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Abstract The current study employs geochemical and

isotopic tools to understand hydrochemical and recharge

processes characterizing ophiolite aquifer in North Oman

in conjunction with the Hajar Super Group (HSG) aquifer.

A total of 57 samples were analyzed for major ions and

stable isotopes 2H and 18O. The geochemical composition

of groundwater indicates that water–rock interaction and

mixing are the main processes controlling groundwater

chemistry. Groundwater in the HSG is characterized by

carbonate minerals dissolution contrary to the groundwater

in the ophiolites where silicates dissolution dominates. This

results in differences in the groundwater chemical com-

position in the two systems. Isotopic characteristics of

precipitation collected during the study period indicate two

main moisture sources from the Indian Ocean and the

Mediterranean Sea. Groundwater d2H and d18O values

suggest two recharge sources to the ophiolite aquifer: lat-

eral flow from the HSG and direct infiltration. Recharge

from direct infiltration in the highlands, which is depleted

in d2H and d18O, retains the same isotopic signature of

precipitation, whereas that in the low land substantially

reflects an evaporation effect.

Keywords Isotopes � Groundwater � Oman � Recharge �
Hydrochemistry � Arid areas

Introduction

Groundwater, which comprises the main water resources in

arid areas, is vital for development plans and sustainability.

Proper groundwater assessment is a key for future devel-

opments, plans and legislation. Increasing water demand

on other hand has greatly stressed the water resources

causing depletion, deterioration of water quality and

aquifer hydraulic properties and encourages seawater

intrusion in coastal areas. Recently desalination of seawater

has emerged as a fundamental source for domestic water in

the Gulf Cooperation Countries (GCC) as well as in some

other parts of the world where water resources are limited.

In Oman, the main strategy is to provide water supply to

the coastal areas from the desalination; however, the inte-

rior regions are merely relying on groundwater. Despite

considerable efforts, desalination contribution to the total

demand in most of the GCC does not exceed 20 %. This is

because desalinated water is not used in agriculture, which

is the largest water consumer, due to economic reasons.

Therefore, the reliance on groundwater will continue. Such

reliance reaches 100 % in the interior areas of Oman. The

interior of Oman is characterized by the large northwest–

southeast trending mountain ridge made of the Samail

ophiolite and its associated sedimentary rock sequences.

The ophiolite rocks occupy an extensive area and constitute

a regional aquifer in the southeastern part of the Arab

Peninsula that represents the main water supply to the

interior regions. Therefore, understanding of this resource

is important. Although ophiolites are crystalline igneous

rocks and their primary hydraulic properties such as
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porosity and permeability are low, fracturing, faulting and

weathering enhance such hydraulic properties and make

the ophiolitic rocks an important aquifer for exploitation.

Globally, groundwater present in ophiolites has only rarely

been investigated and few studies have attempted to

investigate the ophiolites as an aquifer (e.g., Grebby et al.

2012; Maury and Balaji 2014). On the other hand, the

physicochemical processes that prevail and control the

water chemistry hosted in ophiolite rocks are an interna-

tionally interesting research topic. However, extra attention

has been given to groundwater basins largely composed of

porous sedimentary rocks (Moline et al. 1998; Schreiber

et al. 1999; Van der Hoven et al. 2005). Hydrochemical

and isotopic investigations were used as tools to charac-

terize many aquifer systems (e.g., Négrel et al. 2005;

Mahlknecht et al. 2006; Moussa et al. 2010). The current

study aims to use stable isotopes and hydrochemistry to:

characterize the ophiolite groundwaters, identify the

weathering processes and understand recharge to the

ophiolite aquifer in the Sultanate of Oman.

Study area

The study area represents the northern Oman mountains

and covers a total geographical area of about 82,300 km2

(Fig. 1). It is bounded by the Oman Sea toward the

northeast and extends about 300 km along the coast up to

the United Arab Emirates (UAE) border. The study area is

characterized by hot summers and mild winters and

apparent differences in topography, rainfall intensities and

runoff and therefore expected differences in groundwater

occurrence and dynamics.

The northern part of the study area, which is the coastal

plain adjacent to North Oman Mountains (NOM), is char-

acterized by relatively high humidity, whereas most of the

southern part of the study area is desert with high evapo-

ration rates (Al Abri, 2009). The mean monthly tempera-

ture in the mountainous area varies between 4.6 and

17.6 �C in winter and summer time, respectively, and in

the plains and the coastal areas between 18.9 and 35.7 �C.

The evaporation rates vary due to the seasonal temperature

and topographical variations. The mean annual potential

evaporation rates calculated for the mountainous area (Ja-

bal Shams station) in the summer is 2359 mm and drops to

about 1500 mm in winter time while the annual average is

about 2260 mm in the plain area (MRMWR 2006).

The geographical location of the study area and its

topographical variations induce different mechanisms of

rainfall with variable intensities. The records from the

rainfall stations distributed around the area have shown

these variations. The average rainfall calculated for

northern Oman is about 123 mm (Kwarteng et al. 2009).

The NOM ridge (Fig. 1) forms a distinct water divide that

extends northwest–southeast with a maximum altitude of

ca. 3000 m asl at Jabal Shams near Al Hamra. The altitude

of this ridge is higher in the southeast along Al Hamra and

Nakhal section and relatively lower to the northwest to

Mahdah. The southeastern section of the ridge is dominated

by the Hajar Super Group (HSG), whereas the northeastern

section is dominated by the ophiolite rocks.

The study area is characterized by diversified geology

that extends from the Precambrian to recent. It comprises in

general five main rock sequences, the Hajar Super Group

(HSG, mainly marine shelf carbonate rocks of about

270–90 Ma), the Hawasina Formation (mainly silicified

limestones, radiolarite and carbonate turbidites of about

270–90 Ma), the ophiolite (ancient seafloor of volcanic to

plutonic mafic/ultramafic igneous rocks of about 90 Ma

characterized by veining of deposited calcite, brucite and

magnesite formed by silicates alteration and weathering),

the Tertiary (shallow marine carbonates about 65–2 Ma)

and the recent alluvial deposits (Glennie et al. 1974; Le

Métour et al. 1995; Glinne 2005; Al Abri 2009). In the core

of the Jabal Akhdar anticline that represents the highest

elevation, slightly metamorphosed sedimentary rocks (silt-

stone, sandstone and carbonate formations) of the Precam-

brian age are reported (Glennie et al. 1974; Le Métour et al.

1995; Glennie 2005). Away from the core of the Jabal Al

Akhdar, to both sides of the flanks, the rocks are found in

the following order in both sides: HSG, Hawasina, ophiolite

and Tertiary (Fig. 1) forming a major anticline with

younger rocks located away from the core. The alluvium is

deposited unconformably on the top of these sequences. It

consists of debris from all tectonic units in the south of the

study area and mainly of ophiolitic components in the north

of the study area and quickly reaches a thickness of several

hundreds of meters to more than 1000 m as a function of

distance from the mountain range.

Materials and methods

Sampling

A total of four field trips were carried out to the study area

(Fig. 1) in the period of March–November 2012 to inves-

tigate the geology and hydrogeology and to collect

groundwater samples. In total, 57 samples were collected

from supply (characterized by different depths) and mon-

itoring wells penetrating the ophiolites and HSG. The

sampled supply wells are the property of the Public

Authority for Electricity and Water (PAEW). Out of the 57

sampled wells, only 3 were monitoring wells (W111, W113

and W75) belonging to MRMWR and labeled in the map

(Fig. 1) with the abbreviation MRMWR while the rest of
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the wells were PAEW supply wells and labeled in the map

(Fig. 1) by the abbreviation PAEW. All samples locations

were recorded by Global Positioning System (GPS) with

reference datum of WGS84. The spatial distribution of the

sampling sites is shown in (Fig. 1). The supply wells,

which contain pumps, were sampled directly from water

inlets after hours of continuous pumping. On the other

hand, the monitoring wells were sampled after being

purged using a stainless 1 m cylindrical bailer until a clean

representative sample was obtained and then water sample

was collected using a point source bailer.

Analytical methods

Immediately after samples were taken, temperature (T �C),

electrical conductivity (EC), pH, dissolved oxygen and

total dissolved solids (TDS) were measured using an

Aquaread Aquameter. All samples were collected in plastic

high-density polyethylene bottles and preserved in a cool

box during transportation and when transported to the

laboratory they were kept in a cool environment

(T �C\ 5). Three bottles (500 ml each) were collected at

each site for the analysis of cations, anions and isotopes,

respectively. The bottle collected for cations analysis was

acidified by 5 % nitric acid. All samples were filtered in the

laboratory through 0.45 lm diameter and instantaneously

titrated for alkalinity.

All samples were analyzed for their major elements and

stable isotopes (Table 1). Major ions (cations and anions)

and alkalinity were analyzed at the Chemistry Laboratory

of the Ministry of Water Resources (MRMWR) in Muscat

within 2 weeks of sampling. Alkalinity was determined by

Radiometer Autotitrator System TIM 90. Cations were

analyzed by standard inductively coupled plasma spec-

trometry–optical emission spectrometry (ICP-OES) and

anions by ion chromatography. The chemical analyses

were only considered when the ion charge balance was

better than ±5 %.

Fig. 1 Map showing the geology of northern Oman and location of

groundwater wells. The dotted bold line approximates the location of

the NOM ridge and identifies the location of water divide. The

location of the wells in the HSG (blue circles) and the wells in the

ophiolite aquifer (yellow circles) is shown in the map. The grouping

of ophiolite wells into NE and SW groups refers to their location with

respect to the NOM ridge
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Analysis of 18O/16O and 2H/1H for all samples was

carried out at the Earth Science G.G. Hatch Isotope labo-

ratories at the University of Ottawa in Canada using a Los

Gatos Research (LGR). Oxygen and hydrogen isotopes

analysis procedure starts with loading of 0.5–1.5 mL of

clean fresh water into 2-mL vials and then analyzed by

laser absorption spectroscopy (LAS) using a Los Gatos

Research (LGR) Isotopic Water Analyzer (IWA-35d-EP)

Model 912-0026. Routine precision for hydrogen is ±1 %.

Routine precision for oxygen is ±0.25 %. The results are

reported with respect to International Atomic Energy

Association IAEA international standard Vienna standard

Mean Oceanic Water VSMOW.

Results and discussion

Similar to many hydrogeological systems, the ophiolite

aquifer in Oman is recharged by subsurface flow from

adjacent aquifers as well as by local precipitation. There-

fore, the current study, though focuses on the ophiolite

aquifer in Oman, also includes the Hajar Super Group

(HSG) aquifer as previous studies (e.g., Weyhenmeyer

et al. 2002) and present field observations have shown its

potential interaction with the ophiolite aquifer. Precipita-

tion was also investigated to understand the degree to

which the ophiolite aquifer is affected by modern rainfall

and to assess water resources renewability.

Precipitation

Previous studies discussed the sources of moisture to Oman

and suggested 4 sources as follow (e.g., Roberts and

Wright 1993; Weyhenmeyer et al. 2002; Kwarteng et al.

2009):

1. Convective rainstorms that are associated with local-

ized cells of strong convection which develop mostly

during summer.

2. Cold frontal systems that are common from November

to April and originate from North Atlantic or the

Mediterranean Sea.

3. Tropical cyclones that originate from the Arabian Sea

and tend to be distributed equally between two main

cyclone seasons: May to June and October to

November.

4. Onshore southwesterly monsoon currents that occur

from June to September and bring humid conditions to

south of Oman.

A total of 7 rainwater samples were collected during this

study and are included in Table 1 along with the full

geochemical results of groundwater samples from the HSG

and ophiolite aquifers. The rainwater samples wereT
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collected from different sites in northern Oman and during

a single season (February–April 2012). The full chemical

analysis of only two rain samples was completed as the

water volume collected for the rest of 5 samples was

inadequate to run the full geochemical analysis. The two

samples are from Oman’s interior and the coast (Fig. 1)

and both show element concentrations (major and minor)

larger than element concentrations in the precipitation that

falls in the Arabian Sea and the Indian Ocean (Alyamani

2001). The observed elevated solute concentrations in the

precipitation samples collected from these two areas may

indicate continental sources such as dissolution of dust and

aerosols that characterizes the region. It is likely that the

dust is of CaCO3 composition (Semhi et al. 2010) as also

reflected in the low: Mg?2:Ca?2 (0.3–0.4) ratio of the

rainwater.

The measured d18O in precipitation collected during this

study ranges between -7.29 and 0.78 % and that of d2H

between -56.9 and 4.1 %. In comparison with d18O and

d2H measured in precipitation of previous studies in Oman,

Bahrain and UAE (Rizk and Alsharhan 1999), the present

precipitation samples are more depleted in d18O and d2H

suggesting continental and altitude effects. Weyhenmeyer

et al. (2002) have defined two LMWL: Northern Oman

Meteoric Water Line (NOMWL; d2H = 5d18O ? 10.7)

and Southern Oman Meteoric Water Line (SOMWL;

d2H = 7.2 d18O - 1.1) for precipitation collected from

North Oman and showed that modern precipitation from

northern moisture sources (the Mediterranean frontal sys-

tems) and from southern moisture sources (the Arabian Sea

and Bay of Bengal) differ greatly in their isotopic

composition.

The d2H and d18O values of rainwater samples collected

during this study scatter above and below the GMWL by

Craig (1961) and correlate better with the NOMWL (5

samples) and the SOMWL (2 samples) that are suggested

by Weyhenmeyer et al. (2002); cf. Fig. 2. The location,

elevation and amount of rainfall are provided in Table 1.

The most depleted rainfall samples are located in the ele-

vated areas of Bahla (1000 m amsl) and Jabal Akhdar

(2200 m amsl), whereas the most depleted rain samples are

collected from the low-lying areas of Muscat (10 and 25 m

amsl) and Musandam (180 and 116 m amsl).

Previously, a large number of rainwater samples were

collected (Clark 1988) from Oman and have been analyzed

for their stable isotopes. Their distribution also confirms

the later finding of Weyhenmeyer et al. (2002) and defines

two regression lines with slopes of 2.72 and 7.8 and

intercepts of 0.085 and 13.6 for the NOMWL and the

SOMWL, respectively. High evaporation rates characterize

the SOMWL and larger D-excess is typical for NOMWL

indicating the Mediterranean as the dominant moisture

source. Rainwater samples were collected during this study

in the same period of time (February–April 2012) and their

better affinity with the NOWML (5 samples) indicates

mainly a Mediterranean moisture source but also rainfall

events with moisture from the south are also observed (2

samples).

This study confirms the previous findings (e.g., Wey-

henmeyer et al. 2002) that 2 moisture sources characterize

the rainfall in northern Oman. The remarkable and sur-

prising observation during this study is that two of the rain

samples from Muscat fall on the NOMWL indicating a

northern source from the Mediterranean but Muscat is

located and lies at the shadow of the NOM with reference

to the Mediterranean (Fig. 1). Similarly the samples col-

lected from the areas located southwest of the water divide

of the NOM (e.g., Manah and Bahla), which fall on the

Fig. 2 Diagram plots d2H and

d18O for the precipitation and

groundwaters from the HSG and

ophiolite aquifers. The ophiolite

aquifer samples are grouped

into northeast and southwest

wells with respect to their

location with reference to the

NOM ridge
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shadow of the NOM with reference to the Indian Ocean,

are not plotting along the NOMWL but rather on the

SOMWL (Fig. 2). Although it seems evident that the

moisture sources from the Mediterranean Sea and the

Indian Ocean have the potential to cross beyond the NOM

topographical high, it is rather recommended to further

investigate this as the current number of rain samples is

inadequate. It is also important to extend the sampling

period to include all year seasons especially the summer

when the convective currents from the Indian Ocean are

more active along with tropical cyclones. A long-term

sampling campaign will better constrain moisture sources

and seasonality.

Geochemical evolution of groundwater

Groundwater chemistry of samples collected from the HSG

and ophiolite aquifers is shown in Table 1. The pH (7.7–

8.5) is quite constant in the HSG but varies in the ophiolite

(7.87–11.16) (Table 1) and occasionally exceeds 9.0 indi-

cating alkalinity introduced by the ophiolite as reported by

Barnes and O’Neil (1978). The pH range of 8–9 reported

for the majority of ophiolite groundwaters, which may be

considered low for groundwaters in ophiolite aquifers, has

also been observed by Matter et al. (2005) in the ophiolite

groundwater of Wadi Abyadh and Wadi M’uaydin in

Oman. Carbonate dissolution seems to be a prevailing

Fig. 3 Piper diagram shows the types of groundwater in the ophiolite and HSG aquifers
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process controlling the pH in the HSG aquifer, whereas the

ultrabasic nature of the ophiolites and associated silicate

mineral weathering raises the pH in the ophiolites

groundwater. Such rise in pH is indicative of dissolution of

ferromagnesian silicate minerals such as olivine and

pyroxene (Barnes and O’Neil 1978). The serpentinization

process, which involves the dissolution of olivine and

explained by the following reaction, produces brucite that

is well reported in Oman’s ophiolites. Brucite will reach

saturation at pH 10.5 and precipitate from the solution

(Chavagnac et al. 2013):

2Mg2SiO4 olivineð Þ þ 3H2O waterð Þ
! Mg3Si2O5 OHð Þ4 serpentineð Þ þ Mg OHð Þ2 bruciteð Þ

ð1Þ

The chemical classification of groundwater from the

investigated aquifers is presented in the Piper diagram

(Fig. 3). The HSG samples are well distinguished in the

diagram by their increasing Ca?2 and HCO3
- concentra-

tions indicating the importance of carbonate dissolution

which leads to the enrichment of Ca?2, Mg?2 and HCO3
-.

The HSG is located around the water divide at the south-

eastern section of the ridge of the NOM which is the higher

altitude that is characterized by anomalous precipitation

relative to low-lying surrounding areas which may suggest

this HSG area to be a recharge zone. Groundwater in the

ophiolite aquifer is characterized by high Mg?2 concen-

tration compared to the HSG aquifer which is due to the

dissolution of Mg-rich minerals forming the ophiolite rocks

such as pyroxene and olivine.

The effect of evaporation on the groundwater chemistry

can be distinguished by using Cl- which becomes enriched

in groundwater by evaporation as no primary halite is

present in both the HSG and ophiolite rocks. The plot of

the Cl- versus the elevation (Fig. 4) indicates that the

groundwaters in the HSG and ophiolite aquifers are slightly

affected by evaporation (only 5 wells from ophiolite in the

southwest show high Cl-), and therefore, the water–rock

interaction might be dominant over evaporation. The sig-

nificance of mineral dissolution, which demonstrates

water–rock interaction roll, is explained by the plot of

Mg?2:Ca?2 ratio (Fig. 5a) and the (Ca?2 ? Mg?2):HCO3
-

ratio (Fig. 5b). The Mg?2:Ca?2 ratio in groundwater is[1

in the ophiolite and B1 in HSG (Fig. 5a). The dissolution

of Mg-bearing minerals (brucite, magnesite, pyroxene and

olivine) in the ophiolites yields high concentration of

Mg?2, whereas carbonate dissolution in the HSG favors the

concentration of Ca?2 in most of the samples with excep-

tion of a few that shows the effect of HSG dolomite, and

therefore, Mg?2 exceeds or equalizes Ca?2. In general

groundwater affected by limestone dissolution will reflect

an average Mg?2:Ca?2 ratio of 1:2–1:1.5 (Mandel and

Shiftan 1981). The (Ca?2 ? Mg?2):HCO3
- ratio (Fig. 5b)

is above 1 for all of the samples except 3 samples (W113,

W56 and W77) which suggests that Ca?2 and Mg?2 are

driven from other sources beside carbonates. Such sources
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Fig. 5 a Variations of Mg?2 (in meq/L) versus Ca?2 (in meq/L),

b variations of Ca?2?Mg?2 (in meq/L) versus HCO3
- (in meq/L) in

the ophiolite and HSG aquifers
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maybe the dissolution of silicates in the ophiolites such as

augite ((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6), enstatite (Mg2-

Si2O6), foresterite (Mg2SiO4) and brucite (Mg(OH)2) that

increases the concentration of the Mg?2 and slightly that of

Ca?2 in the ophiolite groundwater.

The presence of sulfate in the ophiolite groundwater

may be enhanced by the oxidation of the sulfide minerals

such as pyrite that are well reported in the Oman ophiolites

(Haymon et al. 1989; Lorand and Juteau 2000). Elevated

sulfate concentration is only observed in the ophiolite wells

such as wells # 39, 70, 72, 37, 116, 19 and 114 (Table 1).

The geochemical computer program PHREEQC (Par-

khurst and Appelo 1999) was used to calculate saturation

indices (SI) of some minerals (Table 1). In general,

groundwater from the HSG is subject to carbonate minerals

dissolution as supported by the calculated saturation indi-

ces of the minerals calcite and dolomite in comparison with

other minerals (Table 1). Calculated SI values show that

groundwaters in the HSG and ophiolite aquifers are

undersaturated with respect to halite, gypsum and brucite.

These minerals should, if present, continue to dissolve in

the aquifers. However, most of the groundwaters is slightly

oversaturated with respect to calcite and oversaturated with

respect to dolomite. The reported SI of calcite in the

groundwaters of the HSG and ophiolite is between half and

one order of magnitude oversaturated with calcite; which is

usual for fresh groundwater. Oversaturation in dolomite

and magnesite is very common as these minerals will not

precipitate from such fresh groundwaters as they are

kinetically impeded. The calcite SI is plotted against the

TDS (Fig. 6) and shows an exponential increase with TDS.

As the TDS is an indirect measure of groundwater resi-

dence time, the diagram indicates that groundwater

becomes oversaturated and reaches equilibrium with cal-

cite. Such equilibrium in the HSG is obvious as the

dominant mineralogical composition is of carbonate min-

erals. However, in the ophiolite groundwaters this equi-

librium is certainly attained as most of the ophiolite rocks

have many fractures lined with calcite. Under the condi-

tions when groundwater enters the ophiolite aquifer from

the HSG, the consumption of CO2 leads to calcite precip-

itation, contributing to a slight increase in pH (8–9) which

enhances brucite solubility and increases Mg?2

concentrations.

Mg?2 concentration in ophiolite groundwaters is con-

trolled by Mg-bearing minerals (brucite and serpentine)

resulting from serpentinization (Eq. 1 above). The brucite

solubility is limited at high pH which explains why Mg?2

is absent in sample W75 (pH[ 11); however, elevated

Mg?2 concentration is reported in the other ophiolite

groundwaters especially those with pH in the range of 8–9.

At such pH the brucite solubility increases, and therefore,

Mg?2 concentration increases.

Isotopes of groundwater

The stable isotopes data (d18O and d2H) have been used to

constrain the chemical data discussed above and for iden-

tification of chemical and physical processes that control

groundwater in the ophiolite aquifer. The isotopic com-

position of groundwater from the ophiolite aquifer ranges

from -24 to 2.73.0 % V-SMOW for d2H and from -4.72

to 1.45 % V-SMOW for d18O. The d18O and d2H in

groundwater samples are referenced to LMWLs (NOMWL

and SOMWL) (Weyhenmeyer et al. 2002) in addition to

GMWL (d2H = 8 d18O ? 10, Craig 1961).

The groundwater samples collected from the ophiolite

aquifer during this study are divided into two major groups

according to their geographical location with reference to

the NOM ridge: northeast (NE) and southwest (SW) wells.
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Both wells plot between the NOMWL and SOMWL and

show an evaporation effect indicated by a slope of 3.8 (SE

wells) and 4 (NE wells) and intercepts of 0.95 (SW wells)

and -2.3 (NE wells) (Fig. 2). It is notable and interesting

that the set of SW ophiolite groundwaters is slightly enri-

ched compared to the NE ophiolite groundwaters set. The

SW ophiolite groundwaters set evolves slightly away from

the GMWL in comparison with the NE ophiolite ground-

waters set. This may signify the effect of humidity as the

slope decreases with the decrease in humidity. The SW

ophiolite wells are located in Oman’s interior, whereas the

NE ophiolite wells are located near the coast (Fig. 1) where

humidity increases. In the same d18O and d2H plot (Fig. 2),

the most depleted groundwaters from the HSG are aligned

with the GMWL, whereas the most enriched HSG

groundwaters plot below the GMWL with an evaporative

slope of 5. Their isotopic composition ranges from -20.2

to -1.79.0 % V-SMOW for d2H and from -4.16 to

-0.52 % V-SMOW for d18O. About 50 % of the HSG

samples are more depleted than the ophiolite samples

which reflect the altitude effect as the HSG is located in

higher altitude (refer to Table 1 for elevation and the map

Fig. 1). Groundwater samples from the ophiolites, both SW

and NE groups, are comparatively enriched in 2H and 18O

and plot mostly below the GMWL indicating the effect of

evaporation (slopes 3.8 and 4, respectively). The rest of the

HSG groundwaters plots similar to the lower set of the

ophiolite samples (more depleted ophiolite samples in both

SW and NE groups, Fig. 2) which may suggest that the

HSG from the higher altitude is feeding the ophiolite

aquifer in the lower altitude. However, higher altitude

ophiolites located to the northwest of the HSG and

extending from Yanqul to Mahdah (Fig. 1) represents an

extension of the NOM ridge but of relatively lower altitude

compared to that of the HSG. This ridge forms an extension

of water divide and therefore a potential recharge zone. A

correlation between the isotope-depleted groundwaters and

Ca?2:Mg?2 ratio in the groundwater is demonstrated by the

plot of d18O versus Ca?2:Mg?2 (Fig. 7). Groundwater in

six of the ophiolite wells (W115, W8, W56, W37, W77 and

W18) show similarity with groundwater in the HSG. The

wells W115 and W8 are located closer to the HSG and

lateral recharge from the HSG dominates. However, the

wells W56 and W37 are located further to the south with an

overlying layer of alluvium (Fig. 1) that may induce

changes to groundwater consequent to infiltration via

alluvium to the ophiolite. The wells W77 and W18 are

located closer to the northern ophiolite ridge. The prox-

imity of these wells to the ridge indicates potential of

modern recharge similar to the HSG and therefore similar

water chemistry. The altitude of groundwater samples from

the HSG ranges from 400 to 2019 m amsl while the alti-

tude of those from the ophiolite ranges from 15 to 780 m

amsl. The decreasing d18O of the HSG with increasing

altitude (correlation coefficient = -0.5) suggests that

groundwater in the HSG is recharged directly from pre-

cipitation and that variations of d18O reflects, beside

evaporation, an effect of altitude (Fig. 8). On the contrary,

groundwater from the ophiolite in either SW or NE wells

exhibits random correlation with altitude which may sug-

gest different groundwater sources. The set of the most
18O-enriched samples of the HSG is similar to the most
18O-depleted set of the groundwater from the ophiolite

(Fig. 2). Despite this similarity, the d18O values of

groundwater collected from the ophiolite aquifer at the

highest altitude (about 500–600 m) remain mostly higher

than d18O values of groundwater collected from the HSG at

the same altitude which suggests contribution from another

source of recharge to the ophiolite aquifer. Such additional

water may come from direct infiltration of surface water

Fig. 7 d18O versus Ca?2:Mg?2 shows the strong correlation between

the isotope-depleted groundwaters and Ca?2:Mg?2 ratio in the

groundwater
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into the ophiolite aquifer. Such surface water flow char-

acterizes the northern Oman area with enrichment due to

evaporation before infiltration via wadi beds into the

ophiolite aquifer. On the contrary, ophiolites groundwater

collected from wells located in the higher lands closed to

the HSG plot along and close to the GMWL and have not

been subjected to significant evaporation prior to or during

infiltration into the aquifer. Rapid infiltration of rain water

through fractures in the aquifer in addition to recharge from

the HSG seems to characterize this zone.

The concentration of chloride, as evaporation sensitive

ion, in the most 18O-enriched groundwaters from both the

ophiolite and HSG aquifers is higher than its concentration

in the most 18O-depleted groundwaters (Fig. 9). It seems

that evaporation causes the enrichment of 18O and elevated

concentration of Cl-. Such evaporation likely takes place

before recharge to the subsurface. The source of Cl- is

probably from the dissolution of salt aerosols from sea

spray during recharge. Additional Cl- may leach from soil

via infiltrated water as soil in such arid environments tends

to accumulate salts.

In summary, the distribution of groundwater hosted in

the ophiolite aquifer relative to the GMWL and NOMWL

and SOMWL indicates classification of groundwater as

follows:

1. Relatively depleted groundwaters plot along the

GMWL, mostly from the HSG, represent direct

recharge at higher altitude and indicate mixture of

precipitation from southern and northern moisture

sources.

2. Groundwater with smaller slope compared to the

GMWL (dominantly the ophiolite groundwaters) due

to a strong evaporation effect found at lower elevation

and are comparatively enriched in 2H and 18O. This

group indicates recharge from summer rainfalls and

active runoff at lower altitude.

3. Depleted ophiolite groundwaters forming the lower set

of NE and SW ophiolite wells either indicate lateral

recharge from the HSG or direct infiltration into the

ophiolite aquifers (especially in the northern ridge of

the NOM). These groundwater samples are mostly

located at relatively higher ophiolite altitude and

characterized by higher Ca?2:Mg?2 ratio attributed to

the HSG weathering or recharge from rainwater.

A qualitative contribution of the HSG to the ophiolite

groundwater can be inferred from a progressive decrease in

the Ca?2:Mg?2 ratio in the wells W8, W11 and W13 (1.15

at W8, 0.4 at W11 and 0.25 at W13) which are located in

the ophiolite aquifer in a decreasing proximity to the HSG

(cf Fig. 1 for wells location). This may indicate a general

decrease in the lateral recharge from the HSG to the

ophiolite aquifer as one goes away from the HSG located in

the higher altitudes.

The karstification in the HSG, its location in the high

altitude with greater rainfall and less evaporation (cooler

climate) accelerates the rainwater percolation to the aqui-

fer, and therefore, the isotopic signature remains unaffected

or slightly affected by evaporation. Groundwater flows

from the HSG through fractures and faults to feed the

ophiolite aquifer and mix with its groundwater. This is a

slower process compared to the percolation to the HSG.

Therefore, considerable variation of d2H and d18O values

characterizes groundwater from the ophiolites.

Conclusion

The present study uses geochemical and isotopic tools to

understand geochemical evolution of groundwaters in the

ophiolite and HSG aquifers of Oman. The groundwater in

the HSG is highly affected by carbonate minerals disso-

lution, whereas the dissolution of Mg-bearing silicate

minerals in the ophiolite groundwaters highly controls

groundwater geochemistry. Mixing of the HSG and ophi-

olite groundwater is indicated as groundwater evolves from

Ca?2 to Mg?2 dominant in the ophiolite aquifer associated

with slight increase in pH that enhances the dissolution of

Mg-bearing minerals (brucite and serpentine).

Isotopic characteristics of the precipitation collected

during the study period confirm previous findings and

indicates two main moisture sources from the Indian Ocean

and the Mediterranean Sea. d2H and d18O of groundwater

confirm two recharge mechanisms: lateral flow from the

HSG with depleted isotopes from high elevation and direct

infiltration at lower elevation with enriched isotopes
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showing evaporative enrichment. Correlation between Cl-

and d18O indicates that evaporation is a secondary process

affecting groundwater chemistry as compared to water–

rock interaction.

Groundwater in the ophiolite aquifer is a mixture

between direct recharge that has undergone evaporation

and interacted with ophiolite rocks and lateral flow of

groundwater from the HSG that is more affected by car-

bonate dissolution.
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