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Abstract
The environmental isotopes such as deuterium and oxygen-18 and the deuterium excess values have been used to assess 
groundwater recharge sources and their dynamics in Khan Younis City in the Gaza Strip in Palestine. Three isotopic lines 
for the relationship between δ2H and δ18O were used in the assessment. These lines are the global meteoric water line, the 
local meteoric water line and the groundwater evaporation line. The δ2H, δ18O and D-excess values indicate that deuterium 
and oxygen-18 isotopes originated in the groundwater from groundwater mixing with rainfall and other water sources; the 
groundwater in the area recharged from rainfall from a distant source that came from the Mediterranean Sea and from other 
sources such as wastewater, irrigation return flow and saline water.
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Introduction

Over the past 40 years, environmental isotopes such as deu-
terium and oxygen-18 have been widely used in ground-
water hydrology. These isotopes are directly influenced by 
atmospheric processes and groundwater recharge sources. 
They have also been used to assess various components of 
the natural hydrological cycle including: determining the 
hydrogeological characteristics of aquifers, the sources of 
water in the unsaturated zone and in groundwater flow sys-
tems, groundwater flow dynamics and the interconnections 
between water sources (such as groundwater and surface 
water) and the atmosphere (Mook 2001; Blasch and Bryson 
2007; Vasanthavigar et al. 2012; Chiogna et al. 2014). Addi-
tionally, these environmental isotopes have been extensively 

used to assess the hydroenvironmental issues associated with 
groundwater contamination (Krishnaraj et al. 2011; Sanchez 
et al. 2015; Al-Charideh and Kattaa 2016; Edirisinghea et al. 
2016; Isawi et al. 2016; Gomaah et al. 2016; Mokadem et al. 
2016).

Despite the complexity of water circulation within the 
hydrological cycle, there is a strong relationship between 
levels of the deuterium and oxygen-18 at a local scale to val-
ues of global scale, which is a linear relationship throughout 
the earth for ocean/seawater, vapour in the atmosphere and 
precipitation in different regions of the world and is called 
global meteoric water line (GMWL) (Mook 2001; Ferronsky 
and Polyakov 2012). The widely used mathematical relation-
ship for the GMWL, which was developed by Craig (1961) 
and modified by Rozanski et al. (1993), is in accordance 
with the following equations:

The intercept of the above equations is called the deute-
rium excess (D-excess), as shown in the following relation-
ship (Dansgaard 1964):

(1)δ2H = 8 ∗ δ18O + 10‱ (Craig 1961)

(2)
δ2H = (8.17 ± 0.06) ∗ O18δ

+ (10.35 ± 0.65)‱ (Rozanski 1993)
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In addition to the GMWL, a local meteoric water line 
(LMWL) can be defined. The LMWL represents the δ2H 
and δ18O values in local rainfall for meteoric waters feed-
ing a groundwater system, accounting to regional variations 
of the above relationship (Krishnaraj et al. 2011; Chiogna 
et al. 2014; Sanchez et al. 2015; Al-Charideh and Kattaa 
2016; Edirisinghea et al. 2016; Jilali et al. 2016; Isawi et al. 
2016; Gomaah et al. 2016; Mokadem et al. 2016; Peng 
et al. 2016). Therefore, plotting the relationship between 
the δ2H and δ18O values for groundwater along the LMWL 
and GMWL as a references is commonly used for assess-
ing the hydrogeological factors that influence groundwa-
ter recharge and its composition (Adomako et al. 2011; 
Krishnaraj et al. 2011; Hamed and Dahri 2013; Ammar et al. 
2016; Fynn et al. 2016; Tiwari et al. 2016). Although the 
D-excess values in most places around the world are about 
10‰, some areas may have different slopes and intercepts 
due to different rainfall evaporation conditions in various 
air mass sources (Gat 1980; Sakai and Matsubaya 1977) 
and the D-excess values used to identify the meteoric water 
source that influences groundwater recharge (Celle-Jeanton 
et al. 2001; Blasch and Bryson 2007; Krishnaraj et al. 2011; 
Hamed and Dahri 2013; Dhaoui et al. 2016).

However, the investigation of the δ2H and δ18O values for 
the groundwater of the Gaza Strip as well as the study area 
has not been previously carried out and studied.

The first objective of this study is to establish the local 
meteoric water line (LMWL) for the rainfall in study area 
and the entire Gaza Strip from the available δ2H and δ18O 
values in precipitation, while the second and third objectives 
are to compare the isotopic composition of the groundwa-
ter evaporation line (GEL) with the LMWL to that of the 
global meteoric line (GMWL) and to evaluate the relation-
ship between the δ18O values and the D-excess values in the 
groundwater of Khan Younis City, southern the Gaza Strip, 
Palestine.

Study area

General information

The study area for this research is Khan Younis City. The 
city is located in the southern part of the Gaza Strip (Fig. 1) 
at a latitude of 31,3439 (31°, 20′, 38.040″) north and a longi-
tude of 34,3025 (34°, 18′, 9.000″) east. The city is generally 
flat and covers an area of about 6.5 km2 with topographic 
elevation ranging from about 54 to 76 m above the mean sea 
level (UNEP 2009). In 2016, the population of the city was 
about 236,235 inhabitants (PCBS 2012). The soil type is 

(3)D-excess = δ2H − 8 ∗ δ18O
classified as a loessal sandy, calcaric arenosols–sandy clay 
loam soil type. This soil type is a transitional zone between 
arenosolic sandy soils and calcaric (loess) soils that have 
a texture of a calcareous loamy sand (Shomar et al. 2005).

Khan Younis City is a semi-arid Mediterranean-type 
climate (Csa in the Köppen classification system) with an 
average annual rainfall of about 281.24 mm/year for the 
period from 1973 up to 2015. Average temperature values 
for the last 20 years have indicated that the average mean 
daily temperature ranges from 31.9 °C in summer (August) 
to 10.3 °C in winter (January), with an annual average solar 
radiation of about 18.32 MJ/cm2/day. The 20-year maximum 
mean monthly relative humidity is about 76% in June, and 
minimum mean monthly relative humidity is about 62% in 
December (Eshtawi 2015).

Groundwater system

Khan Younis City depends entirely on groundwater for vari-
ous domestic and drinking purposes. The city does not have 
any other water supply source. Due to high water demand 
and overpumping (heavy pumping and low recharge from 
rainfall during the last 50 years), the groundwater aquifer 
beneath the city has been overexploited (CAMP 2000). 
Recharge for the groundwater system originates from the 
direct infiltration of rainfall, untreated wastewater from 
cesspits and the irrigation returns from nearby surrounding 
agricultural areas and groundwater flow from the eastern 
boundary of the area (Al-Agha 2005).

The aquifer beneath the city is part of the coastal aquifer 
basin located in the eastern coast of the Mediterranean Sea. 
It is classified as an unconfined shallow aquifer that receives 
rainfall recharge (i.e. the groundwater resource would be 
renewable under conditions where groundwater pumping 
was controlled). The volume of water stored in the aquifer 
varies annually and seasonally depending on rainfall inten-
sity and water abstraction. The thickness of the aquifer is 
between 60 and 120 m. It is generally 10–15 km wide and 
consists of Pleistocene age Kurkar Group deposits including 
calcareous and silty sandstones, silts, clays, unconsolidated 
sands and conglomerates. The top of Saqiya Formation of 
Tertiary age forms the base of the unconfined aquifer. This 
formation consists of a thick sequence of marls, clay stones 
and shales that slopes towards the sea, with a low perme-
ability, and is a 400–1000-m-thick wedge beneath ground 
surface (CAMP 2000).

A recent hydrochemical study by Abu Jabal et al. (2015) 
has indicated that the prevalent water type in groundwater in 
the study area is  Na+–Cl−–SO4

2−, with alkaline earth metals 
exceeding the alkali metals and that the dominant processes 
controlling the groundwater hydrochemistry are evapora-
tion, ion exchange and anthropogenic activity (mainly the 
uncontrolled recharge of wastewater through cesspits). 
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Additionally, Abu Jabal et al. (2017) have indicated that the 
groundwater is mainly classified as being a very hard-brack-
ish water type, with high  Na+,  Cl−,  SO4

2− and  NO3
− concen-

trations and the shallow groundwater aquifer beneath about 
80% of the study area is significantly contaminated.

Groundwater sampling and analytical methods

Thirty-five groundwater samples were collected from twenty 
groundwater wells throughout Khan Younis City (Fig. 2). 
The monitoring programme was carried out in two rounds 
at different times. In the first round, 18 samples were col-
lected in December 2012, while in the second round 17 sam-
ples were collected in May 2013. Samples were collected in 
50-millilitre clean dry glass bottles. During the sampling, 
care was taken to avoid introducing air bubbles into the bot-
tles. To avoid evaporation from the samples, the bottles were 

completely filled to the top, tightly double-capped and stored 
in the dark (IAEA 2010).

Stable isotope (deuterium and oxygen-18) analyses 
were performed at the Central Laboratory for Environ-
mental Isotope Hydrology, at the Egyptian Atomic Energy 
Authority in Cairo. The isotopic analyses for the sam-
ples were performed using  CO2–H2O equilibration tech-
nique using an isotopic ratio mass spectrometer (IRMS) 
(Thermo–Finnigan Delta plus XL) (Horita 1988; Horita 
et al. 1989; Coplen et al. 1991). For the isotopic exchange 
between water and gas phase, 5 ml aliquots of each sample 
was equilibrated with either hydrogen  (H2) gas or carbon 
dioxide  (CO2) gas under constant temperature of 18 °C. 
Platinum rods used as a catalyst in case of deuterium only. 
Samples were left to equilibrate for a period of 2 h for 
deuterium and for a period of 10 h for oxygen-18. After the 
equilibration stage, dry gas was subsequently introduced 
into the dual inlet part of the spectrometer alternately 

Fig. 1  Location map of the 
study area (http://mapso f.net/
gaza-strip /gaza-strip -citie s-map)

http://mapsof.net/gaza-strip/gaza-strip-cities-map
http://mapsof.net/gaza-strip/gaza-strip-cities-map
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with a reference gas of known isotopic composition [as a 
referenced to the international reference standard called 
Standard Mean Ocean Water (SMOW)].

Stable deuterium and oxygen-18 isotope values were 
reported in the usual δ notation in units of ‰ versus Vienna 
Standard Mean Ocean Water (VSMOW) for oxygen and 
hydrogen as shown in the following equations (Mazor, 2004). 
The analytical uncertainties were ± 0.1‰ for δ18O and ± 1‰ 
for δ2H.

(4)δ2H =

(

2H

1H

)

sample

(
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Results and discussion

Isotopic composition of precipitation

For the purpose of this study, the local meteoric water lines 
(LMWLs) had to be determined. As there are no available 
data for the δ2H and δ18O values of the precipitation of the 
Gaza Strip as well as the study area, it was important that 
an appropriate rainfall collection site that would be close to 
Khan Younis City and that would provide useful information 
for the entire Gaza Strip was selected for the purpose of this 
study. The selected site was Rafah, Egypt, rainfall station. 
The station is located at an air distance of about 14 kilome-
tres south of the study area. It is located at GPS coordinates 
of latitude of 31′13″59″N and longitude of 34′13″59″E.

The δ2H and δ18O values for the rainfall in the Rafah 
(Egypt) rainfall station are available at: http://www-naweb 
.iaea.org/napc/ih/IHS_resou rces_isohi s.html, which is the 
database of the Global Network of Isotopes in Precipitation 
(GNIP) project that was established through the cooperation 
between the World Metrological Organization (WMO) and 
the International Atomic Energy Agency (IAEA). Rainfall 
samples for deuterium and oxygen-18 analyses were col-
lected through the period from January 31, 2001, up to 

Fig. 2  Location map of the monitoring wells

http://www-naweb.iaea.org/napc/ih/IHS_resources_isohis.html
http://www-naweb.iaea.org/napc/ih/IHS_resources_isohis.html
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March 31, 2003, for the total of 17 samples and are shown 
in Table 1. The minimum, maximum, average and standard 
deviation values for the δ2H, δ18O and calculated (Eq. 3) 
D-excess values for the rainfall in Rafah (Egypt) rainfall 
station are also presented in Table 1.

The relationships between the δ2H and δ18O values for 
the GMWL (Eq. 2) and the LMWL [for rainfall of Rafah 
(Egypt) rainfall station] are plotted in Fig. 3. The LMWL is 
according to the following equation:

The slope of the LMWL of 6.217 (Eq. 6 and Fig. 3) is sig-
nificantly lower than the slope for the GMWL of 8.17 (Eq. 2 
and Fig. 3). This low slope value for the LMWL indicates 
that the study area is classified as a semi-arid climatic area 
with variable air humidity, low rainfall intensity and inten-
sive evaporation process (Adomako et al. 2011; Qian et al. 
2013). Shah (2013) indicated that this slope variation sug-
gests that the isotopic composition of rainfall in the area is 
affected by evaporation before recharging the groundwater.

The relationship and fractionation 
between the environmental isotopic variation 
as δ2H and δ18O values in the groundwater

The δ2H, δ18O and calculated D-excess values for the 
groundwater samples of the study area are shown in 
Table 2. The minimum, maximum, average and standard 

(6)δ2H = 6.217 ∗ δ18O + 10.159
(

R
2 = 0.8476

)

deviation values for the δ2H, δ18O and calculated (Eq. 3) 
D-excess values are also presented in Table 3. Values for 
δ2H range from − 13.68 to − 11.16‰ with an average of 
− 12.58‰ and a standard deviation of 0.68. Additionally, 
values for δ18O range from − 3.89 to − 2.84‰ with an 
average of − 3.40‰ and a standard deviation of 0.23.

Table 1  Values of δ2H, δ18O 
and calculated D-excess for the 
rainfall from the Rafah rainfall 
station

Project number WMO code Sample date δ2H (‰) δ18O (‰) D-excess (‰)

GNIP 6233500 2001-01-31 − 11.8 − 3.57 16.76
GNIP 6233500 2001-02-28 − 17.1 − 4.28 17.14
GNIP 6233500 2001-03-31 − 14.4 − 4.29 19.92
GNIP 6233500 2001-04-30 − 12.9 − 3.9 18.3
GNIP 6233500 2001-05-31 − 12.3 − 3.62 16.66
GNIP 6233500 2001-11-30 − 4.8 − 1.67 8.56
GNIP 6233500 2001-12-31 − 12.2 − 4.25 21.8
GNIP 6233500 2002-01-31 − 13.5 − 4.85 25.3
GNIP 6233500 2002-03-31 − 40.8 − 7.34 17.92
GNIP 6233500 2002-04-30 − 37.8 − 6.65 15.4
GNIP 6233500 2002-05-31 − 3.6 − 1.42 7.76
GNIP 6233500 2002-10-31 − 3.8 − 2.92 19.56
GNIP 6233500 2002-11-30 − 4.3 − 1.64 8.82
GNIP 6233500 2002-12-31 − 7.4 − 4.13 25.64
GNIP 6233500 2003-01-31 − 14.2 − 3.99 17.72
GNIP 6233500 2003-02-28 − 1.6 − 2.05 14.8
GNIP 6233500 2003-03-31 − 14 − 3.64 15.12
Minimum − 40.80 − 7.34 7.76
Maximum − 1.60 − 1.42 25.64
Average − 13.32 − 3.78 16.89
SD 10.86 1.61 5.12

Fig. 3  Relationships between δ2H and δ18O values (‰) for the 
GMWL and the LMWL for the rainfall
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The line of best fit between δ2H and δ18O values from 
the groundwater represents the groundwater evaporation line 
(GEL) (Fig. 4) that is shown by the following equation:

The variation of the δ2H and δ18O values in the ground-
water is likely to be due to the variability of local condi-
tions that are the result of both regional and local climatic 
factors. Furthermore, this variability is probably due to a 
combination of two processes: (1) rainfall infiltration and 
(2) groundwater mixing mechanism with water resulted 
from anthropogenic activities and agricultural return flow 
(Adomako et al. 2011). The δ2H and δ18O values for some 
rainwater samples [at Rafah (Egypt) rainfall station] are 
relatively higher than the values in the groundwater of 
the study area. This isotopic enrichment in the rainfall 
indicates that there is a reduction in the δ2H and δ18O val-
ues in the groundwater. This reduction could be attributed 

(7)δ2H = 2.492 ∗ δ18O − 4.0973
(

R
2 = 0.7103

)

probably due to the following three reasons: (1) the iso-
topic composition of rainfall might have affected by evapo-
ration before water has infiltrated into the aquifer; (2) the 
groundwater has been recharged from rainfall from a dis-
tant source from the Mediterranean Sea to the west of the 
study area; and (3) isotopic exchange for deuterium and 
oxygen-18 has taken place between the groundwater and 
the aquifer rock material (Ako 2011).

Table 2  Values of δ2H, δ18O 
and calculated D-excess for the 
groundwater samples from the 
study area

W. No. δ2H (‰) δ18O (‰) D-excess (‰) W. No. δ2H (‰) δ18O (‰) D-excess (‰)
First round Second round

MW 1 − 13.36 − 3.68 16.08 MW 1 − 12.65 − 3.28 13.59
MW 4 − 13.04 − 3.38 14.00 MW 2 − 12.91 − 3.4 14.29
MW 5 − 12.58 − 3.34 14.14 MW 3 − 12.43 − 3.29 13.89
MW 6 − 12.76 − 3.36 14.12 MW 4 − 12.08 − 3.44 15.44
MW 7 − 13.47 − 3.58 15.17 MW 5 − 13.35 − 3.89 17.77
PW 1 − 11.16 − 2.84 11.56 MW 6 − 12.19 − 3.52 15.97
PW 2 − 11.63 − 3.3 14.77 MW 7 − 13.48 − 3.68 15.96
PW 3 − 11.9 − 3.07 12.66 PW 1 − 12.01 − 3.24 13.91
PW 4 − 11.31 − 2.95 12.29 PW 2 − 11.78 − 3.21 13.90
PW 5 − 12.17 − 3.24 13.75 PW 3 − 12.79 − 3.43 14.65
PW 6 − 12.22 − 3.52 15.94 PW 4 − 12.52 − 3.31 13.96
PW 7 − 12.93 − 3.69 16.59 PW 5 − 12.77 − 3.42 14.59
PW 8 − 13.15 − 3.66 16.13 PW 6 − 12.8 − 3.39 14.32
PW 9 − 12.81 − 3.47 14.95 PW 7 − 13.02 − 3.4 14.18
PW 10 − 13.46 − 3.64 15.66 PW 9 − 12.25 − 3.26 13.83
PW 11 − 13.52 − 3.6 15.28 PW 12 − 12.84 − 3.72 16.92
PW 12 − 13.68 − 3.63 15.36 PW 13 − 11.97 − 3.2 13.63
PW 13 − 11.31 − 3.08 13.33

Table 3  Summary statistics for δ2H and δ18O values for the ground-
water samples of the study area

δ2H (‰) δ18O (‰) D-excess 
values (‰)

Minimum − 13.68 − 3.89 11.56
Maximum − 11.16 − 2.84 17.77
Average − 12.58 − 3.40 14.62
SD 0.68 0.23 1.32

Fig. 4  Relationship between δ2H and δ18O values (‰) for the GEL 
for the groundwater samples
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Relationships between the GEL for the groundwater, 
the GMWL and the LMWL

Tracing the origin of deuterium and oxygen-18 isotopes in 
the groundwater of the study area prior to evaporation is 
carried out by determining the slope of the change in GEL 
as it deviates from the LMWL and the GMWL (Shah 2013).

Relationship between the GEL for groundwater 
and the GMWL

The comparison between the slope of the GMWL of 8.17 
(Eq. 2) with the slope of the GEL is used to explore the ori-
gin of the groundwater (Al-Charideh et al. 2009). If the GEL 
slope ≅ 8.17, the groundwater is likely to have been derived 
from meteoric water (water derived from precipitation) with-
out being influenced by evaporation or other post-precipi-
tation effects. However, if the GEL indicates a slope of less 
than 8.17: (1) the groundwater is likely to have been derived 
from meteoric water with significant evaporation that has 
been taken place during or after rainfall and (2) there has 
been significant groundwater mixing with recharged water 
that has high δ2H and δ18O values (i.e. it is possible that sur-
face water not associated with local rainfall has contributed 
to recharging the aquifer) (Gat and Carmi 1970; Gat and 
Dansgaard 1972; Ammar et al. 2016).

The slope of the GEL for the groundwater of the study 
area is of 2.492 (Eq. 7 and Fig. 4) and is less than the slope 
of GMWL of 8.17. This slope reduction probably indicates 
that: (1) the groundwater is originated from meteoric water 
influenced by evaporation during or after rainfall; and/or (2) 
there is mixing of the groundwater with recharge water from 
other sources that have higher δ2H and δ18O values. (Amiri 
et al. 2016). Leontiadis et al. (1996) emphasized that these 
processes typically take place in regions with a semi-arid 
climatic area, such as the study area.

The location of the GEL for the groundwater samples 
in relative to the GMWL falls to the left above the GMWL 
(Fig. 5). This is likely to indicate that groundwater is directly 
affected by recharge from local meteoric water or rainfall, 
and the rainfall water does not undergo evaporation during 
infiltration (Tiwari et al. 2016). However, Mokadem et al. 
(2016) stated that this behaviour of the GEL indicates that 
the dilution and mixing processes have taken place in the 
groundwater and are likely to have affected the deuterium 
and the oxygen-18 isotopic composition of the groundwater.

The difference in the δ2H and δ18O values between 
the GEL and the GMWL is about − 11.5‰ for δ2H and 
− 2.65‰ for δ18O (Fig. 5). The data for the δ2H and δ18O 
values in the groundwater indicate that about 8.57% of the 
groundwater samples show δ2H values from − 13.36 to 
− 11.16‰ and − 3.08 to − 2.84‰ for δ18O. These values 
can be considered similar to the GEL interaction values with 

the GMWL. This suggests that the predominant source of 
the deuterium and oxygen-18 isotopes in these samples is 
meteoric water, which is the predominant recharge source 
(Chen et al. 2016).

Relationship between the GEL for the groundwater 
and the LMWL for the rainfall

The GEL for the groundwater of the study area has a slope 
value of 2.492 (Eq. 7 and Fig. 4), which is lower than the 
slope value for the LMWL for the rainfall of 6.217 (Eq. 6 
and Fig. 3). Li et al. (2016) suggested that this slope varia-
tion between the GEL and the LMWL indicates that evapo-
ration process occurs for the rainfall during infiltration and 
tends to enrich the groundwater with deuterium and oxy-
gen-18 isotopes causing simultaneous salinity increases.

The location of the GEL for the groundwater samples 
in relation to the LMWL falls to the right and below the 
LMWL (Fig. 6).This suggests that the aquifer behaves as a 
homogeneous aquifer system for the composition of deute-
rium and oxygen-18 isotopes. Ayadi et al. (2016) indicated 
that this homogeneity indicates that the aquifer has uniform 
flow path and recharge sources. While Li et al. (2016) sug-
gested that this behaviour indicates that evaporation is the 
dominant process that enriches deuterium and oxygen-18 
isotopes in the groundwater.

The interaction values for the GEL for the groundwa-
ter with the LMWL for the rainfall are about − 14.5 and 
− 3.75‰ for δ2H and δ18O, respectively (Fig. 7). The 
δ2H and δ18O values in the groundwater indicate that 
about 17.14% of the samples show values of − 13.68 to 
− 13.15‰ for δ2H and − 3.89 to − 3.6‰ for δ18O. These 

Fig. 5  Relationship between δ2H and δ18O values (‰) for the GEL 
for the groundwater and the GMWL
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values can be considered to be close to the interaction 
values and close to the LMWL. Lu et al. (2016) indicated 
that under these conditions, the isotopic composition of 
groundwater is regulated by the composition of the pre-
cipitation source. Ayadi et al. (2016) suggested that for 
these samples, rapid rainfall infiltration occurs before 
there is significant evaporation at the soil surface.

Relationship between the GMWL, the LMWL for the rainfall 
and the GEL for the groundwater

The relationship between the δ2H and δ18O values in the 
GMWL, the LMWL for the rainfall and the GEL for the 
groundwater is shown in Fig. 7.

The GEL for the groundwater samples in the study area 
plots to the right and below the LMWL for the rainfall and 
to the left and above the GMWL (Fig. 7). This location of 
the GEL indicates that the δ2H versus δ18O values in the 
groundwater aquifer are significantly different from values 
of the rainfall of the LMWL and of the GMWL. This behav-
iour also indicates that the groundwater can be classified 
as a young groundwater with a multiple recharge sources 
besides precipitation (Qian et al. 2013; Ayadi et al. 2016). 
Dhaoui et al. (2016) and Mapoma et al. (2016) clearly stated 
that in this case deuterium and oxygen-18 isotopes probably 
originated from groundwater mixing with rainfall and old 
residual water recharged from other sources and anthropo-
genic activities. These recharge sources have different ori-
gins, and recharge has taken place over different periods of 
time (Al-Charideh and Kattaa 2016; Ayadi et al. 2016).

In the study area, the recent recharge is derived through 
infiltration through the vadose zone. These recharge sources 
are rainfall, untreated wastewater from the cesspits and irri-
gation return flow from the agricultural area located east of 
the study area. The historical time recharge water is derived 
from saline water intrusion from a deep aquifer and an adja-
cent aquifer comprised of Eocene sediments located to the 
east of the Gaza Strip. The isotopic composition of ground-
water in the study area is therefore influenced by the mixing 
of water from these recent and historical recharge sources.

Evidence from deuterium excess (D‑excess) values

The D-excess parameters have been previously used to deter-
mine the sources of water vapour in the Middle East region 
(Celle-Jeanton et al. 2001). Calculated D-excess values 
(Eq. 3) for the rainfall and the groundwater samples are pre-
sented in Tables 1 and 2, respectively. The D-excess values 
for the rainfall range from 7.76 to 25.64‰, with an average 
value of 16.89‰ and a standard deviation of 5.12.

These D-excess values differ from the D-excess value for 
global precipitation (GMWL) of 10‰ (Eq. 1). This variation 
is a consequence of the geographic location and the climatic 
conditions of the local study area. It is possibly due to either 
the evaporation of droplets below the clouds or the fact that 
rainfall originates from moisture of different regions and/or 
due to exchange processes that occur between moisture and 
large surfaces water in the ground (Grassa et al. 2006). A sec-
ond observation that can be made about the D-excess values is 
that the isotopic composition of rainfall has been significantly 
affected by evaporation with different climatic conditions, even 

Fig. 6  Relationship between δ2H and δ18O values (‰) for the GEL 
for the groundwater and the LMWL for the rainfall

Fig. 7  Relationship between δ2H and δ18O values (‰) for the 
GMWL, the LMWL for the rainfall and the GEL for the groundwater
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though there are likely different moisture sources for the rain-
fall in the area. Evaporation is likely to have modified the δ2H 
and δ18O values in the precipitation before infiltrated into the 
groundwater (Pang et al. 2004; Ako 2011). A third observation 
that can be made is that the average D-excess value of 16.89‰ 
falls between the western Mediterranean D-excess value of 
14‰ (Gat and Carmi 1970) and the Eastern Mediterranean 
D-excess value of 22‰ (IAEA 2005). This location of the 
D-excess value is a result of specific climatic conditions in the 
Mediterranean region that cause an instability of air over the 
Mediterranean Sea leading to an intensive exchange between 
moisture in the atmosphere and the seawater surface (Grassa 
et al. 2006). The average D-excess of 16.89‰ is the same as 
detected in rainwater falling on the Western Mediterranean 
region where the study area is located and the rainfall attrib-
uted to precipitation from the Mediterranean sea (Hadi et al. 
2016; Mokadem et al. 2016).

About 82.53% of the rainfall samples at the Rafah (Egypt) 
rainfall station have D-excess values more than 10‰ suggest-
ing that rainfall has been affected by evaporation. This evapo-
ration process would have taken place under conditions of low 
humidity especially in winter season or the rainy season (Gat 
and Carmi 1970). The results indicate that there is an enrich-
ment of δ2H and δ18O values in the rain clouds from recycled 
water vapour with contribution of continental surface waters 
(Fynn et al. 2016).

The calculated D-excess values (Eq. 3) in the samples of 
the groundwater in the study area vary from 11.56 to 17.77‰ 
with an average of 14.62‰ and a standard deviation value of 
1.3 (Table 3). These D-excess values are higher than the global 
D-excess for GMWL of 10‰ (Eq. 1). The observed result for 
the D-excess values in the groundwater indicates the follow-
ing possibilities: (1) a rapid rainwater infiltration with limited 
evaporation takes place in the study area (Dhaoui et al. 2016); 
(2) the groundwater system is recharged from a mixture of 
water sources from different origins over various time periods 
(Hadi et al. 2016); and (3) the δ2H and δ18O values of the 
groundwater are highly affected by mixing with non-meteoric 
water (recharged water from sources other than rainwater). As 
mentioned previously, these non-meteoric waters are likely to 
be wastewater, irrigation return flow and saline water.

The average D-excess values in groundwater samples in 
the study area of 14.62‰ are less than the average D-excess 
values for the rainfall of 16.89‰. This result indicates that a 
mixing process occurs between the non-meteoric water with 
the groundwater in the aquifer (Abreha 2014).

There is a clear line of best fit with a negative slope between 
the δ18O and D-excess values in the groundwater (Fig. 8) 
according to the following equation:

(8)
D-excess = −5.4586 ∗ δ18O − 3.9526

(

R
2 = 0.9293

)

This negative relationship between the δ18O values and 
D-excess values in the groundwater of the study area indi-
cates that the δ18O values increase (there is an enrichment of 
oxygen-18) while the D-excess values decrease. This condi-
tion suggests that the groundwater has mixed with recharge 
water of different δ18O and δ2H values from different sources 
that have undergone a variable degree of evaporation before 
recharge into the groundwater (Shah 2013; Abreha 2014).

Conclusions

The δ2H, δ18O and deuterium excess (D-excess) values of 
rainfall and groundwater were used to assess groundwater 
recharge sources and its dynamics in the urban area of Khan 
Younis City in the southern the Gaza Strip in Palestine. 
Three isotopic lines were used for the assessment of the data: 
the global meteoric water line (GMWL), the local meteoric 
water line (LMWL) and the groundwater evaporation line 
(GEL). Correlations between the lines and the δ2H and δ18O 
values of water samples indicate that: (1) deuterium and oxy-
gen-18 isotopes originated from groundwater mixing with 
rainfall and old residual water from other sources (such as 
from anthropogenic activities) and that these water sources 
are of different origins and have been recharged over a range 
of different times; (2) the groundwater has been derived 
from a mixture of local rainfall which has come from an 
air mass that has carried moisture from a distant source in 
the Mediterranean Sea to the west of the study area, and 
non-meteoric water (other than rainwater, such as: waste-
water, irrigation return flow and saline water); (3) isotopic 
exchange has taken place between deuterium and oxygen-18 
enriched in the groundwater and the aquifer rock material; 

Fig. 8  Relationship between δ18O isotopic values and D-excess val-
ues for the groundwater
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(4) the isotopic composition of rainfall has been modified 
by evaporation before infiltration into the aquifer; and (5) 
isotopically, the aquifer behaves as a single homogeneous 
aquifer.
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