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above the aquifer. As a Þrst step to determine the reference levels of contaminants, it is
necessary to know their contents in various environmental compartments. A few studies
have been conducted in the area of wastewater and sludge but none in soil and groundwa-
ter. Studies of the interaction between environmental components of Gaza are completely
lacking. Soils are one of the most precious natural resources of Gaza and they are prone to
contamination from atmospheric and hydrological sources, but direct waste disposal causes
amajor impact on this limited natural resource, posing serious environmental concerns. In-
formation on the soil macro- and micronutrient levels and trace elements could be of great
interest for agricultural usage and artiÞcial recharge of the groundwater aquifer (McBride
et al., 1997; Roemkens and Salomons, 1998; Wilckeet al., 1998; Whittleet al., 2002).

Metal mobility in soils depends on two main factors: (1) water transfer through the soil
and (2) physicochemistry or biogeochemistry of the trace metals with the solid phase of the
soil (sorption/desorption, precipitation/dissolution, complexation by the organic matter).
Water transfer and chemical reactions depend on the chemical, mineralogical, and phys-
ical/hydrological properties of the different soil horizons (Cornuet al., 2001; Abrahams,
2002). As a matter of fact, pollution problems may arise if toxic metals are mobilized into the
soil solution and are either taken up by plants or transported to the groundwater (Planquart
et al., 1999). The concentrations of several potentially harmful contaminants, such as metals
commonly found in sludges, limit their application on land. The high contents of Zn and
Adsorbable Organic Halogen (AOX) in the sludges of Gaza are examples of such contam-
inants (Shomaret al., 2004a). By spreading sewage sludge on Þelds, the metal content of
the soil drastically increases (Smithet al., 1996), inducing a potential risk of groundwater
pollution, increased toxic metal mobility (e.g. organic complexing of the transition met-
als), plant toxicity, and metal contamination through the food chain (Mikacet al., 1998;
Cornuet al., 2001). Many investigations on the distribution of metals in relation to depth in
the proÞles of sludged soils have shown that, in the short term, relatively little downward
movement of metals occurs below the depth of cultivation or of sludge application (Alloway
and Jackson, 1991). Increases in metal concentrations below the depth of 30 cm did not
appear to be signiÞcant compared to background values, suggesting that the movement of
metals downward in the soil proÞle was minimal. However, several authors have reported
amore pronounced movement of metals within the proÞles of amended soils. Darwish and
Ahmad (1997) have shown that sludge-borne Zn, Cu, Cd, and Pb moved down to a depth
of 40 cm in soils referred to as saline, non-saline, sodic, and calcareous (except Zn in the
calcareous soil). Although several trace metals have clearly migrated within the proÞles,
and therefore must have been in a soluble form at some time, their present concentrations
in the leachates are very low. This indicates that after migration they have become Þxed in
more stable and insoluble forms (Planquartet al., 1999; Cornuet al., 2001; Hoffmannet al.,
2002). The main goals of this study were: (1) to introduce all relevant information from the
study area on hydrogeology, geochemistry, and geology; and (2) to study the geochemical
characteristics of an on site column of wastewater, sludge, soil, and groundwater in the area
of the Gaza central wastewater treatment plant.

2. Meteorology, Geology and Hydrology

There are two well-deÞned seasons: the wet season, starting in October and extending
into April, and the dry season from May to September. The average daily mean temperature
ranges from 25◦C insummer to 13◦C inwinter, with the average daily maximum temperature
ranging from 29◦C to 17◦C, and the minimum temperature ranging from 21◦C to 9◦C,
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in the summer and winter, respectively. The daily relative humidity ßuctuates from 65%
in the daytime to 85% at night in the summer and between 60% and 80%, respectively, in
the winter. The mean annual solar radiation is 2200 J/cm2/day (MEnA, 2000). There is a
signiÞcant variation in the wind speed during the daytime, and the average maximum wind
speed velocity is about 3.9 m/s. Moreover, storms have been observed in the winter with a
maximum wind speed of about 18 m/s. Peak months of rainfall are December and January;
the average annual rainfall is 335 mm/y (26 year average) (CAMP, 2000).

The coastal aquifer consists primarily of Pleistocene age Kurkar Group deposits, includ-
ing calcareous and silty sandstones, silts, clays, unconsolidated sands, and conglomerates.
Near the coast, coastal clays extend about 2Ð5 km inland, and divide the aquifer sequence
into three or four sub-aquifers, depending upon the location. Towards the east, the clays
pinch out and the aquifer is largely unconÞned (PEPA, 1994). Within the Gaza Strip, the
total thickness of the Kurkar Group is about 100 m at the shore in the south, and about
200 m near Gaza City. At the eastern Gaza border, the saturated thickness is about 60Ð
70 m in the north, and only a few meters in the south near Rafah. Local perched water
conditions exist throughout the Gaza Strip due to the presence of shallow clays (MEnA,
2000).

From the results of pump tests carried out in the Gaza Strip, aquifer transmissivity
values range between 700 and 5,000 square meters per day (m2/d). Corresponding values
of hydraulic conductivity are mostly within a relatively narrow range, 20Ð80 meters per day
(m/d). Most of the wells that have been tested are municipal wells screened across more
than one subaquifer. Hence, little is known about any differences in hydraulic properties
between these sub-aquifers. SpeciÞc yield values are estimated to be about 15Ð30% while
speciÞc storativity is about 10−4 from tests conducted in Gaza (CAMP, 2000).

Under natural conditions, groundwater ßow in the Gaza Strip is towards the Mediter-
ranean Sea, where fresh groundwater discharges into the sea. However, natural ßow patterns
have been signiÞcantly disturbed by pumping and artiÞcial sources of recharge over the past
40 years. Within the Gaza Strip, large cones of depression have formed over large areas
in the north and south. Water levels are presently below mean sea level in many places,
inducing a hydraulic gradient from the Mediterranean Sea towards the major pumping cen-
ters and municipal supply wells (PEPA, 1994). Between 1970Ð1993, water levels dropped
1.6 m on average, mostly in the south. This is equivalent to 5 million cubic meters per year
(Mm3/y) decline in overall aquifer storage on average, using a speciÞc yield of 0.2 (CAMP,
2000).

It is estimated from available data that less than 10% of the GazaÕs aquifer resource
contains groundwater that meets the WHO drinking water standard for chloride (250 mg/l);
primarily in the north and along the coastal sand dune areas of the Mawasi (southwest). The
major documented water quality problems in the Gaza Strip are elevated salinity and nitrate
concentrations in the aquifer. Depending on location, rates of salinization may be gradual or
sudden. In Gaza City/Jabalia, chloride values are increasing at rates up to 10 mg/l per year
in several wells. The lateral inßow of brackish water from Israel (chloride concentrations
varying from 800 to 2000 mg/l) affects the water quality of a signiÞcant portion of the Gaza
coastal aquifer, and is of a natural origin. Nitrate in 90% of the groundwater wells is more
than 50 mg/l (CAMP, 2000).

Rates of aquifer replenishment are one of the most difÞcult parameters to derive.
There is no simple method that can be applied to estimate recharge from rainfall in the
Gaza Strip. This is primarily a function of the extreme climatological variability observed
between rainfall stations and numerous inßuencing factors, such as soil types and irrigation
practices. A pragmatic approach has been used for the Gaza regional model, which translates
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supporting information from other similar areas to the Gaza situation, and is guided by
groundwater modeling (CAMP, 2000; MEnA, 2000).

3. Study Area, Materials and Methods

3.1 Location of the Study Area

The study area is the central wastewater treatment plant of the Gaza Strip, which lies to the
southwest of Gaza City. The speciÞc location within the plant is the drying lagoons, which
are being used as Þltration basins. Treated wastewater and produced sludge are disposed
to open areas a few meters beside the plant itself. The plant is close to less urbanized and
agricultural areas. Figure 1 shows the location of the Gaza Strip and a schematic illustration
of the wastewater treatment plant as well as the Þve boreholes. The area has a long history
of exposure to wastewater and sludge. Large areas have been used for the disposal of raw
sewage efßuents and untreated sludge from 1977 up to date. Due to the lack of functional
and effective wastewater treatment plants associated with the absence of a wastewater

Figure 1. Location of the study area.
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management system, the area of 50 ha was converted to a pure sewage disposal Þeld and
receives up to 10,000 m3/day of untreated or partially treated wastewater.

3.2 Sampling and Analysis

3.2.1 Sampling Considerations.As an independent project, 13 test borings were drilled
at speciÞed locations determined by an approved surveyor. The sampling locations were
selected according to many justiÞcations Þtted to Gaza. The aquifer system, groundwater
ßow, available geological data, meteorological conditions, natural and anthropogenic fac-
tors, etc., are examples of these justiÞcations. Because of the high cost of transportation
and analysis, Þve test borings were chosen for this speciÞc study to represent all locations
(Figure 1). The Þve boreholes were selected to be: one borehole inside the existing treated
wastewater pond, one borehole inside an old sludge drying pond, and three boreholes from
the surrounding area. Each borehole is considered as a vertical study area starting from the
surface, which is in some cases treated wastewater followed by sludge, then soil and Þnally
groundwater. The ground surface at the site is covered with sand dunes of yellowish, Þne
sand.

3.2.2 Wastewater Samples.The sampling campaign was conducted in the period of 10
OctoberÐ25 December 2002. The average depth of wastewater in the sampling site was
30 cm. A series of grab samples (8Ð10) were taken from two lagoons 1Ð2 days before the
drilling process. The grab samples were combined in a container to form a composite sample.
Finally, one liter of the mixture was taken in an acid-washed bottle and transferred to the
laboratory, where it was Þltered in an acid-washed Þlter holder and through 0.45µm pore
size Sartorius membrane Þlters; the Þrst few milliliters were used for rinsing, then discarded,
and the Þltrate was transferred to clean acid-washed polyethylene bottles and acidiÞed by
concentrated nitric acid (Ultrapur, Merck, v/v) to pH< 2 and stored at 4� C until analyses
by the inductive coupled plasma mass spectrometer (ICP/MSÑPerkin Elmer-Sciex, Elan
6000) were performed. The other part of the wastewater was Þltered with no additives and
stored at 4� C for anion analyses by ion chromatography (IC DIONEX DX-120). Several
parameters were measured during the Þeldwork: temperature, electric conductivity, and
pH; other parameters (Settleable solids SS, total suspended solids TSS, total dissolved
solids TDS, chemical oxygen demand COD, and biochemical oxygen demand BOD5) were
measured a few hours later according to the American standard methods (APHA, 1995).

3.2.3 Sludge Samples.A continuous layer of sludge (15Ð25 cm depth) was found directly
under the wastewater column of one site. The other four samples were collected from
the neighboring sludge drying areas. Samples were collected in polyethylene containers.
After collection, samples were freeze-dried to complete dryness; then they were ground and
homogenized in an agate mortar and sieved through a mesh of 63-mm pore size. About 0.5 to
1.0 grams of the homogenized sample were dissolved in 10.5 ml concentrated hydrochloric
acid (37%) and 3.5 ml concentrated nitric acid (65%) in 50 ml retorts. The samples were
degassed (12 hours), then heated to 160� C for 3 h. After cooling to room temperature, the
solutions were diluted with distilled water in 50 ml volumetric ßasks and kept in 100 ml
polyethylene bottles for analysis.

Elements were analyzed by different instruments; a ßame atomic absorption (AAS
vario 6ÑAnalytik Jena) for determination of Ca, Cu, K, Li, Mg, and Na; an ICP/OES
(VARIAN, VISTA-MPX) for determination of As, Cd, Co, Cr, Fe, Mn, Ni, Pb, Sr, and Zn;
and an energy-dispersive miniprobe multielement analyzer (EMMA-XRF) (Cheburkin and
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Table 2
Average chemical composition of Þve sludge samples (Average± SD� , n = 3)

Element Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

AOX (mg Cl/kg) 610± 68 600± 55 530± 62 510± 44 495± 52
As (ppm) 5.5± 0.8 2.1± 0.8 3.5± 0.7 5.4± 0.8 4.3± 0.6
Cr (ppm) 89± 6 68± 5 89± 7 111± 6 108± 11
C (%) 27± 0.7 19± 0.5 27± 0.8 26± 0.8 22± 1
Ca (%) 12.7± 0.3 9.0± 0.2 13.3± 1 10.5± 0.8 11.5± 0.4
Cd (ppm) 2.2± 0.8 1.5± 0.7 1.7± 0.3 2.0± 0.1 1.8± 0.3
Co (ppm) 3.3± 0.3 3.6± 0.2 0.9± 0.1 2.5± 0.2 2.4± 0.2
Cr (ppm) 89± 7 68± 5 89± 6 111± 11 108± 8
Cu (ppm) 304± 11 220± 8 288± 13 286± 14 281± 12
Fe (%) 1.5± 0.1 1.2± 0.1 1.3± 0.1 1.5± 0.2 1.3± 0.1
Hg (ppm) 3.5± 0.5 2.6± 0.5 4.5± 1 3.2± 0.6 2.8± 0.5
K (ppm) 1836± 36 1808± 42 1673± 40 1810± 37 1605± 38
Li (ppm) 3.0± 0.2 2.5± 0.2 2.6± 0.2 3.4± 0.3 3.2± 0.3
Mg (%) 1.1± 0.3 0.9± 0.2 1.0± 0.1 1.0± 0.1 0.9± 0.1
Mn (ppm) 227± 8 188± 5 270± 7 261± 8 273± 10
Na (ppm) 9894± 26 10312± 42 7720± 35 3191± 22 4359± 25
Ni (ppm) 28± 5 21± 4 24± 5 26± 6 25± 5
Pb (ppm) 154± 5 111± 6 140± 11 156± 9 136± 8
Rb (ppm) 10.6± 0.7 11.5± 1 9.0± 0.5 9.9± 0.8 8.2± 1
S(%) 3.0± 0.3 2.1± 0.4 2.8± 0.2 3.1± 0.3 2.1± 0.1
Se (ppm) 2.6± 0.2 2.6± 0.2 5.0± 0.4 3.2± 0.4 3.0± 0.5
Sr (ppm) 651± 7 540± 9 984± 15 643± 32 730± 62
Th (ppm) 3.1± 0.2 0.0± 0 2.0± 0.2 2.4± 0.1 0.0± 0
U (ppm) 8.8± 0.6 5.7± 0.5 10.7± 1 10.5± 2 8.5± 0.4
Y (ppm) 7.1± 0.4 8.3± 0.5 5.8± 0.2 6.9± 0.3 8.1± 0.4
Zn (ppm) 2443± 46 1820± 66 2230± 84 2527± 72 2385± 78
Zr (ppm) 185± 5 164± 11 96± 9 103± 7 98± 11

concentrations and only strontium (Sr) showed considerable amounts in the tested samples.
Zinc in the sludge of Gaza (> 2100 mg/kg) exceeds that of all standards of developed and
industrialized countries for land application. As a very general parameter, the average AOX
in the tested samples reached the mean value of 550 mg Cl/kg.

4.3 Soil

Due to the large set data obtained from the analysis of 160 soil samples, each having 26
parameters, this section will cover mostly the Þfth soil proÞle, which represents the Þve
proÞles. The upper 40Ð50 cm represents a mixture of sludge and Þne sand and its color starts
from dark black in the surface layer up to very light dark downward. A well-distinguished
soil appears from 20 cm depth and more.

The four examples of X-ray diffractograms (Figure 2) show that the soil mineralogy is
mainly composed, in order of abundance, of quartz, calcite, kaolinite, and some feldspars.
The soil texture, including the major components of each layer, is shown in Figure 3.
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Figure 3. General geological features of the Þfth soil borehole.

The soil-wastewater/sludge interaction and the trend of major parameters could be
found in two proÞles (1 and 2). The Þrst is under the treated wastewater lagoon (Table 3)
and the second is under the sludge, old drying area (Table 4). Selected depths of soil proÞle
and their metal contents are shown in Table 5 and Figure 4.

The organic content of the soil decreased with depth from 26% organic carbon by
weight in the surface sludge to less than 0.05% of 55 m depth, while the AOX in general is
very low in the deep layers (less than 5 mg Cl/kg). The soil at the study plot was neutral to
basic (pH 7.2Ð8 in 0.4Ð60 m), while the upper 40 cm of the sludge-covered soil was acidic
(pH 4.8) due to high inputs of nitrate and sulfate loads from wastewater and sludge, which
increase the acidity through the intensive mineralization and nitriÞcation processes.
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Figure 4. Examples of element proÞles for borehole 5.

new WHO standard (10µg/l), while Fe is 1855µg/l, which is about 6 times higher than
the WHO standard (300µg/l).

5. Discussion

The wastewater treatment plant was able to remove> 92%,> 88%,> 60% of BOD5, COD,
and both total P and total N, respectively. This indicates that the majority of the metals have
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been transferred from the wastewater to the sewage sludge where Zn, Pb, Cu, and Cr in
the sludge were 2100, 125, 240, and 75 mg/kg, respectively. The new results agree with
the Þndings of Shomaret al. (2004a); however, 20% may be lost in the treated efßuent,
depending on the solubility, and this may be as high as 40Ð60% for the most soluble metal,
Ni (Scancaret al., 2000). The average of Zn removal in the treatment process was 55%; this
ratio Þnds its way to the sludge and this may explain the high contents of Zn in the sludge
(> 2100 mg/kg).

The most affected zone by wastewater and sludge is the upper 40Ð50 cm of the
soil proÞle and the metal content decreased with depth. Element mobility sequence was
Ni > Ca> Cu� Fe, where the concentrations in the upper 5 cm were 40 mg/kg, 10%,
240 mg/kg, and 1.5% and in the lower 40 cm were 2, 0.5, 5, and 0.3, respectively. This
result agrees with that of Legret (1993) and Cornu (2001). Nickel is the most soluble metal
in sludge, and thus the most mobile (Henry and Harrison, 1992). The general trend of the
total Ni concentrations in each soil proÞle was a slight increase with depth. The distribution
of Ni in a soil proÞle is related to the clay fractions; the higher the clay content, the greater
the accumulation of Ni. The percent clay in the soil proÞles increased due to the clay lenses
in the 6.3 and 9.3 m depth, as did the total Ni concentrations. This could be supported by
the explanation of the EPA (1995) that stated that Ni tends to accumulate in arid and semi-
arid soils as well. The sludge-covered soils were exposed to rainfall over the course of the
study, which may have resulted in the leaching of Ni to the lower depths. It has been shown
that soils with higher pHs have higher potentials for Þxing Ni in less soluble forms than
in soils with lower pHs (Abdel-Sabour, 1991). A mean comparison of total trace element
concentrations in the upper 40 cm depth indicated that the uncovered soil had signiÞcantly
lower Cu and Ni concentrations than the sludge-covered soils. In addition, the comparison
of means from each soil proÞle indicated that there were no signiÞcant differences among
the mean of most tested elements.

In soil, Ca is the most mobile, while Fe is the least mobile element (Sparks, 2002).
The pH of the upper 40 cm for the sludge-covered soils increased slightly with depth. The
results of the upper 40 cm of the soil proÞle were anticipated as the sludges that covered
the soil surface contained low concentrations of the tested elements. The trend showed a
deÞnite increase in Cu within the upper 40 cm of all sludge-covered soils. This could be
explained by the fact that the organic compounds of the sludge increased the solubility of Cu
(Kabata-Pendias and Pendias, 1992). Total soil Cu concentrations were somewhat variable
in the individual proÞles.

The solubility, mobility and concentration of Pb and Zn are controlled by several
mechanisms like organic matter, pH and soil structure (Sims and Patrick, 1978; Pepper
et al., 1983; Milner and Barker, 1989). The total Pb concentrations of the soil were basically
uniform throughout the soil proÞles. The heavy precipitation, in combination with the acidic
environment of the upper sludge layer of pH 4.8 and the high contents of organic matter
(26%), enhances the solubility and leaching processes of Pb from sludge. Pb concentration
is high in the upper layers and decreases with depth. Even though the pH of the sandy
layers was high, the concentrations of Pb and Zn were low due to the lack of organic
matter and the effect of the downward water ßow. Pb reached its minimum concentration
(2.7 mg/kg) in the sandy soil at a depth of 40 cm. The leached Pb accumulated in the deep
layers of clay at a depth of 5.5 and 25 m, where its concentrations are 4.2 and 3.6 mg/kg,
respectively. The Pb proÞle in soil is similar to the Fe proÞle as well as to the organic matter
proÞle. In comparison with Zn, organic matter is relatively more important in adsorbing Pb,
but clay minerals are relatively more important in adsorbing Zn. Zn showed similar trend
as Pb.
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It was found that the soil metal content was affected by soil structure. Clay layers
showed higher contents of major elements than soil layers. In clay layers Cd, Cr, Fe,
Mn, Ni, Pb, and Zn were 0.1 mg/kg, 23 mg/kg, 6%, 930 mg/kg, 100 mg/kg, 13 mg/kg,
and 80 mg/kg, respectively, while they were 0.04, 10, 0.7, 70, 8, 1, and 13, respectively,
in other soil structures. Generally speaking, a trend of increase of most elements was
observed from Þne sand, sandstone, loose sandstone, sand clay, and clay. This conclusion
agrees with the Þndings of several studies (Premovicet al., 2001; Navas and Machin, 2002;
Pearsonet al., 2002; USGS, 2004). Except for the upper half-meter of the soil proÞle,
which is directly affected by sludge, the lateral distribution of elements was dependent on
the physicochemical characteristics of the soil and not on depth.

The total contents of studied elements indicate that the concentrations of Zn, Mn, Cu,
Fe, and partly As and Pb correlate with the clay content in the individual soil proÞle. The
total content of Mn, Fe, Zn, and Cu in the individual soil horizons is proportional to their
clay content (Martineket al., 1999). The trend showed that the layer of 6.3Ð9.3 m deep
had high contents of Al, Ca, Cr, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Sr, Th, Y, Zn, and Zr, and
to a lesser extent of Cd, Co, and Hg. Also, the soil samples of 35Ð55 m depth showed an
increase in the contents of most elements. The Al Þgure shows the same trend of Ba, Co,
Cr, Cu, Fe, Li, Mg, Mn, Ni, Sr, Th, Y, and Zn. The Þgure of Cd shows the same trend of
Rb and the Pb Þgure shows the same trend of S and Zr.

There is no signiÞcant difference between the mineralogy of the different depths of
the Þfth proÞle. Although the Þve boreholes were dug in around a 1 km2 area, the layers
were not continuous and this could be explained by the irregular deposition, sedimentation,
and weathering rates. The stability rate under weathering conditions in the study area is
gravel> sand> clay, where the clay layer is impermeable.

However, the results of groundwater revealed that it is highly polluted and all major
parameters exceed regional and international standards; it was hard to judge that the major
source of pollution is the leaching of these pollutants from the upper surface to the aquifer.

It is believed that the high concentrations of nitrate (> 75 mg/l) in the area are caused by
leaching of nitrate from wastewater to the aquifer (CAMP, 2000; Shomaret al., 2004a). The
results for the metals indicate that all of them are within the WHO drinking water standards
(1998). Arsenic and iron for borehole number 2 are high; As is the same as the tentative
new WHO standard (10µg/l), while Fe is 1855µg/l, which is about 6 times higher than
the WHO standard (300µg/l).

6. Conclusions

A very good agreement was observed between soil physical characteristics and the ver-
tical distribution of metals. The trend of most elements was: clay> sandclay> loose
sandstone> sandstone> Þne sand. The trend showed that the clay layer of 6Ð9 m depth
had high contents of Al, Ca, Cr, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Sr, Th, Y, Zn, and Zr, and
to a lesser extent of Cd, Co, and Hg.

Except for the upper half-meter of the soil proÞle, which is directly affected by water
and sludge, the lateral distribution of elements was dependent on the physical characteristics
of the soil and not on the depth.

The treated wastewater is a promising water resource for agriculture, and regular mon-
itoring systems on soil, crops and groundwater should be adopted. Sludges, on the other
hand, have high Zn (> 2000 mg/kg) and AOX (> 500 mg Cl/kg) concentrations, which
exceed the standards of all industrialized countries for land application.
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Although the groundwater samples were collected from the aquifer below the wastew-
ater treatment plant, no anomalous concentrations were found with respect to metals. How-
ever, several studies showed that elevated salinity, nitrate, chloride, and sulfate are believed
to be a result of both anthropogenic and natural sources.
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