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Abstract: The naturally occurring geogenic elements iodine (I), lithium (Li), and strontium
(Sr) have a beneficial effect on human health. Iodine has an essential role in human
metabolism while Li and Sr are used, respectively, as a treatment for various mental
disorders and for post-menopausal osteoporosis. The aim here is to evaluate the potential
for future epidemiological investigations in Denmark of lifelong and chronic exposure to
low doses of these compounds. The drinking water data represents approximately 45% of
the annual Danish groundwater abstraction for drinking water purposes, which supplies
approximately 2.5 million persons. The spatial patterns were studied using inverse distance
weighted interpolation and cluster analysis. The exposed population was estimated based
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on two datasets: (1) population density in the smallest census unit, the parishes, and
(2) geocoded addresses where at least one person is residing. We found significant spatial
variation in the exposure for all three elements, related mainly to geochemical processes.
This suggests a prospective opportunity for future epidemiological investigation of
long-term effects of I, Li, and Sr, either alone or in combinations with other geogenic
elements such as Ca, Mg or F.

Keywords: iodine; lithium; strontium; drinking water; treated groundwater; spatial trends;
exposure; Denmark; epidemiology

1. Introduction

Although most chemical elements do not occur exclusively in drinking water (DW), exposures via
DW, even at low concentrations, may have important consequences across the entire population [1].

The three trace elements which are in focus here (I, Li, and Sr) have in common that they are
essential (I) or possibly essential (Li, Sr) for humans and are currently used as part of pharmaceuticals
or dietary supplements. Also, their concentrations in DW can vary spatially, and lifelong exposure to
different naturally occurring levels may have an impact on public health in various ways.

1.1. Sources of I, Li, and Sr in Ground- and Drinking Water

Iodine (I) is a trace element from the halogen group and occurs in oxidation states —1, 0, +1, +3, +4,
+5, and +7 [2]. However, in the hydrogeochemical cycle, I is found in the stable inorganic forms
iodide (I") and iodate (I037), as well as in various dissolved organic iodine compounds. The speciation
data of I in Danish DW reported in [3] showed that there were six speciation combinations. Also, the
complex spatial distribution of DW-I was attributed to differences in geological layers,
hydrogeochemical reactions, and/or treatment procedures at the waterworks [3]. lodine concentrations
in Danish groundwater are characterised by both small-scale heterogeneity and large-scale spatial
trends [4]. Voutchkova et al. [4] found that elevated groundwater-I concentrations originate from
Palaeocene and Cretaceous limestone/chalk aquifers, and saw an association between I, Li, Ba, and Br.
These elevated concentrations of I in Danish groundwater seemed to be caused by leaching from soil,
the marine origin of the aquifers, and/or saline water influence; however, the processes governing the I
concentrations were site and depth specific [5].

The lithium (Li) ion at +1 oxidation state is generally soluble and mobile in groundwater; however,
sorption onto clay minerals and zeolite occurs [2]. Lithium in groundwater may have multiple geogenic
sources. It occurs in the minerals spodumene (LiAlSi20¢) and lepidolite (K2Li3Al4Si7021(OH,F)3), but
also in many other minerals. Pegmatite and brines especially are strongly enriched in Li [6]. In a
European study, a median value of 2.6 pg/L Li (min. <0.2 pg/L and max. 75 pg/L) in tap water was
found based on 579 samples from all over Europe [2]. To our knowledge, there are no studies focusing
on Li sources in Danish groundwater, except for a baseline study, where Hinsby et al. [7] concluded
that Li in Miocene aquifers was of natural origin.
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Strontium (Sr) occurs in nature in the +2 oxidation state and is the 15th most abundant element on
Earth [2]. The size of the Sr** ion is intermediate between those of Ca** and K*; thus, it substitutes
them in many rock-forming minerals [2]. High concentrations of Sr in Danish groundwater were
studied by Bonnesen et al. [8], who found that Sr concentrations increased with depth more than would
be expected from diffusion of deep connate seawater alone. They concluded that dissolution of small
amounts of Sr-rich aragonite (Cai—Sr:CO3) or equilibrium with the Sr-rich minerals celestite (SrSOa)
and strontianite (SrCOs) was the cause of elevated Sr in these chalk formations. Ramsay [9] found a
correlation between Mg and Sr, and concluded that recrystallization of Sr-containing aragonite to pure
calcite was the main cause of observed elevated Sr concentrations in the chalk aquifers in eastern
Denmark. Strontium-enriched groundwater is hence an indicator of limited hydrogeological flushing
with fresh water, as carbonate recrystallization takes place on a millennial time scale. Strontium
(together with B, Br, Cs, Ge, Li and Rb) is especially enriched in hydrogeochemically mature
groundwater [2].

1.2. Public Health and I, Li, and Sr in Drinking Water

Although there are no EU or U.S. standards for I, Li, or Sr, there are national standards for some
European countries [2]. A DW standard (maximum values) for I exists in Russia (125 pg/L), for Li in
both Russia and Ukraine (30 pg/L), and for Sr in Bosnia and Herzegovina (2 mg/L), Russia (7 mg/L),
and Ukraine (7 mg/L) (see references in [2]). The Danish DW standard is 1 mg/L for Li, and 10 mg/L
for Sr (provisional), while there is no standard for I [10].

1.2.1. Iodine

Iodine has an essential role in human metabolism [11]. Both insufficient and excessive dietary I
intake can cause health problems. Worldwide, the focus is on iodine deficiency (ID), as it is “the single
most important preventable cause of brain damage” [12]. Lower 1Q, learning capacities, quality of
life, and economic productivity are just a few of the adverse effects of severe ID [12]. Even mild ID
can result in learning disabilities, poor growth and diffuse goitre in school children [13]. ID is not
confined to developing countries [14]: Zimmermann and Andersson [15] estimated that 43.9%
(n =30.5 million) of 6—12-year-old children and 44.2% (n = 393.1 million) of the general population in
the World Health Organization (WHO) European Region have insufficient I-intake. Denmark is
amongst the 30 countries with ID status worldwide; however, subnational surveys are used for
estimating the status in Denmark, as recent nationwide ones are lacking [16].

The recommended daily nutrient intake (RNI) for I is 150 pg for adults (250 pg at pregnancy and
lactation), 120 pg for 6-12-year-old children, and 90 pg for babies 0—59 months old [11]. Iodine in the
human body originates mainly from food and DW; however, most foods (except sea products) are
naturally I low. Therefore, universal salt iodization (USI) programs have been established in many
countries, as this is the strategy officially recommended by WHO and United Nations Children’s Fund
(UNICEF) for elimination of ID worldwide [11,12]. The sustainability of USI as an ID prevention
measure depends on continuous monitoring [12], as well as its integration/coordination with the
nationwide strategies for reduction of salt consumption [17]. In the context of the ongoing debate on
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how to address this issue [14,16,18,19], it is important to focus on regional (local) differences in other
I-rich products [18] such as water, milk, efc.

Generally, DW is not considered a major dietary I source, providing only 10% [20]. After the
mandatory USI was introduced in Denmark in 2001 [21], about 14% of the dietary I intake was
derived from DW and other beverages (w/o juices and milk) [22]. Before the mandatory USI this
percentage was 24%—25% [23,24]. It has been shown that local or regional geographical variation of I
in DW exists and can be important for the I intake of the population, especially in areas where DW is
of groundwater origin, as in Denmark [3,21,25] or China [26,27]. As part of our previous study, the
DW contribution to dietary I intake in Denmark was estimated to vary in different parts of the country
from 0% to above 100% (adults) or 50% (adolescents) of the RNI [3].

1.2.2. Lithium

Lithium has been used as a treatment for various mental disorders for more than 60 years. The
therapeutic doses are much higher than naturally occurring Li levels in DW and typically within a
clinical range of 300-1200 mg Li2COs per day [28,29]. A substantial amount of studies and
meta-analyses investigating patients with mood disorders show that Li significantly reduces suicide
mortality in both long-term and short-term treatment [30,31]. It has been hypothesised that if Li in
therapeutic doses was effective in preventing suicide in people who already suffer from a mental
illness, perhaps Li in small doses over the course of a lifetime could prevent suicide in the general
population. This idea has been investigated in several ecological studies on aggregated data. A study
from Texas, USA [32] found that counties with high Li levels in DW were associated with significantly
lower suicide rates. More recent studies from Japan [33], the U.S. [34], and Austria [35,36]—the latter
three also accounting for socioeconomic factors that are closely related to suicide—suggest that
long-term intake of small doses of Li via DW may reduce the risk of suicide. Another study in the east
of England found no correlation between Li levels in DW and suicide rates [37]. The biochemical
mechanisms of action of Li are complex and not fully understood. Studies suggest that Li has a direct
antisuicidal effect through a reduction of aggressivity and impulsivity, which are both associated with
an increased risk of suicide [38].

1.2.3. Strontium

Osteoporosis is characterised by reduced bone mass and disruption of bone architecture, resulting in
increased bone fracture and fragility, and thereby imposing a significant burden on both the individual
and society [39]. Hernlund et al. [39] estimated, using a diagnostic criterion from WHO, that
approximately 22 million women and 5.5 million men residing in the EU in 2010 had osteoporosis. Of
these, approximately 0.28 million were from Denmark (female: 0.22 million, male: 0.06 million) [39,40].
The beneficial effects of stable Sr in the treatment of post-menopausal osteoporosis was reported as
early as in the 1950-1960s; however, perhaps because of undue association of the stable naturally
occurring isotope with the radioactive Sr isotope, those studies did not receive sufficient attention, and
the clinical use of Sr nearly ceased in the 1980s [41]. Currently, therapy for osteoporosis includes
dietary supplementation of Ca and Vitamin D, in addition to treatment with oestrogen, pharmaceutical
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products, or fluoride [42]. Strontium ranelate (Sr*" and ranelic acid) was licenced and introduced to the
European market for treatment of osteoporosis in 2004 [39].

The typical adult body burden of Sr is 0.3-0.4 g (99% in the skeleton), and the primary exposure
sources are DW, grains, leafy vegetables, and dairy products [43]. Watts and Howe [43] estimated that
the total daily intake of Sr in many parts of the world is up to 4 mg/day, with DW contributing
0.7-2 mg/day (based on 2 L daily consumption of DW with Sr concentrations of 0.34—1.1 mg/L).
However, they noted that intakes may be higher in areas where DW concentrations are higher.
Watts and Howe [43] and Agency for Toxic Substances and Disease Registry (ATSDR) [44] found
that there was not enough evidence for Sr toxicity to humans and that human data were inadequate for
setting a tolerable intake and a tolerable concentration of Sr.

The positive effects of Sr supplementation on bone have been examined in rats, monkeys, laying
hens, and humans in various studies (a few examples are given in [41,42,45]). Very few studies of
lifelong Sr exposure effects exist, as reviewed by ATSDR [44]. Dawson ef al. [46] measured Sr in DW
and urine (n = 2187) in families that had been residing within their respective communities for at least
10 years, and found a statistically significant product-moment correlation for decreased community
mortality rate (in people over 45 years old) for hypertension with heart disease. Polyakova [47]
proposed a classification dividing the Arkhangelsk region (Russia) into three zones with different
probabilities of Kashin-Beck or similar bone disease manifestation based on the hypothesis that areas
with DW characterised by Ca/Sr < 100 are coinciding with Kashin-Beck endemic regions. Curzon [48]
found an association between caries prevalence and Sr in DW for lifelong residents in four Ohio cities,
with minimum caries prevalence at DW concentrations around 5-6 mg St/L. There are few indications
that Sr, likely in combination with other trace elements, such as F~ or Ba, could be beneficial to
enhancing remineralisation of teeth, and hence protection against caries (for more references see [49]).
To our best knowledge, there are no published reports on the potential public health effects (beneficial
or adverse) of long-term exposure to different levels of naturally occurring Sr in DW in combination
with Ca, F, or other DW constituents.

1.3. Study Objectives

The general objective of this study is to evaluate the potential for future epidemiological
investigations of long-term (lifelong, chronic) exposure to low doses of three naturally occurring
compounds (I, Li, and Sr) from DW. The specific study aims are accordingly (1) to characterise the
nationwide spatial patterns of I, Li, and Sr concentrations in Danish DW and (2) to quantify the
exposure to I, Li, and Sr from Danish DW.

2. Experimental Section
2.1. Danish Public Drinking Water Supply

Denmark is a relatively small country (approximately 43,000 km?) with about 5.6 million inhabitants.
The Danish DW supply is entirely of groundwater origin. The major part of the population is supplied
by public waterworks. The reported groundwater abstraction for DW purposes for 2010 was
397 million m® (by 2585 public waterworks) [50]. Next to the public waterworks, there are single wells
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and small waterworks (supplying <10 households), which were estimated to supply about 0.4 million
people (7%) [51].

The DW supply is highly decentralised. Serensen and Meller [52] reported that about 72% of the
active waterworks have annual abstractions of <0.1 million m?, whereas only about 3% are abstracting
>1 million m?.

Bottled water consumption in Denmark was amongst the lowest in Europe in 2013 (22.8 L/cap or
0.127 million m? [53]) and below the global average (30 L/cap [54]). Thus, the major source of potable
water in Denmark is delivered by public waterworks.

Generally, Danish groundwater requires simple treatment with aeration and sand filtration only. In
the aeration step, naturally occurring gasses such as methane are removed and substituted by oxygen.
During filtration, oxidised iron and manganese are removed. A few other components are detained in
the sand filters in various magnitudes. Only 74 waterworks, producing about 50.47 million m?, use
some sort of more advanced water treatment [55]. However, neither chlorination nor ozone treatment
was used in Denmark by 2012 [55].

The aquifers used for DW abstraction in Denmark are mainly unconsolidated Quaternary glacial
sand, Tertiary marine and fluvial sand or Cretaceous limestone and chalk.

2.2. Water Chemistry Data (I, Li, and Sr)

The chemical data used here is from a DW sampling campaign conducted from April to June 2013
and reported in detail in [3,56]. The samples represent treated DW from groundwater origin, ready to
be supplied to consumers (sampling point: exit waterworks). The treatment consists of aeration and
sand filtration, except for 10.4% (n = 15) of the 144 waterworks, where a somewhat more advanced
water treatment method is used [3].

Iodine data were collected for all of the waterworks included in the study (n = 144); however, where
there were no total I measurements (rz = 5), iodide (I") determined by Ion-exchange chromatography (IC)
was used instead. Lithium and Sr data were obtained for 139 of the locations. The 144 waterworks
abstract about 175 million m® annually, which accounts for 45% of the total groundwater abstraction by
all public water supplies (excluding small waterworks or wells supplying fewer than 10 households) [3].
The samples were filtered in the lab (0.45 um pore size Q-max syringe filter, Frisenette Aps, Ebeltoft,
Denmark). Inductively coupled plasma mass spectrometry (ICP-MS) was used for determining I, Li,
and Sr concentrations. A short summary of I, Li, and Sr data is presented in Table 1. Further details on
the laboratory methods, sampling design and execution, hydrogeochemical characterisation, and water
treatment are provided in [3,56].

2.3. Water Supply Areas

Schullehner and Hansen [57] recently compiled a map with the water supply areas of all 2852
public waterworks in Denmark but excluding a number of very small waterworks and wells supplying
<10 households. For the purposes of our study, we have used only the areas supplied by the 144
included waterworks (Figure 1). It should be noted that: some of the selected areas are supplied by
more than one waterworks (Figure 1) and it is possible that some of the residents in these areas are not
connected to the public water supply but get their water from a privately owned well [57].
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Table 1. Summary of the iodine, lithium, and strontium datasets (concentrations in drinking

water) used in this study.

Title Iodine (I) Lithium (Li) Strontium (Sr)
Unit pg/L pg/L mg/L
Lab method ICP-MS * ICP-MS ICP-MS
Count (n) 144 * 139 139
Detection limit (d.l.) 0.2 5 0.005
<d.L (%) 6.25 18.7 0
Substitution (0.5%d.1.) 0.1 2.5 -
Min. concentration 0.1 2.5 0.07
Max. concentration 126 30.7 14.45
Mean concentration 13.97 * 11.04 1.31
Median concentration 11.25 * 10.30 0.59

Notes: * Here I” was used where total iodine was not measured (n = 5); IC is the method for I"; because these

I” measurements are included, the mean and median calculated here differ slightly from [3].

Drinking water supply areas
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Figure 1. Water supply areas of the waterworks included in the study (n = 144); the areas
in red, blue, green, and orange are supplied by more than one of the included waterworks

(source: map on supply areas of 2852 Danish waterworks [57]).

All selected water supply areas were assigned the water quality measurements (I, Li, and Sr) of the
waterworks by which they are supplied. The areas supplied by more than one waterworks were
assigned the average concentrations measured at the waterworks supplying the specific area (Figure 1).
The two largest cities, Copenhagen and Aarhus, are supplied with water treated by at least 15 and nine
waterworks, respectively. An effort was made to pinpoint specific parts of the cities (neighbourhoods),
which are preferentially supplied with water from one/some of these waterworks. Previously collected
data from the water supply companies (as part of two studies [3,57]) was used for this purpose.
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However, for parts of the cities (blue and red areas from Figure 1) this was not possible, as the water
from all these waterworks is mixed together in the water distribution system. More precise estimations
of I, Li, and Sr concentrations are possible only if water samples are obtained at carefully selected
points in the distribution system, which was not feasible for this study.

2.4. Estimation of the Population Living in the Selected Water Supply Areas

Two datasets were used for estimating the population living in the selected areas:

Ist dataset: a population density map based on the population counts in the smallest census unit
(parishes) for 2008 (further details can be found in [57]). This method yields “number of
residents” in the selected supply areas.

2nd dataset: a database including geocoded addresses with at least one registered resident from the
Danish Civil Registration System (DCRS), provided by the Centre for Integrated
Register-Based Research at Aarhus University (CIRRAU). This database contains one record
for each specific address (municipality, road, house number, and, if relevant, door number)
used as a residence in DCRS [58]. The DCRS was established in 1968 and has since recorded
current and historical information not only on the place of residence, but also on vital status,
gender, place and date of birth, parents, spouses, and siblings and twins for all persons living in
Denmark [59]. This information is regarded as being of very high quality and yields an
important and rare asset which can be used for epidemiological research [59]. A subset of this
database has been used here. It consists of the geocoded addresses for 2012 only
(n=2,092,090), which are further referred to as “households”.

The number of residents (1st dataset) and the number of household addresses (2nd dataset) within
each water supply area were calculated using the geographical information system ArcMap 10.0 (Esri,

Redlands, CA, USA).
2.5. Inverse Distance Weighted Interpolation and Cluster Analysis
2.5.1. Data Pretreatment

Due to skewed distributions of I and Sr concentrations, a square root transformation of I and a
logarithmic transformation of Sr were applied prior to analysis. The transformations were selected by
comparing the distribution of the transformed measurements with a normal distribution.

2.5.2. Inverse distance weighted interpolation

Inverse distance weighting (IDW) was used to estimate a density surface for each of the elements I,
Li, and Sr. This method assigns a weighted average of the neighbouring values to each unmeasured
grid cell on the map. The weight given to each observation is a function of the distance between that
observation’s location s; and the grid point s, at which the interpolation is desired. Generally, the
inverse distance interpolator is given as in Equation (1):

Qi=1 0(s)Z(sy)

2(50) = " o(s,)

(D
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where Z(s,) is the predicted value at the unsampled location s, and Z(s;) is the observed value at the
ith location within a given maximum distance for i = 1, ..., n, with n being the number of locations in
the study. The weights w attributed to the observations were computed as in Equation (2):

w(s) = |Is; = soll™ 2)
where ||s; — so|| is the Euclidian distance between locations s, and s; and p is an inverse distance
weighting power. The weighting power is selected in order to determine how fast the weights tend
towards zero as the distance from the grid point increases [60—62].

Grid cells of 1 x 1 km, a power of p = 2, and a maximum distance of 75 km were applied. The
density maps of I and Sr were derived using a square root and a logarithm transformation, respectively.
Back-transformed interpolated values were calculated and mapped.

2.5.3. Cluster Analysis

A local cluster analysis was performed to investigate areas with significantly higher or lower levels
of I, Li, or Sr in the DW. I and Sr were transformed prior to the analysis. The presence, significance,
and approximate location of clusters were evaluated using spatial scan statistics implemented by
Kulldorff [63] in the software SaTScan (v9.3.1, http://www.satscan.org/). The spatial scan statistic
searches for clusters by using a search window of varying shape and size. For each location, a test is
performed, evaluating whether the mean value is significantly higher (or lower) within the search
window compared to outside. Given the continuous data, a normal distribution was used as the
probability model in which the null hypothesis was that all observations come from the same
distribution, whereas the alternative hypothesis was that there was one cluster location where the
measurements have either a larger or smaller mean than outside that cluster. A central feature of this
method is that the statistical inference is still valid, even if the true distribution is not normal [64].

The significance of identified clusters was tested using a likelihood ratio test with a p-value
obtained using Monte Carlo simulations (999 permutations). The likelihood function is maximized
over all window locations and sizes, and the one with the maximum likelihood constitutes the most
likely cluster. An elliptic search window with a centre at the location of each waterworks was used,
allowing no geographical overlap between clusters. The maximum percentage of the measurements to
be included in a cluster was varied at 10%, 20%, 25%, 30%, and 50%, respectively. Changing the
maximum percentage of the measurements included in a cluster did not change the location and
number of clusters identified. A maximum percentage of 20% of the measurements included in a
cluster was used.

2.6. Exposure Analysis

To estimate the exposure to I, Li, and Sr from DW the following data were used: (1) water
chemistry data, which was assigned to each of the supply areas and (2) the 1st and 2nd datasets with
the number of residents and the number of households in the selected supply areas, respectively.
A schematic visualisation of the different datasets (and subsets) and the links between them is provided
in Figure 2.
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Linking of datasets/subsets and data-sources

SUPPLY AREAS WATERWORKS WATER CHEMISTRY
n=2 852 n=144 (139) I, Li, Sr (n=144, 139)

v .
N .
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~~~~~
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RESIDENTS HOUSEHOLDS
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— H A Wd  2013).List
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(2012) n=892 725

Exposure from drinking water

Figure 2. Scheme presenting the datasets, their subsets, and the links between them used in
this study. Some of these datasets and links were prepared in previous studies (colour
coded, references: A [3], B [57], and C [58]).

It was estimated that 2,479,976 residents (about 45.3% of all residents in 2008) and 892,725
households (42.7% of all households in 2012) are supplied with DW by the 144 waterworks analysed
in this study. For the 139 waterworks where Li and Sr data are present, the number of residents is
2,442,705 (about 44.6%) and the number of households is 874,375 (41.8%). Thus, the exposure
analysis covers close to half the population of Denmark (see Figure 1 for spatial reference).

The calculation of residents and households exposed to different levels of I, Li, and Sr are given as
a percentage of the households and population included in this study, respectively.

3. Results and Discussion
3.1. Spatial Distribution of Drinking Water I, Li and Sr

The spatial distribution of I, Li, and Sr concentrations in treated DW of groundwater origin was
examined using IDW interpolation and cluster analysis. The IDW interpolated maps are presented in
Figure 3a,c,e. The cluster analysis identified areas with significantly high concentrations and
significantly low concentrations of each of the elements I, Li, and Sr. The number of measurements
(i.e., waterworks) in a cluster, mean concentrations inside and outside the clusters, and p-values for the
three elements are shown in Table 2. The ellipses of the significant hot and cold spots are presented
overlaying the maps with the supply areas (see Figure 3b,d,f). However, it should be kept in mind that
the cluster analyses are based on point data.

The lowest concentrations for all three elements are observed in the western part of Jylland, where the
significant cold spots of I, Li, and Sr also are located. Another similarity in the spatial patterns is the
general east-west trend: relatively higher concentrations are found in the eastern part and lower in the
western part of the country. Despite that, the spatial distribution of I, Li, and Sr also show differences.
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Figure 3. lodine, lithium, and strontium in drinking water in Denmark; (a,c,e) IDW
interpolation; (b,d,f) drinking water concentrations in the selected supply areas and hot and
cold spot clusters. Note: each category represents ~20% of the observations; the cluster
analysis is based on the point data. See Section 2 for details.

An east-west trend for I concentrations in DW was reported by [25,65] and is thereafter largely used
by others. However, based on a cluster analysis of I data characterised by higher spatial sampling
resolution, Voutchkova et al. [3] concluded that there is complex spatial variation and the east-west
trend is an oversimplification. The same data as in [3] are used in the current study, while the different
analyses employed here add to our previous work; e.g., the IDW interpolated maps (Figure 3a) visually
confirm our statement about the complexity of the spatial variation. Northern Jylland is found to be a
significant hot spot of DW-I by both the present and the previous analysis [3]. However, due to
different data pretreatment (here: square root transformation vs. normal score transformation in [3])
and analytical method (here: spatial scan statistics vs. Local Moran’s I in [3]), a second hot spot
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(Sjeelland according to [3]) was not found here. The governing factors for this complex spatial pattern
have been attributed to both the geology and the groundwater treatment procedures [3].

Table 2. Geographical clusters of high (hot spot) and low concentrations (cold spot) of
iodine, lithium, and strontium in drinking water.

Mean Concentration

Element Type of Cluster Nmeasurements Inside Cluster : : p-value
Inside Cluster Outside Cluster
. Hot spot 4 77.09 9.92 0.001
Tod /L

odine (ug/L) Cold spot 26 237 13.69 0.003

o Hot spot 27 19.08 9.10 0.001
Lith /L

ithium (hg/L) Cold spot 27 4.56 21.60 0.002

Hot spot 27 2.66 0.45 0.001

Strontium (mg/L) Cold spot 27 0.21 0.84 0.001

Cold spot 10 0.15 0.72 0.049

Of all three elements, Li is the one with the most clearly manifested east-west trend: a smooth
transition between the low (Li < 8 ug/L) and the high concentrations (Li > 17 pg/L) is characteristic.
A significant hotspot is covers parts of Sjelland and the islands to the south (Figure 3c).

The highest Sr concentrations (>2 mg/L) are observed in the eastern part of Sjelland (covered by
the significant hot spot, too), as well as in a few locations in Jylland. The hot spot for Sr is slightly
smaller than the one for Li. Strontium is also the only element from the three which has a second
significant cold spot, located on the raised Holocene seabed in northern Jylland.

3.2. Exposure to I, Li, and Sr via Drinking Water

The exposure to different concentrations of I, Li, and Sr from treated DW (groundwater origin) is
given as percentage of exposed consumers or households from the ones included in this study, i.e., the
residents and households within each water supply area where I, Li, and Sr measurements were
available (Figure 4; see Table 3 for absolute numbers).

The largest proportion of households (%) and residents () in this study are exposed to I
concentrations in the range of 14-20 ug/L (h: 44%, r: 50%), Li concentrations in the highest range of
17-30.7 pg/L (h: 33%, r: 38%), and Sr concentrations in the range of 2—14 mg/L (h: 37%, r: 42%).
However, only a small proportion of the population is exposed to the highest levels of the observed
concentrations: 0.8% (/) or 0.4% (r) are exposed to Sr > 10 mg/L, which is the current provisional DW
standard in Denmark; 1.7% (%) or 1.8% () are exposed to Li > 25 pg/L; and 0.5% (%) or 0.6% () are
exposed to I > 50 pg/L. This exposure calculation takes into account the population density for
2008 (r) or all geocoded residential addresses in 2012 (%) in the areas supplied by the selected
waterworks. Thus, it provides information on the differences in exposure based on the spatial variation
of I, Li, and Sr in DW. The spatial distribution of DW supply areas exposed to different levels of I, Li,
and Sr is provided in Figure 3b,d,f. From the results presented in Figure 4 (and Table 2), it can be
concluded that there is a contrast in the exposure of the Danish population to I, Li, and Sr from DW.
Possible health effects of these exposure contrasts could be studied by combining these results with data
from the Danish health registers [66].
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Figure 4. Proportion of households and residents exposed to different concentrations of
(a) iodine, (b) lithium, and (¢) strontium. Note: the number of households and number of residents
are estimated using two different datasets (see Section 2); see Table 3 for absolute numbers.

Table 3. Households and residents exposed to different concentrations of iodine, lithium,

and strontium in absolute numbers (#) and in percentages (%; see also Figure 4).

Households Residents

Element Concentration o o
n % n %
<3.6 pg/L 140,593 15.7 356,533 14.4
3.6t0 7.8 pg/L 158,213 17.7 388,008 15.6
Todine 7.9t0 13.9 ng/L 80,677 9.0 201478 8.1
14.0to 19.9 ug/L. 396,070 44.4 1,250,457 50.4
20.0to 126.0 pg/L 117,172 13.1 283,500 11.4
Total 892,725 100 2,479,976 100
<5.1 pg/L 130,954 15.0 332,613 13.6
5.1to0 8.0 ug/L 138,441 158 335,875 13.8
. 8l1to113 pug/L 109,879 12.6 277,078 11.3

Lithium

11.4t0 169 ug/L. 207,907 23.8 556,759 22.8
17.0 to 30.7 ug/L 287,194 32.8 940,380 38.5
Total 874,375 100 2,442,705 100
<0.2 mg/L 116,284 13.3 300,856 12.3
0.20t0 0.39 mg/L 84,145 9.6 199,114 8.2
Strontium 0.40to 0.79 mg/L 250,705 28.7 654,183 26.8
0.80to 1.99 mg/L 103,087 11.8 272,128 11.1
2.00 to 14.45 mg/L 320,154 36.6 1,016,424 41.6
Total 874,375 100 2,442,705 100
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3.3. Discussion

The spatial variation of I concentrations in Danish groundwater is characterised both by a
large-scale east-west trend [4] and by small-scale variation [4,5]. This is also clearly reflected in the
geographical trend of the treated DW-I, which was shown here and in [3]. The elevated I
concentrations in Danish DW and groundwater were found to be associated mainly with the
Palaecocene to Cretaceous limestone or chalk and postglacial marine-sand aquifers [3—5].

There is limited information about the Li content in Quaternary and Tertiary deposits [7], and
especially about the geochemical processes governing the release of Li to groundwater. Lithium is
strongly enriched in ocean water compared to freshwater, and in brines. This may lead to the
hypothesis that Danish aquifers of marine origin are Li enriched compared to those of glacial and
fluvial origin. Moreover, an association between I and Li pointing at saline water influence was found
based on Danish historical groundwater data [4].

Strontium concentrations in Danish DW seem to be similar to average concentrations in U.S. streams
(between 0.5 and 1.5 mg/L) but higher than average Sr concentrations in U.S. groundwater (<0.5 mg/L)
as reported by ATSDR [44]. The hot-spot location supports the regional findings by Ramsay [9] that
local differences in the pre-Quaternary chalk and limestone aquifer geology and hydrogeology are
responsible for elevated Sr concentrations in present-day groundwater. However, the lower Sr
concentrations in DW (western part of Denmark) are most probably governed by the relatively constant
contributions from the weathering of Sr-poor silicates in the soil, which is strongly dependent on texture
and mineralogy, and from the dissolution of Sr-poor carbonates at the acidification front.

The significant spatial difference in the concentrations of I, Li, and Sr in Danish DW results in
varying human exposure to these elements. Therefore, there is great potential for future
epidemiological investigations of the long-term (lifelong, chronic) exposure to low doses of the three
selected naturally occurring compounds from DW. In addition to exposure to a single element, there is
a potential for studying the effects related to a combination of these and additional elements.

For example, in a project from Norway, nationwide data on municipal DW was combined with data
on all registered treated hip fractures to study whether Ca and Mg have a protective function [67].
Corresponding studies based on Sr in a single exposure or in combination with Ca, Mg, or F~ in
Danish DW, residential history and the various nationwide registers on health and social issues [66] can
be conducted. The spatial distribution of Sr in Danish DW resembles somewhat the spatial distribution
of F~ [68] and Ca and Mg [69]. Hence, this first prospective data analysis reveals a large potential for
future nationwide public health studies, especially if Sr in DW is combined with Ca, Mg, and F.
Findings relating Sr in DW to life-long health, as reported by Curzon [48] and Dawson et al. [46] on
hypertension and caries, could most likely be improved considerably with such a multi-element
approach, as Sr is closely related to Ca incorporation in human bones [42].

Similarly, an epidemiological investigation can elucidate whether the observed spatial differentiation
in exposure to I from DW (see also [3]) influences the health status of the Danish population. The
DCRS yields the unique possibility to connect past exposure of mothers (e.g., during pregnancy) to I
from DW with the health status of their children in order to explore, whether the observed spatial
differences in DW-I affect the children’s performance (e.g., physical and mental development).
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With respect to Li, there is currently an ongoing nationwide study conducted at the National
Institute of Public Health (University of Southern Denmark, Copenhagen, Denmark) using geospatial
methods to investigate whether long-term intake of naturally occurring low doses of Li in DW is
protective against suicide, when accounting for socioeconomic as well as other factors.

The presented exposure analysis is based on water chemistry data from a single point in time. There
is only limited data on the temporal variability of the studied geogenic elements in both treated DW
and groundwater in Denmark. A comparison between the Li data used here and other, previously
unreported Li measurements can be seen in Figure 5a, showing that the Li levels are similar even
though the analytical methods (ICP-MS vs. Atomic absorption spectroscopy (AAS)) and the sampling
dates differ (2013 vs. 2009-2010).
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Figure 5. (a) Lithium concentrations in untreated mixed groundwater from well sites
(black dots) at seven waterworks in the Copenhagen area and in treated drinking water
(data from two studies are used: * the ICP-MS data reported here and in [3] (red +),
® unreported AAS data provided by the waterworks (blue +; see Supplementary materials
for further detail). (b) Comparison between I concentrations in drinking water (red +) and
untreated groundwater from wells (black dots) of five waterworks located in Jylland
(¢ data from 2012 reported in [70]).

These results imply that the Li concentration in DW at the given waterworks can be assumed to be
stable over time. Another interesting aspect is that most of the large waterworks extract water from
many wells, often grouped in well sites. As there are differences in I, Li, and Sr concentrations in the
abstracted groundwater (Figure 5a, black dots), abstraction volumes and pumping strategies will
govern the resulting concentrations in the treated DW. An illustration of the differences in Li
concentrations in mixed groundwater at/between the well sites of seven waterworks in the Copenhagen
area and the Li concentrations in treated DW at these waterworks is also presented in Figure 5Sa.
Further, the results imply that there is no Li removal or enrichment during the treatment. A similar
comparison between groundwater and treated DW is made for I at five waterworks located in Jylland
(Figure 5b) based on the 2012 data reported in [70]. This comparison implies that at least at some
waterworks, I can be partially removed by treatment (DW-I is lower than the groundwater-I
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concentrations). The issue of the effect of treatment and the temporal variation of the I concentrations
in DW is further discussed in [3]. To our best knowledge, no such analysis exists on Sr in Danish DW
or groundwater.

Another limitation of this exposure analysis (or future epidemiological studies based on these data)
is that some misclassification could have occurred, as some of the households/residents included here
may be supplied by private wells. There is also uncertainty associated with the concentrations in the
supply areas where more than one waterworks distributes DW to the consumers (see Figure 1). Yet
another issue is connected to the fact that we used I, Li, and Sr concentrations in DW at the exit of the
waterworks but not much is known about whether these elements are involved in chemical processes in
the distribution system before the DW reaches the consumer. Further investigations are needed in order
to evaluate the effect of these misclassifications and/or uncertainties.

Last but not least, some limitations with respect to the exposure levels are due to the data on
geographical location of the residency addresses. For the purposes of carrying out an epidemiological
study on possible health effects, it is important to take the residential history of each studied individual
into account. This is possible using the DCRS database. However, the exposure estimation will still be
associated with uncertainty due to e.g., individuals commuting to areas with different exposure
characteristics. Data from Statistics Denmark for 2013 shows that 470,950 people or about 31% of the
employed Danish population commute less than 5 km, whereas about 7.6% commute more than 50 km
(202,289 people).

4. Conclusions

This study revealed significant spatial variations in I, Li, and Sr concentrations in Danish DW
representing approximately 45% of the annual groundwater abstraction for DW purposes. A general
east-west trend of relatively high concentrations in the eastern part and lower ones in the western part
of the country was observed. However, there are element-specific smaller-scale differences, so the
general trend should be interpreted cautiously. The exposure to different I (Li, Sr) levels covers about
45.3% (44.6%) of all residents (2008) and 42.7% (41.8%) of all households (2012) that were supplied
with DW by the investigated waterworks (I: 144; Sr and Li: 139). The spatial distribution of I, Li, and
Sr in DW results in an exposure contrast of these elements. The largest part of the population (about
40%) 1s exposed to 14-20 pg I/L, 17-30.7 pg Li/L, and 2—14 mg Sr/L. The rest of the population
covered here is exposed to both higher and lower I concentrations from DW. For Li and Sr, this range
is at the upper end of the observed concentrations; thus the rest of the population is exposed only to
lower Li and Sr concentrations in DW. The results presented here show that there is a great potential
for future epidemiological studies on the long-term (lifelong, chronic) effects of exposure to I, Li, and
Sr from DW as single elements. Additionally, it is also possible to include other relevant elements.
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