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Origin and age of coastal groundwaters in Northern Oman 
Ian D. CLARK* 

ABSTRACT 

Peter RA VENSCROFf** 
Peter FRITZ*** 

The coastal plain of northern Oman, bounded by the Gulf of Oman to the northeast and the Northern 
Oman Mountains to the southwest, is the most intensively cultivated area in the Sultanate. Heavy ex
traction from the alluvial aquifers for irrigation is linked to recent saline intrusion and groundwater 
deterioration. The origins and mean circulation times of coastal groundwaters are investigated to better 
understand the mechanisms and frequency of recharge of coastal aquifers. 

Stable isotopes ( 180 and 2H) show that localized convective rainfall in the mountains and piedmont du
ring hot months, identified by a characteristic evaporative enrichment, dominates recharge to shallow 
coastal groundwaters. The less frequent but larger depression-rainfall systems of winter months, which 
show no isotope enrichment, is evident only in the deeper confined aquifers, recharged at higher eleva
tions. Mean circulation times, evaluated on the basis of tritium and lite data, are less than about 5 
years for shallow alluvial groundwaters associated with the active runoff network. In interfluvial areas 
they may be some tens to hundreds of years. Deep confined groundwaters are in the order of several 
thousands of years. 

Saline intrusion is occurring in both the shallow and deep coastal groundwaters. Possible mixing with an 
older connate brine is identified in the deeper coastal zone of one area, which may exacerbate groundwa
ter deterioration. 

1. INTRODUCTION 

1.1. Background and objectives 

The coastal area (Batinah Plain), along the Gulf 
of Oman, is the principal agricultural area in the 
Sultanate and relies heavily on groundwater for 
irrigation of date palms and vegetable gardens 
(fig. 1). Intensive agriculture in this region was 

* 

well established by the lOth century and relied on 
a sophisticated system of aflaj (surface and 
underground dug canals) tapping base-flow 
sources in the mountains. 

However, in recent years, agriculture along the 
coastal strip has intensified (estimated in excess 
of 6.800 hectares; fig. 1), now supported by 
heavy extraction of coastal groundwaters with 
drilled and dug wells. Further, municipal water 
demands over the past two decades have increa-
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Fig. 1. The coastal plain and piedmont of 
northern Oman, showing the coastal strip of 
modern agriculture (after STANGER, 1984). 

Sites A (northern coastal plain), 
B (Wadis Ma'awil and Bani Kharus) and 
C (AI Khawd Fan) are discussed below. 

sed to about 40 million cubic metres annually, 
with 5, 5 .10 6m~ extracted from well fields in the 

coastal area near Seeb. 

Saline intrusion has been the inevitable conse
quence of such demand on the coastal groundwa
ters. Monitoring since 1973 has documented up to 
a six fold increase in electrical conductivity (EC) 
in groundwaters (GIBB, 1976; STANGER, 1984). 
Further, previous studies (GIBB, 1976; JICA, 
1985) found no evidence of tritium in coastal 
groundwaters, suggesting that recharge to the 
coast was a very infrequent event. Such fin
dings, coupled with the impacts of rapid ground
water deterioration, spawned investigations into 
the origin, recharge mechanisms and recharge 
frequencies of coastal groundwaters. 

This work was initiated and financed by the 
Council for Conservation of Environment and 
Water Resources (CCEWR), a scientific body 
established by the government of Oman to provide 
technical advice for groundwater-resource deve
lopment. Two Canadian consulting firms, Cansult 
Limited and Gartner Lee Associates Limited, 
carried out the study as part of a larger program 
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of isotope hydrogeology in Oman. In the coastal 
area of northern Oman, three study sites were 
evaluated : 

A. The northezon aoastal. plain. A 150 km length 
of the coastal strip and adjacent uplands 
which has suffered from groundwater dete
rioration over the last two decades. 

B · Wadi Ma'ar.Jil. A wadi system (non-perennial 
river course) traversing the piedmont and 
discharging to the sea and the site of test 
drilling by the CCEWR. 

C. The AZ Khawd Fan. A coastal alluvial fan 
formed at the discharge end of a major wadi 
system, and the site of municipal well ffelds, 
also well monitored with deep test wells. 

Stable-isotope samples were prepared and analy
sed according to standard gas mass-spectrometer 
techniques. Results are expressed as delta-per
mil ( 0-0

/ oo> differences from known standards. 
Tritium measurements were made on samples 
enriched by electrolysis and expressed in tritium 
units (TU) where 1 TU equals 1 atom of l H per 
10 18 atoms of ~H. Carbon-14 activities were 
measured as percent modern carbon (pmC) and 
converted to estimates of groundwater mean 
residence times by the equation A = q ·A · exp 
(-ln2't/t112_), where A and A aretthe meagured 
and the imtial 14 c aJtivities,0 t

112 
is the l'+c 

half-life (5730 years), t is the age m years, and 
q is a dilution factor to correct for incorporation 
of radio genically dead carbon in the aquifer. 
This factor was calculated using a mixed system 
model based on chemistry and 13 c contents tn the 
DIC, soil C02 and aquifer carbonate (PEARSON, 
1965; PEARSON & HANSHAW, 1970; FONTES & 

GARNIER, 1979). 

1.2. Physiography and geology of Northern Oman 

The physiography of the northern coastal area 
comprises three regions : the coastal plain of 
alluvial gravels forming a coastal strip 10 to 30 
km wide along the Gulf of Oman, the piedmont 
area of shallow bedrock and thin alluvial cover 
thickening towards' the coastal plain, and the 
Northern Oman Mountains. 
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The hydrology of northern Oman is dominated by (1) 
the mountains (fig. 1). an antiform structure of 
autochthonous Mesozoic limestone and dolomite 
formations flanked by the Semail Nappe, a mafic 

Western depression systems originate over 
the Mediterranean and Red Seas and common
ly track eastward into northern Oman during 
the winter months. Cloud cover can be 
extensive and rainfall is characteristically 
widespread and up to several . hours dura
tion. Such systems may occur a few times 
per season or be absent for two to three 
years. 

and ultramafic ophiolite series emplaced during 
Tertiary time (GLENNIE, 1977). Deposition of 
alluvium is a .feature of the late Tertiary and 
Quaternary, which created a calcite and gypsum 
cemented alluvial wedge thickening to over 600 m 
at the coast . 

1.3. Precipitation systems in Northern Oman 

The modern climate in northern Oman is classified 
as "arid province" (SCHYFSMA, 1978) with a 
mean monthly summer temperature of 35 °C. 
Annual precipitation, highly variable due to the 
influence of topography, varies between 100 mm 
along the coast to excess of 200 mm in the moun
tains. Potential evaporation under such arid 
conditions can exceed precipitation by 20 to 40 
fold (SCHYFSMA, 1978; FONTES, 1980). Rainfall 
is associated with a variety of storm types (AL 
HARTHY, 1986; BARRETT, 1985a; 1985b; STAN
LEY PRICE et al., 1985), although two types 
predominate : 

10 

0 

~ • 0 
E -10 
Ill 

• 
~ ·20 
I .. 
lD 

• 

(2) Orographic or convectional rainfall occurs in 
the mountains during the summer months 
when high temperatures create convection 
cells which fill with moist air from the Gulf 
of Oman. Such systems are characteristical
ly of limited dimension and duration although 
more frequent than the western depressions. 

Evaluations of precipitation carried out during the 
course of groundwater studies showed that these 
two systems can be distinguished on the basis of 
their stable-isotope contents (CLARK, 1987). 
Although both systems originate from vapour 
masses off the Gulf of Oman with initial 6 lBo 

values generally between -2 and -4°/
00 

SMOW, 
the convectional rains of summer experience 
strong evaporation due to high temperatures in 
the mountains. Stable-isotope data are positively 
shifted from the meteoric water line (fig. 2). 
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Fig. 2. Stable-isotope relationship for rainfall in Oman, showing evaporative enrichment which 
occurs in recharge from summer-type rainfall but not from winter rains. The meteoric-water line 

calculated for rainfall from northern Oman (NOMWL) has the equation : 6 2 H = 7, 8 cS 180 + 13,6 permil 
SMOW. Also shown are data from the annual monsoon which occurs in southern Oman, but not in the 

north. 
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Winter rains from depression systems do not 
experience such evaporation and plot on the 
meteoric water line in fig. 2, calculated from 
61BQf62H data for rainfalls in ex¢ess of 15 mm. 

Tritium monitoring at Bahrain in the Arabian Gulf 
by the International Atomic Energy Agency 
(IAEA, 1978) shows that levels are now approach
ing the pre-nuclear testing background levels of 
15 to 25 TU (fig. 3). 

2. STUDY SITE INVESTIGATIONS 

L----;!, •• ,.-~.4~:--.....,.~.--d: •• :---.,!:-o -;;,.,--..,;.,4;----;,.--.!78:--.....,.:::o--:,az:---:84!::--!.•• 2.1. The northern coastal plain 
YEAR 

Fig. 3. Tritium fallout (weighted annual 
average) in precipitation collected on the 
Island of Bahrain (heavy line). The fine 

lines indicate the levels to be expected 
in a groundwater following a given mean 

residence time (3 year and 20 year examples 
shown) in the recharge zone. Decay lines 

indicate the levels of tritium today 
to be expected in such a groundwater 

assuming no mixing. 
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Studies in the northern coastal plain focussed on 
a 90 km long strip of the coastal ailuvial aquifer 
which is affected by salinization (fig. 4). In the 
mountains and piedmont areas high-quality 
groundwaters are found in alluvial aquifers asso
ciated with narrow wadi channels (electrical 
conductivity (EC) values less than 1000 llS/cm). 
Into the coastal plain, salinity increases to as 
high as 16.000 llS/cm. 
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Fig. 4. Coastal plain and mountain region of the northern coastal plain, showing location of 
sample sites and tritium. Carbon-14 results for two samples with 3 H levels near detection 

indicate mean circulation times are less than 1000 years. To refine age estimates between the 
limits of these two radioisotope techniques, one could attempt 39Ar dating. 
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Fig. 5. Oxygen-18 vs deuterium diagram for 
samples collected from wells along the 

irrigated coastal strip and from the upland 
areas to the southwest. 

RESULTS AND DISCUSSION 

Stable-isotope data for groundwaters in the 
upgradient areas, collected essentially from sites 
along the wadi courses, plot over a wide range 
(fig. 5) showing sensitivity to individual storm 
events typical of rapidly circulating unconfined 
flow systems. Repeat monitoring of wells over a 
one year period shows temporal variations up to 
1,3°/

00 
61ao occur in both drilled and dug wells 

and springs (CLARK, 1987). 

The positive shifts in the stable-isotope data are 
due to varying degrees of evaporation and indica
te a dominance of summer recharge from rainfall 
in the mountains rather than winter precipitation. 
Coastal groundwaters fall within the locus of data 
for groundwaters along wadi courses, indicating 
that infiltration from such sources must be the 
principal mechanism of recharge to coastal aqui
fers. 

Tritium contents of groundwaters in the upgra
dient areas generally range from 6 to 15 TU (fig. 
4), indicating very short circulation times of less 
than about 5 years. 

Tritium levels in the coastal aquifer zone vary 
considerably more, between 0 and 20, a distribu
tion which appears to be related to fluvial versus 
interfluvial areas where the frequency of recharge 
is a function of the proximity to major wadi 
systems. 
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Fig. 6. Wadi Ma'awil study area showing sample 
locations and tritium data. The carbon-14 age 
estimates are for deep confined groundwaters in 
the alluvial wedge. Other wells tap groundwater 
in the unconfined alluvial deposits along the wadi 

course. See fig. 4 for legend details. 

These findings refute those of JICA (1985) and 
GIBB (1976) by showing that a large portion of 
coastal groundwaters do indeed contain a compo
nent of modern recharge . 

Carbon-14 analyses were carried out on tritium
free groundwater from one well (fig. 4) as well as 
on several low tritium samples to verify the 
occurrence of young coastal ground waters. After 
correction by the chemical and carbon-13 model
ling, it is clear that the tritium-free groundwater 
is less than about 1000 years old. 

2.2. Wadi Ma'awil and Wadi Bani Kharus 

The catchment areas of these two wadi systems 
are found in erosional bowls on the northern limb 
:Jf the Northern Oman Mountains (fig. 6). AI-
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though bedrock groundwater in fissured aquifers 
has ·been recently identified in the mountain-front 
area (RAVENSCROFT, 1985), groundwater deve
lopment is generally restricted to alluvial aquifers 
associated with the main wadi courses. Further 
down gradient within the piedmont area along 
Wadi Ma'awil, the alluvial sequence contains a 
clayey layer confining a 170 m thick aquifer below 
50 m (BHATANAGAR • ORPE, 1986). 

RESULTS AND DISCUSSION 

The Wadi Bani Kharus and Wadi Ma'awil stable
isotope data, plotted on the 15 180/ cS 2H diagram in 
fig. 7, show a clear distinction between the deep 
drilled wells along Wadi Ma'awil a.nd the dug wells 
along Wadi Bani Kharus and near the coast. The 
deep groundwaters from the drilled wells are 
clearly recharged at a relatively higher elevation 
and reflect an input of non-evaporated winter
type rainfall. Samples from shallow dug wells 
along the wadis, by contrast, indicate recharge 
by infiltration of evaporated wadi runoff origi
nating from summer rains in the mountains and in 
the lower-elevation piedmont area. 

The variation in stable-isotope values for the 
shallow dug wells supports evidence discussed 
above for the Northern Coastal Area that these 
shallow alluvial groundwaters are dominated by 
the most recent recharge events. 

Rapid circulation times are substantiated by 
tritium contents (between 7 and 13 TU; fig. 6), 
which fall into the range found for modern coastal 
precipitation in northern Oman. Further, repeat 
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sampling in the upper Wadi Ma'awil area shows 
that tritium levels dropped from up to 50 TU 
measured by GIBB (1976) to 15 in this study, a 
change that can only be accounted for by rapid 
flushing rather than radioactive decay. 

By contrast, the deep confined groundwater in 
the piedmont is tritium-free with carbon-14 age 
estimates of about 5000 years B.P. These flow 
systems obviously vary significantly in terms of 
circulation times and recharge origins, due to 
strong anisotropies and stratifications within the 
thick alluvial wedge along the piedmont and coast. 

2.3. AI Khawd Fan 

The AI Khawd coastal alluvial fan (fig. 8) hosts 
both irrigated agriculture, and three municipal 
well fields. 

In 1984, the Ministry of Agriculture and Fisheries 
completed the construction of the AI Khawd arti
ficial recharge dam along Wadis Semail and AI 
Khawd to augment natural recharge. 
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Fig. 8. AI Khawd Fan and Wadi Semail, location 
map of isotope-sample sites and tritium contents 
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Fig. 7. Oxygen-18 vs deuterium diagram for 
groundwater in the area along Wadi Ma'awil. 

• in groundwater. The AI Khawd dam is designed 
as an artificial recharge structure for the shallow 
groundwater zone along the active channel of Wadi 
Semail. The cross section in fig. 9 runs through 
the north-eastern line of wells between the dam 

and the coast. See fig. 4 for legend details. 
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Fig. 9. Cross section through the series of wells 
northeast of the AI Khawd dam (see fig. 8). 
Conductivity logging and discrete sampling shows 
the extent of groundwater intrusion in the deeper 
zone. Horizontal anisotropy may be controlling 

vertical movement of the saline wedge. 

A cross section through the AI Khawd fan has 
been evaluated by CCEWR through a program of 
drilling and piezometer installation (fig. 9) in 
order to identify the fresh-/saline-groundwater 
relationships and to monitor changes over time. 
Three major hydrogeologic zones have been iden
tified. 

(1) Upper fresh-groundwater zone. The upper 
approximately 100 m section of the alluvium 
contains fresh groundwater with EC values 
of less than about 1000 !lS/cm in and near 
the wadi channels. Groundwater from the 
interfluvial areas is more saline, with EC 
values up to 2000 !lS/cm. 

(2) Saline and hypersaline zone. The fresh-
groundwater zone is bounded below by a 
zone of high-salinity groundwater which 
deepens inland to a depth of 150 to 200 m at 
its southern extent 4, 5 km from the coast. 
In certain areas adjacent to the saline zone, 
hypersaline groundwater has been identified, 
with EC values in the order of 70.000 1.1S/cm 
and chloride concentrations up to 30. 000 
mg/1, inconsistent with simple mixing be
tween saline intrusion and fresh ground
water. Also, the chemistry and stable 
isotopes of the saline zone differ from that 

of sea water, generally having elevated 
Ca/Na and lowered SO/Cl ratios. 

(3) Deep fresh groundwater. Below the saline 
zone at a depth of about 200 to 300 m exists 
a deep aquifer containing fresh groundwater 

with an EC of between 1000 and 3000 uS/em. 
This groundwater is under significant artesian 
pressure with a head of about 7 m above sea 
level. 

RESULTS AND DISCUSSION 

The three principal groupings discussed above 
can be distinguished by their stable-isotope data 
plotted on fig. 10. 

Shallow fresh groundwaters show an effect of 
evaporation seen elsewhere in coastal groundwa
ters. These data show an origin on the meteoric 
water line near 6 180 = -2,5°/

00
, similar to re

charge from summer rainfall in a low-elevation 
environment (fig. 2). Such an environment is 
typical of the catchment for this wadi system of 
which about 80 % is in the piedmont at an eleva
tion less than 450 m ASL (CLARK, 1987). Tri
tium contents in shallow fresh groundwaters found 
along the main wadi channel correspond with the 
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Fig. 10. Oxygen-18 vs deuterium diagram for 
groundwater from the AI Khawd Fan. Saline 
samples include those with sea-water salinity and 
the few hypersaline samples found, marked with 

"H". 

levels found in modern rainfall in the coastal area 
(up to 13 T U; fig. 8) • A hydro graph from a well 
situated 2 km upgradient of the recharge dam 
shows a 20 m rise in water levels responding to 
flooding in Wadi Semail (fig. 11). 

Groundwaters in such aquifers 
very short mean residence times 
dominantly of only the most 
events. 

are obviously of 
and are composed 
recent recharge 
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lnterfluvial ground waters, by contrast, tend to 
have tritium levels less than detection limits. 
Fig. 11 shows the strongly attenuated and much 
delayed response in water levels for a well si
tuated in the interfluvial area 4 km west of the 
recharge dam. It is apparent that these ground
waters have mean circulation times of at least 
some tens of years . 

Stable-isotope data for the deep fresh ground
waters are more depleted than are the shallow 
fresh ground waters (fig. 10), suggesting that 
recharge occurs at a higher altitude, and possibly 
with a greater contribution of directly recharging 
winter precipitation. These groundwaters are 
tritium-free and have corrected radiocarbon-age 
estimates of 2 to 5000 yrs and 8 to 12. 000 yrs for 
two samples. Circulation in this deep zone is not 
active and must be unrelated to the shallow 
coastal systems. 

Saline and hypersaline groundwaters plot near, 
although slightly more positive than sea water, 
suggesting that the higher salinity may have been 
due to evaporation. A sample of the hypersaline 
zone showed a high level of modern carbon (59,1 
pmC; CLARK, 1987). Sea-water DIC in the 
shallow marine environment has modern levels of 
radiocarbon (currently greater than 105 pmC in 
the Arabian Sea; STUIVER, 1983). This high 
value for a saline groundwater situated over two 

[ 
~T-31-------.... -----------.J 

1

• _ kilometres from the coast is an effect of the 
~-~~~ """- recent salinization of the coastal aquifer. How-

--:.,...-:---.::..,~- • ever, as the value is at least 40 % lower than 
• modern levels, and as this water contains a 

110 
iiS 
~ tD 

• 60 
.! 

~40 
= 10 

.:. .... ,.. . ... \ 

,---ow-• - --•'• ~-=]• 

L\_·,_ . \.\---~: 
'." 0 • "'• ... • ' --- ----

I I Ill 11 ol I II J! 
ttJJ 11 Tl II 14 .. 

Fig. 11. Hydrographs for monitoring wells in the 
AI Khawd Fan. Well OW-l is located along the 
main wadi channel 2 km north of the recharge 
dam and shows immediate response to rainfall 
events. Well JT-31 is an interfluvial well located 
4 km west of the dam and shows attenuated, 
long-term water-level changes with no relationship 
to individual rainfall events. (Source : CCEWR 

1985). 

- higher level of salinity than the ocean, it may be 
that mixing is occurring with an older, evapora
ted sabkha-type brine which has a chemistry 
modified by dissolution of evaporites. This is 
supported by stable-isotope data of dissolved 
sulphate, which show a clear distinction between 
sulphate samples from fresh water and saline 
groundwaters (fig. 12). 

The former have isotope contents almost identical 
to the gypsum crusts found in the interior of 
Oman as well as the Khuwait sabkhas. 

The saline samples however, suggest possibly a 
mixed source from both sea-water sulphate and 
dissolution of such gypsum, with strong subse
quent bacteriological reduction. It is likely that 
such minerals and brine exist, considering that 
during the deposition of the alluvial deposits 
along an ancient shoreline, sabkha brines and 
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of limited areal extent. 

The second principal type of coastal groundwater 
is that found in the shallow interfluvial areas, 
and is probably the most heavily utilized ground
water for irrigation along the coastal agricultural 

0 10 30 40 

strip. They have an apparently complex subsur
face history, due to an irregular network of 
semi-confined aquifers. Unlike those associated 
with the active wadi channels, these groundwaters 
are less frequently recharged and have mean 
circulation times in the order of some tens to 
hundreds of years. Like the active wadi-channel 
groundwaters, they are recharged by summer 

Fig. 12. Oxygen-18 vs sulphur-34 in sulphate 
samples from AI Khawd Fan groundwater and 
other areas in the coastal area. Fresh ground
waters show a sulphate source from gypsum 
crusts while saline samples show a mixed source 

of such crusts and marine sulphate. 

precipitates would likely have developed. The 
occurrence of hypersaline coastal groundwaters 
found in eastern India was also attributed to 
incorporation of sea water concentrated in a 
sabkha environment (RAO et al., 1987). 

3. SUMMARY 

The coastal groundwaters in northern Oman occur 
under a variety of hydrogeological conditions with 
different sources and varying rates of circulation, 
which affect their suitability as reliable resources 
for irrigation and water supply. It is now evi
dent that much. of the coastal groundwater is 
recharged on a regular basis although significant 
resources here have mean circulation times in the 
order of tens to thousands of years. Both sys
tems are threatened by overexploitation and 
salinization. 

Shallow alluvial aquifers along active wadi chan
nels, recharged by convective rainfall in the 

mountains during the summer, are probably the 
most reliably recharged groundwater resource in 
northern Oman and have circulation times of only 
a few years. Although winter rainfall must also 
recharge these aquifers, it is apparent that 
summer rains dominate owing to their greater 
frequency. Nonetheless, rain-free years can 
occur such as was found during 1983 to 1985, 
which impacted sharply on these shallow aquifers 

(evaporated) precipitation in the mountain 
through infiltration from wadi channels, and have 
no obvious component of direct in.f'lltration from 
the winter-type coastal rainfalls. Under the 
stress of high exploitation for irrigation, it is 
becoming apparent that natural recharge to these 
aquifers is unable to counter saline intrusion from 
the coast. 

A third type of coastal groundwater exists in 
Oman, that of deep fresh groundwaters under 
confined conditions. Unlike shallow groundwa
ters, they are recharged at higher elevations in 
the mountains, following buried channels and 
permeable routes through the clastic wedge such 
as identified at depth in the Wadi Ma'awil study 
area. Mean circulation times are therefore lon
ger, ranging up to several thousands of years, 
and these groundwaters are effectively a non-re
newable resource. 

Sea-water intrusion of coastal aquifers in nor
thern Oman is aggravated not only by heavy 
extraction from shallow coastal wells used for 
irrigation but by large municipal well fields which 
has induced infiltration of a saline wedge within 
the Al Khawd fan. It is apparent that mixing is 
occurring between modern sea water and an old 
brine with a probable origin in a sabkha-type 
environment. If the occurrence of such a brine 
in the coastal-aquifer system is extensive , it may 
aggravate the impact of saline intrusion. 

The results of these studies show that although 
much of the coastal-aquifer system in northern 
Oman benefits from modern recharge, it is con
fined to the active wadi systems which are of 
limited storage. Shallow interfluvial and deep 
groundwaters suffer from less active recharge and 
are vulnerable to saline intrusion. 
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