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Hydrogeochemical investigations of recharge and subsequent
salinization processes at Al-Raudhatain depression in Kuwait

A. FADLELMAWLA' K. HADI', K. ZOUARI* & K. M. KULKARNI®

1 Water Resources Division, Kuwait Institute for Scientific Research, PO Box 24885, Safat 13109, Kuwait
afadl@safat.kisr.edu.kw
2 Laboratoire Radio-analyses et Environnement, Ecole Nationale Ingénieurs de Sfax, BP “W”” 3038 Sfax, Tunisie

3lsotope Hydrology Section, International Atomic Energy Agency, Wagramer Strasse 5, PO Box 100,
A-1400 Vienna, Austria

Abstract Fresh groundwater is uniquely present in the northern parts of Kuwait at Al-Raudhatain and Umm
Al-Aish depressions, where it occurs in the form of lenses floating on top of Kuwait Group’s brackish water.
Earlier studies have provided a wealth of data on these depressions. Nonetheless, information on the
recharge process is both scarce and scattered among different studies. Based on existing information,
chemical and isotopic investigations, and geochemical modelling, a coherent description of the recharge and
salinjty evolution processes at Al-Raudhatain freshwater lenses is presented. Radioactive isotope C, Pc
and 3H) results indicate that the groundwater sampled at the depression and its vicinity contain 51gn1ﬁcant
portions of rechar rge from recent (less than 500 years) rainfall events. Furthermore, the results of stable
isotopes ('*0 and “H) specify that recharglng rainfall events took place during the last ‘three to four decades.
Examining the relationship of '80/*H along with the Emirates meteoric water line (i.e. the nearest available
meteoric water line) reveals that samples are showing sings of insignificant evaporation, which indicates
rapid infiltration. Given the established low infiltration rates at the depression and the lack of surface runoff
at the wadis, it was concluded that most of the recharge comes from infiltration outside the depression,
followed by subsurface runoff to the depression where recharge takes place. Reverse geochemical modelling
showed that the main processes controlling the geochemistry of the water in the depression are halite, albite,
illite dissolution, as well as K-feldspar weathering and calcite precipitation. These processes take place
during infiltration, subsurface runoff and percolation to the groundwater. The contribution of the recharge
water in the makeup of the body of the lens versus the regional brackish groundwater was estimated
accolrdintgl%o their contribution in total dissolved solids concentrations using the salinity stratification and the
results of 0.

Key words groundwater recharge; salinization processes; Al-Raudhatain depression; subsurface runoff; freshwater
lenses; calcite precipitation

Analyses hydrog?eochlmlques de la recharge et des processus associés de salinisation dans la
dépression de Al-Raudhatain au Koweit

Résumé L’eau douce souterraine est présente uniquement dans le nord du Koweit, dans les dépressions de
Al-Raudhatain et de Umm Al-Aish, ou elle apparait sous la forme de lentilles flottant sur les eaux saumatres
du Groupe du Koweit. De précédentes ¢tudes ont fourni un jeu de données pour ces dépressions. Cependant,
I’information sur les processus de recharge est rare et dispersée entre plusieurs études. Sur la base
d’informations existantes, d’analyses chimiques et isotopiques, et d’une modélisation géochimique, une
description cohérente des processus de recharge et de 1’évolution de la sahmte est présentée pour les lentilles
d’eau douce de Al-Raudhatain. Les résultats d’isotopie radioactive (**C, *C and 3H) indiquent que 1’eau
souterraine échantillonnée dans la depressmn et son voisinage contient une proportion significative d’eau
rechargee lors d’événements pluvieux récents (moins de 500 ans). De plus, les résultats des isotopes stables
(**0 and “H) montrent que les événements pluvieux qu ui ont contribué a la recharge ont eu lieu lors des trois a
quatre derniéres décennies. L’examen de la relation '*O/*H par rapport 2 la ligne meteonque des Emirats (i.e.
la ligne météorique disponible la plus proche) révele que les échantillons présentent des signes d’une
évaporation insignifiante, ce qui témoigne d’une infiltration rapide. Compte tenu des faibles taux
d’infiltration dans la dépression et de 1’absence d’écoulement de surface dans les oueds, il est conclu que la
plupart de la recharge provient d’une infiltration extérieure a la dépression, suivie d’un écoulement de
subsurface vers la dépression ou a lieu la recharge. Une modélisation géochimique inverse montre que les
principaux processus qui controlent la géochimie de I’eau dans la dépression sont la dissolution de I’halite,
I’albite et I’illite, ainsi que la dégradation du K-feldspath et que la précipitation de la calcite. Ces processus
prennent place lors de I’infiltration, 1’écoulement de subsurface et la percolation vers 1’eau souterraine. La
contribution de I’eau de recharge a la forme de la lentille par rapport a la masse régionale d’eau saumatre a
été estimée compte tenu de sa contrlbutlon en concentrations en solides dissous, a ’aide de la stratification
de la salinité et des résultats de '*O

Mots clefs recharge de I’eau souterraine; processus de salinisation; depression de Al-Raudhatain; écoulement de
subsurface; lentilles d’eau douce; précipitation de calcite
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INTRODUCTION

The infiltration of the rainwater and runoff from the occasional rainstorms of Kuwait is known to
produce freshwater lenses in the natural depressions of the northern part of the country (Parsons
Corporation, 1964). Al-Raudhatain depression (Fig. 1) has the largest freshwater accumulation in
Kuwait, which occurs as lenses floating on top of the regional brackish groundwater. The
importance of these lenses as the country’s only natural freshwater reserve and its fragile stability
call for thorough management schemes for its utilization. In this context, several studies were
dedicated to these depressions (Parsons Corporation, 1964; Bergstrom & Aten, 1964; Senay, 1973,
1977; Omar et al., 1981; Al-Sulaimi et al., 1988; Viswanathan et al., 1997; and others). These
studies have provided a wealth of information that characterizes, in detail, many of the
hydrogeological aspects of the area. Nonetheless, information on the recharge is both scarce and
uncertain (SMEC, 2002).

The Parsons Corporation (1964) used the initial (natural) piezometric water levels (Fig. 2) to
identify the potential recharge locations. Based on this contour map, a local northward flow
originating from the central area was identified. This flow fans west, north and east outward of the
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Fig. 1 Location of study area.
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Fig. 2 Initial piezometric levels, based on Parsons Corporation (1963) data.

lens, which led the Parsons Corporation (1964) to believe that recharge is generally taking place at
the central area of the lens. Based on surface water accumulations, which were attributed to direct
rainfall, they further identified three localities, i.e. within the central area of the lens, as the specific
recharge areas. Nonetheless, given the low surface soil infiltration rates within the depression
(Parsons Corporation, 1964; Grealish et al., 1998), it was not clear how these water accumulations
percolate to the groundwater. Robinson & Al-Ruwaih (1985) and Ebrahim et al. (1993) used the
natural stable isotopic content of Al-Raudhatain to provide evidence of recharge from recent rainfall
events. They also suggested speedy infiltration of rainwater as the isotopic composition of **O and
*H showed no sings of evaporation. However, they did not discuss the process of recharge nor its
potential locations. Grealish (personal communication), observed the effects of an intensive rainfall
event whilst undertaking a soil survey at Raudhatain in 1998. He assumed that surface runoff
accumulated in, and resulted in flow of the wadis, which then discharged to the playa depressions
forming ponds of water at the terminus of the wadis. He, however, observed that there was no flow
in the wadis and therefore assumed the surface runoff to the wadis rapidly infiltrated into the high
permeability surficial sand and gravels, before travelling as a subsurface flow to the playa
depressions. Grealish et al. (1998) further found that the inter-wadi soils at Al-Raudhatain had
vertical infiltration rates of 2 cm/h compared to the wadi beds, which had infiltration rates of up to
60 cm/h. The same study also detected higher infiltration rates near the periphery of the main

Copyright © 2008 IAHS Press
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depression. Viswanathan et al. (1997) formulated a conceptual model for recharge to the freshwater
aquifers. The model assumed that direct infiltration occurs within the main depression due to flow
and lateral migration along low permeability “gatch” or calcrete horizons to the centre of the
depression where the cemented horizon is discontinuous and the water infiltrates to the freshwater
lens. The study (Viswanathan et al., 1997), however, did not identify the recharge areas nor discuss
the geochemical processes controlling the salinity of the lenses. On the quantification of the recharge
rate, Bergstrom & Aten (1964) utilized the information obtained by the Parsons Corporation (1963,
1964) and provided an estimation of the freshwater recharge rate to Al-Raudhatain depression. Their
approach is based on an over-simplified conceptualization of the dynamics of the freshwater lens;
that is, the presumably static condition of the lens implies that its recharge is equivalent to the flow
along its south—north axis. Following this assumption, the centre of the depression was regarded as
the recharge collection area and the flow through its cross-section was considered equivalent to the
recharge, which provided an estimated recharge rate of nearly 1 million m*/year. A few years later,
the production from the field proved this rate to be seriously overestimated. In an attempt to interpret
the responses of the lens to pumping, Senay (1973, 1977) fitted the years worth of accumulated
pumping and water level data to the analytical solution for coupled leaky aquifer systems provided
by Hantush (1960). Though he provided a much more mature description of the dynamics of the lens
during water production, only a safe withdrawal scheme could be proposed while the recharge and
the potential of sustainable development remained elusive.

As the literature reveals, some issues such as the localities of recharge and the geochemical
processes controlling the salinity were not properly addressed. In this paper, the aim is to present a
coherent description of the recharge and salinity evolution processes, by building on the existing
fragmented characterization and providing additional information that confirm/falsify the existing
hypotheses.

CONTEXT

Extremely high temperatures, as well as short mild winters, a high number of sunshine hours, low
humidity and generally dry conditions are essentially the main characteristics of the climate at the
study area (Grealish et al., 2001). The average annual rainfall, as recorded at the Kuwait City
Airport between 1963 and 2002 is 113.9 mm. Evaporation (Pan A) ranges between 146 mm in
January and 961 mm in July (SMEC, 2002). Despite the low average rainfall and the high
evaporation, the common high intensity rainstorms (up to 38.4 mm within 20 minutes) do produce
recharge at the study area.

According to Al-Sulaimi et al. (1997) the drainage system that flows into Al-Raudhatain
depression consists of 12 wadis (dry riverbed that contains water only during times of heavy rain)
that drain into the main depression from all directions (Fig. 3). The drainage basins of these
streams have a total surface area of about 670 km?. Four playas (dry lakebed, or a remnant of a
lake, in an arid region) are identified in the catchment with the largest located in the northern part
of the depression and on which the Raudhatain wellfield has been developed.

Lithological description of the Al-Raudhatain aquifer is provided by Parsons Corporation
(1963, 1964):

— the unsaturated zone is described as a poorly sorted gravelly sand with thin layers of medium
grained sandstone to between 25-30 m depth;

— the upper aquifer is a fine grained conglomeratic sandstone densely cemented with porous
zones up to 25 m in thickness;

— the upper aquitard is a calcareous siltstone/shale up to 3 m in thickness;

— the middle aquifer is an argillaceous and conglomeratic, well cemented sandstone up to 20 m
in thickness;

— the aquitard separating the middle and lower aquifers is a siltstone/shale up to 3 m in
thickness; and
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208 A. Fadlelmawla et al.

130 T4 i -
| T 1 1
i s
T
R AR 1
b {38}
AR 3

IMogE— :\-IFF" .I'l i5TH

AR-22"

il =43

RAUDHATAIN
AR-§
Fa i)
AR-T
b @)
— 13
AR 11
i)
i Water receiver
AR 12 AR 11 )
(31.34) gy Infiltration station NO
Al Elevation contour line
(mam.s.l)
oFl
— Wailn road
sl ==  Drainage line
| | & |

1) T 740

Fig. 3 Drainage basins for Al-Raudhatain.

— the lower aquifer is again described as sandstone with a little conglomerate of undetermined
thickness.

Considering the groundwater hydraulics of the aquifer system, Senay (1977) provided evidence
of complete or near complete interconnection between the upper and middle aquifer leading to
revised conceptualization of the aquifer system, from a hydraulic view point. He accordingly
conceptualised the hydrostratigraphic system as two aquifers separated by a leaky layer. Figure 4
represents the two cross-sections according to Senay’s conceptualization. The first aquifer, therefore,
has a saturated thickness of 12—35 m and is the main freshwater repository. The lower aquifer has an
effective thickness ranging from 12 to 18 m with brackish water in the upper part, and saline water in
the lower part. The base of the lower aquifer was not defined or identified. The depth to the water
table of the freshwater aquifer ranges from 24 to 45 m reflecting the variation in topography. The
regional groundwater gradient is gentle, and has been estimated as 2-8 x 10™.

Initial piezometric levels varied from around 11.2 to 13.8 m a.s.l. (Fig. 2). Water depths, on the
other hand, ranged between 22 and 45 m, reflecting the variation of the topography. Aquifer coef-
ficients determined by the Parsons Corporation (1964) show high heterogeneity. Though the aquifer
has limited spatial extent and relatively consistent thickness, the transmissivity values ranged from
about 1000 m*/d to 2850 m*/d. The same can be said for the storage coefficient as it ranged from
0.000002 to 0.02 showing four orders of magnitude variation within a rather limited area.

Pumping, for drinking purposes, from Al-Raudhatain wellfield commenced in 1963 at
9090 m*/d. As this rate rapidly deteriorated the water quality (i.e. due to lateral and vertical
brackish water incursions), starting 1968, pumping was progressively reduced to reach 40% of the
initial rate by 1979. In the early 1980s, further reductions in pumping rate brought the wellfield
production to 1300 m*/d. This rate continued till 1986 when it was progressively reduced until it
stopped in 1990 during the First Gulf War. After the war the decision was made to keep these
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waters as a strategic reserve for emergencies. Currently, only limited production (182 m’/d) is
taking place for commercial water bottling.

Anthropogenic activities within the vicinity of the depression are almost non-existent. Only
limited farming activities take place at the Al-Abdali farms next to the Iraqi border, about 10 km
downstream from the depression. These farms are continually pumping groundwater for irrigation,
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which has caused a considerable decline in the water levels. As it stands, the effects of these
farming activities on water quality are highly unlikely to reach the depression. Additionally, Al-
Raudhatain depression and its surrounding areas have essentially no natural vegetation, except
during the rainy season when shrubs can be seen for a short period.

MATERIALS AND METHODS

Twenty-nine soil samples were collected from various locations and depths at the study area. Soil
samples were divided into two categories; surface or topsoil samples, and relatively deep samples.
The first category includes 18 samples that represent 18 locations. These locations were selected to
spatially cover the study area, within the immediate vicinity of existing wells to ensure availability
of hydrological and lithological information. All topsoil samples were collected from the top 20
cm of soil. The remaining 11 deeper soil samples were obtained from the drill-cuttings available
from previous studies. These samples range in depth between 4 and 29 m. With multiple samples
at some of the locations (i.e. representing different depths), the core samples represent only five
locations.

The X-ray diffraction (XRD) techniques for semi-quantitative measurement was used to
determine the various minerals’ abundance in the sampled soils. The technique is based on
measuring the area of the major diffraction peak of the identified minerals.

Essentially four groups of samples, i.e. categorized according to the intended analysis,
totalling 161 groundwater samples, were collected from 43 wells. All samples were collected from
the depression and its immediate vicinity, with the freshwater body and its boundaries being the
target. Sampling depth ranged between 3 and 39 m below the water table with an average of 11 m.
The distribution of samples in the above groups is as follows; 43 samples for major anions and
cations, 43 samples for trace elements, 31 samples for BC and "*C, and 44 samples for 80, °H and
*H. For '*C analysis, and to avoid complications of transporting large volumes of groundwater,
field precipitation of bicarbonate was conducted to satisfy the IAEA laboratory requirements of
2.5 g of carbon.

Inverse geochemical modelling was used to reconstruct the geochemical conditions/reactions
that controlled the evolution of the observed groundwater chemistry. For this purpose, two models
were utilized: a speciation model (WATEQA4F; Ball & Nordstrom, 1992) to calculate the
equilibrium status species activities and minerals saturation indices, and a mass balance model
(NETPATH; Plummer et al., 1991) to interpret net geochemical mass-balance reactions of
plausible phase masses. The available information in this study imposes only few of the actual
field constraints. Such additional degrees of freedom allow several models/scenarios of mass
transfer. Accordingly, the models/solutions produced were tested against geological and thermo-
dynamic data (as produced by WATEQA4F) to ensure the legitimacy of these models.
Consequently, one model was selected for each well to calculate the mass transfer in mmol/kg
between solid and liquid phases of the aquifer system.

RESULTS AND INTERPRETATION

In the following analysis, emphasis is on the total dissolved solids (TDS). The TDS is selected as
an indicator for the interaction between the two groundwater systems (the fresh locally formed
water lens on top of a regional brackish groundwater). Additionally, nitrate was briefly discussed
due to its frequent surpassing of the drinking water limits. Table 1 gives a statistical description of
the main chemical parameters concentrations as obtained from the laboratory results. The TDS
ranged very widely from close to 300 to 14 500 mg/L. with standard deviation of 2967 mg/L. and
variation coefficient of 118%. The maximum concentration for nitrate is 113 mg/L while the
minimum concentration is 4 mg/L. The mean value for nitrate is 28 mg/L with standard deviation
of 23 mg/L. No correlation was observed (R* = 0.005) between TDS concentrations and depth
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below the water table. It seems that spatial heterogeneity is overwhelming the depth/concentration
relationship. Perhaps such correlation would be clearer at limited spatial extents within the
depression only.

Spatial distribution of salinity

Using the data obtained along with a few data points from Parsons’ study, new contour maps for
the TDS concentrations were produced. As the problem in hand is of three dimensions, the contour
maps had to be for specific depth intervals. The available data allowed, with reasonable data
density, the contouring of the TDS concentration at depths 0 to 5 and 0 to 15 m below water table
(Fig. 5). The contouring was carried out using the kriging (Krige, 1966) method for geostatistical
interpolation. Two data points were added to the data set from Parsons’ study (R45B and R48A) to
cover areas without data. Another two data points (R33APW and R22APW), which have average
depths more than 10 m, were included in the TDS concentration contouring at depths 0 to 5 m.
Those last two data points represent an overestimation of the salinity for the contoured depth
interval, which leads to underestimation of the lens extent. Nevertheless, due to their distant
locations, they have provided evidence of farther extensions of the lens boundaries than would
have been interpolated without their presence in the data set. Therefore, though the eastern and
northern boundaries have been extended by the use of these two data points, they still present an
underestimation of the reality. In both figures, the freshwater (TDS < 1500 mg/L) appears as two
separate lenses. Both figures have comparable areas of less than 1500 mg/L TDS concentration;
however, and as one would expect, the 0 to 15 m interval is showing less area than the 0 to 5 m.

Table 1 Statistical description of chemical analysis results (mg/L).

Parameter Maximum Minimum Mean Standard deviation Coecfficient of variation (%)
SO, 5800 100 975 1055 108
Ca 821 32 199 200 101
Mg 136 1 22 27 120
Cl 3308 23 466 596 128
Na 2608 23 455 497 109
K 15 1 5 3 63
F 5.3 0.1 1.6 1.2 78
COs 137 0.0 34 20.9 607
Si 18 0.1 7.8 43 56
TH as CaCO; 2052 80 500 499 100
Alkalinity 312 16 98 75 76
TDS 14500 295 2524 2967 118
NOs 114 4 28 23 79
NH; 1.53 0.00 0.13 0.37 287
TOC 31 0.19 1.46 4.83 331
TC 174 1.3 32.7 31.7 97
Al 9.2 0.1 1.8 2.7 147
Fe 0.9 0.4 0.7 04 54
Mn 7 0.0 1.4 2.6 185

Spatial distribution of nitrate

In efforts to relate the nitrate concentrations to either of the water systems (fresh vs brackish
groundwater), nitrate concentrations were correlated to TDS concentrations. The nitrate concen-
trations showed good correlation with the TDS concentrations (Fig. 6) at all sampling depths
giving strong evidence that the brackish groundwater is the source of the elevated nitrate. In the
absence of any significant anthropogenic activities or natural vegetation upstream or within the
study area, nitrate was attributed to the regional brackish groundwater. Nitrate in the regional
brackish groundwater system of Kuwait was detected in an earlier study (Al-Senafy et al., 2004)
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and recently was attributed to the presence of nitrogen-containing rocks in the solid phase of the
aquifer system (Akber et al., 2005). Figure 7 shows the contour lines for the nitrate concen-
trations at the interval of 0 to 5 m below water table. Two observations are highlighted by this
figure: first the large extent of groundwater with nitrate levels barely less than the threshold for
drinking water, and second the perfect concurrence of the high nitrate and the high TDS. The
latter observation supports the interpretation of attributing the source of the nitrate to the
brackish groundwater, which was suggested earlier by the correlation between the nitrate and the
TDS concentrations.

Recharge age

The carbon-14 (**C) activities were high (Table 2), ranging between 80 and 109% of the
atmospheric concentrations, with an average of 91%, while 8"°C varied from —13.39 to
—6.1%o0 v-PDB. These results clearly indicate young waters. Taking 500 years of age as the lower
limit for reliable quantitative estimation of age using '*C, the calculated apparent groundwater ages
ranged from less than 500 to 2043 years with 55% of the samples showing apparent ages less than
500 years. These results are in agreement with those obtained by Bergstorm & Aten (1964). The
age correction models, Tamers (1967) and Pearson & Hanshaw (1970) qualitatively indicated
modern waters.

Results of the *H (Table 3), on the other hand, were mostly below detection limits. Only 40%
of the analysed samples contained detectable *H in low concentrations (<1 TU). Nonetheless, mere
detection of *H implies that the groundwater sample is younger than 45 years old. Overall, *H
results imply that recent recharge has taken place during the last three to four decades. Combining
the implications from '*C and *H results one can conclude the following: the sampled groundwater
at the depression and its vicinity contains significant portions of recharge from recent (mostly less
than 50 years old) rainfall events.

Table 2 Results of radioactive carbon isotopes.

Samples lc activity (%) BC,.roB (%0)
PO1 94.8+1.3 -9.75
P03 106.8+ 1.3 -9.29
P04 983+1.5 -12.75
P05 103+ 1.5 -9.69
P06 108+1.5 -9.28
P07 84.4+1.8 -8.77
P09 101.2+1.2 -13.39
P10 92.8+1.5 -12.57
P13 100.7+ 1.3 -11.47
R-01-PW 100.3+£2.3 -9.77
R-07-PW 91.5+2.1 -10
R-15A-PW 109+ 1.6 -12.48
R-16A-PW 98.4+1.6 -10.69
R-20C-PW 82+1.3 -8.54
R-22-PW 89+1.3 -10.3
R-27A-PW 90.5 + 2.1 -9.48
R-33A-PW 952+2 -9
R-44-PW 82.1+1.6 -9.14
R-45-PW 89.7+1.7 -6.1
R-46-PW 88+ 1.5 -8.44
R-61-PW 775+2 —-10.12
R-64-PW 925+1.5 -12.88
P35R 26.2 £ 0.95 -16.23
P37R 945+1.9 -10.74
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Table 3 Results of tritium analysis (in tritium units, TU).

Samples Tritium (TU)
PO1 0.21+0.23
P02 -0.01 £0.22
P03 0.21+0.24
P04 0.5+0.26
P05 0.18+£0.38
P06 -0.15+0.38
P07 0.24 £ 0.38
P08 0.08 £0.36
P09 0.43 +£0.38
P10 0.21+£0.37
P12 0.14 £ 0.38
P13 237+0.44
P14 05+04
P15 0.6+04
P16 0.42 +0.38
R-50-PW 0.06 £ 0.26
R-61-PW 0.45+0.28
R-63-PW 0.12+0.26
R-64-PW 0.5+0.39
P35R 1.82 £0.41
P39R 0.28 £0.38

Origin and alterations of recharge

Figure 8 is the '*O/*H relationship; the figure shows both the Global Meteoric Water Line (8°H =
85'%0 +10; Craig, 1961), and the United Arab Emirates (UAE) local meteoric water line (8°H =
83'%0 +17; Zouari, 2004). The UAE line was used as the closest local meteoric line available.
Examining this figure, it can be seen that the samples with TDS < 1000 mg/L are in good
agreement with the UAE meteoric water line (EMWL) confirming the recharge by infiltration
from local rainfall events. This modern recharge seems to take place with minor losses to
evaporation. This is concluded from coincidence of the mean 8'*0 content of the groundwater
samples with the 8'*0 content of the rainfall in the region (around —3%o). This observation is in
good agreement with the results of Robinson & Al-Ruwaih (1985). On the other hand, for the
samples with salinity ranges between 1000 and 2000 mg/L. and more than 2000 mg/L, Fig. 9(a)
and (b), respectively, show departure of the groundwater samples from the EMWL. This is a trend
indicative of either evaporation or mixing with water that has different '*O/*H ratio. Considering the
fact that most of these samples are deeper than the samples that did not show significant evaporation
signs, mixing with the deeper saline groundwater is the process likely to be responsible for the
observed trend.

To obtain an approximate estimation of the contribution of the brackish groundwater to the
salinity of the freshwater lenses, a simple conservative mixing model as presented in Kendall &
McDonnell (1998) was utilized as follows:

Xi"*01+ X,"*0,= (X, + X,) '°05
where X, represents the brackish water contribution, X, the freshwater contribution, '*O, is the
content of the saline water (mean value = —2.00%o), '*0, is the content of the freshwater (mean
value = —3.20%0), and 'O; is the content of the mixed water. Applying this model, three
distinguishable values of the brackish water contribution were calculated as nearly absent, 20%
and 66% for the samples with salinity ranges of less than 1000 mg/L, between 1000 and 2000
mg/L and more than 2000 mg/L, respectively.

Copyright © 2008 IAHS Press



5°H(%o vs SMOW)

216 A. Fadlelmawla et al.

20 -

EMWL
NOMWL
GMWL
=
o)
s
(7]
[
>
I
N
le}
5'%0(%o vs SMOW)
< TDS <1000 mg/L 0 1000< TDS<2000 mg/L
A TDS>2000 mg/L O Mean meteoric water

Fig. 8 Oxygen-18/°H diagram of Al-Raudhatain groundwater.
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Fig. 9 Oxygen-18/°H diagram of Al-Raudhatain groundwater with salinity: (a) ranging between 1000
and 2000 mg/L; and (b) above 2000 mg/L.

Potential locations for recharge

Figure 10, which is the *C activities contour map, shows that the highest '*C activities (i.e. the
youngest groundwater, which is indicative of recharge areas) in the study area are associated with
the eastern side of the depression. This observation implies that the major contributor in
maintaining the freshwater lens is the eastern drainage basin. The figure highlights three areas as
potential locations of major recharge. The first is at the north-eastern part of the depression, which
is probably the main recharge area as it, for the most part, coincides with the freshest and thickest
part of the lens. In Fig. 10, the northward extension of this recharge area beyond the depression
borders is unrealistic and has to be due to the lack of data points in this direction. The second area,
which is apparently less influential than the first, is located close to the central eastern part of the
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Fig. 10 Carbon-14 activities contour map highlighting potential recharge areas.

lens. The third area is located at the southern lens southeast of the depression. Confirmation of the

above '*C data interpretation comes from the spatial distribution of the salinity (Fig. 5), where the

first and third recharge areas identified by '*C correspond to the lowest TDS areas for the two

lenses. Furthermore, for the main lens (northern lens), the elongation of the freshwater upstream of

what is considered as the main recharge area suggests the presence of other, less significant,

{fcharge at the southeast part of the lens, which agrees with the second recharge area identified by
C results.

Geochemistry of recharge

According to results from WATEQA4F, the equilibrium state of the groundwater samples is
dominated by sulphate complexes. The main complexes for calcium, magnesium and sodium are
all associated with SO4 (CaSO4, MgSO, and NaSQy,). Table 4 gives the results of saturation indices
of some expected reactive minerals at the study area. It is noticeable that the groundwater is
significantly under-saturated with respect to halite, a highly soluble mineral (5 mol/L). One
explanation would be the absence or insignificant presence of this mineral in the top soil and solid
phase matrix, which is in agreement with the results of the XRD analysis that did not identify the
presence of halite in most of the analysed soil samples. Gypsum, dolomite and calcite are all close
to equilibrium with calcite mostly oversaturated, dolomite fluctuating around equilibrium and
gypsum mostly under-saturated. Illite, however, is highly oversaturated in the sampled ground-
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Table 4 Saturation indices (-) of expected main reactive minerals in Al-Raudhatain aquifer system.

Site no. Albite Illite Calcite Dolomite Gypsum Halite Quartz
P01 —0.428 3.637 —0.001 —0.848 —1.464 —6.868 0.285
P02 —0.593 3.539 0.002 -1.521 -1.368 -7.39 0.281
P03 —0.534 2.959 —0.425 —2.217 -1.367 —6.326 0.207
P04 —0.701 3.836 0.204 —0.359 —-1.324 -7.075 0.217
P05 —0.333 4228 0.179 —0.372 —0.194 —5.417 —0.041
P06 —0.754 4.045 0.112 —0.516 —-0.161 —5.047 —0.516
P07 —-1.141 3.432 0.113 -0.471 -0.307 —5.809 —0.578
P08 -2.273 2.485 0.02 —0.657 —0.572 —6.218 —0.726
P09 -4.997 -1.294 0.421 -0.13 -1.812 —6.765 -1.733
P10 -0.373 2412 0.23 0.006 -1.265 —6.374 0.208
P12 0.475 0.453 -0.771 -5.924 0.313
P13 —-0.073 5.646 0.353 -0.14 —0.886 -5.635 0.233
P15 0.795 4.095 0.733 0915 0.219 —4.186 0.058
P16 -0.112 —0.858 —0.173 —4.704 0.324
P18 1.052 591 0.274 —-0.051 —-0.77 -3.992 0.291
P19 —-0.107 5.074 0.146 —0.534 —-1.066 -5.822 0.253
P20 0.088 4.302 —-0.332 -1.821 —0.678 -5.789 0.199
P35 0.706 0.984 0.118 —4.226 0.495
P37 0.068 —0.794 —0.803 —6.282 0.529
P39 0.312 0.09 —0.166 —5.832 0.421
P45 0.195 —0.168 —0.861 —6.068 0.447
P47B 0.136 —0.287 —0.701 —5.648 0.352
P48RB 0.108 -0.379 —0.684 —5.289 0.314
P57 0.256 —0.021 —0.28 —4.674 0.32

P68B 0.478 0.216 -1.139 —6.307 0.086
P68C 0.801 0.801 —0.989 -5.871 —0.058
R-15 0.264 4.143 0.849 1.108 —0.517 —5.286 0.199
R-16 —0.292 2.831 0.274 —0.383 -1.336 —6.093 0.249
R-20 —0.034 —0.954 -1.812 -5.611 0.115
R-22 -1.3 0.029 1.107 1.941 -1.172 —5.874 0.028
R-27 -1.3 0.029 1.107 1.941 -1.172 —5.874 0.028
R-33 —0.157 2.229 0.659 0.28 -1.117 -5.614 0.212
R-39 0.376 0.47 -2.026 —7.147 —0.625
R-43 —3.405 -3.293 0.988 1.561 -1.316 —5.584 —0.696
R-44 -0.731 2.187 0.42 0.549 -1.173 —5.756 0.048
R-45 0.685 0911 -0.571 —4.841 0313
R-46 0.608 0.678 —-1.134 —5.468 0.212
R-50 1.445 24 -0.51 —4.951 —-1.282
R-63 —4.557 -1.361 —-0.021 —0.469 —0.563 5.3 —-1.423
R-64 0.145 0.072 —-1.522 —6.38 0.173
R-7 —0.605 2914 0.66 0.817 —0.639 -5.23 —-0.125

water indicating that its dissolution is not the controlling process over the presence of some or all
the main ions of this mineral in the groundwater.

Table 5 presents the results of mass transfer (i.e. between solid and liquid phases) calculations
as performed by NETPATH. In this table, the negative values are indicative of solid phase
precipitation, while the positive values are indicative of solid phase dissolution. The mass transfer
between illite and the groundwater is minimal confirming the implications given above on illite
equilibrium. Calcite is mostly precipitating except for a few locations. Both dolomite and gypsum
are dissolving essentially in all the samples; however, the latter has a higher contribution to the
liquid phase ionic composition.

Looking into the processes responsible for chloride and sodium concentrations in the
groundwater, evaporation and dissolution of halite should increase the concentrations of both Na
and Cl ions, while maintaining their rainwater ratio of 1:1. Nonetheless, such ratios are not
observed in most of the sampled groundwater, but rather Na significantly exceeds Cl
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Table 5 Results of mass transfer as provided by NETPATH (mmol/Kg of water).

Site no. Albite Illite Calcite Dolomite Gypsum Quartz
PO1 2.6 0.10 22 0.13 1.7 5.2
P02 2.3 0.12 1.9 0.01 1.7 —4.5
P03 4.7 0.12 1.0 0.01 2.8 -9.4
P04 1.5 0.20 3.1 0.19 2.0 -3.1
P05 2.6 0.31 2.0 1.45 13.5 -5.6
P06 8.1 0.10 2.2 1.46 16.6 -16.7
P07 13.7 0.10 -1.5 1.02 15.0 -27.8
P08 2.4 0.11 -0.9 0.77 7.2 -5.0
P09 42 0.05 25 0.05 1.1 -8.8
P10 9.1 0.08 1.1 0.30 4.6 -18.1
P12 24.0 0.18 1.6 0.51 13.5 —45.6
P13 -24.1 0.28 0.2 1.41 1.8 48.0
P14 11.2 0.03 3.1 0.11 4.8 -22.3
P15 72.0 0.25 5.1 3.47 60.9 —-144.2
P16 31.0 0.38 -16.4 8.32 24.0 -80.4
P18 -22.2 0.51 -0.3 3.35 3.1 43.9
P19 -5.7 0.29 2.3 0.63 1.7 11.2
P20 8.4 0.34 0.3 0.11 7.9 -17.2
P35 20.7 0.64 -15.4 9.41 30.3 -56.2
P37 4.7 0.08 2.4 -0.92 3.0 11.2
P39 10.7 0.15 -9.2 4.75 16.7 -27.0
P45 5.6 0.21 -32 1.98 5.4 -14.6
P47B 25.8 0.21 -12.5 6.62 14.5 —65.6
P48RB 19.8 0.42 -9.9 5.26 12.4 -51.1
P57 18.4 0.38 6.0 -2.79 -0.1 -64.9
P638B 0.1 0.23 -0.5 0.59 25 -0.3
P68C 2.6 0.29 -1.8 1.05 4.1 -7.1
R-1 2.3 0.14 —4.7 3.58 3.9 —4.0
R-15 0.0 0.20 0.1 1.36 7.7 -0.2
R-16 5.9 0.11 74 5.24 32 -10.8
R-20 1.4 0.12 0.6 0.09 0.9 -3.2
R-22 8.9 0.08 —4.3 3.71 5.1 -11.6
R-27 0.5 0.21 -1.5 1.93 7.2 0.8
R-33 114 0.11 -11.1 7.08 5.5 214
R-39 0.4 0.17 -1.0 1.01 0.6 -1.4
R-43 7.7 0.12 -23.7 11.99 4.4 -28.2
R-44 9.0 0.23 -8.7 5.47 4.7 -17.2
R-45 5.7 0.21 —4.7 2.80 9.0 -15.2
R-46 10.4 0.12 —4.4 2.70 5.5 -26.8
R-50 7.2 0.25 =71 4.41 114 -16.2
R-63 4.7 0.15 -2.6 1.53 8.8 -9.5
R-64 6.7 0.17 -2.6 2.51 2.9 -16.3
R-7 5.9 0.21 -5.8 3.74 7.2 -11.6

concentrations in more than 90% of the samples. While this by itself does not deny the
interpretation that halite dissolution and evaporation contribute to the concentrations of Na and Cl, it
does suggest that other processes are contributing significantly to Na concentrations. The dissolution of
albite, on the other hand, seems to be the main reason for the excess Na. Weathering of albite is evident
from mass transfer results calculated by NETPATH. Additional support for the allegation of albite
being a major contributor in the Na concentrations comes from the positive correlation between Na
concentration and the albite mass transfer results (Fig. 11).

According to Tables 4 and 5, the major contributor in the sulphate concentration of the
freshwater is gypsum dissolution. Such dissolution should result in 1:1 ratio of calcium and
sulphate ions in the groundwater. However, significant departure from this ratio is observed
(mostly deficiency in calcium), which might be due to interference from other calcium containing
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Fig. 12 Correlation between concentrations of K ions and mass transfer of illite weathering in the
freshwater lenses at Al-Raudhatain area.

minerals such as calcite and dolomite that are present in the soil matrix of the area. In this regard,
calcite precipitation, which is suggested by the mass transfer results, is the most probable cause for
calcium deficiency.
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The potassium (K") in the analysed groundwater samples is most probably resulting from
weathering of clay minerals. Two clay minerals were identified within the study area, illite and
K-feldspar. Both of them are capable of releasing K' into the solution according to the following
equations:

(Ilite) (Kaolinite)

Ko.6Mgg25sAl 3813 5010(OH), + 11/10H" + 63/60H,0 — 23/20A1,81,05(OH), + 3/5K" +
1/4Mg** + 6/5Si(OH),

(K-feldspar)
KAISl30g + I‘IJr + 9/2H20 — 1/2A1281205(OH)4 + I(Jr + ZSI(OH)4

Figure 12 presents the correlation between K concentrations as measured in the laboratory and the
calculated mass transfer, in this case dissolution, of illite as calculated by NETPATH. The graph
shows high correlation between the mineral dissolution and the concentration of the ion in the
groundwater. Such nearly perfect correlation suggests that illite is not only contributing in the
concentrations of K', but it is also the main contributor. This indicates that K-feldspar has either
no, or only a minor, contribution to the K™ concentrations in the groundwater.

CONCLUSIONS

The conditions at Al-Raudhatain depression were investigated with emphasis on the recharge
process and the geochemical evolution of the recharge water. The study built upon the existing
data and information using chemical and isotopic investigations, and geochemical modelling. The
following is the concluded conceptualization of the recharge process and its salinity evolution.

The bowl-like lithology at Al-Raudhatain depression of northern Kuwait has allowed the
accumulation of rainwater in the form of freshwater lenses on top of the regional brackish
groundwater. According to the spatial distribution of groundwater salinity, the freshwater appears
as two separate lenses, with the centre of the main lens located in the northern half of the
depression, while the second minor lens is located a few kilometres southeast of the depression.

Local rainfall events are responsible for such accumulations as suggested from the comparison
of "O/*H concentrations in the groundwater to the local meteoric line. Such recharging rainstorms
have contributed to the lenses during the last 30 to 40 years as evident from the *H results of this
study as well as of Bergstrom & Aten (1964).

Infiltration rates at the wadis are 30 times higher than those at the depression (Bergstrom &
Aten, 1964; Grealish et al., 1998), implying that most of the infiltration is taking place at the wadis
rather than as direct infiltration at the depression. This is also evident from the "*O/*H results. At
the wadis the infiltration takes place rapidly without surface accumulations or even significant
runoff (Grealish et al., 1998), which agrees with '"*O/*H results that show minimum evaporation
signs. On the other hand, at the depression the water accumulates as surface ponds that remain for
days before they disappear (Bergstrom & Aten, 1964). Such a sequence involves considerable
evaporation, which disagrees with the '*0/’H results. Therefore, the likely sequence for recharge is
through infiltration at the wadis followed by subsurface runoff (i.e. rainwater that infiltrates the top
soil and flows in a surface layer to its discharge location) towards the depression. At the
depression the subsurface runoff percolates to the groundwater. Other contributions from the
ponds observed at the depression are also likely, but in insignificant volumes as discussed above. It
remains to indicate what portion of the waters infiltrated at the wadis percolates to the regional
groundwater, which is evident in lesser salinity pockets outside the depression (Parsons
Corporation, 1963).

Results of '*C have identified three specific locations as the potential areas for recharge. Two
of those locations are within the main lens while the third is at the southern minor lens. Support for
these conclusions was provided by the spatial distribution of salinity, which shows coincidences of
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the suggested recharge areas and the lowest TDS concentrations.

Interpreting the results of mixing and geochemical models, the following scenario for salinity
evolution is suggested. The salinization of the recharge water is controlled by three processes,
evaporation, dissolution of the saturated and unsaturated zones minerals, and mixing with the
regional brackish to saline groundwater system. The evaporation process takes place mostly during
the early stages of infiltration, subsurface runoff and percolation to the water table; nonetheless, its
magnitude is minimal as evident from the relation of 3'*0/56°H and the local meteoric water line.
During these early stages and during the presence of the water in the upper parts of the aquifer, the
geochemical interactions between the solid and liquid phases are the main process for increasing
the salinity from nearly nil to around 1000 mg/L. The main geochemical processes controlling the
salt content of the water at this stage are dissolution of albite and gypsum and precipitation of
calcite. As the water percolates deeper or in localities adjacent to brackish water at shallow depths,
mixing with the brackish/saline water contributes significantly to the salinity of the lens. The effect
of the mixing process is evident from the deviation of the 8'*0/6°H of the groundwater samples
with salinities exceeding 1000 mg/L from the meteoric water line. It was estimated using stable
isotopic results that the mixing process contributes about 20% of the salts at this stage. During the
final stage and closer to the brackish/saline regional groundwater, the impact of mixing grows to
more than 60% of the salts; nonetheless, the dissolution remains a significant contributor.
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