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Shallow Water Table in Arid Urban Zone:
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ABSTRACT. A shallow water table (SWT) rises up to several centimeters below the soil surface and even exfiltrates making surface
impoundments that are common in humid climates. Recently, SWTs emerged even in arid and semi-arid regions of several met-
ropolitan areas of the Arabian Gulf Cooperation Council (GCC) countries with a pernicious impact on the urban infrastructure,
health, ecohydrology of parks and gardens, among others. Quantifying SWT’s dynamics and understanding the associated phenomena
of water motion and solute transport are vital for finding the proper mitigation techniques and reducing the risks associated with
SWT. In this preliminary study, SWT was delineated, its seasonal dynamics was monitored, evaporation losses were quantified, and
groundwater chemistry was measured at Sultan Qaboos University (SQU) campus (Oman). The study sites were near the building
of the College of Nursing (Wadi N, 4 soil excavations thereafter indicated as S1, S2, S3 and S4) and near the SQU Mosque (Wadi
M, 3 locations were labeled 1,2 and 3). Field measurements of SWT in soil excavations, laboratory analysis of collected groundwa-
ter samples, and numerical simulation of evaporation using HYDRUS-1D were conducted. The results showed that the water table
depth in all excavations in Wadi N increased during June compared to January-March by 24 times (from 0-6 cm to 130-145 cm),
while the water salinity increased by 50% (from 4,563 mg/L to 9,164 mg/L). Unlike Wadi N, the water table in Wadi M remained
steady (within 4.5-6 cm), while the water salinity of the locations 1 and 2 increased by nearly 40% to 22% (7,948-13,632 mg/L and
7,372-9,075 mg/L), respectively, whereas it decreased by nearly 30% in location 3 (from 9,177 to 6,374 mg/L). These variations in
water chemistry suggest that the studied SWT is patchy and caps perched aquifers, which are likely to be disconnected hydrau-
lically from each other and the regional aquifer located at the depth of about 15 m under the local ground surface. Considering
the seasonal variation in weather conditions, the results of HYDRUS-1D simulations showed that the evaporation rate in June was
higher by about 50% than that for January-March. The discharge from the water table due to evaporation from the whole area of
Wadi N was estimated by the model to be around 6600 m?. Further studies should determine the source of groundwater that would
make possible a hydrological balance for perched aquifers. This would drilling and installing nested piezometers with regular re-
cord of SWT and regional groundwater, geophysical surveys of the subsurface, detailed analysis of soil pedogenesis and morphology
of the vadose zone, isotope analysis of groundwater, and detailed numerical simulations of groundwater and soil moisture motion.

KeywoRrbDs: Shallow water table; HYDRUS-1D; Aquisalids, Arid regions; Urban groundwater; Waterlogging; Salinity;
Evaporation; Sultan Qaboos University; GCC countries
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Introduction

ater table rise (WTR) brings groundwater
from the depth of several meters to several
centimeters from the soil surface. Moreover,

shallow water table (SWT) and WTR can even fill in
topographic depressions and basements of the buildings
and construction sites. Surprisingly, even in hyperarid
climates of the Arabia, SWT and WTR are observed
in certain urban districts (Abu-Rizaiza et al., 1989;
Abu-Rizaiza, 1999; Al-Senafyetal.,2015; Bobetal.,2016).
Waterlogging by SWT is often attributed to the ex-
ponential growth of population and it is associated with
the accelerated expansion of urban areas in developing
countries (i.e. having a high flow of wastewater and lack
of a proper sewer system). Another cause is the leakage
from the water distribution network. WTR becomes a
serious issue, especially, when municipalities have no
effective integrated programs for inspecting the buried
water mains and operating-maintaining the water net-
works. Disturbance of the natural drainage systems is
also reported as one of the main reasons WTR in urban
settings (Abu-Rizaiza et al, 1989; Abu-Rizaiza, 1999).
This occurs when foundations of residences, commer-
cial buildings, and other engineered infrastructures are
placed within the streams or in the floodplain of the wa-
dis. Consequently, during the rain, water cannot drain
naturally, as before urbanziation, but rather tends to
accumulate near the ground surface forming “perched
aquifer systems” Urbanization causes compaction and
vertical heterogenization of the porous substrate (soil
and rock) on which infrastructure is based (Kacimov
et al, 2021). Moreover, an increased recharge derived
from excessive irrigation of urban parks and gardens
(municipal and individual) increases the groundwater
level. Irrigation may cause mounding of groundwater
hoisted to the ground surface, especially when a shallow
impervious layer exists under the topsoil (Abderrahman
et al,, 2000). Agricultural transformation activities and
shifting of plants in cities e.g. removal of native plants
and clearing of deep-rooted perennial trees (e.g. Ghaf or
Sidr trees) may also cause water tables to rise (Eberbach,
2003). There are also some natural causes, which may
contribute to WTR, e.g. hydrogeological and hydraulic
characteristics of the subsurface. For example, shallow
alluvial aquifers with their recharge zones in the nearby
mountains (alluvial fans) may have bedrocks tilted to-
wards the urban areas. Such aquifers can rapidly convey
groundwater towards topographically flatter urban areas
where this water decelerates in its motion and dissolves
more minerals. Unexpectedly, intensive rain periods as-
sociated with flash floods in the region (Abu-Rizaiza et
al., 1989; Abu-Rizaiza, 1999; Al-Senafy et al,, 2015).
WTR has affected many urban areas in the GCC
countries, resulting in a wide range of problems depend-
ing upon the geotechnical and hydrological conditions,
and the construction practices at the sites under con-

sideration (Abu-Rizaiza et al., 1989; Abu-Rizaiza, 1999;
Al-Senafy et al., 2015; Allocca et al,, 2016). WTR im-
pacts the infrastructure by reducing the bearing capacity
of the soil. Capillarity moves water from the ground to
the soil surface and concrete of the footing of the build-
ings (the so-called damping phenomenon) and roads.
Upon drying, water evaporates and the salts left behind
crystallize within the pores of the masonry units. The
salt crystals dissolve during humid periods and recrys-
tallize upon subsequent drying. Hence, repeated cycles
of wetting and drying eventually cause corrosion, crack-
ing and disintegration in the steel and walls of the build-
ings. Asphaltic streets could be damaged because of the
presence and ingress of water in the pavement structure
(Saeed et al., 2019). Water pipes and electrical cables can
be deteriorated due to the polluted or high salinity shal-
low groundwater (Abu-Rizaiza et al., 1989). The occur-
rence of SWT can also form small lakes (ponds) which
are a good environment for breeding and spreading in-
sects like mosquitoes, flies, and roaches. Consequently,
this can spread water-borne diseases from ponded water
and cause nauseating smells and unsafe driving condi-
tions (Abu-Rizaiza et al., 1989; Sharp, 2010). All of these
may cause treacherous impacts on the life cycle of the
cities’ geotechnical systems and cause financial losses
to the building owners and municipalities that affect
the economy because all structural damages need reg-
ular reparation and sanitary treatment for the diseases
(Abu-Rizaiza et al, 1989; Abu-Rizaiza, 1999; Al-Sefry
and Sen, 2006; Al Senafy, 2011; Al-Senafy et al., 2015;
Raymond et al., 2020).

WTR in urban areas in Oman may increase the sever-
ity of the risks mentioned above, so it is necessary to un-
derstand the causes and effects in order to propose solu-
tions that limit the development of this problem in the
future. Groundwater under SWT can be pumped out. A
monitoring system to detect any leakage from the water
networks and surface storage should be deployed in ar-
eas prone to WTR. Additionally, the irrigation efficiency
of ornamental plants and urban crop-cultivation under
urban gardening and agriculture need to be improved
to reduce the volume of the irrigation return to under-
lying shallow aquifers (Al-Mayabhi et al., 2019; Rufi-Salis
et al,, 2020). Designing and implementing a dewatering
operation requires consideration of the geo-mechan-
ical properties of the soil and the potential impact of
any dewatering technique on the buildings’ foundations
within the affected area. A proper mitigation system as
the placement of the dewatering and observations wells,
which control and predict groundwater fluctuations in
response to pumping and monitor the seasonal varia-
tions of the recharge, should be planned (Abu-Rizaiza,
1999; Al-Sefry and Sen, 2006; Al Senafy, 2011; Morway
et al,, 2013; Al-Senafy et al., 2015).

There are several numerical codes used in simulating
water dynamics in porous media, particularly with WTR.
For example, HYDRUS simulates the flow and transport
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of water in the vadose zone. HYDRUS software can also
be used to model evaporation, infiltration, salt, and heat
fluxes in the vadose zone (Simtinek and van Genucht-
en, 1999; Simtnek et al., 2016; Radcliffe and Simtnek,
2018). This study explores WTR at the Sultan Qaboos
University (SQU) campus, Oman. The field investiga-
tions and soil obervations, laboratory analysis, and pre-
liminary numerical modeling are reported in this work.

In Figure 1, variable a designates the depth of the
water table. SWT in the lake of Figure 1 above had a
of about 15 cm. That was a great surprise because the
regional water table monitored by the the Ministry of
Agriculture and Fisheries Wealth and Water Resources
(MAFWWR) in the nearby monitoring wells was about
e=15 m (Figure 1a). By 2019, the campus had no obser-
vational wells/piezometers. Only few occasional deep
drillings and excavations went to the depth of b= 5-10 m
deep (during construction of new SQU buildings). SWT
was detetcted at the depths of about a=2 m. At SQU,
there was no conceptual model of the shallow subsur-
face pore water. The status of this water was not clear be-
cause the vadose zone (Figure 1a) was presumed to be 15
m thick and the topsoil was considered to be dry enough
to sustain all on-campus constructions. The tacit as-
sumption considered all water infiltrated from the SQU
sources (primarily, irrigation of huge green zones of or-
namental vegetation) percolates easily and rapidly to the
regional aquifer. Since discovering a surprising SWT and
thin vadose zone, SQU mobilized our team to explore
the phenomenon. Several monitoring pits having the
depth of b=1-4 meters (Figure 1la and b) were excavated.
The loci of these pits were selected with numerous re-
strictions: most of the campus area is paved, covered by
parks-lawns and infrastructural objects (see Figurela).
Unfortunately, even some remaining bare soil areas at
the campus could not be excavated because of electrici-
ty-internet cables, which are buried there. Also there are
many buried pipes of sewage and fresh water network.

For the hydrological balance of the campus area
during 2019-2021, the known inputs were:

a)  Good records of meteorological data from the
SQU and another weather station. In particular, these
data showed no serious rains between March 2020 and
April 2021. Therefore, there was no detected runoff in
the below studied wadies. Also, the data on irrigation
of the campus green zones were available and excess
irrigation, potentially contributing to WTR on campus,
could be roughly assessed. The recent national (Oman)
statistics reports that about 25 % of fresh water is lossed
due to breaches in the subsurface mains and water sup-
ply network. It is unclear weather the same quantity of
water leaks from the SQU subsurface pipes. The leaks
from the subsurface sewage network have also not been
measured or assessed.

b)  The groundwater level in constructed excava-
tions was monitored for one year. More pits were exca-
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vated and groundwater level and water chemistry were
measured there.

c¢)  Since 2012, MAFWWR started exploration
of the subsurface in a conerminuous area (see Fig. 1 b),
few tens of meter of the SQU campus. The Al-Jafnin
dam will be constructed there. From the Ministry drill-
ing-trenching data, SWT records showed that a=2-5 m
that confirmed the hypothesis of patchy, hydraulically
disconnected perched aquifers.

It was clear from November 2019 that the key ques-
tion about the source of the revealed SWT can not be
answered by monitoring the excavations, measurements
of salinity pH and chemistry of unearthed groundwater
and seemingly simplistic 1-D modeling of evaporation
or infiltration through a shallow (¢=10 cm-4 m, Figure
1a) vadose zone. The 3-year program was formulated to
conceptualize the subsurface hydrology of the detected
perched aquifers. In particular, it was found that loose
sediments -soil in all 2019-2020 excavated pits were un-
derlain by a “hard pan” (caliche). The thickness c (Fig-
ure 1 a) of this caliche was several tens of cm. For the
whole study area the value of ¢ is unknown (we indi-
cated this by a question mark in Figure 1a). Water table
between the hard pan and regional was not known. In
particular, we did not know whether groundwater from
the perched aquifers seeps down through the hard pan.
Moreover, it was not clear whether the hard pan was
horizontal, tilted or undulated (see Figure 1 a), poten-
tially having a variable thickness d. Therefore, the stor-
age of the perched aquifers shaded in blue in Figure 1b
depends on the saturated thickness of groundwater. This
storage, in meteorological conditions showed no precip-
itation and no runoff during the study period (March
2020-April 2021). It was depended on evaporation-tran-
spiration and still-unknown potential seepage down-
wards (through the hard pan). Indeed the instantaneous
storage of unconfined (in particular, perched) aquifers
was the difference between the fixed depth of the “bed-
rock” (or aquitard) and the dynamic SWT. If the caliche
layer in Fig 1a was not horizontal or did not not make a
regular inclined aquifer but has “troughs’, like the one
shown in Figure 1a, then perched shallow groundwater
did move horizontally but stays in such troughs, with
an ensued increase of salinity due to evapotranspira-
tion. A long residence time of groundwater in contact
with soluble minerals also increased salinity. On anoth-
er hand, the caliche layer may have “gaps” or “windows”
(not shown in Figure la) through which groundwater
from a perched aquifer above may be funneled to the
regional aquifer. That may explain the lack of hydraulic
contact between the blue perched aquifers in Figure 1b.
Mapping of the hard pan versus SWT was planned for
the future. That will require making a relatively dense
network of nested piezometers over the campus area.
In the above described context of the current uncertiani-
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Figure 1. Sketch of our current understanding of the status of the shallow perched aquifers in 2021. (a) depicts a vertical
cross-section of a perched aquifer; (b) gives an aerial view of the SQU campus with indications of detected patchy perched

aquifers.

ties and limitations with the available data, this paper did
not aim to give a comprehensive hydrological model of
the subsurface at the SQU campus. Our work was rather
a preliminary study of the recently discovered perched
aquifers. Our motivation stems from direct instructions
from SQU higher administartion.

Methodology

The study involved field measurments and laboratory anal-
ysis along with numerical modeling using HYDRUS-1D.
The following subsections present more details.

Field Measurements

The field study was carried out at two sites within the
campus of SQU: the area behind the College of Nursing,
hereafter called Wadi N site (coordinates 23°34’54”N,
58°10'24” E) and the Wadi near the SQU Mosque, here-
after called Wadi M site (coordinates 23°35’13” N, 58° 09’

46” E) (Figure 2 a, b). The average measured width and
length of wadi N were 21.75 m and 595 m, respectively
(the area of wadi bed= 12941 m?). For wadi M, these siz-
es were 6.13 m and 490 m, respectively (the area of wadi
bed= 3003 m?). At these two locations, shallow ground-
water was observed. The selected sites were monitored
on a weekly basis. Water depth from the ground surface
was measured in four different places distributed along
Wadi N (Figure 2c, Table 1) and three locations from
Wadi M (Figure 2d, Table 1).

Laboratory Analysis and Weather Data

Water samples from the studied locations of wadies M
and N were collected for laboratory analysis of total dis-
solved solids (mg/L). Soil samples were also collected for
the analysis of soil texture, soil salinity (ECe), soil mois-
ture, and bulk density following the standard procedure
by Soil Survey Staff (2014). During the study period,
weather data including air temperature, relative humid-
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Figure 2. Map and locations of the study area. a) Map of Oman, b) Google earth image showing the study areas along the
two wadies, ¢) Google earth image showing Wadi N with measurement locations, d) Google earth image showing Wadi M

with measurement locations.

ity, precipitation, solar radiation, and wind speed (Fig-
ure 5 a,b,c,d) were collected daily from a weather station
at the Agricultural Experiment Station (AES) in SQU
located within 1 km from the study site (23°35’54.06,
58°09’48.96"E). Hence, the used meteorological data are
representative for both wadis. The weather station was
at an elevation (z) of 52 m above the mean sea level. The
collected meteorological data were used to calculate the
reference evapotranspiration (ETo) using the FAO Pen-
man-Monteith method, following the guideline set by
Zotarellietal. (2010). This ETois found tobe 4.37 mm/day.

Table 1. GPS coordinates for measurements locations in
Wadi N and Wadi M

Numerical Modeling

The soil excavation S3 (presented as measuremnt lo-
cation S3 in Wadi N, see Figure 2 C) was selected for
modeling of evaporation from the water table using
HYDRUS-1D (Simtinek et al., 2016). The simulation
was done for two scenarios. The first scenario modeled
the period 31* -January to 5% -March. The depth of the
modeled soil profile for this scenario was 38 cm and
the number of soil materials (layers) was 4 (Figure 3).
The length of the simulation time and the time interval
were set for 35 days and 1 day, respectively. In HYDRUS
code, the maximum number of iterations was 10 and the
water content tolerance was 0.001. The van Genucht-
en-Mualem (VG-M) (1980) soil hydraulic model was
selected with no hysteresis effects. Rosetta package of

‘ ‘ oot HYDRUS code was used to predict the VG-M param-
WAt Locations N E eters of the soil for each layer using the percentage of
, . : , sand, silt and clay, and the bulk density (Table 2). The

S1 23°34’57.62 58°10'18.43 . .
. 2 23°354.76" 58°10'23.91” upper boundary condition was set as atmospheric us-
AR S3 23°35'6.71” 58°10'29.03” ing the reference evapotranspiration data (Figure 5 e).
54 23°35'6.81" 58°10'29.56” The lower boundary condition (water table) was set as a
constant pressure head with a value of 0 cm. The initial

L1 23°35'19.40” 58°9'49.62” - . _—
Wadi M L2 93°35'21.74” 58° 9'50.49” condition was in the pressure head, distributed hydro-
13 23°35'23.97” 58° 9’54.49” statically with values of -1000 cm and 0 cm, for the up-
66 SQU JOURNAL OF AGRICULTURAL AND MARINE SCIENCES, 2022, VOLUME 27, ISSUE 1
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per and lower boundaries, respectively. The profile was
discretized into 380 nodes. The second scenario was for
modeling the period 1% to 28" June. The modeled profile
depth for this scenario was 60 cm and the number of soil
materials was 6 (Figure 3).

The total simulation time was set for 28 days and the
time interval was set for 1 day. The discretization of the
soil profile was 600 nodes. Set up of iteration criteria,
soil hydraulic model, and boundery and intial condtions
were similar to the first scenario. The evaporation rate
was obtained from the HYDRUS-1D output results of
each scenario. The total volume of evaporated water
from the entire area of Wadi N was calculated by multi-
plying the difference in average evaporation rate between
the two scenarios times the number of days (31"-January
to 28™ -June) times the area of Wadi N.

Scenario 2

Scenario 1

Legend:

m=== Top BC= Atmospheric
=== Bottom BC= constant pressure head (0 cm)

Figure 3. Geometry of the modeled soil profile (S3 exca-
vation, Wadi N) for the scenarios 1 and 2. BC is boundary
condition.

Results and Discussion

Field Observation and Measurement of WTR
and Salinity

Wadi N: Figure 4 presents field measurements: water
level (cm) and salinity of water (mg/L). For observation
points along Wadi N, the water level is presented in Fig-
ure 4a. The graphs show a decreasing trend of water level
at all observation points. It is worth mentioning that no
rainfall events were recorded February to the end of June
2020. Considering the period from 30"-January to 5%-
March, water levels at S1 and S2 were almost constant
(130 cm and 0 cm from the ground surface, respective-
ly). Water levels at sites S3 and S4 were nearly at the sur-
face. The water levels of the latter two sites dropped on
the 13"-February and remained stable till 5"-March at
39 cm and 8 cm, respectively. This is because a construc-
tion company erected a small bridge and pumped out a
large volume of water from the site close to S3 and S4.
Hence the developed groundwater drawdown is reflect-
ed in the measurements of the water level at S3 and S4
sites. After 3 months (end of June 2020), the water level
in all excavations showed a decreasing trend with the
depths ranging between 10 to 140 cm. This could be at-
tributed to high average air temperature (37.6 °C; Figure
5a) and low relative humidity (41% on average; Figure
5b) that enhances losses of water via high evaporation.
Moreover, the differences water levels among the differ-
ent locations of wadi N maybe due to the hummocky
topographic landscape, or to the effect of low-permeable
subsurface soil lenses of caliche that we have observed
during our field survey. At the monitoring point of S3
in Wadi N, the measured salinity level was found to be
constant at 4,600 mg/L for the period 30™-January to
27*-February. Measurements on 28" of June 2020 indi-
cated a dramatic increase in the salinity level by almost
100% (reaching 9,164 mg/L) (Figure 4b). This increase in

Table 2. Soil properties for S3 excavation, Wadi N: Or and s are the residual and saturated water contents, respectively; a and
n are the VG-M parameters; and Ks and L (L=0.5 for all soil types) denote the saturated hydraulic conductivity and HYDRUS

pore connectivity parameter, respectively

Soil particles Bulk

Depth . " .
(cm) Soil type (%) density
Sand  Silt Clay (gcm?)

0-10 Sandy 93.04 6.28 0.68 1.37

10-20 Sandy 89.03 10.32 0.65 1.12

20-30 Sandy 91.10 6.25 2.66 1.21

30-40 Loamy Sand 86.39 8.78 4.83 1.34

40-50 Loamy Sand 86.49 8.64 4.87 1.44

50-60  Loamy Sand 84.37 10.79 4.85 1.61

EC. 6r Os K

5 5 a n 0
(ds (cm (cm (cm) o) (cm
m!) cm? cm?) day™)
24.8 0.0479 0.4219 0.0382 3.0069 774.59
31.0 0.0418 0.4934 0.0529 1.898 564.05
18.3 0.0478 0.4726 0.044 2.2262 611.21
13.1 0.0476 0.4344 0.039 2.0568 323.84
11.5 0.0478 0.4061 0.037 2.1939 272.43
21.9 0.0436 0.3554 0.0398 2.0241 132.97
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salinity is probably due to intensive evaporation which
concentrates salts in the remaining water volume. Fur-
thermore, electricity cables in trenches were submerged
in the water (Figure 6a) which can pose a potential risk
for people who walk around the area especially if the
insulation cover of the cables is peeled off. Patches of
crystalized salt staines were also observed in the soil
surface near S3 excavation. The patches had fine tex-
tured soil which may act as a siphon through which ex-
cessive evaporation happens and hence leaving behind
more salts to precipitate on the soil surface (Figure 6b).
Furthermore, damping, cracking, and disintegration in
the walls of the SQU buildings were also observed (Fig-
ure 6¢). At the end of June 2020, the soil surface near
S2 looked almost dry (Figure 7a), whereas it completely
dried up at S1 (Figure 7b). The soil surface near S3 and
S4 excavations looked moist with some salt accumula-
tion (Figure 7c¢). It is very likely that as more water evap-
orates, salts will crystallize on the soil surface and across
the drained soil layers.

Wadi M: The water levels in Wadi M show a decreas-
ing pattern from the 10" of February to 2™ of March
2020 along the observed Wadi section (Figure 4c). In
Wadi M, there were no excavations; but the water table
was accumulating above the ground level (i.e. above the
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wadi bed). The depth of the ponded water was small for
point L1 (about 2 cm) but reached 5.5 cm at point L3
downstream of point L1 (about 216.6 m apart). During
the study period, 10" February to 28" —June, the water
level above the surface in L1 remained constant (ranged
from 2.5 cm to 2 cm). Unlike L1, the water level at L2
and L3 increased, reaching 5.5 cm and 6 cm, respective-
ly (nearly doubled). Moreover, it was noticed that the
ponding pattern was sporadic along Wadi M as the wa-
ter table was at the surface at certain zones in the Wadi
and disappeared over the other parts of it (Figure 8a and
Figure 9a, b). This could be attributed to the undulat-
ing wadi bed where the water table appears in low lay-
ing portions. Detailed measurements of the change in
the wadi bed topography are needed along with digging
or drilling a number of observation boreholes along the
banks and in the bed of the wadi. This will enrich us in
understanding the hydrology of the site, and the direc-
tion of seepage in the area.

Contrary to Wadi N, the salinity of the ponded wa-
ter in all the measured locations at Wadi M decreased
for the period extending from 10" of February to the 2
of March 2020 (Figure 4d). During the same period, L3
has the highest salinity (ranging between 9,200 mg/L to
8,600 mg/L) as compared to L1 and L2 which had almost
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Figure 4. Field measurments. a) depth to water level in Wadi N, b) salinity of water in Wadi N, c) water level in Wadi M, d)

salinity of water at surface in Wadi M.
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the same salinity trend (ranging between 6,200 mg/L to
8,000 mg/L). After about 4 months (28"-June 2020),
the salinity in L1 and L2 increased and reached 13,632
mg/L and 9,075, respectively, while it decreased in L3 to
6,374 mg/L. It was difficult to collect more information
because of the lockdown due to the Covid-19 pandem-
ic. However, it can be speculated that this behavior in
salinity is due to excessive irrigation during summer. In-
filtrated irrigation water may dissolve salts from the soil
before seeping out into the wadi. It was not possible to
get the information about the rate, volume and frequen-
cy of irrigation. The observed increase in ponded water
levels in Wadi M can be attributed to the excessive fresh
irrigation water applied to the trees around the wadi
(Figure 8a and Figure 9d) as well as to seepage from the
Botanic garden lake which is around 25 m away from
wadi M (Figure 8b), and probably to leakages from the
SQU water network (Figure 9c). The observed decrease
in salinity during the period 10*-Febrauray to 2"-March
2020 might be also caused by excessive irrigation and
seepage from the lake. During the period 2" of March
to 28™ June 2020, the water salinity at L3 continued to
decrease. The shade of the canopy of large trees around
the location presumably contributed in lowering the
evaporation. On the other hand, the increase in water
salinity for L1 and L2 may be due to the high evapora-
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tion as these locations are less vegetated with absence of
lower shading by the trees. It is noteworthy that the algal
growth in the the wadi suggests that this water has been
stagnant for a long time (Figure 8c, Figure 9a). Conse-
quently, the ponded water in the wadi become smelly
and a zone for breeding of insects. This may raise a risk to
the health of residents of the campus, as well as increase
the cost of application of insecticides and fumigation.

Soil Heterogeneity

The alluvium soils of the study area were characterized
by heterogeneous strata which is inherited from a parent
material. The latter was formed by a complex lithostra-
tigraphy having a mixed carbonate-siliciclastic sequence
(Winterleitner et al., 2018). Soil profile lithologies and
descriptions of wadi N revealed the soils of our site to
have formed under intense diagenetic stratification,
complex sedimentological events, and different geom-
etry of geogenic depositions which ultimately resulted
in such stratum heterogeneity (Figure 10a). The soil
horizons of the wadi N soil profiles varied dramatical-
ly, even for some profiles being only a couple of meters
apart. The variation of pedogenic and soil morpholog-
ical features included: (i) the type and vertical hetero-
geneity in soil texture, (ii) distinctness and topography
of the horizon boundaries, (iii) formation and stage of
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Figure 5. Daily average weather data. a) air temperature (°C), b) relative humidity (%), c) solar radiation (W/m?), d) wind

speed (m/s?) e) reference evapotranspiration (mm/day).
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Figure 6. Field observation in Wadi N during February 2020. a) SWT in a construction site near S2 excavation , b) patched
crystalized salt of fine texture, on the top of a coarse texture soil (zoomed in picture for the location indicated with the
red-rectangule which is a fine texture patch with salt accumulation), c) cracking and paint peeling of walls due to shallow
brackish water table, d) photo of S4 indicating the shallow water table

cementation of incipient and/or well developed caliche
layers (Figure 10b), (iv) occurrence or absence of peb-
bles-cobbles-sized conglomerates (Figure 10c), (v) alter-
nating sequence of silt/sandstones and conglomerates,
(vi) formation of post-depositional altered silt and clay
stone (Figure 10 d), and (vii) existence of tilted bedrock
of limestone, among others.

/0

Water Chemistry

Groundwater samples were collected and analyzed im-
mediately on the day of excavations. Table 3 is present-
ing the results of the groundwater quality analysis. Sam-
ples of crystalline salts at the surface were also collected
along, with soil samples from all excavated pits, and the
resultes are presented in Table 4.
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Figure 7. Field observation in Wadi N during June, 2020. a) area near S2 excavation, b) complete disappearance of water
table in S1 excavation, c) salt accumulation near S3 and S4 excavations.

Figure 8. Field observation in Wadi M during February 2020. a) surface water distribution at Wadi M (23°35'20.07” N
58°09'49.88” E, elevation 53.6 m) between L1 and L2, b) Botanic garden lake near Wadi M (location 23°35’23” N, 58°09°56.46”
E, elevation 51.2 m), ¢) ponded wadi water with algal growth.
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Wet surface near the staff

éss SRR
residence %

Excessive irrigation water

Figure 9. Field observation in Wadi M during June, 2020. a) surface water level with algae between L1 and L2, b) water level
near L3, c¢) wet areas upstream, d) excessive irrigation of trees near the Wadi channel.

Figure 10. (a) Outcrop picture representing the complex soil lithology, sedimentology, and stratification of the study area.
Note: the dash lines separate different layers that are indicated with numbers (b) Formation of a caliche layer in one of the
soil profiles of Wadi N, (c) Chunks of pebbles-cobbles-sized conglomerates collected from studies soil profiles, (d) Blocks of
post-depositional altered silt-clay-stone
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Table 3. Analysis of the collected water samples from S3, S4 in Wadi N

S3
pH 7.9
EC 11.68 mS/cm

Elements Results in mg/L
Al396.152 -0.050342

B 249.772 -0.017021
Ba 455.403 -0.098762
Be 313.042 -0.038596
Ca 396.847 568.263
Cd 214.439 -0.032466
Co 238.892 -0.027427
Cr 267.716 -0.025978
Cu 327.395 -0.019069
Fe 238.204 -0.01258
K766.491 25.652
Mg 279.553 291.36
Mn 257.610 -0.033855
Mo 202.032 -0.027972
Na 589.592 1052.36
Ni 231.604 -0.01236
P 213.618 -0.074991
Pb 220.353 -0.100803
Se 196.026 -0.055867
Si251.611 14.9055
Sr 407.771 7.17708
Ti 336.122 0.000255
V 292.401 -0.043176
Zn 213.857 -0.04952

Both water and soil samples are rich of Ca, K, Na, and
Mg. The geology of the area is a sedimentary tertiary
limestone, which is rich of those minerals, and our hy-
potheses is that the perched water table is stable there
for long time and groundwater is in chemical equilibri-
um with the minerals of the wadi bed sediments. This is
substantiated by the water chemistry signature. Cycles
of wetting and drying due to the infiltration events from
the wadi bed and corresponding rises and drawdowns of
the water table after rainfall events causes recirculation
of salts in the shallow vaodose zone above the water ta-
ble. Repeated cycles of crystallization and dissolution of
salts between the upper part of the soil/sediments and

S4
pH 7.7
EC 13.31 mS/cm

Elements Results in mg/L
Al 396.152 -0.150695

B 249.772 -0.006665
Ba 455.403 -0.09874
Be 313.042 -0.038391
Ca 396.847 635.63
Cd 214.439 -0.030945
Co 238.892 -0.02722
Cr 267.716 -0.028823
Cu 327.395 -0.050042
Fe 238.204: -0.088426
K 766.491 31.2563
Mg 279.553 302.69
Mn 257.610 -0.041611
Mo 202.032 -0.024372
Na 589.592 1315.35
Ni 231.604 -0.032289

P 213.618 -0.068768
Pb 220.353 -0.097095
Se 196.026 -0.015623
Si251.611 12.017
Sr407.771 10.8295
Ti 336.122 0.000905
V 292.401 -0.050354
Zn 213.857 -0.048389

the shallow water table take place. Detailed invistigation
of the isotopes are planned to be conducted in the fur-
ture with indepth analysis of soil cores. A geophysical
survey to delineate the dimensions and scales of this
perched aquifer and the source of water are also planned.

HYDRUS-1D Simulation for WTR in S3

Figure 11 presents the evaporation rate for the HY-
DRUS-1D simulated scenarios. The daily evaporation
rate for the period 1% to 28" —June 2020 (scenario 2)
ranges from 0.57 to 0.93 cm/day. This is 1.46- 1.5 times
higher than that for the period 31* - January to 5th —
March 2020 (scenario 1) which ranges from 0.39-0.62
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Table 4. Analysis of the collected crystalline salts from the
soil surface near S4 in Wadi N.

SALT
Elements Results (mg/kg)
Al 396.152 -0.051616
B 249.772 -0.06055
Ba 455.403 -0.037573
Be 313.042 -0.100124
Ca 396.847 10674.2
Cd 214.439 -0.039942
Co 238.892 -0.034173
Cr 267.716 -0.032057
Cu 327.395 -0.037458
Fe 238.204 -0.034915
K 766.491 940.5
Mg 279.553 87.5
Mn 257.610 -0.014946
Mo 202.032 -0.053296
Na 589.592 205111
Ni 231.604 -0.042934
P 213.618 -0.025945
Pb 220.353 -0.073407
Se 196.026 -0.007935
Si251.611 26.704
Sr 407.771 95.25775
Ti 336.122 0.000694
V 292.401 -0.072324
Zn 213.857 -0.072324

cm/day (Table 5). These results were realistic as it is ex-
pected to have a higher evaporation rate in June than in
January-March due to higher air temperature (34.5-37.6
°C for June and 17.25-31.48 °C for January to March)
(Figure 5a) and higher solar radiation. Based on these
modeling results and the assumptions (flat area, ho-
mogeneous bare soil, evaporation was the only source
of water loss), the total volume of evaporated water

from the whole area of Wadi N in the modeled period
would be 6600 m? (Table 5). Moreover, these results are
in agreement with the field observations, as the drop in
the water table for S3 excavation was much higher for

1.00 4

0.90 4

~+31-Junary to S March

0.80
=110 28-June

0.70

0.60

0.50 A

Evaporation Rate (cm/ day)

0.40 4 /

0.30

0 5 10 15 20 25 30 35 40
Time (day)

Figure 11. HYDRUS 1D simulated evaporation rate (cm/
day) during the periods 31* January to 5" -March and 1 to
28- June 2020.

the period of 1* to 28" -June than 31* - January to 5%
—March (Figure 4a). However, the reported modeling
results have some uncertainties as they were based on
observation from excavations and a soil profile of 1.5
m. The depth of the bed rock and the areal extension of
the perched aquifer are still not known. From existing
boreholes around SQU campus and nearby areas, it is
known that the regional aquifer is around 20 m below
the ground surface (Zlotnik et al., 2017).

Therefore, further studies should include detailed
data about the lithology-sedimentology of the site. Core
sampling with a fine vertical resolution from a network
boreholes (to be drilled on SQU campus) is needed. A

Table 5. Summary result for calculation of evaporated water volume (m?) from Wadi N.

The parameter

Average evaporation rate (31 - January to 5* —March 2020) (cm/day)

Average evaporation rate (1* to 28" —June 2020) (cm/day)
Difference in evaporation rate (cm/day)

No. days (31% -January to 28" —June 2020)

Difference in evaporation rate*No. days (cm)

Difference in evaporation rate*No. days (m)

Area of Wadi N (m?)

Volume of evaporated water (m?)
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Values

0.80
0.46
0.34

150
50.70
0.51

12941.25

6600
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detailed geophysical study of the perched aquifer, vadose
zone beneath it and of the regional aquifer is required.
After acquiring these field data, HYDRUS and MOD-
FLOW modeling can be carried out in a comprehensive
study of water and solutes dynamics.

Conclusion

The water table dynamics in Wadis N and M at SQU was
studied for the period January to June, 2020. The main
findings of this study are: the water table depth in Wadi
N increased during June compared to the period Janu-
ary- March whereas the water level was above the bed
surface in Wadi M where ponding increased continu-
ously during the same period. The drop of water table
in wadi N could be attributed to the effect of evapora-
tion and discontinuity of the subsurface water source, as
the source of water is, most probably, from the rainfall.
For Wadi M, the increase of ponded water levels may
be attributed to excessive irrigation in summer and pos-
sible leakage from the water network in the vicinity of
the staff accommodation in the area. Crystallization and
precipitation of salts on the soil surface increased over
summer due to the high intensity of evaporation from
the shallow water table in Wadi N and with absence of
rainfall. Furthermore, based on numerical modeling of
soil near S3 excavation in Wadi N, the evaporation rate
for the period 1* to 28™" -June 2020 was higher by 1.46-
1.5 times than that for the period 31* - January to 5%
—March 2020. This could be due to higher temperature
and solar radiation in June, as compared to January and
March. HYDRUS 1D-computed total volume of evapo-
rated water from the entire area of Wadi N is 6600 m?.
Further studies should include a geophysical survey to
(i) determine groundwater quality, (ii) investigate un-
derground pedogenic formations (especially the types
of redox morphic features and the existence of low per-
meable caliche lenses that prevent vertical infiltration of
water), and (iii) identify the nature, number, and type of
aquifers in the study area, and locations for drilling the
monitoring wells. A detailed water chemistry study and
isotopic analysis are also needed. Additional HYDRUS
modelling is required to assess different hydrological as-
pects in order to understand the dynamics of water in
such SWT system. This will help in proposing the most
appropriate solutions for coping with WTR at the site.
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