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ARTICLE INFO ABSTRACT

Editor: Daniel Alessi High concentrations of metal(loid)s in phosphate rocks and wastewater associated with phosphate mining and fertil-
izer production operations pose potential contamination risks to water resources. Here, we propose using Sr isotopes as

Keywords: a tracer to determine possible water quality impacts induced from phosphate mining and fertilizers production. We uti-
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lized a regional case study in the northeastern Negev in Israel, where salinization of groundwater and a spring have
been attributed to historic leaking and contamination from an upstream phosphate mining wastewater. This study pre-
sents a comprehensive dataset of major and trace elements, combined with Sr isotope analyses of the Rotem phosphate
rocks, local aquifer carbonate rocks, wastewater from phosphate operation in Mishor Rotem Industries, saline ground-
water suspected to be impacted by Rotem mining activities, and two types of background groundwater from the local
Judea Group aquifer. The results of this study indicate that trace elements that are enriched in phosphate wastewater
were ubiquitously present in the regional and non-contaminated groundwater at the same levels as detected in the im-
pacted waters, and thus cannot be explicitly linked to the phosphate wastewater. The 87Sr/®Sr ratios of phosphate
rocks (0.707794 + 5 x 10~ °) from Mishor Rotem Industries were identical to that of associated wastewater
(0.707789 + 3 x 10~ >), indicating that the Sr isotopic fingerprint of phosphate rocks is preserved in its wastewater.
The 87Sr/%%Sr (0.707949 + 3 x 10~ °) of the impacted saline groundwater were significantly different from those of
the Rotem wastewater and the background saline groundwater, excluding phosphate mining effluents as the major
source for contamination of the aquifer. Instead, the 8”Sr/*°Sr ratio of the impacted water was similar to the compo-
sition of brines from the Dead Sea, which suggests that the salinization was derived primarily from industrial Dead
Sea effluents with distinctive Sr isotope and geochemical fingerprints.

1. Introduction

* Corresponding author. Phosphorus is one of the primary nutrients essential for plant growth
E-mail address: vengosh@duke.edu (A. Vengosh). and crop production and thus its availability is critical for sustainable
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agricultural development and food security. Phosphate fertilizers are typi-
cally produced from acid dissolution of phosphate rocks by sulfuric acid
to generate single super phosphate (SSP, 16-21 % P,0s) and/or phosphoric
acid, which is also used to generate triple super phosphate (TSP, 43-48 %
P,05). As part of fertilizer production, phosphogypsum is generated as a
byproduct (World Bank Group, 2007). Previous studies have reported
elevated levels of U, Cd, and other metal(loid)s in phosphate rocks
(Schnug and Haneklaus, 2015; Shang et al., 2021; Sun et al., 2020; Nio-
Savala et al., 2019; Bigalke et al., 2017; Gill and Shiloni, 1995; Jiao et al.,
2012; Li et al., 2020; Menzel, 1968; Zhuang and McBride, 2013). During
phosphate mining and fertilizer production, phosphorus (P) in addition to
metal(loid)s from phosphate rocks are mobilized into the low-pH wastewa-
ter and byproducts, posing environmental risks to the surrounding areas
(Cotter-Howells and Caporn, 1996; Macias et al., 2017; Reta et al., 2018;
Taha et al., 2021). Several studies have shown metal and radionuclide
contamination in the acidic mine wastewater and phosphogypsum
byproduct such as in Jordan (Al-Hwaiti et al., 2018), Morocco (Belgada
et al., 2021; Taha et al., 2021), Tunisia (Mabrouk et al., 2020; Khelifi
et al., 2022), Syria (Othman and Al-Masri, 2007), Turkey (Aydin
et al., 2010), Pakistan (Sabiha-Javied et al., 2009), Croatia (Bituh et al.,
2009), Spain (Pérez-Lépez et al., 2010), Togo (Gnandi et al., 2006), and
the U.S. (Rutherford et al., 1994; Burnett and Elzerman, 2001; Hamilton
et al., 2002; Myers, 2013).

While dissolution of phosphate rocks and the formation of acidic and
highly saline wastewater for fertilizers production has been recognized as
one of the potential environmental risks of phosphate mining (Reta et al.,
2018), the ability to establish a direct link between water quality degradation
and phosphate mining is not always trivial. Phosphorus that is present in
water as the orthophosphate ion (PO3 ™) is highly reactive and is commonly
retained by the aquifer rocks through adsorption onto clay minerals (Holtan
et al., 1988). The concentrations of metal(loid)s in groundwater resources
can also be affected by variations of their speciation that are controlled by
multiple geochemical factors (e.g., salinity, pH, oxidation-reduction). There-
fore, the abundance of metal(loid)s in the phosphate wastewater could also
be modified through water-rock interactions along the effluent and/or
groundwater flow paths, thereby masking the original wastewater chemical
composition. For example, the high acidity of the phosphate wastewater infil-
trating into the subsurface could dissolve aquifer rocks, causing an increase in
pH and consequently, a retention of metal(loid)s from the industrial wastewa-
ter, resulting in low concentrations of metal(loid)s in contaminated ground-
water (Arad and Halicz, 1994). Furthermore, in some cases other industrial
sources can cause contamination, in addition to the possible presence of
naturally occurring (geogenic) contaminants in the aquifers that can also
affect the water quality.

To address these limitations, we propose using strontium (Sr) isotopes
as a tracer for phosphate mining impacts on water resources. Strontium is
an alkaline-earth metal that occurs mostly as a cation (Sr**) that is highly
soluble in natural water. Numerous studies have shown the advantages of
using Sr isotopes as a geochemical tracer that can preserve the original iso-
tope fingerprint of the contamination sources with minimal modification
induced from secondary water-rock interactions. While phosphorus and
metals from the phosphate wastewater can be retained through adsorption
and co-precipitation on clay minerals and oxides in the aquifer, the Sr iso-
topes ratio in the water is not affected by Sr adsorption, and thus the orig-
inal Sr isotope ratio of the contamination source is preserved (McNutt,
2000; Capo et al., 1998; Cook and Herczeg, 2000; Harkness et al., 2017;
Ruhl et al., 2014; Vengosh et al., 2016; Warner et al., 2014). This study
aims to test the utility of Sr isotopes as a potential tracer for detecting the
impact of phosphate mining and associated wastewater on the environment
though investigating different water sources associated with phosphate
mining and wastewater in the northeastern Negev, Israel (Fig. 1). We pres-
ent a unique dataset that includes phosphate rocks from the Rotem phos-
phate field, associated wastewaters from a phosphate fertilizer factory in
Mishor Rotem Industries (MRI), downstream saline groundwater that was
previously suggested to be contaminated from the phosphate mine effluents
(Burg and Guttman, 2019), and background groundwater and aquifer rocks
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of the Judea Group aquifer in northeastern Negev, Israel. While Sr isotope
geochemistry has been employed for tracing groundwater contamination
in numerous cases and has been analyzed in phosphate rocks (Sattouf,
2007; Sattouf et al., 2007, 2008; Soudry et al., 2006), as far as we are
aware, this is the first time that it has been utilized to delineate the possible
contamination of groundwater by effluents from phosphate mining and the
use of Sr isotopes as a novel geochemical tracer to delineate the impact of
phosphate mining on the environment. Given the high concentrations of
Sr in the phosphate wastewater (up to 155 mg/L), compared to the back-
ground saline groundwater (4-7 mg/L), we hypothesize that the Sr isotope
fingerprint of the phosphate wastewater would be preserved upon ground-
water contamination. In addition to evaluating the Sr isotope systematics as
a potential tracer for phosphate mine wastewater in the environment, this
study presents a comprehensive dataset of trace elements abundances in
phosphate rocks, phosphate mining wastewater, and different groundwater
resources from the Northeastern Negev of Israel.

2. Background and methods
2.1. Background

The phosphate rocks of Rotem field (Fig. 1) are part of the Campanian
Mishash Formation in the northeastern Negev, Israel (Soudry, 1992;
Soudry et al., 2006, 2013). Since the early-1970's, phosphate rocks in the
Rotem field in MRI have been mined to generate phosphoric acid, fertil-
izers, phosphogysum byproduct, and wastewater. During the early stages
of operations, industrial wastewaters from phosphate mining, combined
with other wastewaters such as Dead Sea Water Type (DSWT) from the
nearby magnesium oxide industry (Periclas) have been disposed to several
open reservoirs in MRI (Fig. 1). Previous studies have suggested that
leaking of these reservoirs in MRI has caused the infiltration of industrial
wastewaters to the subsurface (Burg and Naor, 2000; Arad and Halicz,
1994) and caused the contamination of downstream groundwater from
the Cenomanian part of the Judea Group aquifer. It has been suggested
that the contaminated groundwater has migrated in the Judea Group
aquifer (Zafit Formation) towards well Efe 13a (Fig. 1), following the
hydrogeological structure in the aquifer (Burg and Gavrieli, 2013; Burg
and Guttman, 2019; Burg and Naor, 2000). These studies have suggested
that the downgradient flow of the contaminated groundwater had caused
the increase of the salinity in Efe 13a and Ein Bokek, located further down-
stream towards the Dead Sea Rift Valley emerging as a natural outlet of the
aquifer (Fig. 1) (Burg and Gavrieli, 2013; Burg and Guttman, 2019; Burg
and Naor, 2000; Guttman et al., 2016). Based on major element ratios
(e.g., Na/Cl, SO4/Cl), Burg and Naor (2000) and Burg and Guttman
(2019) have suggested that the groundwater and spring salinization was
derived from historic leaking of industrial effluents, of which the Rotem
phosphate mine wastewater from MRI was the predominant source.
Amiel et al. (2021) used a selection of trace metals defined as
Technology-Critical Elements (TCE) detected in the Ein Bokek spring to
also suggest contamination from the phosphate mining effluents.

2.2. Sample collection and preparation

To evaluate the utility of Sr isotope geochemistry as a new tracer
to detect phosphate mining wastewater, this study investigated: (1) repre-
sentative phosphate rocks from the producing phosphate ore in Rotem
field (n = 4); (2) representative aquifer carbonate rocks from the Zafit
formation that compose the upper part of the regional Upper Cretaceous
carbonate aquifer in the northeastern Negev (n = 4); (3) wastewater
from the MRI phosphate mine that were collected and analyzed for major
elements in 2018 (n = 6) and also collected and analyzed for major ele-
ments, trace elements, and Sr isotopes in 2021 (n = 7); (4) saline ground-
water from Efe’l3a and Ein Bokek that previous studies (Burg
and Gavrieli, 2013; Burg and Guttman, 2019) have suggested to be contam-
inated by the Rotem mine wastewater (defined as “impacted water”; n =
3); (5) naturally-occurring saline groundwater (chloride content of
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Fig. 1. Location map of Mishor Rotem Industries (MRI) and water sources of Ein Bokek and wells investigated in this study.

645-1900 mg/L; Rosenthal et al., 2007) from the Judea Group aquifer (n
= 9); and (6) hypersaline groundwater (chloride content of 5700 to
63,000 mg/L) in the Judea Group aquifer salinized by naturally occurring
deep Ca-chloride brines along the Rift Valley (Vengosh et al., 2007;
Vengosh and Rosenthal, 1994; n = 7; Fig. 1; Table S1). Water samples
were collected following the U.S. Geological Survey sampling protocol
(Wilde, 2008); samples analyzed for dissolved anions, cations, trace metals,
and Sr isotopes were filtered using 0.45 pm syringe filter units. Cation and
trace metal samples were preserved in the field with Optima nitric acid to
PH <2 in acid-washed high-density polyethylene (HDPE) bottles. Rock
samples were oven-dried at 40 °C until reaching a constant weight and
were passed through a 2-mm stainless-steel sieve for homogenization. A

subset of each sample was ground using a ceramic mortar and pestle to
pass a 200-mesh stainless-steel sieve for subsequent chemical and isotopic
analyses.

2.3. Chemical and isotopic analysis

Major elements in the wastewater samples were analyzed by the
commercial BACKTOCHEM Lab (Israel). Major elements of the natural
water samples were analyzed by ion chromatography (IC) on a Dionex IC
DX-2100 system at Duke University. The IC calibration was verified using
asecondary Dionex 7-anion and cation standards at varying concentrations.
Trace elements in the rock, wastewater and groundwater samples were
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Table 1
Strontium isotopes results of phosphate (Mishash Formation) and carbonate rocks
(Zafit Formation, Judea Group aquifer) investigated in this study.

Source Sr (mg/kg) Sr/Ca 87gr/86r
Phosphate rocks

R1 1078 318 x 1072 0.707827
R2 1005 3.07 x 1072 0.707854
R3 1488 4.40 x 1072 0.707764
R4 1472 435 x 1073 0.707731
Aquifer carbonate rocks

Crab 1A 87 2.59 x 10~* 0.707789
Carb 1B 102 2.97 x 107# 0.707858
Carb 2A 203 9.2 x 10~*

Carb 2B 82 2.29 x 1074 0.707822

measured on a Thermo Fisher X-Series II inductively coupled plasma mass
spectrometer (ICP-MS) at Duke University. Rock samples were digested in
an HF-HNO3; mixture, and the details of sample digestion and instrumental
analysis are described in a previous study (Vengosh et al., 2019). The
efficiency of digestion and accuracy of measurement were assessed by mea-
suring the European Commission Phosphate Rock BCR-032 standard. The
ICP-MS instrument was calibrated to the National Institute of Standards
and Technology 1643f standard, which was used at varying concentrations
before, after, and throughout sample runs. Internal standards of In, Tm, and
Bi were spiked into all samples and calibration standards prior to measure-
ment on the ICP-MS. Water samples were diluted by different magnitudes

Table 2
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to address the large salt matrix variations in the samples collection
(i.e., hypersaline wastewater relative to the natural water samples), and
the reported data represent the most accurate combination and optimiza-
tion of water sample dilution that was within the range of the external
standards used to verify the results.

Strontium isotope ratios were measured using thermal ionization mass
spectrometry (TIMS) on a ThermoFisher Triton at Duke University.
Strontium in samples (i.e., bulk water and digested rock solution) was pre-
concentrated by evaporation in a HEPA-filtered clean hood and re-digested
in 3.5 N HNOj3 and then was separated using an Eichrom Sr-specific resin.
The 87Sr/%6Sr ratios were collected in positive mode on the TIMS and the
standard NIST SRM 987 had an external reproducibility of 0.710254 +
0.000012 (2SD, n = 51).

3. Results and discussion
3.1. Strontium isotopic characterization of phosphate mining and aquifer rocks

Previous studies have suggested that the Sr isotope ratios of sedimen-
tary phosphorite rocks often mimic the 87Sr/%°Sr ratios of pore water
associated with the early diagenetic stages of phosphate formation, which
was assumed to be identical to the composition of the contemporaneous
seawater (Compton et al., 1993; Mallinson et al., 1994; McArthur et al.,
1990; Stille et al., 1994). The Sr isotope ratios of the phosphate rocks
reported in this study (0.707794 + 5 x 10~ % n = 4; Table 1) are consis-
tent with previous Sr isotope data of phosphate rocks from the Mishash
Formation in Israel, which reflects the original seawater composition

Major elements and Sr isotope data of wastewater from MRI, impacted water of Efe 13a and Ein Bokek, and two types of background saline and hypersaline groundwater from

Judea Group aquifer.

Site Date pH TDS HCO; Cl Br NO; SO, Na K Mg Ca P Sr Sr/Ca (x10~2) ®7sr/%0sr
Phosphate wastewater

Dekel reservoir 1/8/21 7.6 13,370 244 4154 na. na. na. 1234 107 169 2125 <0.5 242 1.14 n.a.
Dekel reservoir 23/7/18 7.3 12,979 n.a. 6865 11 na. 1600 2280 120 257 1846 n.a. n.a. n.a. n.a.

Acid reservoir D2 1/8/21 <1 548,320 n.a. 146,275 n.a. na. na. 15,765 6508 35,228 49 85,372 2.9 5.99 0.707822
Acid reservoir G2 1/8/21 <1 391,740 n.a. 87,296 n.a. na. na 678 329 13,065 994 79,923 21.6 217 0.707812
Acid reservoir G2 23/7/18 <1 106,214 n.a. 50,410 470 n.a. 38,600 2912 895 11,698 1229 n.a. n.a. n.a. n.a.

Acid reservoir G1 23/7/18 1.0 105,958 n.a. 50,635 485 n.a. 38,900 2934 663 10,536 1805 n.a. n.a. n.a. n.a.

Basic reservoir D3 1/8/21 9.7 252,620 5000 53,363 n.a. na. na. 129 1154 <5 12 688 n.a. n.a. n.a.
Basic reservoir D3 23/7/18 9.5 128,421 n.a. 37,725 260 n.a. 8800 80,815 804 3 14 n.a. n.a. n.a. n.a.
Process pipeline to plant 1/8/21 1.5 90,380 n.a. 2432 na. na. na. 1508 363 240 6153 24,961 151.4 246 0.707776
Drain Pool 5 1/8/21 1.0 69,780 n.a. 3439 na. na.  na 1805 505 418 4078 16,813 85.4 2.09 0.707781
Drain Pool 5 23/7/18 <1 13,312 na. 905 na. na. 7000 1785 187 132 3303 n.a. n.a. n.a. n.a.
Process pipeline from the plant 1/8/21 n.a. 10,159 n.a. 2481 n.a. na na 1493 340 240 5605 26,244 155.0 2.77 0.707755
Process pipeline from the plant 23/7/18 <1 13,129 n.a. 848 2 na. 6600 1649 223 175 3634 n.a. n.a. n.a. n.a.
Impacted water

Efe 13a well water 13/1/21 59 n.a. n.a. 8405 146 11 629 1203 88 947 2523 0.1 24.0 0.95 0.707951
Ein Bokek 29/7/21 7.7 8442 146 4998 86 7 408 595 35 569 1605 <0.1 17.4 1.08 0.707951
Ein Bokek 28/6/18 7.5 8380 169 4753 84 na. 496 671 31 554 1622 n.a. 15.8 0.97 0.707945
Background saline groundwater

Ein Ofarim 5 29/7/21 7.0 1852 110 645 3 1.6 446 362 22 75 190 <0.1 3.7 1.94 0.707771
Ein Ofraim 17 29/7/21 7.0 3436 305 1357 9 3.5 636 671 32 141 285 <0.1 6.4 2.26 0.707815
Ein Ofraim 18 29/7/21 7.2 3461 317 1376 7 1.2 621 677 32 153 277 <0.1 6.5 2.35 0.707818
Ein Ofraim 18 28/6/18 6.9 3254 326 1225 4 na. 592 655 29 150 274 na. 5.9 2.15 0.707812
Ein Ofraim 16 28/6/18 7.0 3119 314 1131 4 na. 628 589 25 138 290 n.a. 6.2 2.15 0.707786
Tamar 5a 29/7/21 6.9 3747 281 1488 10 42 733 747 36 158 292 <0.1 6.5 2.21 0.707836
Tamar 12 29/7/21 7.0 4604 305 1927 14 4.0 768 992 44 208 347 <0.1 7.5 2.16 0.707831
Tamar 10 29/7/21 6.6 4632 281 1897 14 2.7 820 994 51 218 358 <0.1 7.1 1.98 0.707839
Adamon 4a 29/7/21 6.9 3695 293 1354 7 3.1 675 1001 50 94 221 0.7 6.0 2.71 0.707789
Zohar 16 29/7/21 7.1 3220 268 1195 8 3.8 659 694 59 126 211 0.2 9.1 4.29 0.707756
Background hypersaline groundwater

Amiaz 6 28/7/21 6.4 11,600 284 5772 82 na. 1274 2672 165 535 816 n.a. 144 176 0.707933
Admon 6 29/7/21 6.6 15,559 244 8871 139 16.7 1049 3200 205 747 1144 1.2 243 212 0.707938
Zohar 4a 29/7/21 7.0 24,088 256 14,795 297 28.3 818 4185 366 1998 1372 <0.1 31.8 232 0.707970
Yeelim 2 29/7/21 6.1 89,286 159 60,763 1617 90 787 9598 1683 10,315 4362 0.9 97.1 232 0.707987
Yeelim 4 29/7/21 59 93,747 171 63,181 1624 87 548 10,452 1713 11,346 4712 <0.1 101.1 2.15 0.708007
Yeelim 4 28/6/18 5.9 80,994 167 51,885 1250 n.a. 653 10,823 1613 10,244 4358 n.a. 80.6 1.85 0.707963

n.a. denotes not available.
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of the paleoenvironment of the phosphate deposition during the Campa-
nian (Late Cretaceous) (Soudry et al., 2006). The Sr isotope ratios of the
acidic and saline phosphate wastewater from MRI (mean = 0.707789 *
3 x 107% n = 5; Table 2) are almost identical to the isotope ratios of
the phosphate rocks (Fig. 2). This confirms that dissolution of the phos-
phate rocks does not induce any selective mobilization of Sr, and therefore,
the original Sr isotope composition of the phosphate rocks is maintained
in the phosphate wastewater. It is important to emphasize that while differ-
ent chemical processes and methodologies of phosphate extraction may
generate different wastewater chemistry, it is not expected to affect
the distinctive Sr isotope ratios of the phosphate ore specifically due
to the relatively high concentrations of Sr on the phosphate rocks
(1000-1500 mg/kg; Table 1).

Release of the phosphate wastewater into the environment is expected
to influence the Sr isotope ratio of most natural waters, owing to its high
Sr concentration. For example, in the case study of the saline groundwater
in Judea Group aquifer, the Sr concentration in the phosphate wastewater
(an average of 73.4 mg/L; Table 2) is 12-fold higher relative to that in the
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Fig. 2. Distribution of strontium isotope ratios and Sr/Ca ratios in the Rotem
phosphate rocks, phosphate acidic wastewater, and the carbonate rocks of Judea
Group aquifer (Zafit Formation). The black lines indicate median values.
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Dead Sea. The Dead Sea data is from Stein et al. (1997). The black lines indicate
median values.

saline groundwater (6.2 mg/L). Therefore, contamination from the phos-
phate mine wastewater would modify the original Sr isotope composition
of the impacted water towards the composition of the phosphate rocks, in
a scenario where the initial isotopic composition of the impacted water is
different from that of the wastewater.

It is important to emphasize that the retention of Sr through adsorption
to clay minerals and oxides and/or secondary precipitation in the aquifer
would not modify the Sr isotope ratios in the groundwater. This contrasts
with the dissolved P and trace elements whose concentrations can be
greatly affected by water rock interactions. The only possible modification
of the Sr isotope composition in groundwater is dissolution of the aquifer
rock that could potentially modify the original isotopic ratios of the
phosphate effluents in the contaminated water. For the case study of the
Judea Group aquifer, the range of 87Sr/%°Sr ratios of the aquifer rocks
(Zafit Formation) overlap with that of the phosphate rocks (Fig. 2;
Table 1). Therefore, dissolution of the aquifer rocks would have resulted
in similar 87Sr/®°Sr ratios as the Sr isotope fingerprint of the phosphate
wastewater. Previous studies have recognized that the potential modifica-
tion of the original 8”Sr/%®Sr ratio due to dissolution of aquifer rocks is an
inherent limitation of the Sr isotope tracer (Vengosh et al., 2016). Nonethe-
less, given the high salinity, high Sr concentrations, and an order of magni-
tude higher Sr/Ca ratios of the phosphate wastewater relative to the
carbonate aquifer rocks (Fig. 2), we expect only a minimum impact of
this type of water-rock interactions on the Sr isotope composition of the
contaminated water.

Table 3
Data on the sources and salinity of the industrial wastewater historically disposed in
Ramat Rotem. Based on data reported in Burg and Naor (2000).

Source Wastewater volume Chloride Origin of the industrial
(million (mg/L) wastes
cubic meter)
Gypsum 4.5 630 Rotem phosphate
pool mine
Periclas Lake 1.5 60,000 Periclas Industry
Lake A 1.24 83,000 Rotem phosphate
mine
Lake B 1.31 60,000 Rotem phosphate
mine
Sinkhole 0.1-0.2 30,000 Periclas Industry
Total 8.75
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3.2. Tracing the phosphate mining effluents in northeastern Negey

In the northeastern Negev, historic discharges, and apparent leaking of
Rotem wastewater from MRI have been implicated in the contamination of
downstream groundwater as reflected in salinization of shallow groundwa-
ter in Efe 13a and the discharge spring of Ein Bokek (Fig. 1; Burg and
Gavrieli, 2013; Burg and Guttman, 2019; Burg and Naor, 2000; Guttman
et al., 2016). The results of this study show that the 878r/508r ratios of the
impacted water of Efe 13a and Ein Bokek (0.707949 + 3 X 1078
Table 2) are much higher than the Sr isotope ratios of the phosphate
rocks and wastewater (Fig. 3). Instead, the 3”Sr/36Sr ratios of Ein Bokek
and Efe 13a are within the 8”Sr/%°Sr range of the background highly saline
Ca-chloride groundwater (0.70793 to 0.70801; Table 2) and the naturally
occurring brines from the Dead Sea (0.70803; Stein et al., 1997), which
would suggest salinization from a “Dead Sea-like” brine source. The
878r/86Sr ratios measured in samples from Ein Bokek collected in 2018
and 2021 were identical (Table 2), reflecting the consistent Sr source to
this spring between the sampling years. Therefore, the Sr isotope data are
not consistent with previous assumptions that the salinization of Efe 13a
and Ein Bokek primarily originated from the historic leaking of phosphate
wastewater from MRL

One of the major assumptions made by Burg and Guttman (2019) was
that the highly acidic wastewater interacted with the aquifer rocks and
caused modification of the original Ca/Mg ratios and retention of metals
that are enriched in the acidic wastewater (see below). This was the
major explanation for the inconsistency between relatively high salinity
and low concentrations of metal(loid)s in Ein Bokek compared to the high
trace element concentrations in phosphate wastewater. However, such
water-rock interactions would produce a groundwater Sr isotope ratio
closer to the aquifer rock composition, similar to the Sr isotope composition
of the background saline groundwater (Fig. 3). In contrast, the 3”Sr/%6Sr
ratio of the impacted water is much higher than that of the aquifer rocks
and background saline groundwater, ruling out the possibility of modifica-
tion towards the aquifer rocks composition with lower 8 Sr/5°Sr ratios.
Instead, the close similarity of the 87Sr/®®Sr ratios in the impacted water
to the 87Sr/%°Sr ratios of the Dead Sea brines suggests salinization from a
different saline source with the Dead Sea Sr isotope composition.

Previous studies have estimated that the annual wastewater volume
that was historically discharged to the reservoirs at MRI was 7.5 million
cubic meter (MCM) per year, from which 2.5 MCM per year infiltrated
and leaked into the subsurface. Since this operation lasted for about

0.70805 . . . .
Periclas (Dead Sea composition)
0.70800 g
Impacted water
070795 | 1
—
n
32
% 070790 [ g
2}
.
oo
070785 |
Rotem phpsphate
composition
070780 | oo
Expected contribution /
0.70775 L 1 L 1
0 0.2 04 0.6 038 1

Fraction of Rotem wastewater in industrial wastewater

Fig. 4. Theoretical mixing model between Rotem and Periclas wastewaters sources.
We conducted mass-balance calculations assuming that the Periclas wastewater had
the strontium isotope ratio identical to that of the Dead Sea brine. Based on the
relative contribution of the Rotem wastewater (80 % of the total volume of
wastewater, see Table $3) the 8 Sr/%°Sr ratio of the mixed solution would have
been much lower (red square) than the 878r/8°Sr ratios measured in Ein Bokek
and Efe 13a (impacted water; blue square), indicating a much lower contribution,
if any, of the phosphate wastewater.
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30 years, it was estimated that a volume of about 75 MCM of industrial
wastewater infiltrated into the subsurface and had caused the downstream
contamination of Efe 13a and Ein Bokek (Burg and Naor, 2000; Burg and
Guttman, 2019). According to these studies, the wastewater effluents
originated from two major sources: the Rotem phosphate mining and the
magnesium oxide (Periclas) industry with effluents composed of modified
Dead Sea brines, defined as Dead Sea Water Type (DSWT). The two types
of wastewaters were clearly distinguished by their chemical composition;
the Periclas wastewater resembled the composition of the Dead Sea brine
with high Br/Cl and low SO4/Cl ratios, whereas the Rotem wastewater
had lower Br/Cl and high SO4/Cl ratios (Arad and Helitz, 1992; Burg and
Naor, 2000). We observed similar results of lower Br/Cl and higher SO,/
Cl in the Rotem wastewater collected in this study (see below), indicating
consistency of the geochemical composition over time. Based on the 1990
data reported by Arad and Halicz (1994), Burg and Naor (2000) recon-
structed the volume and chemical compositions of the two types of the
industrial wastewaters (Table 3). Based on the chemical data (e.g., Br/Cl,
S0,/Cl, phosphorous concentrations) reported in Burg and Naor (2000),
one can distinguish between the Rotem effluents that annually contributed
7.05 MCM relative to Periclas wastewater that contributed 1.7 MCM
(Table 3). Therefore, based on historical data, the Rotem wastewater ac-
counted for about 80 %, while Periclas only made up 20 % of the total
industrial wastewater that was historically discharged from MRIL

The major assumption made in previous studies was that a fraction of
the industrial effluents that were discharged to the reservoirs in MRI,
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Fig. 5. Changes in salinization rates of Ein Bokek spring over time as measured by
the Israel Geological Survey (GSI) and recent (2018-2021) sampling. Between
late-1990s and 2018 the salinization rate was 240 mgCl/L per year, while since
2018 the salinization rate decreased to 51 mgCl/L per year. The red dashed square
in the upper panel is shown in the lower panel.
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leaked and infiltrated into the subsurface, with an estimate recharge of 2.5
MCM per year. This was the basis of the geochemical model postulated by
Burg and Guttman (2019) that included blending of both Rotem and
Periclas wastewaters to generate a hypothetical mixture solution with
Na/Cl and SO,4/Cl ratios to reflect the mixing proportions of the two waste-
water sources. We test this model by using the strontium isotopes mass-
balance between the phosphate wastewater and the Periclas wastewater,
assuming that (1) the mean values of Sr concentrations (75 mg/L) and
878r/8Sr (0.70779) in the recent phosphate wastewater represent also
the historical composition of the Rotem wastewater; (2) the Sr/Ca ratio
(1.88 x 10~ 2) and the ®’Sr/%°Sr (0.7080) of the modern Dead Sea
(Stein et al., 1997) represent the historical composition of the Periclas
wastewater; and (3) the Ca content of Periclas wastewater that was
discharged to a leaking sinkhole (2500 mg/L) reported by Burg and Naor
(2000) can be used to estimate the Sr content in the Periclas wastewater,
which based on the Dead Sea Sr/Ca ratio would be equal to 48 mg/L.
Based on this mass-balance calculation, leaking of all the industrial waste-
waters at the same proportion as described in the previous studies
(i.e., 80 % Rotem versus 20 % Periclas wastewaters; Table 3) would
generate a blend with a 8”Sr/®®Sr ratio of 0.70782 (Fig. 4). This ratio is
different than the 8Sr/%°Sr ratio measured in Ein Bokek and Efe 13a
(0.707949 + 3 x 10™%; Fig. 4). Instead, the mass-balance calculations
indicate that the ratio measured in Ein Bokek and Efe 13a would reflect a
much lower (<20 %) contribution from the Rotem phosphate mining
wastewater. Consequently, the basic assumption of previous studies that
the blending of the two types of industrial wastewaters had caused the
contamination of Efe 13a and Ein Bokek is not consistent with the Sr isotope
data, which suggest a predominance of infiltration of Periclas wastewater
with the Dead Sea Sr isotope fingerprint. Since the volume of the Periclas

wastewater that was discharged to the reservoirs and released at the sink
hole was much smaller and consisted of only 20 % of the total wastewater
volume (Table S3), the estimates of an annual leaking volume of 2.5 MCM
per year seems to be an overestimate of the actual volume of the leaking
Periclas wastewater that infiltrated into the aquifer and had caused the
salinization of Efe 13a and Ein Bokek. In summary, the Sr isotope data
suggest a different source and a much smaller volume of industrial
wastewater infiltration than previously suggested.

Integrating recent (2018-2021) measurements with available historical
chloride concentration data conducted by the Israel Geological Survey

100

1 k- . | - =B - -

Flemental Ennrichment

0.01
Li B NaMgAl K CaSc V CrMnFeCo Ni CuZnGaGeAsSeRb Sr Y AgCdSbBa TI Pb U

Fig. 7. Enrichment of elements in the Rotem phosphate rocks in comparison to their
concentrations in the Judea Group aquifer carbonate rocks (Zafit Formation).
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(GSD shows that the salinization rate of Ein Bokek has decreased since 2018
(Fig. 5). Between 2003 and 2018 the average salinization rate was 240 mg
Cl/L per year, while since 2018, it was only 51 mg Cl/L per year, represent-
ing a nearly 5-fold decline (Fig. 5). This evident reduction of salinization
rates at Ein Bokek suggests that the balance between the saline water and
regional low-saline groundwater in the aquifer has shifted towards a
lower proportion of the saline source, and natural remediation of the salin-
ity in the aquifer may have started. This finding is consistent with the indi-
cation that the volume of the saline effluents that historically infiltrated
into the subsurface was apparently smaller than previously estimated.

3.3. Geochemical characterization of phosphate mining effluents

The phosphate mine wastewater is characterized by high acidity (pH
< 1), high salinity (TDS up to 548,000 mg/L), and very high metal(loid)
concentrations, many in the mg/L (ppm) level (Table 2 and Table S1;
Figs. 6 and 7). The phosphate wastewater from MRI is also characterized
by a wide range of Na/Cl ratios (0.01 to 3.3; reported as molar
ratios), relatively high SO4/Cl ratios (0.1-0.5), relatively low Br/Cl
ratios (7.1 x 10~ *to 4.3 x 10~ 3) and high B/Cl ratios (4 x 10 *to 7
x 10~ %) compared to these ratios in the impacted water (Na/Cl = 0.13,
Br/Cl = 8.9 x 1073,50,/Cl = 9 x 10”3 B/Cl = 7.9 x 10~ %) (Fig. 6).
Similar high salinity and sulfate levels were recorded in wastewater
collected in early 1990s in MRI (Arad and Halicz, 1994). Given the conser-
vative characteristics of both Cl and Br, one would assume that the original
Br/Cl ratio of the saline source would be preserved in the salinized water
and not be affected by water-rock interactions. Likewise, the relatively
high SO,/Cl ratio that characterizes the phosphate wastewater is expected

to be persevered in the shallow oxidized groundwater and Ein Bokek
spring, particularly given that the elevated U concentrations in the shallow
groundwater indicate oxic conditions (see discussion below). Yet both Efe
13a and Ein Bokek spring show higher Br/Cl and lower SO,/Cl ratios com-
pared to the Rotem wastewater (Fig. 6), which suggests a different salinity
source.

To evaluate the enrichment of metal(loid)s in the phosphate rock, we
compared their concentrations in the Rotem phosphate rocks to those of
the local aquifer carbonate rocks of Zafit Formation from Judea Group
aquifer (Table S2). The data show enrichment of several metal(loid)s in
the phosphate rocks relative to the carbonate aquifer rocks, in particular
B (by a factor of 6), Cr (26), Ni (9), Cu (9), Zn (79), Sr (11), Y (82), Cd
(62), Sb (13), and U (65) (Fig. 7). This is consistent with previous studies
that have reported elevated levels of these elements in phosphate rocks
(Batarseh and El-Hasan, 2009; Jiries et al., 2004; Kratz et al., 2016;
Schnug and Haneklaus, 2015; Silva et al., 2010; Sun et al., 2020). Consis-
tently, high concentrations of these metal(loid)s were also detected in the
phosphate wastewater, with trace element concentrations at the ppm
level, several orders of magnitude higher than those in the background
saline and highly saline groundwater (Table S1, Fig. 8).

3.4. The occurrence of metal(loid)s in salinized groundwater

A systematic analysis of the metal(loid) occurrences in Rotem phos-
phate wastewater, impacted waters, the background saline groundwater,
and the hyper saline (brine) groundwater show that elements enriched in
phosphate rocks including B, Cr, Ni, Cu, Zn, Sr, Y, Cd, Sb, and U (Fig. 7)
also had elevated concentrations in the phosphate wastewater from MRI,
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Fig. 8 (continued).

in most cases at the ppm levels (Fig. 8; Table S1). In contrast, their concen-
trations in the impacted waters were several orders of magnitude lower
(Fig. 8; Table S1). In addition, the concentrations of these elements in the
two types of the naturally occurring background groundwater were mostly
similar to, or even higher than those in the impacted water (Fig. 8). Only Cd
and U showed relatively higher concentrations in the impacted water as
compared to the background groundwater, although U and Cd concentra-
tions in the background groundwater were not negligible or non-
detectable. Similarly, trace elements that were not particularly enriched
in the phosphate rocks but show high concentrations in the phosphate
wastewater (such as Mo, V, and As), show consistent similar and even
higher contents in the background groundwater relative to their concentra-
tions in the impacted waters (Fig. 8; Table S1). Therefore, the trace
elements data alone cannot definitively establish the connection between
the impacted water and the phosphate wastewater. Similarly, the phos-
phate wastewater contains high concentration of dissolved phosphorus
(up to 80,000 mg/L), whereas the impacted water showed no traces of P,
while several background groundwater samples had non-detectable
concentrations (Table 2). This observation indicates that using the concen-
trations of P alone cannot be used as an indicator for possible contamina-
tion by phosphate wastewater, further reinforcing the importance of
using an independent geochemical tracer such as Sr isotopes.

Previous studies have suggested that the low levels of metal(loid)s in
Ein Bokek resulted from interactions between acidic effluents and the aqui-
fer rocks that had caused the trace elements retention through secondary
precipitation, which would explain their elimination in the contaminated
groundwater (Arad and Halicz, 1994). Therefore, the use of trace elements
to detect the possible impact of phosphate wastewater on the environment
is questionable given the possible water-rock interactions and the variable

geochemical characteristics of different elements (e.g., cationic elements
versus oxyanions) that would change their solubility, and consequently,
their occurrence in the impacted water. It is also important to note that
the occurrence of some metal(loid)s in groundwater such as hexavalent
uranium depends on the redox state of the water, since uranium is not
soluble under reducing conditions. Therefore, uranium concentrations in
groundwater are not only dependent on the concentration in the apparent
contamination source, but also on the ambient geochemical conditions in
the aquifer (Vengosh et al., 2022). The higher concentrations of uranium
in Ein Bokek and Efe 13a relative to the background groundwater can be
explained by the difference between the shallow and more oxidized
groundwater that characterize Efe 13a and Ein Bokek relative to the deep
and more reduced background groundwater from deeper wells. This can
also explain why other metalloids that are more soluble under reducing
conditions such as As and Mo were more abundant in the background
groundwater collected from deeper wells relative to the shallow impacted
groundwater of Efe 13a and Ein Bokek (Fig. 8; Table S1). These geochemi-
cal properties are essential in evaluating the occurrence of metals and
metalloids in groundwater resources, and one cannot simply assume that
high concentrations of some metals in a groundwater resource are derived
primarily from a presumably contamination source without considering the
ambient redox conditions of the aquifer.

We further analyzed the trace elements defined by Amiel et al. (2021) as
Technology-Critical Elements to determine if their abundance in the
impacted water can be used to detect the source of contamination and the
link to the phosphate mining wastewater. A detailed analysis of the varia-
tions of these elements (Table 4) shows that some elements were not detect-
able (Ga), or their concentrations in the impacted waters were very low or
close to the detection limit (Rh). Furthermore, the concentrations of some
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Fig. 8 (continued).

of these elements (Rh, T1) in the phosphate rocks and the associated waste-
water were also very low (Table 4), and thus the phosphate wastewater is
not a likely source for these elements in the impacted water. Importantly,
the concentrations of some of the Technology-Critical Elements in the back-
ground groundwater, including Ge, Y, Rh, and Tl were similar, or even
higher than that of the impacted water (Table 4). Therefore, given the ubig-
uitous occurrence of these elements in the regional and non-contaminated
groundwater, the occurrence of these elements in the impacted water is
not unique and cannot be linked explicitly to the Rotem phosphate waste-
water. Overall, the data presented in this study suggest that none of the
Technology-Critical Elements proposed by Amiel et al. (2021) can be
used as reliable or unique tracers for detecting the impact of phosphate
wastewater on the environment.

4. Conclusions
This study presents Sr isotopes as a new geochemical tracer for detect-
ing the impact of phosphate mine wastewater on the environment and

the quality of nearby water resources. While previous studies and new
data presented in this study show that highly saline and acidic phosphate

Table 4

wastewater associated with phosphate mining and fertilizers production
contains elevated levels of P and metal(loid)s that can contaminate associ-
ated water resources, multiple geochemical processes could potentially
modify the abundances of these metal(loid)s in the impacted groundwater,
and thus could mask the ability to identify the migration and the impact of
the phosphate wastewater. We show in this study that the Sr isotope ratios
of the phosphate wastewater are identical to those of the phosphate rocks
and thus can be used as a universal tracer to delineate possible impacts of
any phosphate mining on associated water resources. Given the enrichment
of Sr in the phosphate wastewater and the ‘conservative’ geochemical be-
havior of Sr isotopes that are not modified by secondary water-rock interac-
tions (e.g., adsorption), nor are sensitive to changes in redox state of the
water, we suggest that the Sr isotopes can be used as a sensitive and robust
tracer for detecting water contamination from phosphate mining. This
study utilizes a regional case study in the northeast Negev in Israel, where
salinization of groundwater and a spring have been attributed to upstream
historic leaking and contamination from phosphate wastewater. The con-
ceptual model for the salinization of Ein Bokek and Efe 13a has been
based on major elements data of the salinized groundwater and the assump-
tion that all of the industrial wastewaters were historically leaked from the

A detailed comparison of the concentrations of selective Technology-Critical Elements (TCE) previously used with Amiel et al. (2021) in the Rotem phosphate rocks and water
sources, including Rotem wastewater, impacted water (Ein Bokek and Efe 13a), background saline groundwater, and background brine-impacted groundwater.

Impacted water (mg/L) Background saline groundwater (mg/L) Background brine groundwater (mg/L)

0.03-0.26 (detectable in 7 out of 9)
0.03-0.71 (detectable in 7 out of 9)

BDL
0.40-1.04 (detectable in 4 out of 5)

Element Phosphate rocks (mg/kg) Rotem wastewater (mg/L)

Gallium (Ga) 0.1-2.9 14-1950 BDL
Germanium (Ge) 0.6-0.9 2-1111 0.27-0.33
Yttrium (Y) 50-80 6-12,674 0.33-1.62
Rhodium (Rh) BDL 0.14-0.48 0.03-0.05
Thallium (T1) 0.04-0.2 24.7-51.2 6.1-7.0

0.05-0.09 (detectable in 7 out of 9)
0.009-0.021 (detectable in 7 out of 9)
0.009-3.22 (detectable in 2 out of 9)

0.09-1.21 (detectable in 4 out of 5)
0.015-0.405 (detectable in 4 out of 5)
5.2 (detectable in 1 out of 5)

10
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reservoirs in MRI to the subsurface to cause the downstream groundwater
contamination. Previous findings of low levels of trace elements defined
as Technology-Critical Elements (TCE) in the Ein Bokek spring have also
been attributed to contamination from Rotem phosphate wastewater. To
test the validity of the new proposed Sr isotope tracer, this study presents
comprehensive data of major elements, a wide range of 40 trace elements,
and Sr isotope ratios that were measured in Rotem phosphate rocks, Judea
Group aquifer rocks, and all possible water sources, including Rotem waste-
water from MRI, the impacted water of Efe 13a and Ein Bokek, and two
types of background groundwater in the Judea Group aquifer. The results
of this study indicate that trace elements, including TCEs, ubiquitously
occur in the regional and non-contaminated groundwater at the same levels
as detected in the impacted waters of Ein Bokek and Efe 13a, and thus the
occurrence of these elements in Ein Bokek is not unique and cannot be ex-
plicitly linked to the Rotem wastewater. Likewise, despite of high concen-
trations of P in the phosphate wastewater, P was not detected in the
impacted water. In contrast, the Sr isotope data of the impacted water is
not consistent with the isotopic fingerprint of the phosphate rocks and asso-
ciated wastewater, but rather is similar to the composition of the Dead Sea
brine. Therefore, the Sr isotope data rule out the previous assumptions that
the salinization of Efe 13a and Ein Bokek originated from historic leaking of
wastewater primarily derived from the phosphate wastewater. Instead, the
new data suggest salinization from another saline source that originated
from the DSWT wastewater in MRI. Given the smaller volumes of the histor-
ical contribution of DSWT wastewater relative to the overall wastewater,
the new finding implies a much smaller volume of the overall industrial
waste that was leaked to the subsurface. The evidence for a different source
with lower volume is consistent with the observation that the salinization
rate of Ein Bokek spring has decreased since 2018, implying dilution of
an apparent smaller volume of infiltrated wastewater in the aquifer and be-
ginning of recovery of the salinized aquifer. Overall, this study presents a
new geochemical tool that can be used to delineate the impact of phosphate
mining and fertilizers formation in the environment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.157971.
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