 1992) most of the study area is, hence, characterised
as arid to hyper-arid.

Land cover

About 50 % of the AMZ basin is covered by bare soils
and rocks, 20 % is covered by fields with vegetables,
grains and tree crops plus an additional 17 % with pas-
tures. The urban areas have increased significantly over
the last decades to currently about 16 % coverage
(Fig. 3). In contrast, the Azraq basin is covered to
98 % by bare rocks, chert plains and alluvial deposits
and is only very sparsely vegetated.
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Surface-water resources

The Zarqga River is perennial in the lower catchment area due
to groundwater discharges from the lower and deep aquifer
systems. In addition to surface-water, runoff is also enhanced
by treated and untreated wastewater discharges. The Azraq
basin is only drained by ephemeral wadis with periodic
surface-water runoff. Generally, runoff is negligible below
50 mm/a rainfall, and rises with an increase in annual precip-
itation. Evaluation of existing runoff data from 11 runoff sta-
tions in the ephemeral rivers showed that median annual run-
off is between 0 and 2 % of annual rainfall. Using the mea-
sured rainfall-runoff relationship, estimations for total surface-
water runoff in the basins are about 20 and 10 MCM/a for
AMZ and Azraq basin, respectively. Estimations based on the
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Fig. 3 Land cover map and road
network for Amman-Zarqa and
Azraq basins (modified from the
land cover map (RJGC 2011))
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curve number method (USDA-SCS 1985) lead to 33 and 22
MCM/a for AMZ and Azraq basin (Al-Kharabsheh 1995;
Otova et al. 1989a, b), respectively, and are likely to overesti-
mate runoff significantly (de Laat and Nonner 2011; Steinel
2012). Flood runoff events commonly last less than a day, and
between 0.7 and 5 runoff events occur per year. The Zarqa
River is intercepted by the King Talal Dam (designed storage
capacity 75 MCM). A number of smaller water harvesting
structures (like dams, dikes, lagoons, ponds and earth dams
with an estimated total storage capacity of around 17 MCM)
have been constructed already over both basins, including the
largest structure in Azraq basin, the Wadi Rajil dam (designed
storage capacity 3.5 MCM) (Fig. 4). Water quality data for
ephemeral rivers are sparse, but it is estimated that floodwater
contains around 500 mg/L suspended sediments (Obeidat and
Abu Muheisin 1989) and about 1 % sediments as bed load,
based on observed sedimentation behind existing dams
(Shatnawi 2012). Water samples (mean values from 26 sam-
ples taken between 2010 and 2012 at Jerash Bridge available
from the Water Authority of Jordan (WAJ)) from the down-
stream part of the Zarga River commonly have elevated con-
centrations in dissolved solids (1,360 mg/L), nutrients (65 mg/
L nitrate and 13 mg/L phosphate) and E. coli (2,000 MNP/
100 ml) due to wastewater inflow and agricultural activities in
the surrounding catchment area.

Hydrogeology

Above the terrestrial sandstones, siltstones and shales of the
Zarqa and Kurnub group (Permian to Lower Cretaceous) fol-
lows a sequence of alternating marine limestones and marls
(Upper Cretaceous to Eocene) (Fig. 5) namely the Ajlun
group (consisting of the five formations Na’ur (A1/2),
Fuheis (A3), Hummar (A4), Shueib (A5/6) and Wadi Es Sir

251725

(A7)) and the Belqga group (consisting of the five formations
Wadi Umm Ghudran (B1), Amman (B2) Muwaqqar (B3),
Umm Rijam (B4) and Wadi Shallala (BS); e.g. Bender 1974;
Margane et al. 2002; Powell 1989). The Belga group lime-
stones contain a high amount of chert which is more resistant
to erosion and hence accumulates on the surface resulting in
widespread chert plains (Fig. 3). The Neogene and Quaternary
basalts belong to the Harrat Ash Shaam basaltic supergroup
stretching from Syria to Saudi Arabia (Ibrahim 1993) and are
mainly composed of alkali-olivine basalt lava flows and py-
roclastic sediments. Between the six phases of major erup-
tions, layers of tuff and up to 5-m-thick fossil clay soils can
be found (Margane et al. 2002). On top are Quaternary sedi-
ments like alluvium, wadi sediments (sands and gravels),
mudflat (silts and clays), and wind-blown sands as well as
calcrete crusts and evaporites (Fig. 5). A number of structural
faults with vertical displacement up to 3 km mainly striking
NW-SE are present (Margane et al. 2002; Fig. 5).

This geological set up leads to the existence of a number of
aquifer systems. The upper or shallow aquifer system consists
of the basalt aquifer which is hydraulically connected to the
underlying B4/5 aquifer and the overlying alluvium (Margane
et al. 2002). Apart from the NE of the AMZ basin where the
basalt is hydraulically connected with the A7/B2 aquifer sys-
tem, the upper aquifer system is separated by the B3 aquitard
from the underlying middle aquifer system consisting of the
A7/B2 limestone aquifer. The B1 aquitard could hinder water
movement in some parts of the system. The lower Ajlun for-
mations form the lower aquifer system with intercalated aqui-
fers (A1/2 and A4) and aquitards (A3 and A5/6) and lies on
top of the deep aquifer system of the Kurnub and Zarga sand-
stones (Fig. 5).

Data on aquifer characteristics are sparse. Transmissivity
values are only recorded for about 5 % of all wells and show a
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Fig. 5 Simplified outcropping
hydrogeology of Amman-Zarqa
and Azraq basins showing
aquifers and aquitards as well as
overlying sediments (transparent)
and faults (arranged after Hobler
et al. (2001) and data from the
National Resources Authority)
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high heterogeneity of values, which does not allow for a
meaningful regional interpolation. Average aquifer thickness
is more than 200 m and only thins out at the edges of the
aquifer systems or where vertical displacements along faults
are large. For the upper aquifer system, flow is directed to-
wards the topographic low in the centre of the Azraq basin
(Fig. 6) and towards the Sirhan Graben (Alraggad and Jasem
2010; Hobler et al. 2001). For the middle aquifer system, flow
is divided: towards the west in the middle part, towards the
NW in the unconfined northern part and towards the Azraq
Qaa in the confined eastern part (Fig. 6). The hydraulic gradi-
ent in the upper aquifer system is commonly low with about
0.1-0.2 % (El-Naqa et al. 2007). Groundwater age dating also
suggests a low horizontal flow velocity (El-Naga et al. 2007;
Frohlich et al. 1987). Locally flow directions and hydraulic
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gradients can be disturbed due to faults or abstraction cones
(Borgstedt et al. 2007).

Groundwater level maps were created around 1995 and are
based only on a limited number of observation wells especial-
ly in the Azraq basin. However, general patterns are visible
showing that groundwater levels are more than 100 m below
ground level (bgl) over large parts of the basins, but come
closer to the surface near the former discharge area at Azraq
Qaa (Fig. 7). As groundwater levels are generally declining
(about 0.5—1 m/a), it can be assumed that current groundwater
levels would be lower than depicted.

Groundwater salinity is generally good for domestic uses
with over 80 % of sampled wells below 1,000 mg/L total
dissolved solids (TDS) (Fig. 8). Increases in TDS occur with
residence time along the flow path and with the age of the

301725 351725 401725 451725

Fig. 6 Groundwater-level
contour lines (m asl), flow
direction and limit of saturation
for the upper or shallow aquifer
(basalt and B4/5) and the middle
aquifer (A7/B2) system before
1995 (arranged from
Al-Kharabsheh 1995; Hobler et al.
2001)
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Fig. 7 Depth to groundwater (m
bgl) and limit of saturation for the
upper or shallow aquifer (basalt
and B4/5) and the middle aquifer
(A7/B2) system before 1995
(arranged from Al-Kharabsheh
1995; Hobler et al. 2001)
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formation (El-Naga et al. 2007). Strong increases in salinity
can be found locally in the upper (Fig. 8) and middle aquifer
system, where high groundwater abstraction rates have in-
duced upward leakage of saline waters, for example around
the Azraq Qaa (Fig. 8). A general trend of increasing salinity
has been observed for the AMZ basin (Al Kuisi et al. 2009).
Increases in salinity could also be due to agricultural return
flows or dissolution of salic and gypsic soil horizons or rock
Strata.

An increase in nitrate concentrations mainly due to pollu-
tion from fertilizers and manure as well as wastewater has
been detected across the AMZ basin (Al Kuisi et al. 2009).
Taking into consideration that sampling points are biased to-
wards contaminated wells and are largely clustered around
urban and agricultural areas, still 105 wells sampled in AMZ
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basin between 2003 and 2010 showed nitrate levels above the
drinking-water limit of 50 mg/L and 34 wells showed E. coli
concentrations of >10 MPN/100 ml.

Soils

A regional soil survey was conducted in the 1990s mapping
the soil associations within each “soil map group” (57 present
in the study area) and giving the dominance of each soil within
the association based on the physiographic position (HTS and
SSLRC 1993). Information like soil thickness, texture and
salinity are then available for representative profiles, but no
data on soil permeability or field capacity are given (HTS and
SSLRC 1993). In general, soils are thinner and more saline in
Azraq basin compared to AMZ basin. The main soil textures
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Fig. 8 Groundwater salinity
(total dissolved solids in mg/L)
for the A7/B2 aquifer system
around 1995 (arranged after
Hobler et al. 2001)
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are clay, silt and loam with various percentages of gravels and
stones and very low organic matter contents. Apart from the
parent material, local variations in soil type are due to factors
like erodibility, slope steepness and curvature (Ziadat et al.
2010). Sealing clay crusts combined with desert pavement
covering vast areas hinder infiltration over large portions of
the study area and cannot be described with simple pedo-
transfer functions. Therefore, transmission losses in wadi
channels are generally assumed to be the main groundwater
recharge source in arid regions (Lloyd 1986).

To get a better idea of infiltration capacity in the study area,
basin infiltration tests (6 m?) with drinking water were per-
formed at five sites for 2 h. Observed infiltration rates ranged
from 0 to 30 cm/d. Compared to the clean water used during
the tests, actual recharge water with suspended solids would
decrease infiltration rates by one or two magnitudes due to
clogging (Schuh 1990). Consequently, infiltration rates during
MAR operation are estimated to be around 0.3-3 cm/day in
the best case compared to daily evaporation rates of around
0.5-1 cm/day. For more details on the study area, please refer
to the full report (Steinel 2012).

Methodology

The aim of this study was to evaluate available data with
respect to suitability for MAR through surface-water harvest-
ing and subsequent infiltration to ultimately recommend suit-
able sites for further investigation. One has to distinguish be-
tween the suitability of the catchment for generating runoff to
be harvested for MAR and the suitability of a specific site to
construct a dam and to allow transfer of the harvested water
into a suitable aquifer where it could be recovered from later.
For both aspects, the same criteria might be evaluated differ-
ently (see Table 2). Previous MAR potential maps (Alraggad
and Jasem 2010; Rapp 2008) have focussed mainly on the
second aspect.
The approach of this study consisted of:

1. Defining criteria that affect surface-runoff generation and/
or water infiltration and recovery potential for which spa-
tial data are available to create thematic maps

2. Identifying constraint values that would completely hin-
der MAR implementation

3. Classifying each criteria into suitable (value 2), less suit-
able (value 1) and unsuitable (value 0) ranges

4. Determining the importance (weight) of each criteria in
comparison to the other criteria (see Table 2)

This approach resulted in the creation of a number of the-
matic maps and eventually in a constraint map and a suitability
map for both aspects, i.e. for catchment and site suitability. For
a final evaluation, the visual overlay of both suitability maps
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should allow the ranking of suitable sites with associated suit-
able sub-catchments.

Obviously, it would not be necessary to assess the runoff
generation of the catchments if a good record of runoff mea-
surements was available; however, the existing spatial and
temporal coverage and the reliability of runoff data (Fig. 9)
were not sufficient to allow for a regional representation of
runoff (especially for the Azraq basin). The conversion of
rainfall into runoff depends on a number of factors such as
rainfall intensity, rainfall duration, previous soil moisture con-
dition, soil infiltration capacity, evaporation, slope and ground
cover. In addition, losses occur during transport through infil-
tration in the wadi and through storage in depressions. Only a
limited number of these factors were known and could be used
for the creation of thematic maps.

Surface criteria

The main surface criteria for the generation of suitable runoff
in the catchment were the amount of rainfall, the slope, the
absence of existing dams and the absence of built up areas.
The main surface criteria for site selection were land availabil-
ity, the avoidance of conflicts of interest with local inhabitants
and the presence of a soil allowing for infiltration.

Rainfall and sub-catchment size

Rainfall is obviously the most important parameter for runoff
generation (Fig. 2). Regions with <50 mm/a could be
neglected (Al-Kharabsheh 1995). Regions with <100 mm/a
were not economically feasible, unless the catchment was
very large and slopes were sufficiently high to actually allow
most of the runoff to reach the MAR site (Sharda et al. 2006).
In the study area, this situation was not available as the region
between 50 and 100 mm/a has generally less than 5 % incli-
nation. Commonly, water harvesting schemes start at rainfall
of about 200 mmva.

For the site assessment, however, rainfall was less critical
as long as sufficient runoff reaches the site; however, if sites
were located a long distance downstream from the area of
sufficient rainfall the chances of runoff losses through infiltra-
tion in the wadi, soil moisture storage, storage in depressions
and evaporation increased.

Topography

The slope influences runoff generation and runoff velocity
(Fig. 2). For the catchment, moderate slopes were preferable.
If the slopes were too high, the potential for erosion and in-
crease in sediment load were a limiting factor. If the slope was
too gentle, water would stagnate in small depressions rather
than generate runoff. For the actual infiltration site, however,
gentle slopes were needed to prolong the residence time of the
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Fig. 9 Location of flood stations o
and the associated

sub-catchments for Amman-Zarqa

and Azraq basins, colour graded

by the number of years of record 119780

114780

109780

251725

water to allow infiltration in the wadi or infiltration basin;
however, it would be possible to modify the slope or to con-
struct a suitable infiltration basin nearby.

Existing water harvesting structures

Obviously, catchments where the runoff was already collected
by official or private water harvesting structures (see Fig. 4)
were not suitable as the objective was to create new water
resources rather than to relocate them. However, one focus
of this study was to keep the water in the highland to reduce
pumping costs from low-lying supply sites to elevated de-
mand sites. Therefore, the upper catchment area of the King
Talal Dam was generally considered suitable. The upper
catchment of the Wadi Rajil Dam catchment was also gener-
ally considered suitable, as it was doubtful that the runoff
would flow all the way to the dam due to the many flat areas.
Other Jordan Valley Authority (JVA) dam catchments were
considered unsuitable and included in the constraint map.
Locations closer than 5 km up- or downstream of water
harvesting structures like ponds, lagoons and earth dams with
more than 10,000 m® storage capacity should be avoided to
limit conflicts of interest with downstream users or allow for a
sufficient catchment size below upstream structures, respec-
tively. Smaller structures would not have a significant impact,
unless there were many of them.

Soil

Soil texture influences the susceptibility to erosion and
thus the sediment load in the runoff. In combination
with soil thickness, it determines the moisture-holding
capacity and the infiltration capacity. Accordingly, it
was preferable to have thin soils with a limited content
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— — kT

Palestine Belt Coordinate system|
[Compiled by: Anke Steinel, BGR

119780

114780

Legend

¢ Floodstation
Years of record
[]7-10
[11-20
-21 = 30 109780
B3t -47

— River network
O Watershed
— Int. border

301725 351725 401725 451725

of fines to allow for fast infiltration and to improve
runoff water quality. Saline soils should be avoided as
this might lead to impaired water quality. As described
in the preceding, sufficient information on infiltration
capacity was not available, and hence the three available
soil aspects were combined linearly to one soil score
based on a weighting of 60 % for texture, 20 % for
thickness and 20 % for salinity (Table 1).The resulting
total soil score (Fig. 10) ranged between zero and 1.7.
The soil score was used without further rounding for
the combination with other thematic maps.

Land cover
Land use was a main factor for surface-water quality

and for land availability. Urban areas and quarries
should be excluded from the catchment as far as

Table 1 Classification, rating and weighting of soil aspects for a total
soil score
Criteria Classification Rating Weight
Soil thickness Very shallow to shallow (<50 cm) 2 60 %
Moderately deep (50-80 cm) 1
Deep to very deep (>80 cm) 0
Soil texture Silt + clay 0 20 %
Loam 1
Sand 2
Gravelly or stony +0.5
Soil salinity ~ None to weak 2 20 %
Moderate 1
Strong to very high 0
Mudflats Unsuitable Constraint —
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Fig. 10 Classification of total
soil score based on a weighted
combination of thickness, texture

and salinity values (see Table 1) Trsrso
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possible and were not suitable for site selection. A buff-
er of 500 m was applied to account for further spread-
ing of built up areas. The input of sediments, fertiliser
and pesticides would be enhanced in agricultural areas.
In addition, a conflict of interest and subsequent in-
crease in vandalism might arise with farmers who prefer
to store their water above ground. Agricultural areas
were hence less preferable. Forest areas were likely to
generate high amounts of organic material and evapo-
transpiration would be high, limiting the amount of run-
off generated. Uninhabited areas with bare surface or
pastures were most suitable. A catchment covered with
surface crusts like chert plain was especially suitable as
runoff generation is enhanced. Obviously, crusts would
need to be removed at the infiltration site and were also
less common in the wadi channels themselves. Mudflats
were unsuitable for both runoff generating and infiltra-
tion. A further site assessment would need to address
the availability of the land based on land ownership.

Site location

The location of a water harvesting site was obviously restrict-
ed to the wadi bed; however, it would be possible to transfer
the water downhill from the harvesting site to an infiltration
site. For the expected limited volumes of water, a transport
over more than 2 km was not assumed to be economically
viable. In addition, a distance of 2 km to the international
borders should be observed for security reasons.

Sub-catchment size

As the runoff coefficient increases with rainfall, the minimum
catchment size for an aspired mean annual runoff of about 50,
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000 m® increases non-linearly with rainfall range from about
25 km? in low rainfall regions (100150 mm/a) to about 4 km?
in high rainfall regions (400-450 mm/a). As most of the po-
tential area was located in the lower rainfall range (100—
250 mm/a) a mean value of 18 km? minimum catchment size
was chosen. This was equivalent to a flow accumulation from
2,500 pixels of the digital elevation model (DEM) and was
depicted by the extent of the river network.

Subsurface criteria

Apart from the near surface hydrogeology, runoff generation
is not influenced by subsurface criteria. A MAR site, however,
needs to be based on top of a suitable aquifer with sufficient
aquifer storage space and an unsaturated zone allowing for
infiltration to the aquifer.

Hydrogeology

A high permeability of superficial deposits and the un-
derlying formation in the catchment was actually less
preferable for runoff generation, while aquitards would
allow more runoff generation and were favoured for the
catchment selection (see Fig. 5). Obviously, the opposite
was valid for the site selection. An underlying aquifer
was essential and permeable superficial deposits were
important for a fast infiltration. Accordingly, the pres-
ence of sandy deposits was given a bonus of 0.5 to the
site suitability rate. As the permeability of unspecified
alluvial deposits was not given but field visits showed
often silty texture, it was assumed that they had higher
permeability compared to underlying mixed aquifer/
aquitard formations (+0.25) and lower permeability
compared to underlying aquifers (—0.25; see Table 2).
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Table 2 Criteria, classification, rating (R) weighting (/) for catchment and site assessment for constraint (C) and suitability mapping

Criteria

Classification

Catchment assessment

Site assessment

R w

Ra

w

Surface criteria

Distance to international borders
Distance to wadis

Catchment size
Rainfall

Land cover

Slope

Soil score®
(60 % texture, 20 % thickness, 20 % salinity)

Existing dams

Subsurface criteria

Hydrogeology and superficial deposits

Thickness of aquifer

Depth to water table

Flow gradient

Distance to faults

Groundwater salinity (TDS)

Groundwater contamination (NOz > 50 mg/L
or E. coli >10 MPN/100 ml)

<2 km
>2 km

<18 km?

<75 mm/a
75-<100 mm/a

100-<200 mm/a
>200 mm/a

Urban, quarries, mudflats
Field and tree crops, forest

Bare rock, chert plains, sand, wadi
deposits, pastures

0—<2 %

2—<5%

5—<10 %

>10 %

Score >67 %

Score 33-67 %

Score <33 %
No description

Other area
Within 5 km of existing WH structure

Catchment JVA dam

Aquitard (B3, A5/6, A3)
Mudflats, evaporites, calcrete

Aquifer/aquitard (BS, B1, K/Z)
Alluvium over aquifer/aquitard

Sand over aquifer/aquitard

Alluvium over aquifer

Aquifer (basalt, B4, B2, A7, A4, A1/2)
Sand over aquifer

0-<20 m
20-<50 m

>50 m

10—<100 m
100—>200 m

>200 or <10 m

<0.2 %
0.2-<0.5 %

>0.5 %

<0.5 km (visible fault)
<0.5 km (inferred fault)

Other area

<1,000 mg/L
1,000-<3,000 mg/L

>3,000 mg/L

<1 km from well
1-<2 km from well

>2 km from well

A~ = O =N = N ~O N o~ N = ON

S = = = = o

N = NN —~0 000

O —h — © =N N0 0O~

a0

1.25

1.75

W
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Table 2 (continued)

Criteria Classification Catchment assessment Site assessment
R? w R? /4
Infrastructure criteria
Distance to roads <1 km from main road - - 0 4
<1 km from secondary road - - 1
<2 km from gravel road - - 2
Other area — — 1
Distance to active government wells <0.5 km - - 0 4
0.5-<2 km _ _ 1
2-5 km - - 2
>5 km - - 1

#Values for R (rating): C constraint, ) low suitability, / medium suitability, 2 high suitability
A1-A7, B1-B5 and K/Z abbreviations for geological units (see section “Hydrogeology”); JVA Jordan Valley Authority, MPN most probable number,

TDS total dissolved solids, WH water harvesting
® Actual score (range 0—1.7) from combining the three soil aspects

Agquifer storage space

Aquifer storage space (Fig. 11) is dependent on the
unsaturated thickness of the aquifer formation, i.e. is
dependent on the total aquifer thickness and the depth
to groundwater level. Therefore, regions with shallow
groundwater levels were not suitable for aquifer re-
charge. In addition, the expected groundwater mount
should not be too close to the surface, as this could
lead to evaporation or interference with surface struc-
tures. Only the area around the Azraq Qaa fell into this
category (see Fig. 7). Thin aquifer units were also not
preferable for MAR. As no detailed thickness maps for
the A1/2 and A4 aquifer were available, only the mid-
dle and upper aquifer complex could be assessed.

Overall, there were only a few areas, where the aquifer
thickness might be a limiting factor. In general, there
was sufficient storage space and it is increasing every
day through the decline in the water table.

Distance to faults

Fault lines (Fig. 5) provide preferential flow paths and could
hence potentially be preferable for enhancing the vertical hy-
draulic conductivity for a faster infiltration. Higher transmis-
sivity values associated with fault zones have been found (Al-
Khatib 1999; Alraggad 2009). Faults were often only inferred
or below superficial deposits and would need to be investigat-
ed in more detail at the site. A buffer of 500 m around the
faults was used as maximum distance of positive influence.

301725 351725 401725 451725

Fig. 11 Aquifer storage space

availability in Amman-Zarqa and

Azraq basins in areas with

saturated zones of the aquifer o780
(upper and middle aquifer system

only) based on depth to water

table and aquifer thickness
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Economic/infrastructure criteria

As the main economic benefit is generated when the stored
water is recovered, parameters affecting the recovery efficien-
cy as well as other economic considerations like treatment
costs before usage, accessibility and pumping costs also
played a role.

Hydraulic gradient

The groundwater flow gradient was of interest for the recov-
ery. A high hydraulic gradient limited the recovery efficiency
as the recharged water would be dispersed over a large area
and might mix with groundwater of unsuitable quality. The
available water table contour lines (see Fig. 6) were used to
calculate the flow gradient. The flow gradient was commonly
quite flat leading to slow flow velocity; however, the flow
gradient was likely to have increased locally around abstrac-
tion wells.

Groundwater salinity

Groundwater quality was also important for the recov-
ery of the recharged water and suitability depends on
the intended use. Groundwater salinity below 1,
000 mg/L would be suitable for domestic uses, while
salinity up to 3,000 mg/L could be acceptable for
irrigational use and livestock watering. Salinity maps
for the A7/B2 aquifer system showed suitable condi-
tions in the outcropping areas and less suitable condi-
tions in the confined regions that could not be used for
MAR via infiltration anyway (Fig. 8). For the upper
aquifer system, no detailed maps were available and
available data did not cover the region equally to ex-
trapolate reliable maps, but salinity in the upper aquifer
system matched mostly with the range in the middle
aquifer system; therefore, a regionalised map of the
middle aquifer system salinity was used for the crea-
tion of the thematic map.

Groundwater contamination

Areas with known groundwater contamination should be
avoided, as the recovered water should potentially be
suitable for domestic use. A buffer of 1 km around all
wells with nitrate >50 mg/L or E. coli values >10
MPN/100 ml was classified as unsuitable, while a buffer
of 2 km was classified less suitable. This factor would
be most important downstream of the MAR site, but
could not be implemented graphically, as one well could
be downstream of one potential site and upstream of
another potential site. Therefore, the groundwater quali-
ty downstream of a selected MAR site should be

investigated site specifically to assure that the recovered
water is likely to meet the required standards. In addi-
tion, areas with groundwater contamination indicated
that there might be a number of hazards in the catch-
ment that could also have a negative impact on surface-
water quality. These areas were commonly related to
point contamination hazard sites (for which no regional
map exists) or were related to diffuse contamination
from urban or agricultural land cover. Limited ground-
water quality could be overcome through adequate treat-
ment of the recovered water before usage, but it would
raise the price and decrease economic viability.

Depth to the water table

For the purpose of recovery, areas outside the limit of satura-
tion of the aquifer were not suitable as recovery from the
unsaturated zone would not be possible. Also, areas with a
very deep water table (>200 m bgl) were less preferable as
this would incur high pumping costs. In addition, infiltrated
water might be lost in a thick unsaturated zone or be trapped
above thin impermeable layers and hence lost for recovery
purposes. The assessment was performed on the available
older maps (see Fig. 7). Depth to water levels would have
changed over the years and would need to be assessed site
specifically.

Distance to roads

Site access should be reasonably easy for the construction and
maintenance of the MAR site, but it should not be too easily
visible from the main road or settlements, as this might in-
crease vandalism. A short distance to main roads also in-
creased the potential of surface-water pollution. Accordingly,
the available road map (see Fig. 3) was classified into main
roads, secondary roads and gravel roads.

Distance to active government production wells

Since the installation of new wells and conveyor lines
can be very expensive, it would be an economic advan-
tage if active production wells downstream of the MAR
site would benefit from the recharged water. Preferably,
recovery wells would be active government-owned wells
and not private wells. However, the infiltration site
should not be too close to any well to comply with
groundwater protection guidelines. In Jordan, the
groundwater protection zone 2 is delineated with a min-
imum of 150 m and a maximum of 2 km from the well
to prevent potential bacteriological contamination from
reaching the well (MWI-BGR 2011). As flow velocities
were mostly unknown and seemed to vary considerably
due to preferential flow paths, a limit of >2 km between
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the infiltration site and the well was preferable and a
general buffer of 150 m around all existing wells was
classified unsuitable. On the other hand, if the distance
between the infiltration site and well became too large,
the recharged water might take too long to reach the
well within a reasonable time frame. So the optimal
distance was estimated to be 2-5 km upstream from a
production well (Fig. 12). The applied buffer included
up- and downstream areas, as it was not possible to
select only downstream areas for all possible sites.
Accordingly, the groundwater flow direction and dis-
tance to the next well downstream would have to be
assessed site specifically. If the well is further away,
new water level measurements should be undertaken to
estimate travel time based on a recent flow gradient.

Constraint mapping and multi-criteria analysis

Two principal overlay techniques for thematic maps were
used. The Boolean logic allowed only a rating as suitable or
unsuitable (0 and 1 value) and was used for creating the con-
straint maps, which meant that an area was regarded as poten-
tially suitable if it fulfilled the minimum value for all the
criteria, while the area was rated unsuitable if only
one criterion value was below the minimum threshold.
Completely unfeasible areas could be screened out with
this technique.

The weighted linear combination (WLC) allowed the com-
bination of classifications inside each criterion with different
weights across all criteria and is commonly used to create
suitability maps, which meant that areas that were unsuitable
for one criterion could still get a high final score if all other
criteria were valued suitable. The final score of the catchment
and site suitability maps was based on the WLC formula,

251725

normalised by dividing by 2 (as the max. score is 2) and
converted to percentage:

Suitability score (%) = {Z (R[-Wi)/Z(W[)} /24100

The flowcharts for catchment and site assessment are
depicted in Figs. 13 and 14, respectively. All criteria applied
(7), their classification (2 = max score), rating (R) and weight
(W) are listed in Table 2.

Catchment assessment

The selection of a suitable catchment generating enough run-
off of a suitable quality was constrained mainly by three
criteria. Areas not fulfilling all of these minimum criteria were
combined to a catchment constraint map (see Fig. 15):

1. Rainfall <75 mm/a

2. Inside the catchment of existing dams (all small dam
catchments and the lower part of the large dam
catchments)

3. Land cover was built up, quarry or mudflat

The catchment constraint map served as a cover for the
catchment suitability map (see Fig. 16). A number of combi-
nations in weights were calculated to assess the sensitivity.
Variations in final catchment score were within a limited range
and the overall picture stayed the same.

Site assessment

As described in the preceding, the selection of a suitable dam
and infiltration site was based on more criteria and

301725 351725 401725 451725
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Fig. 13 Flowchart describing 5 .
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~
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suitability
>83 % = very good
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67-83 % = good
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y

Classify catchment suitability based on % scored

<50 % = low
(see catchment

accordingly more constraint criteria were added. Areas not
fulfilling all of these minimum criteria were combined to a
site constraint map (see Fig. 17):

1. Rainfall <75 mm/a

suitability map)

7. Areas over unsaturated aquifer
8. Distance to contaminated well <1 km
9. Distance to international border <2 km

2. Inside the catchment of existing dams (all small dam catch- The site constraint map served as a cover for the site suit-
ments and the lower part of the large dam catchments) ability map (see Fig. 18). In addition, two other criteria—dis-
3. Land cover was built up, quarry or mudflat tance to wadi >2 km and catchment size <18 km’*—were
4. Slope>5% added as a second cover in case the assessment was to be used
5. Areas over aquitards for other water resources like treated wastewater that would be
6. Aquifer thickness <20 m available outside of the wadi system. Again, a number of
Fig. 14 Flowchart describing Rainfall <75 mm/a OR
constraint and suitability mapping = Catchment of existing dam OR
for site assessment [ Bulltup./ quarry/mudfiat OR Site not suitable
c | Slope >5 % OR YES . -
8 | over aquitard OR (see site constraint
S | Aquifer thickness <20 m OR map)
@ | Distance to contaminated well <1 km OR
Distance to international border <2 km
INo
S | Classify (R) and weight (W) 7. Thickness of aquifer
% | criteria (/): 8. Depth to water table
£ [ 1. Rainfall 9. Flow gradient
g 2. Land cover 10. Distance to faults
S | 3. Slope 11. Groundwater salinity
§ 4. Soil (texture, thickness, 12. Groundwater
£ salinity) contamination /ﬁ
T | 5. Existing harvesting 13. Distance to roads
1= structures 14. Distance to active : R
'?,’ 6. Hydrogeology / superficial government wells Site suitability
= deposits >83 % = very good
67-83 % = good
+ 50-66 % = moderate
Calculate site suitability score after: <50 % = low
Suitability score (%) = [Z (R; W) / = (W))] /2 - 100 (see site suitability
1 map)

Classify site suitability based on % scored }———*\ )
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Fig. 15 Constraint map for
catchment assessment of
Amman-Zarga and Azraq basins
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combinations in weights were calculated to assess the sensi-
tivity. Variations in final site score were within a limited range
and the overall picture stayed the same.

Data availability and uncertainties

Due to the regional scale of the study and the resolution of
input data, all maps represent simplification and have uncer-
tainties attached to them. A specific assessment for all the
criteria would have to be made during a following feasibility
study to confirm catchment and site suitability.

The topography and derived values like slope, river net-
work and (sub-)catchment areas were generated from the US
Geological Survey’s HydroSHEDS (USGS 2008). These are
based on high-resolution elevation data obtained from
NASA’s Shuttle Radar Topography Mission (SRTM). The

251725

Fig. 16 Suitability map for
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resolution of the DEM is about 90 x 80 m and is suitable for
the regional scale of the study, but of course it is too coarse for
selection of an individual dam site. Especially in Azraq basin,
it is also uncertain whether the runoff from a larger sub-
catchment actually flows down the entire wadi or stagnates
due to the flat topography and the presence of smaller flat
depressions. This cannot be fully identified with the resolution
of the DEM. Catchment and site-specific topographic surveys
would be needed to delineate the hydrologic boundaries of the
catchment, find a suitable wadi cross section for dam con-
struction and delineate the potentially flooded area.

The land cover map was provided as a shape file by the
Royal Jordanian Geographic Center (RIGC 2011). It is based
on satellite images from 2005, was verified by field inspec-
tions and released in 2011. As the built up area has signifi-
cantly increased since 2005, all visible human constructions
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Fig. 17 Constraint map for site
assessment of Amman-Zarqa and
Azraq basins
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were mapped manually in GoogleEarth in April 2012 and
added to the land cover class “‘urban’. During field inspections
in the catchment, potential hazards to groundwater and surface
water should be mapped and potential conflicts of interest
with existing land uses should be assessed.

Data on official water harvesting structures were provided
by JVA, but there were no data on private water harvesting
structures. These were mapped manually in GoogleEarth in
April 2012. For a broad estimation of storage capacity, ponds
were assumed to be about 2 m deep, and earth dams were
assumed to hold around 1 m water depth over an idealised
triangular area behind the dam (calculated by width and length
of the visible storage area). The actual storage capacity, cur-
rent status and number of harvesting structures would need to
be assessed by a site-specific survey.
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Fig. 18 Suitability map for site
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The regionalised soil data generated from the level 1 soil
survey (HTS and SSLRC 1993) should be used with caution
as they present a strongly generalised version using only the
most dominant soil type characterised by one representative
profile. Proper investigations into the hydraulic properties of
the soil at the infiltration site would be needed. These should
encompass basin infiltration tests, soil analysis, shallow dril-
ling and geophysical surveys. As ring infiltrometer tests are
often used to estimate infiltration capacity, ring infiltrometer
tests (30 cm inner, 60 cm outer diameter) were undertaken at
three sites for comparison with results from the basin infiltra-
tion tests (see section “Soils”). Compared to basin infiltration
tests the mean of three ring infiltrometer tests gave at least
double the infiltration rate due to lateral spreading.
Therefore, ring infiltrometer tests have to be treated with
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caution (Youngs 1991). Soil sample tests should also deter-
mine the suitability of the material for dam construction.

The hydrogeological map and faults are based on the geo-
logical maps (1:50,000 and 1:100,000, purchased as shape
files) from the national mapping program published with ex-
planatory notes (e.g. Ibrahim 1996) by the Natural Resources
Authority (NRA). A field survey should include a
hydrogeological mapping of the area to assess if the
regional data hold true at the specific site. It would also
be necessary to investigate the foundation conditions for
dam construction.

All other data (e.g. climate, rainfall, runoff, transmissivity
values, groundwater levels, groundwater quality) were sup-
plied by the Ministry of Water and Irrigation (MWI) and its
subordinate divisions, the Water Authority of Jordan (WAJ)
and the Jordan Valley Authority (JVA). In general, the spatial
coverage of data in the Azraq basin is much lower than in the
AMZ basin. Most records contain gaps in the timeline and the
data had to be controlled for quality in the course of this study
leaving some remaining uncertainty. The limited number of
observation wells with reliable static groundwater level mea-
surements leaves room for uncertainty in the groundwater
level map and the subsequent calculation of flow gradient.
These maps are also based on data from 1995, so groundwater
levels are likely to have changed considerably in areas with
high abstractions. All interpolated values are more uncertain
along the edges of the interpolation, e.g. along the edges of
aquifer outcrops. For more details on the data used, please
refer to the full report (Steinel 2012).

Results and discussion

The outcome of this pre-feasibility study is twofold. Firstly,
regional maps for Jordan assessing the potential for MAR via
surface-water harvesting and subsequent infiltration are gen-
erated, and secondly, a potential blueprint for similar assess-
ments in comparable regions is derived.

Technical aspects

This pre-feasibility study applied a number of technical
criteria (Table 2) to generate constraint maps with Boolean
logic and suitability maps with weighted linear combination
for potential catchments and sites.

Catchment constraint and suitability maps

The catchment assessment showed that about 65 % of the total
study area (including the Syrian catchment area) did not fulfil
the minimum criteria (see section “Constraint mapping and
multi-criteria analysis”) and was hence combined to form
the catchment constraint area (Fig. 15). The remaining area
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of interest is mainly in the northern basaltic area, where runoff
is received through transboundary surface flows from the
Jebel al Arab.

Applying the six catchment assessment criteria (i.e. rain-
fall, land cover, slope, soil, existing dams and hydrogeology)
using WLC (see Table 2) showed that less than 5 % of the total
area scored very good or good suitability (see all dark and
light green areas in Fig. 16). This area was reduced to 3.7 %
(0.1 % very good and 3.6 % good suitability) when
subtracting the constraint area (see Table 3). The most suitable
areas are located in the westernmost part downstream of the
King Talal Dam outside of the highland area and hence are
located outside the objective of the study. Smaller suitable
areas are delineated inside Syria or close to the Syrian border
where rainfall is higher.

Site selection constraint and suitability maps

The site assessment showed that about 87.5 % of the
Jordanian study area did not fulfil the 11 minimum criteria
(see section “Constraint mapping and multi-criteria analysis™)
and was hence combined to the site selection constraint area
(Fig. 17). The main area of interest remains in the northern
basaltic area of the Azraq basin.

Applying the 14 site assessment criteria using WLC (see
Table 2) showed that about 40 % of the total area scored very
good or good suitability (see dark and light green areas in
Fig. 18). This area was reduced to 9 % (0.4 % very good
and 8.6 % good suitability) when subtracting the constraint
area (see Table 3). Some very suitable areas were scattered
along the lower reaches of Wadi Zatari and Wadi Dhuleil in
the AMZ basin for example.

Obviously, the availability of a good infiltration site is not
enough without a suitable catchment upstream to provide suf-
ficient water resources. To calculate the overall suitability of a
sub-catchment at each possible site would require an algo-
rithm to delineate the upstream sub-catchment and add up all
catchment suitability scores over the sub-catchment in relation
to sub-catchment size. Unfortunately, this calculation could
not be conducted within the timeframe of this study.
Therefore, only an overlay of the site suitability (Fig. 18)
and the catchment suitability map (Fig. 16) was used for visual
appraisal. Each potential wadi would need to be assessed in-
dividually and advantages and disadvantages considered.

Overall, in AMZ basin, urban and agricultural areas (in-
cluding hazards like chicken farms and quarries) are enclosed
in virtually all potential sub-catchments, which might lead to
an impaired runoff and groundwater quality. It could also cre-
ate conflict of interest with local inhabitants increasing the risk
for vandalism. In addition, since 1995, when the data for the
groundwater level maps were collected, over-abstraction
might have resulted in unsaturated conditions or a higher flow
gradient reducing the suitability of sites.
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Table3  Distribution of suitability score as percentage for the overall catchment assessment area (including Syrian area) and the overall site assessment

area (Jordan only) without and with applying constraint area

Score Suitability Without constraint applied With constraint applied
Catchment suitability Site suitability (Jordan only) Catchment suitability Site suitability (Jordan only)
>83 % Very good 0.1 % 1.7 % 0.1 % 04 %
67-83 % Good 4.7 % 38 % 3.6 % 8.6 %
50-66 % Moderate 26 % 43 % 14.3 % 35%
<50 % Low 69 % 17 % 16.8 % 0.0 %
Constraint Unsuitable - - 65.2 % 87.5 %

Overall, in Azraq basin, only the northernmost areas en-
compass suitable sub-catchments. The main drawback in this
region is the great depth to the water table which is commonly
>200 m bgl and the limited number of potential recovery
wells. In addition, catchment sizes might be overestimated
due to the gentle slope and presence of flat areas and depres-
sions, reducing the available water resources and the number
of suitable dam construction sites.

Accordingly, no specific sites could be recommended for
further investigation. Naturally, all data used are afflicted with
uncertainty and inaccuracy due to the resolution and age of the
data (see section “Data availability and uncertainties”). The
highest uncertainty for catchment suitability is the amount of
harvestable non-allocated surface runoff, which seems to be
too low for viable MAR schemes. This is due to the fact that
many harvesting structures are already in place and that low
intensity rainfall events often do not generate appreciable
amounts of runoff, while high intensity rainfall events often
generate amounts of surface runoff that are too large to be
captured and would mostly spill over harvesting structures.
Constructing dams large enough to capture these rare flood
events is usually not economically viable. Previous dam site
investigations were based on runoff estimations using the
curve number method (USDA-SCS 1985), which seems to
considerably overestimate runoff in comparison to measured
rainfall-runoff relationships (see section ”Surface-water
resources”). Therefore, any further investigation into MAR
should foremost be concerned in investigating the availability
of water resources. It is highly recommended to increase the
number of flood and rainfall monitoring stations. Placing a
number of flood stations along the same wadi would also
allow estimating transmission losses through the wadi bed,
i.e. estimating natural groundwater recharge.

In addition, surface-water quality is commonly impaired by
large sediment loads and by hazards like urban areas, large
farms and quarries, but data on actual runoff water quality are
very rare; for example, a better knowledge of sediment load
and particle sizes would allow finding the most suitable pre-
treatment and give a better estimation of maintenance costs. If
surface-water harvesting is envisaged to increase, it is highly

recommended that land-use planning incorporates the knowl-
edge on potentially suitable surface-water catchments. These
areas could be set aside as future water protection areas, so that
the development of additional hazards could be avoided.

The highest uncertainty for the site selection is associated
with the soil infiltration capacity. Based on basin infiltration
tests undertaken with clean water during this study (Steinel
2012), maximum infiltration rates of 0.3—3 cm/day are expected
for infiltration of turbid surface runoff. Taking into consider-
ation evaporation rates of around 1 cm/day, considerable
amounts of harvested water are likely to evaporate during
infiltration. Proper construction of infiltration basins and set-
tling basins for sediments, and regular maintenance is there-
fore paramount to keep infiltration rates as high as possible;
also, recharge release dams could be an option if downstream
wadi infiltration rates are high enough.

Previous MAR studies for the area (Alraggad and Jasem
2010; Rapp 2008) have neglected the assessment for the avail-
ability of non-allocated harvestable surface runoff and have
only assessed the site suitability using the criteria slope, urban
land cover, suitability of outcropping formation and distance
to potential water resources (existing dams or wastewater
treatment plants). The distance to fault lines was added as a
criterion in Alraggad and Jasem (2010). Both studies used
only successive intersection of thematic maps without
weighting; thus, this study presents a more comprehensive
assessment based on a large number of criteria and has con-
siderably improved the assessment for MAR potential. The
presented method is a potential blueprint transferable to other
basins and regions as it is possible to adjust the number and
type of criteria, and their classification and weights according
to regional characteristics and data availability.

Socio-economic and environmental aspects

A complete feasibility study should encompass the environ-
mental and socio-economic consequences of a MAR interven-
tion as well as a cost-benefit analysis compared to other alter-
natives. This pre-feasibility study tried to address a number of
important issues, but does not claim to be comprehensive.
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Costs associated with a MAR scheme comprise capital
costs and operational costs as well as social and environmental
costs occurring before, during and after implementation.
Often though, only capital costs before and during construc-
tion are considered. A proper MAR scheme should also in-
clude operation and maintenance (O&M) as well as monitor-
ing (e.g. NRMMC, EPHC, NHMRC 2009). Including the
costs of O&M into a lifetime cost analysis considerably in-
creases the overall cost-effectiveness as recharge schemes
might only be working for about 3 years without O&M due
to the high sediment loads, but might last 20 years with O&M.
More direct costs are accrued for the recovery of the water.
These costs are highly dependent on the water table depth and
energy source used for pumping. Contingency costs could
occur, when polluted water was recharged or dam failure
occurs.

Indirect costs are related to downstream impacts for exam-
ple on consumptive allocations, environmental flows, ground-
water recharge, loss of biodiversity or degradation of water
quality. In general, downstream areas will be more affected
than upstream areas, unless the ponding area is very large. The
reduction of surface-water flow downstream of a water har-
vesting structure could not only create conflicts with down-
stream users, but is also likely to lead to a degradation of
habitats in and along the wadi channels. Especially in Azraq
basin, wadis and qaas are almost the only vegetated areas
sustaining biodiversity and providing pastures for Bedouin
livestock. For example, a fully flooded Azraq Qaa attracts
many water birds. In AMZ basin, the reduction of stream flow
is likely to lead to a reduction in water quality in the Zarqa
River and King Talal Dam as the dilution of wastewater will
be lower. It should also be taken into account that water
harvesting structures prevent natural groundwater recharge
downstream. This loss in natural recharge needs to be
subtracted from the overall benefit of the recharge scheme.
If recharged water contains contamination, the groundwater
quality could deteriorate and groundwater users downstream
might incur health problems. It is therefore important to mon-
itor incoming water quality and to be able to shut down infil-
tration, if water quality is below certain thresholds.

Effectiveness of schemes depends not only on the costs but
also on the benefits of a scheme, which is usually equated with
the amount of recovered water and related increases in income
and living conditions. The amount of recoverable water is
obviously not equivalent to the amount of harvested water
(or even the storage capacity of the dam). The highest losses
occur due to evaporation during infiltration. Estimations vary
between 20 and 75 % evaporation losses (e.g. Gale et al. 2006;
Haimerl 2004; Kalantari et al. 2010; Sukhija et al. 1997;
Zeelie 2002). A clogged recharge dam will result in negative
impact and indirect costs, as the harvested water will not be
available downstream for natural infiltration, environmental
or human use. In addition to evaporation losses, water will
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be lost in the vadose zone as well as through transport in the
saturated zone. There is also a time lag in benefits between
recharging water and its potential recovery depending on the
thickness and permeability of the vadose zone and groundwa-
ter flow velocity (Izbicki et al. 2008). If recharge occurs only
every second year, it might also mean that this will only be
enough to saturate the unsaturated zone and nearly no water
would reach the groundwater. Data on the actual efficiency of
recharge schemes in arid countries are limited and it is highly
recommended to increase this knowledge, as it is vital for a
meaningful cost-benefit analysis.

The revenues are also highly dependent on the water use.
The earnings that can be generated through agricultural irriga-
tion in arid regions are commonly lower than the costs asso-
ciated with the real costs (i.e. non-subsidised costs) of water
production. Providing additional water supply through re-
charge schemes often encourages unsustainable farming prac-
tices and increases the groundwater over-abstraction (Gale
et al. 2006). The benefits that result from a lower pumping lift
through an increase in groundwater level are negligible as
recharge mounts quickly dissipate and regional groundwater
level increases will be in the scale of mm, when only a few
mm of annual rainfall could be harvested and recharged. Real
benefits are the reduction of transport costs, when local de-
mand can be covered by local supply, and the use of accumu-
lated sediments for construction or soil fertilisation.

The concept of managed aquifer recharge through recharge
release dams requires a certain hydrogeological understanding
and a long-term thinking that is not necessarily in line with
common perception. For example, local inhabitants blocked
the release structures at the Wadi Madoneh dam (de Laat and
Nonner 2011) and used it as surface-water storage; therefore, a
successful MAR scheme would require intensive awareness
campaigns and participation to create acceptance and owner-
ship in the local population as well as the nomadic inhabitants
passing through the area. Furthermore, clear legislation, regu-
lations (including monitoring requirements), finance and dis-
tribution of responsibilities are needed for the planning, con-
struction, operation and closure of MAR schemes to ensure
sustainability.

Conclusions

This pre-feasibility study presents a comprehensive method
for the assessment of MAR potential at a regional scale that
is transferable and adaptable to other areas depending on
available data. It defines and evaluates the fundamental tech-
nical requirements such as source water availability, aquifer-
storage-space availability and effectiveness of transfer of har-
vested water to the aquifer for two basins in Jordan. While the
site suitability assessment showed that there is ample storage
space available and surface infiltration would potentially be
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suitable in many areas above the unconfined aquifers, unfor-
tunately the assessment of catchment suitability indicated that
the main limiting factor is the low amount of harvestable non-
committed surface runoff.

The effectiveness of MAR schemes is also highly depen-
dent on a proper sediment management plan, especially for
funding of operation, maintenance and monitoring. Cost-
benefit considerations should be based on the actual amount
of recoverable water rather than the expected amount of har-
vested water as has often been done in the past; furthermore,
likely occurring negative downstream impacts should be con-
sidered, so water is not merely relocated. One should bear in
mind, that MAR will not work everywhere as schemes may be
neither socially acceptable nor economically feasible. MAR
will not prevent groundwater level declines on a regional scale
without demand management measures. Due to the high un-
certainty associated with runoff water quantity and quality, it
is therefore highly recommended to increase monitoring of
these parameters before any MAR implementation takes
place. During the operation of MAR schemes, monitoring
must ensure that groundwater contamination is prevented
and the effectiveness of the scheme is proven to justify repli-
cation. The sustainability of MAR interventions might also be
increased through stakeholder participation.
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