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ABSTRACT

This study demonstrates groundwater quality differences between a limestone and a dolomitic lime-
stone, (sub)oxic coastal aquifer in the Eastern Mediterranean (Lebanon), with and without ongoing
moderate salinization since the last decades. For this purpose, 8 major and 50 trace elements (TEs) were
analyzed in 80 water and 65 rock samples, and interpreted with a quad-fold approach utilizing: (1)
nonparametric statistical tests, (2) concentration deviations from ideal conservative freshwater
—seawater mixing lines, (3) a new parameter called Mixing Enrichment Factor to assess the mobility of
chemical constituents under salinizing conditions, and (4) 1-D dual porosity flow path modeling with
PHREEQC. Dissolution/precipitation of CaxMgySr,CO3 and cation exchange were the main disclosed
hydrogeochemical processes besides minor signs of organic matter oxidation. In the dolomitic limestone
aquifer, less carbonate dissolved as compared to the limestone aquifer, partly because of lower pCO; in
addition to seawater inflow triggering Mg-calcite precipitation by cation exchange. Saltwater intrusion
led to mobilization of As, Ba, Cu, Ni, Rb, Sr and U in both aquifers, sometimes likely by cation exchange
(e.g. Ba and Sr). Some of these TEs (notably Cu and Ni) recorded higher concentrations in the dolomitic
limestone regardless of salinization. Other elements like Al, Be, Ce, Cr, Nb, Pb, V, Y and Zr revealed no or a
low mobilization tendency. The concentration of all TEs in groundwater remained below drinking water
limits notwithstanding moderate salinization. This classifies carbonate rocks as a weak geogenic source
of TEs, whereas encroaching seawater appears to be a more important source.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

clastic aquifers (Bradford and Kim, 2010); and (4) urbanization of
coastal zones (Porter et al.,, 1996). Approaches to interpret the

Coastal aquifers are known for their complex hydrochemical
nature due to (1) different inputs from precipitation, infiltrating
rivers, intruding seawater, irrigation return flow, and wastewater
infiltration (Stuyfzand, 1999; Post, 2002); (2) additional or inten-
sified processes in the saltwater-freshwater mixing zone such as
dissolution/precipitation, ion exchange, and oxidation/reduction
(Herman et al., 1985; Magaritz and Luzier, 1985; Stuyfzand, 1993a);
(3) changes in permeability and porosity due to enhanced kar-
stification or dolomitization of carbonate aquifers (Wicks and
Herman, 1995; Emblanch et al., 2005) or clay mobilization in
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hydrochemical evolution of groundwater bodies can be subdivided
into 3 main groups: (1) mapping (including the use of water ty-
pologies and quality indices (e.g. Matthess, 1982; Stuyfzand, 1999),
(2) mass balancing (Plummer and Back, 1980; Plummer et al.,
1994; Dai et al., 2006; Stuyfzand, 2011; Parkhurst and Appelo,
2013), and (3) 1-D (Appelo, 1994), 3-D (Prommer et al., 2003)
reactive transport or variable-density groundwater flow and solute
transport modeling (e.g. Sanford and Konikow, 1989; Simmons
et al., 2010).

Studying the behavior of trace elements (TEs) in coastal
groundwater flow systems is important because they need to be
tested against maximum permissible concentrations (MPCs) of
drinking (e.g. Mondal et al., 2010; Al Kuisi et al., 2015; Fiket et al.,
2015) or irrigation water (e.g. Shi et al.,, 2013), and some can be
utilized as tracers of either infiltration water, pollution or
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geochemical processes (e.g. Stuyfzand, 1993b; Gonneea et al., 2014;
O'Connor et al,, 2015; Stuyfzand, 2015a; Sun et al,, 2015). The
behavior of TEs is initially affected by the geochemistry of hosting
rocks, but saltwater intrusion and mixing with freshwater may
trigger further hydrogeochemical processes, notably dissolution/
precipitation and adsorption/desorption. For instance, a carbonate-
philic element like Sr is significantly mobilized upon limestone
dissolution (Shand and Edmunds, 2008; Lin et al., 2013; Gonneea
et al., 2014). Other elements such as, U and Zn have less bonding
affinity to carbonates (Shand and Edmunds, 2008; Gonneea et al.,
2014), but they may be mobilized by increased O, concentrations
(for instance due to leakage of oxygenated water via multi-aquifer
wells) in limestone and clastic (sandstone, shale, and alluvium)
aquifers (Ayotte et al., 2011). Several studies in salinizing sandy
aquifers confirm the affinity of TEs to become mobilized, e.g. Ba
(Stuyfzand, 1993b), Pb and Hg (Sun et al., 2015), or immobilized, e.g.
F, Mo, Rb, V and U (Stuyfzand, 1993b). In carbonate coastal aquifers
with varying Ca/Mg host rock composition, the behavior of TEs has
not yet been thoroughly tackled, except for a study of the Italian
Dolomite Mountains (Frondini et al., 2014); however, salinization
was not an issue there.

This paper focuses on water quality differences between
limestone and dolomitic limestone aquifers with and without
salinization. A (sub)oxic coastal system in the Eastern Mediterra-
nean (Lebanon) is chosen for this purpose. The selected system has
been subject to excessive pumping since 1991. This has intensified
saltwater encroachment. It is yet at a moderate salinizing stage
with maximum seawater fraction <20%. Such carbonate aquifers
are inherently complex due to their karstic nature. Many authors
have addressed the hydrochemistry of Mediterranean coastal
aquifers, e.g. Price and Herman (1991); Pulido-Leboeuf (2004);
Tulipano et al. (2005); MED-EUWI (2007); de Montety et al.
(2008); Sola et al. (2013); Zghibi et al. (2014); Ben Ammar et al.
(2016). In Lebanon, however, hydrochemical studies have applied
classical approaches only, like (a) Piper, Schoeller, Durov, and
Radial plots (Arkadan, 1999; Khadra, 2003; Korfali and Jurdi, 2007,
2009; Saadeh, 2008), or (b) simple water quality indices (Khadra,
2003; Saadeh, 2008; El-Fadel et al., 2014). Recently, Khadra and
Stuyfzand (2014) presented a detailed hydrochemical study of
the (dolomitic) limestone Damour coastal aquifer system to the
south of Beirut. It included a discrimination scheme to define
different groundwater bodies (hydrosomes) and their interbedded
hydrochemical zones (facies) in addition to the derivation of
baseline quality for main constituents, stable isotopes, and many
TEs.

The emphasis in this manuscript is given to the hydrochemical
effects induced by saltwater intrusion (SWI) on various major
constituents and trace elements in conjunction with potential
geochemical differences between limestone and dolomitic lime-
stone units. Four lines of research are followed for this purpose, in
logical order of increasing complexity: (1) statistics on 4 water
groups (limestone vs. Dolomitic limestone with and without sali-
nization); (2) shifts in concentrations of major ions from ideal
seawater and freshwater mixing lines; (3) use of Mixing Enrich-
ment Factor (MEF), which is introduced here as a new parameter to
assess mobility of chemical constituents when mixing (including
salinization) occurs; and (4) 1-D flow path PHREEQC modeling with
dual porosity formulation. Lines 1 and 3 analyze many species
including TEs, whereas lines 2 and 4 are limited to Na, K, Ca, Mg,
SOy, TIC (or alkalinity), and occasionally Sr. 50 TE (including metals,
metalloids, lanthanoids, and actinoids) are considered. Their total
amount in groundwater is <0.3% of the total dissolved solids for all
analyzed samples. 15 elements provide meaningful indications,
whereas the others have concentrations constantly below their
minimum detection limit (MDL).

2. Setting and methods
2.1. Site description

The study area spans an area of 60 km? along the coastal zone
of Lebanon in the Eastern Mediterranean (Fig. 1). It has a humid
mesothermal Mediterranean climate characterized by dry sum-
mers and relatively mild, moist winters with sunshine abundance.
The annual precipitation record over the last 25 years showed a
range between 352 and 1163 mm, with an average of 770 mm
(Meteorological Service, 2010). Orographic precipitation is
enhanced on the western side of the Lebanese mountain range
due to humid westerly winds from above the Mediterranean Sea.
A climatic cycle with extreme conditions of rainfall or partial
drought is expected at a return period of ca. 14 years (Arkadan,
2008).

The geology of the area is shown in Figs. 1 and 2, and the
hydrostratigraphic units are described in Table 1. The two main
hosting units are the C4¢-Cs dolomitic limestone and the coastal Cg-
Q limestone. Their exposed parts have few paved surfaces only, and
they are considered as major recharge zones for rainfall. Ground-
water then flows westward to discharge in low areas at the sea
excluding intercepted volumes by pumping wells. Groundwater
recharge of local origin was confirmed by the downgradient
hydrochemical patterns in oxidants, pollutants, and the strontium
maturity index (Khadra and Stuyfzand, 2014). Water budget com-
ponents are summarized in Table 2.

The baseline groundwater quality of the main (C4c-Cs) aquifer is
typical for dolomitic limestone showing oligohaline-fresh, (sub)
oxic, calcareous CaHCO3; water. Hydrochemical conditions in
1979—-1980 (i.e. 11 years before excessive pumping started) at
Naameh-Haret El Naameh villages in the C4-Cs aquifer recorded
fresh CaHCO3; water type with 115 mg CI/L at 1200 m from the
shoreline (Khadra, 2003). Water quality has been deteriorating
westward due to saltwater intrusion. Salinizing NaCl and CaCl,
waters have been recently recorded at about 1000—1500 m inland
(Khadra and Stuyfzand, 2014). The Cg unit (with ca. 1 m/d hydraulic
conductivity) plays a partial role in retarding SWI; however, due to
fractures saltwater penetrates and reaches the underlying dolo-
mitic limestone aquifer.

The focus in this study is on the groundwater bodies hosted by
the dolomitic limestone (C4c-Cs) and the limestone (Cg-Q) units,
which are either fresh (without SWI) or salinized (with SWI). Their
mean composition is provided in Table S1 (Supplementary
Material).

2.2. Data collection

Detailed hydrochemical data on groundwater and seawater is
available from Khadra and Stuyfzand (2014). A campaign was also
launched to collect rock samples from the different geologic units.

2.2.1. Hydrochemical data

During a campaign in April 2011 Khadra and Stuyfzand (2014)
collected 102 samples from pumping wells, the Damour River and
the Mediterranean Sea. They cover a broad salinity range, from
freshwater (TDS = 350 mg/L) in the east, via brackish groundwater
close to the coastline (TDS = 2900 mg/L) to hypersaline water of the
Mediterranean Sea (TDS = 38,500 mg/L). They were all analyzed on
4 physical, 73 chemical, and 2 isotopic parameters. The hydro-
chemical data of 80 samples collected from groundwater in the
limestone and the dolomitic limestone units, and the Mediterra-
nean Sea are used for the sake of this study. Information on well
purging and data quality control are given by Khadra and Stuyfzand
(2014).
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- Upper Sannine-Maameltain Formations: jointed and fissured dolomitic limestone with chalky limestone and micritic limestone.

Micritic nodules are apparent.

Sannine Formation: Jointed and fissured marly limestone. Middle Subunit.
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green marly limestone at the top.

‘CE Mdairej Formation: Grey micritic and cliff forming limestone, fissured and jointed.

C2a Abeih Formation: Brown green variable unit of marly limestone interbedded with thin beds of marl and yellow brown clayey sandstone at the bottom.

- Chouf Formation: Ferruginous brown sandstone, coarse to fine, compact to slightly compact, clay and lignite lenses in the lower part.

'

Simulated flow paths (AA’: path 1, BB’: path 2).

o Observation wells along flow paths 1 and 2.

Fig. 1. Geological map of the Damour area (Khadra and Stuyfzand, 2014).

2.2.2. Geochemical analyses

65 samples of fresh rock cuttings were collected from different
formations in the study area including aquifers and aquitards at
different stratigraphic levels (lower, middle and upper). No pres-
ervation was needed because of total elemental analysis. Sampling
took into consideration facies variation within the same formation
(matrix, fractures and veins). It was not feasible to collect core
samples from the current mixing zone because drilling was banned
in the area during the study period. The samples were analyzed at

Acmelabs Vancouver on bulk organic matter by LOI, main
elemental composition using LiBO; fusion followed by XRF, 32 rare
earth and refractory elements by ICP-MS following a Lithium
metaborate/tetraborate fusion and nitric acid digestion, and 14
precious and base metals by ICP-MS after digestion in Aqua Regia. A
table including (1) analyzed elements and oxides, (2) relevant
methods of analyses, and (3) MDLs, is provided in the Supplemen-
tary Material (Table S2).
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Fig. 2. Hydrogeological cross section of the study area (modified after Khadra and Stuyfzand, 2014). AA’ and BB’ are the simulated unidirectional flow paths from sea to land.

Symbols as shown in Fig. 1.

2.3. Statistical methods

Kruskal Wallis H Test and Mann-Whitney U Test are two nonpara-
metric tests selected to uncover significance of correlations between
independent and dependent variables. The Kruskal Wallis is appli-
cable to a group of two and more independent variables, whereas the
Mann-Whitney tests two population distributions only (Hinkle et al.,
2003). They are applied here to check the effect of: (1) saltwater
intrusion, and (2) limestone vs. Dolomitic limestone compositional
contrast on TEs and major chemical constituents in groundwater.
Statistically significant difference is assumed when asymptotic sig-
nificance is < 0.1, i.e., the null hypothesis is rejected at the 10% sig-
nificance level. The relatively low stringent level aims at accounting
for more possibly affected elements. No concern on mistakenly
endorsing a false response because the statistical outcome comple-
ments other approaches utilized for the same purpose.

2.4. Sea water input and correction procedure

According to Khadra and Stuyfzand (2014) saltwater intrusion is
the main source of salinization in the studied aquifer, and an

average Cl/Br ratio of 255 (on mg/L basis) matching the Mediter-
ranean Sea ratio (249) excludes halite dissolution as a potential
source of salinization. Hence, the initial step in analyzing the
hydrogeochemistry of the mixing zone is to determine the per-
centage of admixed seawater since geochemical reactivity may vary
depending on the extent of salinity and the type of mineral. The
solution for 2 end-members, for instance fresh and saltwater, with
a single tracer like Cl is:

Clvix = (1 — fs)Clg + fsCls (1)

fs = (Clwux— Clg) /(Cls— Clg) (2)
Where Cly;x = chloride concentration in mixture [mg/L]; Clr = ditto
in fresh water [mg/L]; Cls = ditto in saline water [mg/L];
fs = fraction of salt water [—].

The theoretical composition of each salinized groundwater
sample as expected for conservative ideal mixing between
seawater and freshwater was subsequently quantified and related
to the observed composition by using (Fidelibus et al., 1993; Appelo
and Postma, 2005):

Table 1

Generalized description of the hydrostratigraphic units in the Damour area from surface to bottom (modified after Khadra and Stuyfzand, 2014).
Hydrogeologic Unit Geologic Unit Symbol Approximate Thickness (m) Description
Minor aquifer Quaternary Q 5 Gravel, sand and clay
Aquitard?® Chekka Cs 160 Chalky to marly limestone
Aquifer Upper Sannine-Maameltain Cyc-Cs 400 Dolomitic limestone
Aquitard Middle Sannine Cap 70 Marly limestone
Aquifer Lower Sannine Caa 80 Dolomite and limestone
Aquiclude Hammana Cs 200 Marl and marly limestone

2 It behaves like a minor aquifer due to fractures, fissures and bedding planes.

Table 2
Water balance components estimated for the period April 2001—March 2002 (modified after Khadra and Stuyfzand, 2014).
Component Value (mm/year) Value (%) Area” (km?) Value (Mm?>/year)
Precipitation 825 100 49 40
Evapotranspiration 327 40 49 16
Run-off 261 32 49 13
Recharge 237 28 49 11
[rrigation return flow* 900 Unknown 8 7
Pumped volume 417 25 24 10°

¢ Estimate based on land use and average weekly irrigation consumption. The Damour River provides major portion of this water, which is diverted through small canals. %

of irrigation return flow out of total precipitation is unknown.
b The area excludes residential spots and transportation facilities.
¢ The Q and Cg units have limited abstraction rates (ca. 0.006 Mm?/year).
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Crmix = (1= fs) x C¢ + fs x Gs (3)
4C = Cops— Crmix (4)

Where Cpvix = concentration of ions in a theoretical mixed sample
[mg/L]; Cs = ditto in saline water (presumably seawater) [mg/L];
Cr = ditto in freshwater [mg/L]; Cops = ditto in observed sample
[mg/L].

Ionic delta (denoted by AC) reveals whether hydrogeochemical
processes other than saltwater mixing contribute to the observed
depletion or enrichment (Fidelibus, 2003; Pulido-Leboeuf, 2004;
Slama, 2010; Sola et al., 2013; Zghibi et al., 2014; Habtemichael and
Fuentes, 2016). This approach is straightforward, provided that
end-members can be easily defined. Therefore.

1. It needs to be proven that seawater is the saline end-member.
This was accomplished by multi-tracing, e.g., using Egs. (1)
and (2) for more potential tracers like Br and B to confirm
seawater origin.

2. The coastal seawater quality needs to be established because it
may have changed due to environmental pollution. Knowing the
age of seawater intrusion, determined for instance by *H->He
dating or travel times on the basis of a hydrological model, can
guide whether the ancient (usually unpolluted) or the recent
(possibly polluted) seawater should be used. When historical
data is lacking, the ancient seawater quality can be deduced
from SMOW corrected by an evapo-concentration factor to the
recently measured chloride levels in seawater, and the outcome
is then compared for both waters. In this study, the comparison
shows only slightly higher Na, As, Ba, Cr, Cu, Ni and V concen-
trations, having a minor effect on their Mixing Enrichment
Factor except for V. Hence, the recent Mediterranean Sea water
chemistry is selected.

3. It is not always valid to assume that all freshwaters have the
same chemistry (as in previous studies, e.g. Slama, 2010;
Habtemichael and Fuentes, 2016; Bouderbala et al., 2016)
because different groundwater bodies may exist with large
differences in among others Cl, Ca, Mg, and HCOs. Hence,
separate freshwater end-members are assigned throughout this
study following the two discriminated groundwater bodies in
the limestone and dolomitic limestone units. The 100% mean
freshwaters are set to concentrations as derived for the Baseline
Groundwater Concentrations (BGCs) of the two aforementioned
waters (Khadra and Stuyfzand, 2014).

2.5. Mixing Enrichment Factor

Assuming no other anthropogenic sources to groundwater,
Perelman (1972) suggested a migration coefficient “Mig” to assess
the mobility of inorganic constituents in groundwater in relation to
their concentration in the earth's crust. And recently, Frondini et al.
(2014) and Koh et al. (2016) defined and applied an enrichment
factor (EF; Eq. (5)) to assess the relative mobility of an element
based on the ratio to a reference element in the liquid and solid
phases; however, EF does not account for groundwater mixing
conditions.

EF = (Cr/CR)L/(Cr/CR)a (5)

Where Ct = trace element concentration, Cg = reference element
concentration (Ca for limestone and Mg for dolomitic limestone),
L = liquid phase, and A = hosting aquifer (solid phase).

A new, more versatile coefficient called MEF is proposed here to

assess the mobility of TEs when mixing with seawater occurs. It is
also applicable to main chemical constituents (e.g. Ca, Mg, Na and
K), and it can likewise be used to mixing of surface waters (for
instance in an estuary) where Ca is applied to suspended material.

MEF = 1000 ACwx/Cuiax (6)

With:

ACwix = (1 —fs)(Cp—BGCp) + fs(Cs—BGCs) 7)

Cumax = Cap(1 —¢)/e (8)
Following Eq. (3),

Cr = [(Cuix— (Csfs)) /(1 —=f5)] 9)

We assume Cs = BGCs, so that MEF becomes after inserting Egs.
(7)—(9) into Eq. (6):

Ca % (px%)

Where MEF is the Mixing Enrichment Factor [%o] at a specific
salinity fraction fs < 1 (as in Eq. (2)); Cmix = concentration of mixed
sample [mg/L]; BGCg, BGCs = baseline groundwater concentration
of fresh and salt end-member respectively [mg/L];
Cs = concentration of seawater [mg/L]; Ca = content of hosting
aquifer [mg/kg]; p = specific density of aquifer matrix [kg/L]; and
e = porosity [—].

[(Cvix — (Csxfs))/(1-fs)] is the freshwater end-member extracted
from the mixed sample based on Eq. (1); p x (1 — ¢)/e converts the
total content in the aquifer matrix into the maximum theoretical
concentration in water when the aquifer matrix would completely
dissolve. Therefore, the MEF represents the ratio of the mobilized
concentration to the maximum theoretical concentration if the
aquifer matrix would completely dissolve into the same volume of
water. It accounts for the baseline groundwater concentrations,
which should be excluded from the impact of (im)mobilization
possibly stimulated by SWI because they are entirely natural.

MEEF facilitates a quantitative comparison of the behavior of TEs
and other constituents in subsurface water. MEF > 0.01%o indicates
additional mobilization from solid hosting rocks to groundwater
solution; MEF between —0.01%o0 and 0.01%. indicates that mixing
with seawater and natural backgrounds form the exclusive sources
of chemical elements in groundwater solution; and a
MEF < —0.01%o indicates immobilization (loss from solution). The
selected +0.01%o thresholds are empirical, based on the observed
values and their variation. Same thresholds are also applicable to
the enrichment factor (EF).

The enrichment factors (EF and MEF) are needed here to com-
plement the statistical methods introduced in section 2.3. They are
capable of: (1) defining the behavior of elements (whether mobi-
lized or immobilized), and (2) quantifying the degree of mobiliza-
tion, unlike the statistical methods that can only discover an
interlink between the dependent and the independent variables.

2.6. Forward reactive transport modeling

Forward reactive transport modeling is applied as a predictive
approach to simulate the consequences of seawater incursion.
PHREEQC-2 (Parkhurst and Appelo, 1999) was used to construct 1-
D flow path transport models. The flow is unidirectional from sea to
land. One-dimensional simulation was preferred due to limited
data and unknown heterogeneities of the aquifer. The major
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studied aquifer (C4c-Cs5) and the overlying Cg unit are considered
dual porous, due to fractures, fissures, bedding planes, and micro-
porous rock matrices. Previous studies on karst aquifers showed
that the dispersion model is a good representation of fissured karst
systems especially when the mean transit time exceeds 2—3 years
(Maloszewski and Zuber, 1985; Maloszewski et al., 2004; Einsiedl
et al., 2009). Exchange between the matrix and the semi-stagnant
water is assumed to occur via diffusion and reactive transport
only (i.e., ignoring advection) unlike for mobile conduits where
advection dominates. The simulation then utilizes a first-order
exchange approximation with implicit mixing factors mixf;; and
mixfin. They are calculated according to the following equations
(Parkhurst and Appelo, 1999, 2013):

em X(lfexp(,M» (11)

mixfi, = ——
em + €im &m X €im

mixfi, = mixfimiﬂ (12)
m

Where &, is the porosity of mobile zone [—], &in, is the porosity of
immobile zone [-], o is the exchange factor accounting for the
exchange between immobile and mobile cells [s~!], and t is the
time step [s].

Half of the cells along a flow path (e.g. 300 cells out of 600) are
used for mobile groundwater with uniform distribution of stagnant
porosity and mixing conditions. An equivalent number +1 cell (i.e.
301) is introduced as an associate in the immobile zone. Each
mobile cell (x) exchanges with the immobile cell numbered
300 + 1 + x since cells 302 to 601 are the immobile ones (Parkhurst
and Appelo, 2013). The exchange factor is estimated in this study at
14e-8 s~! assuming spherical stagnant zone with diffusion
coefficient = 6.4e-13 m?s™], &, = 0.08 to 012, and a shape
factor = 0.21 (Van Genuchten, 1985). Sensitivity of the exchange
factor checked for one order magnitude showed minor impact.

Dispersivity estimate relied on the following empirical power
law (Schulze-Makuch, 2005):

ap = c(L)¥ (13)

Where «; = longitudinal dispersivity [m]; k is a scaling exponent; ¢
is a parameter based on type of geological media [m'¥]; L = flow
tube length [m]; k is 0.4 and c is 0.8 for consolidated rocks based on
extensive data sets compiled by Schulze-Makuch (2005).

Constraints on time steps and grid size are considered in order
to minimize numerical dispersion in fractured bedrock. An advec-
tive diffusive flux ratio (y) is introduced as a guide in choosing grid
spacing and model time steps according to the following equation
(Lipson et al., 2007):

v xbx 4z
7Df><€im><AX

2 (14)

Where y in a fracture is supposed to be > 10; v = average linear
groundwater velocity [m?s~!]; Dy = diffusion coefficient across
fracture wall [m?s~!]; b = fracture aperture [m]; jm = porosity of
immobile zone, i.e. bedrock matrix [—]; 4x = the mobile cell length
[m]; 4z = the immobile cell (or macro-pore) length [m], assumed
here as 0.001 m (Yan et al., 2015).

The model setup including initial conditions (water chemistry
and geochemistry), inflow solution chemistry, and geochemical
reactions utilized are explained in the Results section.

3. Results
3.1. Geochemistry of hosting rocks

Results of the geochemical analyses of the discerned geological
formations are summarized in Table 3, and a graphical output
from a Pearson linear correlation matrix is provided in Fig. S1 (see
Supplementary Material) where main clusters are recognized based
on their so-called correlation score plot (Stuyfzand, 2015b). The
Lower Sannine Formation (C4;) is enriched in magnesium
approaching a dolomite like composition (Cag58Mg0.42510.0002C03)
as deduced from major elements; strontium is assumed here as a
solid solution impurity. The Middle Sannine Formation is
conversely Ca-enriched with CagggMgo04ST0.0002C03 principal
mineralogical composition. It has higher Al, Fe and K content
indicating more clay deposition. Lower Al correlation score
(Fig. S1) points to its marine origin as also confirmed by clustering
of Ca, Mg and Sr; the latter indicates an environment supposedly
rich in aragonite and low Mg-calcite.

The C4c-Cs carbonate rock aquifer, most dominant in the study
area, shows high Mg content with Cag70Mgo.30Sr0.0003C03 compo-
sition (Table 3). Few samples, however, at mid-levels have Ca-rich
micritic limestone, with lowest Si, Al, K and trace elements such
as Nb, Rb, Ga, La and Y, which is attributed to lack of non-carbonate
impurities (Nader et al., 2006). More traces of silicon appeared at
the bottom, upper levels and closer to the sea. Visual inspection of
rocks reveals minor coatings and veins of quartz in addition to
secondary deposition of chert nodules in addition to some in-
tercalations of clay. The quite low Fe content (0.1 wt. %) could be
carbonate-bound or present as ferric hydrous oxide. The two
dolomitic units (C43 and C4c-Cs) have the highest Mg content and
lowest Ca, Fe, Al, As, Ba and many other TEs (Ce, Co, Cr, Cu, La, Nd,
Ni, Sr, V, Y, Yb, Zn, and Zr).

The Chekka Formation (Cg) (overlying the C4c-Cs unit) has calcite
predominance (90%) with ca. 8% clayey composition. The higher
level and correlation score of its Ba content (Table 3; Fig. S1) is
probably attributed to more illite and/or K-feldspar, and clustering
of some TEs like Co, Cu, V and Zn indicates more adsorption on clay
minerals like kaolinite or on fine-grained heavy minerals. It also has
highest Sr content. The topmost Q unit is characterized by a
sequence of uncemented clastic deposits, 69% calcareous fragments
(Cap.94Mgo.06510.0007CO3 composition), in addition to ca. 18% quartz
and 10% kaolinite. Presence of some clay or heavy minerals with
higher Al-Fe content is inferred from strong correlation between
Al,03 and Fe,03 (r = 0.79).

The bulk of the As, Ce, Co, Cu, Ga, La, Nb, Nd, Ni, Rb, V, Y, Yb and
Zr contents in the Cg-Q and C4c-Cs units is probably bound to clay
minerals (e.g. kaolinite or illite) or fine-grained heavy minerals (e.g.
ilmenite or biotite) as confirmed by the positive correlations these
TEs have to Al, K, Fe and Ti (r > 0.6). Some small dark mineral in-
clusions are clearly visible in the admixtures of clay. These impu-
rities could be remnants of direct weathering of volcanic rocks that
occurred in the early Cretaceous (Dubertret, 1955). In addition,
volcanism during that episode could have enriched the level of
some TEs in seawater (e.g. Ni, Y, and Zr), from which the clays
deposited later (Nader, 2000).

Organic matter (OM) is also a well-known host for a range of
trace elements (Tribovillard et al., 2004; Pichler and Mozaffari,
2015); however, bivariate correlations of geochemical data show
no relation between OM and TEs unlike a clear positive correlation
with iron (r > 0.6 between Fe and Al, Be, Ce, Cr, Cu, Ga, Mo, Nd, Ni,
U, V, Y, Yb, Zn and Zr). This excludes OM as an apparent source of
TEs, and nominates hydrous ferric oxides to be the main traps in
clays, since pyrite role is ignored under oxic conditions.
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Minimum, maximum and median composition of hosting rocks, and the main mineral phases as deduced from XRF and ICP-MS/ES results. The whole data set is provided in

Table S3 (see Supplementary Material).

Unit # of samples BOM wt % PPM
Ca Mg Na K Si Fe Al Mn As Ba Be Ce Co Cr Cu Ga la
Q min 5 0.6 240 03 001 005 83 1.3 08 0.02 27 35 1.0 97 39 34 4.4 1.3 57
max 2.7 292 43 004 008 103 27 17 0.03 52 163 50 175 7.8 130 252 35 145
median 2.1 282 04 002 005 96 1.7 11 0.02 36 39 50 116 44 34 6.7 24 78
Cs min 8 0.6 33.7 0.2 001 000 1.1 03 04 <001 06 33 1.0 49 08 34 112 06 74
max 1.9 383 03 005 002 41 08 13 <001 57 411 3.0 121 23 185 414 22 133
median 1.2 363 0.2 002 000 22 05 09 <001 35 41 20 84 20 85 301 1.8 104
C4-Cs  min 28 0.0 2.1 0.3 001 000 0.1 00 0.0 0.01 05 2 1.0 03 02 7 0.3 06 0.2
max 34 39.7 126 004 0.07 419 04 07 0.04 40 23 30 84 24 68 7.1 09 50
median 0.1 245 104 0.02 0.02 05 0.1 01 0.01 1.0 7 30 1.7 06 21 1.6 08 13
Cap min 3 0.7 264 0.5 002 003 1.1 02 04 001 09 12 1.0 25 1.3 27 2.3 1.8 21
max 6.6 382 14 002 059 7.7 1.7 28 0.01 8.6 46 30 112 39 198 102 52 7.7
median 2.7 348 1.1 002 006 25 1.0 09 0.1 61 19 20 38 28 82 102 35 23
Csa min 21 0.1 152 5.2 001 000 0.1 00 0.0 001 05 2 1.0 05 03 7 0.5 05 03
max 1.1 31.7 131 006 113 7.8 20 33 001 59 45 50 229 48 123 113 7.7 1238
median 0.1 219 123 002 0.02 1.0 03 03 001 24 7 25 30 14 21 1.6 1.1 16
Unit PPM Deduced major mineral phases (wt %)
Mo Nb Nd Ni Pb Rb Sr ] \Y Y Yb Zn Zr Ca;Mg,Sr,CO; Quartz  Kaolinite®
Q min 02 29 42 8.4 14 45 174 1.2 22 6.6 06 13.0 385
max 06 64 107 284 44 9.4 761 49 52 232 16 640 586
median 04 4.5 7.6 11.0 19 6.5 218 1.5 47 8.2 06 210 492 Cap.94Mg0,06510,0007C03  17.7 9.5
Cs min 01 07 4.8 5.4 0.9 2.0 824 1.2 20 109 05 13.0 116
max 14 22 8.8 403 23 45 1133 79 67 237 15 810 227
median 03 1.6 6.9 162 19 3.8 975 25 45 168 11 350 177 Cap.99Mg001S100018CO3 2.7 8.9
C4c-Cs  min 01 0.1 04 0.5 0.2 0.5 28 03 9 0.3 01 1.0 0.6
max 35 22 32 8.4 29.7 9.8 241 31 27 4.6 03 260 236
median 0.2 0.6 1.1 1.2 0.6 1.9 160 1.2 16 13 0.1 5.0 4.5 Cap.70Mg0.30510,0003C03 0.6 14
Cap min 02 09 1.5 11.0 03 4.0 75 1.1 12 1.1 0.1 6.0 6.8
max 05 54 3.6 188 1.6 328 227 21 128 39 04 190 41.0
median 04 3.7 1.6 149 1.0 164 76 1.3 62 1.8 0.1 120 304 Cap.96Mg0.04510,0002C03 3.4 8.1
Csa min 01 0.1 03 0.5 0.2 0.4 73 07 10 0.2 0.1 1.0 1.1
max 50 134 112 392 15 38.8 168 39 117 77 0.8 190 119.1
median 03 1.2 14 4.5 0.6 3.8 97 1.6 20 13 02 35 9.8 Cap58Mg0.42510,0002C03 1.6 2.5

2 Al was assumed to derive from kaolinite, justified by low K content in Q, Cg and C4-Cs formations although small amounts could be attributed to other sources (like
feldspars) probably existing in the C4p, and the C4, units. Kaolinite took part of Si, and the remaining was attributed to quartz.

3.2. Statistical results

Using the statistical software package SPSS, the Kruskal Wallis H
Test was utilized to determine whether 23 dependent variables (Na,
K, Ca, Mg, SO4, TIC, Fe, Si, Al, As, Ba, Be, Co, Cr, Cu, Mo, Ni, Pb, Rb, Sr,
U, V and Zn) have statistically significant differences among 4 water
groups hosted by: (1) limestone, (2) limestone with SWI, (3)
dolomitic limestone, and (4) dolomitic limestone with SWI. Results
reveal statistical differences for the 6 main constituents (Na, K, Ca,
Mg, SO4 and Fe) and 10 TE (As, Ba, Be, Co, Cu, Ni, Rb, Sr, U and V)
indicating that salinization and/or geochemical contrast (between
limestone and dolomitic limestone) do have an effect on their
variance with different effect size (Table S4, Supplementary Mate-
rial). In contrast, Al, Cr, Mo, Pb, Zn, and TIC are not affected. The
Mann-Whitney U Test then determines specifically which variable is
responsible for the recorded difference (Is it SWI or compositional
contrast?). In fact, Na, K, Si, SO4 and some TEs (As, Ba, Cu, Rb, Sr and
U) show variance between limestone and dolomitic limestone even
under freshwater conditions whereas salinization poses an effect
on Na, Ca, SO4, U and V concentrations for both geochemistries. K,
Mg, As, Ba, Cu, Ni, Rb and Sr are affected by SWI in the dolomitic
limestone only (Table S5, Supplementary Material). Be, Co and Fe are
influenced by the dual impact of geochemistry and SWI; otherwise
they are not affected separately.

3.3. Chemical equilibria

Most samples show undersaturation with respect to aragonite,

dolomite, siderite, witherite, strontianite and barite; supersatura-
tion of silicate minerals (e.g. kaolinite); and near equilibrium with
calcite and Mg-calcite. Few samples on the western rim of Dawha
village have (Mg)calcite, aragonite, and dolomite oversaturation.
Halite and gypsum were not observed in the rock samples, while
the water is strongly undersaturated. Average pCO, of fresh
groundwater in the dolomitic limestone and limestone units record
10~'7 and 10~ atm, respectively. They show higher than average
values mentioned for carbonate aquifers by Drever (1997) and
Langmuir (1997) (107%> - 1072 atm), but a similar range was
observed elsewhere, e.g. East Anglia, U.K (Heathcote, 1985), and
Drahany Highlands, Czech Republic (Faimon et al., 2012). World-
wide patterns of pCO, depend on climatic conditions (temperature
and rainfall), and according to Brook et al. (1983) the Eastern
Mediterranean area has pCO, range on land from 10~2° to 10722,
Nevertheless, the discrepancy in pCO, observed in the studied
groundwater points toward more uptake of CO, from root respi-
ration and oxidation of organic matter probably buried with
limestone weathering products (Faimon et al., 2012).

Ionic deltas (AC) were calculated for major ions (Na, Ca, Mg and
SO4), TIC and Sr (due to its incorporation into CaCOs3). Subsequently,
the samples were discerned based on formations from which they
derive, the limestone Cg-Q and the dolomitic limestone C4--Cs
units. Excellent correspondence of saltwater fraction calculated for
chloride and with multi-tracing using Eqs. (1) and (2) for Br, B, Na
and SO4 confirm that the seawater is the saline end-member. On
the other hand, two freshwater end-members were assigned
separately for the second end-member as derived for the baseline
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groundwater concentrations in the limestone and the dolomitic
limestone (the BGCs are provided in Table 4). Noteworthy that salt
sources like halite dissolution, connate old sea water with altered
composition, and recent irrigation return flows or sewage effluent
are nearly absent as confirmed from bivariate plots and correlation
matrices of NO3 against EC, Cl, Ca and Mg (Khadra and Stuyfzand,
2014).

Plots of ANa, ACa, AMg, ATIC and ASr (calculated using Eq. (4))
versus seawater fraction (Fig. 3) show different processes revealing
departure from ideal seawater-freshwater mixing. ATIC exhibits a
dominant enrichment in both aquifers pertaining to carbonate
dissolution predominance. Simultaneously all samples are Na
depleted with respect to the theoretical mixing line, and the
depletion increases with salinity. Ca is conversely enriched for most
samples with reasonable correlation to seawater fraction. This is a
typical behavior in salinized groundwater and common for both
formations (limestone and dolomitic limestone) conforming to Na/
Ca cation exchange. However, the steeper slope of Na and Ca in the
limestone samples testifies of more exchange with salinity owing to
higher exchange capacity (see Table 6). In addition, part of Ca
stronger increase pertains to more calcite dissolution in the lime-
stone rocks, partly due to higher pCO,, and subsequently lower pH
and Slcaicite, in the coastal plain region compared to the mountains.

43

pCO; relative rise is probably attributed to higher vegetation den-
sity and higher temperature. Mg records a different trend; it is
mostly enriched in the dolomitic limestone aquifer, but depleted in
most limestone samples (Fig. 3). This is due to more Mg release by
dissolution from Mg-rich hosting rocks, and occasional exchange of
Na (and K) for Mg.

Sr shows a steeper slope in the limestone unit, which reflects the
better Sr fit into pure CaCOs than in dolomitic limestone. This is also
confirmed from the observed ascending trends of Ca, Sr and TIC in
the limestone unit. SO4 ionic deltas show dominance of near con-
servative mixing conditions for the C4c-Cs units, whilst enrichment
prevails for the limestone samples. This latter anomaly is probably
related to atmospheric inputs and/or some agrochemicals applied
in the overlying quaternary sand unit, which is a main cultivation
strip.

3.4. Seawater mixing effect

The mixing between intruding seawater and ambient fresh-
water probably induced a new hydrochemical equilibrium affecting
the behavior of major constituents and some trace elements. Few
groundwater samples with Al > 10 pg/L in near pH neutral water
were eliminated a priori due to probable filtration bias (Stuyfzand,

Table 4
Sources and behavior of TEs and major constituents in the 2 discerned geochemistries, limestone (Cs-Q) and dolomitic limestone (C4-Cs) for fresh and salinized groundwater.

TE Predominant Main aquifer source Aquifer geochemistry Seawater Hydrochemistry of BGC? EF, fresh MEF, salinized

ionic form salinized groundwater groundwater (BGC)  groundwater
mg/kg ng/L 0%fs  0%fs 1%fs  75%fs

(sub)oxic Ce+Q (L.S) Cye-Cs (Dol LS) S LS Dol. LS LS Dol. LS LS Dol. LS LS Dol. LS
conditions

Na Na+ NaAlSi3Og 300 200 11569000 67,450 183,600 37,700 11,200 278.67 95.95 —13.55 —54.06

K K+ KAISi;0g 400 200 467,000 4000 7600 2400 1300 1331 11.14 -032 -1.74

Ca Ca* CaCOs, CaMg(CO3), 290,500 259,500 460,000 131,000 114,000 97,100 64,000 0.74 0.42 0.012 0.010

Mg Mg?* CaMg(CO3), 7100 78,300 1,300,000 20,500 45,700 12,700 28,100 0.10 0.61 -0.01 0.01

Fe Fe?* Fe(OH)s, FeS, 11,600 1500 132 6 63 5 5 0.00 0.00 0.00 0.00

Si H4SiO4 SiO, 57,800 38,500 28 16,830 8789 13,318 5514 051 0.25 0.01 0.00

Al AI(OH)* clay minerals 10,250 1900 21 3.7 29 2.0 2.0 0.00 0.00 0.00 0.00

As  AsO3 Fe(OH); 34 1.3 61.6 1.7 1.8 0.3 0.3 0.16 0.33 0.03 0.04

Ba Ba%* BaS0y,, feldspar 76 8 8 83 70 51 8 1.50 1.45 0.04 0.78

Be Be?* clay minerals 29 22 03 0.03 0.04 0.03 0.03 0.02 0.02 0.00 0.00

Co Co** FeS, 34 0.7 0.5 0.11 0.05 0.03 0.03 0.02 0.06 0.00 0.01

Cr  Crof clay & heavy minerals 70 20 52 0.80 1.2 0.6 0.6 0.02 0.05 0.00 0.00

Cu Cu® clay & heavy minerals 19 2 125 2.5 21 0.9 0.9 0.11 0.77 0.01 0.09

Mo Mo0O3 Fe(OH)s, FeS, 0.5 0.5 10.6 4.5 1.5 0.2 0.2 0.93 0.69 0.78 0.20

Ni  Ni%* FeS,, CaCOs 17.4 2.1 3.9 5.1 2.5 0.2 03 0.03 0.24 0.02 0.09

Pb Pb** CaCOs & clay minerals 2.1 1.8 0.5 03 0.3 0.3 03 0.31 0.29 0.00 0.00

Rb Rb* clay minerals 5.0 24 1249 2.7 29 1.0 0.5 0.44 0.36 0.02 0.01

Sr o Sr¥* CaCOs 649 148 7216 555 345 236 78 0.81 0.79 0.04 0.20

U uo% Fe(OH); 2.6 14 25 2.0 14 0.8 0.5 0.72 0.61 0.04 0.05

vV VOF Fe(OH); 43.2 15.8 71.8 1.7 3.0 0.3 1.2 0.02 0.13 0.00 0.00

Zn Zn* clay & heavy minerals 35 7 19 117 146 3 4 0.21 1.05 0.28 2.92

(M)EF > 0.01 = mobilization, (M)EF < —0.01 = immobilization, and else = mobilization equilibrium. MEF is calculated for salinized groundwater, EF for BGC quality.
Concentrations of Au, Bi, Cd, Ce, Cs, Dy, Er, Eu, Ga, Gd, Hf, Hg, Ho, In, La, Lu, Nb, Nd, Pd, Pr, Pt, Re, Rh, Ru, Sb, Sm, Sn, Ta, Tb, Te, Th, Tl, Tm, Y, and Zr were <0.05 pg/L in salinized

groundwater, and hence their behavior could not be established.

NB: A difference in the mobilization of some elements (e.g. V) may arise when utilizing ancient clean seawater (e.g. > 40 years ago). This is due to slightly different con-

centrations of some major and trace elements (see Table S6, Supplementary Material).

2 Baseline Groundwater Concentration (BGC) derived by Khadra and Stuyfzand (2014).

Table 5
Hydrochemistry of intruding seawater and initial ambient groundwater used in PHREEQC-2 modeling along path 1 (limestone) and path 2 (dolomitic limestone); ions in
mmol/L.
Ca Mg Na K HCO3 cl SO4 pH
Mediterranean Sea water 115 535 505 12.0 2.7 575 333 7.93
Onshore groundwater path 1 3.0 0.5 1.1 0.1 54 14 0.6 6.89
{ path 2 49 0.7 2.8 0.1 5.4 5.0 1.1 6.68
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1987). All major and trace elements are assessed here for calcareous
salinized samples in the limestone (Cg-Q) and dolomitic limestone
(C4¢-Cs) hosting units. The aim is to define: (1) the affinity of these
elements toward (im)mobilization, and (2) the associated differ-
ence in mobilization degree between limestone and dolomitic
limestone. This is done by calculating their Mixing Enrichment
Factor (MEF) via Eq. (10) (Table 4). Also listed are the predominant
ionic forms in (sub)oxic environment, and the main aquifer sour-
ces/sinks.

MEF values of the major and trace elements including those
statistically interlinked to SWI show the following results:

1. Cais mobilized by salinization, Na and K are immobilized, and Fe
maintains an equilibrium status. This applies to both limestone
and dolomitic limestone, but with higher immobilization of Na
and K in the latter.

2. Mg is immobilized for the limestone groundwater but mobilized
for the dolomitic limestone.

3. Si is mobilized in the limestone unit only.

4, As, Ba, Cu, Ni, Rb, Sr, U and Zn are mobilized in both domains.

5. As, Mo, Rb and U show relatively higher mobilization in the
salinized limestone unit.

6. Al, Be, Co, Cr, Pb and V reveal no affinity to mobilize due to SWI,
and hence their slight increase in groundwater reflects admix-
ing with seawater.

35 more TEs with <0.05 pg/L in all groundwater samples could
not be evaluated on their behavior (Table 4). Some of them like Ce,
Nb, Nd, Y and Zr have significant levels in the hosting rocks (median
is 1-50 ppm) (Table 3), but reveal concentration levels below
detection in all water samples. This is in harmony with their very
weak mobilization potential at near pH neutral conditions (Janssen
and Verweij, 2003).

3.5. Flow path reactive transport modeling results

Reactive transport simulations were performed along two flow
paths following presumed saltwater intrusion lines: flow path 1

2 <) 2
z =3 =3
B @ @
E £ s E
: 3 g
< < <
8 8 8
% Seawater % Seawater % Seawater
2
0.015
A 12
151 10 4
—~ A e A
g_ 1 = 001 Qs—fl.
3 g a o
E fal5] £ "] ] J 5]
~ - ~— N 5] E : %i - B
- o Pt =] =] =]
=) e - % 0.005 Q 4_‘%%&‘-5 ="
r = < 5] = L
< L <
=] o 2 1
. . 0 - mude dg T 0 : ; ;
4 6 8 0 2 4 6 8 0 2 4 6 8
% Seawater % Seawater % Seawater
7.3
:‘ o = 0204 ®
S [ ]
71 ‘ﬁ' =] =]
d11g 5] . B
; T Ba o ] an ®
As - LI 2 oY= = ]
T 694 3 ag 2 000 {44 = .
A A 7 A EE! .
o A L = ‘nA o, @ 8
: AA A ﬁ & L om
65 | ab , , -0.20 A__ . ;
0 2 4 6 8 0 2 4 6 8
% Seawater % Seawater
@ Dolomitic li A Limest \Si lated dolomitic limestone fit line \Simulatcd limestonc fit line

Fig. 3. lonic deltas (A) of Na, Ca, Mg, SOy, Sr and TIC, pH and Slcite VS. % of seawater. Samples are discerned based on formations from which they derive, the C4-Cs aquifer
(dolomitic limestone), and the Cg-Q units (limestone). The simulated (solid) lines are generated via PHREEQC (see “Flow path reactive transport modeling results” section).
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Table 6
PHREEQC-2 forward dual porosity modeling physical and geochemical parameters. L.S = limestone; Dol. L.S = dolomitic limestone.
Flow path L (m) At (year) AX (m) # of transport steps # cells em €im v (m/d) ar (m)
1 1200 2.7e-01 10 33 241 0.008 0.08 0.10 11
2 1500 2.3e-01 5 40 601 0.03 0.12 0.06 30
Flow path CEC (mol/kg H,0) Rock density (kg/L) Mole fractions Ca(x)Mgy)Sr(z)CO3
mobile cells immobile cells LS Dol. LS Ca Mg Sr
1 0.005 0.1 2.70 - 1.00 0.00 0.0018
2 0.005 0.02 — 2.85 0.75 0.25 0.0003

em Values were fine-tuned to get a reasonable description of the observed ANa, ACa, AMg and ASr patterns (Fig. 3).

eim relied on literature values.

across the cultivation strip of the Damour village in the coastal
plain via the Cg limestone unit, and flow path 2 across the Naameh-
Haret El Naameh villages (an area heavily stressed by groundwater
abstraction) in the dolomitic limestone aquifer (C4c-Cs) (see Figs. 1
and 2). Flowlines start with the Mediterranean Sea water offshore,
and invade the coast initially filled with the average groundwater
composition (fresh-brackish) as recorded in 2002. The simulations
are then allowed to run for 9 years to generate the year 2011 con-
ditions. The chemistry of ambient groundwater and intruded
seawater is provided in Table 5; physical and geochemical
PHREEQC-2 parameters are provided in Table 6. Simulations
involved ideal intrusion assuming uniform pumping in wells along
the two flow paths (Fig. 1) although in reality non-uniform
extraction may produce irregular patterns where salinity may rise
and fall before it stabilizes with fresh-brackish water.

The literature lacks data describing Cation Exchange Capacity
(CEC) in karstified limestone and dolomitic limestone. The CEC of
rocks in meq/Kkg is estimated here as 7 x % clay +35 x % organic
carbon (Appelo and Postma, 2005). This equation may apply for the
bulk rock; however, the effective CEC is expected to be lower
especially for the mobile (fractured) sections of the dual porosity
medium. Therefore, immobile and mobile cells were assigned
different values in the 1-D dual domain reactive transport model.
The initial values of CECimmobile (23—65 meq/kg) relying on clay and
organic carbon content were in reasonable agreement with the
scarce literature on limestone (e.g. Gillespie et al., 2001; Ertas and
Topal, 2008) and dolomitic limestone (e.g. Gillespie et al., 2001;
Topal and Kaya, 2016), as obtained in the lab for rock samples.
The CECnobile Was initially assigned one order of magnitude lower
than CECGimmobile- Due to higher porosity, CEC is higher in the matrix
than in the mobile domain as it is expressed in meq/L (i.e. the
porosity difference sets the CEC difference between mobile and
immobile). In addition, concentrated and sometimes turbulent flow
in the mobile zones (fissures, large diameter solution channels)
may reduce the CEC due to polishing effects (reducing surface area),
and perhaps by selective erosion of fines and more oxidation of
organic material. Later both CECs were fine-tuned to lower values
by model optimization supported by sensitivity analysis in order to
better represent actual CECs in the natural environment.

Applying a 1-D dual porosity formulation, both mobile and
stagnant zones were initially filled with fresh-brackish water. Later
the seawater was allowed to intrude through advection along the
selected flow paths. A constant inland groundwater velocity was
assumed, estimated at 0.10 m/d along path 1 based on available
hydraulic head and aquifer conductivity data, and 0.06 m/d for flow
path 2, as deduced from the landward movement of the 250 mg/L
chloride isoline between 2002 (Khadra, 2003) and 2011 (Khadra
and Stuyfzand, 2014). Dispersivity was estimated based on Eq.
(13), and then fine-tuned during the calibration process where
necessary. Molecular diffusion could be neglected.

The wateq4f.dat database was used in PHREEQC-2 simulations to

account for Mg-calcite, which is thermodynamically treated as a
calcite-magnesite solid solution. This is applied to path 2 only via
the dolomitic limestone aquifer. Moles of calcite and magnesite
were deduced from the hosting rocks geochemistry (Table 3). Ac-
tivity coefficients and mole fractions (Table 6) were used to calcu-
late the dimensional Guggenheim parameters necessary to
determine the activities of components in a non-ideal binary solid
solution (Glynn and Reardon, 1990). Pure SrCO3 was also allowed to
equilibrate with aqueous solution for both flow paths. The CEC
estimated in meq/kg was converted into mol/kg of water as
required for PHREEQC calculations. Sensitivity analysis (with 2
times lower/higher values) was performed to check the impact of
CECimmobile 0N the response of major ions. It confirmed the minor
impact of CECyopite (Fig. S2 and S3, Supplementary Material). The
model was capable to generate: (1) a reasonable description of the
observed ANa, ACa, AMg and ASr patterns (Fig. 3), and (2) a close
match between simulated and observed concentrations in wells
along the two flow paths (Fig. 4). The results of simulation runs
without cation exchange are also added to the same plots to show
the significance of this process. Fig. 4a shows clear differences even
for the closest observation whereas Fig. 4b generally shows less
changes.

The 1-D transport model along flow path 1 (via the Cg limestone
unit) over a 9-year period (from 2002 to 2011) shows Ca surplus (43
meq/L), and simultaneous Na, Mg and K deficit (Figs. 4a and 5a).
This pattern is typical for cation exchange during salinization. At
the shoreline, the intruding Mediterranean Sea water (Table 5),
supersaturated with respect to CaCOs, induces calcite precipitation
by desorbing Ca, and at ca. 35 m calcite dissolves (Fig. 6a). This
dissolution is probably driven by the mixing of freshwater and
saltwater, which leads to undersaturation. It tends to concentrate at
the freshwater side of the mixing zone or near the saline side at the
discharge areas (Rezaei et al., 2005). Sr shows a similar response to
Ca along this flow path; however, the strontium maturity index
(Khadra and Stuyfzand, 2014) pleads for no coprecipitation of Sr
with CaCOs. The decrease is therefore attributed to Sr sorption on
exchange surfaces, being more in the limestone unit.

Flow path 2 (dolomitic limestone) (Fig. 4b) shows three features
which are clearly different from flow path limestone: (i) the peak of
Ca surplus at the start of the intrusion zone; (ii) Mg being the key
counter cation (whilst it is Na at flow path limestone), and (iii) a
nearly suppressed response of Sr. The model simulates the forma-
tion of calcite-magnesite solid solution (Fig. 6b) as induced by the
high Mg:Ca ratio of intruding seawater (see Table S1 for Mg:Ca
ratios in seawater and fresh water) according to the following
reaction:

CaxMg (1-x)CO3 + yMg2+ — CaxyMg (1-x4y) CO3 + yCa2+

As a result, Ca is added while Mg is removed from groundwater.
This mineral-water interaction process intensifies the impact of
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cation-exchange (Ca surplus vs. Mg deficit) along flow path dolo-
mitic limestone. Note that the Mg deficit induces Mg desorption,
and causes a lower fraction of the exchangeable Mg in the salinized
zone compared to the fresh water zone, whereas this situation is
opposite at flow path limestone (Fig. 5). Noteworthy to mention
that path 1 shows a shorter exchange zone although it has higher
CEC. This is because the groundwater flow velocity along path 1 is
1.6 times higher than along path 2.

4. Discussion
4.1. Hydrogeochemical disparities

The discussion here focuses on major hydrogeochemical differ-
ences between limestone and dolomitic limestone units in accor-
dance to: (a) geochemical activity, and (b) salinity effects. This
includes the main geochemical processes, and the response of
major chemical constituents and trace elements in the salinized
groundwater.

4.1.1. Main geochemical processes

The main discerned geochemical processes in the studied
aquifers are carbonate (CaxMgySr,CO3) dissolution/precipitation,
and typical cation exchange reactions in the saltwater mixing zone.
The primary hydrochemical difference between samples from
limestone and dolomitic limestone consists of the contrasting ra-
tios of Ca:Mg and Ca:Sr, for both the aquifer rock and water sam-
ples. Salinization of groundwater in the limestone coastal plain
leads to more Ca mobilization compared to the dolomitic lime-
stone. This is evidenced by a higher positive ACa (average
ACa = 10.5 and 4.6 meq/L) (Fig. 3) and MEF values (0.012%0 and
0.010%0) (Table 4) for the limestone and dolomitic limestone,
respectively. Carbonate dissolution and cation exchange both
contribute to the recorded mobilization. This is due to more Ca in

the limestone hosting unit (36.3 wt.%) and probably its adsorption
complex than in the dolomitic limestone (24.5 wt.%), in addition to
higher pCO, characterizing the coastal plain region compared to the
dolomitic limestone with less vegetation and a higher altitude of
the recharge area.

On the other hand, seawater intrusion triggers a further Ca
substitution by Mg of the dolomitic limestone, or the precipitation
of a more dolomitic limestone, driven by the high Mg concentration
compared to Ca, in the intruding seawater. Dolomitization or high
Mg-calcite precipitation has been observed elsewhere with
different Mg:Ca molar ratios (e.g. Whitaker and Smart, 1993; Sacks
and Tihansky, 1996). This response at high salinity in the dolomitic
limestone overwhelms cation exchange unlike the limestone unit
where pure calcite precipitation/dissolution is stimulated by Na/Ca
exchange and mixing of two water bodies with different pCO»,
respectively. Under fresh-brackish water conditions, Mg is released
to solution in the dolomitic limestone (MEF = 0.01%o) exchanging
(besides Ca) with Na and K. This behavior is different for the
limestone where Mg (MEF = —0.01%o), Na and K exchange for Ca.

The data also reveals higher mobilization of Sr under freshwater
conditions in the limestone unit (Table 4), which is attributed to
more incorporation of Sr into CaCOs. However, the MEF scores,
contrary to the 1-D reactive transport model, indicate that SWI
stimulates higher mobilization in the dolomitic limestone despite
Sr lower concentrations in the hosting rocks, a difference not easy
to explain.

Silica (quartz or opal) dissolution with slightly higher mobili-
zation in the limestone unit, is probably due to more silica
weathering from the overlying quaternary (Q) sand. The zero MEF
data for Fe indicate that reactions such as pyrite oxidation or
reductive iron hydroxide dissolution do not take place, as expected.

4.1.2. Behavior of trace elements
Based on statistical variances and the enrichment factors, the
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response of 15 TE to SWI, and to geochemical contrast between
limestone vs. Dolomitic limestone shows the following traits:

1 TEs in fresh groundwater: limestone versus dolomitic limestone

The concentrations of Ba, Rb, Sr and U in fresh groundwater are
significantly higher in limestone than in dolomitic limestone,
which is in line with their differences in geochemistry (Table 4). On
the other hand, significant differences in geochemistry between
both units (limestone higher), are not reflected in differences in the
concentrations of Al, As, Co, Cr, Cu, Ni and Zn in natural background
groundwater (Table 4). Only V shows a reverse trend, notwith-
standing lower contents of dolomitic limestone, the concentration
in its groundwater is higher.

It can therefore be concluded that Ba, Rb, Sr and U are relatively
mobile in limestone and are probably dissolving from it, whereas
the other TEs are not. EFs for the background groundwater qualities
of both units (Table 4) show immobilization for Al, Co and Cr, which
matches their insoluble behavior in neutral water (Fishbein, 1981;
Edmunds and Smedley, 1996; Drever, 1997). As, Cu, Ni and Zn
however are more mobilized in the dolomitic limestone as indi-
cated by their higher EF values. (Hydro)oxides sorption surfaces
explain this discrepancy because they form the main substrates for
adsorption, and they are less dominant in the dolomitic limestone
unit.

Previous studies on trace element enrichment in (dolomitic)
limestone aquifers are scarce. Frondini et al., 2014, observed in the
Sassolungo and Sella dolomite aquifer in Italy that Ba, Sr and U, and
to a smaller extent Rb were enriched in its groundwater, which is in
line with this study.

2 TEs in salinized groundwater: limestone versus dolomitic
limestone

Concentrations of As, Ba, Cu, Ni, Rb, Sr and U increase by SWI in
both units. It is likely that the higher salinity stimulates both their
desorption (through a higher expelling power) and the dissolution
of hosting minerals (through the higher ionic strength reducing the
activity coefficients and increasing ion complexation). In addition,
part of the mobilization could be attributed to the lower pH
induced by salinity (see salinized groundwater in Table S1; Sup-
plementary Material), since the higher Ca (due to Na/Ca exchange)
eventually leads to CaCOs3 precipitation.

As and U reveal more mobilization in the limestone unit
whereas the others are more enhanced in the dolomitic limestone
(Table 4). As and Ni are mobilized although they occur at low levels
in natural background water (<0.4 pg/L) (Table 4). This behavior of
arsenic, contrary to observations in fresh groundwater, is attributed
to arsenate species initially adsorbing on oxyhydroxides at neutral
pH (Drever, 1997), but SWI later facilitates more mobilization. SWI
also stimulates Ba and Sr mobilization either by cation exchange or
dissolution from carbonate rocks (Sr) and barite or feldspars (Ba).
The positive correlation of As, Ba and Sr with seawater intrusion has
been observed in other aquifers as well (e.g. Mondal et al., 2010;
Stuyfzand and Mendizabal, 2010). MEF scores reveal higher mobi-
lization of Ba and Sr in the salinized dolomitic limestone aquifer
despite their lower concentrations in the hosting aquifers.

The observed differences in the behavior of Cu, Ni, Rb and U
between the two units is justified by the same reasoning of their
recorded discrepancies in freshwater.

3 TEs independent of salinity and limestone
geochemical contrast

(dolomitic)

Al, Be, Co, Cr, Pb and V show no significant signs of (im)

mobilization (—0.01 < MEF < 0.01) for both limestone and dolo-
mitic limestone, independently of salinity. This response is attrib-
uted to their insoluble behavior in neutral and alkaline pH
conditions (Fishbein, 1981; Edmunds and Smedley, 1996; Drever,
1997) in addition to the high affinity of Be (WHO, 2001), Pb
(Hem, 1992) and V (Luengo-Oroz et al., 2014) to adsorb on sediment
surfaces. V is statistically interlinked to SWI in both units, but its
relationship with intruding seawater is not clear due to the big
contrast between recent and ancient seawater.

Statistical analyses also show that Mo and Zn are independent of
salinity and (dolomitic) limestone geochemical contrast. However,
their MEF scores reveal high mobilization in both units. This con-
tradicts the Mo immobilization observed in salinizing anoxic sandy
aquifers (Stuyfzand, 1993b). Mo is known to mobilize in anoxic
environments where reductive Fe dissolution controls Mo release
to the aqueous solution (Bennett and Dudas, 2003; Smedley et al.,
2014; Pichler and Mozaffari, 2015). However, this scenario is irrel-
evant here due to dominance of oxidizing conditions. In fact, Mo
levels record a progressive increase down the flow gradient. In this
case, the mobilization of Mo may be attributed to alkaline pH
conditions and subsequent desorption from Mo-rich minerals (e.g.
Fe or Al oxides). This response is due to low retention of Mo on solid
surfaces at pH > 5 (Goldberg and Forster, 1998; Carroll et al., 2006),
and a function of groundwater residence time (Smedley et al.,
2014). A similar behavior has been observed elsewhere (e.g.
Smedley and Edmunds, 2002). The higher Fe and Al content of the
limestone hosting unit (Tables 3 and 4) explains its higher Mo
mobilization compared to the dolomitic limestone.

The behavior of Zn could be related to bias due to its corrosion
from wells with old galvanized iron pipes. Low levels of Pb in
groundwater supports this hypothesis because of its affinity to
adsorb on iron and form lead-iron scales (HDR, 2009).

4.2. TEs permissible levels

TEs in groundwater normally occur at very low concentrations.
They are harmful only when permissible levels are exceeded. In
general, two main natural causes potentially raise TEs in coastal
groundwaters: (1) water-rock interactions, and (2) saltwater
intrusion. The latter has more versatile effect due to direct seawater
mixing or enhanced mobilization. In this study, the collected data
shows that TEs have increased by few ug/L only. All TEs including
heavy metals (e.g. copper, lead and zinc) are still below permissible
drinking water levels in accordance to the best recognized stan-
dards (EU, 1998; US EPA, 2008; WHO, 2008) (Table S7, Supple-
mentary Material). They reveal satisfactory results even for the
brackish water samples. Hence, it is obvious that the dissolution of
(dolomitic) limestone carbonate rocks contributes very little to TEs
in groundwater (Sr excluded, but there are no quality standards for
Sr), and the impact of moderate SWI is not as bad as for some main
constituents (e.g. Na, Cl and Ca). In the study area, TEs pose no
health concern to date, but progressive salinization may soon lead
to unfavorable shifts.

5. Conclusions

Four lines of research were followed in this paper to assess
water quality differences between limestone and dolomitic lime-
stone aquifers disturbed by saltwater intrusion (SWI) in coastal
areas. These included: (1) nonparametric statistical tests on 4 water
groups (limestone and dolomitic limestone with and without sali-
nization); (2) ionic shifts of major chemical constituents from ideal
freshwater-seawater mixing; (3) a new parameter called Mixing
Enrichment Factor (MEF) to assess the (im)mobilization of trace
elements (TEs) and main constituents under mixing conditions;
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and (4) 1-D dual porosity flow path PHREEQC reactive transport
simulations. This multiple approach was applied to a moderately
salinizing coastal aquifer system in Lebanon (Eastern Mediterra-
nean) where main hydrochemical disparities between limestone
and dolomitic limestone were revealed. The discussion focused on
8 major chemical constituents (Na, K, Ca, Mg, SOg4, TIC, Fe and Si),
and 15 trace elements (Al, As, Ba, Be, Co, Cr, Cu, Mo, Ni, Pb, Rb, Sr, U,
V and Zn). 35 other TEs were analyzed, but were excluded from the
comparison because of very low concentrations (<0.05 pg/L). Some
of them like Ce, Nb, Nd, Y, and Zr had significant levels in the
hosting rocks (1-50 ppm), but remained below detection in the
salinized water samples preventing final conclusions about any
(im)mobilization.

Two main chemical processes explained the non-conservative
behavior of the major constituents in both limestone and dolo-
mitic limestone units. These are the dissolution of CayMgySr,CO3
and cation exchange spurred by saltwater intrusion. The dolomitic
limestone unit showed less carbonate dissolution due to a lower
unsaturated zone pCO, connected with less vegetation and a higher
altitude of the recharge area, and a lower cation exchange capacity
compared to limestone. The presence of high Mg-calcite raised the
Mg levels in groundwater, and enhanced the Mg participation
(besides Ca) in the exchange for Na and K. Fe revealed no difference
between the two aquifers. Silica (quartz or opal) showed more
mobilization in the limestone unit, which is probably dictated by
more dissolution in the overlying quaternary sand-rich unit, and
therefore does not contribute to the geochemical contrast between
both aquifers.

As, Ba, Cu, Ni, Rb, Sr and U revealed the strongest mobilization
among the investigated TEs during saltwater intrusion under
calcareous (sub)oxic conditions. Zn is presumably biased by
corrosion of well materials, and the apparent Mo mobilization is
independent of SWI and (dolomitic) limestone geochemical
contrast.

Besides the stimulating role of SWI, the geochemical contrast
between limestone and dolomitic limestone proved to be an
important factor explaining part of the observed variation in the
concentration of TEs in fresh groundwater. For example, As, Cu and
Ni recorded stronger mobilization in the freshwater dolomitic
limestone, whereas Ba, Rb, Sr and U were more mobilized in the
limestone unit. Other elements like Al, Be, Co, Cr, Pb and V showed
no (im)mobilization in either rock type. The observed TE discrep-
ancy between the limestone and dolomitic limestone units is
geochemically mainly linked to the higher Sr content of limestone
and its higher content of clay minerals and iron (hydro)oxides in
the limestone unit.

To conclude, it was demonstrated that: (1) the geochemical
contrast between the limestone and dolomitic limestone aquifers
do have an effect on the behavior of some major constituents and
TEs, (2) carbonate rocks do not form a significant geogenic sources
of TEs (Sr excluded), (3) the mobilization of TEs by salinization is
small compared to the enhanced concentration rise produced by
direct seawater mixing, and (4) the current TEs levels in the studied
aquifer are far below the drinking water limits, thanks to a mod-
erate salinization to date. Their current levels pose no concern
nowadays, a situation that should not be taken for granted if
excessive pumping persists.
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