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Abstract Along the Jordan Valley-Dead Sea Fault area several natural waters in springs, wells, and
catchments occur. The chemical-physical characters of the studied waters allowed for the first time the
investigation of the Zr and Hf geochemical behavior, apart from REE, extended to a wide range of Eh,
temperature, salinity, and pH conditions. The results of this study indicate that the dissolved Zr and Hf
distribution in natural waters is strongly influenced by redox conditions since these in turn drive the
deposition of Fe-oxyhydroxides or pyrite. In oxidizing waters saturated or oversaturated in Fe-oxyhydroxides
(Group 1), superchondritic Zr/Hf values are measured. On the contrary, in waters where Eh< 0 values occur
(Group 2), chondritic Zr/Hf values are found. Superchondritic Zr/Hf values are produced by the preferential Hf
scavenging onto Fe-oxyhydroxides that is inhibited under reducing conditions consistent with the water
oversaturation relative to pyrite. Redox conditions also influence the amplitude of Ce and Eu anomalies.
Oxidized Group-1 waters show negative Ce anomalies related to the oxidative Ce scavenging as CeO2 onto
Fe-oxyhydroxide. Reduced Group-2 waters show positive Eu anomaly values consistent with the larger Eu21

concentration relative to Eu31 in these waters suggested by model calculations. The higher stability of Eu21

with respect to its trivalent neighbors along the REE series can explain the above mentioned positive Eu
anomaly values. The middle-REE enrichment observed in shale-normalized REE patterns of studied waters can
be ascribed to carbonate and/or gypsum dissolution.

1. Introduction

Over the last 30 years, several papers about the aqueous geochemistry of the REE (lanthanides plus yttrium)
have been published, whereas limited investigations have been carried out about Zr and Hf geochemistry
[Bau and Dulski, 1995, 1999; Byrne and Sholkovitz, 1996; Bau et al., 1998; Takahashi et al., 2002; Censi et al.,
2007a, 2010; G€ob et al., 2013; Inguaggiato et al., 2016b]. The study of Zr and Hf distributions in natural waters
started about 20 years ago and was mainly focused on seawater [McKelvey and Orians, 1993, 1998; Godfrey
et al., 1996, 2009; Firdaus et al., 2011; Frank, 2011], apart from some studies focused on the aqueous specia-
tion of these elements [Aja et al., 1995; Byrne, 2002; Pershina et al., 2002].

Several studies demonstrated the ability of the REE to provide insights about water-rock interactions pro-
cesses [Bau, 1996; Wood, 2003; Censi et al., 2007b, 2014; Biddau et al., 2009; Inguaggiato et al., 2015; Vare-
kamp, 2015]. The distribution of REE, Zr and Hf in waters is ruled by metal ion-complexation, precipitation
and/or dissolution of solid phases and adsorption onto the mineral surfaces [Wood, 2003; Bau and Koschin-
sky, 2006; Censi et al., 2014; Inguaggiato et al., 2015].

Y-Ho and Zr-Hf are characterized by similar ionic radius and same charge. The twin pairs behave coherently
during high-temperature processes such as the solidification of melt, where the elemental behavior is ruled
by ionic radius and charge [Comin-Chiaramonti et al., 1992, 2007; Censi et al., 1989; Ruberti et al., 2002]. Y/Ho
and Zr/Hf values are quite constant and close to the chondritic values in magmatic rocks with SiO2%< 70
[Bau, 1996]. Studies of Zr-Hf and Y-Ho in seawater and authigenic solids show the fractionation of these
pairs leading to Y/Ho and Zr/Hf values far from the chondritic [Censi et al., 2014, 2015; Schmidt et al., 2014,
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and references therein]. As a consequence, Zr/Hf values in open ocean water are larger than values recog-
nized in coastal systems where the dissolution of lithogenic materials influences the Zr/Hf signature
[Godfrey et al., 1996, 2009; Firdaus et al., 2011]. Hence, concentrations of dissolved Zr, Hf, and REE in natural
waters depends on the weathering and nature of the source materials and the elemental removal during
the formation of authigenic, biogenic and inorganic solids as carbonates, SiO2, Fe-oxyhydroxides, and Mn-
oxyhydroxides [Inguaggiato et al., 2016a].

In this study, the geochemistry of Zr, Hf, and REE was investigated in continental waters along the Dead Sea
Fault (Israel). This study area was chosen for the large variability in chemical-physical conditions and chemi-
cal compositions of the waters, in order to evaluate the different behavior of REE, Zr, and Hf possibly
induced by changes of pH, Eh, ionic strength, and precipitation of authigenic minerals.

2. Geological Setting

The investigated area of the Dead Sea Transform (DST) is the northern part of the Syrian-Red Sea-East-Africa
transform [Garfunkel, 1981]. The transform itself is the boundary between, the Arabian Plate in the east and
the African Plate in the west. The crustal part consists of an old crystalline basement (more than 580 Ma
old) underlying thick sedimentary rock sequences [Ginzburg and Gvirtzman, 1979; Rybakov and Segev, 2004].
Only in the southernmost area, close to Eilat, does the crystalline basement occur [Lustrino and Wilson,
2007]. The sedimentary sequences consist of carbonates, sandstones, clays, and evaporites in the northern
part of the investigated area, close to lake Kinneret [Zak, 1967; Weinstein et al., 2000].

The whole geological structure can be divided into three main areas. The northern areas built of Miocene-
Quaternary volcanism and continental sediments belonging to the Tiberias Group in the eastern part of the
investigated area (near the Golan Heights) while the western part (adjacent to the Galilee Mountains) is
made mostly of carbonate sequences of Judea, Mt. Scopus and Avdat groups. The central part of the stud-
ied area is from the Lake Kinneret to the southern Dead Sea. It is limited in the west by the eastern Judea
and Samaria Mountains whereas the transform faults represent the eastern limit of the escarpment. The
southernmost part of this area is composed of evaporitic and alluvium sequences belonging to the Dead
Sea Group [Mechie et al., 2013]. The third part of the studied area, extending between the Dead Sea and the
Gulf of Eilat, is mostly a low area filled by thick alluvium deposits. This southern part is limited between Pre-
cambrian crystalline rocks covered by Precambrian magmatic and metamorphic rocks and sandstones both
forming the Edom mountains at East and the carbonate sequences of the Judea Group outcropping in the
Negev area in the west. Several geological information about the Geology of Israel occurs can be recog-
nized in several studies [Sneh et al., 1998; Gur et al., 2003; Greitzer and Levitte, 2000; Levitte and Greitzer,
2005; Reznikov et al., 2004, and references therein].

3. Materials and Methods

Samples of several natural waters were collected for this study along the Lake Kinneret-Jordan Valley-Dead
Sea rift area. Sampling sites are located at Banias springs, in the Golan Heights, Hamei Teveria spring along
the northern and western shores of the lake Kinneret, the shallow water of lake Kinneret, Qedem springs,
and Ein Gedi thermal water collected from the well located in the local spas along the western shore of
Dead Sea. Yishai spring water was collected in a little pool close to the Dead Sea shoreline between Ein
Gedi and Qedem. Hamei Yoav and Hamei Gaash waters come from the western plan of Israel along the
Mediterranean coast. Qetura and Ya’Alon are samples coming from the southern Israel and were collected
from wells. Sample collection was carried out during May 2013, March 2014, and May 2015. The location of
collection sites is reported in Figure 1.

Eh, pH, temperature, and conductivity of the studied waters were measured directly in the field with an ORI-
ON 2501 m. Eh measurement was carried out with an Eh oxytrode Pt probe (HamiltonTM) using a reference
standard solution buffer at 0.475 6 0.005 V. Accuracy of determinations was 60.01 V for Eh, 60.1 for pH,
60.18C for temperature, and 1% for EC. The major anions were analyzed by Dionex ICS 1100 chromato-
graph on filtered and acidified (HNO3) samples with a Dionex CS-12A column for cations and on filtered
and acidified (HNO3) samples with a Dionex AS14A column for anions. Alkalinity was determined in the field
by titration with HCl 0.1 M. Thereafter, 1 L of water was collected at each sampling site, immediately filtered
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(0.45 mm filter membrane), acidified with 1%
HNO3 ultrapure solution to attain pH � 2 and
then stored in previous cleaned polyethylene
bottles. In order to separate studied elements
from the remaining solution in both fractions, a
NH4OH (25%) solution was added to attain
pH 5 8 and then an excess of FeCl3 (1%) solu-
tion was added to induce the precipitation of
solid Fe(OH)3. REE, Zr, and Hf are scavenged
onto the surface of the crystallizing Fe(OH)3

and can be separated from the remaining liq-
uid. In order to be sure that the crystallization
of Fe-hydroxide is complete, the solution was
left in a closed flask for 48 h and then Fe
hydroxide collected onto a membrane filter
(MilliporeTM manifold filter diameter 47 mm,
pore size 0.45mm). Fe hydroxide was dissolved
in HCl 6 M. The obtained solution was diluted
1:6 and analyzed in quadrupole-ICP-MS (Agilent
7500cc) with an external calibration procedure.

All chemicals used during laboratory manipula-
tions were of ultrapure grade. Ultra-pure water
(resistivity of 18.2 X cm) was obtained by an
EASY pure II purification system (Thermo, Italy).
Nitric acid 65% (w/w), ammonia solution, and
hydrochloric acid were purchased from VWR
International. Working standard solutions for
each element (Zr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, and Hf) were pre-
pared on a daily basis by stepwise dilution of
the multielement stock standard solution DBH,
Merck, or CPI International (1000 6 5 mg mL21)
in a HCl 1 M medium.

In order to assess possible interferences of BaO1 on Eu1 mass, the entire calibration procedure was per-
formed with calibration solutions having a Ba/Eu weight ratio of 10,000. Furthermore, during the entire ana-
lytical session in order to evaluate the accuracy of analysis, certified reference waters (Spectrapure
Standards, Norway) containing both elements at two different concentrations: 0.5 ppb of Eu and 50 ppb of
Ba in SPSSW1, 2.5 ppb of Eu and 250 ppb of Ba in SPSSW2 were repeatedly analyzed and the results were
always within 610% for both elements.

All labware was in polyethylene, polypropylene, or in Teflon and the calibration of all volumetric equipment
was verified. A calibrated E42-B balance (Gibertini, Italy) was used to weigh all samples and standards. pH
measurements were carried out with HI 991300 pH-meter (Hanna Instruments, Italy).

The assessment of the analytical precision of REE, Zr, and Hf was hard to carry out since, to the author’s
knowledge, aqueous standard reference materials with REE, Zr, and Hf concentrations referenced or simply
indicated are not known. Hence, as previously carried out by Raso et al. [2013], three aliquots (1 L each) of
NASS-6 (distributed by National Research Council of Canada) were treated as water samples according to
the above mentioned procedure and the obtained concentrations compared with those previously reported
in literature (see supporting information Table S1).

Dissolved speciation of investigated elements and saturation indexes of minerals have been calculated with
the PHREEQC software package (version 3.0.6) [Parkhurst and Appelo, [2010]. This choice was carried out in
order to get only qualitative information about suitable REE, Zr, and Hf dissolved speciation in so extreme
environments. These calculations have been performed using compilations of stability constants of REE
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whereas squares identify Group-2 waters.
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complexes occurring in LLNL database, integrated by more recent thermodynamic values [Millero, 1992; Lee and
Byrne, 1992; Klungness and Byrne, 2000; Luo and Byrne, 2000, 2001, 2004; Schijf and Byrne, 2004] as previously car-
ried out in Johannesson et al. [2004], Tang and Johannesson [2006], and Leybourne et al. [2006]. Aqueous Zr and
Hf speciation was not assessed with the PHREEQC software since it is always the same in a wide range of
physical-chemical conditions and described in depth in previous researches [Aja et al., 1995; Byrne, 2002].

Scanning Electron Microscopic (SEM) observations and EDS spectra were carried out on suspended particu-
late matter (SPM) collected in studied waters after filtration. SPM were gently dried under vacuum, mounted
on aluminum stubs and gold coated. SEM observations were carried out using a LEO 440 SEM equipped
with an EDS system OXFORD ISIS Link and Si (Li) PENTAFET detector that was used to provide EDS spectra.

4. Results

4.1. General Aspects
The chemical-physical parameters and major elements concentrations of the studied waters are reported in sup-
porting information Table S2. Water temperature ranges between 14.6 and 57.28C and pH values range from 5.4

to 8.5. Waters with lower pH values have
higher amount of CO2 dissolved in
waters [Inguaggiato et al., 2016b]. The
total dissolved salts (TDS) and the Eh
values cover a wide range from 0.3 to
193.5 g L21 and 20.4 to 0.26 V, respec-
tively. Sample waters are characterized
by a wide spectrum of major elements
composition due to the mixing between
meteoric water and ancient brines inter-
acting with local rocks, as found by pre-
vious studies [Moller et al., 2007]. The
anion triangular plot shows water com-
positions falling along the imaginary line
jointing the Cl and HCO3 vertices, proba-
bly representing the mixing between
brines and meteoric waters interacting
with carbonate rocks (Figure 2a).

A group of waters (Ya’alon 1a, Ya’alon
6, Qetura 5 e Qetura 115) is character-
ized by a relative enrichment in SO22

4

compared to the other waters, show-
ing in the triangular plot a deviation of
the samples toward the SO4 vertex
(Figure 2a). The cation triangular plot
shows both waters falling close to the
Na-K corner with a slight dispersion
toward both the Ca and Mg corners
(Figure 2b). The water with Ca domi-
nated composition is Banias, whereas
the waters with relative high Ca con-
tents are the samples characterized by
relative high SO4 contents. The enrich-
ment of Ca21 and SO22

4 is explained
by the dissolution of gypsum, whereas
the waters with high Na-Cl contents
are ancient brines or meteoric water
dissolving halite [Moller et al., 2007].
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plot of major cation dissolved in water. The red arrow indicates Ca enrichments
probably due to the gypsum dissolution.

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006704

CENSI ET AL. Zr, Hf, REE IN WATERS FROM ISRAEL 847



The waters were classified according to their Eh values and consequently to their saturation indexes with
respect to Fe-bearing minerals and to Eh values (supporting information Table S3). Based on this approach,
two different water groups were identified: Group 1 formed by waters from slightly undersaturated to over-
saturated relative to Fe-oxyhydroxides with Eh values ranging between 20.1 and 0.26 V; Group 2 formed by
pyrite oversaturated waters with Eh values lower than 20.25 V. Some Group-1 and Group-2 waters are satu-
rated or oversaturated with respect to dolomite and calcite whereas the studied waters are always under-
saturated with respect to gypsum and halite.

Scanning electron microsco-
py (SEM) observations carried
out on SPM from the stud-
ied waters show lithic frag-
ments, crystals and apparently
amorphous or cryptocrystal-
line materials. SEM-EDS analy-
ses revealed Mn- and Fe-
oxyhydroxides coupled with
calcite and/or dolomite in
Group 1 (Figure 3).

4.2. REE, Zr, and Hf
Zr and Hf concentrations range
from 11 to 955 pmol L21 and
0.3–10 pmol L21, respectively
(supporting information Table
S4). The amount of Y and Ho
dissolved in waters ranges
from 6.2 to 1066 pmol L21 and
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the aqueous speciation of Eu(II) [see Sverjensky, 1984], Eu model calculations are not reported.
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from 0.05 to 15.1, respectively. Zr/Hf and Y/Ho molar ratios change between 68.1–156 and 41.8–134.3, respective-
ly, from close to chondritic (70.8 6 5.6 and 51.2 6 5, respectively) [Jochum et al., 1986] to superchondritic values.
Figure 4 shows that Y/Ho and Zr/Hf ratios change simultaneously in Group 1 toward superchondritic values,
whereas a different behavior was found in Group 2 with Zr/Hf ratios always close to chondritic values and Y/Ho
ratios spanning from chondritic to superchondritic. REE speciation in Groups 1 and 2 shows REE-complexes domi-
nated by carbonate and halide species (Figure 5).

As well as can be expected, the relative abundances of REE complexes is dominated by carbonate species
in studied waters, apart from in Hammei Teveria e Qedem springs where chloride and fluoride complexes
are the most abundant aqueous species. Moreover, Figure 5 suggests the significant contribution of aque-
ous REE complexes to the whole budget of these elements in dissolved phase. With any probability, this evi-
dence is related to pH value recognized at Qedem (pH 5 5.4) that is the lowest among those found in
studied waters. The significant contribution of aquo-REE complexes at Qedem leads to a LREE (firstly La)
enrichment in dissolved phase that is reflected by the highest La concentrations recognized both there and
at Yishai spring among the studied waters. On the contrary, Zr and Hf speciation does not change for the
range of pH values recognized in waters from Groups 1 and 2 [Byrne, 2002].

The total REE contents range from 19.1 to 2977.8 pmol L21 (supporting information Table S4). Figure 6
shows the shale-normalized REE patterns, relative to PAAS (Post Archean Australian Shale) [Taylor and
McLennan, 1995]. Group-1 waters show patterns slightly increasing along the REE series and medium REE
(MREE) enriched at Qetura 5, Qetura 115, Ya’alon 6 and in Lake Kinneret. Moreover, negative Ce anomalies
are found in almost all waters belonging to Group 1. Group-2 waters show shale-like patterns with slight
MREE enrichments centerd on Gd or Eu whereas there is a strong MREE enrichment and lack of Eu anoma-
lies in Ya’alon 1a water. Moreover, Group 2 is characterized by strong Eu anomalies and no Ce anomalies.
Ya’alon 6 water shows REE characters intermediate between those of Group-1 and Group-2 waters. In fact, it
shows the MREE enrichment typical of the Group-1 water but it is free from positive Ce anomaly
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(characteristic of Group-1 water) and Eu anomaly (characteristic of Group-2 water), probably as a conse-
quence of the Eh value close to 20.1 V intermediate between the two groups.

5. Discussion

5.1. Zirconium and Hafnium
Previous studies carried out on natural waters from the Rift Valley-Dead Sea area [M€oller et al., 2003; Moller
et al., 2007; Siebert et al., 2012] did not take in account the Zr and Hf behavior and considered the dissolved
REE distribution as mainly related to the effects of water-rock interactions in different aquifers. The latter
processes were considered responsible for a wide spectrum of dissolved compositions under the different
thermochemical conditions occurring in the waters.

Figure 7 shows that Zr/Hf molar ratios increase as Eh values increase. Group-2 waters have Zr/Hf molar
ratios quite constant clustered around the chondritic signature whereas Group-1 waters have Zr/Hf ratios
directly related to Eh values starting from the chondritic signature. Considering that Zr and Hf are not redox
sensitive elements and their dissolved speciation is not influenced by redox conditions [Byrne, 2002], the
different Zr/Hf ratios found in Groups 1 and 2 can be related to the different affinity of Zr and Hf aqueous
complexes toward solid surfaces. In a wide range of pH values, (Zr(OH)4)0 and (Hf(OH)5)2 are indicated as
the most abundant aqueous species of Zr and Hf [Aja et al., 1995]. Their affinity toward solid surfaces was
observed under different natural conditions [Godfrey et al., 1996; Bau and Koschinsky, 2006; Lutfi Firdaus
et al., 2008; Firdaus et al., 2011; Censi et al., 2015]. It was related to the charge of the dissolved species in rela-
tion to the electrostatic surface charge of the sorbent according to a coulombic electrostatic model
[Koschinsky and Hein, 2003, and references therein]. According to this model, some suitable sorbent species
in studied waters can be considered the most abundant saturated and oversaturated minerals (Fe-oxyhydr-
oxides, as goethite according to model calculations and pyrite or a pyrite precursor such as mackinawite in
Group-1 and Group-2 waters, respectively). Figure 8 shows that Zr/Hf ratio is almost constant around the
chondritic signature in Fe-oxyhydroxide undersaturated Group-2 waters whereas superchondritic values are
recognized in oxidizing Fe-oxyhydroxide oversaturated Group-1 waters (Figure 8a). Again, the extent of
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superchondritic signature of Zr/Hf ratio progressively decreases relative to saturation index of pyrite in
Group-1 waters closely attaining the chondritic value in pyrite-saturated Group-2 waters (Figure 8b). These
evidences are consistent with the large capability of goethite surfaces to interact with dissolved acidic spe-
cies that are directly bound with surface Fe atoms from acidic to circumneutral pH as those occurring in
Group-1 waters [Marsac et al., 2016]. On the other hand, a limited interaction of aqueous (Zr(OH)4)0 and
(Hf(OH)5)2 complexes is expected onto pyrite surfaces where zeta potential is neutral or negative at
pH� 5.5 [Vergouw et al., 1998; Bulbul et al., 2016]. The latter indication is consistent with the limited Zr-Hf
decoupling observed in Group-2 waters where Zr/Hf values are clustered closely to the chondritic signature.

5.2. Yttrium and Holmium
Differently from the Zr and Hf behavior during dissolved complexation, the Y and Ho dissolved species always
show the same ionic charge if complexed with the same ligand. Therefore, the Y–Ho decoupling observed in
almost all of the Group-1 and Group-2 waters (Figure 4) cannot be driven by electrostatic considerations,
probably depending from the different covalent character of the dissolved Y and Ho complexes [Bau, 1996].
This suggestion is confirmed by the preferential Ho scavenging onto Fe-oxyhydroxide relative to Y [Bau,
1999]. Laboratory experiments on CaCO3 crystallization (both calcite and aragonite) indicate the preferential
incorporation of Ho into CaCO3 relative to Y [Qu et al., 2009]. These results were confirmed by Tanaka et al.
[2004, 2008] recognizing a preferential Y enrichment relative to Ho in the dissolved phase during calcite crys-
tallization that was interpreted as a Ho–CO3 and Y–CO3 bonding difference in carbonate minerals.

5.3. Rare Earths
Figure 5 shows that the most abundant REE species in Group 1 are (REECO3)1 and (REE(CO3)2)2 com-
plexes. The progressive increasing of the observed percentage REE(CO3)2
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with the growth of the stability constant of this complex along the REE series [Millero, 1992; Luo and
Byrne, 2004].

The arrangement of Qetura 5, Qetura 115, Ya’alon 1A, and Ya’alon 6 waters in Figure 2 and their MREE
enrichment reported in shale-normalized patterns (Figure 6) suggest that these waters experienced sul-
phate dissolution during groundwater circulations. This suggestion agrees with the lithology of their aqui-
fers in the western side of the Arava graben, consisting of Lower Cretaceous sandstones with anhydrite
cement or lenses [M€oller et al., 2009, and references therein]. Sulphate minerals, mainly anhydrite and gyp-
sum, often show normalized REE patterns characterized by MREE enriched irrespectively from their primary
[Bach et al., 2003; Playa et al., 2007; Schmidt et al., 2014] or detritic nature [Toulkeridis et al., 1998].

Also the water from lake Kinneret shows similar MREE enrichment. But it cannot be originated from sulfate
dissolution since the major ion composition of this water falls along the Cl2-HCO2

3 and Mg21-(Na1 1 K1)
sides in Figures 2a and 2b, respectively. Therefore, a further explanation of the MREE enrichment in the lake
Kinneret water has to be found.

Usually, MREE enrichments in natural waters can be determined by the dissolution of MREE fractionating
solids, as previously mentioned for gypsum. Some evidences of MREE enrichment in river waters are
reported consequently to phosphate dissolution [Hannigan and Sholkovitz, 2001] or during the leaching of
Fe-oxyhydroxides. But the former process leads to shale-normalized patterns where MREE enrichment is
coupled with negative Ce anomaly values, whereas the formed even allows to positive Ce anomalies other
than MREE enrichment since both Ce and MREE are enriched onto Fe-oxyhydroxides.

Recently, the recycling of organic products by bacteria in the Lake Kinneret was recognized as a key factor
for influencing the nutrient supply to phytoplankton [Li et al., 2014], whereas these organisms are responsi-
ble of iron reduction from Fe(III) to Fe(II) in the water lake [Shaked et al., 2002]. Here iron is mainly provided
both by Fe-rich particles and colloids coming from the Jordan river. These materials usually represent the
main vehicle for the transport of REE and other trace elements in rivers where these metal ions are
adsorbed onto the surface of Fe-rich products [Sholkovitz, 1995; Hannigan and Sholkovitz, 2001]. Since Fe-
rich materials in rivers are enriched in MREE [Bau, 1999; Ohta et al., 2009], their mineralization would agree
with the MREE enrichment observed in the water of Lake Kinneret. At the same time, the fertilization of the
lake water from Fe disposal, provides the biomass growth that influences the micrograzer excretion [Li
et al., 2014] and leads to the increase of the organic load in the lake. Although oxidizing conditions occur in
shallow water layer (Eh 5 0.19 V), the latter conditions contribute to maintain both Ce(III) and Ce(IV) in the
dissolved phase [Pourret et al., 2008; Censi et al., 2010; Loges et al., 2012; Kraemer et al., 2017], probably asso-
ciated to the colloidal fraction occurring therein. As a consequence, the Ce anomaly, typical of oxidizing
water systems is poorly developed or does not occur.

Against the MREE enrichment shown by shale-normalized patterns of Group-1 waters, Group-2 waters are
characterized by positive Eu anomalies (Figure 6). This difference is hard to explain according to the ampli-
tude of rock-water interactions since both the studied group waters flow through the same rock types:
Upper Cretaceous limestones from the Judea Group, arenaceous sediments from the Dead Sea Group and
limestone debris and sands from the Arava Graben [M€oller et al., 2003]. Moreover, all these lithotypes have
very similar REE distribution [M€oller et al., 2003]. As a consequence, the hypothesis that the different REE fea-
tures observed in Group-1 and Group-2 waters can be simply related to rock-water interactions can be ruled
out. Against this background, the different REE behavior recognized in Group-1 and Group-2 waters can be
determined by redox conditions, as suggested by the different Ce and Eu behavior in the two water groups
(Figure 9).

Ce and Eu are redox sensitive elements, with two oxidation states. Ce can occur as Ce31 and Ce41 whereas
Eu has 21 and 31 oxidation states. In the studied samples, Ce and Eu anomalies cover a wide range of val-
ues from 0.3 to 0.97 and from 1.09 to 6.29, respectively. Figure 9 shows different distribution of Eu and Ce
anomalies in Groups 1 and 2 according to their different redox conditions. Positive Eh value-Group-1 waters
show almost always negative Ce anomalies (Ce/Ce*< 0.95; see Bau and Dulski [1996] for a detailed discus-
sion) coupled with slight positive Eu anomaly values (1.1� Eu/Eu*� 1.3). Negative Eh values-Group-2
waters show slightly negative or absent Ce anomalies coupled to stronger positive Eu anomalies up to 6.29.
These features suggest that in Group-1 waters Ce and Eu occur in the respective oxidized forms in agree-
ment with the limited extent of Eu anomaly and the Ce scavenging as CeO2 under oxidizing conditions
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onto Fe-oxyhydroxides [Koschinsky and Hein, 2003; Seto and Akagi, 2008]. On the contrary, Ce and Eu could
occur as reduced Ce31 and Eu21 aqueous species in Group-2 waters, as suggested the limited extent of Ce
anomalies and by evidences of model calculations showing the Eu occurrence as Eu21. The latter sugges-
tion could explain the observed positive Eu anomalies in Group-2 waters due the larger Eu21 stability in
aqueous phase relative to its trivalent neighbors Sm31 and Gd31 [Bau, 1991; Bau and Moller, 1993].

6. Conclusions

The study of Zr, Hf, and REE distributions in thermal and natural waters spanning a wide range of physical-
chemical and salt content conditions shows a strong dependence of Zr/Hf, Eu/Eu*, and Ce/Ce* on Eh values.
The latter parameter allows to group the studied waters according to their oversaturation relative to Fe-
oxyhydroxides (Eh>20.1 V) and pyrite (Eh<20.25 V), respectively. The deposition of Fe-oxyhydroxides
suggested by geochemical modeling involves Hf fractionation relative to Zr onto solid surfaces influencing
the dissolved Zr/Hf signature. At the same time, the redox conditions are responsible of the aqueous Eu
speciation as Eu21 according to Eh<20.25 V. The latter process enhances the dissolved Eu stability relative
to their neighbors along the REE series and the presence of positive Eu anomalies in these waters. Analo-
gously, the oxidative Ce scavenging as CeO2 onto surfaces of Fe-oxyhydroxides allows negative Ce anomaly
values in oxidizing waters. A very interesting point of this study is that the dissolved REE speciation cannot
simply explain the observed distribution in natural waters and the solid-liquid processes play a key role on
the geochemical behavior of these elements.
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