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ABSTRACT

Tre exponemial rive in the urbsn population of the developing countries during the past
few decades, coupled with accelersted urbanizstion phemsmanos, has hroushl the necessity
W develop environmentally sustainable and efficient waste management sysiems, Rapid
shanization and lack of efficient sewnge networks in the City of Jeddah, Saudi Arabia, has
kd W adverse infleences on both growndwater levels- and groundwaler quality.
Groundwater in the coastal aquifer of porth Joddah eocurs a shallow dlepths umder
unconfined conditions within highly permesble formations. Different sources of recharge
have led 1o & seriows problens of grousdwater level rise beneatl the city (0,10 o 0,12
miyear). Leaknge of sewage from seplic sysiems is @ promiment source of proundwater
pollution, In the preseni study, groundwaier samples for waler quality analvils were
collecied from 56 shallow wells scatiered in the city. Results showed variable values for
salindty and chemical composition of growndwater, Girousdwater salindty ranges from 803
1o 74765 mg/l. gemerally increases northeand, where the dominan water tvpe is MallL It
appeaned that mixing hetween growndwaler and the Red Seu water coubl] e the main Gscior
fior walinization of groundwater. Some samples have Na/Cl molar ratio of |00 and very
ehose 10 anc indicating the possibilsty of halite dissolution in e niguiler malrix or may be
pussibly due 10 continuing medification of water chemisiry by sewage leakage, where mos
of ihese samples were collected From the resideriaal arce. The study showed thal silscate
weathering is not the main source for relesse of sodium ine groundwater. Excess of Ca and
My in the groundwater revesked that il may be due 1o the exchange of sodium in the waler
by caleium and magnesium m clay materials {reverse jon cxchange) imtead of being
derived from the divsoluiion of carbonate minerals, The saturation indes of the miosl
comamon carbenale minerals showed noticeable variability. It ranges from -0.83 1o 0.53 for
aragonise, from -0.74 1o 0.66 for caleite and from -1.10 1o 148 for dolomite, Significantly
elevatad levels of mitrates in most parts of the scitlement (up to 1030 mg/1) can be relatsd 1o
mitrification of wmmoniem-rich muns¢ipal wistewaler that s diwpesed just 1o the east of the
sty aren i an open pond os well = o irvigation by raw wastewater in vegetable Farms to
the east of the study arca.  High NH. bevels were obscrved ot ihe southem mose deniely
sciiled arcas. with o higher demsity of seplic tamks. These high levels indicase that
comineoiss impul from septic tank s @ prominent source of pollution. The gemernl
Eroundamter flow direction, from east towards west, indicases that pollsted groundwater of
merth Jeddah is uitimasely dincharged into the ses af ihe coastline. This process will
imcregse ihe nutnients Mux st the sca, which has derimental effects on ithe aguatic
ecosy siem in north Jeddah
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L INTRODUCTION

leddah is one of the magor cities of Suds
Arabla, which has become highly urbanized
with a confinued population growth. It is
evident that urbanization may modify the
underlying groundwater systems. This often
leads w0 adverse hydrologrical, water guality,
geotechnical, and socio-cconomic  effects,
Urban environments sagnificantly ahier the
nature of recharge o underlying aguilers.
Direct precipitation is reduced, but additional
recharge may resall from storm water runoll,
water mains supply leakage and sewer
leakage. In order 1o minimize the effects of
urbanization. groundwater managemen! is
required  amespective  of  whether  the
groundwaber is io be used or not.

The  geochemical  properiies  of
groundwater depend on the chemistry of
water n the recharge area as well as on
different  geochemical processes that are
1aking place in the subsurface. The quality of
water slong the course of its underground
movement 5 therefore dependeni on the
chemical and  physical properties  of
amrounding rocks, the gquantiative and
qualitstive propertics  of  through-flowing
waler bodies, and the products of human
activity | Matthess, |982),

The increase in groundwater salinity,
particularly in coastal ares of north Jeddah,
may be due to influx of natural saline water,
such =5 sea water inirusion or due o
dissolution of soluble salts in the unsatursted
zone (eg. Venposh er af., 1994, Allison ef
al, 19y Heceeg o al, 1991)

magor cause of salinization and water-guality
degradstion. One of its most apparent impacts
is the increase in the nitrale concentrution
which is derived from infiliration of sewape
efMuents, industral wasies and agnculiune
return flows (Hem and Fehz, 1998; Hao and
Change, 2002; Mitchel e al., 2000; Venposh
and Keren, 1996). Imigation by groundwater
from unconfined squifers enhances recycling
of salts and their sccumulagion in the aquifer.
Moreover, rmigaton with wastewater, which
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5 gencrally more saline then regional
groundwater, ncreases the rate of salinization
of shallow groundwaler. This problem is
more conspicuous n and and semi-arid zones
where polable water s  replaced |y
wastewater for irmigation in order 1o save the
depleting water resources.

In urban area, additional recharge routes
include leaking sewers (Lemer o al,, 1994;
Barrett ef al., 1997) and deliberate recharge
through septic tanks in unsewered areas. The
complex  and  everchamging  wrhan
environment makes it difficult 1o identify
individual recharge sources and pathways,
and o estimate their contributions o the
overall groundwaier bulance.

A factor commen to most urbanization is
that i resulis in (mpermeabilization (through
=01l compaction, paving ond roofing) of a
sigmficant proportion of the land surface and
limits. ‘While land surface impermeabilization
can  significanily rodwce mnormal  soil
infiltration (especially in the densely built-up
areas), waler mains leakage, wastewaler
disposal and excess imgation of amenily
areas, more than compensate for  this
redusction in most situstions, and the netl
effect s normally one of increased
groundwater recharge. Sanilation  and
drainage  amongements,  which e
fundsmental to consideration of the urban
hydrological cycle, generally evolve with
time and vary widely with differing pateris
of urban development, In the lowns and cities
of most developing nations, installation of

provision (Foster, 3001 .

The objective of the present study was 10
mvestipaie  ithe peochemical  processes
occurting in the groundwater environment
and the impact of urbanization, particularly
the effects of leaky septic tanks and sewige
pipes and combined sewer overflows, on the
groundwater quality in  north  Jeddah
Therefore, water quality of  shallow
groundwater i the phreatic aquifer of north
Jeddah has been mvestigated in order 10
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identify possible sources of pollution as well
u8 role of nntursl geochemical proceases such
as walerrock mieractions. Moreover, spatial
disributions of sewage-derived pollutants in
groundwater  samples collected  from  the
highly wrhanized arens of Morth Jeddah are
discussed.

1.1 Present status of the study area

The majonty of Saudi Arsbia's cities ane
chamcienzed by rapid uwrban growth during
the laxt several decades. Joddah, the second
(mfber Riyadh) highly urbanized city in Saudi
Arsbiy, exhibils a noticeable populstion
increase {over 3.7 million in 2006). This
demographic growth in the past decades has
beem cousesd by migration from the rural arcas
by people in search of & bener life. This has
led w0 the growth of mouly wuscontrolled
selllements  lacking prnimary services of
sewage systems and waste collection and has
caused an increasingly negative impact on the
environment. The provision of adequiie
water supply and sanitation to the rapidly
growing urhan populstion & increasingly
becoming a problem in Jeddah. Currenily,
desalinized water represents e main source
of water supply 1o the majority of Jeddah's
more than 3.7 million inhabitants for both
their domestic consumption and for industry.
Amsing from buman activities  outlined
above, inspiirment of groundwaler qualkity in
the north Jeddah aquifer may be difficull 1o
doubt, However, there is no rogular quality
monitoring  of  Jeddah’s  groundwater
resources.

Most of the municipal wasiewater of
Jeddah city is ultimately disposed in an apen
pond in Wadi Briman 1o the northeast of the
sludy arca, Most of the disposal sie has
formed by mining activitics of the in-filling
detrital soils for construction purposes. Waste
dumped in this features is totally sewage.
Simce  meplenishmentrecharge 10 the
groundwater in  north  Jeddsh  occurs
occasionally via the same channel ihat is
generally filled with municipal liguid wasies,
groundwater resource by nitrogen species and

pathogens may not be difficult to envisage.
Addmsonslly, sround T8% of the domestc
sewage is disposed mainly through septic
tanks. In order o avoid mpid filling-up of
these sephic tanks, the practice has heen o dig
them quite deeply (46 m} Unfomanaely,
this facilates wastewaters to  percodate
direcily o the shallow unprotecied
groundwater table (typically 0.60-9.15 m
below grownd surface). Thus, there s a high
likelibood of unhindered access of sewage 1o
the groundwaler feservorr, thereby posmg
great threats of aquifer pollution, This stedy
i dealing with the chemical charactenstics of
groundwater and polletion of groundwater in
relation 1o urbanization in north Jeddah,

1.1, Geologic serting

Jeddah s located on the western margin
of the Arabian Shield on the ot low relief
constal plain bordering the Red Sea which is
called Tikamat Al-Hijaz. The coastal plain
heas a width ranging from & km o the south to
19 km fo the north, The land surface is rocky
or sandy snd is sparsely vegetated. The whole
area 1 underlam by the Kamil suite (Ramsay,
1983) and consists of the Dighbij and Hafmaly
complexes, gamtic  intrusive  rocks,
metagabbro ond pabbro, Rumayds gramie

and Madrakah Formation.
Jeddah is bounded 1o the cast by hills and
mountains  which are consisting  of

Precambrian rocks (Fig. 1) These rocks ane
represenied by Samrmn Group which  are
composed of metavolcanics and
metasediments of felsic w malic lavas snd
volcamic clastic rocks capped with thin
sedimentary cover. Samran Group is inireded
by Dighbij and Al-Hafnah batholiths. Samran
rock units which are encountered in Jeddah
are  Bahmah, Fayidah, and Madrakah
formations (B, F, and M.) (Moore and Al-
Riehaili, 1989), There are some occurrences
of Teriary rocks encoumlered as  small
oulcrop called (Ubhwur Formation) located to
the north of the study area. Ubhur Formation
consists of green sandy clay, silistone and
soft white bioclastic hmestone. Basaltic flow
liws om the top of Uibhur Formation mdicating




a previous fluvial filling whose flanks were
ernded probably under the effect of the sea
{Hacker ef af. 1984). The CQuaernary
deposits cower an ¢xlensive part of the stsdy
areii, There is a gemern] agrecmcnl Among
several puthors that the coastal plain {alluvial
and marine  deposits)  belongs o the
(puatemary period (Brown & al, 1963; Al-
Sayari and Ziul, 1978; Hacker of al., 1984).
The costtal plain deposits (Recent and
Quatermary) are divided into the following
units (Moore and Al-Rehaili, 1989, Al-
Quahtani, 1998} (a) Alhevial  dpesits
comprise the largest Quatemary units in the
study area. They are found in the form ol
allyvial terraced sandy gravel and silty sand
which seems Uhat the later one was formed s
a deposition from several wash depesits; (b
Sabkha voils exist as grey sandy silt, and they
are in immediate contact with the sea in the
form of u narrow strip of supratidal deposits;
(¢} Coralling Movesione Formation erops o
alemg the coast north of Jeddah and having a
range of 5-10 km wide, while it is less than |
km in the area to the south of Jeddah. The
reel limestone exista ns discontimeous bel
along the Red Sea coast On the land, the
limestone mised 3-6 m above sen level, the
limestone 15 massive and very porous. It is
composed of corals and mollusks (Basamed,
2001). The limestone is covered by temaced
gravels which are characierized by a shallow
denderitic drainage; and (d) Fills which are
used eiller to make higher lands as in the Al-
Balad district, or Alling some saline ponds as
in south of Jeddsh, and'or for health and
benutiflcation reasons ws in the Comish road
and As-Salamah district (Bayumi & al.

2000).

The Red Sca foull system affects most of
the rock wnits of the Makkah quadrangle.
These faults form three main sets iremnding
approximately  northwest, northeast, and
porth. In  many cases represend  the
renctivation of Precambrion faulis (Moo
and Al-Rehaili, 1959),

1.3, Groundwater Decurrence and Flow
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Jeddah 15 charactenized by desert climie,
which is slightly moderaied by the effects of
ihe Red Sea in the west and of high altitude
i the cast. Rainfall events are scarce and the
mean annual minfall is about 65 mm falling
mainly in Movember, December and January.

Groandwater occars within the highly
permeable formations in the city, such as
surficial soil, sandy gravel and coralline
limesione. The clay layers sct as confining
bheds, whereas the sandy silt is an aquitard.
Shallow water isble {ranges in depth from
060 1o 9,15 m) usually exists above clay
beds, which prevent deep percolation of
groundwater. The aquifer s mainly
unconfined: however, confined  conditions
may exist wherever shallow cluy beds overly
ihe carbonate aquifier (Bayumi f al., 20,

Leakage from water supply metwork and
gewage from septic tanks, exfiliration from
cesspool  (med for disposal of most of
wastewater of the Jeddah city), rainfall
recharge, cxcess landscape imigntion and
subsurface inflow from the enstern wadis arc
the main sources that lead 10 sverage annual
groundwater level rise of about 0.10 © 012
m | Basamed, 2001; Al-Sefry and Sen, 2006).
The different and complicated sources of
rechurge exert greal influerces on the shallow
groundwater quality of Jeddah city.

In codstal aquifers, fresh groundwater
normally discharges inbo the dea if @ seawand
hydraulic gradient cxisis. The groundwater
o shown on the witer table comtour map of
morth Jeddah (Basamed, 2001) is geneally
froin east wowards west (Fig. 2). This means
that the shallow groundwater of north Jeddah
is ultimately discharging ol the Red Sen
coastline, Since senwater has a larger density
than freshwater, it tends 1o intrude into the
aquifer and lie under the less dense
freshwater o form a saltwater wedpe. A
freshwatersaltwater interface is cetablished
once the scawaler comes inbo contact with the
freshwater. The interface i a diffusion zone;
where hydrodynamic dispersion ocewrs. The
thickness of the interface depends upon some
physical parameters of the medium and the
flow conditions (Yolker and Rushion, 1982),
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Fig. (1): Geological map of the Jeddah region,
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Fig. (2): Groundwater level contour map (1999),

14, Groundwater sampling und analysls

I orcler to understand the genceal spatial
variaton in groundwater chemistry over the
study area, o well mvenlory survey was
carried oot during 2002, Almost all of the
wells in the arca were monitored  for
groundwater levels, elecirical conductivity
(EC) and pH. These data were used 1o select
the  mepreseniative  wells  for  routine
groundwater sumpling. Depths 10 water Lable
in the wells were reconded wsing a water level
mdicator. Sampling wells wene selected in
ach a way that they represent differend paris
of the whanized arcas in nonh Joddah.
Geroundwaoter samples were collected during
203 from 36 sampling wells  (Jeddah
Mumcipality  wells, Scwage e pariment
wells, and private wellsk  Groundwater
samples were collected in clean polyethylone
bottles. All sampling botthes were sowked

with 1:1 HNCY, and washed using deterpen
These botles were then rinsed with double-
distilled water. Al the time of sampling.
sampling botthes were thoroughly rinsed 23
Uimes using the groundwater 1o be sampled.
FC and pH of groundwaier samples were
megsured in the field immediaely afier
sample colleetion wing ponable FC- and pl-
meters. Samples were fillered using (.45 pm
Millipire (leer paper and scidificd with nitric
acid {Uhrapure, Merck) for catiom analyses.
For anion analyses, these samples were siored
bebow 4 “C. The samples were analyzed for
magor cations (Ca, Mg, Na, K) and anions
(HCO;, SO, Clp as well as for minor
constiluents (5000, F, NHy, N0 NO., POy,
Fek The chemical analvses were cartied out,
as per the procedure given in APFHA {1998),
at the Faculty of Farnh Sciences, King
Abdulariz University, Jeddsh and ai ihe
Siwh Geological Sy ey, Jeddah, Saudi
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Arshia. The anslytical precision for the
imeasurements of jons was determined by
caleulating the jonic halance error, whach s
genetally within £5%.

2. RESULTS AND DISCUSSION

Resuls of chemical analysis of the -
collected  groundwater samples are given in
Table (1)

1.1. Chemical characteristics

The chemical composition of groundwater
in north Jeddah is variable, with electrical
comductivity ranging from 1340 to 104000
phiem. Most of the groundwater with very
high values of electrical conductivity is
dominantly distributed in the nonhemn part of
the area near Ublr and close w Dhahban
gabkha in the exireme northem part of
Jeddah, The pH values range from 6.20 to
783, where most of the groundwaler is
glightly alkaline. The salinity of groundwater
i grestly variable and ranging from fresh to
highly saline of brine where s value runges
from 0803 1o 74.765 g (Fig. 3) The
groundwater salinity shows an increasing
trend toward the norihern pari of the smady
sres pear Ubbur (eg well ¥ 22)
Groundwmer with low salinity values is
encountered in the southem highly ubanized
area between Palesting and Heraa streets
fwell & 31 to the south of Tahla street) and
southeast mear the catchment arcas (wells ¥
58, 59, 6). The groundwater salinity in the
sauthern part increases rapidly towards west
in the direction of the Red Sea. Exceptionally
higher sulinity values were recorded in the
central pan of the area at wells & 13 and 17 to
the south of King Abdul Aziz sirport. Mixing
with seawater % reflected in a high ionic
content of groundwater. It is obvious that
groundwater quality is degraded seriously in
the study area

Sodium is the dominant cation in most of
the smalyzed ssmples where it is followed by
Ca or Mg in some samples. Two groundwates
samples had Ca = the dominant cathom

followed by cither Mg or Ma {samples ¥ 2
and 43). These two samples were collected
farm the southern part of the study area. On
the other kand, C1 is the most dominant anion
in most samples followed by S0, and HCO,

Few samples are charcierized by the
dominunce of S0, over the other anions (e.g.
samples # 2, 32, 45 4%, 51, 58 and &0} Only
one sample (0 309, collected from the
mlmnpunnfﬂuarﬂ.ischarmwnrdby
i dominance of HCO; over Cl and 50,
This sample has a salinity value of 504 mgfl
which is relatively low compared 1o other
samples. This may be atributed to the effiect
of recharge water, which is possibly Neaking
desalinined water mains. Figure [4) shows the
Pipctphl.n'l'lh:wlymd!-ﬁmpla
compared to the Red Sea water {using
chemical © jon of the Red Sea
published by Wilson, 1975). This figure
indicates that most samples are characterized
by the dominance of alkalics (Na + K) over
alkaline carths (Ca + Mg) and strong acids
{C1 + S0) over weak acids (HOO,) in their
hydrochemical facies. Most of these smpl=
are clustered around the plot of the Red Sea
water, which indicates possible effect of sea
water and/or dissolution of sals derived from
sea sprays, Al the extreme northern part of
the study arca, mixing with brine water and
dissolution of sals of Dhahban sabkha are
most pronounced and reflecied in extremely
high salinity values (over Red Sea salimity of
42%,). Maoreover, a very shallow water level
mlh:ﬂud:mwmmm:fkctuf
evaporation especially in the non-reskdential
areas such ms in King Abdul Ariz
International  Airport.  Few samples  are
characterized by prevalence of Ca + Mg over
Wa + K and 50, + Cl1 over HCO,, This may
be afiributed either W dissolation of Ca-
bearing minerals in the oaquifer matrix
{carbomate minerals and gypsum) or o
reverse cation exchange, The dingram also
indicates that only onc sample (¥ 30) exhibits
dominance of HCO, over Cl and 50,. The
jon dominance of this sample may be the
result of leakage of fresh desalinized water
from water supply mains.
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Table 1 {Cont.)
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Fig. (3): Spatisl distribution of groandwater salinity in north Jeddah,




2.2.1. Mixing process

Red Sea and  Dhahban
important feulires bounding the siudy ares
ﬁmmlmdnmh.mpmhﬂymmnidn
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sabkha  are
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A source of salt waler and brine into the
Musmudlmudmh.m
Presence  of this  sabkhg

and groundwater, chemical analysis datn of
the Red Sea water (Wilson, 1975) were
introduced  in the  different plots.  The
Chitniical  Comipimitions * of meost of the
mh-m-\dmu-u:ninﬂur. which
indicates possible mixing with ses witer. The




plot of Na and Ol concemtrations of
| alomg with mining line between
pwest salinity of groundwater and sca waler
of the study arca is shown in Fig. (3)
Groundwater samples of the study area plot
a5 2 single group along the mixing line. This
ghows that the miving of existing water with
sea water is the major mechanism that is
tsking ploce in this arca, Small deviation
from the miing line can be observed and can
be matribuled to mixing with wasewater that
has varying proportion of Na and Cl. Seven
samples were plofed beyomd sea waler point,

‘where an extended dash lne pass through

504 ihem inlicating cvaporation processiand of
mining with brine water in the exreme

porthem  part  near  Dhahban  sabkha,

Dissobution of halite, gypeum, calcite,

amgonite and  dolomite, which are the

commen minerals in the Dhabban sabkha

Y (Kadi, 1988), may be a possible source of
kY salinity in the morthem part of the anrca. In
: gencral, it is expecied that the evaparation
o 2 o proces  would  cause  an  increase  in
concenirations of all species in water. 11 the
process i dominant, assuming
that B0 minet.! species are precipitated, the
Na/Cl mtio would be unchanged (Jankowski
- and Acworth 1997). Therefore, the plot of
N/l vermm CL as an indicator of salinaty,
~ would give a horizonial line, which would
 then be an effective indicator of concentration
7 4% ion. The NaCl versus €l plot
{Flg. 6) in the study aren indicates clearly thal
ratio of Na/Cl decreases with incrensing
concentration. A high Na'Cl mtio is
o low Cl value (<800 mgf).

|

(Wilson, 1975) were
differert  plas,  The
“of most of the
water are similar, which

CAL PROCESSES AND POLLUTHIN OF GROUNDWA TER BENEATH THE HIGHLY URBAMIZED
AREA OF NORTH JEDOANL SALDE ARARIA

mterpreted as Na melessed from a sibeate
weathering resction (Mayback 1987). In the
present study, the molar ratio of Na'Cl for
groundwaler samples generally ranges from
0.59-3.33 (Fig. 6). Some sarnples have Na/'Cl
molar ratio of 1,00 and very close 1o one
indhcating the possibility of halite dissolution
in the squifer marix or may be due w0
continuing alteration of waler chemistry by
sewage, whene most of these samples were
collected from the residential arca. Samples
having a Na/Cl ratio grester than one (Fig. 6)
indicate excess Mu, which might have derived
from silicate weathering where the eatern
ciichment arcas are totully made up of
igneous rocks. I silicate weathering is a
probable source of sodium, the water samples
would have HCOy as the most abundant
anion (Appelo and Posima, 2005) This is
becanse of the ncaction of the feldspar
mincrals with the carbonic acid im the
presence of water releases HOOy (Elango e
al., 20031 In the study area, HCOy is mot the
dominant anson in groundwater indicating
that silicate weathering is not the main source
fior relense of sodium into groundwaier. This
confirms the effect of sewage pollution on the
groundwaier  chemisiry where  varying
concentrations of Na and C1 are characteristic
for sewage. However, groundwater samples
with a Na/Cl matio around and less than one
indicate  the possibility of some other
chemical processes, such as ion exchange.

222, Reverse ion exchange

The plat of Ca + Mg versus 50, + HCO,
will be close 1o the 131 line if the dissolution
of calcite, dolomite and gypsum are the
dominant resctions in the squiler system. lon
exchange tends to shift the points 1o the right
due 10 an excess of 50 + HCO; (Fisher and
Mulican, 1997; Rajmohan and Elango, 2004).
If reverse jom exchange is the process, it will
shifi the points 1o the lefi due to a lorge
excess of Ca + Mg over 50, + HOD,, which
can he explained by the following reaction:




MNa' + CalMpclayy #—— Na - Clay
| Mg}

The plot of Ca + Mg versus S0, + HOD,
(Fig. 7) shows that most of the groundwater
samples from north Jeddah are chustered
around and sbove the 1:1 line, An excess of
Ca and Mg in the groundwater of the constal
plain aguifer of north Jeddah may be due 1o
the exchange of Na in the water by Ca and
Mg in clay material. Groundwater samples
which are plotted on and below the 1:1 line
indicate excess S0, and HOOy. The plot of m
{Ca + Mg) versus miCl) (Fig. 8) indicaies
that Ca and Mg increase with increasing
salinity. The plots of Na/Cl molur ralic versus
Cl {Fig. 6) and m {Ca + Mg) versus m(CI)
(Fig. B} clearly indicate that salinity increases
with the decrease in Na/C1 and increase in Ca
+ Mg, which may be due o reverse ion
exchange i the clay-bearing  aquifer
materials. During this process, the aquifer
matrix may adsorb dissolved Na in exchange
for bound Ca snd My, The sources of Ca and
Mg in groundwater can be deduced from the

nol form carbonic acid (H.CO;) (Spears,
1986}, High ratios of most samples. therefore,
indicate cther sowrnces lor Cu and Mg, such as
reverse ion exchange, which i observed in
the coastal plain groundwater of north Jeddah
with an mcrease in salinity (Fig. 9. A ratio
less than 0.5 may be due to the exchange of
calcium and magnesium in water by sodium
bound in the clay,

# Groundwaler
m Red Sea water

0 200 400

Na (meqgf)

Fig. (5): Plot of Na versus O1 showing mixing and evaporation processes.
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Geochemival equilibria and reaction

~ The equilibrium staie of groundwates with
espect to the possible reactant and product
rals was evaluated by the caleulation of

ion indices of with
repes 1o the mineral phases. providing some
indication of the equilibrium s1ate berween
the growndwater and the surroundsng mineral
rock pssemblages (Njichoua o al, 1997)
The imvestigation of the mineral equilibria
state of groundwater of this arca has revealed
i __Ihh:qdhbﬂmwﬁﬂtcuhm

Dissaldiativn and precipifation
Minerml  equilibrium  calculations  for
dwater ore useful in predicting the
of reactive minerals i the
Te wuﬂcsmnuingmn:nl
y (Deutsch, 1997). By using the
fon index approach, it is possible w0
the resctive mincralogy of the
ce from data without
” the samples of he solkd phase and
amalyzing the mincralogy (Deutsch, 1997).
The chemical equillbrium between mincrals
waler was identified by calculating the
sauration indices (1) of the most common
in the aquifer matrix. The aquifer
is mainly formed of carbonate and
mmerals, in addition o quartz
{Bayumi et al., 2000). If the groundwater is
ratiexl with respect 1o n mineral, it is prone
5#‘ some of the solute load. On the
other hand, if it is undersaturnsed (51<0} i
‘will ke more mineral inio the solution

] PROCESSES AND POLLLITION OF GROUNDWATER BEREATH THE HICGHLY LRBANIZED
AREA OF SORTH JEDDAN, SALIDARABLA

fior msociated minerals in the groundwater of
north Jeddah. The S1 of the most common
carbonaie minerals varies from -0.88 1o 0.53
for aragonite, from -0.74 w0 0.66 for calcite
and from =110 00 148 for dolomite. Figure
(10} shows that most groundwaler samples
varles from  mear  cquilibrium 1o
oversaturation with respest o caleite and
dolomite, whereas pgroundwalcr  varnes
between undersaturation and oversaturation
wilh respeet 1o aragonite. Oversaturation with
respect o these minerals may be attrbuted to
the influence of evaporation of the shallow
groundwater, which concentrates dissolved
species in the soil zone. Recharge of
raimwater aivd lenkage of sewage from the
septic sysem flushes concentrated solutions
from e soll zone into groundwater as well
a5 dissolves the precipitated minerals, which
increases the 51 of groundwater, However, 0s
sewage leskage continues, the saturation
levels go down due to dilution.

The siudy of the CaMg ratio of
groundwater from this aren also supporns the
dissolution of ealeite and dolomite present in
the alluvinm. That is, if CaMg molar rtio

1, dissolution of dolomite should

occur, whercas a higher ratio is indicative of
¢ ealcile contribution  (Maya and
Loucks, 1995). Higher CaMg molar ratio
(>2) indicoies the dissolution of silicate
mimerals, which comtribute calcium and
magnesium o grodndwater (K of al.,
1998). The groundwater of north Jeddsh have
Ca/My molar ratio varying between 0.12 and
456 reflecting probable contribution of
caleite, dolomite and  silicate  mineTals
(plagioclase, amphiboles and  pyronenes)
which are derived from the eastem part of the

study anga.

On the ofber hand, groundwater samples
pre mostly undersaturated with respect o
gypsum indicating dissolution of gypsum in
the aquiler matrix, which leads 1o an incnease
of both Cs and S0, concenlralions m
groundwater  (Fig.  10).  Furihermore,

is oversalurated with respect 1o
quartz indicating its precipitation (Fig. 10).
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23, Groundwater pollution by natrients

Nitrogen s one of the most abundant
elemenis, The major routes of entry of
milrogen into bodies of water are municipal
and industrial wastewster, seplic tanks, feed
lot discharges, animal wastes and discharges
from car exhousts, Racteria in water quickly
convert nitrites (NOy) to mitrabes  {NOG).
lh-mpmminhmw-ﬂipmd
contaminants in subsurface environments,
mainly originating from non-point and mubi-

agricultural sources (Frecre and Cherry,
it Rodvane and  Simpkins, 2001,
Schilling, 2007). In north Jeddah, improperly
construcied septic tanks and the wnlined
wistewater disposal pond (Wwdi Briman) are
considered ax  multi-point  sources  for
groundwater pollution with nutrients.

mnﬂgumurﬁdmm
levels by snilwopopenic sctivities involving
nitrogencis  compounds  such s mineral
fertilizer and by-products  of organic
compounds. from agriculture, septic systems,
and pouliry or catile manure {Osirom of al..
1998 Williams o of, 1998). Mimogen in
excreled waste i mainly in the form of urea,
which is hydrolyzed to WH; and converted to
WD, in the soil zone (Widory er al.. 2004):

= ;HH..:

—-—-

 The hydrolysis of wren produces
rise in pH. This favers the
of emmaonis, which is easily lost to

‘the amosphere.
~ The level of nitrate (NO;) in the collected
wier samples was significantly high
between a very wide range from
50 mgL, with an average value of
‘ﬂlhﬂmhhmﬂual‘
(75%) excecded the maximum
t concentration for  human
on (S0 mg/L), set by WHO (2004).
about 36% of the samples have
ater than 200 mp/L. Figure (11}
c spatial distibution of NO; in

GECKCH CAL PROCESSES AND POLLUTION OF GROUNDWATER BENEATH THE HIGHLY URDANIZED
MAL AREA OF RORTH JEDDAIL SAUDI ARABIA

groundwaler in nomh Jeddah. [t indicates that
MOy contents are highly vanable throughout
the stedy area. The northern and eastern parts
of the area have the highest NOy
concentrations (wells # 20, 21, 22, 23, M4
surrounding Sharm Ubhur and wells # 3, 4,
57 and 6] in the eastern pari of the study
arca). In the castern pan of the arca,
agriculteral  activity consists mainly of
vegelable productions for which municipal
untrented wastewater are used for frmigation.
Some wells in the central part exhibited high
NOy levels (e.g. wells # 13, 17, and 47),
where the main source of NO; pollution of
groundwater s due o poorly constructed
sepiic tanks and prvate sewage disposal
systems. It is very likely that there is a
significant contribution from |eaking sewers.
Howgver, the concentrations of nitrate were
low m the some wells in the central and
southern parts of the area,

211, Transformation of nitragen species

Most of the antreated musicipal
wastewater of Jeddah city is collected by
meuns of irscks and carried o a dumping site
in Wadi Briman to the east of Makkah-
Madinsh Expressway at the nonthern part of
the study area. This exposed dumping site
allows oxidation of NH, 10 NO; 10 become 3
major source of mirate pollution in the
northem part of the study area Similarly,
irmigation by untreated wastewster in the
castern part of the arca contributes high N0,
concentration in  groundwater originated
mostly from oxidation of ammonium in the
unantursted zonc. The source of amamonism
was from leakape of effluenis from sewers
and improperly consirucied septic tsnks, in
which urea and NH, prevail over other
nirogen compounds (Jacks er al. 1999
Canler and Knox, 1985). It could have besn
produced in the unsaurated zome either by
relatively fast hydration of urca (Bun ef al.
1993} or by slow mineralization of soil
OrgAmic mutier,




Under nerobic conditions, NH, is axadized
casily to NO, within o few hours 10 a few
days and within disiances of o few lens of
centimeters (Barreti of al, 1999; Leenhouts ef
al, 1998, Robertson and Blowes, 1995),
According to Stumm and Morgan {1996)
nitrification  (microbial  oxidation  of
ammonium] & the unsaturated zone s
described by the equation:

NH," + 20, = NOy +2H' + H,0

This equation ilheirates the reaction that
decreases the pH of groundwater (Robertson
and Blowes, 1995), which may be reflected in
association with low pll and high MO, in
samples collected from wells adjacent 1 the
downstream of Wadi Briman, where dumping
ufwhmﬁymhﬂwm
part of the wadi,

In cases where vadose zone residence
time is relatively short (hours o <1 week ),
ummmmmimm.
Shon residence times may result i greater
NH, and lower NOy concentrations than
when residency in the unsaturated zone is
relatively long (>7 days) (Robertson ef al,,
l“l;hrﬁdmd—ummm
some wells {such ax shon distances between
septic tanks and domestic well and s shallow
water table) sampled during this  work,
Positive correlation between N0y and Ca
woncentritions (r = 0.75) in groundwater of
motth Jeddah (Fig. 12) provides evidence for
the development of this process. Incressed
acidity during nitrification leads 10 carbonate
dissolution, which results in Ca enrichment of
goundwater.  Furthermore, dissolution of
carbonate minerals tends i increase pH.
ﬂichiun‘lh‘hdiuﬂumﬁh!lwy
alkaline nature of groundwater in the stady
arew,

Ammonia  concentration might  also
decrease as a resull of ammonia volatilizsion
and sorption on clay particles (Jacks ef af.,
lﬂﬂ.mlehmwm
h!ﬂifislinild.mdﬂ:ipumqrhm
erlyhhimlhdth‘-bﬂn
niwogen  budget  of the  soil system
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(Venhuizen, |999), [n the sandy unsaturated
zone with & clay comtent of less than 0.5%,
the sorption of ammonium has o be
meghgible,

Denitrification {microbial reduction of
mitrme) i goundwater  under  anoxic
conditions, reaches its final stage where NO,
is tansformed W N; gas following the
reaction (Swmm and Morgan, 1996):

4Hﬂ~,‘+5{‘H,{}+H-I’-2N,+?I—I;ﬂ+
500,

Contrary 1o mitrification, demitrification is
a process with relatively slow kinetics
(Stumm, 1990), Anserchic conditions may
result in the formation and persistence of
nitrite. The formation of nitvite is as a
consequence of microbial activity and may be
Mmum-immmnim
bevels (WHO, 2004), High NO, concentration
was encountered at the northcasiern pan of
Ikm[weﬂul}mwbcdmmmpm
of Wadi Briman, where untreated wastesater
is dumped. On the olber hand, spitial
distribution of WH, shows that high levels
were observed an the southern pant of the
study aren which is a highly urbanized aren as
well s at well ¥ 61 (Fig. 13), This srea has
lh!uwhulwch.ﬁmhiﬁ levels of
NH, benesth the residential ares of nomh
Jeddah indicate that cortimsous input From
qdcuth-pmimwmmm
levels reflect that nitrification i not fhe

between  shallow  groundwater and  (he
atmoapheric oeygen because most of the land
surface in this dense residential ares i
covered by bulldings and paved roads.
Morcover, anaerobic conditions can develop
il substantial smounts of Libile ofganic
carban, possibly derived from seplic wasle,
are present in the squifer media {Versiracien
et al, 2005),

The general goundwater Mlow direction
from east towards west (Fig. 2) indicates that
polluted groundwater of north Jeddah s
ultimately discharged into the sca st the
coastline. This process will incronse the




flux ivio the sea, which has negative
on the squatic ecosystem im north

{00060.116 mgl) and
(0.002-25.0 mgTh levels were also
but wene not found 1o be

the samdy wnaamled
e af less than 0.5%.
i has w be

pial reduction of
gr  under AnOXK

M oblematically high. Anomalows velue of
h:-ﬂmg::wh:: 1?]: K (25 mpl) was recorded at well £ 58 at
prgan, 1996); . southeastern part of the area. which may
be wiiributed o phosphate fertilizers applicd

-‘_hhwlt farms seartered in this arca.
2312 Iron

| Trom in groundwater is nomally present in
the ferrous form (Fe™) which is a soluble
o !il:ﬂ.‘ilrﬂkhbdmf‘nmhm{ﬁ"}
‘or imsaluble iron (iron hydroxyl complex)
upon exposure to  Air Towl ron (Fe)
concentrutions in e collecivsd grouncwater
samples from north Jeddah were sigmificantly

highly urbanized area a5
I (Fig. 13). This area has
These high levels of

fow and reached up e |0 mgl. The sources

from anthropogenic activities appsar o be
unlikely because of the low concentrations of
Fe. Fe conent may be relaed to the
weathering of mincral grains (such as hotite)
composing the igneous. rocks covering the
elevated caichment reas in eastom part of
the study sres. The primary resction through
wiich Fe'' owides are formed is the
hydrolytic and axidative decomposition of
Fe’ contuining primary mincrals {mainly
Fe' silicates) through the reaction [Appecho
and Postma, 2005

Wl bastite
i‘nﬂg.‘hnﬂ-&nm.dl.lm- JOH -+ 0,50 + THED

il

il
ALSLOJOH], + TR ¢ 4MgT ¢ 0
< ALSA

Once formed, the Fe'' oxides can be
dissolved either through (microbial ) reduction
jo Fe'' or through complexation by organic
ligands { Awoleye, 1991}

T
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