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Abstract
Desalination is an important strategy for adapting to the global shortage in safe drinking water. Israel relies heavily on desalinated
water (over 50% of supplied drinking water). However, desalinated water may be more corrosive than water from other sources
and may cause leaching of heavy metals from materials in contact with water. In this study, we measured heavy metal concen-
trations (copper, iron, lead) in 1379 drinking water samples in educational institutions in Israel and compared heavy metal
concentrations in drinking water from different sources (desalination, groundwater, desalinated and groundwater mixture).
99.9% of the samples met the standard for copper (1400 μg/l), 99.7% for iron (1000 μg/l), and 99.6% for lead (10 μg/l). As
expected, heavy metal concentrations were higher in first flush samples compared to flushed samples (significant findings for
lead, copper, and iron). Heavy metal concentrations were not higher in desalinated water, or desalinated and groundwater
mixture, compared to groundwater. In first flush samples, lead concentrations in groundwater were significantly higher than in
desalinated-groundwater mixtures (p = 0.005). In flushed samples, lead concentrations in groundwater were higher than in
desalinated-groundwater mixtures but the difference was not significant (p = 0.07). We suggest that regulatory requirements
for stabilization of desalinated water and restrictions on lead content of plumbing materials appear to have been effective in
preventing increased exposure to lead in desalinated drinking water in Israel. Further study should focus on potential heavy metal
leaching in pure desalinated water samples.
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Introduction

Global water resources, especially drinking water, are limited.
Many countries around the world already suffer from a shortage
of safe drinking water. Climate change exacerbates the problem:
extreme changes in rainfall and increased frequencies of drought
reduce the amount of water in lakes and rivers, and the amount of

groundwater. According to the World Health Organization
(WHO), by 2025, half of the world’s population will be living
in water-stressed areas (WHO 2018). The global water shortage
requires the adaptation of a variety of strategies for the production
and/or transfer of clean water to populations. These include
recycling of treated wastewater, purchasing drinking water from
other countries, and water treatment, including desalination.

Israel’s drinking water is unique in that there is a high
proportion of desalinated water in the distribution system
(over 50% with certain areas reaching 80%). Desalinated wa-
ter has been used to supplement severely limited natural
sources and to help cope with consecutive drought years.
Israel’s desalination plants use a two-step reverse osmosis
(RO) process. Since desalinated water is used for agricultural
irrigation, and a single RO step is not sufficient to decrease
boron concentrations, the second step results in a further de-
crease in boron, and in very low chloride concentrations (20
ppm).

The distribution system includes water from different
sources (desalinated, surface, and groundwater), and the mix
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can fluctuate seasonally, monthly, and hourly. This operational
flexibility and the use of a range of drinking water sources
allow for a reliable supply system (Israeli Water Authority
2018). However, the extensive usage of desalinated water in
the domestic sector may have potential indirect health effects:
the desalination process removes essential minerals from the
water, such as iodine, fluoride, calcium, and magnesium, and
can consequently affect human health (Koren et al. 2017).

Plumbing materials are highly sensitive to the chemical
characteristics of water. Chemical interactions occur between
the water and the plumbing materials, specifically when the
type and chemical content of the water changes (Oldfield
1998). Furthermore, in steel pipes, desalinated water was
found to be more corrosive than other drinking water sources
(Shams El-Din 2009; WHO 2011). Alam and Sadiq have
found increased concentrations of heavy metals (copper, iron,
and zinc) in desalinated drinking water after its transportation
from the desalination plant to consumers, caused when corro-
sive water comes into contact with poor quality pipes (Alam
and Sadiq 1989). According to a WHO report published in
2004, desalinated and low mineral water poses an increased
risk from toxic metals, both due to higher leaching of metals
from materials in contact with water and due to the lower
protective (antitoxic) capacity of water low in calcium and
magnesium (WHO 2004).

In order to prevent infrastructure problems associated with
corrosive water, Israel’s drinking water standards require large
water suppliers that desalinate seawater to stabilize the water
before it is supplied to the public. The required stabilization
values include pH level of 7.5–8.3, dissolved calcium level of
80–120 mg/L as CaCO3, alkalinity of above 80 mg/L as
CaCO3, Calcium Carbonate Precipitation Potential (CCPP)
of 3–10 mg/L as CaCO3, and a positive Langelier Saturation
Index. The Ministry of Health considers an additional stabili-
zation parameter, the Larson Index, which takes negative ions
into consideration. Of note, water treatment plants in Israel do
not add polyphosphates to control chemical corrosion.

In addition, in order to control potential leaching of heavy
metals into drinking water, products in contact with drinking
water, such as pipes, faucets, and fixtures, must meet require-
ments of a standard restricting heavy metals including lead in
leachate, though these regulatory requirements are relatively
new (since 2004). In addition, drinking water suppliers are
required by the drinking water standards to routinely monitor
heavy metals (lead, iron, and copper) in the supply system. Of
note, historically, there was no use of lead pipes in plumbing
systems in Israel. However, there has been use of lead in
plumbing components (for example, solder joints), and there
is import of faucets, coolers, joints, and other plumbing com-
ponents (excluding pipes).

Despite regulatory requirements, there is a concern that the
rapid increase in the use of desalinated water may increase
leaching of heavy metals from the supply system and

plumbing materials in buildings. Of note, there are consider-
able challenges in enforcing regulatory requirements rearding
lead in plumbing materials. In addition, since drinking water
sources in Israel may fluctuate very rapidly, there is a concern
that drastic changes in source water can impact water chemis-
try and lead to heavy metal leaching.

In this study, we measured heavy metal concentrations in
drinking water in educational institutions in Israel and studied
whether desalinated water had higher levels of the following
heavy metals: copper, iron, and lead, in comparison to drink-
ing water from other sources (predominantly groundwater).
We focused on educational institutions because of known vul-
nerability of children to heavy metals in drinking water.

Methods

Sampling and laboratory analysis

1379 drinking water samples were collected from faucets and
coolers, in 900 educational institutions in Israel. For 573 edu-
cational institutions, there was a single sample (one outlet
only); for 266, there were two samples, while for the other
institutions more outlets were sampled (three to nine outlets).
Sampling was conducted in the Israeli winter (19/11/2017 to
26/3/2018). Three hundred and three samples were first flush
(after non-use overnight) and an additional 1069 samples were
random grab samples collected after 2 min of flushing.
Samples were collected from a variety of institutions with
wide geographical distribution (Fig. 1).

The samples were collected in accordance with the
Ministry of Health’s Water Sampling Guidelines (Ministry
of Health 2016). In brief, 500 ml of water was placed in
high-density polypropylene sample container and acidified
with 1.5 mL nitric acid (1:1). Before acidification, turbidity
of each water sample was measured using portable turbidity
meters (HACH 2100Q (Loveland, Colorado, USA), Merck
Turbiquant (Burlington, Massachusetts, USA)). Samples with
turbidity < 1 NTU were labelled Bfor direct analysis^ and
samples with turbidity ≥ 1 NTUwere labelled Bfor digestion^.
The samples were transferred to the Ministry of Health Public
Health Laboratories and stored at room temperature until anal-
ysis. Concentrations of copper, lead, and iron were measured
for each sample within 30 days from the sampling.

Analytical measurements of metals in water were per-
formed according to US EPA Method 200.7 or 200.8 (U.S.
EPA 1994a, b) using Varian Vista-Pro ICP-OES (Palo Alto,
CA, USA) or Perkin-Elmer NexION 300X ICP-MS
(Waltham, Massachusetts, USA). Samples with low turbidity
samples (< 1 NTU)were tested by direct injection to analytical
instrument; samples with turbidity ≥ 1 NTU were digested
before instrumental analysis. Sample preparation and diges-
tion, calibration, standardization, and quality control were
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done according to the above-mentioned EPA methods. Limits
of quantification (LOQ) were as follows: Pb: 2 μg/L, Fe and
Cu: 10 μg/L.

Statistical methods

Concentrations below the level of quantification (LOQ) were
replaced by 0. Due to the non-normal distributions of the
metal contents, we used non-parametric statistical tests.
Kruskal-Wallis statistical tests were used to compare the metal

distribution between water from all sources. We compared
heavy metal concentrations between water from different
sources in all samples and separately for first flush samples
and flushed samples.Wilcoxon rank-sum test was then used to
compare metal distributions between two sources of water
(e.g., desalinated water vs. groundwater). To confirm our re-
sults, we repeated all analyses when replacing values below
the LOQ with LOQ/2.

Results

99.9% of the samples met the standard for copper (1400 μg/l),
99.7% for iron (1000 μg/l), and 99.6% for lead (10 μg/l). In
most samples, the metal concentrations were below the level
of quantification (92.5% of the samples for lead, 65.8% for
iron, and 80.5% for copper). As expected, heavy metal con-
centrations were higher in first flush samples compared to
flushed samples (significant findings for lead, copper, and
iron).

Information regarding the sources of water was collected
for 1337 samples: 981 samples originated from groundwater
diluted with desalinated water, 222 from groundwater only, 24
from desalinated water only, and 110 samples from other
sources (surface water or surface water mixed with ground-
water and desalinated water).

We compared the metal concentrations between the four
sources of water (groundwater, desalinated water, mixture of
desalinated and groundwater, and other sources, Fig. 2). All
against all comparison between the four distributions yielded
statistically significant results (p = 0.009 for lead, p = 0.0015
for iron, and p < 0.0001 for copper). However, pairwise com-
parisons suggest that metal content in desalinated water is
similar to that in groundwater (p > 0.05, for each metal).

We calculated the average concentrations of the three
metals in different water sources. The average lead levels in
all samples (first flush samples and flushed samples) in
groundwater (0.55 ppb) were significantly higher than in the
groundwater-desalinated mixture (0.36 ppb, p = 0.001). Lead
levels in the mixture were higher than the level in desalinated
water (0.21 ppb). The maximum lead concentrations were
11.5 ppb in groundwater, 89.2 ppb in groundwater-
desalinated water mixture, 5.1 ppb in desalinated water, and
2.2 ppb in water from other sources. As for iron, the
groundwater-desalinated mixture average level (46 ppb) was
higher than the desalinated (40 ppb) and the groundwater (31
ppb) levels. The maximum iron concentrations were 664,
5700, 894, and 164 ppb in groundwater, groundwater-
desalinated water mixture, desalinated water, and water from
other sources, respectively. In addition, the copper average
level in the groundwater-desalinated mixture (10 ppb) was
lower than those in groundwater and in desalinated water
(23 ppb in each). The maximum copper concentrations were

Fig. 1 Locations of educational institutions included in the current study
(figure was prepared using Google maps)
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255, 1505, 180, and 127 ppb, in groundwater, groundwater-
desalinated water mixture, desalinated water, and water from
other sources, respectively (see also supplementary Table 1).

In first flush samples (N = 303), average lead levels in
groundwater (1.23 ppb) were higher than average lead levels
in the groundwater-desalinated mixture (0.59, p = 0.005). As
there were only four desalinated water first flush samples, we
were unable to evaluate whether heavy metal concentrations
in these samples were significantly different than groundwater
and groundwater-desalinated mixture samples.

In flushed samples, (N = 1069), there was a trend for higher
average lead levels in groundwater (0.33 ppb) compared to the
groundwater-desalinated mixture (0.29 ppb, p = 0.07) but not
when compared to desalinated water samples (0.26, p = 0.69)
(see also supplementary Table 1).

Discussion

Most of the supplied drinking water in Israel is a mixture of
groundwater and desalinated water; this explains the rela-
tively small number of samples (n = 24) of pure desalinated
water. In all samples (flushed and first flush), groundwater
samples had statistically significant higher levels of lead
and copper in comparison to a mixture of desalinated water
and groundwater. Lead levels were significantly higher in
groundwater compared to the groundwater-desalinated

mixture in first flush samples (p = 0.005) and were border-
line significant in flushed samples (p = 0.07). This finding
is in agreement with the findings of Liu et al. that showed
lower lead release in mixtures with higher contents of de-
salinated water (Liu et al. 2010). The researchers showed
that maintaining pH of 7.8 and low alkalinity contributes to
less release of lead and copper. Indeed, desalinated water in
Israel generally has well controlled water chemistry (pH,
7.5–8.3; chloride, 20 μg/L; alkalinity, above 80 μg/L;
TDS, 300 μg/L) as opposed to groundwater with a broad
range of natural variation (pH, 6–8.7; chloride, 20–450
μg/L; alkalinity, 10–400 μg/L; TDS, 50–1600 μg/L).

In addition, we show that mixtures of desalinated water
and groundwater had statistically higher iron levels in
comparison to desalinated water. This finding is in agree-
ment with the findings of Taylor et al. who showed an
increased release of iron when pipes were exposed to a
mixture of desalinated seawater (by RO) and treated sur-
face water, probably due to the alkalinity reduction in the
mixture (Taylor et al. 2005).

In our survey of tap water in educational institutions in
Israel, only 0.4% of samples had lead concentrations above
the standard (10 μg/L). Comparing the lead concentrations
found in the current study to similar surveys in US States
and in Canada in which little or no desalinated water is
used for drinking reveals that the drinking water in Israel
in educational institutions, though enriched with
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Fig. 2 Heavy metal distributions in drinking water from different water sources, compared to the Israel drinking water standards. (a) Number of samples
from different water sources, compared to the standard. (b) Percentages of samples from different water sources compared to the standard.
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desalinated water, has much lower concentrations of lead,
compared to educational institutions in New York,
California, and in Canada (California Water Boards 2018;
New-York State 2018; Doré et al. 2018).

We note that this survey was limited in that it was
conducted only in educational institutions; we did not
have information on type of plumbing materials; and this
survey did not include water samples in municipal water
systems. It is not clear to what extent this survey in edu-
cational institutions can be used to draw conclusions
about lead levels in households and other institutions in
Israel—since educational institutions may have unique
water use patterns (long periods of non-use or minimal
water usage during holiday breaks and long weekends,
and fixtures are rarely if ever used for example in class-
room faucets) (Burlingame et al. 2018). In addition, only
24 samples of pure desalinated water were included in the
current study. As there were only four desalinated water
first flush samples, we were unable to evaluate whether
heavy metal concentrations in these samples were signif-
icantly different than groundwater and groundwater-
desalinated mixture samples. Of note, all samples were
collected in winter (the coldest season), and therefore, this
survey may not fully represent seasonal variations
in drinking water in Israel, since temperature plays a role
in water chemistry. Finally, there was low statistical pow-
er due to use of non-parametric tests. On the other hand,
the survey included a large number of samples, with
broad geographical and socioeconomic coverage of in-
cluded cities and smaller communities. We conducted all
analysis replacing values below the LOQ with zero, and
alternately with LOQ/2, and note that results were similar
using both methods.

In summary, although desalinated water is considered
corrosive and suspected to promote leaching of heavy
metals, we found that desalinated drinking water in Israel
has similar and even lower levels of heavy metals in com-
parison to groundwater. This may be due to strict regula-
tory requirements to stabilize desalinated water and re-
quirements since 2004 that restrict heavy metal leaching
in products in contact with drinking water (these require-
ments were expanded in 2018–2020 to restricting lead con-
tent to 0.25%). However, we note that there has been an
increase in Bred water^ complaints and appearances in dif-
ferent areas in Israel following drastic changes in drinking
water sources. In these places, the Ministry of Health in-
structs water suppliers to conduct frequent heavy metals
testing. In light of this increase in Bred water^ appearances,
and uncertainty regarding the water characteristics which
cause this phenomenon, there is still uncertainty regarding
the long-term impact of desalination and changes in drink-
ing water sources on potential drinking water exposure to
lead and other heavy metals.

Conclusion

One of the lessons of the Flint Michigan lead contamination
episode was that continued vigilance about lead in drinking
water is required, especially when changing drinking water
sources. This study explored potential impact of steadily in-
creasing use of desalinated water in Israel and found that, to
date, heavy metal concentrations in supplied water do not
exceed standards. We will continue to measure lead and other
heavy metals in supplied drinking water, with emphasis on
drinking water supplied to vulnerable populations.
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