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Recharge areas and geochemical evolution of groundwater
in an alluvial aquifer system in the Sultanate of Oman
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Abstract A regional hydrogeochemical model was de-
veloped to evaluate the geochemical evolution of differ-
ent groundwaters in an alluvial aquifer system in the In-
terior of Oman. In combination with environmental iso-
topes the model is able to extract qualitative and quanti-
tative information about recharge, groundwater flow paths
and hydraulic connections between different aquifers. The
main source of water to the alluvial aquifer along the flow
paths of Wadi Abyadh and Wadi M’uaydin in the piedmont
is groundwater from the high-altitude areas of the Jabal
Akhdar and local infiltration along the wadi channels. In
contrast, the piedmont alluvial aquifer along Wadi Halfayn
is primarily replenished by lateral recharge from the ophio-
lite foothills to the east besides smaller contributions from
the Jabal Akhdar and local infiltration. Further down gra-
dient in the Southern Alluvial Plain aquifer a significant
source of recharge is direct infiltration of rain and surface
runoff, originating from a moisture source that approaches
Oman from the south. The model shows that the main
geochemical evolution of the alluvial groundwaters occurs
along the flow path from the piedmont to the Southern
Alluvial Plain, where dedolomitization is responsible for
the observed changes in the chemical and carbon isotope
composition in these waters.
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Résumé On a développé un modele régional
hydrogéochimique pour évaluer I’évolution géochimique
des différentes eaux souterraines dans le systeme aquifere
de I’intérieur d’Oman. Avec la contribution des isotopes
d’environnement, le modele est capable de fournir des
informations qualitatives et quantitatives sur la recharge,
les directions d’écoulement et sur les connections hy-
drauliques entre les différents aquiféres du systeme. La
source principale pour ’aquifere situé¢ au long de la di-
rection d’écoulement des oueds de Abdyah et de M’uaydin
dans le piémont est I’eau souterraine provenant des zones de
haute altitude de Jabal Akhbar ainsi que I’infiltration locale
au long des canaux de 1’oued. Par contre, a part d une petite
contribution provenant des infiltrations locaux et de Jabal
Akhbar, I’ aquifere alluvial de Wadi Halfayan est en prin-
cipal alimenté par la recharge latérale provenant des ophio-
lites situées dans la partie est. Les plus importantes sources
de recharge dans I’aval de 1’aquifere de la Plaine Alluviale
sont ’infiltration directe et le ruissellement provenant d une
source d’humidité qui s’approche d’Oman par le sud. Le
modele montre que la principale évolution géochimique
se produise au long de la direction d’écoulement qui part
de piémont de la Plaine Alluviale du Sud, ou le proces
de dédolomisation est responsable pour les changements
observés dans la composition géochimique et en carbone
des eaux.

Resumen Un modelo hidrogeoquimico regional fue de-
sarrollado, para evaluar la evolucién geoquimica de difer-
entes aguas subterraneas en un sistema acuifero aluvial ubi-
cado en el interior de Oman. El modelo, en combinacion
con is6topos ambientales, es capaz de obtener informacién
cualitativa y cuantitativa sobre recarga, direcciones de flujo
de agua subterrdnea y sobre las conexiones hidraulicas en-
tre diferentes acuiferos. La fuente principal de agua para
el acuifero aluvial en el piedemonte son las aguas sub-
terraneas, a lo largo de las direcciones de flujo del Wadi
Abyadh y del Wadi M uaydin, desde las dreas de gran altura
de Jabal Akhdar y como infiltracién local a lo largo de los
canales del wadi. En contraste, el acuifero aluvial del piede-
monte a lo largo del Wadi Halfayn, esta alimentado prin-
cipalmente por recarga lateral desde las partes bajas de las
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montafias de ofiolitas hacia el Este, ademas por pequefias
contribuciones desde el Jabal Akhdar e infiltracion local.
Siguiendo gradiente abajo en el acuifero de la Llanura Alu-
vial del Sur, alli tanto la infiltracidn directa de lluvia, como
la escorrentia superficial constituyen fuentes significativas
de recarga, las cuales se originan en una fuente de humedad
que llega a Oman proveniente del Sur. El modelo muestra,
que la evolucién geoquimica principal de las aguas sub-
terrdneas en el aluvidn, sucede a lo largo de la direccién
de flujo, que va desde el piedemonte hacia la Llanura Alu-
vial Sur, en donde el proceso de des-dolomitizacion es el
responsable de los cambios observados en la composicién
quimica y también del contenido de isétopos de carbono
en estas aguas.

Introduction

This study focuses on the geochemical evolution of ground-
waters in the Halfayn alluvial aquifer system in the in-
terior (Dakhiliya region) of the Sultanate of Oman. The
aquifer encompasses an area of approximately 4,000 km?
and is the principal groundwater source for the whole re-
gion. Previous investigations in parts of the study area in-
clude Cansult/Gartner and Lee (1986) who described the
origin and residence times of groundwater in the alluvial
and bedrock aquifers in the Manah area between Manah
and Adam based on environmental isotopes. Clark et al.
(1987) presented a detailed isotope study on modern and
fossil groundwater in Oman, including the data of Can-
sult/Gartner and Lee (1986) for the shallow alluvial and
bedrock aquifers in the Halfayn system between Nizwa and
Adam. A review of all available data of the entire Dakhiliya
region from previous studies is presented in MWR
(1995).

In arid regions, the assessment of available groundwa-
ter resources is key to the economic development and in-
creased prosperity. In order to evaluate the existing ground-
water resources and to develop improved water manage-
ment strategies, it is primarily necessary to identify the
dominant infiltration areas, sources of recharge and major
groundwater flow paths as well as to estimate groundwater
residence times. Many studies from semi-arid to arid ar-
eas have focused on the evaluation of recharge, its sources
and spatial variability as well as the estimation of ground-
water residence times by using mainly environmental iso-
topes and to a lesser extent hydrochemical data, e.g. chlo-
ride concentrations (e.g. Edmunds and Walton 1980; Adar
and Neuman 1988; Issar et al. 1993; Edmunds and Gaye
1994; Simmers 1997; Weyhenmeyer et al. 2002; Macumber
2003).

This report presents results from a hydrogeochemical
investigation that details the sources of recharge, the geo-
chemical evolution along the flow paths, groundwater mix-
ing of different water types and hydraulic connections
between different aquifers from the high mountain areas
through the piedmont region to the far alluvial plain. Ra-
dioisotopes are used to determine average groundwater res-
idence times in the different aquifers and where applica-
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ble. Different recharge areas and moisture sources are pro-
posed based on environmental isotope data and tested for
their consistency with the overall geochemical evolution of
the groundwaters. It is shown that a sound understanding
of groundwater evolution including quantification by geo-
chemical modeling refines the conclusions obtained from
isotope studies alone.

Hydrogeological setting

Study area

The Halfayn alluvial aquifer system is located in Oman
in the eastern part of the Dakhiliya Region, approximately
150 km southwest of the capital Muscat (Fig. 1). The area is
characterized by a large alluvial plain, lining the flank of the
Northern Oman Mountains (Fig. 1). To the north, the study
area is bounded by the water divide of the Jabal Akhdar, a
mountain chain rising up to 3,000 m. The southern limit is
marked by the frontal ranges forming the Adam Mountains.
The area has an arid climate with a mean annual precipita-
tion of about 300 mm on the Jabal Akhdar and 90 mm on
the alluvial plain (MWR 1995). Rainfall is characterized by
large variability both in time and space. Precipitation is re-
lated to local summer convective storms and winter frontal
storms, approaching from the north and northwest and orig-
inating from the Mediterranean Sea (Stanger 1986; Clark
1987; Macumber et al. 1997; Weyhenmeyer et al. 2002).
Summer convective storms occur locally and are of short
duration (min) compared to the frontal storms (h) during
the winter months, whereby most of the rainfall occurs in
the mountainous areas (Meteorological Reports, Ministry
of Communications, Sultanate of Oman). Tropical cyclonic
storms, originating in the southeastern Arabian Sea or the
Bay of Bengal approach northern Oman occasionally and
may cause heavy rainfall for several days. The frequency of
these storms is estimated as once every 5—10 years (Taylor
et al. 1990). In addition, low-pressure systems originating
from the south (e.g. Horn of Africa) occasionally approach
northern Oman and are the source for sporadic but heavy
rainfall in this area (Macumber 2003). The mean annual
temperature is between 17°C in the high mountain areas
and 28°C in the low-lying alluvial plain (MWR 1995).
Natural vegetation and soil development is almost absent
in the mountainous areas, where bedrock is exposed, and
sparse in the alluvial plain.

Geology and hydrostratigraphy

The alluvial plain of the Halfayn System lies in a syn-
clinal basin between the Jabal Akhdar to the north and
the Adam Mountains to the south (Fig. 2). The geology
of northern Oman has been described in detail by Glen-
nie et al. (1974) and Robertson et al. (1990). Gibb and
Partner (1976) first discussed the hydrogeology of the
area. A simplified hydrostratigraphic map and a schematic
cross-section are illustrated in Figs. 1 and 2. Table 1 sum-
marizes the major hydrostratigraphic units of the study
area.
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Fig. 1 Location of the study area (inset map) and simplified hy-
drostratigraphic map with locations of boreholes (solid circles). The
arrows indicate the flow paths in the alluvial piedmont area

The pre-Permian basement or the Autochthonous Unit
A of Glennie et al. (1974) consists mainly of thinly
laminated siltstones and phyllites that form the core of
the Jabal Akhdar anticline. Stanger (1986) interpreted
these pre-Permian sediments as an aquitard based on non-
productive boreholes, the absence of springs in the unit
and the occurrence of numerous springs along the uncon-

Table 1 Hydrostratigraphic and lithostratigraphic summary for the
Halfayn alluvial aquifer system

Hydrostratigraphy Rock type Aquifer type

Alluvium gravel, sand, silt, clay alluvial aquifer

Samail Ophiolite tectonized harzburgite  fractured aquifer
(Allochthonous) gabbro

Hawasina Complex  limestones, radiolarites, aquitard
(Allochthonous) shales

Aruma Group siltstones, shales aquiclude

Hajar Supergroup limestones, dolomites  fractured and

karstified aquifer
Pre-Permian aquitard

Basement

siltstones (phyllites)
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Fig.2 Schematic cross-section through the synclinal basin from the

Jabal Akhdar in the NNE to the frontal Adam Mountains in the SSW
(see Fig. 1 for location)

formable contact with the overlying Permian to Cretaceous
carbonates.

The Permian to Cretaceous Hajar Supergroup carbon-
ates, representing the Autochthonous Unit B of Glennie
et al. (1974), form essentially the large anticline of the Ja-
bal Akhdar. On its southern flank, the carbonate rocks dip
steeply beneath the alluvial plain and re-emerge 80 km fur-
ther south in the frontal Adam Mountains (Fig. 2). They
build the main regional bedrock aquifer, and are described
by Stanger (1986) as the “Hajar Supergroup aquifer.” The
carbonaceous sequence consists mainly of shallow marine
bioclastic and clayey limestones and dolomites—with a to-
tal thickness between 2,000 and 3,000 m (Rabu et al. 1990).
The aquifer is heterogeneous and anisotropic due to an ex-
tensive fracture network and karstic features. The transmis-
sivities of fractured limestones and dolomites range from
2x 1073 to maximum 1.8x 1072 m?/s and storage coeffi-
cients vary from 0.0015 to 0.34 according to pump tests
(MacDonald 1982, 1994; MWR 1996).

The Permian to Cretaceous carbonates are uncon-
formably overlain by Late Cretaceous siltstones and shales
of the Aruma Group (Glennie et al. 1974), where it forms a
confining layer. The total thickness varies between 80 and
150 m on the southern edge of the Jabal Akhdar (Rathmayr
2000).

Half of the study area is covered or is underlain at shal-
low depth by Permian to Cretaceous turbiditic limestones,
radiolarites and siltstones of the allochthonous Hawasina
Nappes (Glennie et al. 1974). These sediments are intensely
folded and faulted due to nappe displacement (Robert-
son et al. 1990). No springs are known to originate from
these deep marine sediments and boreholes drilled into
this unit are in general non-productive (Stanger 1986;
MWR 1995).

The ophiolitic rocks of the Samail Ophiolite, a frag-
ment of obducted mid-Cretaceous oceanic lithosphere
(Lippard et al. 1986; Peters et al. 1990) are exposed in
a number of structural blocks, which form the foothills
of the Jabal Akhdar to the south and southeast (Fig. 1).
Variably tectonized peridotites, mainly harzburgite, cut
by numerous pyroxenite dykes are the major ophiolitic
rock types. The primary composition of the peridotite
is olivine, orthopyroxene (enstatite) and minor clinopy-

DOI 10.1007/s10040-004-0425-2



206

roxene (diopside) (Pallister and Hopson 1981). Strong
serpentinization however changed the primary mineralogy
and secondary minerals such as serpentine, brucite and
magnesite are more abundant (Neal and Stanger 1985).
Serpentinization reduced the overall hydraulic conductivity
of the peridotites. However, fracturing during the tectonic
emplacement led to intense weathering down to some tens
of meters of depth that resulted in a considerable increase
in the near-surface porosity. The peridotites form locally
restricted aquifers and few boreholes drilled recently
into the weathered and fractured peridotites gave yields
of maximum 50 1/s (MWR 1994). Pump tests revealed
transmissivities in the range of 8x 107> to 1x10~* m?/s
and an average storage coefficient of 8 x 10~ for fractured
and weathered peridotites (MWR 1994).

Up to maximum 80 m thick Quaternary alluvial deposits
are accumulated in N-S trending wadi systems in the Jabal
Akhdar and in large alluvial fans, forming the Southern
Alluvial Plain. Besides many small tributary wadi chan-
nels, Wadi Abyadh, Wadi Mu’aydin and Wadi Halfayn
are the main active wadi systems, which all originate in
the Jabal Akhdar mountains (Fig. 1). Surface water flow
in these wadi channels is ephemeral and only occurs af-
ter heavy rainfall events. During such events, significant
groundwater recharge occurs along the active wadi chan-
nels (e.g. Matter 2001). The alluvial deposits are composed
of coarse to fine-grained gravels of varying lithological
composition, sand, silt and clay (Stanger 1986). Evaporitic
salt and gypsum crusts, formed after short duration rain-
falls, occur at the surface and in near-surface layers in small
depressions (Stalder 1975). Fibrous gypsum and traces of
halite in association with fine gravels are widespread in
the alluvial sequence of the Halfayn system (Atkins 1986).
The cementation of the alluvial deposits is very hetero-
geneous in time as well as in space and comprises high-
magnesium calcite, low-magnesium calcite and dolomite
(Stanger 1986; Burns and Matter 1995). Poorly to weakly
cemented gravels, which form the lowermost alluvial de-
posits, are partially embedded in a sandy to silty matrix or
granular gypsum matrix (Stanger 1986). They either over-
lie weathered or fresh bedrock. The alluvial aquifer in the
wadi Halfayn system is partly unconfined in the northern
piedmont area and changes to semi-confined and confined
conditions in the Southern Alluvial Plain, where silt de-
posits of up to 10 m thickness act as a local confining layer.
Reported transmissivities for the weakly to uncemented
gravels with sand and silt layers, which form the principal
alluvial aquifer, range from 5x10~* to 1072 m?/s on the
basis of aquifer pump tests (MWR 1995). The average hy-
draulic gradient is about 5 m/km in the piedmont zone and
about 1 m/km in the Southern Alluvial Plain with a general
groundwater flow from north to south.

Methods
Water sampling, chemical and isotopic analyses

Over 70 boreholes, evenly distributed over the study area
were sampled during three field campaigns between 1997
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and 1999. In addition, several ephemeral and perennial
springs were sampled in the Jabal Akhdar and the foothills.
The locations of the boreholes and the springs are illustrated
in Fig. 1. Water sampling by pumping occurred after pH,
temperature, dissolved oxygen concentration and electrical
conductivity of the effluent had reached stable values (e.g.
pH £ 0.1). All boreholes are equipped with discrete screen
intervals except for those in the limestones and dolomites of
Hajar Supergroup aquifer. All groundwater samples were
collected in polyethylene or glass bottles for analysis of
major ion chemistry and stable isotopes (§°H, §'30, §'3C),
respectively.

Major and minor ions, alkalinity and selected trace ele-
ments were analyzed at the Chemistry Laboratory of the
Ministry of Water Resources in Muscat within 2 weeks
of sampling. Cations were analyzed by standard ICP (in-
ductively coupled plasma spectrometry), anions by ion
chromatography and trace elements were analyzed by
atomic adsorption spectroscopy. The chemical analyses
were only accepted when the ion charge balance was better
than +5%.

Stable isotope ratios of oxygen and hydrogen were ana-
lyzed with a VG-Prism II isotope ratio mass spectrometer
(IRMS) at the Institute of Geological Sciences, University
of Bern, Switzerland. Oxygen isotope ratios were measured
by CO, equilibration of the water sample, while hydro-
gen isotopes were measured by in-line equilibration with
platinum-coated “Hokko beads” (see Matter 2001 and Wey-
henmeyer et al. 2002 for details). The results are expressed
in 8%owith respect to Vienna Standard Mean Ocean Wa-
ter (VSMOW; Gonfiantini 1978) and the overall analytical
accuracy was =£0.1%cfor 8'30, 3-0.6%cfor $*H. For carbon
and oxygen isotope measurements of dissolved inorganic
carbon from water or rock samples, water or powdered rock
material was reacted under vacuum with anhydrous (100%)
H3PO, and the liberated CO, was directly released into the
VG-Prism II mass spectrometer. The overall analytical ac-
curacy for 813C and §'80 is 4-0.1%cand all the analyses are
reported relative to the PDB standard. All the samples were
corrected using the phosphoric acid fractionation factor for
calcite at the appropriate temperature (Swart et al. 1991).
Tritium activities in groundwater samples and measure-
ments of radiocarbon (**C) on precipitated BaCO3 were
carried out using liquid scintillation counting technique
by Hydroisotop GmbH, Schweitenkirchen, Germany. For
the '*C-measurements dissolved carbon was precipitated
as BaCOs; in the field by adding NaOH and BaCl, to 80 |
of groundwater. The reported precision (2¢') of the tritium
analyses was £0.5 TU and the absolute error range for '4C
measurements was between 1.0 and +3.1 pmC (percent
modern carbon).

Geochemical modeling

The distribution of aqueous species in the groundwaters and
mineral saturation states (SI = log IAP/Kt, where IAP is
the ion activity product and K is the equilibrium constant
at temperature T) were calculated using the geochemical
code PHREEQC (v. 2, Parkhurst and Appelo 1999) and
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the WATEQA4F (Ball and Nordstrom 1991) thermodynamic
database. The same code was applied for inverse model-
ing (mass balance) including mixing of different waters
to evaluate the proportions of various potential sources to
the groundwater in the piedmont area of Wadi Halfayn.
In such calculations an uncertainty in the chemical con-
centrations of maximum 5% was allowed to account for
the overall analytical error. The absolute error for the §'80
value of the groundwaters was set to £0.1%o, that for the
§13C of reacting calcite to £1.0%o, and that for §'3C of
reacting dolomite, high-magnesium calcite and COy(gy) to
+2.0%cdue to the larger observed spread in these latter
data. Models were accepted if the mixing fractions calcu-
lated for the conservative tracers Cl and §'%0 agree with
each other and if the resulting composition and mineral
mass transfer of the mixture is consistent with the observed
composition and mineral saturation state of the target
groundwater.

The evolution of the alluvial groundwater from the pied-
mont area to the Southern Alluvial Plain was evaluated with
reaction path calculations using PHREEQC. In these calcu-
lations dissolved Cl is used as a reaction progress variable
along the flow path and the simulated groundwater compo-
sitions and mineral saturation states are compared to those
measured along the flow path.

Where applicable, “C-residence times were calculated
with the geochemical code NETPATH (v. 2.0, Plummer
et al. 1994). In these calculations the total inorganic car-
bon (TIC) inventory of the groundwater was corrected for
exchange with s0il-CO, and dilution with '#C-free carbon
from carbonate mineral reactions. Modeled '*C-residence
times were only considered geologically meaningful if the
calculated mineral mass transfer (i.e. dissolution vs. pre-
cipitation) and the §'*Cric were in agreement with the
calculated mineral saturation state of the groundwater and
the measured §'3Cryc, respectively.

Results
Groundwater chemistry

Hajar Supergroup aquifer

Boreholes penetrating the limestones and dolomites of the
Hajar Supergroup aquifer are restricted to the Jabal Akhdar
in the north and the Adam Mountains in the south (Fig. 1).
Due to the fractured and karstic flow system it was neither
possible to collect groundwater samples along a continuous
flow path within the Hajar Supergroup aquifer of the Jabal
Akhdar nor of the Adam Mountains. Groundwater in the
recharge areas of the Jabal Akhdar is of a Ca—Mg-HCO;
type water with a total dissolved solid content (TDS) be-
tween 315 and 550 mg/l. Groundwater in the Adam Moun-
tains is much higher mineralized (TDS: 1,477—3,093 mg/1)
and of a Na-Mg—Cl-SO4~HCO3 or Na-Cl type water
(Table 2; Fig. 3). Some of these groundwaters are fur-
ther characterized by a persistent smell of H,S indicating
reducing conditions in the underground.
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The Ca—Mg-HCOj3 type groundwaters of the Hajar Su-
pergroup aquifer of the Jabal Akhdar are typical for lime-
stone and dolomite dominated environments, while those
of the Adam Mountains indicate a more complex evolution.

Ophiolite aquifer

Surface and shallow groundwater within the tectonized
peridotites are of a Mg—(Na)-HCO;—(Cl) type (Fig. 3) with
pH-values between 7.0 and 8.5 and TDS contents between
245 and 1,187 mg/I (Table 2). The predominant hydrochem-
ical characteristic of surface as well as shallow groundwa-
ter from the ophiolite aquifer is the high Mg/Ca ratio. The
molar ratios range between 2.94 and 6.25 (Table 2). Av-
erage magnesium concentrations measured in groundwater
samples are 2.70 mmol/l (n==8), compared to average cal-
cium concentrations of 0.67 mmol/l. The shallow ground-
waters therefore differ from deep ophiolite groundwaters
as described e.g. by Neal and Stanger (1985) and Stanger
(1986).

Alluvial aquifer

In the alluvial aquifer, groundwater evolves from low
mineralized Ca—Mg-HCO3 or Mg—Ca—-HCO3 type water
(TDS: <600 mg/1) in the piedmont area to more mineral-
ized Na—Mg—(Ca)-Cl-SO4—HCO; type water (TDS: max-
imum 1,940 mg/l) in the Southern Alluvial Plain, north
of the Adam Mountains (Fig. 4). Based on borehole loca-
tion, piezometric surface and chemical composition of the
groundwater, three flow paths that correspond to different
sub-catchments can be distinguished in the alluvial pied-
mont area of the Halfayn system (Fig. 1). Along flow path 1
and 2, following Wadi Abyadh and Mu’aydin, respectively,

20/

/!
/!
/!

Yy
v
“

Na HCO420 40 60 80 Cl

Fig. 3 Piper Diagram illustrating the chemical composition of
groundwater from the Hajar Supergroup aquifer of the Jabal Akhdar
(open dots) and the Adam Mountains (solid dots), and from the ophi-
olite aquifer (solid triangles). The detailed chemical analyses for
each sample are listed in Table 2

Ca 80 60 40 20
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Table 2  Selected chemical properties of groundwater samples from the different aquifers
No WelllD TDS T pH* Ca Mg Na K Si HCO;~ Cl SOy NO; Mg/
(mg/l) (°C) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) Ca

Hajar Supergroup Aquifer: Jabal Akhdar
1 JAOS 498 220 7.08 1.92 1.56 0.57 0.03 0.18 6.00 0.68 0.16 0.03 0.81

2 JA17 550 238 7.20 1.77 1.48 1.08 0.04 0.22 4.67 1.01 0.90 0.06 0.84
3 SP0O3 413 23.0 7.25 222 0.33 0.56 0.03 0.22 5.03 0.56 0.23 0.04 0.15
4  SP04 421 28.1  7.30 1.92 0.49 0.95 0.03 na 3.06 0.97 0.36 0.06 0.26
5 SPO5 441 303  7.24 1.67 0.90 0.82 0.03 0.19 1.75 1.10 0.59 0.05 0.54
6 SP06 427  23.0 743 095 1.07 0.56 0.02 na 5.25 0.65 0.23 0.07 1.13
7  SPO7 397 223 733 154 0.90 0.61 0.02 0.14 1.53 0.76 0.23 0.17 0.58
8 SPO8 496 237 7.08 1.89 1.23 0.43 0.02 0.17 6.57 0.53 0.15 0.03 0.65
9 SP09 325 285 7.62 0.85 0.87 0.69 0.04 na 1.60 0.76 0.46 0.03 1.02
10 SP10 315 223 7.72 0.86 0.69 0.78 0.06 na 1.53 0.71 0.43 0.11 0.80

11 NSA32 316 325 7.36 1.34 0.98 1.13 0.04 0.21 3.17 1.10 0.71 0.02 0.73

12 NSA09 663 330 7.00 2.34 1.39 4.29 0.11 0.23 4.80 4.71 1.16 0.08 0.59

73 JA10S 271 327  7.33 1.10 0.99 0.74 0.04 0.22 4.35 0.76 0.30 0.04 0.90
Hajar Supergroup Aquifer: Adam Mountains

68 AAO01 1,747 384 7.11 2.48 3.37 16.12 0.28 0.48 4.40 14.55 5.49 0.04 1.36

69 ADMO3 1,525 41.0 7.06 2.56 2.92 13.50 0.20 0.43 4.09 10.39 4.26 0.04 1.14

71 ADMO1 3,093 37.8 7.68 0.45 0.33 43.55 0.33 0.29 7.22 34.09 4.29 0.03 0.73

74 AA07 1,729 389 7.12 2.65 2.47 17.99 0.23 0.45 4.31 16.16 4.60 0.07 0.93
Ophiolite Aquifer

59 WHFO9R 328 345 7.87 0.38 1.57 0.48 0.03 0.38 2.99 1.64 0.10 0.10 4.13

60 SHDIIR 456 353 7.67 0.60 2.02 1.87 0.07 0.53 3.42 2.03 0.52 0.18 3.37

61 F2204 245 302 853 0.25 1.44 1.39 0.64 na 1.19 1.44 0.34 0.09 5.76
62 F2221 781  29.7 7.66 0.52 3.25 3.87 0.13 na 5.51 4.26 1.06 0.11 6.25
63 F0474 397 337 7.774 0.47 2.06 1.00 0.06 na 3.69 1.44 0.21 0.20 4.38
64 F0473 438 305 7.93 035 243 1.13 0.06 na 3.63 2.17 0.19 0.32 6.94

66 WNZ2IA 810 345 7.00 1.12 3.29 3.66 0.13 0.52 4.71 5.70 1.39 0.21 2.94
67 WNZ08 1,187 355 7.07 1.67 5.52 4.40 0.23 0.66 7.44 6.81 2.20 0.38 3.31
Alluvial Aquifer: Piedmont

Flow path 1
13 NSAI5 364 332 7.35 154 0.81 0.61 0.04 0.21 2.54 1.69 0.28 0.20 0.53
14 F5 512 334 7.2 2.09 1.31 1.04 0.05 0.28 4.08 2.37 0.46 0.34 0.63
15 F6 427 298 7.24 1.67 0.94 0.95 0.05 0.21 3.98 1.16 0.44 0.15 0.56

16 NTF6 406 347 7.28 1.36 1.07 0.87 0.05 0.40 3.32 1.24 0.30 0.22 0.79
17 WNZ4R 574 335 695 234 1.35 1.13 0.04 0.42 5.84 1.58 0.55 0.17 0.58
18 NSA16B 437 333 7.21 145 0.96 0.91 0.05 0.31 3.08 1.38 0.27 0.21 0.66
19 JM247F 373 323 7.34 1.34 0.98 0.74 0.05 0.33 3.45 1.18 0.29 0.17 0.73

Flow path 2
20 NSA17 320 322 7.50 1.07 0.61 0.87 0.05 0.27 2.55 0.62 0.42 0.13 0.57
21 APMI1 311 330 7.64 0.74 0.72 1.04 0.05 na 2.60 0.79 0.41 0.04 0.97
22 APM6 423 338 7.28 1.32 0.98 091 0.06 na 3.80 0.82 0.38 0.14 0.74

23 APM7 441 339 722 1.36 0.83 0.78 0.05 0.27 3.83 0.68 0.39 0.14 0.61
24 APMI10 309 34,6 7.55 0.82 1.11 2.04 0.04 0.53 3.25 1.21 0.50 0.19 1.35
25 APMI15 425 329 721 1.28 1.26 243 0.05 0.50 4.60 1.58 0.53 0.17 0.98
26 MN21 276 352 735 1.18 0.83 0.95 0.05 0.43 3.09 0.73 0.37 0.16 0.70
27 MN24 381 338 7.10 1.47 1.12 1.69 0.06 0.41 393 1.35 0.52 0.16 0.76
28 MNO-01 423 36.0 6.90 1.16 1.52 2.34 0.07 0.59 4.37 1.67 0.55 0.13 1.31

29 JM243F 413 305 729 147 0.98 0.82 0.05 na 3.94 0.95 0.53 0.29 0.67

45 MNI16-01 490 355 7.00 0.62 1.52 2.87 0.10 0.48 3.39 2.14 0.67 0.17 2.45
Flow path 3

30 APHIS 463 328 7.23 1.17 1.63 0.78 0.05 na 4.06 1.07 0.24 0.15 1.39

31 APHI 375 329 7.46 0.80 1.40 0.74 0.05 na 3.80 0.71 0.20 0.18 1.75

32 APHS 276 29.8 7.63 0.71 0.83 0.35 0.05 0.34 2.99 0.28 0.14 0.14 1.17
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33 APH4 422 314 743 095 1.35 0.48
34 APH3 442 322 7.28 1.02 1.76 0.52
35 APHS 695 338 7.40 0.86 2.67 321
36 WHF3R 691 33.1 741 0.98 227 3.69
37 APHO7 522 328 7.56 0.58 1.22 3.08
38 NSAIS8B 856 323 7.24 0.99 3.25 3.55
39 WHF4R 741 349 7.38 0.98 292 3.34
40 APHO2 362 324 7.36 0.95 1.48 0.48
41 APHI12 427 323 7.28 1.17 1.40 0.78
Alluvial Aquifer: Southern Alluvial Plain
42 MNS-01 1,024 359 7.30 1.25 2.35 6.91
43 MN3-03 1,001 357 7.32 132 2.86 7.73
44 MN8-01 1,161 36.1 7.10 1.50 3.05 8.14
46 NWS4 531 36.1 7.50 0.75 1.85 2.70
47 NWSI0O 748 346 7.34 1.05 2.31 4.61
48 NWSI5 1,282 347 7.27 1.50 3.75 9.67
49 NWS6 941 347 738 1.12 2.63 6.79
50 NWSS5 851 340 734 1.10 251 5.88
51 NSA33A 1,366 355 7.21 1.82 4.08 9.50
52 NSA35A 1,022 355 7.28 1.33 2.93 7.14
53 AG0O4 1,313 35.1 7.40 1.50 2.55 12.33
54 AG33 1,381 36.0 7.37 1.55 2.93 11.80
55 AG35 986 363 7.29 1.37 3.04 7.45
56 WHI0 1,698 35.1 7.19 2.00 3.21 13.03
57 WH27 1,651 350 7.17 1.95 3.75 14.03
58 WH21 1,940 353 7.13 2.10 4.20 17.08

0.04 na 3.97 0.65 0.18 0.15 1.42
0.05 na 4.80 0.82 0.1 0.14 1.73
0.11 na 4.60 3.73 0.86 0.17 3.10
0.12 0.43 3.99 4.71 0.88 0.20 2.32
0.08 na 4.39 2.37 0.39 0.10 2.10
0.11 0.55 6.39 3.61 1.07 0.25 3.28
0.10 na 4.19 4.91 0.98 0.18 2.98
0.04 0.43 4.63 0.31 0.14 0.16 1.56
0.04 0.37 4.74 0.82 0.23 0.16 1.20
0.18 0.60 3.57 6.95 1.92 0.18 1.87
0.18 0.61 4.35 6.92 2.23 0.09 2.17
0.21 0.62 4.79 7.82 2.66 0.08 2.03
0.09 0.57 4.00 1.92 0.72 0.14 2.47
0.11 0.65 4.81 3.27 1.27 0.12 2.20
0.23 0.71 4.81 8.67 3.04 0.09 2.50
0.17 0.58 4.40 5.84 1.93 0.13 2.35
0.13 0.59 4.81 4.46 1.53 0.11 2.28
0.22 0.70 4.61 9.29 3.63 0.09 2.24
0.18 0.63 4.50 6.30 2.25 0.10 2.20
0.28 0.51 3.30 13.33 2.24 0.11 1.70
0.27 0.49 3.54 13.35 2.85 0.02 1.89
0.19 0.63 4.40 7.45 2.46 0.11 222
0.27 0.64 4.71 12.70 4.31 0.03 1.61
0.30 0.63 5.54 12.18 4.16 0.17 1.92
0.32 0.69 6.03 14.61 5.13 0.13 2.00

Well ID refers to the registered borehole name of the Ministry of Water Resources, Sultanate of Oman

#Adjusted for calcite saturation

the groundwater is of a Ca—-Mg-HCOj type (Fig. 4) with
Mg/Ca ratios generally below one (Table 2). The ground-
water originates from the Jabal Akhdar mountains, which
are dominated by the calcareous lithologies of the Hajar
Supergroup. Groundwater along flow path 3, following the
Wadi Halfayn, is of a Mg—Ca—HCOj3 type. The predomi-
nant hydrochemical characteristic along flow path 3 is the
continuous increase in the molar Mg/Ca ratio from 1.17 to
3.28 (Table 2). South of the piedmont area, the groundwa-
ters of the three flow paths gradually merge and a strong
increase in the magnesium, calcium, sulfate, sodium and
chloride concentrations is observed from north to south in
the Southern Alluvial Plain (Figs. 5 and 6).

Stable isotopes

Oxygen and hydrogen isotope composition (5*808%H)

The water isotope composition of groundwater sampled
from the different aquifers of the Halfayn system shows
distinct differences (Table 3). Groundwater from the Ha-
jar Supergroup aquifer is depleted in ¥0 and ?H (Ja-
bal Akhdar: 6"®Opean = —2.9%0, 6°Hpean = —11.1%o;
Adam Mountains: 8380 mean = —2.8%0,  8*Hpean =
—16.1%0) compared to that from the ophiolite aquifer
( 8"™Opmean = —0.9%0, 8*Hmean = —1.9%0) and alluvial
aquifer ( 8" Opean = —1.9%0, §>Hiean = —8.4%o0) aquifer.
As shown below, these differences can be related to differ-
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Fig.4 Piper diagram showing the chemical evolution of the alluvial
groundwater along different flow paths in the piedmont area and
in the confluence zone of the southern alluvial plain. The detailed
chemical data is listed in Table 2 and the flow paths are indicated in
Fig. 1

ences in recharge altitude and dominant moisture source
(i.e. precipitation from northern and southern directions,
respectively).
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Table 3 Sample site locations, well data and selected isotope values of groundwater samples from wells, springs and aflaj located in the
different aquifers

No Well name  Altitude Well depth  Depthscreen  8'0 (%0)  82H (%0) 813C (%0) 4C (pmc)  3H(TU)

(ma.s.l.) (m.b.s.) (m.b.s.)
Hajar Supergroup Aquifer: Jabal Akhdar
1 JAO5 1,950 na Open —3.7 —19.1 —8.50 54.1£3.1 2.1£1.0
2 JA17 1896.4 339 Open -3.5 —13.2 —6.19 46.6£1.0 4.2+1.0
3 SP03 620 - Spring -2.5 —4.9 na na na
4 SP04 730 - Spring -2.0 —6.5 na na na
5 SPO5 800 - Spring -33 —12.8 na na na
6 SP06 1,900 - Spring —-34 —153 na na 3.8
7 SPO7 1,950 - Spring -29 —13.6 na na na
8 SPOS8 2,000 - Spring -3.6 —16.2 na na na
9 SP09 1,200 - Spring —2.7 —4.6 na na na
10 SP10 850 - Spring —1.6 -2.5 na na na
11 NSA32 705 400 Open —2.6 —104 —7.10 35.4£1.7 0.5£0.5
12 NSA09 616.2 268.7 Open -29 —15.6 —7.30 44.1£2.9 na
73 JA10S 696.3 58 36.0 =31 -9.1 na na 1.5+1.0
Hajar Supergroup Aquifer: Adam Mountains
68 AAO01 312.8 91 48.3 2.4 —13.3 -9.80 40.9£1.6 <05
69 ADMO3 327.8 151 122.0 —2.4 —12.2 —10.58 30.9+2.4 <0.4
71 ADMO1 302.8 329 Open -39 —-29.5 —6.70 0.0+0.3 <0.1
74 AAO07 306.8 100.5 76.5 —2.6 —12.6 na na <0.5
Ophiolite Aquifer
59 WHF09R 595.8 47 29.5 —1.4 —4.5 —15.56 na 7.8+1.8
60 SHDI1R 531.3 30 21.0 —-1.0 —6.1 —13.60 na na
61 F2204 450 - Falaj —0.6 -0.5 na na na
62 F2221 455 - Falaj —-0.9 0.5 na na na
63 F0474 460 - Falaj —-0.6 54 na na na
64 F0473 470 - Falaj —0.6 2.9 na na na
66 WNZ21A 460.6 36 26.0 —-1.2 2.7 na na na
67 WNZ08 439.2 32 14.0 —-0.8 -9.9 na na na
Alluvial Aquifer: Piedmont
Flow path 1
13 NSAI1S 601.7 494 38.2 —2.6 —10.0 na na na
14 F5 602.5 44 na —2.1 -9.2 na na 4.3
15 F6 601 45 na —1.5 —6.7 na na 4.9
16 NTF6 541.4 31 21.5 -2.5 -9.1 na na na
17 WNZ4R 570.6 32 24.0 —2.4 -9.9 na na na
18 NSA16B 567.5 58.4 40.8 -2.1 -9.1 —12.56 na 4.6+0.9
19 IM247F 540 - Falaj —-2.0 -9.0 na na na
Flow path 2
20 NSA17 565.3 95.4 56.5 —2.8 -9.5 na na na
21 APM1 535.5 46 38.5 -3.6 —15.6 na na na
22 APM6 498.3 46 33.0 -2.5 -95 na na 3.7£1.0
23 APM7 488.97 45.4 36.5 -2.5 —10.3 na na na
24 APM10 446.1 na na -19 —8.3 na na
25 APM15 443.1 23 11.5 23 —-8.9 —14.23 90 59+1.3
26 MNZ21 411.5 18 14.0 —-0.7 —-1.0 na na na
27 MN24 432.6 30 220 -23 —10.3 na na 3.84+0.6
28 MN9-01 406.2 28.5 19.0 —2.8 —13.8 na na na
29 JM243F 565.3 - Falaj —1.7 -5.0 na na na
45 MN16-01 490 28 22.5 —1.3 —12.2 na na na
Flow path 3
30 APHI5 606.17 36 24.5 2.1 —=5.7 —14.68 na 6.5+1.4
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31 APHO1 609.9 29 17.0
32 APHOS5 636.2 21 16.0
33 APHO04 622.36 29 17.0
34 APHO03 622.1 29 17.0
35 APHO8 468.9 21 10.0
36 WHFO3R 450.95 34 19.0
37 APHO7 461.05 21 8.0
38 NSA18B 525 16 40.5
39 WHFO04R 450.9 22 14.0
40 APHO02 609.61 36 24.0
41 APHI12 606.2 33 225
Alluvial Aquifer: Southern Alluvial Plain

42 MN5-01 351.2 20 14.0
43 MN3-03 339.42 51 33.0
44 MN8-01 368.89 28 15.0
46 NWS4 385.6 25 15.5
47 NWS10 382 425 27.5
48 NWS15 370 31 na
49 NWS6 365 37 25.0
50 NWS5 380 61 38.0
51 NSA33A 321.1 52.5 44.5
52 NSA35A 321.1 59 43.5
53 AGO4 301.4 63.5 42.0
54 AG33 301.3 71 50.5
55 AG35 299.7 63 40.0
56 WH10 304.7 35 19.5
57 WH27 307.8 25 18.5
58 WH21 303 29 16.5

—-1.9 —-3.6 na na na

—0.7 —-0.2 na na na

—1.8 —5.3 na na na
—-2.0 —5.7 na na na

—0.3 —0.2 na na 4.2+40.9
0.5 2.1 na na na

—-2.0 —7.0 na na na

—1.1 —3.7 —10.26 na 5.441.0
—-1.0 -59 na na 4.44+0.9
—2.1 —-4.9 na na na

—2.2 —6.2 na na na

—1.8 —-94 —14.10 na 4.11+0.6
—0.8 —8.5 —12.66 na 1.7£0.6
—1.8 —-8.2 —13.60 na 2.440.6
—2.1 -9.9 na na na

—-2.5 —14.1 —13.81 88.1£1.18  3.3£1.0
—-2.0 —11.9 na na na

—-1.9 —-104 13.61 na na

—2.4 —12.0 na na 4.5+1.0
-2.2 —12.0 —14.71 na 0.64+0.6
—-2.0 -9.6 —12.20 72.7£3.0 0.7+0.9
—-2.3 —12.0 na na na

-2.0 —10.4 —11.71 61.5+£2.2 <0.8
—22 —10.2 —12.02 66.4+1.4 <0.5
-2.0 —114 —12.40 73.5+1.6 2.3+£1.0
-2.0 —11.3 na na 2.1
—1.8 —11.1 na na na

Carbon isotope composition (83C)

Measured §'°C values in groundwater samples from the Ha-
jar Supergroup aquifer of the Jabal Akhdar range from —6.1
to —8.5%0(Table 3) and are close to the §'3C value of atmo-
spheric CO,. Groundwater in the Hajar Supergroup aquifer
of the Adam Mountains is depleted in '*C (§'°C=—9.8 and
—10.6%0) compared to groundwater in the Jabal Akhdar,
except for groundwater from the southern side of the Adam
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Fig. 5 Composition diagram shows the continuous increase
of sodium and chloride concentrations in the alluvial ground-
water along the N-S flow path in the Southern Alluvial
Plain (the numbers represent the sample location numbers, see
Table 2)
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Mountains (§'*C=—6.7 and —8%0). The more depleted
values are influenced by sulfate reduction as observed in
groundwaters from the Adam Mountains. In the alluvial
aquifer, groundwaters become irregularly depleted in '3C
(83C=-10.3 to —14.7%0) from the piedmont area to the
Southern Alluvial Plain (Table 3). The lowest 8'3C values
(—13.6 to —15.6%o0) are recorded for groundwater from the
ophiolite aquifer.
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Fig. 6 Ca and Mg vs. SO, composition plot illustrates the pos-
itive correlation of Ca and Mg with SO, along the N-S flow
path in the Southern Alluvial Plain, suggesting the occurrence
of dedolomitization reactions along the flow path in the alluvial
aquifer (the numbers represent the sample location numbers, see
Table 2)
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Tritium

Tritium activities in '®O-depleted groundwater from the
high-altitude recharge areas of the Jabal Akhdar range be-
tween 2.8 and 4.2 TU and decrease to values around the
detection limit (<0.5 TU) in the less '80-depleted ground-
waters sampled in the low-altitude areas (< 1,200 m) of the
Jabal Akhdar (Table 3). Tritium activities of modern rain-
fall in Oman vary between about 5—10 TU (Weyhenmeyer
2000). This indicates that the high-altitude groundwaters
are essentially modern in origin and that the residence time
of such groundwater in the fractured and karstified lime-
stones and dolomites is in the order of a few decades at
maximum.

Groundwaters from wells in the low-altitude areas of the
Jabal Akhdar and the piedmont area of the alluvial plain
have tritium activities between 3.7 and 7.8 TU. Compared
to the high-altitude groundwaters from the Jabal Akhdar,
these high activities indicate a large portion of recent, lo-
cal infiltration along the foothills, which is consistent with
the stable isotope composition of these waters being more
enriched in '80.

In the Southern Alluvial Plain the tritium activity in the
groundwater shows a heterogeneous spatial distribution and
ranges from 4.5 TU to below detection limit (<0.5 TU)
in the southernmost part. Highest tritium activities are
recorded in shallow groundwater close to the main wadi
channels. While the tritium activity generally decreases
along the main flowpaths from north to south, it also de-
creases laterally with increasing distance from the main
wadi channels as it has already been observed previously
by Cansult/Gartner and Lee (1986) and Clark (1987).

Groundwater sampled from deep wells in the Hajar Su-
pergroup aquifer of the eastern Adam Mountains (Jabal
Madmar) is tritium-free, indicating that no modern recharge
component contributes to these waters (Table 3). This con-
trasts the measurable tritium activities between 0.8 to 10 TU
of shallow groundwater from the western Adam Moun-
tains (Jabal Salakh and Jabal Nahdah) reported by Can-
sult/Gartner and Lee (1986).

Carbon-14

Similar to the tritium activities, radiocarbon activities (14C)
in groundwater samples from the Hajar Supergroup aquifer
decrease from 54.1 to 35.4 pmc from the high to the low
altitude areas of the Jabal Akhdar (Table 3). Groundwater
from the alluvial aquifer has higher '#C activities between
90 and 61.5 pmc, which correlate with the tritium activities
of the same samples. The tritium-free deep groundwaters
from the eastern Adam Mountains have low '“C activities
between 40.9 and 0 pmc (Table 3).

Discussion
Based on the hydrochemical, isotopic and hydrogeological

data five main regions with different groundwater evolu-
tion are recognized: (1) mountainous areas of the Jabal
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Akhdar with direct recharge of infiltrating precipitation,
(2) ophiolitic foothills with mainly direct recharge of
infiltrating rain, (3) alluvial piedmont area with direct
recharge of rain water and/or indirect recharge by surface
runoff from the adjacent mountainous areas (Jabal Akhdar
and/or ophiolite), (4) Southern Alluvial Plain, with direct
recharge of rain and surface runoff from the plain and/or
indirect recharge (subsurface inflow) from the alluvial
piedmont, (5) Eastern Adam Mountains, with no dominant
modern-day recharge. To quantitatively evaluate the origin
and geochemical evolution of the different groundwater
types in the Halfayn alluvial aquifer system, the envi-
ronmental isotope data are combined with geochemical
modeling.

Recharge areas and moisture sources

Groundwater sampled above 1,550 m in the high-altitude
regions of the Jabal Akhdar is significantly depleted in '*O
and 2H (8'80%c=—3.440.3%0, s> H=—15.542.4%0; n=5)
compared to that in the foothills and alluvial plain. This
depleted isotope signature is attributed to the altitude ef-
fect on precipitation. An altitude effect on the stable iso-
tope composition of water in northern Oman has already
been described in previous studies (Cansult/Gartner and
Lee 1986; Clark 1987; Macumber 1997, 1998; Weyhen-
meyer et al. 2002). Groundwater in the low-lying area of
the Jabal Akhdar between about 600 and 1,200 m of alti-
tude has average §'30 and §%H values of —2.540.6%cand
—8.244.8%0(n=T), respectively. If the groundwater in this
area would be local recharge from the same precipita-
tion event(s) as in the high-altitudes, its §'%0 would be-
come about —1.7%ocbased on average altitudes of 1,900 m
(high-altitudes) and 800 m (low-altitude) and on the alti-
tude effect of 0.15%cper 100 m as observed by Weyhen-
meyer et al. (2002). The difference in isotopic composi-
tion between groundwaters from the high- and low-altitude
areas can hardly be explained by evaporational effects
because of their similar Cl concentrations (high-altitude:
25.7£6.3 mg/l Cl, n=5; low-altitude: 30.24+7.4 mg/l Cl,
n=T). These average Cl contents suggest an evaporation of
about 15%, which results in values for §'80 and §2H in the
remaining water of —2.0 and —4.0%o, respectively, using
the Rayleigh distillation relationship and an average tem-
perature of 30°C for the fractionation factors. The stable
isotope and Cl data thus indicate that the groundwaters in
the low-altitude area represent a mixture of high-altitude
and local recharge.

In the piedmont alluvial aquifer the altitude effect would
result in a similar difference of more than 1%o between
the measured and altitude-corrected 3'0 values using the
relationship of Weyhenmeyer et al. (2002). The somewhat
higher CI concentrations in these groundwaters (average of
55.7£15.6 mg/l Cl, n=6, and 37.3+13.0 mg/l Cl, n=11,
for flow path 1 and 2, respectively) compared to the Ja-
bal Akhdar groundwaters could suggest an enrichment by
evaporation of about 54% for the groundwaters of flow path
1 (Wadi Abyadh) and 31% for those of flow path 2 (Wadi
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M’uaydin). Using the Rayleigh distillation relationship it
can be shown, however, that such a high amount of evapora-
tion would result in an isotopic composition of the remain-
ing water fraction that is too enriched in the heavy isotopes
180 and *H (8'*0>—0.2%cand §>H>+9.8%cat 31% evap-
oration) compared to the measured values. Thus, it can
be concluded that also the piedmont alluvial groundwaters
along flow path 1 and 2 represent a mixture of high-altitude
water and local infiltration. Such a scenario is also consis-
tent with the available *H and '*C data, which are identical
or even higher (i.e. shorter average residence time) than
those of the high-altitude Jabal Akhdar waters. The exis-
tence of a locally infiltrated component in flow path 1 and
flow path 2 is further supported by the lower §'3C val-
ues in these waters, which are derived from the dissolution
of secondary, '*C depleted carbonate cement in the wadi
channels (see below). The relatively large spread in the
data between individual sampling locations and the lack of
monitoring data over several years, however, do not allow
the quantification of the individual proportions.

A different picture arises for the groundwater of flow path
3 (Wadi Halfayn) and the ophiolite aquifer. For flow path
3 the altitude effect could in fact explain the enrichment in
180 within the overall error ( §"¥ O peasured = —1.4 % 0.9%o,
n=12, and 8" 0. _corrected ~ —1.3%0). However, the aver-
age Cl concentration in the groundwaters of flow path 3 is
significantly higher than in the Jabal Akhdar groundwaters
although a large spread is observed (70.94£62.8 mg/l Cl).
Obviously, evaporation of water derived from the Jabal
Akhdar cannot explain these Cl concentrations as this
would result in an isotopic composition that is much more
enriched in the heavy isotopes than observed. Based on
the isotope data and the prevailing hydraulic gradients in
upstream Wadi Halfayn, a three component mixture of wa-
ter derived from the Jabal Akhdar, the ophiolite aquifer
and local recharge is proposed for flow path 3 groundwa-
ter and will be explored by mixing calculations below. For
the ophiolite aquifer the altitude effect would even result
in a too low 8'%0 value ( 8" Opeasured = —0.9 £ 0.3%o,
n=8, and 80,y _comected = —1.2%o0) indicating that ad-
ditional evaporation appears to take place in agreement
with the increased Cl contents (113.0£75.2 mg/l Cl). Be-
sides, the major moisture source appears to be different for
these groundwaters (see below). In the §'80-§?H diagram
(Fig. 7) the trend described by the isotopic composition of
Jabal Akhdar groundwater differs from that of groundwater
from the other aquifers. Together with the above evaluation
of the possible effects of altitude and evaporation on the
isotopic composition this also indicates differences in the
major moisture sources. For the evaluation of the sources,
the groundwater isotopic data can be compared to meteoric
water lines derived from precipitation data. There exist nu-
merous studies on the isotopic composition of precipitation
in Oman (Cansult/Gartner and Lee 1986; Stanger 1986;
Clark et al. 1987; Wushiki 1991; Macumber et al. 1995,
1997; Macumber 1998, 2003; Weyhenmeyer et al. 2002)
several of them resulting in the definition of meteoric water
lines for different areas in Oman.
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Fig.7 §'80-8%H plot of all groundwater samples from the different
aquifers together with the most recent published local meteoric water
lines of Oman. The plot shows the differences in the groundwater
isotopic composition between the individual aquifers in relation to
the local meteoric water lines, whereas the differences were taken
as an indication for differences in the recharge altitude, evaporation
effects and moisture sources

The review of a large dataset by Macumber et al. (1997)
and Macumber (1998) resulted in a new meteoric wa-
ter line for northern Oman, the so-called Northern Oman
Meteoric Water Line (NOMWL; §°H = 5.18'%0 + 8.0.
Based on a dataset from 1995 to 1998, Weyhenmeyer
et al. (2002) defined a local meteoric water line for the
Batinah coastal plain in northern Oman, the local me-
teoric water line-northern moisture sources (LMWL-N;
82H = 5.08'30 + 10.7). This water line represents the iso-
topic relationship of rainfall from a northern (frontal)
source only, whereas the NOMWL by Macumber (op. cit.)
includes data from all different precipitation sources in
northern Oman. The similarity between these two water
lines reveals, however, that the majority of rainfall in the
Jabal Akhdar Mountains and the adjacent coastal plains of
northern Oman is from a northern (frontal) source. The two
meteoric water lines are further similar to those established
for southwestern Israel ( 82°H = 5.85'30 + 8.6; Nativ et al.
1995) and Bahrain ( §°H = 5.38'%0 + 9.2; Rozanski and
Araguds-Araguds 1992), suggesting a similar origin of wa-
ter vapor and its transport history (Weyhenmeyer et al.
2002; Macumber 2003).

Macumber et al. (1995) also defined a local meteoric wa-
ter line in Central Oman for tropical cyclones arriving from
the south ( 8>H = 8.78'%0 + 9.1) based on the storm event
during the passage of cyclone O6-A in central Oman in
1992. Rainfall from another heavy storm event in northern
Oman in July 1995 was used by Macumber (2003) to define
the so-called Al Batha line ( §°H = 8.18'80 + 5.8). This
storm event appears to be more of an example of a large,
southern low-pressure frontal system that reached northern
Oman because it was not registered as a tropical cyclone.

As shown in Fig. 7, the isotopic composition of the
groundwater samples from the present study plot to the
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right of the NOMWL of Macumber et al. (1997) and the
LMWL-N of Weyhenmeyer et al. (2002), which describe
the typical northern moisture source. Groundwater from
the Hajar Supergroup aquifer in the Jabal Akhdar plots in
between the meteoric water lines given for typical northern
and southern moisture sources and are thus interpreted as
mixtures of these sources. For groundwater of the piedmont
alluvial aquifer a linear regression through all data pro-
vides the local groundwater line ( §*H = 4.345'80 + 1.27,
R*=0.91) for this area. This local groundwater line is sim-
ilar in slope and intercept to the Akhdar Water Line (
82H = 5.18'80 + 3.0; Macumber et al. 1997), which is
based on 50 groundwater samples from springs and aflaj of
the Jabal Akhdar. The present samples support the interpre-
tation of this Akhdar Line by Macumber et al. (1997) stat-
ing that it reflects the influence of a high altitude recharge
source from the Jabal Akhdar with a dominantly north-
ern moisture source to the groundwater in the piedmont
alluvium.

The linear regression lines through the data points of
the ophiolite and the Southern Alluvial Plain aquifer ap-
proximate the Al Batha Line and the water line derived
from the tropical cyclone of 1992 (Fig. 7). This suggests
that the dominant moisture source of these groundwaters
comes from the south. Similarly, the isotopic compositions
of groundwaters from the Hajar Supergroup aquifer of the
Adam Mountains plot along the water line derived from the
tropical cyclone of 1992 demonstrating the dominant influ-
ence of a southern moisture source in the Hajar Supergroup
aquifer of the Adam Mountains.

Geochemical evolution of groundwater
As a function of time, groundwater tends to attain equilib-
rium with the mineralogy of the aquifer rock. Information
about the present equilibrium state of an individual ground-
water is obtained from the mineral saturation indices (SI),
which describe the tendency of a water to either dissolve
(negative SI) or precipitate (positive SI) a mineral. To quan-
titatively support or reject proposed evolutionary pathways
for the groundwaters from the Hajar Supergroup aquifer
of the Jabal Akhdar to the Southern Alluvial Plain aquifer
mass balance, mass transfer and mixing calculations includ-
ing isotopic data are applied and compared to the calculated
mineral saturation state of the groundwater in question.
Using the pH values measured in the field, the speciation
calculations reveal for most groundwaters an oversatura-
tion with respect to calcite. This is geochemically unlikely
because in calcite-bearing rocks equilibrium with calcite is
commonly established and maintained within days (Pear-
sonetal. 1978). Based on the tritium contents of the ground-
waters, their residence time is in the order of at least a few
years and thus equilibrium with respect to calcite can be
expected for all these groundwaters. There are mainly two
reasons that might account for the calculated calcite over-
saturation: Firstly, outgassing of CO, from the groundwater
might have occurred in the sampling system used, which
was open to the atmosphere. As a consequence a too high
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pH value is measured that is no longer representative for
in-situ conditions and results in an apparent calcite oversat-
uration for the groundwater. Obviously, degassing of CO,
from a water sample will change the total inorganic carbon
(TIC) content of the water and thus prevent accurate mass
balance calculations and corrections of the measured '*C
data. Secondly, the calculated calcite oversaturation might
be true and due to the inhibition of calcite precipitation.
Dissolved Mg is well-known to act as an inhibitor of cal-
cite precipitation (Berner 1975; Plummer et al. 1979) and a
calculated S¢qycite Of up to 0.3 in groundwater with a Mg/Ca
ratio similar to that of seawater (about 5) might in fact
represent in-situ conditions (Appelo and Postma 1996).
Groundwater with Mg/Ca ratios around 5 is only found
in the ophiolite aquifer (Table 2). In these groundwaters a
certain inhibition of calcite precipitation might in fact oc-
cur. However, Slcycie values calculated with the pH value
measured in the field are either between 0 and 0.15 (i.e.
calcite equilibrium) or they are higher than 0.4. In these
latter samples degassing of CO, was observed during sam-
pling, which justifies the correction of the TIC content and
the pH value of these analyses to calcite equilibrium. Sim-
ilarly, the correction of the water analyses to calcite equi-
librium seems also justified for groundwater samples along
flow path 3 and the Southern Alluvial Plain with elevated
Mg/Ca ratios between 1.2 and 3.1 (Table 2) and where de-
gassing of CO, was frequently observed during sampling.

Hajar Supergroup aquifer of the Jabal Akhdar

At calcite equilibrium groundwater from the Hajar Super-
group aquifer of the Jabal Akhdar is in equilibrium with
dolomite, except for two spring waters, which are under-
saturated with respect to dolomite (Table 4). All Jabal
Akhdar groundwaters are undersaturated with respect to
chalcedony, which can be used as a proxi for quartz in
natural groundwaters (Rimstidt 1997).

The chemical evolution of the Jabal Akhdar groundwa-
ters can be explained by direct infiltration of rainfall with
subsequent uptake of soil-CO, resulting in the dissolution
of calcite and dolomite, and the oxidation of pyrite induced
by the dissolved oxygen in rainwater. The congruent dis-
solution of calcite and dolomite is then described as:

CaCOs), + CO, + H,0 = Ca®t + 2HCO; 1)
CaMg(CO3)y) 4 2CO, + 2H,0 = Ca®*
+Mg*t +4HCO; )

The CO; in these reactions is derived from the atmosphere
and, where present, from the soil cover. In general, dissolu-
tion of dolomite is slower than that of calcite and may often
take place in significant amounts only below the water table
under closed system conditions (Busenberg and Plummer
1982; Clark and Fritz 1997).

The molar Mg/Ca ratios in groundwater samples from
springs and boreholes from the Hajar Supergroup aquifer of
the Jabal Akhdar are either below or around one (Table 2).
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No Well ID Calcite Log Pco, Dolomite Gypsum Magnesite  Brucite Quartz Chalcedony
Hajar Super Group Aquifer: Jabal Akhdar
1 JAO5 0 —1.66 0.09 0.28 —0.16
2 JA17 0 —1.78 0.05 0.32 —0.11
3 SP03 —0.11 —1.61 —-0.92 0.32 —0.11
4 SP04 0 —2.07 —-0.42 na na
5 SP05 0 -19 —0.08 0.17 —0.24
6 SP06 0 —-1.99 0.16 na na
7 SPO7 0 —2.01 —0.14 0.18 —0.26
8 SP08 0 —1.58 —0.07 0.23 —0.2
9 SP09 0 —2.39 0.18 na na
10 SP10 0 —2.55 0 na na
11 NSA32 0 —2.04 0.07 0.19 —0.21
12 NSA09 0 —1.52 —0.02 0.22 —0.19
73 JA10S 0 -1.9 0.16 0.21 —0.19
Hajar Super Group Aquifer: Adam Mountains
68 AAO01 0 —1.65 0.37 —-1.1 0.48 0.09
69 ADMO3 0 —1.6 0.29 —1.15 0.39 0.01
71 ADMO1 0 —-2.03 0.1 —1.95 0.26 —0.13
74 AA07 0 —1.71 0.2 —1.12 0.44 0.05
Ophiolite aquifer
59 WHFO9R 0 —2.57 0.84 0.25 —3.46 na na
60 SHDI1R 0 —2.32 0.76 0.16 -3.73 0.56 0.16
61 F2204 0 —3.67 0.95 0.36 —2.44 na na
62 F2221 0 —2.15 0.98 0.39 -3.95 na na
63 F0474 0 —2.36 0.86 0.26 -3.67 na na
64 F0473 0 —2.58 1.04 0.45 —3.42 na na
66 WNZ21A —-04 —1.58 —0.11 —0.31 —4.98 0.56 0.16
67 WNZ08 0 —1.45 0.75 0.15 —4.61 0.65 0.25
Alluvial Aquifer: Piedmont
Flow path 1
13 NSAI1S 0 —2.13 —0.06 -2.1 —0.65 —4.85 0.19 —0.21
14 F5 0 —1.75 0.01 —1.95 —0.58 —5.14 0.31 —0.09
15 F6 0 —1.89 —0.06 —2.01 —0.65 —-5.25 0.24 —0.17
16 NTF6 0 —-1.92 0.13 —-2.13 —-0.47 —4.79 0.45 0.05
17 WNZ4R 0 —1.45 —0.02 —1.84 —0.62 —5.47 0.48 0.08
18 NSA16B 0 —1.81 0.04 —2.15 —0.56 —5.06 0.35 —0.05
19 IM247F 0 —-2.02 0.07 —2.26 —0.52 —4.86 0.39 —0.02
Flow path 2
20 NSA17 0 —2.28 —0.04 —2.05 —0.63 —4.72 0.3 —0.1
21 APM1 0 —2.4 0.2 —2.22 —0.39 —4.32 na na
22 APM6 0 —1.87 0.17 —-2.03 —0.46 —4.88 na na
23 APM7 0 —1.81 0.01 —2.01 —0.59 —5.07 0.29 —0.12
24 APM10 0 —2.22 0.35 —2.23 —0.24 —4.27 0.57 0.17
25 APMI15 0 —1.73 0.21 —-1.94 —0.38 —4.99 0.57 0.16
26 MN21 0 —2.02 0.08 —2.08 —-0.52 —4.72 0.47 0.07
27 MN24 —0.1 —1.68 —0.09 —1.88 —0.59 -5.19 0.47 0.07
28 MN9-01 —0.33 —1.42 -0.3 —-1.97 —0.57 —5.33 0.59 0.2
29 IM243F 0 —1.90 0.02 —1.98 —0.58 -5.1 0.36 —0.05
45 MN16-01 —0.64 —1.63 —0.66 —2.27 —0.62 -5.19 0.52 0.12
Flow path 3
30 APHI5 0 —1.75 0.35 —2.45 —0.24 —4.83 na na
31 APHI 0 —2.06 0.46 —2.66 —0.14 —4.41 na na
32 APHS5 0 —2.34 0.25 —2.78 —0.34 —4.48 0.45 0.03
33 APH4 0 —2.04 0.36 —2.68 -0.23 —4.59 0.55 0.14
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Table 4 Continued

34 APH3 0 —-1.79 0.45
35 APHS 0 —-1.93 0.71
36 WHEF3R 0 -2 0.58
37 APHO7 0 -2.1 0.54
38 NSA18B 0 —1.64 0.73
39 WHF4R 0 —1.94 0.71
40 APHO02 0 —-1.91 0.4

41 APH12 0 —1.82 0.28

Alluvial Aquifer Southern Alluvial Plain

42 MNS5-01 —0.06 —-1.93 0.4

43 MN3-03 0 —1.84 0.56
44 MNB8-01 —0.13 -1.6 0.27
46 NWS4 0 —2.06 0.63
47 NWS10 0 —1.87 0.56
48 NWS15 0 —1.78 0.61
49 NWS6 0 —1.92 0.59
50 NWS5 0 —1.85 0.57
51 NSA33A 0 —1.74 0.57
52 NSA35A 0 —-1.81 0.52
53 AGO4 —0.04 —2.08 0.43
54 AG33 0 —2.01 0.5

55 AG35 0 —1.83 0.57
56 WH10 0 —-1.71 0.42
57 WH27 0 —1.68 0.5

58 WH21 0 —1.61 0.51

-2.9 —0.15 —4.73 na na
—2.09 0.12 —4.25 na na
—2.01 —0.01 —4.33 0.5 0.09
—2.49 —0.06 —4.3 na na
—1.99 0.14 —4.59 0.62 0.21
—2.01 0.11 —4.18 na na
—-2.72 —0.18 —4.63 0.51 0.1
—2.45 —0.31 —4.84 0.44 0.04
—1.5 —0.14 —44 0.6 0.21
—1.87 —0.03 —4.45 0.66 0.26
—1.51 -0.2 —4.77 0.62 0.22
—2.19 0.03 —4.08 0.58 0.18
—1.87 —0.03 —4.45 0.43 0.03
—1.49 0.02 —4.45 0.7 0.3
—-1.72 —0.01 —4.33 0.6 0.2
—1.8 —0.02 —4.45 0.62 0.22
—1.35 —0.03 —4.5 0.68 0.28
—1.61 —0.05 —4.45 0.63 0.23
—1.58 —0.16 —4.3 0.54 0.14
—1.49 —0.1 —4.27 0.52 0.12
—1.57 —0.02 —4.36 0.62 0.22
—1.25 —0.18 —4.69 0.65 0.25
—1.29 -0.1 —4.66 0.64 0.24
—1.21 —0.08 —4.69 0.68 0.28

The calculations were done with PHREEQC 2, using the WATEQA4f data base

The increase in the sulfate concentration of groundwater
from the Jabal Akhdar (0.15-1.16 mmol/l) compared to
the average sulfate concentration in rainfall (0.12 mmol/l;
Stanger 1986) is attributed to small amounts of pyrite oxida-
tion. Pyrite is a common mineral phase within the micritic
matrix of organic-rich, shaly limestones in the Permian
to Cretaceous carbonate rocks of the Hajar Supergroup
aquifer (Rathmayr 2000). The acidity produced by pyrite
oxidation will additionally promote calcite dissolution
according to:

CaCOs), + HT = Ca’* + HCO; 3)
The calculated mass transfer and isotopic composition of
TIC (8"3Cryc) is presented in Table 5. The isotopic data
used in these calculations for calcite and dolomite of the
Hajar Supergroup sediments and soil-CO, are taken from
the literature and given in Table 6. The measured §'*Cryc
values are well reproduced by the calculations using the
appropriate §'3C value for s0il-CO, (cf. Table 6) and sup-
port the proposed geochemical evolution. Differences exist,
however, in the calculation of the dilution of the *C ac-
tivity by '#*C-free carbon from mineral dissolution. For the
high-altitude waters of the Jabal Akhdar (samples JAOS
and JA17) the mass balance calculations reveal that the de-
crease of the '4C activity in rain is almost entirely made by
dilution with '*C-free carbon from the dissolution of cal-
cite and dolomite. The average “C-residence time of these
waters is calculated to be less than 50 years in agreement

Hydrogeology Journal (2005) 14: 203-224

with the measured *H activities (Table 2). As shown above,
the low-altitude waters (sample NSA09 and NSA32) repre-
sent a mixture of high-altitude water and local infiltration,
which inhibits the derivation of a '*C-residence time. In
combination with the *H activity one component appears
to be older than 50 years, while the other must be recent.
It is important to recognize that '*C activities of <54 pmc
in the recharge area of the Jabal Akhdar are significantly
lower compared to those measured in groundwater from the
down-gradient alluvial aquifer (61.5-90 pmc). This bears
its consequences on the origin and evolution of these allu-
vial groundwaters.

Ophiolite aquifer

Groundwaters from the ophiolite aquifer display a large
variability in total mineralization (580+318 mg/l TDS)
and CI concentrations (113.0£75.2 mg/l Cl) indicating
different degrees of geochemical evolution. All ophiolite
groundwaters were sampled from strongly serpentinized
peridotites where contact with the primary mineralogy of
the rocks is limited. This is indicated by the high mo-
lar Mg?*/H,4Si0y4 (9.2) and Ca®*/H4SiO4 (2.3) ratios in
the groundwaters, which differ significantly from the pri-
mary mineral assemblage in the rock (Mg>*/SiO, =1.63,
Ca’*/Si0, =0.007), and which suggest that primary min-
eral dissolution is not a dominant process (Stanger 1986).
Therefore, the chemistry and the evolution of the shal-
low ophiolite groundwater differs from that of the high-pH
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Table 5 Results of

Mass transfer (mmol/kg H,O)

chemical and isotope mass

balance calculations to Initial Final Calcite Dolomite CO; (g) 83C (%) 'C (pmc)  Residence time (years)®

teyaluafte 14C1 retsi((jience High-altitude groundwater

imes for selecte .

groundwater samples Rain  JAO5 0.18 1.53 3.75 —9.1 54.3 <50

from the Hajar Supergroup Rain JA17 0.11 1.45 2.26 —8.5 46.8 <50

aquifer in the Jabal Akhdar Low-altitude groundwater
Rain NSA09 0.77 1.36 2.13 —7.6 42.0 Component 1: <50

Component 2: >50

Rain NSA32 0.18 1.31 0.95 —6.6 394 Component 1: <50

Component 2: >50

Positive numbers in the chemical mass transfer indicate dissolution of a mineral phase. The calculated §'3C
values (%cPDB) match with those measured for the high- and low-altitude groundwaters using the corresponding
$0il-CO, values (cf. Table 6). Carbon-14 residence times can be calculated for the high-altitude waters whereas
the low-altitude waters represent mixtures of different waters (see text)

aIncludes analytical uncertainty and uncertainty in the initial '*C input values (100—110 pmc)

Table 6 Selected isotopic

properties of phases included in Phases 8C (%o) “C(pmc)  Reference
the mass transfer calculations Calcite 0.042.0 0 Hoefs (1997)
Dolomite 0+2.0 0 Hoefs (1997)
CO,(g)soil high-altitude —15£2.0 100-110 Clark (1987)
CO,(g)soil low-altitude —20+2.0 100-110
Cansult/Gartner and Lee (1986)
Magnesite —-7.8£1.1 0 C.E. Weyhenmeyer (2003,
personal communication)
High-Mg-calcite cement (secondary)® —6.5 0 Burns and Matter (1995)
#Including only measurements Dolomite cement (secondary)® —69+1.8 0 Burns and Matter (1995)
from the south of the Oman Calcite cement (secondary)? —-5.6+15 0 Burns and Matter (1995)

Mountains (see Burns and

Matter 1995) Brucite, gypsum, halite quartz

groundwater (pH between 11 and 12) of the chemical Mg—
OH and Ca—OH type that evolves at greater depth in the
ophiolite and is found elsewhere in the area (Neal and
Stanger 1985; Clark 1987; Clark and Fontes 1990). The
high magnesium concentrations in the shallow, Mg—(Na)—
HCO;—(Cl) type groundwaters of the ophiolite aquifer re-
sult at calcite equilibrium in an oversaturation of the wa-
ters with respect to dolomite and magnesite. They are fur-
ther oversaturated with respect to chalcedony (as a proxi
for quartz, see above) and undersaturated with respect to
brucite.

The chemical evolution of surface water and shallow
groundwater in the ophiolites is discussed by Neal and
Stanger (1985) and Stanger (1986). According to these au-
thors, the Mg—(Na)-HCO;—(Cl) type waters are the result
of weathering and evaporative processes in a system open to
the atmosphere. The high magnesium and bicarbonate con-
centrations are attributed to the dissolution of near-surface
brucite according to:

Mg(OH)y) + 2C0O, = Mg*™ + 2HCO3 4)
The high solubility of brucite accounts for the generation
of Mg-HCOs3 type surface and shallow groundwater in
completely serpentinized rocks, which is consistent with
the low brucite content in these strongly weathered rocks
(Neal and Stanger 1985). Neal and Stanger (1985) further
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postulated that continuous brucite dissolution in the shallow
aquifer will lead to the formation of secondary magnesite
according to:
Mg(OH)y+ Mgt +2HCO; =2MgCO;5+2H,0  (5)
Magnesite veins of some millimeters to decimeters in thick-
ness are abundant in the ultramafics and the formation of
such magnesite is in agreement with the magnesite super-
saturation calculated for the shallow ophiolite groundwa-
ters of the present study. In addition, the carbonate iso-
topic composition (§'30, §'*C) of magnesite from such
veins confirms a formation under low-temperature condi-
tions from a meteoric fluid (C.E. Weyhenmeyer personal
communication 2003).

Piedmont alluvial aquifer

The general chemical composition, total mineralization and
Ca/Mg ratios of groundwater along flow paths 1 and 2 in
the piedmont alluvial aquifer are similar to those of the
Hajar Supergroup aquifer of the Jabal Akhdar (Table 2,
Figs. 3 and 4). These latter groundwaters are in equilib-
rium with respect to calcite and dolomite and close to or at
equilibrium with respect to chalcedony, but undersaturated
with respect to all other mineral phases (Table 4). This in-
dicates that their general chemical evolution is essentially
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the same as for groundwater from the Jabal Akhdar. This
is not surprising because the sediments of Wadi Abyadh
(flow path 1) and Wadi Mu’aydin (flow path 2) are essen-
tially made of debris from the Jabal Akhdar mountains.
The only difference is the cementation of the wadi sedi-
ments with secondary calcite and dolomite that has about
6-9%dower §'3C values (Burns and Matter 1995) com-
pared to the mainly marine Hajar Supergroup carbonates.
Based on their stable isotope composition (§'30, §2H)
and the Cl concentration, these groundwaters represent
a mixture of high-altitude Jabal Akhdar water and lo-
cal infiltration. The §'3Cryc is significantly more nega-
tive (<—12.5%0) compared to these of the Jabal Akhdar
groundwater (—6.2 to —8.5%o). These negative §'3Crc val-
ues therefore support a local recharge component, which
will dissolve secondary carbonate cement during its infil-
tration into the underground until chemical equilibrium is
attained. In contrast, groundwaters along flow path 3 (Wadi
Halfayn) are oversaturated with dolomite and commonly
undersaturated with magnesite (Table 4). The Mg/Ca ra-
tio of these groundwaters (2.0£0.8, n=12) is higher com-
pared to that of flow path 1 (0.6+0.1, n=6) and flow path 2
(0.9£0.3, n=11). Groundwater at equilibrium with calcite
and dolomite has a Mg/Ca ratio of about 0.8 indicating an
additional Mg source in the groundwaters along flow path 3.
The following potential sources for recharge to the allu-
vial aquifer in the piedmont of Wadi Halfayn can be defined
based on the hydrogeological setting: (1) direct infiltration
of rainfall, (2) infiltration of surface runoff from the Ja-
bal Akhdar along active wadi channels, (3) groundwater
from the adjacent Hajar Supergroup aquifer, and (4) sur-
face runoff and/or shallow groundwater from the adjacent
ophiolite aquifer. Mixing calculations using §'80 and Cl as

mixing variables and mean chemical compositions of the
four potential sources (Table 7) reveal that the chemical
and stable isotopic composition of the average flow path
3 groundwater (target alluvium water in Table 7) is the
result of a three component mixture of rain (~10%), sur-
face runoff (~40%) and water from the adjacent ophiolite
aquifer (~50%) (Table 8). The mixing fractions calculated
for §'80 and Cl agree with each other, and the observed
composition and mineral saturation state of the target water
can be reproduced by this mixture including dissolution of a
magnesium carbonate phase in the alluvial sediments along
flow path 3 (Table 8). Models including either dissolution
of secondary dolomite (Model 1, Table 8) or magnesite
(Model 2, Table 8) are in best agreement with the observed
composition and mineral saturation state. But due to the
very similar results between these two models and more or
less similar §'3C values of secondary dolomite (—6.9%0)
and magnesite (—7.8%o), it is not possible to distinguish
between these two magnesium carbonates as the dominant
magnesium source.

The simulations can reproduce all measured concen-
trations of the target water with the exception of TIC
(Table 8). This results in the inverse mass balance and
mixing calculations in a mass transfer of CO,(g) into
the aquifer (CO;-ingassing), which is consistent with
the less negative 8"°Cric value in the alluvial target
water compared to the more negative §'3Cric in the
ophiolite water (—15.5%o) that makes up the dominant
mixing fraction (Table 8). Furthermore, CO,(g) ingassing
might occur along flow path 3, since the shallow aquifer
in the piedmont area of Wadi Halfayn is unconfined
and exchange with atmospheric CO,(g) seems to be
possible.

Table 7 Averaged chemical

. : o Pure rain Surface flow  Groundwater HSG ~ Groundwater  Target alluvial
and isotopic composition of . o
rainfall, surface water ar.ld low-altitude ophiolite water
ggsgﬁwﬁ gzll?atyh: piedmont by 6.00 7.41 7.37 7.50 7.39
T(°C) 25.0 26.0 28.8 30.3 323
Ca 0.21 1.36 1.54 0.94 0.92
Mg 0.03 0.43 0.83 2.19 1.70
Na 0.06 0.62 1.25 2.17 1.40
K 0.02 0.05 0.05 0.05 0.06
Si na 0.17 0.21 0.63 0.42
Cric 0.02 3.36 3.40 4.34 4.44
Th " ¢ Cl 0.08 0.63 1.33 2.06 1.44
e mean composition o
rainfall and surface runoff were S04 0.04 0.16 0.53 0.60 0.36
calculated using rainfall NO; 0.09 0.02 0.05 0.09 0.16
samples that were collected in 8180 (%o) —1.67 —2.26 —2.59 -0.97 —1.68
the area during the period of 13 _ _ _ _ _
19971999 by the Ministry of 8°C (%o0) 7.00 6.32 7.20 15.50 12.45
Water Resources and the author 1 )
(unpublished data). In addition, ~ Calcite 0.00 0.00 0.00 0.00
theh avlf;rage corréposition of Dolomite —-0.36 —0.06 0.56 0.47
ophiolite groundwater was _ _ _ _ _
calculated from samples, which Log PCO? 3.50 2.14 2.08 2.06 1.97
originate from the ophiolite Mg-calcite 0.55
foothills east of flow path 3 (see ~ Gypsum —2.46 —2.18 —2.49
Fig. 1). It includes sample 59 Magnesite —0.94 —0.12
(Table 2) and six samples from : _ _
Rathmayr (2000) Brucite 4.58 4.49
Hydrogeology Journal (2005) 14: 203-224 DOI 10.1007/s10040-004-0425-2
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Table 8 Results of the
chemical and isotope mass
balance calculations including

Simulated chemical composition
and saturation states

Target alluvial
water (measured)

mixing to evaluate the potential pH 7.44 7.43 739
recharge and magnesium )
sources for the alluvial Ca 1 1.02 0.92
groundwater in the piedmont of ~ Mg 1.69 1.69 1.7
Wadi Halfayn. Model 1 includes Na 1.39 1.38 1.4
secondary dolomite and Model Cric 431 4.36 4.44
2 magnesite as possible ’ ’ ’
magnesium sources. Positive Cl 1.35 1.33 L44
numbers in the mass transfer SO, 0.38 0.38 0.36
indicate dissolution of the Saturation indices
mineral phase and negative Calcite 0 0 0
number precipitation. The .
simulated chemical composition ~ Dolomite 0.4 0.38 0.42
is compared to the observed one ~ pCO, —2.05 —-2.03 —-1.92
(target alluvial water, cf. Magnesite —0.19 —02 —0.15
Table 7) Gypsum 231 23 25

Mixing calculations Model 1 Model 2

Mixing fractions

Rain 0.089 0.1085

Surface flow 0.38 0.3609

Ophiolite water 0.5266 0.5306

Mass transfer (mmol/kg H,O)

Phases

Calcite —-0.42

Secondary dolomite 0.37

Magnesite 0.37

COx(g) 0.39 0.46

Southern alluvial plain aquifer

South of the piedmont area groundwater from Wadi Abydah
(flow path 1) and Wadi Mu’aydin (flow path 2) mixes and
merges with groundwater from Wadi Halfayn (flow path 3)
and flows southwards towards the Adam Mountains. South-
ern Alluvial Plain groundwaters display a similar mineral
saturation as calculated for the alluvial piedmont ground-
waters except that they become less undersaturated with
respect to gypsum (Table 4) as a function of distance. It
should be recalled here that the alluvial deposits of the
Southern Alluvial Plain consist of about equal amounts of
Hajar Supergroup carbonate and weathered ophiolitic (con-
taining brucite and magnesite) debris. In addition, gypsum
and halite are observed in salt crusts at the surface and in
near-surface levels where they are formed during evapo-
ration of water derived from weak precipitation or wadi
flood events. The alluvial deposits are cemented to dif-
ferent degrees with secondary disordered dolomite, calcite
and high-magnesium calcite (HMC).

Mixing of two (or more) water components might result
in additional mineral dissolution even when the individual
components are in equilibrium with respect to that min-
eral phase, given that there are significant enough differ-
ences in the chemistry of the two components (e.g. Plum-
mer 1975; Appelo and Postma 1996). Mixing calculations
show that the chemical compositions of the alluvial pied-
mont groundwaters are too similar to induce significant
additional mineral dissolution. Therefore, mixing cannot
explain the increase in Cl, Na, SO4, Ca and Mg observed
in the Southern Alluvial Plain groundwaters from north

Hydrogeology Journal (2005) 14: 203-224

to south. As shown in Figs. 8 and 9 this general increase
with distance is interrupted by segments with lower con-
centrations between sample location 49 and 52 and 53-55
(cf. Fig. 1), indicating a larger contribution of more dilute
water from Wadi Halfayn (flow path 3) and the Bahla Sys-
tem, respectively (Fig. 1). In spite of the above-mentioned
segmentation the general trend of groundwater evolution
remains unchanged.

Because mixing of piedmont groundwaters cannot ex-
plain the observed increase in solutes, there must be a driv-
ing force for additional mineral dissolution along the flow
path from north to south in the Southern Alluvial Plain. As
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Fig.8 Cland SO, vs. distance plot of groundwater samples along the
N-S flow path in the Southern Alluvial Plain shows the general trend
to higher concentrations further down gradient. Note the interruption
of the general trend (see text for explanation)
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Fig.9 Caand Mg vs. distance plot of groundwater samples along the
N-S flow path in the Southern Alluvial plain illustrates the general
trend of increasing concentrations along the flow path. The increase
is not linear with distance. Note the interruption of the general trend
between sample locations 49-52 and 53-55 (see text for explanation)

shown in Fig. 6, the concentrations of Mg and Ca correlate
with that of sulfate. This suggests that dedolomitization,
i.e. dolomite dissolution induced by the dissolution of gyp-
sum while maintaining equilibrium with calcite (e.g. Back
et al. 1983; Plummer et al. 1990), might be the responsible
process. Dissolution of other minerals in the alluvial
gravels such as brucite, serpentine, magnesite, and primary
ophiolite minerals may explain the increase in Mg
concentrations, but it cannot explain those of SO, and Ca.
In addition, dissolution of the primary ophiolite minerals
cannot account for the almost constant Si concentration,
and moreover they have also slower dissolution kinetics
compared to dolomite (e.g. Chou et al. 1989; Brantley
and Chen 1995). Although dissolution of such minerals
might still occur to some degree, it does not explain the
overall geochemical evolution of the Southern Alluvial
Plain groundwaters.

To test the proposed hypothesis of dedolomitization as
the dominant evolutionary process of the Southern Allu-
vial Plain groundwaters, reaction path calculations were
performed using the Cl concentration as a reaction progress
variable. An average alluvial piedmont groundwater (tar-
get alluvial water in Table 5) was taken as starting solution
whereas an evolved groundwater from the Southern Al-
luvial Plain (AG35, sample location 55, see Table 2 and
Fig. 1) was adopted as final solution to calculate the dif-
ference in Cl concentration. In fact, the dedolomitization
model can predict within the cumulative error the compo-
sitional changes and saturation states of groundwaters as
observed from north to south in the Southern Alluvial Plain
(Figs. 10-12). Using one of the above alternative sources
for Mg combined with gypsum dissolution, however, the
model calculations cannot predict the observed concentra-
tions of Mg and Ca (magnesite) and the pH and pCO,
(brucite, primary ophiolite minerals). Similarly, the model
using high-magnesium calcite, for which an equilibrium
constant was calculated for a solid-solution with 30 mol%
Mg according to Busenberg and Plummer (1989), does not
predict the Ca and Mg concentrations and pH within the
cumulative error.
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Fig.11 Comparison of modeled and measured calcium, magnesium,
total inorganic carbon and sulfate concentrations during dedolomiti-
zation as a function of the reaction progress here represented by the
increase in Cl

However, there is only fair agreement between modeled
and observed §"3Crc values and the dedolomitization
model yields too low '*C activities compared to the
measured ones (Fig. 13). For the §'*Cryc one might argue
that the assumed average values for secondary carbonate
cements (8§'°C=-8.5%cPDB) might not be entirely
representative. Furthermore, possible effects on the carbon
isotope composition during mixing with lower mineralized
groundwater from flow path 3, as suggested from the Cl
and SO, concentrations (Fig. 8), are not taken into account
by the calculations. Unfortunately, the lack of §'°C data
from the cements in the Southern Alluvial Plain and the
large spread observed in isotopic data of such cements
(Burns and Matter 1995) do not allow better constraint of
the calculations.

In the model, the '*C activity drops rapidly from the as-
sumed starting value (100 pmc) to values between 60 and
70 pmc and then continuously to values below 40 pmc
(Fig. 13). The initial rapid drop is due to the large amount
of C-free carbonate from the induced dolomite dissolu-
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Fig. 13 Comparison of modeled and measured §'*C-values and '*C
activities during dedolomitization. Error bars for '*C measurements
have the same size as the symbols and are not plotted

tion, which gradually decreases as soon as dolomite ap-
proaches equilibrium. Sensitivity analysis shows that the
calculated '*C activities are sensitive to the assumed start-
ing value at the beginning of the proposed evolutionary
path but no more towards its end. This strongly suggests
that in the southern alluvium a local modern component
high in '*C must mix with the groundwater derived from
the piedmont. It should be noted that direct infiltration into
the southern alluvium could be either rainfall and/or sur-
face runoff in the wadi channels as a result of strong rain
events. Such infiltration would result in a similar chemi-
cal composition because the rain/surface water would re-
act with the salt and gypsum crust and the same alluvial
sediments during its infiltration as does the groundwater.
This even allows a rough estimate of this locally infiltrated
component, which is in the order of 40-50% for the last
two sampling locations (52 and 55) based on 4C. Obvi-
ously, this estimate has to be treated carefully and needs
to be supported by other isotopic data for which, however,
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Fig. 14 (a) Pressure response (hydrograph) in two wells from the
deep alluvial aquifer (interfluvial area), and (b) pressure response
of two wells from the shallow alluvial aquifer along active wadi
channels. All four wells are situated in the southern alluvial plain and
their pressure response illustrates differences in recharge frequency
(see Table 2 for locations)

monitoring of groundwater over a longer time period is
required.

Local infiltration proposed on the '“C data in the South-
ern Alluvial Plain does not contradict the low 3H activities
observed in some of the deep groundwaters such as at loca-
tions 52 and 55. Hydrograph measurements show distinct
differences in recharge frequency between deep and shal-
low wells, the latter being situated in active wadi channels.
As shown in Fig. 14, the *H-free deep groundwater at lo-
cations 52 an 55 (wells NSA35A and AG35) display an ir-
regular recharge frequency between about every 4-6 years,
while a more regular, almost annual frequency is observed
for 3H-bearing shallow wells (e.g. location 57). This sug-
gests that in the deeper alluvial aquifer the *H activity of the
locally infiltrated water component might decrease consid-
erably, while the '“C activity only imperceptibly changes
between two infrequent local recharge events. Large dif-
ferences in *H activity between shallow and deep alluvial
groundwaters were also observed by Cansult/Gartner and
Lee (1986) and Clark (1987). These authors proposed that
the shallow alluvial groundwater in the Southern Alluvial
Plain that has been recharged by wadi flow originating in the
Jabal Akhdar exhibits ages between 5 and 10 years. In con-
trast, the average residence time of groundwater sampled
away from active wadi channels in the Southern Alluvial
Plain is older than about 35 years.

Adam Mountains

The highly mineralized deep groundwaters of the from
Hajar Supergroup aquifer of the Adam Mountains display
the same mineral saturation state as those from the Hajar
Supergroup aquifer from the Jabal Akhdar, except that they
are also in equilibrium with chalcedony ( SI =0 £ 0.1).
Their chemical composition indicates an advanced state
of groundwater evolution, which, however, cannot be
entirely resolved based on the present data. The absence
of measurable 3H indicates for the §'3Cyic values (—6.7
to —10.6%o0) of these groundwaters that the dissolved
carbon might partly come from marine sediments (less
negative values). In addition 8'*Cryc values are influenced
by sulfate reduction as observed in the Adam Mountains
groundwaters. Adopting a similar chemical evolution as for
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the southern alluvial groundwater, a corrected maximum
14 residence time of more than 3,500 years is calculated
for location 69 (well ADMO3 in Tables 2-4). Although
the stable water isotopes might indicate a predominantly
southern moisture source for these waters under present-
day conditions (Fig. 7), such an interpretation has to be
treated carefully because of the large uncertainty attached
to the backwards extrapolation of present-day precipitation
isotopic data over several thousands of years.

Conclusions

Geochemical modeling in combination with environmental
isotope data led to the following qualitative and quantitative
assessment of the origin and geochemical evolution of the
different groundwater types in the Halfayn alluvial aquifer
system:

A. Piedmont alluvial groundwaters along flow path 1
(Wadi Abyadh) and 2 (Wadi M’uaydin) represent a mix-
ture between high-altitude water derived from the Hajar
Supergroup aquifer of the Jabal Akhdar and locally in-
filtrated water. This latter component is significant as
indicated by the higher *H and '*C activities, the less
depleted 180 values, and more negative 8B Cryc values,
which are derived from secondary carbonate dissolu-
tion. The unevenly timed recharge events, however, re-
sult in a rather large spread in chemical and isotopic
compositions, which inhibits a quantification of the in-
dividual proportions based on a single data set.

B. The chemical and isotopic composition of groundwater
along flow path 3 (Wadi Halfayn) is the result of a three
component mixture of water originating from the Jabal
Akhdar as surface runoff, the ophiolite aquifer and local
recharge by infiltrating rain water, whereas significant
inflow (~50%) is provided from the adjacent ophio-
lite foothills as lateral recharge through surface runoff
or subsurface inflow. This results in characteristically
increased Mg/Ca ratios, increased chloride concentra-
tions, and less depleted §'80 values similar to those
from the ophiolite aquifer.

C. Directinfiltration by either rainfall and/or surface runoff
in the wadi channels was found to be an important
source of recharge to the alluvial aquifer in the South-
ern Alluvial Plain. The combination of chemical and
(radio)isotope data revealed that the observed ground-
water compositions can only be explained by a mixture
between this modern direct infiltration component and
groundwater derived from the piedmont with a longer
residence time. The geochemical evolution is charac-
terized by dedolomitization as the main process besides
halite dissolution as can be shown by reaction path mod-
eling and which is consistent with the (hydro)geologic
observations.

D. When compared to existing local meteoric water lines
of Oman, the groundwater stable isotope data (!30, ?H)
from the different aquifers from the study area suggest
that different moisture sources contribute to recharge.
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Groundwater from the Hajar Supergroup aquifer of the
Jabal Akhdar is a mixture between a typical northern
and southern moisture source. A significant northern
moisture source is also present in the piedmont alluvial
groundwaters. In contrast, the stable isotope compo-
sition of groundwaters from the ophiolite aquifer, the
alluvial aquifer in the Southern Alluvial Plain and the
Hajar Supergroup aquifer of the Adam Mountains indi-
cates that recharge occurs predominantly from southern
moisture sources (low-pressure systems and/or tropical
cyclones).

Overall, this study provides new detailed information
about different recharge areas, sources of recharge and the
geochemical evolution of groundwater in the Halfayn allu-
vial aquifer system. In addition, the combination of isotopic
with geochemical data and the integration of these data in
a regional hydrogeochemical model allowed to set new
boundary conditions for the alluvial aquifer and improve
the understanding of a complex aquifer system in an arid
area.
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