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1 Introduction

This report is produced as part of the Greenland Analogue Project (GAP), carried out as a collabora-
tion project with the Canadian Nuclear Waste Management Organization (NWMO), Posiva Oy and
the Swedish Nuclear Fuel and Waste Management Co (SKB) as collaborating and financing partners.

The overall aim of the project is to improve the current understanding of hydrogeological and hydro-
geochemical processes associated with continental-scale glacial periods including with the presence
of permafrost and the advance/retreat of ice sheets. The project will focus on studying how an ice
sheet affects groundwater flow and water chemistry around a deep geological repository in crystal-
line bedrock. The Greenland Analogue Project consists of three active sub-projects (A—C) with
individual objectives. Field studies are conducted in the Kangerlussuaq region, in central Western
Greenland.

Sub-projects A and B collectively aim at improving the understanding of ice sheet hydrology by
combining investigations on surface water processes with ice sheet drilling and instrumentation.
In sub-project C, the penetration of glacial melt water into the bedrock, groundwater flow and the
chemical composition of water will be studied. Main planned activities in sub-project C include
drilling of a deep borehole in front of the ice sheet, in which different downhole surveys, sampling
and monitoring will be carried out.

The primary aim of this report is to review available information about hydrogeology and hydrogeo-
chemistry in central Western Greenland, with special emphasis on the area around Kangerlussuag.
The relevant information about this area is however very limited, and it was decided to extend the
review to briefly include studies made in other regions with similar conditions in terms of geology,
climate and glaciology. The number of published studies made in other areas with glaciers, ice sheets
or permafrost is very large, and the review and list of references in this report is far from complete.
It is also obvious that both hydrogeological and hydrogeochemical conditions are highly local and
site-specific. Hence, data from other arctic regions can only be seen as indicative and give knowledge
on processes that may or may not be relevant for the geographical area of primary interest in this
project.
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Table 6-2. Concentrations of different chemical components in sediments in small streams and a small
lake (GEUS nr 306538). Electric conductivity was measured in the water (data from /Steenfelt 2004/.

Kangerlussuaq

GEUS Sio, TiO; Al,O0; Fe,O; MnO MgO CaOo Na,0 K0 P,0s5 Ashrest
number % % % % % % % % % % %
306527 65.52 0.39 1410 4.35 0.07 1.98 4.47 3.71 1.60 0.12 2.90
306528 58.24 0.44 1192 4.19 0.08 2.01 4.21 3.00 1.33 0.19 13.70
306529 61.30 0.56 13.39 5.85 0.11 2.53 4.72 3.31 1.60 0.22 5.79
306535 61.82 0.93 13.59 7.02 0.14 2.58 4.99 3.32 1.51 0.17 3.13
306537 61.91 0.67 13.30 5.89 0.11 2.46 4.77 3.31 1.53 0.14 5.00
306538 64.32 0.69 13.90 6.36 0.12 2.82 5.23 3.46 1.56 0.19 0.75
306548 61.24 0.84 13.51  6.02 0.11 2.45 4.86 3.19 1.52 0.19 5.22
GEUS As Ba Co Cr Cu Ni Pb Sb u Vv Zn Water samples
number mg/kg mg/kg mg/kg mgkg mg/kg mglkg mg/kg mgkg mg/kg mg/kg mg/kg pS/cm
306527 <2 545 10 124 13 30 11 <02 <041 75 40 54
306528 <2 411 15 147 56 42 9 <02 <041 61 34 63
306529 <2 480 18 200 22 55 11 0.2 <0.1 89 47 52
306535 <2 486 16 174 22 43 12 0.2 1.1 101 59 32
306537 <2 513 20 199 24 46 14 <02 <041 104 45 48
306538 <2 462 37 130 13 61 9 <02 <041 108 105 440
306548 <2 411 15 147 26 42 9 <02 <041 61 34 27

Figure 6-6. Sampling locations of stream sediments south of Kangerlussuaq. /Steenfelt 2004/. Copyright:
Geological Survey of Denmark and Greenland (GEUS).
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The area of southern West Greenland between 66° and 68° contains about 20 000 lakes /Anderson
et al. 2002/. In a study including sampling and analyses of chemical composition of lake water between
the ice margin and the coast in West Greenland between 66 and 67°N (Figure 6-7) /Anderson et al.
2001/ reported analyses of pH, alkalinity, conductivity and major ions from over 80 lakes. Most of
these lakes were found to be dilute with electric conductivities < 150 pS/cm. The pattern of cations
in the freshwater lakes is Ca > Mg > Na > K. There are, however, also saline lakes (2,000—4,000 puS/cm)
in this study, mainly around Kangerlussuaq. The saline lakes occur within a zone of 80 km from the
ice sheet margin. Closer to the Sea where precipitation is higher, saline lakes are absent. There is in
general a clear gradient in water chemistry from the west (dilute coastal waters) towards the east.
The limit between saline and dilute lakes agrees reasonably with the present-day limit of negative
effective precipitation. According to /Anderson et al. 2001/, groundwater inputs and outputs are
assumed to be small, although there are no available data.

The saline lakes in Greenland are different from the saline lakes in the Arctic and Antarctic. The
latter lakes are often formed by trapping marine water in isolated basins as a result of isostatic uplift
/Burton 1981/. The West Greenland lakes have generally a lower salinity than the saline lakes in

the Arctic and Antarctic, and the primary reason for enhanced salinity in these closed-basin lakes

is evaporation. However, evaporation is clearly not the only cause of enhanced salinity — external
inputs of salt are likely. Local geological conditions as well as elevation give rise to variability in
ionic composition.

/Willemse et al. 2004/ presented detailed physical and chemical profiles of a shallow, closed-basin,
subsaline lake located southeast of Kangerlussuaq and modelled the hydrological balance and annual
variation in chemistry. They concluded that throughout the open water period the hydrological balance
is dominated by evaporative losses. During winter freeze-out of salts and resulting deep haline con-
vection increase the overall water column salinity.

Most hydrochemical investigations if ice and meltwater in Greenland have focused on stable isotopes
and hydrochemistry related to ice-core drilling in the interior of ice-sheet. Only few studies have
been made on meltwater from the marginal area. /Reeh et al. 1991/ sampled oxygen isotope profiles
in the marginal ice sheet area. They concluded that three different sources of ice meltwater are present
in the hydrological systems near the margin of the ice sheet; superimposed ice, basal up-sheared ice
and englacial ice.
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Figure 6-7. Location map of lakes studied by /Anderson et al. 2001/. The approximate position of the
present-day limit of negative effective precipitation is indicated (----). Reprinted with permission from
the Institute of Arctic and Alpine Research.
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/Y de and Knudsen 2004/ carried out stable oxygen isotope analyses of bulk meltwater samples at
Imersuaq Glacier, about 100 km south of Kangerlussuaq. A marked diurnal variation of 4'30 was
interpreted to be related mainly to the composition of oxygen isotope provenances, mainly near-
marginal local superimposed ice and basal up-sheared ice further up-glacier.

In another study of glacier hydrochemistry, conducted at the Kuannersuit Glacier, Disko Island, /Yde
et al. 2005/ sampled bulk meltwaters in order to examine fluxes of major ions from a subglacial outlet.
The results are summarised in Table 6-3. It should be noted that the hydrochemistry in this area is
considerably affected by the subglacial basaltic weathering with absence of carbonate minerals.

Since the Greenland ice sheet constitutes a potential resource for export of drinking water, detailed
analyses of different environmentally hazardous compounds, 72 different pesticides, 15 PAH’s and
7 PCB’s, were carried out in a research project /Bender et al. 2003/. The chosen glacier is located
near Narssasuaq. The ice from this glacier did not have contents of any of the pesticides, PAH’s or
PCB’s above the detection limits.

6.3 Data from other areas

Data on the hydrochemistry of glacial meltwaters have been presented from different glaciated
environments. Observations of the variability of the chemical composition of meltwaters have been
used to interpret the evolution of the hydrological system in time and space /e.g. Richards et al. 1996,
Tranter et al. 1996, 1997, Theakstone and Knudsen 1996, Wadham et al. 2000/.

/Brown 2002/ presented a review of glacier meltwater hydrochemistry. Most of these data come from
valley glaciers. Table 6-4 shows a compilation of dissolved ion concentrations. The results indicate
that the dominant cation is Ca?*, with lesser quantities of Mg?*, Na* and K'. The dominant anions

are HCO3~and SO4*. The studies reviewed by /Brown 2002/ also show that the rate of chemical
weathering is high in glacial environments.

Table 6-3. lon concentration characteristics of bulk meltwaters at Kuannersuit Glacier. (data from
IYde and Knudsen 2005/. The four groups represent different sampling and analysis strategies.

pH Na* K* Ca? Mg* CI- NO;- S04* alk AZ Si Fe Al lon strength
(veql™) (peql™) (ueql™) (peql™) (peql™) (peql™) (ueql™) (peql”) (peql”) (peql”) (mgl’) (mgl’) (mgl”) (peql™)

Group A Max 170 4.6 220 150 58 25 66 470 4.7 4.6 1,100
(n=71) Min 82 0.7 120 36 16 3.8 1.5 170 0.6 0.4 520
Mean 120 2.2 60 73 25 14 8.9 310 1.8 1.7 720
Group B Max 580
(n=20) Min 160
Mean 330
Group C Max 8.5 150 2.8 150 42 25 25 20 530 -280 4.6 0.8 0.9 740
(n=9) Min 7.8 95 1.4 100 19 6.9 - 6.1 420 -170 2.0 0.1 0.1 520
Mean 8.1 110 2.1 130 29 13 - 13 460 -220 3.2 0.4 0.4 640
Multisampling Max 8.4 130 2.9 130 31 38 10 25 480 -270 4.6 0.5 0.5 680
(n=5) Min 8.2 110 1.6 120 21 12 1.4 12 440 -190 3.7 0.1 0.1 610
Mean 8.3 120 23 130 28 18 5.2 16 460 -230 4.1 0.3 0.4 650
SD 0.1 10 0.5 1.6 3.6 11 3.8 5.3 18 34 03 0.2 0.2 26
Group D Max 7.8 150 3.9 190 79 100 18 43 450 -170 8.5 2.1 890
(n=29) Min 7.2 81 1.8 150 25 8.3 - 13 280 -15 2.9 0.0 630
Mean 7.4 110 25 170 42 30 - 19 330 -58 43 0.5 720

AZ denotes the deficit in charge balance, Alk represents the total concentration of HCO3~ and CO3%, and has been
corrected for the acidification effect during titration.
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Table 6-4. Major dissolved ions in meltwaters draining selected glaciers (data from /Brown 2002/References in /Brown 2002/.

Major dissolved ion concentrations measured in meltwaters draining selected glaciers?

Ca? Mg* Na* K* HCO;3- Cl- S04* NO;-
/Anderson et al. 2000/ Bench Glacier (Alaska) 550 36 25 61 427 2 262 -
/Brown et al. 1996b/ Haut Glacier d” Arolla (Switzerland) 160-470 15-49 5.1-36 5.4-18 180-360 0.85-92 30-240 0.0-30
/Brown unpublished)/ Nigardsbreen (Norway) 8.8-38 1.6-7.8 8.3-25 0.98-4.4 1.4-8.5 9.8-25 7-41 1.9-11
/Collins 1979/ Gornergletscher (Switzerland) 130-334 16-190 8.7-43 2.6-33 - - - -
/De Mora et al. 1994/ Walcott Glacier (Antarctica) 226-1,292 16-188 17-97 2.3-33 206-1,030 9.5-87 42-678 -
/De Mora et al. 1994/ Koettlitz Glacier (Antarctica) 72-92 5.8-6.6 11-34 0.77-6.9 91-132 0.55-1.2 3.4-7.6 -
/De Mora et al. 1994/ Howchin Glacier (Antarctica) 1,072-1,342 122-194 364-610 44-68 1,360-1,560 119-257 342-1,165 -
/De Mora et al. 1994/ Ward Glacier (Antarctica) 722-828 288-336 879-1,436  90-109 1,080-1,450 667-1,020 218-230 -
/Eyles et al. 1982/ Berendon (Canada) 90-763 1.6-19 0.87-7.8 0.38-5.1 230-785 25-27
/Fairchild et al. 1994a/ Tsanfleuron (Switzerland) 638 92 4.9 6.3 627 5.5 118 11
/Hasnain et al. 1989/ Chhota-Shigri 75-260 6.6—41 25-65 22-51 - - - -
/Hodgkins et al. 1998/ Scott Turnerbreen (Svalbard) 120-300 99-290 110-740 5.1-19 110-260 96-200 -
/Raiswell and Thomas 1984/ Fjallsjokull (Iceland) 208-274 32-60 30-120 2.8-7.2 190-300 26-66 -
/Rainwater and Guy 1961/ Chamberlain (USA) 75-304 8.2-123 4.3-8.7 0.0-5.1 150-200 5.6-20 29-310 -
/Ruffles 1999/ Engabreen (Norway) 82-623 4-65 11-212 0-27 51-675 10-191 0-142 0-15
/Steinpérsson and Oskarsson 1983/ Grimsvotn (lceland) 359 115 482 12 573 87 132 -
/Theakstone and Knudsen 1996/ Austre Okstindbreen (Norway) 411-281 8.2-41 15-137 4.3-29 - - - -
/Thomas and Raiswell 1984/ Argentiere (France) 20-480 6-66 10-89 6-5.2 110-400 - 10-60 -
/Livingstone 1963/° North America 1,048 211 391 36 1,114 226 416 16
/Livingstone 1963/° Europe 1,652 461 235 43 1,657 195 500 60
/Livingstone 1963/° Asia 918 461 404 - 1,294 245 175 11
/Livingstone 1963/° World 749 337 274 59 957 220 233 16

a Units are in peq I-'. Where a single figure is presented this represents the mean concentration. Where two figures are presented separated by a rule this represents the range of concentrations

measured.
® Mean composition of river waters cited in Holland (1978).



7 Hydrogeology and groundwater

71 Groundwater flow

There is generally little known about the groundwater conditions beneath deep permafrost in crystal-
line rock environments. In the Kangerlussuaq area there is no information at all about groundwater
available in the literature. No groundwater wells seem to have been drilled through the permafrost.
A number of deep boreholes have been drilled for diamond exploration purposes, but no data from
these have been presented in open literature.

A number of hydrogeological studies have been carried out in the area around Sisimiut by the Arctic
Technology Centre (ARTEK) at the Technical University of Denmark. /Hansen et al. 1998/ reported
about a project aimed at finding useful groundwater resources in fracture zones in the bedrock. VLF
measurements were carried out to identify the fracture zones and a 20 m deep well was drilled in
bedrock consisting of gneiss and amphibolite. However, the well yield was much too low for the
demands.

/Matthiesen et al. 2009/ carried out investigations at Andenfjorden, north of Sisimiut, where a
hydropower plant is under construction. A well, which provides water to the construction site, has
been established at a natural spring. Test pumpings have been conducted giving an estimate of the
transmissivity of the sediment layers. No hydrogeological data from the 4 km long rock tunnel being
excavated were presented in this report, but comparisons of the hydrogeochemical composition
between well water and tunnel water were made.

It can be expected that an overall flow of deep groundwater in the study area of the GAP project
occurs from the bedrock underneath the Inland Ice towards the Sea. The dominant fracture orientation
in the region appears to be parallel to the regional tectonic foliation, i e ENE-WSW. Other fracture
sets are oriented close to N-S and NW-SE. In the area of continuous permafrost, major groundwater
discharge is likely to occur only through taliks beneath larger lakes and rivers. If there exist any larger
deformation zones with high transmissivity, these zones may stay partly unfrozen and provide path-
ways for groundwater flow.

Although permafrost is not absolutely impermeable, significant groundwater recharge in the continuous
permafrost area is not likely. Hence no active groundwater circulation is expected to occur.

7.2 Hydrochemistry of groundwater

A study of /Scholz and Baumann 1997/ at the tip of the Leverett Glacier (Figure 7-1), has brought
some light on possible circulation of deep seated water from below the permafrost to the surface.
Water samples were collected from a spring on top of an open system pingo located immediately in
front of the glacier within a complex of crescent-shaped moraine ridges. According to the authors,
the chemical analyses (see Tables 7-1 and 7-2) confirm that the spring water is not meltwater.

The high concentrations of dissolved substances show it to be Ca-Mg-HCO;-SO,4-Cl type water,
which can be described as highly mineralised compared with groundwater from other crystalline
regions. The high bromide, chloride and sulphate contents suggest the origin of the water is deep
seated, probably deriving from faults in the crystalline rocks below the permafrost. The water may
be of thermal (> 20°C) origin, since the contents of fluoride, aluminium and gold are relatively high
/Scholz and Baumann 1997/.
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Figure 7-1. Location of the open-system pingo at the Leverett glacier /Scholz and Baumann 1997/.
Copyright: Geological Survey of Denmark and Greenland (GEUS). The map is based on a 1:100 000
topographical map /Greenland Tourism 1995/.

Table 7-1. Chemical analysis of spring water sample “Leverett Glacier”’, West Greenland
(data from /Scholz and Baumann 1997/.

1 litre of water mg/l equivalent mmol/l equivalent %
Cations

Sodium 13.70 0.596 13.62
Potassium 5.32 0.136 3.11
Calcium 41.20 2.056 46.98
Magnesium 19.30 1.588 36.29
Sum 68.52 4.376 100.00
Anions

Fluoride 0.55 0.029 0.67
Chloride 39.13 1.104 25.49
Bromide 1.14 0.014 0.33
Nitrate 0.26 0.004 0.10
Sulphate 70.90 1.476 34.09
Hydrogen carbonate 103.90 1.703 39.33
Hydrogen phosphate <0.10 - -
Sum 295.40 4.330 100.00
Temperature (not tested) cold, but a few degrees above zero

Electric conductivity 415 (uS/cm)

pH 6.34

Error of ion balance (%) 1.1

Hardness (mmol) 1.8

Hardness (°d) 10.2 (soft)

Hydrogen sulphide may originally have been present, but has reacted with oxygen.
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Table 7-2. Trace element content of spring water sample “Leverett Glacier” (data from /Scholz
and Baumann 1997/.

Ag <01 Cr 1.70 Sb <01
Al 451.40 Cu 5.39 Si 5.70
Au 0.30 Li 1.30 Sn 0.54
Ba 57.20 Mn 330.0 Sr <100
Be <0.1 Mo 1.49 Tl <0.1
Br <0.1 Ni 4.00 \ 4.10
Cd <0.1 Pb 0.10 Zn 5.02
Co 0.80 Rb 7.50 Fe 6,000

Elements are in pg/l.

7.3 Data from other areas

Unfrozen water in permafrost areas is in general relatively dilute if it is derived from the active layer
where groundwater residence times are short. In coastal areas unfrozen water is however usually
more saline. /Gascoyne 2000/ described two sources of the salt: 1) pore fluids that were included
with the sediments during the time of deposition from saline water and 2) higher salinity waters
formed by salt-rejection processes during permafrost aggradation.

Groundwater chemistry in the active layer from the subglacial zone of a glacier on Svalbard was
sampled and analysed by /Cooper et al. 2002/. They compared the chemical composition with the
bulk meltwater chemistry presented by /Wadham et al. 2001/ from the same site. Conclusions drawn
were that HCOj3™ as well as Ca*" and SO4* concentrations were higher in the groundwater than in the
meltwater. Temporal variations are shown in Figure 7-2.

Fluid salinity has been found to increase with depth in crystalline Shields, with reported salinities
higher than 320 g/l in Canada, and even higher in Russia, according to a compilation by /Frape et al.
2004a/. The origin and formation of shield brines in crystalline rocks is explained by movement of
external waters of marine origin into the crystalline rock /eg Bottomley and Clark 2004, Starinsky
and Katz 2003/, recharge of glacial meltwater /e.g. Clark et al. 2000/ and in situ water-rock interactions
/e.g. Fuge 1979, Nordstrom et al. 1989/.

/Starinsky and Katz 2003/ suggested that brines formed from surficial freezing of marine waters, and
recharged deep into the crystalline shield during glacial times. They propose that the highly saline
subsurface water is due to cryogenic brine formation which occurred as part of a highly dynamic flow
system. Brines were formed from seawater within cryogenic troughs, along the subarctic continental
margins, around ice sheets. Their emplacement in their present sites occurred most likely within the
Pleistocene.

A new concept to shield brines in permafrost areas was put forward by /Stotler 2008/ who inferred
that the concentrative mechanism can be in situ freeze out processes driven by permafrost and/

or methane hydrate formation, thus resulting in an enrichment of heavier solutes in the remaining
liquid. He discounted the hypothesis put forward by /Starinsky and Katz 2003/.

/Stotler 2008/ based his concept on a comprehensive investigation of the hydrochemistry of ground-
waters within and below thick permafrost in Canada, at the Lupin mine in Nunavut /Ruskeeniemi
et al. 2002, 2004, Frape et al. 2004b, Stotler 2008/.

Subpermafrost waters, sampled in boreholes at a depth of approximately 700—1,100 m at the Lupin
mine, are of Na-Ca-Cl or Ca-Na-Cl type /Stotler 2008/. The relationship of Na/Cl and Br/ClI ratios
(see Figure 7-3) differ from that of seawater evaporation /Mc Caffrey et al. 1987/.

Salinities range between 2.6 to 40 g/L, reflecting different fracture networks of different salinities
and densities. The low salinities are explained by dissociation of methane hydrates due to the lowering
of pressures accompanied by mining activity and taliks. Methane hydrates are stable well beneath
the base of the permafrost, but likely not directly beneath hydrothermal through-taliks. Melting of
gas hydrates can subsequently cause a dilution in groundwaters /Hesse 2003/.
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Rock matrix fluids from crush and leach experiments from several boreholes at the Lupin mine are
dilute and appear to have little effect on groundwater salinity /Stotler 2008/. However, high salinity
Ca/Mg fluid inclusions were observed in calcite fracture fillings (> 26%) that might provide a small
source of salinity and Ca to the subpermafrost waters.

The nature of gases observed at the Lupin mine were generally methane-dominated, with a unique
isotopic composition compared to other shield gases, which is explained by a connection to meta-
morphism of marine turbidities at 1.8-2.8 Ga. The gas is inferred to be of thermogenic origin,
however a generally low 6*H-CH, cannot be explained.

Age tracers *H, '*C, and **Cl from subpermafrost waters suggest input of modern fresh water, a
recharge event 25,000 years ago and subpermafrost waters with an age > 0.5—1 million year old,
which is the limit of **Cl dating technique /Phillips 2000/. The subpermafrost waters described above
exclude brines formed from surficial freezing of marine waters, during glacial times.

Depletion of *H and 4'%0 in Canadian Shield sites may be indicative of either glacial meltwater
recharge or in situ freeze-out /Stotler 2008/. From his studies at the Lupin mine and other data from
the Canadian shield, /Stotler 2008/ thus concludes that shield brines might form from intruded
glacial meltwater or waters from permafrost and/or methane hydrate formation.
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