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Preface

This thesis is a result of a three-year PhD project which is part of the GEOCENTER research
project “lodine in the hydrological cycle of Denmark: implications for human health’, jointly
financed by the Geological Survey of Denmark and Greenland (GEUS) and Aarhus University
(AU).

The study was conducted between August 2011 and July 2014 under the main supervision of
Associate Professor Seren M. Kristiansen (AU) and Senior Scientist Birgitte G. Hansen (GEUS).
The research was carried out at the Department of Geoscience (AU) and the Department of
Groundwater and Quaternary Geology Mapping (GEUS), both situated in Aarhus (Denmark).
Additionally, | have spent three months (Autumn 2013) at the School of Geography and
Archaeology, NUI Galway (Ireland) working together with Dr. Chaosheng Zhang.

During my enrolment as a PhD fellow and in accordance with the Danish Ministerial Order on
PhD Degree Programme, next to conducting an independent research under supervision while
participating in different active research environments (as mentioned above), | have also
completed PhD courses totalling 30 ECTS credits, gained teaching experience, and
disseminated the results of my work both nationally and internationally (see Appendix A).

The PhD thesis is composed of the enclosed five manuscripts which are in a different stage of
completion (throughout the Summary Chapter, referred to by roman numerals):

Paper I: Voutchkova, D.D., Kristiansen, SM., Hansen, B., Ernstsen, V., Serensen, B.L,
Esbensen, KH. (2014) lodine concentrations in Danish groundwater:
historical data assessment 1933-2011. Environmental Geochemistry and
Health, p.1-14, DOI 10.1007/s10653-014-9625-4

Paper Il Voutchkova, D.D., Ernstsen, V. Hansen, B., Serensen, BL, Zhang, C,
Kristiansen, S.M. (2014) Assessment of spatial variation in drinking water
iodine and its implications for dietary intake: a new conceptual model for
Denmark. Science of the Total Environment 493 (2014), p.432-444, DOI
10.1016/j.scitotenv.2014.06.008

Paper lil: Voutchkova, D.D., Hansen, B. Ernstsen, V., Kristiansen, SM. Hydro-
geochemical characterisation of Danish groundwaters in relation to iodine
(to be submitted at Hydrogeology Journal)

Paper IV Voutchkova, D.D., Serensen, LT, Ernstsen, V., Kristiansen, SM., Hansen, B.
High resolution depth profiles of iodine concentration in groundwater at
four multi-screen wells in Denmark: possibilities for future research (work in
progress)

Technical Note I:  Voutchkova, D.D., Hansen, B., Emnstsen, V., Kristiansen, S.M. Design of a
drinking water sampling campaign for nationwide assessment of drinking-
water importance for dietary iodine intake (to be submitted at
Hydrogeology Journal)
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In accordance with the Rules and Regulations of the Graduate School of Science and
Technology (GSST, AU), the PhD thesis, composed of the listed above manuscripts, has to
resemble a review paper. Thus, the first part of the PhD thesis is a Summary Chapter presenting
some background, the PhD objectives, the used data, and study locations, methodologies, and
the main results. Next to that, a general conclusion and outline of some topics for further
persuasion are given. The five manuscripts follow the Summary Chapter and some additional
materials are provided in Appendices, e.g., a list of published conference abstracts and the
electronic supplementary data accompanying the manuscripts,.

| would like to note that, while the frame of the GEOCENTER project includes the whole
hydrological cycle of iodine, my work was limited to a small part of it, namely the iodine
concentration and speciation in Danish groundwater and drinking water. The decision of
narrowing the focus was taken in the planning phase of my PhD project and reflects the
imposed by the three-year PhD programme time limitations. Even though the presented here
work is based on the enclosed, thoroughly reviewed, and revised manuscripts, the PhD thesis
itself has not been subjected to a review, thus it is possible that there are some linguistic
inaccuracies and/or small mistakes. Nevertheless, | hope you will find my PhD thesis
interesting!

Denitza D. Voutchkova
(deHuya 4. Byykosa)

Aarhus, July 2014
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Abstract

lodine plays an essential role in the metabolism and the early development of humans. Both,
insufficient and excessive iodine intakes can cause health problems. Worldwide, the focus falls
mainly on the iodine deficiency (ID) and the usual prevention measure is implementation of
universal iodizing program (USI) - iodizing the table salt or/and fortifying some foods (e.q.
bread). Denmark is classified as country with mild ID status, thus a mandatory USI was
implemented in 2001.

One of the natural dietary sources of iodine is water. On average, for Denmark, beverages
(mainly water) provide about 14% of the dietary iodine (before the USI - 25%). Spatial variation
of iodine concentrations in drinking water (DW) was reported in 1999. DW in Denmark is of
groundwater (GW) origin, thus the variation was suspected to be governed by the geology.
However, no special attention has been paid to DW and GW iodine concentrations and
speciation and comprehensive hydrogeochemical or geostatistical studies are lacking.

Therefore, three main objectives were formulated in this PhD project: 1) to map iodine
concentration and speciation in DW and GW in Denmark, 2) to study the spatial patterns and
to elucidate the factors governing them, and 3) to evaluate the importance of the spatial
variation of DW iodine to the populations’ nutrition (health). Two types of data were used for
fulfilling the project objectives: 1) from two sampling campaigns (DW: 2013, GW&DW: 2012)
designed as part of this project, and 2) historical data (two GW datasets: 1933-2011 and
2011-2014) extracted from the public nationwide geological and hydrological database,
Jupiter. The samples from both sampling campaigns were analysed for iodide, iodate, total
iodine (TI) and the major constituents. However, iodine speciation data was not present in the
historical datasets.

Overall, the results from the different GW investigations showed that the factors governing
iodine concentration in GW are site and depth specific. Also, it is probable that different
geochemical processes are dominating at different iodine levels. There is a need for further
geochemical studies focused on the small scale local variations in order to identify the sources,
processes, and mechanisms governing iodine enrichment in GW. That way, the large scale
trends of iodine in GW and in DW, will be better understood. The next three paragraphs
provide an in-depth overview of the main findings from the different GW and DW
investigations which were part of this project.

The nationwide DW sampling campaign covered 144 waterworks, representing
approximately 45% of the total annual GW abstraction. Tl concentrations in treated DW were
found in the range <0.2-126 pg/L (mean: 14.4 pug/L, median 11.9 pg/L) with complex spatial
pattern both with respect to the concentration and speciation. Both the geology and the GW
treatment are responsible for this complexity. Local Moran's | analysis, employed to study the
clustering patterns, resulted in a new conceptual model for iodine in Danish DW. The new
conceptual model incorporates the observed variation on the continental part of Denmark
(Jutland), separating it in five areas with different iodine content in DW. Whereas, the previous
widely recognised model lumps whole Jutland in one area with overall low DW iodine content.
However, Jutland is the part of Denmark exhibiting the largest difference in the DW iodine
levels. As part of this study the drinking water contribution to the dietary iodine intake was
estimated to vary from 0% to above 100% (adults) or 50% (adolescents) from the



http://www.geus.dk/DK/data-maps/jupiter/Sider/data-dk.aspx

'| O IODINE IN DANISH ABSTRACT
GROUNDWATER AND
DRINKING WATER

recommended by WHO daily intake. Therefore, it has been suggested that monitoring of the
iodine status of the population in only one city on Jutland may not offer a sufficiently accurate
picture. Instead, local variations of DW iodine should be mapped and incorporated in future
adjustment of the monitoring and/or the USI programs.

The two historical datasets provided information on GW iodine with samples covering the
entire country. GW iodine was in the range <0.4-1220 pg/L (mean: 13.8 pg/L, median 5.4 p/L,
n=2562) based on 1933-2011 dataset; and <0.3-240 pg/L (mean: 8.3 pg/L, median 4.4 /L,
n=589 only last sample per location) based on the 2011-2014 dataset. The first dataset (1933-
2011) revealed that GW iodine is characterised by far from homogeneous spatial distribution
with both small scale variation and large scale trends. High iodine and low iodine samples
were clustering together. The middle part of Jutiand (Central Denmark) was the administrative
area with the lowest average Tl concentration (7.6 pg/L), while the administrative Capital
Region was with the highest (26.8 ug/L). Elevated iodine concentrations were observed
predominantly in GW from depths below 40 m.b.t. The highest 75" 90" 95" percentiles were
for GW samples representing Paleocene to Cretaceous limestone/chalk. Multivariate analysis
(PCA) of center log-ratio (clr) transformed data revealed association between iodine, Li, B, Ba,
Br. Additionally, high iodine was associated with reduced and alkaline GW (Ca-HCO3; was the
dominating GW type). The second dataset, based on data from 2011-2014 confirmed the
small scale spatial variability-high and low Tl concentrations were found to cluster together
too. A depth-age-concentration analysis showed that Tl concentrations >27 ug/L were found
in samples from GW older than 25 years (except for one sample).

The small scale variation of iodine in GW was studied based on the GW&DW 2012 sampling
campaign at four study areas and data from four multi-screen wells (2" historical dataset). Tl
concentrations varied locally both at 0.1-0.2 km scale and 5-10 km scale within the same
aquifer. At the four sites Tl concentrations were in the range 5-14500 pg/L. The dominating
iodine species in the predominantly reduced GW were iodide and dissolved organic iodine.
The elevated iodine concentrations seem related to the marine origin of the aquifers, as the
GW with elevated iodine concentrations were from postglacial marine sand or pre-Quaternary
marine chalk. Diffusion of old saline water was suspected to be the main source of iodine at
the well with the highest Tl concentration. Additionally, a relation between iodine and DOC
was observed which points to the importance of the organic matter. Possible governing
processes at the four investigated sites are organic matter degradation and/or reductive
dissolution of oxyhydroxides (iodide is strongly polarizable and substitutes for hydroxyl ion in
various compounds). The depth profiles of four multi-screen wells located in different parts of
Denmark (10 cm long screens, n=10-23, in glacial melt-water aquifers) showed that Tl is highly
variable (2.2-7.1 pg/L, 1-4.2 pg/L, 2-48 ug/L, 2.2-25 ug/L). Both, small (x1-2 ug/L) and large
(£10-20 ug/L) differences in the Tl concentrations were observed at different depths at the
same well(s). The local heterogeneity of the aquifers (in depth), changes in the redox
conditions, pH, organic matter and metal hydroxides content, as well as, complex
hydrogeological conditions may explain these observations.

Based on the results from this three-year PhD project, it is recommended to continue
investigating iodine variation in DW and GW on different temporal and spatial scales in order
to enable data-based informed decision-making for future adjustments of USI and/or the
monitoring programme following up on the iodine status of the Danish population.
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Dansk resumeé

Jod har ikke veeret studeret ret meget i dansk grund- og drikkevand, p& trods af, at det har en
essentiel rolle i menneskers stofskifte, og at drikkevand er en vigtig kilde til jod i befolkningens
kost. Bade for lavt og for hejt indtag af jod kan skabe sundhedsproblemer igennem hele livet.
P& verdensplan er fokus primecert pd at forebygge jodmangel, og mange lande har indfert
jodberigelse af fedevarer som bordsalt og bred. Danmark er klassificeret som et land med
generel mild jodunderskud i kosten, og obligatoriske jodberigelse af bordsalt og bred blev
derfor indfert i 2001. | Danmark far vi i dag gennemsnit ca. 14 % af jodindtaget fra drikkevarer,
primeert via drikkevandet, og med store lokale variationer. Dette tal var fer 2001 ca. 25 %.
Drikkevandet i Danmark er udelukkende grundvand og de rummelige variationer skyldes
derfor geologiske forskellige.

For at belyse jods naturlige variationer i grund- og drikkevand startede Geocenter Danmark
dette ph.d. projekt med 3 formdl: 1) kortleegge jod koncentrationer og kemisk speciering (hhv.
jodid, jodat og organisk bundet jod) i dansk grund og drikkevand, 2) beskrive de lokale
variationer og forstdr de geologiske og kemiske faktorer som styrer dem, og 3) at vurdere
betydningen af de naturlige, lokale variationer for befolkningens jodindtag.

To typer data anvendes til at beskrive dette, 1) vandpraver som blev indsamlet fra udvalgte
vandvcerker og boringer over hele landet i lgbet af projektet, og 2) alle eksisterende data med
jod fandtes i den offentlige database Jupiter.

Generelt viste undersegelserne, at grundvandets indhold af jod, og dets speciering, er meget
betinget af lokale forhold i geologien og geokemien. Et af studierne viste fx, at total jodindhold
i grundvandet varierer lokalt badde pd en 0,1-0,2 km og 5-10 km skala selv indenfor det
samme grundvandsmagasin. Hejere jodkoncentrationer i grundvandet er iscer fundet dybere
end 40 m. under terrcen, mens de hgjeste koncentrationer (75, 90, 95 % percentiler) findes i
grundvand fra Paleoccene samt celdre kalk- og kridtgrundvandsmagasiner. Yderligere fandt vi,
at heje jodindhold var korreleret med reduceret grundvand og Ca-HCO; grundvandstypen. En
alders-dybde analyse viste, at total jod i grundvandet over >27 ug/L ncesten udelukkende
findes i grundvand som er celdre end 25 &r. De dominerende kemiske species i dansk
grundvand var jodid og oplast organisk jod. Hvor der findes svagt forhgjede jodindhold skyldes
det iscer, at grundvandet er i kontakt med gamle marine aflejringer, som post-glacial
saltvandssand og kridt/kalk. Disse har dog sjceldent salt grundvand i sig i dag. Et semi-log
forhold mellem total jod og oplast organisk stof viste, at desorption/oplasning af organisk stof
fra gamle marine aflejringer er vigtig for meengden af oplest jod i grundvandet. Reduktion og
oplesning af jernhydroxider kan dog ogsd spille ind ved at frigive jod til grundvandet. Hvor der
er meget hegje jodindhold i grundvandet (>3-400 pg/L), tyder resultaterne pd, at det skyldes
diffusion af oplest jod fra dybtliggende, gammelt salt grundvand. De observerede store
forskelle i jodkoncentrationerne i dansk grundvand skyldes sandsynligvis derfor en kompleks
geokemisk kombination af redox forhold, pH-vecerdi, organisk stof og jernhydroxid hydroxider i
grundvandsmagasinet; men er ogsda styret af grundvandets stremning.

En landsdcekkende indsamling af drikkevandsprever fra 144 vandvcerker, som | alt
reprcesenterer 45 % af den indvundne maengde drikkevand, viste at total jod indholdet
varierer mellem <0,2 til 126 ug/L (gennemsnit: 14,4 ug/L, median 11,9 p/L) med komplekse
rummelige menstre for bade totalt indhold og speciering, som bdade er relateret til geologien
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og vandbehandlingen pd vandvcerket. Iscer Jylland har store regionale og lokale forskelle. P&
baggrund af ovenstdende er der udarbejdet et forslag til en bedre rummelig opdeling af
landet i delomréder hvor befolkningen i gennemsnit indtager ca. lige meget jod via
drikkevandet. Vores undersegelser indikerer ogsd, at Danmarks befolknings indtag af jod via
drikkevandet varierer fra 0 % til over 100 % (voksne) eller 50 % (yngre mennesker) af det af
WHO anbefalede daglige indtag.

Transiation in Danish:.
Seren M. Christiansen
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Pe3omMe

MoabT e )u3HEeHO HEO6XOAUM 3a MeTa60/IM3Ma ¥ PaHHOTO Pa3BUTHe Ha YoBeKa. Heratupen
edeKT BBPXy 3ApaBeTO UMAT KaKTO HEAOCTUI'BT, TaKa U U3NIHUIIBKBT HA HoJ. B rio6asnen miaH,
ob6ayve, POKyCHT Majia NPeJMMHO BbpPXy HOAHATA HEAOCTATHYHOCT, KATO O6UYANHOTO CPEACTBO
3a npoduJaKTHKa e YHHBEPCAJHOTO HOAMpaHe Ha Tpale3HaTa CoJ U APYruTe XpaHUTEJHU
NPOAYKTH, Hampumep xJs6a. /[laHus e kiaacuuuupaHa KaTo CTpaHa C JieKa HoJHa
HefocTaTb4yHOCT. [lo Ta3u nmpuuuHa npe3 2001 Bsie3e B JeicTBUE yHHUBepcasHa Hoaupalia
nporpama (YUII), BkaroyBama HogupaHe Ha TpalesHaTa cOJ M Ha COJITA 3a MPOU3BOJCTBO Ha
X196 U Clafikapcky usfenus. EQUH OoT ecTecTBeHHWTe M3TOYHMIM Ha HMoJ, e muTeliHaTa Boja.
YcTtaHOBeHO e, 4ye B cTpaHaTa 14% oT HoAa B AaTcKaTa AHeTa € OT KOHCyMHpPaHU HAlUTKU
(npeaumHo Boga). Ipeau BbBexeHeTo Ha YHII Te ca monpuHacany cpegHo ¢ 25% 3a jHeBHATa
no3a ioga. [Ipe3 1999 r. 3a wbpBU I'bT € JOK/I3/IBAHO HAJTUYMETO HA pa3/inyve B KOHIEHTpaLUsATa
Ha Hoj B MUTeHHaTa BOJA B OTZAe/JHU 4acTH Ha /[laHuf, KbJEeTO OCHOBHUAT (M eJUHCTBEH)
M3TOYHUK Ha NUTeHHa BoJa ca noAnoyBeHuTe BoAMU. [Ipefnosara ce, 4e NpUYMHUTE Ce KOPEHAT B
pa3/IM4YHUA TeoJI0KKHU IPOU3X0/, Ha oNlpe/ie/IeHH paloHU. BbIpeky ToBa JIMICBAT FeOXUMHUYHU U
reoCTaTUCTUYECKH NPOY4YBaHUA ¢ GOKyC BBpPXy HoAa (OTHOCHO KOHLIEHTpauusiTa U XMMHUYHaTa
dopma) B jaTcKUTEe NUTENHU U NOANOYBEHH BOJH.

[Topagy Ta3u npuYMHa LieJIUTe Ha Ta3| JOKTOpPaHTypa ca: 1) Aa ce kKapTorpadupaT BULBT U
KOHLleHTpanusiTa Ha HoJ B JAaTCKUTe NOJMNOYBEHM U NMUTEHHU BOAM; 2) Ja ce HU3CAeABaT
reonpoCTPAHCTBEHUTE TEHLEHLMHU U []a Ce U3SCHAT GAaKTOPHUTE, KOUTO I'M 06YC/IaBAT; U 3) /a ce
HalpaBH OLeHKAa Ha Ba)XKHOCTTA Ha reorpadCKUTH pas3/M4yMs Ha KOHLEHTpalusATa Ha Hoj B
nuTelHaTa BoJa 3a 3[,paBOCJOBHHUSA CTATyC HA AaTCKOTO HaceJleHHUe.

3a mocTuraHe Ha Te3M LieJIM Ca M3MOJI3BaHM JiBa THUNA JaHHU: 1) OT JBe KaMIaHHUU 3a
B3eMaHe Ha BOJJHU NPOG6H 3a JJabopaTOpHU U3cseBaHuA (muTelHa Boja — 2013 r., moJoYyBeHa U
nuTeiHa Boga — 2012 r.), opraHU3UpaHU KaTo YacT OT TO3U NPOEKT, U 2) ZiBa MacHuBa C apXUBHU
JIAHHU OT MyOJIMYHUSA Ie0JIONKKH U XU POTreosIOKKH PETUCTbp, Jupiter (moxnoyBeHy Boau 1933-
2011 u 2011-2014). JlabopaTopHUTe H3CIeABAaHUA HA BOAHUTE MPOOH BKJIOYBAT aHAJIM3HU 3a
KOHLIEHTpanusATa Ha Hoza u ¢opmaTta My (BKJ. ABeTe HeOPraHUYHU GopMU - HoauJ U HozaT),
JIOKaTO apXUBHUTE JJAaHHH IPeJ0CTaBAT NHPOpMaAILHs caMo 3a 0611aTa KOHIleHTapLyUsa Ha Hoa.

Pe3ysTaTuTe OT NpOBe/JeHUTe aHAIM3M I[0Ka3BaT, 4ye (aKTOpHUTe, KOUTO OO6YCIaBAT
KOHLIEHTpaLUsATa Ha HO/ B MOZAIIOYBEHUTE BOJH, ca CreluUIHU 3a U3CJIe/[BaHUTE reorpadpcku
JIOKAIlVH U 'bJICOYMHHU Ha BojioB3eMaHe. ChI0 TaKa € MHOT'0 BEpOSITHO PAa3/IMYHU MPOLECH [Jia ca
JIOMUHHpAIIY IPY pa3IMyHU HOAHU HUBA. 3a Jja ce UeHTUPUIMpPAT U3TOUHHUIUTE, TPOLIeCUTe U
MeXaHU3MUTE, KOUTO 06YyC/IaBAT BUCOKUTE KOHIEHTPALlUU Ha HOJ B HSIKOU NOIJNOYBEHU BOAY,
ca HEeOOXOJUMH JAOMBbJHUTEJHH NMPOy4YBaHUA B JOKajsieH Mama6. ToBa GM AONpUHECIO U 3a
M3SICHSBAHETO Ha TpPeHJAa Ha perdoHajJHO M HallMOHaJeHO HUBO. B cieABaliuTe HAKOJKO
naparpada ca pe3roMUpaHU OCHOBHUTE pe3yJITaTH OT M3CJeJBaHUATA, KOUTO ca CbCTaBHA YacT
Ha Ta3| JJOKTOpCKa AUcepTaLusl.

HanpoHnasiHaTa KaMnaHUs 3a NpoyyBaHe Ha NUTeHHUTe BOAM BKIOYBA BOJAHM NPo6U oT 144
NpeyucTBaTeJHU CTaHLUHM, NMOKPUBAIM LsjaTa CTpaHa U TNpeAcTaB/sABaIld okoso 45% oT
06LI0HAllMOHA/NIHUA TOAMIIEH BOA0A06MB. KoHLleHTpanuuTe Ha Hoj B MpedyHcTeHaTa NMUTeHHa
BoJia ca B uHTepBasa <0.2 - 126 ug/L (cpesHo aputmetuyHo 14.4 ug/L, mesuana 11.9 pg/L), c
KOMILJIEKCHa BapHauus B reorpadcku miaaH. PakTopuTe, 06ycaaBsALM Ta3d KOMIIJIEKCHOCT, ca
CBBbP3aHU U C TeoJIOTUATA, HO U C HU3IMO0JI3BaHUTE MeTOJU 3a NpedyucTBaHe Ha IOJMNOYBEHUTE
BOJiM. 32 TeONpPOCTPAHCTBEH aHA/IU3 € U3MO0J3BaH JIOKaJIHUAT HHAeKC Ha MopaHn (Local Moran’s
I), Bb3 ocHOBa Ha KONTO e CbCTaBeH HOB KOHILeNTyasJeH MoJjie] 3a reorpadckaTa BapHauus Ha
HoJa B JJaTCKUTe MUTeHHU BoAU. TO3M HOB MOJlesl pasfieid KOHTUHeHTa/HaTa JacT Ha JlaHusa
(IOTnanAus) Ha NeT OTAE/NHU paloHa C pa3/IMYHM HMBa Ha HoJa B NUTeHHATa BOJA, JOKATO
NPEeJUIIHUAT yTBBP/EH MO/ies 00eiMHsABA Ussia FOT1aH U B eAMH PalOH C OTHOCUTENHO HUCKU
HUBa Ha Hoja. HamuTe AaHHU nokassart, 4e I0T/IaHAMA e efHa OT YacTUTe Ha JlaHHA, KOATO ce
XapaKTepusdpa C HaH-rojsiMa Bapuvalds Ha KOHLEHTpaLMUTEe, OCHOBAaHM Ha reorpadcku
NPUHLIUN - pallOH'bT C HAW-HUCKUTE U PallOH'BT C HAl-BUCOKM HMBA Ha H0J, ca pa3NnoJokKeHU B
I0Tnangus. [lpyHOCHT Ha NUTelHaTa BoAaTa KbM npenopbyaHus oT C30 AHeBeH XpaHUTesIeH
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npueM Ha Hoj (BB3pacTtHu - 150 pg, moxpacrBamu - 120 pg) Bapupa ot 0% g0 >100%
(BB3pacTHH) u >50% (moapactBaiy). CbMHUTENHO € HACTOSIL[aTa MOHUTOPHUHIOBA POrpama,
KOSITO CJIe[ii cTaTyca Ha AaTCKOTO HaceJleHHe B3 OCHOBA Ha /iBe KoxopTu (On60pr - I0T1anaus
u KonenxareH - 3e1aH/ius) Jja IpefocTaBsd aZlekBaTHA HHGopMaLus. B Tasu Bpb3Ka npu 6bAeIin
IIPOMEHH Ha MOHMTOPHMHIOBAaTa Iporpama u/uau Ha YWII 6u ciefBano fa 6'bAaT B3eTH NpeABU
JIOKAJIHUTE BapHualMy Ha Ho/ia B IUTeHATa BojA.

JlBaTa MacuBa C apXUMBHM JaHHM, KOUTO Ca C HALMOHAJHO IOKPHUTHE, NpeJoCTaBUXa
vHbopMalMs 3a BapualMsATa Ha Hoja B moAmoyBeHuTe Boau — oT <0.4 go 1220 pg/L (cpegHo
aputMmeTtuyHo 13.8 pg/L, meguanHa 5.4 pg/L) 3a ganuute ot 1933-2011r.; u ot <0.3 go 240 pg/L
(cpenno aputmeTuuno 8.3 ug/L, meauana 4.4 pug/L) 3a ganHuTe oT 2011-2014r. [I'bpBUAT MacuB
(1933-2011) paskpu Bapualud Ha HoJa KaKTO Ha JIOKaJHO reorpadCko HHUBO, Taka U B
HallMOHaJeH Malab, ¥ 4ye MpPo6H C BUCOKM M C HHMCKM KOHIleHTpauuu ¢GopMUpaT 3aefHO
reorpadcku KiabcTepu. OT neTTe afMUHUCTPATUBHU peruoHa llenTpanna lOTiangusa e ¢ Hall-
HHCKaTa cpefiHa apUTMeTH4YHa KoHLeHTpauusda (7.6 pg/L), nokaTo CTONUYHUAT PETUOH e C Hall-
BUCOKa (26.8 pug/L). Bucoku HoHU KOHLIEHTpaLMK ce HabJtojaBaT NpeJUMHO IpU MO N04YBEHU
BOJM, JOGUTH OT JbI60YMHM >40m, KAaKTO U NPU NPOOH OT BOJOHOCHHU XOPU30HTH BBB BapOBUK
(ropHa Kkpeja — nayeoreH). MyaTrBapuaHTHUAT aHaau3 (PCA) paskpu 3aBUCHMMOCT MexJy HoJa,
JuTHs, 6apus, 6opa, 1 6poma. Hapes ¢ ToBa BUCOKM HMBa Ha HoJ ce Hab/10aBaT MpeNMHO B
npo6H, NpeJCTaB/IsABalY PeAYLIUPAHU U aJIKaJIHU TOANOYBEeHH Bogu (fJoMuHupaly Ca-HCO3 Tum).
BropusaT macuB (2011-2014) noTBbpAM HAJWYMETO HA JIOKAJHU Pa3/dyus B HUBATa Ha HoJ B
NOANOYBEHHUTEe BOJU. AHaIM3BT Ha 3aBUCUMOCTTa MexAy WOJAHHUTe KOHIleHTpaLuHy,
J'bJIOOYMHATA HA BOJAHMSA XOPU30HT, M BB3PACTTA Ha MOANOYBEHUTE BOJM I0KA3a, 4e HOJHUTE
KOHLleHTpanuu >27 pg/L ca xapakTepHH caMo 3a BOAY NO-CTApH OT 25 roANHHU.

BapuanusiTa Ha oz, B TOAIIOYBEHUTE BOAH HA JIOKAJIHO HUBO 6Gellle U3C/IeBaHa Bb3 0CHOBA
Ha pe3yJITaTUTEe OT KAaMIIAaHUATA 3a B3eMaHe Ha BOJHU NPOOH OT YeTHPH NUJIOTHHU pailoHa
(2012r.) Pazmuus B KOHIlEHTpPALUUTE Ha Hoza 6s1xa perncTpupaHu Kakto Ha HUBO 0.1-0.2 KM,
Taka ¥ Ha 5-10 KM 3a ChIHUs re0JI0KKH 11acT. KoHLleHTpanuuTe B IpO6GUTE OT Te3U paiioHM 651xa
B MHTepBasa 5-14500 ug/L. Moaus v opranuden o/ ca fBeTe JOMMHUpAIY OPMH, Thil KaTo
MO/NOYBEHHUTE BOJU Ca NPeAUMHO peAyLupaHH. BucokuTe HHMBa Ha HOJ ca NMPUIHCAHU HA
MOPCKHUS NPOU3XO0J Ha CeAUMEHTUTE — NOJIIOYBEHUTE BOJU C BUCOKM KOHIIEHTpalM{ Ha HoJ ca
OT BOJJOHOCHU XOPU30HTH BbB BapOBUK (IIpeiN KBaTepHepa) U MOPCKU MSACHK (C/e//IeJHUKOB).
Bb3MoXKHUTe 1npoliecH, KOHTPOJMpallM Te3W HUBa, ca: 1) AudysuBeH TPaHCIOPT Ha
BUCOKOMHHEpPa/JIU3UPaHU NOJMNOYBEHU BOJH, 2) MOGUIM3UpaHe Ha HoJa NpU pasrpaxaaHe Ha
OopraHU4yHa MaTepHusl, 3) peJ[yKTUBHO JjlelHoApaHe Ha OKCUXUPOKCUAU.

BropuaTt macub (2011-2014) cbAbpKa AaHHU 32 YeTHUPH KiafieHella C Bb3MOXHOCT 3a
BOJIOB3eMaHe OT pa3/IMYHM A'bJOOYMHU (Jb/KHMHA Ha ekpaHa 10 cm, 6poit 10-23). PesyataTuTe
MOKa3BaT, Ye KOHIeHTpPalUUTe Ha HOJ ca MHOTO NMPOMEH/JMBU B AbJ604YMHA. HabaroaaBat ce
KakTo MaJku (+1-2 ug/L) Taka u rosieMmu pasjuku (210-20) Mexy pasJUuHUTE JbJAGOYUHU IPU
WJeHTU4Ha reoJiorus. [IpoMenn B pH, cbAbpkaHMeTO Ha OpraHuWYeH MaTepual U MeTajlHHU
XUAPOKCUAH, PeAylipaHa/OKUCIUTENHN Cpe/ia, MUKPOXeTepOreHHOCT Ha CcejMMeHTa, KaKTo U
KOMILJIEKCHU XHUJAPOTeO0JIOKKH YCI0BUS ca CpeJi BB3MOXHUTe (QaKTOpH, 00yC/aaBAIM Te3U
pas/IvKU.

Bb3 ocHOBa Ha pe3yJTaTUTe OT TO3U TPU-TOJHIIEH JOKTOPCKH TPYJ, ce NMpenopbyBa Ja
NpoAb/KaT M3CJe/BaHUATAa Ha BapHalMATa Ha HoJ B NMUTeHHUTe W NMOJANOYBEHUTe BOAU B
pa3/IMYHU TEMIOPAJHU U NPOCTPAHCTBEHM AuMeHcHU. ToBa O yJECHUJIO U MHPOPMHPAJIO
KOMMETEeHTHUTE MHCTUTYLMH NIPH eJIHO Gbaemo kopurupase Ha YHUII v Ha MOHMTOPHUHTOBATa
nporpama, cjefslia cTaTyca Ha HaceJIeHHETO.
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Abbreviations

ID - iodine deficiency/deficient
NIPALS - nonlinear iterative
projections by alternating least-
squares

NS - normal score

PCA - Principle Component Analysis
RNI - recommended nutrient intake
(here the nutrient is iodine)

Tl - total iodine

Ul - urinary iodine

USI - universal iodising programme
WHO - World Health Organisation

CFC - chlorofluorocarbon;

clr - centred log-ratio

DOC - dissolved organic carbon
DOI - dissolved organic iodine
DW - drinking water

El - excessive iodine

GEUS - Geological Survey of
Denmark and Greenland
GRUMO - Danish Groundwater
Monitoring Program

GW - groundwater

1. Introduction

lodine plays an essential role in human metabolism and
the early development of humans [1]. Insufficient or excessive
dietary iodine intake can both cause health problems.
Worldwide, the focus falls mainly on the iodine deficiency
(ID), as it is ‘the single most important preventable cause of
brain damage” [2]. Lower IQ and learning capacities, worse
quality of life and lower economic productivity are some of
the effects of severe ID [2], however even mild ID could result
in learning disabilities, poor growth and diffuse goitre in
school children [3].

The iodine status of the population is assessed based on
the median urinary iodine (Ul) concentration in school-age
children or pregnant women (see criteria in Table 1), because

Ul is considered a reliable marker of the recent dietary iodine

intake [1]. Nationally representative surveys on the
populations’ status (1993-2012) are available for 119
countries worldwide; 33 countries, amongst which s

Denmark, lack recent national data, thus sub-national surveys
are used [4]. Globally 111 countries have adequate nutrition,
30 countries are iodine deficient (9 with moderate ID; 21 with

mild ID, O with severe ID), and 10 are classified as countries
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Table 1: Epidemiological criteria for assessing of iodine status
(nutrition) in a population of school-aged children [1, 6]

Median Ul
concentration  lodine intake lodine status
(ug/L)
<20 Severe ID
20-49 Insufficient Moderate ID
50-99 Mild ID
100-199 Adequate Optimal
Optimal, but may pose a slight risk of more
200-299 More than than adequate intake in the overall
adequate .
population
=300 Excessive Risk of adverse health consequences

with excessive iodine (EI) [4]. ID is not confined to developing
countries [5]. Zimmermann and Andersson [6] estimated that
iodine intake is insufficient in 43.9% (n=30.5million) of 6-12-
year-old children and 44.2% (n=393.1 millions) of the general
population in the WHO European Region.

lodine in the human body originates mainly through
dietary intake or inhalation of atmospheric iodine. The
recommended daily nutrient intake (RNI) for iodine on age
principle is given in Table 2. The main strategy for elimination
of ID worldwide, recommended officially by WHO and
UNICEF in 1993, is the universal salt iodization (USI) [1]. USI
programmes consist of iodization of all salt meant for human
and animal consumption [1]. The sustainability of USI as a
prevention measure depends on continuous monitoring [1],
however, it is also crucial that the USI strategy and the
strateqy for reduction of salt consumption are integrated [71.
In the context of the ongoing debate on how to ensure
adequate iodine intake in industrialised countries and the
need for coordination of the interventions to reduce
populations’ sodium intake with the USI programmes [4, 5, 8,
9], it becomes important to focus on regional (local)
differences in other products rich in iodine [8] like water, milk,

etc.
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Table 2: Recommended daily nutrient intake (RNI) for iodine [1]

Age group RNI (ug/day)
0-59 months 90
6-12years 120
12-17 years 150
Adults 150
Pregnancy/lactation 250

Drinking water (DW) is generally considered a minor or
even negligible source of dietary iodine intake, providing 10%
only [10]. The dietary habits could differ from regions to
region; moreover, they may change throughout the years. The
present dietary sources of iodine in Denmark, based on the
latest survey on the dietary habits of the population, are
presented was

introduced in 2001 [11], about 14% of the dietary iodine

in Figure 1. After the mandatory USI
intake was derived from DW and other beverages (w/o juices
and milk) [12]. This percentage was 24/25% before 2001 [13,
14]. Unfortunately, these estimates do not provide information
on the geographical and seasonal variations of iodine in DW,
which in Denmark originates from groundwater (GW). When
this PhD project was initiated, the existing data on iodine in
Danish DW were limited to four studies [13, 15-17], which
cover very few sampling locations (max 55).  Further
information on the Danish US|, monitoring of the iodine status,
the dietary habits, and the geographical distribution of the
population are provided in the /ntroduction of Paper Il. Details
on the GW abstraction and DW supply in Denmark can be
found in [18] and in Technical Note I.

In geographical regions, where DW is of GW origin,
iodine concentrations may vary substantially, depending on
the geology and probably the water treatment. Thus,
thorough understanding of iodine variation in GW is crucial
for understanding the differences in the nutrition and the
epidemiology in different geographical regions. It is also a
key to long-term effectiveness, i.e. sustainability, of iodine
deficiency/excess prevention, since it may allow a fine
tuning of USI for the specific needs of different sub-population

groups (if needed).
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Figure 1: Major dietary sources for iodine, based on data from
the last study on the dietary habits of Danes [12]

Bread &
Other Corn
&t
,/os\xe
14% 18%
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lodized salt 19% HER 4%
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35%

Note: “before” and “after” mark the proportion of iodine derived from beverages
before and after 2001 when the salt iodizing became mandatory

In the hydro-geochemical cycle, total iodine (Tl) can be
found in the stable inorganic forms of iodide (I) and iodate
(1037, as well as in various organic iodine compounds (further
called dissolved organic iodine, DOI). The organic iodine
geochemistry and the thermodynamic properties of over 40
organic iodine compounds are presented by Richard and
[22].
Whitehead [21], iodine is transferred to the GW by: 1)

Gaona According to the conceptual model of
leaching of iodine from the soil solution or/and the solid soil
material, and 2) exchange between GW and inland surface
waters (both input and output). Other processes can be
involved too, e.q. intrusion of sea water, influence of old saline
GW, or leaching from hydrothermal deposits [23]. lodine
enrichment of the GW is related also to topography,
geomorphology, and local hydrogeology [24], as well as the
hydrogeochemical conditions and biological activity in the
aquifer [25, 26].

The present Danish landscape is shaped mainly since
the last glaciation (Weichselian glaciation). The Main
Stationary Line of the Scandinavian Ice Cap (Figure 2 left)
forms a boundary west of which a huge outwash plain and

remnants from Saalian landscape are situated [27].
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Figure 2 Left: Map of the near-surface soil-types (at about 1Tm depth) [29], the Main Stationary Line of the Scandinavian Ice Cap

(20 ka BP) is indicated with white dashed line; Right: Map of the

pre-Quaternary surface geology [30]
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The pre-Quaternary surface (the boundary between pre-
Quaternary sediments/rocks and the Quaternary glacial
sediments) has been developed as a result of deposition,
tectonic movements and erosion [27]. Most of the aquifers in
Denmark are situated in the pre-Quaternary sediments
(Figure 2 right), however there are also aquifers in the
Quaternary deposits. The primary and secondary aquifers
consist mainly of Quaternary or Miocene sand/gravel,
[28].

However, on the island of Bornholm aquifers can be found in

Palaeocene to Late Cretaceous chalk/limestone

Late Cretaceous limestone/sandstone/sand, Jurassic and
Early Cretaceous gravel/sand, Middle Cambrian to Silurian
shale/limestone, Early Cambrian sandstone/quartzite, and
pre-Cambrian gneiss/granite [28].

Igneous and metamorphic rocks are generally low in
iodine [19, 20]. Opposite to rocks, marine sedimentary
deposits are generally enriched in iodine: 3.9 mg/kg (deep

sea clays) and ~2.5 mg/kg (near-shore limestones) [20].

lodine in recent marine sediment is even higher - from § to
200 mg/kg [19].

The general assumption about iodine-rich sedimentary
rocks is that iodine is adsorbed on grain surfaces or organic
matter [19]. lodide is strongly polarizable which increases its
ability to substitute for hydroxyl ion in various compounds [21].
Most of the existing studies on iodine geochemistry in the
terrestrial environment are focused on soils. Even though,
some of the mechanisms may be relevant also to sediments,
which on other hand has importance for iodine in GW, as
most aquifers in Denmark are from sedimentary origin. Further
details on the geochemistry and the possible sources,
processes, and mechanisms for iodine enrichment of GW are
provided in the /ntroduction of Paper lll. The iodine content,
speciation, and geographical variation in Danish sails,
sediments, and GW had not been reported prior to the

initiation of this PhD project.
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2. Objective

The general objective of this PhD is to study iodine in
Danish DW and GW in order to fill in a knowledge gap on
spatial variation of iodine concentration and speciation, what
factors are governing it, and what are the potential health
implications. Figure 3 presents in a schematic way the main
PhD subjects and the links between them, as well as the
topics which were only briefly addressed or are found to be
perspective for future research (with light grey colour). This
structure is followed when presenting the main findings as
part of this Summary Capter, however for simplicity, the main
objectives of this PhD can be summarised in the follwing three
points:
= To map iodine concentration and speciation in DW and

GW in Denmark. Rather large part of the PhD has been

devoted to the design and implementation of two

sampling campaigns in order obtain DW and GW
samples for iodine speciation analysis, as such data was
lacking for Denmark. Thus, iodine speciation data for

Danish DW and GW was reported for first time in Paper Il

(DW) and Paper lll (GW). Additionally, all available and

accessible data on iodine concentration in Danish GW

was overviewed and presented in Paper | and IV. One
of the sampling and data collection campaigns

(nationwide, DW) is discussed in detail in Technical Note

I, where important insight into the rationale behind the

design, the coordination, and the success rates (design

vs. execution) is provided.

= To study the spatial patterns of iodine concentration
(and speciation) and to elucidate the factors governing
them. Studying the large scale patterns of iodine
variation in DW and how they can be explained and
generalised is the purpose of the study reported in Paper
Il. Whereas, Paper |, lll, and IV focus mainly on iodine
variation in GW and what is causing it, while exploring
the topic on different scales: large scale - Paper |, local
scale (<1 km and <5 km) - Paper lll, and a combination
of large scale and a single locations (concentration-

depth profiles) - Paper IV

SUMMARY CHAPTER

= To evaluate the importance of the spatial variation of
DW iodine to the populations’ nutrition (health). The
human health implications stemming from the observed
complex spatial variation of iodine concentrations in
Danish DW are yet to be revealed. However, the first
step in that direction was done by estimating what is the
DW contribution to the dietary iodine intake as % from
RNI (Table 2 provides information on RNI). The results

from this estimation are reported in Paper Il.

Figure 3 Scheme visualising the main PhD subjects (in the white
rectangles) and the links between them; with light grey colour are
marked additional topics, which haven't been discussed in detail and
further research is needed
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3. Data and Data analysis

Two different types of data were used for fulfilling the
PhD project objectives as stated previously: 1) data from two
sampling campaigns, designed as part of this project, and 2)
historical data, extracted from a public database. The spatial

coverage of these different datasets is presented in Figure 4.

3.1. Sampling campaign

A DW sampling campaign, covering spatially the entire
country (Figure 4, dataset DW 2013), was executed in the
period April-June 2013. Treated DW samples were obtained
from 144 waterworks, abstracting annually 175 million m? of
GW, which accounts for about 45% of the total annual
abstraction volumes from public and private water
companies (n>2500). The single wells and small waterworks,
supplying <10 households, were excluded from this study. The
water treatment is predominantly simple, consisting of
aeration and sand-filtration. The samples represent treated
GW water, ready to be supplied to consumers. The main

results from this sampling are reported in Paper II.

\® Zealand
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Additionally, full account on the design of the sampling
campaign, e.g. motivation, selection criteria, data collection
success rates etc. are provided in Technical Note |.

A combined DW and GW sampling campaign at four
study sites (Figure 4, DW&GW 2012) took place in October
2012. Filtered and unfiltered GW samples were taken after
pre-pumping of the wells until the on-line readings for pH,
redox potential, conductivity, dissolved O,, and temperature
became stable. The wells at two of the study sites are
production wells belonging to five waterworks. Thus both GW
and treated DW samples were obtained. However, only the
results from the GW sampling have been reported in Paper lll.
Some of the DW results are used for illustrative purposes in this

Summary Chapter.

3.2. Historical data

Two GW datasets, covering the periods 1933-2011 and
2011-2074 with samples distributed over the entire country
(Figure 4, GW 1933-2011 and GW 2011-2014), were used in
the PhD project. The data was extracted from the Danish

public nationwide geological and hydrological database,

Figure 4 Spatial coverage of
the four datasets used in this
PhD study;
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GW - groundwater,
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Note. The locations of the
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and DW&GW 2012 are
visualised by 2km buffers
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Jupiter [31]. Jupiter database is maintained by the Geological
Survey of Denmark and Greenland (GEUS). It contains
geological information (for all wells in Denmark: from
geotechnical to DW production wells), data on GW levels,
and water-chemistry data, obtained as part of monitoring
programs, routine quality checks, or scientific projects.

The two datasets cover the period before and after
iodine was officially included in the analytical program of the
Danish Groundwater Monitoring Programme (GRUMO) in
2011. The purpose of GRUMO is to document quantitatively
and qualitatively the GW status and trends, so the effect of
the national action plans on the aquatic environment can be
evaluated [32]. Jargensen and Stockmarr [33] provide further
details on groundwater monitoring in Denmark and a
comparison with other countries.

The first dataset (Figure 4, GW 1933-2011) consists of
GW samples analysed for iodine (n=2562) and 26 other
as well as, information on

constituents, supplementary

methods, objectives for sampling, locations, dominating
geology at the screen level, etc. Paper | provides extensive
description on the dataset preparation, quality assessment,
and the pre-treatment of this heterogeneous compilation of
data.

The second one is the GRUMO 2014 dataset. The
GRUMO dataset is updated annually, and, based on it, a
report on the GW quality is issued by GEUS each year ([34] is
the latest). Two sub-sets of data from the GRUMO 2014
dataset were used for the purposes of this PhD project. The
first sub-set includes only last iodine analyse (2011-2014) and
last chlorofluorocarbon (CFC) analyse (1997-2013) per
location (n=589) (Figure 4 GW 2011-2014). The second sub-
set includes depth profiles of iodine concentrations and data
on redox sensitive elements and field parameters for four
multi-screen wells (n=10-23, total n=70). The preliminary
results from the data analyses of these two sub-sets are

provided in Paper IV.

3.3. Laboratory analyses

The laboratory analyses of the water samples obtained
within the two sampling campaigns were handled by the

Inorganic Lab at GEUS. The inorganic iodine species, iodide (I
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) and iodate (103, and the total iodine (Tl), as well as other
constituents were included in the analytical program. ICP-MS
was used for detecting Tl; IC - for detecting the two inorganic
species. The organic iodine fraction (dissolved organic iodine,
DOI) was estimated by subtraction (DOl = Tl - (I + 103-1)), as in
e.q. [35] and [25]. A full account on the laboratory methods
for all analytes and used instruments is provided in Paper Il

and Paper L.

3.4. Data-analytical methods

The data-analytical techniques varied depending on the
purpose of the particular study. A combination of uni- and
multivariate analysis was used in Paper |. In Paper Il the initial
data exploration was followed by spatial autocorrelation
analysis. Paper lll relied on traditional geochemical tools for
GW characterisation, while in Paper IV the preliminary results
are based on data visualisation and descriptive statistics. The
only quantitative data analysis employed in Technical Note |
was calculating success rates for different data collection

activities.

3.4.1. Descriptive statistics

The standard data exploration was based on means,
medians, standard deviations and other traditional attributes
of the descriptive statistics. Probability plots and box-plots
were used to compare groups of samples. Different graphical
techniques were also applied for initial data exploration: from
mapping concentrations with ArcMap [36] to plotting two
(three) variables against each other. Grapher [37] was used
for box-plots and other graphs. Descriptive statistics was used

in all of the papers.

3.4.2. Multivariate analysis

Multivariate analysis was applied only in Paper |
Principal component analysis (PCA) was chosen because it is
suitable for simultaneous multivariate data description, data-
structure exploration, and discovering grouping of samples or
variables which otherwise may be swamped if only uni- and
bi-variate analysis is used [38]. The software package

Unscrambler 10.1 [39] with nonlinear iterative projections by
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alternating least-squares (NIPALS) algorithm was used for
PCA.

A controversial point in employing PCA (or any
multivariate analysis) is the choice of most appropriate data-
transformation (pre-treatment). Wide variety of
transformations exists and different methods are used in
scientific literature to address various issues concerning non-
normal data distribution, noise reduction, de-trending, auto-
scaling etc. However, transformations addressing the closure
problem of compositional data (see Paper | for details) is not
yet widely accepted in the area of applied hydrogeo-
chemistry, even though from strictly theoretical viewpoint this
must be done (e.g. [40, 41]). In the peer-review process of
Paper | this issue was pointed out by one of the reviewers,
which resulted in prolonged discussion between the co-
authors and consequent withdrawal of the paper. The revised
and published version incorporates pre-treatment agreed
upon with the co-authors, namely center log-ratio (clr)
transformation [41, 42]. In practice the clr transformation
consists of normalising each variable with the geometric
mean of the sample (for each sample in the dataset) and
then taking the normal logarithm of the normalised values.
The clr transformation was performed with the open source
software CoDaPack [43] For more details on the closure
problem, compositional data, and clr transformation see

Paper | and further references herein.

3.4.3. Spatial autocorrelation analysis

Spatial autocorrelation analysis was used in Paper Il to
distinguish between areas with high or low iodine
concentrations (spatial clustering) and to recognise spatial
outliers. A spatial outlier is a sampling point, where the
concentration (here iodine) differs significantly from the
concentrations at the neighbouring sampling points. The
method chosen in Paper Il is Local Moran’s |, which allows for
differentiating between statistically significant Aigh-high and
Jow-low clusters and high-low and low-high outliers [44, 45].
The significance level is pseudo-significance, based on
randomisation test with permutations [46]. The free software

GeoDa [47] was used for Local Moran'’s | calculation. Prior to
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the analysis, the data were Normal Score (NS) transformed to
address the not-normal distribution. The NS transformation
was based on Blom's proportion estimation formula [48] and
performed with the statistical software SPSS [49]. Full account
on the Local Moran’s |, the data-pre-treatment, and the

parameterization is provided in Paper II.
3.4.4. Standard hydrogeochemical tools

Different approaches for DW and GW description and
classification based on the chemical composition were
applied. This was done mainly with the objective of
recognising potential iodine sources or associations between
elevated iodine and other constituents. A Piper diagram was
used in Paper |, Il, and lll for water type classification, based
on the major ions (Ca®*, Mg, Na*+K*, CI', SO,%, CO3> +HCO;
) (software GW_Chart by Winston [50]). Another similar
graphical way for water type characterisation was employed
in Paper lll - the Pratt diagram [51], which takes into account
only Na', Ca** Mg®, and HCO; concentrations. As
hydrogeochemical characterisation of GW is the main focus
in Paper lll, the tools listed next were only used there. The
Na/Cl and CI/Br
respectively the ion exchange state of the GW [52, 53] and
indication of the GW origin [54]. The GW redox state was

ratios of provided information on

assessed based on the algorithm described by Hansen, et a/.
[52] taking into account the measured dissolved O,, NO3, Fe,
and SO, by classifying the GW into A) oxic, B) anoxic,
containing NO3, C) slightly reduced - Fe and SO, zone, and D)
strongly reduced - CH, and H,S zone. The oxygen and
hydrogen isotopic composition of GW (3"°0, °H. and
deuterium excess) provides an idea on the origin of the GW
and what processes may have shaped the present GW
composition. Detailed theoretical background and examples
are provided by Clark and Fritz [55] and IAEA-UNESCO [56].

4, Main results

The main results of the work done throughout the PhD
period are summarised in the next sub-sections. The summary
follows the structure proposed in Figure 3. Thus, the findings
are grouped logically in different topics (DW, GW, DW-GW
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differences). The chronology or the completeness of the
papers are not reflected by this structure, therefore, a brief
overview follows. The chronological order in which the papers
were prepared is (earlier > later work): Paper | - Paper Il >
Technical note | and Paper Il = Paper IV (see Preface for
citation details). With respect to the status of completion:
Paper | and Il are published in peer-review journals, Paper lll
and Technical Note | are manuscripts ready to be submitted,
while Paper IV is work in progress, reporting on preliminary

results and outlining future study.

4.1. Drinking-water iodine

The topics related to iodine in Danish DW and the
specifics of the DW supply in Denmark are discussed in Paper
Il and Technical Note I. An overview of the Tl concentrations
and speciation from the two DW investigations is presented in
Table 3 (DW 2013, and DW samples from DW&GW 2012
dataset).

The study presented in Paper Il is, so far, the most
comprehensive one with respect to iodine in Danish DW. The
previous investigations on DW iodine, which are reported by
Pedersen, et a/ [15], Rasmussen, et a/. [13], and Andersen, et
al. [171, are lacking information on the selection criteria of the
sampling points (max 55) and the iodine speciation. The
design of our DW 2013 sampling campaign (Technical Note
1) allowed us to obtain samples from waterworks (n=144)
representing 45% of the total national GW abstraction for DW
purposes and at the same time to cover as evenly as possible
the entire country (Figure 4). The GW abstraction volumes

have been used as a proxy for the size of the waterworks, as

SUMMARY CHAPTER

there was no available data on the DW supply volumes or

supplied population by each waterwork.

4.1.1. Spatial Variation

The data used in Paper Il represents one point in time,
thus the analysis are focused on the spatial variation of iodine
only. The short-term temporal variation of iodine
concentrations has been evaluated only at one of the
waterworks supplying Copenhagen, based on eight samples
taken in two week period (Paper Il); however, the results were
not conclusive. Paper Il provides a visualisation of the TI
concentration and speciation (Paper I, Fig.4), showing that
there is a complex spatial pattern both with respect to the Ti
concentration but also the speciation.

The Tl concentrations (Table 3) were generally in line
with the previous investigations by Pedersen, et a/ [15] and
Andersen, et al. [17]. However the maximum Tl concentration
(at Skagen waterwork) of our DW 2012 dataset was 13-14
HMg/L lower than the concentration reported in these two
previous studies for Skagen. This difference was attributed to
one or more of the following factors: change in the GW
treatment in 2006, difference in the analytical methods for
iodine detection, natural temporal variation (Paper l). It is
interesting to point out that this concentration is 94 ug/L lower
than the result from our other sampling campaign (DW&GW
2012) when DW sample was obtained from the same
waterwork (Figure 5). The samples from both campaigns
have been analysed in the same lab, using the same

methods end equipment.

Table 3 Overview of total iodine (TI) concentrations (min, max, mean, median) and iodine speciation from the four datasets used in the

PhD study.
Samples Tl concentration (ug/L) ) o

Dataset Paper ] - lodine speciation

Type | n min max mean median
GW 1933-2011 | GW 2562 <04 1220 13.8 5.4 X
GW 2011-2014, sub-set 1 [\ GW 589 <03 240 8.3 4.4 X
GW 2011-2014, sub-set 2 [\ GW 70 1 48 X X X
DW&GW 2012 11l GW 26 5 14500 X X I, DOI
DW&GW 2012 11l DW 5 65 220 X X I, 105", DOI
DW 2013 I, TNI DW 144 <02 126 14.4 11.9 I, 105, DOI
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Therefore, this difference could be explained either by a
temporal variation of Tl in the GW, or by difference in the GW
pumping scheme at the time of sampling. Skagen waterwork
mixes GW abstracted from max 31 wells with varying
abstraction volumes per well depending on the DW
consumption (seasonal and daily variation). Details on the
GW iodine concentrations at Skagen can be found in Paper
ll. Further studies are needed in order to explain the
difference presented on Figure 5.

The TI speciation was also found to vary over the
country, with no apparent trend. There were six different
combinations of iodine species in the samples; the two most
common combinations were: all species were detected in the
sample (I, 1057, DOI), and only inorganic iodine was detected
(I, 1057). The DOI containing samples were generally with
higher Tl concentration, however there were also exceptions.
Andersen, et a/. [17] stated that iodine in Danish GW is bound
in humic substances based on results from six waterworks.
However, our results (Paper ll) demonstrate a considerable
complexity with respect both to the presence/absence of DOI
but also the proportion of DOI at different locations (Fig. 4,
Paper II)

Overall, the higher spatial resolution of our study
presented a more complex picture for the DW iodine than
previously reported. The Local Moran’s | analysis for TI
revealed two high-high cluster areas (Zealand and North
Jutland) and one Jow-low cluster area (Jutland). However,
spatial outliers were present even though these parts were
classified as areas with predominantly high Tl or low Tl. There
was no substantial difference between the large-scale trends
for inorganic iodine (I + 10571) and TI. The spatial variation
was attributed to both the geology (GW composition and its
variation) and the treatment of the raw GW.

In Paper Il it was also demonstrated that the current and
widely accepted conceptual model of iodine in DW in
Denmark (Zealand and Funen - high iodine, Jutland - low
iodine) [57] is misrepresenting the smaller scale variability of
DW iodine on Jutland. The conceptual model proposed in
Paper Il incorporates the observed variations. Five areas with
different iodine content in DW were separated on Jutland

based on the interpretation of Local Moran'’s | results.
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Figure 5: Comparison between the results for Skagen
waterwork based on two sampling campaigns (DW 2013 and
DW&GW 2012) (October 2012 sample has not been reported
previously)

Skagen waterwork

o
24.0 Hg 17.6
pg/L pg/L
79.5 225
Mg/L ug/L
182.5
pg/L
April 2013 October 2012
lodi
sp:ci:t?on - lodide - lodate DOI

According to this model, the two areas with the highest
and lowest average Tl concentration are located on Jutland.
However, the monitoring of populations iodine status
(DanThyr) is done based on two cohorts, which were chosen
so they reflect the differences in DW iodine: Copenhagen
representing the high iodine in DW on Zealand and Funen,
and Aalborg, representing the low iodine in DW on Jutland
[11], which is according to the old model. Thus, our findings
suggest that DanThyr may not offer a sufficiently accurate
picture due to the chosen generalisation of the spatial
variation of DW iodine. The local variations should be
mapped and incorporated into future adjustments of the
DanThyr monitoring and/or the US| programmes, and in future
epidemiological studies. Further, the proposed new
conceptual model can be refined to reflect the factors

governing the spatial variation of Tl concentrations.

4.1.2. Health implications

The topic with the potential health implications of iodine
variation in Danish DW was only briefly touched upon in this
PhD study. Only the first step has been made, ie. the
importance of DW iodine to the dietary intake of the

population was investigated in Paper II.
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Based on the iodine data from DW 2013 dataset and
reference values on the DW consumption, it was estimated
that DW (incl. coffee and tea) contributes with 0 to > 100% of
RNI for adults and with O to >50% of RNI for adolescents in
different parts of the country. A simplified risk assessment,
based only on DW iodine concentrations and the new
conceptual model, allowed for pointing at potentially iodine
deficient, mildly excessive, or areas with optimal iodine status.
Our results show that despite the believe that water has a
negligible contribution to the dietary iodine intake [10] and
that the average dietary iodine intake from beverages for
Denmark is set to 14% [12], DW iodine concentration and
spatial variation can be an important factor. On a global
scale, it is important to study thoroughly the iodine
concentrations in DW and their geographical variation,
especially in parts of the world where the DW is of GW origin
(or at least partially of GW origin). Paper Il demonstrated that
regional variations in DW can exist and may be important for
the population’s intake not only in the large scale of Chinag,

but also in the relatively small Denmark (43 000 km?).

4.2. Groundwater iodine

The GW iodine subjects (Figure 3) are covered in Paper
I, I, and IV. A summary on the GW concentrations and
speciation for the different datasets is presented in Table 3.
Paper |, based on GW 1933-2011 dataset, and Paper 1V,
based on sub-set 1 of GW 2011-2014, focus on the GW
iodine characterisation on a large scale (entire Denmark)
(Figure 4). Whereas, Paper lll, based on the GW data from
DW&GW 2012 dataset, and Paper IV, based on sub-set 2 of
GW 2011-2014, are case-studies covering different local
scales. In order to explain the spatial variation of iodine in DW
in Denmark (discussed in the previous part), the spatial
variation of GW iodine has to be better understood. Therefore
the main focus in this PhD thesis (regarding GW iodine) was
on mapping GW iodine, describing the observed spatial

patterns, and which factors are governing it.
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4.2.1. Spatial variation

At the time of conducting the study, reported in Paper I,
no other investigation on GW iodine data from Denmark had
been published. Therefore, Paper | served the purpose of
giving a first overview on the spatial variation of iodine in
Danish GW. The mapped iodine concentrations did not show
a clear pattern, however it seemed as there were more
samples with high iodine concentration on Zealand than on
Jutland (Paper | and IV). Thus, the GW 1933-2011 dataset
was divided in groups of samples from wells located in
different administrative or geographic areas and the
descriptive statistics parameters of these groups were
compared. When using the conceptual model for DW iodine
by Andersen and Lauberg [57], dividing Denmark in East
(Zealand + Bornholm) and West (Jutland + Funen), it was
demonstrated that indeed East Denmark is characterised by
GW with higher iodine concentrations (mean 21.02 ug/L,
median 8 pg/L, n=1058) than West Denmark (mean 8.77
Hg/L, median 4 ug/L, n=1504) (Paper I). However, the iodine
concentrations were far from homogeneous throughout the
administrative and geographical regions, as both high- and
low-concentration samples were clustering together (Paper 1).
Thus, it was concluded that Danish GW is characterised by
both large scale spatial trends and small scale heterogeneity.
This was confirmed also by the data from sub-set 1 of GW
2011-2014 dataset (Paper IV), which consists of more recent
iodine analyses, and the data quality of this dataset is more
homogeneous than GW 1933-2011 dataset.

lodine variation on a local scale was studied at two sites
located on Jutland and two sites located on Zealand (Paper
) and at four multiscreen wells (Paper 1V), two of which
located on Jutland and two on Zealand. A difference in the
concentrations at the wells from a single well field (0.1-0.2km)
and on a 5-10 km local scale were detected (Paper ll), and
also at different depths for the four multiscreen wells (Paper
IV). These findings lead to the conclusion that GW iodine
concentrations are not homogeneous at the given
geographical scales either and further attention was paid to
the potential factors which could explain the observed

geographical variation.
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4.2.2. Factors governing the spatial variation

One of the conclusions from Paper Il is that the
processes governing the iodine concentration in GW are site-
and depth-specific and that most probably at different
concentration levels different processes (sources) are
dominating. The results presented here are only focused on
the relation between iodine concentrations and aquifer type
(geology), depth of extraction, groundwater age and the
geochemical association with other elements.

Paper |, lll, and IV provide information on the GW iodine
concentrations at different aquifers. The overview on the
ranges of iodine concentrations from different aquifer types in
Denmark (Table 4), show no obvious difference. However, it
should be kept in mind that these results come from very
different investigations - in Paper | a large amount of samples
is overviewed, while having limited information on the
geology at each location, whereas, Paper lll focuses on very
few locations, but in greater detail. The results from Paper I
show that there is an apparent difference in the TI
concentrations from Post-glacial marine sand and from
Danian/Selandian chalk. In Paper I, the highest 75", 90", and
95"

Paleocene to Late Cretaceous limestone/chalk. However the

percentiles were found for samples representing
late-, inter-, and postglacial marine sediments were not very

well represented in the GW 1933-2011 dataset (<1%, n=17).

IODINE IN DANISH
GROUNDWATER AND
DRINKING WATER

25

Further, when the general trend of iodine concentrations’
distribution in depth was studied (Paper 1), it was found that
the relatively higher concentrations start to be observed
sharply at depths of about 40 mbt (to 80 mbt). It was
hypothesised that this difference is due to shift in the
geological settings (e.g. glacial deposits vs. limestone/chalk
deposits) or the GW chemistry (different GW type). It was
found that at depths of 40-50 mbt there were twice as many
samples representing limestone/chalk aquifer than at depth
30-40 mbt, which could be causing the depth-concentration
relation, observed on Fig. 3 of Paper I. For one of the study
sites (Paper lll), where the extremely high TI concentrations
(1.12-14.5 mg/L) were seen, there was pronounced increase
of Tl with depth. This was attributed to diffusion of old saline
water in the Campanian-Maastrichtian chalk aquifer. In Paper
IV, the relation between depth, GW age, and Tl concentration
was investigated based on sub-set 1 of GW 2011-2014
dataset. Elevated Tl concentrations were present at different
depths, however samples with Tl > 27 ug/L were representing
GW older than 25 years. This could be explained by the
longer residence times which would provide longer time for
interaction between the GW and the aquifer material, or by
mixing between fresh GW and old saline and enriched in
iodine GW (Paper IV).

Table 4 Overview on the total iodine concentration (min, max) for samples from different aquifer types/geological setting based on the

papers included in this PhD thesis

Aquifer type or dominating geological setting at Samples Total lodine (ug/L) Paper
the screen length (n) min max mean median
Post glacial marine (Quaternary) 4 167 308 X X I
70** 1 48 X X v
Glacial melt-water (Quaternary) 3 9.1 125 X X I
916 0.75 533 10.54 5 |
Glacial moraine (till) (Quaternary) 135 0.75 160 11.61 7 |
Paleogene deposits (excl. limestones) 140 0.75 1100 2678 2.8 |
% Paleocene or Late Cretaceous 439 0.3 1220 2677 7 |
é § Danian-Selandian chalk 11 5 19 X X Il
g o A o 4 23 198
3 Campanian-Maastrichtian chalk X X 1l
(3)* (1120) (14500)
*one well

**sub-set 2, four wells, 10-23 samples per well
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An association between iodine, Li, B, Ba, and Br (PCA
analysis, Paper 1), lead to the conclusion that there is a
common source or governing process, pointing in the
direction of saline water influence. Additionally, most of the
samples with elevated iodine concentrations were
representing reduced and alkaline GWs (GW 1933-2011
dataset, Paper 1). The hydrogeochemical characterisation of
the GWs based on Piper and Pratt diagrams (DW&GW 2012,
Paper lll) showed respectively that Tl concentrations >160
pg/l are found in GW samples with ClI” being the dominating
anion, and, that samples with elevated Tl concentrations plot
at or close to the saline zone of the Pratt diagram. However,
for the same study, CI/Br vs. Tl plot did not show any apparent
relation between the two parameters. Similarly to Paper |, in
Paper Il the elevated Tl concentrations were found in
reduced GWs. A positive relation between Tl and the iodine
species and DOC was also observed, pointing at the
importance of the organic matter (Paper Ill).

The results from the four multiscreen wells (sub-set 2 of
GW 2011-2014 dataset, Paper IV) provided the insight into
what is happening at different depths with respect to iodine
concentrations. It was suspected that the small changes in the
concentration in depth (+1-2 pg/L) are due to geochemical
processes occurring at the sampling depth, which could be
explained by localised differences (at depth) in the organic
matter content, the metal hydroxides, redox conditions, and
the pH. While, the larger changes in the Tl concentration in
depth (210-20 pg/L)

hydrogeological conditions at this aquifer. However, further

could be representing complex
studies are needed in order to accept or reject these theories

(see Paper IV for details).

4.3. Groundwater-Drinking water differences

DW in Denmark originates from GW, which normally is
subjected to only simple treatment, consisting of aeration and
sand filtration. Details on the general GW treatment practices
in Denmark are summarised in Technical Note | The
alteration of the GW composition in the treatment process
could affect the iodine concentration and speciation in the

DW. Thus, as part of the DW&GW 2012 sampling campaign,
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DW samples from five waterworks and GW samples from the
production wells of these waterworks were obtained. The
purpose was to compare the iodine concentration and
speciation in GW and DW. The treatment at Oust Melle is only
aeration, while at @strup Skov, Bunkedal, and Vilstrup is
aeration and filtration, whereas at Skagen is more advanced
(see Paper Il for more details on the treatment at Skagen). All
production wells were sampled at @strup Skov, Bunkedal, and
Vilstrup, but at Skagen and Oust Mgalle four wells were chosen
randomly per waterwork.

Figure 6 presents a comparison between the DW- and
GW-TI concentrations, showing that DW-TI concentration falls
in the range of GW-TI for three of the waterworks (Skagen,
Oust Molle, and Bunkedal). Whereas, for two of the
waterworks (@strup Skov, Vilstrup), DW-TI is lower than GW-TI
concentration, suggesting that some iodine has been lost
during the treatment, Figure 6. Changes in the speciation due
to the treatment are observed at all of the sites, but no

obvious pattern can be seen Figure 6.

Figure 6: Comparison of total iodine concentrations and speciation
in drinking water (DW) (n=1) and groundwater (GW) for five
waterworks.
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Note: GW concentrations are presented as range, whereas the speciation is
presented as average % from the wells at each site (source: DW&GW 2012
dataset, DW data not reported before, GW data is reported in Paper Ill)
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lodate (IO03;7) was detected only in two of the GW
samples (most probably due to post-sampling oxidation) and
in all of the treated DW samples (8-100% of Tl). lodide (I") was
detected in the treated DW at two of the waterworks only
(Oust Malle (80%) and at Skagen (9%)), whereas it was
present and dominating in the GW samples from the wells at
all sites. DOI dominates in the treated DW samples from three
waterworks (Skagen (83%), @strup Skov (66%), Bunkedal
(91%)).

aeration process is that the reduced form (1) will be converted

Expected change in iodine speciation during the

(at least partially) to 105", The potential effect of the treatment
procedures on the dominating form of iodine is also discussed

in Paper Il.

5. General conclusion and perspectives

The main objectives of this PhD study were 1) to map
iodine concentration and speciation in DW and GW in
Denmark, 2) to study the spatial patterns of iodine
concentration (and speciation) and to elucidate the factors
governing them, and 3) to evaluate the importance of the
spatial variation of DW iodine to the populations’ nutrition
(health). This PhD project provides the Danish perspective on
these issues; nevertheless, the outcomes illustrate the
importance of and the need for a thorough description of the
spatial patterns of DW and GW iodine, especially in places
where the drinking water originates (at least partially) from
groundwater.

Throughout the Summary Chapter of this PhD thesis, the
findings from the single papers, addressing the three PhD
objectives, were jointly discussed by grouping them into the
subjects from Figure 3. lodine concentration and speciation in
DW and GW were mapped, the spatial variation was studied
on different scales, the health implications and the factors
governing the iodine variability were also discussed.
However, these topics are far from exhausted from scientific
point of view. This PhD is a starting point for further, more
comprehensive studies regarding iodine in DW and GW and
the health implications in Denmark. Throughout this project
gaps identified,

formulated, and the fundament for further research was laid.

knowledge were hypotheses were
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This work can be continued in various directions. Here,
only few of the perspective for future research work packages

are listed:

- Temporal variation of jodine in DW and GW. Virtually all
information on temporal variation of iodine in Danish
DW is limited to the inconclusive results in Paper Il and
part 4.1.1. of this Summary Chapter, and the results from
few other studies. Thus, there is evidence that the day-
to-day variation (10 days) of iodine in tap water at two
locations was small [?][15], there was no significant [?]
difference between iodine in tap water
[13],

concentration in DW obtained at the Skagen waterwork

samples
collected in January and June and iodine
was unaltered [?] in the period 1997-2000 (one sample
every second month for six months and one sample
every year for four years) [17]. Therefore, some of the
questions awaiting answer are:

o Is there a short term (daily, weekly) or long
term (seasonally, yearly) variation of iodine
in DW?

o If there is variation, what triggers it: is it due to
treatment practices, changes in GW
abstraction and mixing, or GW iodine
variability?

o If the GW iodine varies temporally at a single
location, what are the governing factors?

Answering these questions for different locations (as
many as possible) will help elucidating the importance
of drinking water as an iodine source for the long term

iodine exposure.

- lodine hydrogeochemistry. The discussion of possible
sources, processes, and factors for iodine enrichment of
the GW (Paper lll and IV), have opened the topic.
However, there is need for further data collection and
analysis in order to answer conclusively what causes the
spatial variability of iodine in Danish GW. The four multi-
screen wells, presented in Paper IV, are especially
perspective for a field studies on iodine

hydrogeochemistry in glacial meltwater aquifers. Some

possibilities for future research with respect to this topic

are outlined in part 4 of Paper IV.
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- ‘Follow the watercourse’, i.e.. how does the iodine
concentration and speciation change from the raw GW
through the different treatment steps, to the treated DW
and the supply system, to the tap water of the single
households. This topic was touched upon briefly in the
discussion of iodine speciation in DW (Paper II) and a
comparison between GW iodine and DW iodine at five
waterworks was presented in part 4.3 of this Summary
Chapter. A study, specially designed for these purposes,
would provide the missing link between GW->DW->tap
water iodine concentration and speciation, and, will
allow quantification of eventual iodine loss to the
atmosphere (l,), conversion inorganic-organic iodine,
etc. It has to be stressed that chlorination is not practiced
in Denmark, thus iodinated disinfection by-products (I-

DBPs) are not a concern.

- Health implications. As mentioned in Technical Note |,
the nationwide DW sampling campaign was designed,
as to enable the investigation of potential health
implications due to the geographical variation of iodine
in DW. Such study could be divided in two parts:
estimating lifelong exposure of iodine in DW, and testing
for association between the geographical distribution of
various IDD and the variation of iodine in DW. The
Danish Civil Registration System (CRS, established in
1968)

addresses, date and place of birth, vital status, and

provides information on present and past
identity of parents and spouses for all people, who live in
Denmark [58]. By combining the CRS data with 1) the
data from the existing health registers on all cases of
various IDD, with 2) the supply areas of the waterworks
(compiled in [59]), it becomes possible to perform
representative  population- based epidemiological
study(ies) with respect to (lifelong) exposure to DW

iodine.

Next to these topics, it should be mentioned that further
investigations incorporating both temporal and spatial aspect
of iodine variation in GW and DW on different time and

space scales are needed. However, it is anticipated that such
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massive data collection is hard to fund, organise, and
implement. Therefore, one of the recommendations (Paper I,
Technical Note I) is to include iodine in the routine DW-quality
(n>2500).

GW monitoring programme

investigations of the waterworks lodine was

included in the national

(GRUMO) in 2011 and the first results are reviewed in Paper
IV. However, the recent DW iodine data (for the last 10 years)
are limited to the study presented in Paper Il and Technical
Note | (n=144, one time point). Monitoring iodine in both GW
and DW is crucial for accumulating enough data to enable
data-based informed decision-making for future adjustments
of USI and/or the monitoring programme following up on the

iodine status of the population (DanThyr).
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Preface

The hydrogeochemical data obtained as part of the Danish
groundwater quality monitoring programme is fully accessible
and offers various opportunities for data mining and data
exploratory analysis. The purpose of this text is to present the
most recent data relevant to the iodine topic, which can be
used for elucidating depth related changes in iodine
concentrations in groundwater. Especially promising is the
data from four multi-screen monitoring wells. A unique
dataset of high resolution depth profiles of iodine
concentration in relation to redox conditions, pH, and
groundwater age is presented here.

The results and the following discussion should be seen as a
first overview, which can supplement or continue the work
that has been done in the previous two studies on
groundwater iodine (Voutchkova et al., tb.s.; Voutchkova et
al, 2014). The present work is in a preliminary stage, thus
none of the discussed hypothesis have been
accepted/rejected yet. The possibilities for future research,
both based on existing data, and on further sampling and
laboratory analysis are discussed in the last part of this text.
However, due to the late stage of the present project, it is only
possible to outline them here. This can serve as foundation for
discussion and planning of future project application, as
additional funding is needed in order to continue this work.

Keywords: multi-screen wells, hydrochemistry, groundwater, iodine,

®
[}
L]

lodine concentration (ug/L)

Data from GRUMO2014 dataset.
Only the last iodine sample
(2011-2014) for each well-screen
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1. Methods and Materials
1.1. Data

The water chemistry data used here are from the
GRUMO 2014 dataset. GRUMO stands for Groundwater
Monitoring Programme and is one of the sub-programmes for
systematic data collection and reporting on groundwater
quality in Denmark (Thorling et al., 2013). The GRUMO 2014
dataset covers data on water chemistry for the period 1989-
2013. The data are downloaded from the nationwide publicly
accessible hydrogeological database, Jupiter (GEUS).

lodine is included in the analytical programme of
GRUMO since 2011. The groundwater sampling is in
compliance with the technical guide on groundwater
sampling (Thorling, 2012). The reference laboratory for
chemical and microbiological analysis of Danish Nature
Agency has provided a Method Data Sheet for dissolved
iodine in groundwater (RefLab, 2011). According to RefLab
(2011), ICP-MS or other similar method for measuring the total
dissolved iodine (all species), has to be used in the GRUMO
monitoring. For the sub-sets used here, all laboratory analyses
have been handled by Eurofins Danmark A/S and the used
method for detecting iodine in the groundwater is ICP-MS
(CEN, 2004). Thus, the sub-sets consist of data on the total

Figure 1
Location of the four multi-

0,30 - 5,00

5,01 - 10,00 screen wells (!(custe.d,. ‘
Grindsted, Vejby, Sibirien)

10.01-25,00 and the GRUMO 2014 sub-

01 =000 dataset including the last

50,01 - 240,00

sample analysed for total
iodine (2011-2014)

Note: the higher concentrations have

is visualised. TR priority in this visualisation, i.e. they
X ’ are plotted over the lower ones
y
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dissolved iodine (TI) concentrations. No information on the
iodine speciation is present.

Further information on sampling procedures, analytical
methods, and details on the GRUMO programme can be
found in the annual report on groundwater (Thorling et al,,
2013). The latest annual report (based on the GRUMO 2014
dataset) is under preparation at the time of PhD thesis
submission.

The two sub-sets that have been used for the purposes
of this paper contain:

The last Tl analyse (2011-2014) the

chlorofluorocarbon (CFC) dating (1997-2013) for each

GRUMO location (well screen) where a sample was

and last

analysed for Tl in that period. Only one sample per well

screen is included. The CFC-dating and the Tl analysis

may be based on groundwater samples obtained from
the same well screen, but at a different date.

Depth profiles of Tl concentration (sampling 2012) in

groundwater from four of the multi-screen wells, part of

GRUMO, are also shown here.

The multi-screen wells are used primary for monitoring of
the redox conditions. The monitoring purpose is to better
describe and understand the variation over time of the redox
zones in depth and consequently to improve the
understanding of the time series for different redox-sensitive
elements, e.q. nitrate (Thorling et al., 2013). Thorling et al.
(2013) report time-series on redox conditions for the four
multi-screen wells, as well as, some analyses on the depth
profiles of redox-sensitive elements. The redox sensitive
compounds are analysed on a reqular basis, but not every
year in the period 2011-2015.

The GRUMO dataset (the sub-sets too) provides
information also about geographical location, depth and
length of the screen, purpose of sampling, additional
sampling information, e.q. field filtration/no filtration, even a

geological information.

1.2. Sites description

The location of all samples used in sub-set 1T and subset
2 are visualised on Figure 1. Technical description of the

multilevel wells (Kasted, Grindsted, Vejby, Sibirien) can be

PAPER IV

found elsewhere. All wells (well screens too) have unique
identification numbers (DGU no.) by which all the information
on geology, groundwater levels, and chemistry can be found
in the online publicly accessible Jupiter database (GEUS).
The monitored screens are shown in depth in meters below
terrain (mbt) together with the depth profile of Tl and other
elements on Figure 4-7. The well screens are 10cm long. The
geology at each well together with classification of the water
type at each depth (coloured red, yellow, green dots) are also
visualised on Figure 4-7 (source: Thorling et al. (2013)). The
groundwater samples from all four wells represent glacial
melt-water aquifers. The geology at Kasted, Sibirien and
Vejby is characterised by local heterogeneity: interchanging
sand, gravel, stones, and

clay/silt lenses/layers. A

predominantly  horizontal groundwater movement s

suspected at the four well locations.

2.  Results and Discussion
2.1. lodine concentration and groundwater age

Sub-set 1 is used for the analysis on the relation between
groundwater age and Tl concentrations. The last measured Tl
concentration for each well screen is mapped on Figure 1.
The estimate of groundwater age is based on CFC dating.
The CFC age estimate is directly obtained from the dataset,
no further calculations and assumptions have been made. A
new dating method (tritium/helium) for young groundwaters
has been employed in GRUMO programme since 2012.
However, not all the locations have been dated with the new
method, thus the CFC is used here. The CFC method cannot
provide information on groundwater recharged after the start
of the new millennium.

The relation between groundwater age, depth of
extraction (mid. screen) and Tl is visualised on Figure 2. The
bubble size indicates the Tl concentration. The elevated TI
concentrations are present in different depths; however, they
are predominantly in groundwaters older than 25 years. There
is only one exception - a sample representing young
groundwater (12 years old) with Tl = 240 ug/L. The sample is
extracted from the shallowest screen (1.5-2.5 mbt) of well
with DGU no. 159. 982. The screen is located in sand aquifer

and overlaid by lacustrine gyttja (0.65 - 1.25 mbt) and a
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plough layer (0 - 0.65 mbt). Most probably the high TI
concentration can be explained by the influence of the
overlying high in organic matter layer.

The sub-dataset 1 was divided in 3 parts depending on
the groundwater age: <15 years old, 15 - 24 years old, 25->60
years old. Box plots with outliers for the Tl concentrations for
these 3 groups of samples and for the whole sub-set 1 are
plotted on Figure 3. A Mann-Whitney (or other similar) test is
need to test if there is a significant difference between these
groups of samples.

The overall first impression is that the samples with Tl >
27 ug/L are representing groundwater older than 25 years
(Figure 2 and Figure 3). This could be explained by the longer
residence times which would provide longer time for
groundwater-sediment material interaction. It is possible also
that older saline groundwaters with elevated iodine are
influencing the fresher groundwater. Further investigations are
needed: 1) to test for significant difference and then 2) to

explain the observed relation and to test different hypothesis.

2.2. Depth profiles of iodine concentration at four multi-
screen wells

The Tl depth profiles for Kasted, Grindsted, Vejby, Sibirien
are presented on Figure 4-7. Together with Tl concentrations,
other elements and parameters (02, NO3, NO2, Fe, Mn, SO4,
pH, Al, As, Cl, CFC age) are shown to facilitate (or complicate)
the discussion on Tl variation in depth.

The redox conditions at Grindsted, Vejby and Sibirien
change in depth multiple times (interchanging oxic, anoxic
and slightly reduced zones), whereas at Kasted there is clear
separation between oxic, anoxic and slightly reduced redox
zones. A comprehensive overview on the time series (1999-
2012) of the redox conditions for these wells is presented in
(Thorling et al., 2013). The groundwater at Grindsted is acidic
(range pH 4.5 - pH 5.5), whereas at the other three wells the
groundwater is near neutral to slightly alkaline. At all four
locations pH varies with depth. Also, based on the CFC dating
and abrupt changes in the groundwater age at some depths,
it can be assumed that groundwaters with different sources
(different recharge area) are present at different depths in the

same aquifer for Kasted, Vejby, Sibirien.
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Figure 2: Relationship between depth of extraction (depth of screen

middle point in mbt), groundwater age (CFC) and iodine
concentration (bubble size)
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Figure 3 Box-plots of samples divided in 3 groups by the
groundwater age: younger than 15 years, 15-24 years old and older
than 25 years. Box-plot of all samples is given for comparison.
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Table 1: Descriptive statistics of Tl concentrations (samples at
different depths) at Kasted, Grindsted, Vejby, and Sibirien multilevel
wells

Tl Kasted Grindsted Vejby Sibirien
sampling (2012) 26 June 10-12July  14-16 Aug. 20-21 Aug.
Mean 3.85 2.15 13.45 13.68
Standard Error 0.270 0.211 2.634 3762
Median 3.8 2.1 145 4.2
Mode 3.9 1 #N/A 4.2
Standard Deviation 1.205 1.010 8.330 15511
Sample Variance 1.453 1.020 69.392 240.587
Kurtosis 2.078 -1.205 -1.555 0.105
Skewness 1.289 0.336 0.005 1.241
Range 49 3.2 228 46
Minimum 22 1 22 2
Maximum 7.1 42 25 48
Sum 769 495 1345 2325
Count 20 23 10 17
Confidence Level for 0.564 0.437 5.959 7.975

mean (95.0%)

The descriptive statistics for Tl concentrations for each
well, based on the depth profiles, is given in Table 1. The
concentrations at Vejby and Sibirien have the largest range
span over depth: 2.2-25 ug/L for Vejby and 2-48 ug/L for
Sibirien.  Whereas, at Kasted and Grindsted the TI
concentrations vary over depth in a narrower range: 2.2-7.1
Mg/L for Kasted and 1-4.2 for Grindsted.

The low Tl concentrations at the shallowest parts of the
depth-profiles reflect most probably the iodine content in
precipitation, including the subsequent up-concentration due
to evapotranspiration and/or immobilisation in the topsoil or
upper layers.

The small changes in Tl in depth (+1-2 pg/L) are most
probably result of the geochemical processes occurring at the
sampling depths. This can be explained by localised
difference (at depth) in the organic matter content, metal
hydroxides, redox conditions, and pH. Redox conditions will
affect the iodine speciation: it is expected that iodate will be
dominating in the oxidised waters (possibly also in the
anoxic), while in the reduced water, iodide will be the stable
inorganic species. The pH changes will affect the
sorption/desorption processes, which may be important for
iodine concentration too.

Based on the CFC ages, Tl concentrations at Vejby and
Sibirien could be explained with the presence of other (older)

groundwater source at certain levels. The change in the
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concentrations in depth at these two wells (£10-20 pg/L)
could be representing complex hydrogeological conditions.
However, it is also possible that there is a geochemical
process which is responsible for the elevated concentrations.
At Vejby Tl and CI do not follow the same trend, which rules
out saline water influence, as Cl elevation would have been
expected. The Tl concentration peek at Vejby coincides with
As, Fe, and Mn peaks too, as well as with change in the redox
conditions from slightly reduced water to anoxic one.
However, this change in the redox conditions in depth is not
present at all 3 sampling periods in 2012, but only for the
sampling when also Tl was analysed. At the deepest part of
Sibirien, however, the Tl and ClI concentrations seem to follow
the same trend. The Tl peak coincides with a peak in Fe
concentrations at screen no.é.

It is also possible that local differences in dry
precipitation of iodine at the groundwater recharge can also
be qgoverning for the observed small or not so small
differences in the Tl concentrations. Further site description
(incl. land use at the groundwater catchment) is needed.
Further geochemical analysis and also data collection are
also needed in order to elucidate the sources, processes and
the mechanisms

governing these concentration-depth

changes.

3. Possibilities for future research

The multilevel wells part of GRUMO monitoring network
present an opportunity to design future studies on high
resolution depth profiles of iodine (but also other trace
elements). The data presented here visualises the potential of
these four wells to be used as study sites in future
comprehensive geochemical investigations.

With respect to iodine, these four study sites are suitable
for testing different hypothesis on the mechanisms governing
the iodine concentrations and their variation in glacial melt-
water sediments, e.q.:

. Evaporative up-concentration of precipitation

. Organic matter degradation and reductive

dissolution of iron (or other metal) hydroxides.

. Diffusion of older saline waters and/or sea water

intrusion (not very likely based on the presented
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here data, but still further studies are needed to
exclude this as possibility).

In order to do that, though, further work is needed. This can

constitute of:

. Hydrogeochemical modelling of the data from the
GRUMO dataset, e.q. calculating SI of different
minerals, iodine speciation, and even testing

different scenarios on vertical and/or horizontal

transport of solutes through the sediment column.

. Additional data mining based on existing
chemical, geological and hydrogeological data for
the areas, where these four wells are located, in
order to describe better the study sites.

. Designing of new sampling campaigns to obtain
groundwater samples for additional analysis on
iodine speciation, iodine isotopes, dissolved
organic matter characterisation, major elements
that currently are not measured, etc.

. Further sediment characterisation based on the
existing and stored at GEUS sediment samples
from the four multilevel wells: sequential extraction
for water-soluble-, exchangeable -, metal-oxide-,
humic and fulvic acid iodine fractions and Tl from
the sediment samples (example for of similar
investigation: Li et al. (2013)), TOC, % composition

of major elements (XRF), LOI, etc.
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4. Appendix

The depth profiles for the four wells are presented on the

next two pages
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Edit 4 (Sep. 2018):

1. Revised version of Technical Note | was published in 2018 in International Journal
of Environmental Research and Public Health, under new title ("Nationwide
Drinking Water Sampling Campaign for Exposure Assessments in Denmark"), thus
the manuscript is removed from this e-book (14 pages);

2. Cite article as: Voutchkova, D.D. et al. Int. J. Environ. Res. Public Health (2018)
15: 467.

3. DOI: https://doi.org/10.3390/ijerph15030467
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