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Abstract

The stable isot o¥® andydrogeoehengstry (Clard B)aohhdt and

cold groundwater (springs and boreholes) as well as surface waters (rivers, streams and
lakes) were used to trace the origin of these water sources, mixing of tyaegsthe

degree of primary rock leaching and the presence of potential palaeowater in the region.
The waters showed a large range in temperature9@23 °C), pH (7.14.0.58) and ClI
concentration (1.58 1709 ppm) and generally low B concentration (<0.fp@8). Isotope

values were also highly variable, withDcontent rangingrom -127.8 to -58.2a and

0*%0 from-17.0% to-8. 11a4. Most shall ow grournrdeeat er s
to a local source whilghe two main rivers of the region were found to correlate with
precipitation around Lake Myvatn (La¥ and the northern Vatnajokull region
(Skjalfandafljot). The chemistry and the isotopic signature of the river Laxa remained
stable all the way from its source towards the sea, whereas th&8kjadandaflj6t showed

more variability. A linear relationghpb et ween 0D and CI was obse
deuterium and chloride content, for surface water samples and the shallow, cold
groundwater samples as expected for pure precipitation with increasing inland and altitude
effect. Geothermal waters with a deepsource and highly depleted deuterium content
were found in several locations within the low lying areas in the valleys within the study
area. This includes Husavikrnes, Hafralaekur, Hveravellir, Laugar and Storu Tjarnir. It is
suggested that a compomneof these water, of a variable gportion, is made up of
precipitation that recharged the aquifers durangime when climate was significantly
colder than today. These water samples sho\
suggesting mixing between water types (modern waterHplecene water and, in the

case of Husavik, saline water) Hydraulic comectionwas foundbetween the water in

Arnes and Hafralaekubut the water in Arnes had never been analysed for isotopes prior to
this project

PDtdr §ttur

i verkefninuvorus t © Hugar s a Mo)mg aeinafraeditvdins (Chog B) ar heitu og

koldu grunwvatni (lindir, laugarog borholur) sem og yfirbordsvatni (ar, leekir og stéduvotn)

notad tilad rekja uppruna og bléndun vatns, efnahvorf vatns vid berg og moégulega tilvist
gamals grunnvatns & sveaedinu. Vatnssynin voru afar breytileg hvad vardar hitastig (2,
97,5°C), pH (7,1410,58) og ClI styrk (581709 ppm) og var B styrkur almennt lagur
(<0,125 ppm). Samsbtugildi voru-1Qi7Tn®idag omj °
58, 23 ®@gidi tilli -1 7, 094 ,dgla. Uppruni flestra s
grunnvatni og leekjum reyndist rekjanlegur stadatirkomu en nidurstdodur fyrir tveer

helstu ar svaedisins voru i samraemi vid pau sveedi semhéatiur verio talin uppspretta

pessara &aa, p.e.a.s. i kringum Myvatn (Laxa) og nordur af Vatngjighlfandafljot).
Efnasamsetning og samseetuhlutfoll i Laxéwvstodug fra uppsprettu ad sgnbreytileiki
reyndistmeiri i vatniar Skjalfandafljoti.Nidurstodur syndui?ll nul egt samband mi



Cl, med minnkanditvivetnis og kléridinnihaldi i synum ar yfirbordsvatni og grunnu,
koldu grunnvatni med aukinni haed og fjarleego fra sgim er einkennandyrir 6blandada
0og ungaurkomu. Jardhitavatn sem er upprunnid af menlgpi og med mjog lagt
tvivetnisgildi fanst & nokkrum stédum & laglenidinan rannsoknasveedisins. bettaid v
um Huasavik, Arnes, Hafralaekveravellir,Laugar og Stéru Tjarnir. dlid er ad hluti pessa
vatns, i breytilegum hlutféllumsé Urkomasem hefur unnid i grunnvatnsgeyminn pegar
loftslag var mun kaldara en i dag. Pessi vatnssyni syndu neikvaeda fylgniDnag Cl,
sem ben til blondurnar mismunandi vatnsgerda (nutima \&tifsaldarvata og i tilfelli
Husavikursynisins, sjavarSynt var fram a tengingmilli grunnvatns i borholunum i
Arnesi og & Hafraleek, en petta er i fyrsta sinn sem samseetur eru gr@indanes
borholunni.
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1 Il ntroducti on

The use ofbtable water isotopes andnservative elements can serve as a useful tool in the
study of groundwaterln Iceland, the stable isotopes of deuterium and oxl@ehave
been used along with the regervative elements chlorine and boron to trace groundwater
recharge areas and groundwater flow, mixing of waters of different origin -veater
interaction and relative dating of groundwater within a given region.

The study of stable water isotopes isdxh on Craig (1961) whpublishedthe earliest
measur em8ntandofiu D f owhichfaloeed thimaa define the Global

Met eori c Wat erD=Li81% + (0&d Dan3gaard(1964) who quantified

the apparent cl i M@taind inlipbEcipitatieniToeir obsefvationk e U
were based on two key principles relating to the temperature dependent fractionation of the

i sotopes and the stroff@ ardn eieteoric evatersy vehickeat i o n
laid the foundations of isotogs/drology.

In Iceland, the study of isotope hydrology was founded by Arnason (1976) whose research
focused on the use of deuterium to trace the origin and flow of groundwater. His deuterium
contour map of mean annual precipitation in Iceland based anaigses of surfacand

cold spring water has extensively been used to trace origin of groundwater and delineate
groundwater flow. He also concluded that the cold groundwater is only a few decades old
at the most, while hot water is of varying ages, gaheolder than the cold groundwater

and in very rare occasions, namely in Hasavik and Hafraleekur NE Iceland, from the last
glaciation when precipitation was more depleted in the heavier isotopes than today.

Oxygen isotope analyses became possibledandint he | ate 1980086s, enc:¢
studies on isotope hydrology (e.g. Sveinbjornsdoéttir and Johnsen, 1992). Research on the
relation between the oxygen and hydrogen water isotopes in Icelandic natural waters led to

the definition of local metewi wat er | ines (LMWLYO3Bohen! cel a
00 > -10. 5 and osll forDighBef firecipitation) based on analyses of
numerous samples of surface and cold groundw@tesiribjornsdéttiet al.,1995) Studies

on surface evaporatiorsyanbjornsddtir and Johnser992 and isotopic changes due to
waterrock interaction became also possible (8xpinbjornsdottir et al., 2013

Later studies have revealed that Crnasonos
must be used with care tcace the origin of groundwater, as groundwater in Iceland is
usually mixed watersof different origin and age. Also the prolocene water which

Arnason considered to be very rare and limited to a particular areslemolceland, is in

fact muchmorecommon in the Icelandic bedrock than previously thoghdrsson and
Andrésdottir, 1995; Sveinbjornsdottir et al., 2001; Sveinbjornsdaottir et al., Zensson

et al., 2019

Another tool that has been used in Iceland for studying groundwater fliagan, anixing
and primary rock leaching is the use of the nmective elements boron and chlogin
(Arnorsson of Andrésdottir, 195veinbjornsdottir and Arndrsson, 199&itefansson et
al., 2019. Chloride concentration in groundwater is generally beldppm Cl with
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highest concentrations towards the coasts and lowest towards large mountain ranges and
the interior Bigurdsson and Eamsson, 1988). Concentration higher than 10 ppm would
suggest seawater mixing or influx of geothermal water. Groundwaggnatting far inland

should thus both be isotopically light compared to precipitation near the coast and very low
in chloride concentration. Arndrsson et @993a) noticed that the isotopically depleted
groundwater in the Southern Lowlands was high irc&icentration (500 ppm) and could

t hus not be traced to the hi ghl ands contr ¢
Arnorsson et al. (1993a) interpreted this isotopically light and saline groundwater as
having a component of pitg¢olocene precipitation thag considerably lighter than modern
precipitation due to the cold climate at that time and a component of seawater that
infiltrated the bedrock during the deglaciation some 12.000 years ago when large parts of
the Southern Lowlands were submerged. InNN¥¢ peninsula saline groundwater on low
grounds can be explained by infiltration of seawater occurring under poesent
hydrological conditions through seepage into the bedrock through fracAmesgson et

al., 199).

The Cl and B concentration in colmhd geothermal water originates from three main
sources; 1) the atmosphere such as seawater spray and aerosols; 2) the rock and soil with
which the water reacts and; 3) marine groundwdtee. large difference in the Cl/Bass

ratio of seawater and predagttion (ca 4350) on one hand and basaltic rocks4(BI) on

the other, makes this ratio a particularly useful tool to study rock leaching and seawater
infiltration (Arnérsson and Andrésdattir, 1995

The aim of the present study is to construct the hysblogy and the hydrological history

of the Adaldalur region, NE Iceland, by stable water isotopes and geochemistry of surface
(rivers and streams), cold springs and -lmmperature geothermal springs and wells.
Specifically the new geochemical data will beed to trace the origin and mixing of
natural waters and shed light on the relation betweeprtidolocene groundwater and

the Holocene hydrology of the area. The following research hypothesis and research
questions frame the project:

Research hypotlses:

1. The origin of the groundwater is modern precipitation mixed with eHmlecene
water component in flat lying areas whehgdraulic gradient is negligible.

2. The origin of the wateand mixing between different water componeiitsodern
and preHolocene water) can be traced using water isotopas D*°0) @nd
geochemistry of nomeactive elements (Cl and B)The water isotopes reflect
different formation temperatusdaltitude effects for modern water and formation
temperature for modern vs prolocene water) and the chemical components
reflect the degree of maturity or waterck ratio and mixing between different
water types (modern surface water, reacted modern groundwatédfoloene
water and saline water).

16



Research questions:

. Can the orifn of groundwater be traced by water isotopes D"®0) atid geochemistr{Cl

and B)?
. How widespread is the p#golocene groundwater component within the area based on

water isotope$ U D'¥0)? U

. How uniform is the geochemistry and isotope content of streams and rivers from their
origin to the oceanral how does that affect our interpretation of water origin based on
water isotope$ U D'0) atid geochemistr§Cl and B

17
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2 Background

The study area for this research includes the Adaldalur valley south of Hlsavik in northeast
Iceland, its adjacent Malys to the south and nearby areas to the west and east (Figure 1).
Surrounded by a steep mountain ridge and bounded by Skjalfandaflj6t river to the west and
by Lax& river and a hyaloclastitécélandic: méberg ridge to the east, the study area
terminatesin the north at sea where it meets the Skjalfandi Bay. The topography of the
area is relatively flat with occasionat$ltrending ridges protruding out of the Adaldalur
valley in the south, separating it into three different valleys, namely Bardardalur,
Reykjadalur and Laxardalufhe geology of the study area has attracted many researchers
looking into a variety of geological phenomena that exist within the region. Few areas in
Iceland boast such complex geology within such a small &aantists from diferent
specializations have studied the many aspects of the region, including Quaternary geology,
sedimentology, volcanology, seismology and tectonics, hydrogeology and many sub
branches there within, many of which will be discussed below.

21 Geol ogical nBet

Iceland is in global geological terms a very young country. It emerged from the North
Atlantic between 44 and 22 million years aduaring the opening of the North Atlantic
Iceland is unique in that not only is it located on an active divergent lpbatedary that
separates the North American plate and the Eurasian plate, but it also sits above the Iceland
plume (Pérdarson and Hoskuldsson, 2Q02hot spot much like that found in Hawaii and
other places, thought to be located under Central IcdlegdWolfe et al., 1997)This
causes increased volcanic activity which has allowed the Icelandic plateau to rise over
3000 m abovehe surrounding sea flopmwith a crust that is 3 to 4 times thicker than
average oceanic crust (Darbyshire et al., 199&) covers about 350,000 Knwhich
includes the 103,000 km subareal landmass that formdceland (@rdarson and
Hoskuldsson, 2008; Bjarnason, 2008).

Almost all rocks and sediments in Iceland are of volcanic origin, predominantly basaltic
(80-85%) and minor irgrmediate to acidic rocks. Only-10% of Iceland consists of
sediment. The volcanic pile dips gently towards the volcanic belt and locally towards
central volcanoes (Seemundsson, 1976glandic basalt consist principally of mafic
minerals including Caich plagioclase CaAl,Si,Og) where anorthite content exceeds 50%,
high calcium pyroxenegCa, NaMg,Fe)SpOs such as augite, olivine Nlg,Fe)»SiOy)
commonly with a forsterite content of -B®% (Thomson and Maclellan, 2013) and oxides.

It can also contain mor albite feldsparNaAlSizOs) and low-Ca pyroxene irtholeiitic
basalts (Clark 20153ill 2010).

Much of the bedrock irthe study areas 0.83 million years old while older rock
formations (317 million years old) can be found west of the valley andnger
formations (<0.6 million years old) towards the east within the current volcanic rifting
zone where active volcanism occ8emundssqri979; Bjérnsson et al., 1990). Much of
the area was formed during the Miocene and Pliocene and the geologyilg atected

by the intermittent climate during the RIRleistocene. This period saw glaciers forming or
advancing to the exterihat mud of Iceland was covered by ice, with warm periods
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between. During cold climate, pillow basalt, various types ofdmmeand hyaoclastites
would form during subglacial eruptions, while lavas would flow during warmer periods
when glaciers retreated (Seemundsson, 1979).

In the study area, the landscape and geology has been heavily influenced by a variety of
geomorphologicalprocesses, including volcanism, tectonics and glaciations, which has
formed the area in terms of mountains and valleys.

The surface geology of the flat section of the area is dominated by highly vesicular and
fractured Quaternary basaltic lava flows frtime Myvatn area and loose sediment carried
with the glacial fed Skjalfandafljét river while ridges consist of hyaloclastite tuff and
Tertiary (Pliocene) flood basalt lavas. Young, loose fluvial sediments dominate the
Skjalfandafljot delta (Figure 1).

The Laxarhraunlava fields dominate the lowland scenery in the Adaldalur vaheg,

covers much of the bottom of the valley. The lava originates from eruptions that occurred
in the Myvatn areaGraenavatnsbrunRrengslaborgir and Ludentsborgir) some 2000ryea

ago and flowed across the Myvatn area down Laxargljufur canyon, into the Adaldalur
valley and towards the sea in the Skjélfandi.days dotted with hornitos and rootless
cones, formed as lava flowanler wetland (Thorarinsson, 197Much of the lavais
covered in birch, juniper and heather. In some areas such as around the central and
southern parts of the lava field, birch forests have forrvaxbrs surrounding the valley

are well covered ivegetation. The eastern margin of the valley including-Hberavellir

area is very different in geology, with hyaloclastite tuff dominating the landscape.

Southwest of Adaldalur begins Bardardalur, the longest valley in Iceland. Most of the
bedrock is made up of basaltic lavas but hyaloclastite formationseaimentary layers

are found in between. The lava pile dips quite steeply towards the east. The valley bottom
is filled with Quaternary lavas originating from the Vatnajokull area (Larsen and
Gudmundsson, 2016), some sediments and soil. Some believe #neteenan old, very

large NS trending fault along Bardardalur because of the distinctly different geological
formation west of the valley compared to the moors east of it. Physical evidence is
however yet to be found as no sign of movement has been séem lavas filling the
bottom of the valley formed some 9000 years ago (Hjartarson and Kaldal, 2004).

Laxardalur valley leads south tife Adaldalur valley, nearly 30 km towardlse Myvatn
areaand is located east dhe Reykjadalurvalley (Figure 1) The land is covered in
vegetation such as heathdmubland andgsmall birch forests. The valley is relatively long
and narrow, where Laxa riveashes downstrearind cuts a-B m deep channel through
the OlderLaxarhraun and Younger Laxarhralawas that orignated from the Myvatn area
and fill the bottom of the valleyJnlike other valleys in the region, no recent lavas have
flowed across Reykjadalur valley, although minor lava flows h#weed towardsthe
mouth of the valleyThorarinsson, 1979
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map developed by J6hannesson Sagimundsson (2009
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2.1.1 Borehole records

l cel andds Nat i onNEA) maimans g gatabmse tohboreholéstythavé
been drilled in Icelandhttp://map.is/0o9/ It contains information on borehole locations,
drilling contractor involved, depth of borehole and many inclddieré logs. Some are
more complete than otheftdowever,as a geologist is often notgsent during drilling and
unless chippings are analysed in the laboratory, the dsillegs are the only gedal
record from that borehole. Thesee often limited to drilling specific descriptive terms

describing the ease of drilling rather than the t u a | ' ithol ogy such a
Asl owo, Aifasto or the description of t he <coc
decipher and is in my opinion a missed opportunity to learn about the geology of the

country and could be greatly improvedtifled r i | | er 6s second man was

recent geology graduate, if a geologist was present during drilling to assess and log what
comes out of the borehole or if all chipping samples would be analysed and made open
source so that people studying thegion could interpret its geology and possible
geological processes. This practice is now standard in countries in Europe.

For the purpose of this study, the Driller / Civil Engineer Fridfinnur K. Danielsson from

the drilling contractoAlvarr ehfwas ontacted to assist with the interpretation of drillers

| ogs. From what | harddu li ds albgaetedhdarrflood hadaks ande r m A
fisofo f or i ntrusive rock when drilling with
sedimentary rock, but many ters do refer tdhe sedimentary character of the chippings

when they see thenwhich helps distinguishing them from intrusive rocks. The term
fiSeiglingsklopp i s al so used in occasional |l ogs and
Iceland, what Icelandig e 0| ogi st blagryteéf evhitcdh aefi@rs to Tert

For this study, the logs for 5 different boreholes were used to understand the subsurface
geology of the lowland valley of the study area. ThaseBerg (BE01) and Adaldalur
airport (FL-01) in the northern section of the study area and HafraleekutO@AArnes
(AA-01) and Hveravellir (M-01) for the central region of the study area (Figure 2). A
description is also included from a borehole log for-8ilin Husavik.

The HU-O01 borehole inHUsavik was drilled in 19641966. A simplified borehole log
describes it as primarily consistiraj conglomerate from grountbvel to approximately
310m, basallavas from310m to 430m conglomerate frod30m to 780m, sedimentary
rock of low-grade m&amorphismwith zeolitesbeween780m to 1150m and bas#dtvasto
the botom of the holdown to 1505 m (Orkustofnun, 1969)

HA-04 borehole log for Hafraleekydrilled 1996)reports at least 3 distinct layers of lava
flows, separated by oxidized mater@l soil horizon (myrarraudiin report) down to 21
meters, where sandy clay or clayey sand takes over down to 30 meters and sandstone from
30 to 36 meters beforeaching another lava flow that is found between 36 m and 123 m
(final depth) (Figure 3)Cold water entered the hole close to the top which then became
tepid and by 60 m they hit 60°C wat@herock sample at 8In is described irthe report

as finegrained basalt which is much more fresh compared to other basalt samples and
also assumes tb be intrudve basalt. The repodtates hot water comes from above this
layer and colder water from beloiv The majority of samples are described as olivine
basalt type. Another entry of water was recorded at 105 m (Adhdri996).
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Resistivity measurenmés from Saemundsson et al. (1976) showed low resistivity for Arnes
(AA-01) on par with that of Hafraleekur, which is why hot water was expected to be found.
The geothermal gradient in the hole is about at 80°C/km which was lower than expected
this close tahe volcanic zone. It is a flowing artesian well that yields a total of less than 1
I/s. The low resistivity of the region was explained by the 206 m thick pile efasitt
sandstone sedimentsmderlainby mixed palagonitic sediment discovered in the bole
(Figure 3)(Seemundsson et al., 1976). These sediments have not been dated but it is
suggested that they accumulated during BeglAdigred to the Preboreal. Plant remains
that were found beneath the top lava are located at almost 25 m below cwaienesand

the sand layer is probably the same as the one found at similar depth-04 HA
Hafralaekur (Figure 3).

Figure 2: Location of borehoes BH1, F-Ol, HAO04, AAO1 and H1 in the Adaldalur
region Logs are found ifrigures 3 and 4.

Little similarity is between Hveravellir (¥-01) which is located in the Palagonite
Formation and the Arnes (AB1) and Hafralaekur (HM4) boreholes, which are located in

the valley bottom (Figure 2, SectionM6 and Fi gulirégHVD))isa4b0mr av el
deep borehole located 200 m northled geysely'stihver, drilled summer of 1974vith hot

water inlets ad22 m and muchlarge quantities at 448n, to such an extent that water

eruged constantly out of the borehplghich could notbe stopped so drillingpad to be
terminated. The water temperature measured in 1964 was 12&it@ a total yield
measured in 1980 of 44.4 (&rnorsson, 198D It has been in use by Hitaveita Husavikur

since 1974Georgsson et al., 1982).

At the Berg (BEO1) borehole, driller reports lava®an to 8 metersnixed with scoriaand
23m thick layer of coarse sand, followed bhager of fractured lava (333 m) (Figure 4)
The bottom of the sand layer is rich in fossilised shells and is coarser towards et top
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is mixed with scoriaDriller reports abundance of water coming fratmovethe second
layer of lava(Alvarr ehf, 2001)

According to logs for the Adaldalur airport borehole {#l), scoria dominates the first
meter. Underneath the scoria the dr@edescription suggests there may be two lava flows,
each with top and bottom breccia before the drill hits a waked cavity. The
sedimentary layer found in other boreholes across the valley is not present in-Qhe FL
borehole (Alvarehf, 1993) (Figire 4).

A A’
Hafralaekur HA-04 Arnes AA-01 Hveravellir H-1
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[ —
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‘:‘ Sandstone

I:' Siltstone / Clayey sandstone
.Intrusive rock (?)

500m

;f:’% Brecciated rock
[l Hyalociastites

E Soil horizons

Figure 3: Borehole logs for section-Ad i nc | udi n g-0O4HArfes AX01rddu r
Hveravellir HV-01. Logs based on Georgsson et al., 1982; Seemundssan ¥78 and
Alvarr ehf, 1996. Blue triangles represent watelets, grey vertical lines represent casing
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Figure 4. Borehole logs for section-B 6 i n c | u d-Dinagd ABatdalg airBo FE
01 (Alvarr ehf 2001 and 1993). Blue triangles represent water inlgisy vertical lines
represent casing

2.1.2 Tectonics

The tectonics of Iceland consist of the interplay between the Mid Atlantic Ridge (MAR)
and its associated volcanism, the relative location of the mantle plume, ridge jumps
associated with the eastward drift of the mantle plumévelto the spreading axis and the
formation of zones of offset between the MAR and théaond spreading ridge in Iceland

and their associated seismic activity (Seemundsson, 1979; Einarsson, 2008). The two main
offsets of the Mid Atlantic Ridge include tf8outh Iceland Seismic Zone (SISZ) and the
Tjornes Fracture Zone (TFZ) (Einarsson, 2008). Two major ridge jumps have been
recorded in Iceland; 1) The eastward ridge jump from the Westfjords to the Skagi
Peninsula around 16 million years ago and; 2) Thewead ridge jump from Skagi
Peninsula to the present Northern Volcanic Zone (NVZ) between 3 to 7 million years ago
(Seemundsson, 1979). This can be sedfigare 5.As a result, the study area would have
been at the center of the spreading ridge someligtweeen 3 and 7 million years ago, but
the present day spreading zone is to the east.
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Maximum extent of glaciation in lceland during the last 5 myr.
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Figure 5: Rifting and ice extent in Iceland over the last 5 million years (Image Source:
Geirsdéttir and Eiriksson, 1994)

Figure 6demonstrags that the tectonics of the study area consist of the spreading axis of
the Northern Volcanic Zone (NVZ) characterized by volcanism, normal faulting and

fissure swarms and the 120 km long and 70 km wide Tjornes Fracture Zone which
represents the offset tiie onland and submarine Mid Atlantic Ridge. It is thiemther

subdivided into three dextral strilgdip faults, namely the Grimsey Oblique Rift (GOR),

the HusavikFlatey fault zone (HFZ) and the Dalvik lineament zone (DZ) (Einarsson,
2008; Seemundssof,9 7 9 ) . This is the area
in the formof strikelip and normal fault motion, ocdasally causingup to 7 magnitude
earthquakegGudmundsson et al., 1993).
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Figure 6: Tectonic setting ohortheast Icelandhs described above; thgornes Fracture
Zone(TFZ),the Northern Volcanic Zon@VZ), the Kolbeinsey Ridge (KR), Eyjafjardarall
Rift (ER), the Grimsey Oblique Rift (GOR), the Hus#&létey Fault Zone (HFZ) andthe
Dalvik lineamentZone(DZ). GSrepresentthe Grimseyshoal. Inset map of Iceland shows
the currentvolcanicbelt (Einarsson and Seemundsson, 1987) and the studyelsgive to

the whole of IcelandHolocene fractures and faults are shown in red (from Hjartardottir et
al., 2015), earthquake epicenters of the last 5 years grtty dots (from the Icelandic
Meteorological Office). The submarine topography is from Magnusdaéttir et al. (2015)
(Image Source: Einarsson €t,a2016)

The Grimsey Oblique Rift (GOR) is entirely offseoand with an overall NV&E trend
bound by the Krafla fissure swarm in the southeast and the Kolbeinsey Ridge (KR) to the
northwest It is characterized bgn echelon fissure swarms, transverse bookshelf faults,
earthquake activity and geothermal aré@sarsson, 1976Einarsson, 2008; Hjartardottir

et al, 2012).

Approximately 40 km south adhe GOR is the Husavillatey Fault £ne (HFZ).It is a
NW-SE trending fault zon&raceable more than 25 km on lamtiaracterizedy dextral
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strike-slip faulting, pasibly associated with tens of kilometres of right lateral offset and
insignificant volcanism (Einarsson, 2008; Seemundsson, 1979). It is bounded by the
Peistareykir fissure swarm to the southeast and the Eyjafjardarall Rift (ER) to the
northwest (Seemundss, 1974; Gudnundsson et gl 1993). Hoskuldsvatn along with
Botnsvatn and Husavik harbor form pafpart basins brought about by the local
extensional and transformmotion of the HFZ (Gudmundsson et .al1993) The HFZ
transform fault is of particular iatest as it passes through Husavik town and has the
potential to produce highly destructive earthquakes. The last major earthquake took place
in 1872, causing significant property damage in Husavik (Einarsson, 2008; Vikurbladid,
1997).

The Dalvik lineamen zone (DZ) islocated approximately 30 km south of the HFZ
(Einarsson, 1976), characterized by seismicity involving earthquakes as large as 7 in
magnitude. While seismicity occunsnderground and the zone is clearly defined by the
location of epicenterssurface topographic evidence is lacking (Einarsson, 2008). The
Dalvik Lineament is the least active of the three seismic zones, as d&guori 6,where
locations of epicenters are lalssl with grey dots.

2.1.3 Glaciation

Past glaciations have played a kejerin the geomorphology of the study region (e.g.
Norddahl et al., 2008; Norddahl and Pétursson, 20adal of nine glacial and interglacial
stages are identified in the RPRieistocene Formation, indicating that each glacial
interglacial cycle lastedor approximately200000 yearson averageDuring glaciation
periods, subglacial eruptions became more common, forming hyaloclastite tuff ridges.
Larger glaciers also had more erosive power, forming broad-stéeg valleys and jagged
ridges. During pedads of glacial retreat, basalt lava formations are dominant, filling the
bottom of glacieferoded valley§Saemundsson, 1979).

Figure 7 shows the modeled ice extent from Last Glacial Maximum (LGM) to Preboreal
(Norddahl et al., 2008). During LGM the thiakss of ice over Iceland was generally about
2000 m Norddahl, 1991 At that time, there would have been ice shelfs extending out into
the ocean. Between LGM and Allergd {13.5 ka BP), a rapid rise in sea level occurred,
flooding much of the lowlands, gaing instability in the ice sheaind extremely fast
deglaciationin Iceland. Evidence of this is found in raised shorelines at very high altitudes
that have been dated to around 12.5 ka BP (Norddahl et al., 2008).

During Younger Dryas, the ice cap readeed and during its glacial maximum a large
outlet glacier flowed into Skjalfandi bags far as Husaviksuggested bymoraine
sedimentswhich have been found out at sea north of the current Adaldalur shoreline
(Norddahl and Pétursson, 2005)

The retreabf the Younger Dryas ice cap during the Preboreal can be traced southward by
following the Preboreal moraines that have been identified in Adaldalur and the raised
shorelines as the sea level roBegure8 demonstrates that raised Preboreal shorelines hav
been found as high as 45 m above current sea level, as far inland as 4.5 km south of
Hafraleekur towards Lake Vestmannsvdhorddahl and Pétursson, 2005). This would
have caused semater infiltration and accumulation of marine sediments in lowland areas
which is consistent with borehole records in the regeog. BEOL
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22 Hydrogeol ogi cal Setting

The Adaldalur region is among therigbt areas in Iceland, seeing mean annual
precipitation of less than 800 mm/year. In HUsavik which is by the coast, the mean annual
precipitation was 833.9 mm in the years 198D4. The winter months from September to
January see the most precipitatianpund 86100 mm/month although much of this is in

the form of snow or sleet after November dudote temperatures in wintein the nearby
mountain ranges east and west of the valley, the mean annual precipitation is within the
range of 80@o 1,600 mm/gar (Reynisson et al., 2012).

2.2.1 Surface water

Several rivers and streams flow through the study area and the most im@wgant
Skjélfandafljét, much of which consists of sedimtaden glacial meltwater that originates
from northwestern Vatnajokull gleer and the sprinded Laxa, whose water originates
from the area around Lake Myvatn in the seeéistern boundary of the study arigkean
discharge ofthe predominantly glacigied Skjalfandafljét is around 100 ¥#s and375
m>/s inthe springfed Laxa (Sigurdsson and Sigbjarnarson, 198énsson, 2016

Skjalfandafljot river is @78 kmlong direct runoff stream that becomes a braided river
when it reaches the lowlands. It originates frdonarskardwest of Bardarbunga in
Vatnajokull glacierat 1000 m a.s.Direct runoffstreams have #lux of snowmelt entering
the stream and are as a result generally low in dissolved solids,otteld,have a high
hydraulic gradienandsupport little biological production. Flow rathanges dramatically
with seasonsind becomeery small streams during winter. Several spHad streams also
contribute to Skjalfandafljét river within the Bardardalur valley including Sudurart®
Hraun& and Tunguleekur (Hjartarson and Kaldal, 2004).

East of Skjalfandafljét, the character oéthydrology is different. Flow of water across the
Adaldalur lava field is limited, except for Laxa originating from the Lake Myvatn area,
which has a very clearly defined flow and strictly follows the margin between the
Holocene lavas and the Palagonitrkation to thesast (Figure 1)Rivers are known to

find the path of least resistance from their source to the sea. When thakegisadient,

rivers often form meanders but this is not the case with Laxa, which takes sharp bends
following the Palagoite formation. It is worth considering the possibildf/this being an
expression of a fault between the two formations. It is also probable that the river flows
underground to some exterts the lava field is highly permeable. A large water filled
cavity was reported when drilling took place near the Adaldalur airport in 1993, which
indicates that lava tubes may be present iratka. The expression of a high water table is
also present across the lava field, with water seen sitting in ponds in margy place

Lake Myvatnis unique in that almost all the inflow is supplied through the groundwater by
artesian springs. Hardly any surface water is encountered in the area which is covered by
young and porous lava fields and transected by falifts. effluent fromthe Bjarnarflag
geothermalsystemaffects the biological conditiongnd the water chemistryf the lake
especially by providing continuous and ampsources of silica and sulphate
(Kristmannsdéttir and Armannsson, 2004
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Several lakes are located thin the study area of which the lakes Botnsvatn and
Hoskuldsvatn areraong the largest. Both sit Bubsided aresof the Husavik-latey fault
(Figure 1). Botnsvanh is located east of Husavik 180 m.a.s.l. and is known to be fed by
several springs that ctsibute about 220 I/s to the lake while the lake discharges 230 I/s to
its main discharge point and 10 I/s to a smaller stream (Hjartarson, 1982). Hoskuldsvatn
which is at262m a.s.l is located 6 km southeast of Botnsvatn.

2.2.2 Groundwater

While the young laa&s in Iceland are quite porous, permeability is greatly affected kg fau
and fractures that increadee speed at which the groundwater flows and may even connect
two or more aquifers together. Dykes, sills and hyaloclastite formations can hinder flow
ard further increase anisotropy in the flow regimElow rates rangegreatly across
differentgeological units and in fractured rock it can be as high as 1.0 m/s (Sigurdsson and
Einarsson, 1988). Hyaloclastitaff acts as an aquitard wititow ratesrangingbetween

102 and 10° m/s, pillow lavas and regular lava flows can be detemgoodaquifers with

flow ratesof 10*- 10" m/s and 181 10* m/s respectivelySigur&son and Sigbjarnarson,
1984). The young rock formations have much hightow ratesthan the older Tertiary
rocks which have gtered compaction by burial and vetes and cracks have been filled to
alarge extent with secondary minerals with comrfiow ratesrange between 10and 10

3 m/s. As a result the groundwater table tends tbigk in the Tertiary rocks as water is
less likely to percolate into the bedrock (Arndrsson et 8983 Sigurdgson and
Sigbjarnarson, 1984 Cold springs(2-3°C) are common in the region and frequently
appear at the boundary between geological unita &aulted zones. These are often used
by farmers or for fish farming, as well as by towns and villages in the region (Hjartarson,
1982).

The geological setting will determine the flow path of groundwater, its abundance and
chemical composition. Icelandicaundwater is generally considered to be low ireesal
minerals while also lowni contaminationln general, the flow of Icelandic groundwater is
fracture dominated and while 1lcelandic bac
geology, is quite porouspermeability highest in brecciated and faulted zones
(Kristmannsdottir, 2004)Given the geological circumstancesthe study areat can be
assumedthat much of gromdwater fluid flow will occura) subhorizontally through
unconsolidated sedimentary yirs, fractured poroussedimentary rock or along the
boundary between changes in strata, b) subvertiadlyg steefangled faults, dykes and
fractures in the basalt bedrock, c) subhorizontally through fracturedt Hasaicia
(Icelandic:kargi), a-alavas or along sills and d) along lava tubes within the pahoehoe lava
fields.

Due to the variable flow pathways and variable topography of Iceland, groundwater in any
given place can be assumed to be a mixture of waters from different origins, age and
chemisty. Generally, much of the cold groundwater is only a few decades old at the most,
while hot water is generally older than the cold groundwater and in occasions from the last
glaciation. Theproposedice age water in Iceland has been found to be a mixftire
Holocene and Prelolocene waters, found in various groundwater systems across Iceland,
including SkagafjoroumN-Iceland, HusavikAdaldalurand PeistareykiNE-Icelandand the
southern lowlandg¢e.g. Arnason, 1976; Sveinbjornsdottir et al., 2087eingoérnsdottir et

al. 2013.
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The consultancy firmvatnaskilhas produced an updated groundwater flow model for the
study area, which can be seerFigure 9 Larger arrows indicate larger quantities of water,

i.e. higher transmissivity and water flow, and wlkoAdaldalur valley as the dominant
aquifer compared to the more dense rocks surrounding the valley. It also shows the various
flowpaths causing mixing of water of different origin, with different waters flowing into

the valley from the west, south andteas

Figure 9: Groundwater flow model for northeast Icelarithe model takes into account the
transmissvity of the surface rock tymesd the general topographyGudmundsson et al,
2015).
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