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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real site.
The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analyzing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager



Abstract (Swedish)

Inom SKIs säkerhetsanalysprojekt kring slutförvaring av använt kärnbränsle,
SKI SITE-94, genomfördes omfattande hydrogeologiska analyser med olika modeller
och i olika rumsliga skalor. Denna rapport redovisar beräkningar av den storskaliga
grundvattenströmningen i den svenska (Fennoskandiska) urbergsskölden och hur den
påverkas av de globala klimatförändringar som beskrivs i Centralscenariet i SITE-94.
Resultaten visar att klimatförändringar och glaciationer kan ha en stor inverkan på
grundvattenströmningen i urberget.

En numerisk beräkningsmodell som tar hänsyn till bildning av saltvatten och
densitetseffekter (gradienter orsakade av varierande salthalt) används för att simulera
grundvattenströmningen utmed en 1500 km lång och 10 km djup tvärsektion som
sträcker sig från södra Norge, över södra Sverige, ned till sydöstra Östersjön.
Grundvattenflödet och transporten av lösta salter styrs av en föreskriven
klimatutveckling och dess påverkan på markförhållandena under de närmaste
140 000 åren.

Simuleringarna visar att periglacial permafrost (permafrost som uppträder mellan
istider), lokalt eller över större områden, kan blockera den fria infiltrationen och
utströmningen av grundvatten. Under perioder då markytan är täckt av bottenfrusen
inlandsis upphör all in- och utströmning av grundvatten genom markytan. I båda fallen
sker en stabilisering av det saltare vattnet som sjunker ner mot större djup i berget
samtidigt som mera ytnära skikt av berget fylls av sött grundvatten.

Förekomst av inlandsis där bottenskiktet är flytande och bottenisen sakta smälter undan
skapar förutsättningar för väsentligt större infiltration av vatten i berget jämfört med
dagens isfria förhållanden. Glacialt smältvatten som tränger ned i berget under en sådan
is kan nå flera kilometers djup under en period av några tusen år. Huvuddelen av detta
smältvatten fyller på de lokala grundvattenmagasinen i berget direkt under
infiltrationsområdet. Under inlandsisens framryckningsperiod (tillväxtfas), som varar i
storleksordningen 10 000 år, sker ingen storskalig (lateral) omfördelning av det
smältvatten som trängt ned i berget. Under isens tillbakadragande (avsmältningsfasen)
minskar inlandsisens tyngd vilket leder till ett betydande uppåtriktat grundvattenflöde
under istäcket på grund av tryckavlastningen, detta trots den fortsatta möjligheten för
infiltration av glacialt smältvatten. Överskottet av glacialt smältvatten tvingas ut genom
håligheter och kanaler i gränsskiktet mellan isen och marken där det skapas rullstensåsar
och andra glacifluviala avlagringar.

Inträngningen av smältvatten under inlandsisens framryckning och utströmningen av
grundvatten under inlandsisens tillbakadragande blir som störst om berggrunden kan
bära upp inlandsisens tyngd. Om berget däremot beter sig elastiskt och pressas samman
av islasten kommer trycket i det djupa grundvattnet att öka under nedisningen, vilket ger
en mindre uttalad påverkan på grundvattenströmningen. Den största utströmningen av



grundvatten sker vid isfronten hos en tillbakadragande inlandsis, och i mindre
omfattning till de postglaciala hav som tränger in över land under isens avsmältning.

Beräkningsresultaten visar att de vertikala rörelserna av djupa salta grundvatten som
orsakas av de närmaste istidscyklerna troligtvis inte kommer att ge upphov till markant
högre salthalter (d.v.s. halter av lösta ämnen) än de som kan observeras i grundvattnet
idag. Däremot visar resultaten att grundvattnet kan bli betydligt sötare (låga halter av
lösta ämnen), ned till flera kilometers djup i berget, under perioder med infiltration av
glacialt smältvatten. Sådana förhållanden med sötare grundvatten kan vara i perioder om
10 000 år eller längre och skulle kunna medföra att det blir oxiderande förhållanden i
den annars syrefria (reducerande) miljön i berget.



Abstract

Results from a regional-scale ground-water flow model of the Fennoscandian shield

suggest that ground-water flow is strongly affected by surface conditions associated

with climatic change and glaciation. The model was used to run a series of numerical

simulations of variable-density ground-water flow in a 1500-km-long and approximately

10-km-deep cross-section that passes through southern Sweden. Ground-water flow and

shield brine transport in the cross-sectional model are controlled by an assumed time

evolution of surface conditions over the next 140 ka.

Simulations show that, under periglacial conditions, permafrost may locally or

extensively impede the free recharge or discharge of ground water. Below cold-based

glacial ice, no recharge or discharge of ground water occurs. Both of these conditions

result in the settling of shield brine and consequent freshening of near-surface water in

areas of natural discharge blocked by permafrost. The presence of warm-based ice with

basal melting creates a potential for ground-water recharge rates much larger than

under present, ice-free conditions. Recharging basal meltwater can reach depths of a

few kilometers in a few thousand years. The vast majority of recharged water is

accommodated through storage in the volume of bedrock below the local area of

recharge; regional (lateral) redistribution of recharged water by subsurface flow is minor

over the duration of a glacial advance (-10 ka). During glacial retreat, the weight of the

ice overlying a given surface location decreases, and significant upward flow of ground

water may occur below the ice sheet due to pressure release, despite the continued

potential for recharge of basal meltwater. Excess meltwater must exit from below the

glacier through subglacial cavities and channels. Subsurface penetration of meltwater

during glacial advance and up-flow during glacial retreat are greatest if the loading

efficiency of the shield rock is low. The maximum rate of ground-water discharge occurs

at the receding ice margin, and some discharge occurs below incursive post-glacial seas.



The simulation results suggest that vertical movement of deep shield brines induced by

the next few glacial cycles should not increase the concentration of dissolved solids

significantly above present-day levels. However, the concentration of dissolved solids

should decrease significantly at depths of up to several kilometers during periods of

glacial meltwater recharge. The meltwater may reside in the subsurface for periods

exceeding 10 ka and may bring oxygenated conditions to an otherwise reducing

chemical environment.
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Introduction

The Swedish Nuclear Power Inspectorate (SKI) program, SITE-94, is conducting a

safety analysis of a high-level nuclear waste repository hypothetically located at a well-

studied site in the Fennoscandian shield of Sweden. SKI's objective is to use the

available field data to its fullest extent in developing alternative conceptual models of

the site, and to evaluate the impact of using alternative models and site-specific data on

the calculated safety. The site data used by SKI were collected in boreholes and at the

ground surface by the Swedish Nuclear Fuel and Waste Management Company (SKB)

prior to the construction of their Hard Rock Laboratory (HRL) at Aspo, an island near

Simpevarp, Sweden, along Sweden's southeast coast.

The objective of the study described here, which is part of the SITE-94 program, is to

assess the major changes expected in regional ground-water flow in the

Fennoscandian shield during future glaciations, and to elucidate the major

hydrogeologic controls on the occurrence and magnitude of these changes. In the next

130 ka, Milankovic-type climate models (ACLIN: Kukla etal., 1981; Imbrie & Imbrie,

1980) predict the occurrence of four glacial periods in the northern hemisphere at about

5, 20, 60, and 100 ka after present (AP) (King-Clayton etal., 1995). The first glaciation

is predicted to be minor in Scandinavia, with ice expected only in the Caledonides (the

mountains along the border between Norway and Sweden). The last two glaciations

are major, with continental ice sheets reaching northern Europe. During the glacial

cycle, the land surface is expected to experience a variety of conditions: present-day

temperate conditions, permafrost, cold-based glacial ice, warm-based glacial ice with

basal melting, and sea incursion and regression due to glacial-isostatic depression and

rebound of the shield. Each of these conditions may affect regional flow of ground

water significantly. A specific objective of this study is to determine the effects that

future climate changes may have on the ground-water flow and chemistry at the

hypothetical repository site at Aspo.



The Fennoscandian shield consists of Precambrian granodioritic rock that is extensively

fractured over a wide range of scales, creating a complex permeability fabric for flow of

subsurface fluids that defies detailed characterization based on field data (Voss &

Andersson, 1993). The evolution of future climatic conditions is highly uncertain and

controversial, and the distribution of climatic conditions over the land surface is

expected to be highly varied much of the time. In the face of this uncertainty and

complexity, the challenge is to develop a model from which one can extract some

general conclusions regarding future regimes of regional ground-water flow.

The present work uses cross-sectional variable-density flow simulation to evaluate

ground-water flow under various possible sequences of glacial conditions during the

next 140 ka. The regional-scale analysis considers a transect through the

Fennoscandian shield that includes Norway and Sweden and extends to Poland. The

objective is to identify the major classes of flow-field phenomena that are intrinsic to the

regional flow system and are likely to occur despite considerable uncertainty regarding

the details of the rock fabric structure and climatic conditions. In addition, the

simulations yield sequences of changes in the flow field and chemistry expected to

occur at a hypothetical SKI repository located 500 m below Aspo, given a particular

evolution of glacial cycles and conditions (King-Clayton etal., 1995) based on

Milankovic-type climate models (ACLIN: Kukla etal., 1981; Imbrie & Imbrie, 1980). The

effects of the following physical processes are taken into account: the formation of

deep shield brines; variations in density and viscosity due to temperature, pressure,

and concentration gradients; changes in subsurface fluid pressures due to the weight of

the ice sheet; and ground-water flow driven by topographic gradients and fluid density

variations. Areal ground-water flow is also investigated, in part to provide a basis for

locating the cross-sectional model. Although some of the discussion centers on

processes occurring at Aspo, these particular results also apply generally for other

near-coastal locations.
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Figure 1. Location map of study area with line of section for cross-sectional model.



Regional Hvdroqeoloqy

This study of the effects of glaciation on regional ground-water flow focuses on the

southeastern area of Sweden, which includes Aspo (Figure 1). To accommodate the

effects of natural hydrogeologic boundaries on regional flow, the hydrologic model

encompasses a much larger area that includes southern Norway, the Baltic Sea, and

parts of Poland.

Bedrock hvdroaeoloav

The Fennoscandian shield consists largely of Precambrian granodiorites (> 1700 Ma

old) with intruded granitic plutons (~ 1300 Ma old) and, occasionally, mafic rocks

(Kornfalt and Larsson, 1987). Seismic refraction profiles suggest that these rocks

extend to a depth of about 20 km in southern Sweden (Lund, 1989). The upper surface

of the shield is a Precambrian peneplain.

The crystalline bedrock of the Fennoscandian shield is fractured extensively at scales

ranging from microscopic to regional, and these fracture zones may provide regionally-

connected paths for fluid movement (Voss & Andersson, 1993). However, evidence for

large-scale fluid migration is indirect at best. The present study addresses the

uncertainty in regional connectivity of permeable structures by considering the effect of

varying degrees of horizontal and vertical fracture connectivity on the regional hydraulic

conductivity of the bedrock. The depth dependence of hydraulic conductivity in the

shield rock is also highly uncertain. Hydraulic conductivity appears to decrease below

200m depth; measurements to date show no other trend to a depth of about 1 km

(Winberg, 1989), and few measurements exist below this depth. A variety of indirect

evidence, including information from the Kola super-deep borehole and widespread

seismic low-velocity zones in the Fennoscandian shield and elsewhere, suggest that

much of the rock permeability disappears by a depth of 8 to 10 km (Neuzil, 1995).

Permeability may decrease due to high temperatures, diagenesis, and prevention of
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fracture formation or closing of fractures by high lithostatic load. The uncertainty in the

shallow trend is addressed in this study by considering two vertical profiles of

permeability.

To the east and southeast of Aspo, crystalline rock is overlain by sedimentary layers

extending below the Baltic Sea to central Europe (Kornfalt & Larsson, 1987; Ahlbom et

al., 1990; Grigelis, 1991). Near Sweden, the sedimentary overburden consists of the

following sequence: Lower Cambrian sandstone, Middle Cambrian claystone/shale,

Upper Cambrian alum shale, Ordovician limestone, Silurian chalk/marl, and Devonian

chalk/marl (Figures 2&3). Relative to the surrounding rock, the sandstone is highly

conductive, while the shales form an aquitard that extends (at least) 200 km to the east

of Aspo (Kornfalt & Larsson, 1987). Beyond 200 km to the east of Aspo, the wedge of

sediments has been extrapolated for the hydrologic model, assuming a constant dip.

The resulting lower boundary of the wedge is roughly consistent with stratigraphic data

from the southern Baltic and Poland (Grigelis, 1991), which indicate that crystalline

bedrock is found at a depth of about 3 km at the Polish coast.

The mountainous areas of Sweden and Norway are characterized by thrusts. It is

assumed for the sake of modeling that the hydraulic properties of this area are

equivalent to that of the shield, although parallel to the thrust planes there may be

zones of both higher and lower transmissivity.

Flow field and distribution of fluids

The Fennoscandian shield is assumed to be hydraulically conductive to a depth of

about 10 km. Relative to a lateral, regional scale of 103 km, the section with flow is very

thin; as a first approximation, the ground-water flow may be described as areal (two-

dimensional, lateral). Areal flow fields simulated using an areal ground-water flow

model are described in Appendix A and are shown in Figures 25 & 26. Although the

hydrogeologic parameters are highly simplified, the areal simulations give some



indication of regional flow directions. Under present-day climatic conditions, subsurface

water moves from recharge areas at higher elevations to discharge areas at lower

elevations. As discussed in Appendix A, the coast of Sweden apparently serves as a

discharge area for many recharge areas in the regional flow system, whereas at higher

elevations inland, smaller-scale recharge-discharge cells are likely to occur.

Four types of ground water are generally found in the Fennoscandian shield: recent

recharge water of low total dissolved solids (TDS) content, relict glacial meltwater with

low TDS, relict seawater at concentrations up to one-third of today's ocean, and shield

brine (Glynn & Voss, 1996). The fresh water is generally found at shallow depths at all

locations and may be found at greater depths with increasing distance inland from the

coast. The regional spatial distribution of the relict glacial meltwater is poorly known; it

is found at varying depths at most sites investigated, and likely originates from sub-

glacial meltwater of the last glaciation. The relict seawater is generally found in

Sweden at locations with surface elevation below about 200 m, and may stem from the

period of marine incursion following the last glaciation about 10 ka before present (BP)

(Lindewald, 1981, 1985).

Shield brine generally may be found at any location below the fluids described above.

Near the coast and other major discharge areas, shield brine is found near the surface,

whereas further inland it is usually found at greater depths. Nordstrom et al. (1989a)

have summarized the various mechanisms that have been proposed for brine formation

in crystalline rocks. Both allochthonous (external to the rock) and autochthonous

(internal to the rock; arising from rock-water interaction) sources of salinity have been

proposed. Mechanisms based on rock-water interaction include silicate mineral

hydrolysis (Edmunds era/., 1984) and leakage from saline fluid inclusions (Nordstrom

etai, 1989b).
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Because of the large density contrast between fresh water and shield brine, circulation

of shield brine is likely driven by both fluid density differences and topographic forces,

whereas flow of the more dilute fluids, including relict seawater, is driven primarily by

topographic forces (Voss & Andersson, 1993). Appendix B shows examples of

variable-density flow fields generated by small-scale cross-sectional numerical

simulation with variable-density flow. On a regional scale, the subsurface temperature

distribution is controlled primarily by heat conduction {Appendix C).

The complex pattern of fracture zones and permeable structures in the shield suggests

that the three-dimensional spatial distribution of fluid types may be complex. Therefore,

these distributions and the flow field are difficult to interpret in detail for any particular

area, even on the basis of intensive hydrogeologic field programs. Any detailed

description of the spatial distributions of permeable structures and fluids is bound to be

incomplete, at best, and the evolution of these distributions through time is subject to

even more uncertainty. Most often, only broad generalizations of the kind made in this

section can be advanced with any confidence.

Climatic evolution

Climate models based on orbital eccentricity theory (ACLIN: Kukla et al., 1981; Imbrie &

Imbrie, 1980) predict several glacial episodes on earth during the next 130 ka (King-

Clayton etal., 1995) (Figure 4). According to these models, the Fennoscandian shield

will experience several glaciations similar to those that occurred during the last glacial

cycle, the Weichselian, about 120 to 10 ka before present (BP). King-Clayton et al.

(1995) developed an expected sequence of changes in surface conditions at Aspo

during the next 130 ka, including the evolution of permafrost, glacial advance and

retreat, and sea level change (Figure 4). This sequence is used to determine model

boundary conditions at the surface, as described in detail in Appendix D.



Considering the region from the mountains in Norway, southeastward across Sweden

and the Baltic Sea, to Poland, a typical glacial cycle proceeds as follows (King-Clayton

et a/., 1995). Permafrost forms in a periglacial environment and may be continuous, or

discontinuous with open taliks (ice-free areas) at points where natural discharge of

ground water occurs. The permafrost is followed by an advancing cold-based ice

sheet, which acts to further seal off the subsurface from recharge and discharge of

ground water. Geothermal heat and elevated pressures eventually cause melting at the

base of the glacier at some distance behind the leading edge of the ice. Sustained

basal melting rates are not likely to exceed 0.1 - 10 cm/a and are estimated to have

reached 0.5 - 3 cm/a beneath the last European ice sheet (Boulton etal., 1995).

0.5 cm/a is taken to be a representative value. In central regions of the ice sheet where

snow and ice accumulate, the glacier may again become cold-based due to advection

of cold ice downward from above. However, this circumstance is not considered in the

present conceptual model. Following glacial maximum, the ice sheet thins, and the

margin of the glacier recedes. As this margin recedes across the area of the present

Baltic Sea and inland across the present Swedish coast, the sea follows immediately

behind, continuing inland beyond the present coast due to isostatic depression of the

shield by the weight of the ice sheet. As the ice sheet recedes further, permafrost may

again develop in areas of the ground surface that are exposed, including areas where

the sea recedes due to the isostatic crustal rebound. Finally, the ice sheet and

permafrost disappear, and interglacial conditions prevail, as they do at the present time.

This sequence {Figure 4) is applied in a simple manner {Appendix D) to represent

changes expected across the Fennoscandian shield of southern Sweden, along a line

of section {Figure 1) extending from offshore of the western coast of Norway, through

Aspo, across the Baltic Sea, and into Poland {Figure 5). This line covers the region of

maximum expected extent of the glaciers. The particular section selected is somewhat

arbitrary, but generally follows the regional ground-water flow direction under present-

day conditions along a large part of its extent (Figure 1 and Appendix A). The

10



conclusions drawn from this study do not depend on the exact location of the line, as

the simulation essentially represents the subsurface behavior that would occur along

any similar section through Norway and southern Sweden. Furthermore, the relevance

of the results does not depend on assuming the "correct" climatic sequence, as each

glacial cycle gives rise to a similar subsurface response that turns out to be largely

independent of timing. Thus, both the section and the sequence may be considered

generic examples from which general responses of the subsurface flow system can be

learned.

Hydraulic conditions during glacial cycles

The development of a permafrost layer and the evolution of an ice sheet can both

influence the flow field significantly. The permafrost acts primarily to reduce the

permeability in portions of the near-surface domain. In certain areas, particularly in

areas of natural discharge, the permafrost may be punctuated with open taliks that

provide a path for fluid flow from deep, unfrozen rock to the surface. Permafrost is

assumed not to occur beneath the sea or melting ice.

The ice sheet, where present, controls the pressure and/or ground-water recharge at

the surface of the shield. The ice sheet forms a barrier to the flow of water except in

regions of basal melting, where basal meltwater is a source of ground-water recharge,

and near the ice margin, where surface meltwater can penetrate to the base of the ice

sheet and enter the subsurface. The penetration of surface meltwater near the ice

margin is neglected in this analysis.

As meltwater recharges the subsurface, the ground-water pressure increases.

Simultaneously, the weight of the increasingly thick glacier may also increase

subsurface water pressure significantly if the loading efficiency of the shield rock is

high. However, the basal water pressure (i.e., the pressure at the base of the ice)

cannot exceed the pressure exerted by the weight of the overlying ice: the ice would be

11
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lifted and would mechanically fail, and excess meltwater would be released by basal

flow through cavities and channels (Boulton etal., 1995; King-Clayton etal., 1995).

Thus, the recharge rate may decrease significantly once the basal and subsurface

pressures reach the ice weight. Assuming the vertical pressure profile equilibrates

rapidly relative to the time scale of glacial advance, and that lateral ground-water flow is

negligible, subsurface recharge is then limited by the rate of increase in ice pressure

with time, rather than by the basal melting rate.

Portions of the shield covered by sea are subject to additional pressure associated with

the weight of the seawater. On portions of the surface not covered by ice or sea, the

pressure at the water table is atmospheric.

Description of Cross-sectional Model

This section describes the formulation of the regional-scale numerical model and its

boundary conditions. Specifically, it relates the structure and parameters of the finite-

element model to the structure and properties of the bedrock fabric; relates the

boundary conditions at the ground surface to the assumed climate evolution; and

explains how various physical processes are represented in the model. Certain details

are covered in Appendices C-F.

Location and extent of the modeled section

The line of section {Figure 1) runs approximately NW-SE over a 1500-km stretch that

begins west of the Norwegian coast, passes through the southeastern coast of Sweden

at Aspo, and ends in Poland. The section is of sufficient extent to span the ice sheet at

its maximum during the next three glaciations, as envisioned in the assumed climate

evolution. The two-dimensional cross-sectional model (Figure 6a), extends to a depth

of 10 km below present sea level. The model need not extend deeper because the

13



lithostatic load likely closes most transmissive structures below a depth of 10 km

(Neuzil, 1995). This cross-sectional representation of the Fennoscandian shield is used

to model the subsurface hydrologic response to the climatic sequence {Figure 5)

expected to occur over the next 140 ka.

Representation of the bedrock fabric

Crystalline bedrock is treated as a continuum with an anisotropic effective hydraulic

conductivity that accounts for the presence of the regional network of fracture zones.

Individual fracture zones are not resolved at the regional scale of this model. Also, the

model includes only major topographic features that are likely to have a regional-scale

influence; the possible effects of small-scale topography on flow and transport in the

shallow subsurface are not considered.

Variations in conductivity with rock type and depth are represented in the model by a

layered conductivity profile. The various layers are depicted in Figure 6a. The

sedimentary wedge southeast of Aspo is modeled in a simplified form that captures the

major variations in hydraulic conductivity that have been observed or are assumed to

exist.

Modeling of physical processes and boundary conditions

The flow of variable-density ground water and the transport of dissolved solids within

the cross section were modeled numerically using the U.S. Geological Survey computer

code SUTRA (Voss, 1984). For this study, SUTRA was been modified to allow for

hydrostatic pressure boundary conditions consistent with variations in fluid density

along the boundaries, and to include the effects of glacial loading and meltwater

recharge on fluid flow. In the model, flow is driven by both pressure gradients and

density gradients in the fluid. Porosity change is accounted for when the effects of

glacial loading on fluid pressures in the bedrock are computed. However, porosity

change is not taken into account when computing solute or energy transport. The
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evolution of the flow and concentration distributions over 140 ka is computed using 250-

year time steps.

In general, fluid density and viscosity depend on pressure, temperature, and solute

concentration. Therefore, subsurface variations in these properties may have significant

effects on the flow field and, hence, on solute transport. The dependence of density on

pressure is relatively weak. Pressure variation to 10 km depth is approximately

hydrostatic and constant with time, except under an ice load. Thus, its effect on fluid

density is generally constant. Under an ice load, the increase in pressure establishes

itself rapidly and is nearly uniform throughout the depth of the model. Thus, the

corresponding increase in density is not likely to induce any significant flow.

Dependence of density on fluid temperature is more significant. Simulations described

in Appendix C suggest that thermal conduction is the dominant mode of energy

transport in this flow system during most phases of the glacial cycle, and that the

vertical temperature profile does not differ significantly from a normal geothermal

gradient. During basal melting periods, recharge and advection of cold water may

affect temperature gradients in the bedrock, but thermal buoyancy forces are likely to

be of minor importance in determining the flow field during such periods. Thus, the

effect of temperature on the fluid density distribution may also be treated as practically

constant with time. Fluid density is most sensitive to variations in solute concentration,

which varies significantly in the subsurface throughout the glacial cycle.

These considerations allow for the use of a simplified model in which the fluid density

distribution is a function of the detailed time-varying concentrations and of pre-

determined time-invariant temperature and pressure profiles that vary somewhat along

the model section. The variation of density with concentration, temperature, and

pressure is represented by a quadratic function described in Appendix F. While the

model could also account for variations in fluid viscosity, which directly affects the

mobility of the fluid, the potential impact (over the relevant range of temperatures,
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pressures, and concentrations) is much less than that of uncertainties in the bedrock

permeability field. Thus, variations in viscosity are neglected in this analysis.

The loading efficiency of the rock matrix determines how the ice load is apportioned

between the rock and the subsurface fluid. Neuzil (1995) has shown that, under

appropriate assumptions, loading efficiency can be accounted for by the addition of a

simple source-type term to the fluid mass balance equation. This approach was used in

the present work; the term that was added to the right-hand side of the fluid mass

balance equation in the SUTRA code (Voss, 1984) is p S ^ dPJdt, where p is the fluid

density, S^ is a specific storativity based on pressure (Bear, 1979, p. 86; Voss, 1984, p.

23), £ is the loading efficiency, P^ is the pressure exerted by the overlying ice, and t is

time.

The presence of permafrost is modeled by reducing the permeability in the near-surface

domain. Open taliks are represented by allowing portions of the upper bedrock to

retain their original hydraulic conductivity. Except in such open taliks, the permafrost

thickness is time-varying but spatially uniform and is based on the thickness at Aspo

given by the assumed climate evolution (Appendix D). Assuming the permafrost

thickness to be everywhere the same as at Aspo avoids adding unjustifiable complexity

to the model while maintaining the assumed climate evolution in the neighborhood of

Aspo.

Ice sheet development and variations in sea level influence the modeled regional

ground-water flow by changing the boundary conditions at the ground surface. On

portions of the surface not covered by ice or sea, the pressure is set to a constant value

(typically zero) representative of atmospheric pressure. Although the shield rock is

partially confined by the shales to the east of Aspo, the aquifer system as a whole

(shield rock plus overlying sediments) is unconfined (when not covered by ice), and the

water table is assumed to follow the surface topography. Portions covered by sea are
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assigned pressures that account for the hydrostatic head induced by the overlying

water. The ice sheet, where cold based, is assumed to form a perfect barrier to ground-

water recharge and discharge (no-flux boundary condition). In regions of the ice sheet

with basal melting, meltwater is generated at a prescribed, constant rate. As long as

the basal pressure (i.e., the ground-water pressure at the ice-bedrock contact) remains

below the pressure exerted by the weight of the ice, all of the meltwater is recharged to

the subsurface. At points where the basal pressure would exceed the ice weight

pressure were recharge allowed to continue unabated, enough water is allowed to

"escape" (either from the bedrock or before entering the bedrock) to hold the basal

pressure at the ice weight pressure in a manner described in detail in Appendix D. In

the present model, water is allowed to escape only when the basal pressure would

otherwise exceed the ice weight pressure. In general, it is possible for water to escape

from beneath the ice sheet via previously established pathways (e.g., channels) even

after the basal water pressure has fallen back below the ice weight pressure. However,

such continued escape is likely to be confined to the ice margin, where surface

meltwater can penetrate the ice and maintain the flow of water through established

pathways (Fountain, A., personal communication). Away from the ice margin, such

pathways are likely to remain open only a short time relative to the time scale of glacial

advance and retreat.

A no-flux condition is imposed at the bottom boundary of the modeled cross-section to

represent the depth at which the bedrock permeability is so small (because of lithostatic

loading and high temperatures) that it can be considered zero for this model. The

pressures along the left and right boundaries are assumed to be hydrostatic with

respect to the prevailing density profiles; as these profiles change with time, the

pressures are adjusted accordingly. Allowing the boundary pressures to change with

time involved a modification to the SUTRA code. In two cases, a no-flux condition was

imposed at the right boundary to control a numerical instability in the nearly-converged

17



initial (steady-state) flow field and salinity distribution. However, the overall flow field

and salinity distribution are rather insensitive to the right and left boundary conditions.

Any inflow that occurs along the right or left boundaries is assigned approximately the

concentration that prevails at the point of entry. Assigning the incoming concentration

to be slightly higher than the prevailing concentration enhanced numerical stability in

some model runs.

Shield brine generation

The model considers the formation of shield brine as a process that depends on the

difference between concentration of dissolved solids in the ground water and the

potential dissolved solids concentration contributed by rock weathering, leaching of

saline fluid inclusions, or other processes (Nordstrom era/., 1989a). The rate of brine

formation is represented by a first-order expression, rate = / ^ ( C 1 " - C), where Cis the

concentration of total dissolved solids in the ground water, C1" is the maximum

allowable concentration of dissolved solids, and /^, is a rate constant (or mass transfer

coefficient) for rock-water mass transfer. In the case of rock weathering, C"1** could

represent the saturation concentration of dissolved solids (treated as a single species),

while in the case of leaching of inclusions, it could represent the concentration of

dissolved solids in the inclusions.

This simple expression for the rate of brine formation captures two essential features of

the rock-water interaction: the rate at which solids dissolve in the pore fluid decreases

as their concentration in the fluid increases, and dissolution ceases when the

concentration reaches the maximum allowable value. Despite its simplicity, this

mechanism can be adjusted to approximate the general present-day trend in the

concentration profile of dissolved solids observed in the field (Appendix £), and its

incorporation into the model allows the density distribution to evolve along with the

pressure field in a "natural" and consistent way. It does not depend on what particular
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fluid compressibility, [kg/(m s2)]'1

solute diffusivity in fluid, m2/s

density of water without solute at 0°C
and 1 bar, kg/m3

rate of change of fluid density with
solute mass fraction*,
(kq/m3)/(kg-solute/kg-fluid)

fluid viscosity, kg/(m s)

solid matrix compressibility,
[kg/(m s2)]-1

rate constant for rock-water mass
transfer, s"1

maximum allowable solute
concentration, kg-solute/kg-fluid

acceleration of gravity, m/s2

porosity

horizontal permeability, m2

vertical permeability, m2

longitudinal dispersivity in the
horizontal and vertical directions, m

transverse dispersivity in the
horizontal and vertical directions, m

4.47x10'10

0.

999.8

875.5

0.001

1.0X1010

2.0x10'15

0.3

9.81

0.001

1.02X10"15

1.02X10"16

100."

*•
1.

* Fluid density varies also with temperature and pressure. The complete formula is described in
Appendix F.
** West of the Norwegian coast, all dispersivities are increased by three orders of magnitude to promote
numerical stability.

Table 1. Input parameters for large-scale cross-sectional model, Base Case run.
Variations on the Base Case are described in the text and are summarized in Table 2.



geochemical process actually generates the shield brines, as it accommodates a

number of possible origins. The value of the mass transfer coefficient, &„,,, was not

known a priori. Rather, its value was chosen by trial and error in order to give realistic

distributions of shield brine in the model (Appendix £).

Although the proposed brine generation expression is not intended to represent

rigorously any particular mechanism, it is reassuring to verify that it does not require

that impossibly large quantities of salt be transferred from the rock to the ground water.

For example, suppose that brine generation occurs by leaching of saline fluid

inclusions. Assuming a fluid inclusion void fraction of 0.01 (observed in granitic rocks at

the Stripa site by Nordstrom et al. (1989b)) and an initial solute mass fraction of 0.3 in

the inclusions (which corresponds roughly to saturated NaCI), and using the "Base

Case" model parameters {Table 1) and the brine generation expression described

above, an approximate mass balance calculation shows that less than of 1% of the

dissolved solids in the inclusions is depleted after 10 million years of continuous

leaching.

An alternative approach to simulating variable-fluid-density flow would be to impose a

fixed density distribution based on field measurements throughout the domain.

However, field measurements are sparse. Furthermore, the imposition of such an

"artificial" concentration profile causes spurious flows because the flow field is sensitive

to the interplay of pressure and buoyancy forces. The brine formation mechanism

employed in this work avoids such spurious flows by providing mutually consistent

pressure and concentration fields.

Discretization

Figure 6b shows the finite element mesh. The element width averages 23.4 km and

ranges from 8.3 to 50 km. The element height varies with depth as follows: the top 200

m of shield rock are subdivided into four 50-meter-high elements; the next 300 m
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contain five 60-meter-high elements; and the remainder of the shield rock (down to 10

km depth) is discretized into 40 elements ranging in height from 137.5 to 305 m,

depending on horizontal location. The sedimentary overburden is modeled as a 16-

element-deep band across the top of the domain. To the west of these rocks, the

elements are vertically very thin (0.1 - 0.3 m) and are assigned the properties of the

upper bedrock. To the east of Aspo, these elements expand vertically to form the

sedimentary wedge and are assigned properties corresponding to the sedimentary

sequence described earlier.

Model input data

Hydraulic permeabilities and porosities in the crystalline basement are based on values

given by Voss & Andersson (1991) (Table 1). Permeabilities in the sedimentary

overburden correspond approximately to hydraulic conductivities reported by Ahlbom et

al. (1990): 1.02x10'13 m2 in the sandstone, and 1.02x10'14 m2 in the chalks. The

conductivity of the shales was not reported; they are assigned a very low permeability

of 1.02x1019m2.

The loading efficiency varies from zero to one. No data are available on the loading

efficiency of the Fennoscandian shield rock at regional scales. Furthermore, in low-

porosity rocks, such as the crystalline rocks considered here, the loading efficiency is

difficult to estimate because it is very sensitive to the difference between the bulk

compressibility of the rock matrix and that of the solid grains, which is poorly known.

Therefore, the loading efficiency is treated as an independent parameter, and the full

range of possible values is employed to investigate the possible impacts of glacial

loading on the dynamics of the system.

The modeling results are rather insensitive to dispersivity. Throughout most of the

computational domain, the dispersivities used are approximately the smallest allowable

within the constraints of numerical stability; smaller values would likely introduce
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Figure 7. Simulation of regional flow and brine concentration fields: Base Case.
One sixth of all computed velocity vectors are plotted. Vectors are scaled
logarithmically, and their orientations reflect the vertical exaggeration of the plot.
Contours denote mass fraction of solute relative to maximum allowable. Solid
triangles denote boundaries between climatic regimes. Text between triangles
indicates climatic regimes: o = present-day, ice-free conditions ("open"); s = sea;
p = permafrost; i = cold-based ice; ip = cold-based ice over permafrost; ir = warm-
based ice with basal melting ("recharge"). Elevations and distances are relative to
the land surface at Aspo.
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Figure 8. Simulation of regional flow and brine concentration fields: Base Case.
Time evolution of ground-water velocity and salinity 500 m below Aspo. Open
triangles denote glacial maxima. Solid triangles denote transitions between climatic
regimes. Text between triangles indicates climatic regimes: o = present-day, ice-free
conditions ("open"); s = sea; p = permafrost; i = cold-based ice; ip = cold-based ice
over permafrost; ir = warm-based ice with basal melting ("recharge").

Figure 9. Variation on Base Case: Low rate of basal melting. Time evolution of
ground-water velocity and salinity 500 m below Aspo. Symbols as in Figure 8.



significant, spurious oscillations into solutions computed on the finite-element mesh.

Higher dispersivities are used at the western (left) end of the section to further help

stabilize the numerical solution.

140.000-Year Transient Simulation: Base Case

In the Base Case (Table 1), the bedrock permeability is uniform, with a horizontal-to-

vertical anisotropy ratio of 10:1, and the sedimentary overburden is present (i.e., it has

been assigned properties distinct from those of the shield rock). Permafrost, when and

where it occurs, lowers the permeability by ten orders of magnitude and is continuous

(no open taliks). The basal melting rate in the warm-based portion of the ice sheet is

0.5 cm/a. The loading efficiency is zero; the ice weight has no direct effect on the

ground-water pressures. Figure 7shows the simulated velocity and concentration fields

throughout the regional model at selected times during the glacial cycle. Figure 8

shows the ground-water velocity (magnitude and direction) and salinity at an

observation point 500 m below the surface of Aspo, near the present coast of Sweden.

Although the model is regional and cannot give details of the local flow field below

Aspo, these results do provide general trends in flow and salinity at near-coastal

locations.

Present-day (interqlacial) conditions

Figure 7a shows the simulated present-day distributions of fluid velocity and brine

concentration. These are near-steady-state distributions generated by running long

simulations with constant boundary conditions representative of the present-day

climate. These distributions are used as initial conditions for the 140 ka transient Base

Case simulation; transient effects that may remain from past glaciations are ignored.

However, the prevailing response times of the regional ground-water system are rapid

enough so that the absence of these past transients is probably not an important
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source of error. For example, in the assumed sequence of future glaciations, by 82 ka

AP (Figure 7g) the velocity and concentration fields have largely recovered from the

transient effects of the major glaciation that reached its maximum only 22 ka earlier.

Therefore, no attempt has been made to simulate residual transients from past

glaciations. Instead, emphasis has been placed on beginning each transient run with

mutually consistent pressure and concentration fields that resemble observed present-

day profiles.

Near the surface, the modeled velocity field exhibits a typical pattern of recharge at

topographic highs and discharge at topographic lows (Figure 7a). Fresh water

recharges at high elevations, penetrates to some depth, then flows upward and

discharges at lower elevations. As a result, bodies (lenses) of fresher water develop

beneath the southern Swedish highlands and the Caledonides. The latter, larger lens is

of sufficient size to bring water that is quite fresh to the bottom of the domain. Aspo is

in an area of natural discharge from the regional ground-water system of the southern

Swedish highlands.

As (initially fresh) water travels through the modeled bedrock, its salinity increases

through interaction with the shield rock. Within each fresh water body, the increase in

density is not sufficient to prevent most of the water from flowing upward and ultimately

discharging. However, water at the periphery of such a body travels a longer path at a

slower velocity and becomes too dense to be driven to the surface. At the right-hand

margin of the Caledonides fresh-water body, this dense water settles, forming a

clockwise, regional flow circulation in the model. Build-up of dissolved solids in the

circulating water is mitigated by dispersion into neighboring, fresher water.

Perialacial conditions

At 10 ka AP, permafrost reaches the present east coast of Sweden near Aspo, and

cold-based ice covers the Caledonides. The effect of these barriers to ground-water
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recharge and discharge at the model surface is evident in Figure 7b; shallow regional

flow (as evidenced by the velocity vectors) beneath the permafrost is virtually parallel to

the surface. The flow field and salinity profiles at depth are still qualitatively similar to

those observed under present-day conditions.

A time trace of the flow direction at the observation point {Figure 8b) shows that the

flow there changes from upward (regional discharge from the circulation system in the

southern Swedish highlands) to very slightly downward as the permafrost arrives. The

salinity, which had been nearly constant, begins to decrease (Figure 8c). This

freshening is caused by disruption of the natural flow pattern, in which the observation

point is in a major discharge area for saline water at the fringe of the southern Swedish

highlands circulation system. When the discharge area is blocked by permafrost, the

dense fluid slowly settles, causing fresher water to move in laterally to take its place.

Glacial advance

By 50 ka AP, the ice sheet has advanced well beyond the mountains, and a zone of

melting at the base of the ice has formed over a portion of the land surface. Within this

zone, meltwater recharges at the surface at a rate of 0.5 cm/a, resulting in a downward

flow that extends to the bottom of the model domain. This recharged water is largely

stored below the point on the surface at which it enters, as evidenced by the limited

horizontal flow beneath the basal melting zone (Figure 7c). (The horizontal flow is small

in the sense that it traverses only a small fraction of the lateral (regional) length scale

over the time scale of glacial advance and retreat.) Fluid pressure in the shield rock

increases from initial topographically-controlled levels by as much as 2200 m of head at

glacial maximum.

When the leading edge of the basal melting zone reaches the coastal observation point

at about 55 ka AP, the velocity there increases dramatically (Figure 8a). However, the

increase is short-lived; the influx and storage of water quickly raises the pressure at the
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base of the ice sheet to the point where it matches the pressure exerted by the weight

of the ice. Subsequently, excess meltwater is allowed to escape from beneath the ice

sheet, and no further subsurface recharge would be possible (assuming the vertical

pressure profile equilibrates rapidly and lateral flow is negligible) were it not for the fact

that the ice thickness, and therefore the ice weight, increases with time as the ice sheet

advances. Thus, within a few thousand years after the arrival of the basal melting

zone, the flux of water into the subsurface decreases well below its maximum possible

value of 0.5 cm/a to approximately 0.1 cm/a, and is limited by the rate at which the

weight of the ice above the observation point increases.

The salinity at the observation point {Figure 8c), begins to decrease gradually with the

arrival of the permafrost. During the first major glaciation (c. 60 ka AP), the slow drop in

salinity during the period of permafrost is sufficient to mask the sudden, additional

freshening resulting from the subsequent period of glacial melting. During the second

major glaciation (c. 100 ka AP), the period of permafrost is shorter, and the freshening

effect of sub-glacial recharge is dramatic. Figure 7d shows the extent to which fresh

water has penetrated at 58 ka AP, just before glacial maximum.

Glacial maximum and retreat

When the ice sheet reaches its maximum extent and begins to retreat at 60 ka AP, the

weight of the ice above a given point on the surface begins to decrease, resulting in

discharge of over-pressured water {Figure 8b). Figure 7e illustrates this discharge and

the rebounding salinity profile at 65 ka AP. As the ice sheet retreats, basal meltwater is

still available for ground-water recharge. However, the basal fluid pressure is limited by

the weight of the ice, which decreases during retreat due to lessening ice thickness.

The result is that net discharge of ground water occurs as the pressure at the ground

surface decreases with time. The discharging ground water consists essentially of

meltwater that was stored in the subsurface during glacial advance. As during sub-
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glacial recharge, the distance that ground water travels laterally is only a small fraction

of the lateral (regional) extent of the model.

Sea incursion

As the ice sheet recedes, the sea fills in behind it. Between approximately 69 ka AP

and 82 ka AP, Aspo is submerged, and sea level is elevated relative to the land surface

by as much as 170 m above its present level. Maximum ground-water discharge at

Aspo occurs as the leading edge of the shrinking ice sheet and the following seacoast

pass by at about 69 ka AP (Figure 8a,b). Subsequently, discharge decreases to a

minimum at about 72 ka AP, shortly after Aspo, still submerged, is farthest from the

seacoast (which moves inland of the present coast) {Figure 8a,b). Figure 7f shows the

velocity and concentration fields at 70 ka AP. The high surface velocity observed

approximately 50 km to the west of Aspo is located at the ice margin (which coincides

with the seacoast). As the seacoast passes by Aspo during marine incursion, shield

brine moves upward below the discharging meltwater, allowing salinity levels at the

observation point beneath Aspo to rise quickly to levels similar to those at present.

Large quantities of glacial meltwater that have resided below Aspo for about 15 ka

eventually discharge almost completely.

Interalacial

By 82 ka AP, the ice and permafrost have receded completely, and the velocity and

salinity fields (Figure 7g) begin to resemble their "present-day" (steady-state)

counterparts (Figure 7a), which are representative of a very long interglacial period. A

fresh water body recharged by precipitation and discharging at the coast develops

beneath the southern Swedish highlands. However, the gradual return to steady-state

conditions is curtailed by the onset of the subsequent glaciation, during which the cycle

described above is repeated.
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ROCK PROPERTIES

Base Case
permafrost

high-
permeability
permafrost

open taliks

high basa!
melting rate

low basal
melting rate

high basal
melting rate

high basal
melting rate

Base Case
shield rock
properties'

W: 2.0x10"1s

N: 2.0x10'14

W (Base Case), N

W, N

W, N

W, N

depth-
dependent
shield rock
permeability

W: 2.5x1016

N:1.0x10"15

W, N

W, N

—

W, N

shield rock
anisotropy
1:10

W: 2.5x10'16

N: 2.5x10"16

W, N

W, N

—

W, N

shield rock
anisotropy
100:1

W:1.0x10"15

N:1.0x10"14

W, N

W, N

—

W, N

shield rock
porosity
10"4

W: 3.333X10'14

N:1.0x10'13

W, N

W.N

—

W, N

non-zero
shield rock
loading
efficiency1

W: 2.0x10"15

N: 2.0x10'14

W

...

—

...

CO
UJ

LLJ
Q-
O
CC
el-

W = simulation performed with sedimentary wedge; N = simulation performed without sedimentary wedge; — = simulation not performed.
Numbers at the top of each column represent values (in s'1) of the rate constant for rock-water mass transfer.

Base Case shield rock properties: kH= 1.02x10"15 m , k v= 1.02x10"16 m2 (anisotropy 10:1); porosity = 10"3; loading efficiency = 0.
" In the Base Case, permafrost changes permeability by a factor of 10"10 and is continuous except beneath sea or melting ice.
+ Loading efficiency values used: 0.1,0.5,0.8, 0.95,1.0.

Table 2. Large-scale cross-sectional model runs performed.



Variations on the Base Case: Glacial Properties

This section investigates the effects on regional ground-water flow and salinity of

varying certain properties of the permafrost and ice sheet. These variations are listed

along the left-hand side of Table 2. The interpretation centers on the observation point

500 m beneath Aspo.

Basal melting rate

Figure 9 shows time traces of the velocity and salinity at the observation point for a

(low) basal melting rate of 0.005 cm/a. The velocity magnitudes during both sub-glacial

recharge and the subsequent discharge of over-pressured water are significantly

greater at the higher rate of basal melting (0.5 cm/a in the Base Case), although not by

the two orders of magnitude that separate the melting rates. This is because, in the

Base Case, a large portion of the meltwater does not enter the subsurface, as

discussed previously.

The velocity spike associated with recharge at the leading edge of an advancing

melting zone, which is prominent at a melting rate of 0.5 cm/a, is not evident at a

melting rate of 0.005 cm/a. However the velocity spike associated with discharge

beyond the margin of a retreating ice sheet is observed to some extent at both melting

rates.

Freshening of the water at the observation point due to sub-glacial recharge is less

pronounced at the lower rate of basal melting, as expected. The upflows during periods

of glacial melting (Figure 9b) are caused by a local circulation of fluid induced by the

presence of the sedimentary wedge; they are not a regional-scale phenomenon.
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Hiqh-permeabilitv permafrost and open taliks

When the presence of permafrost is assumed to have no effect on the rock permeability

(Figure 10), a small, additional maximum and minimum in the velocity magnitude is

seen each time an advancing ice sheet margin reaches the observation point. The

small maximum corresponds to a downward and westward ground-water flow below the

leading edge of the glacier, and causes some freshening at the observation point.

While it is unclear whether this is a numerical artifact caused by the discrete boundary

condition change that occurs in the model as the leading edge of the ice sheet passes a

surface point, its impact on the general behavior of the flow and salinity fields is not

significant.

The high-permeability permafrost does not disrupt the present-day fluid circulation,

which discharges in the neighborhood of Aspo. Thus, the settling of near-surface

brines and consequent freshening of shallow waters beneath Aspo, evident in the case

of low-permeability permafrost, are inhibited in the case of high-permeability permafrost.

Similar results are obtained when the permafrost reduces the rock permeability as in

the Base Case, but is punctuated with open taliks that are located in areas of natural

present-day discharge, including a 40-km-wide neighborhood of Aspo (Figure 11).

However, the additional velocity maxima and minima seen in the case of uniformly high-

permeability permafrost do not occur in the case of isolated open taliks. In fact, the two

cases described in this section result in flow and salinity changes below Aspo similar to

those in the Base Case, except that the regional flow system continues to discharge

during periods of permafrost, and freshening of shallow waters during these periods is

reduced.
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Variations on the Base Case: Rock Properties

This section considers the effects of varying the properties of the subsurface. These

variations are listed along the top of Table 2. Glacial parameters are varied as in the

previous section. For each variation, the present-day salinity conditions {Appendix £)

are reproduced approximately by varying /(„,„ the rate constant for brine generation by

rock-water mass transfer. Thus, each variation begins with an individual, self-

consistent initial condition. This is the reason for the differences in initial velocities and

concentrations evident in the figures.

Depth-dependent shield rock permeability

When the permeability is assumed to decrease by a factor of 100 below the upper

500 m of granodiorite, flow becomes concentrated in the upper, more permeable layer,

as shown in Figure 12 for present-day conditions. As a result, velocities in this upper

layer are generally somewhat greater than in the case of uniform permeability, while

velocities in the lower bedrock are lower. Because much less water penetrates below

500 m, and most recharged water remains in the upper zone, the water that passes

through the observation point is significantly fresher (Figure 13c) than in the case of

uniform permeability (Figure 8c). However, the time evolution of flow and salinity

changes is qualitatively similar to that in the Base Case, except that the freshening

during the period of permafrost is not as pronounced, discharge following glacial

maximum is delayed, and the flow system does not recover between glaciations due to

the slower hydraulic response of the lower bedrock.

Anisotropy ratio of 1:10

To investigate the consequences of poor horizontal connectivity between fracture

zones, the horizontal permeability of the shield rock was reduced by a factor of 100

relative to the Base Case; the vertical permeability is ten times as great as the

horizontal permeability. The present-day velocity at the observation point is two orders
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of magnitude lower than in the Base Case (Figures 14 & 15). However, at a high rate

of basal melting (Figure 14), velocities during glacial melting and regression are

reduced in magnitude by only about half relative to the Base Case. At a low rate of

basal melting (Figure 15), the velocities are reduced by roughly an order of magnitude

relative to the Base Case during the period of glacial melting. Vertical flow is more

common and changes in flow direction are more sudden when horizontal permeability is

low.

The freshening of shallow waters below Aspo during the period of permafrost is less

pronounced than in the Base Case. (In fact, a very slight increase is observed at first.)

This is probably due to the increased resistance to horizontal flow of fresher fluid that,

in the Base Case, replaces the settling denser fluid.

Anisotropy ratio of 100:1

To determine the effect of poor vertical connectivity among fracture zones in the shield

rock, the vertical permeability was reduced by a factor of 10 relative to the Base Case.

The peak velocity magnitudes associated with the arrival of an advancing ice sheet are

somewhat higher in the case of the 100:1 anisotropy ratio than in the Base Case, while

those associated with the margin of a retreating ice sheet are slightly lower (Figure

16a). In addition, the transitions from recharge to discharge below the ice sheet near

times of glacial maxima are delayed by several thousand years relative to the Base

Case (Figure 16b). Freshening of water at the observation point during sub-glacial

recharge and regression (Figure 16c) lasts much longer (up to 25 ka) than in the Base

Case (up to 15 ka).

Porosity

To examine the significance of porosity, the porosity was lowered by a factor of 10

relative to the Base Case. As expected, velocities are about an order of magnitude

greater than in the Base Case (Figure 17a).
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As in the Base Case, waters near the surface begin to freshen with the arrival of

permafrost {Figure 17c). The subsequent fluctuations in concentration (c. 15 - 45 ka

AP) are likely a local phenomenon induced by the presence of the growing permafrost

layer; the fluctuations do not appear when the observation point is within an open talik

(Figure 18c). The recovery of the flow system after each glaciation is not as complete

as in the Base Case. This is likely due to an approximation, used in the SUTRA

simulator and some other ground-water flow and transport models, that neglects

changes in fluid storage in the solute transport equation. This approximation can

significantly affect the computed transport solution when changes in fluid storage are

very large; computed transport velocities are overestimated when heads are increasing

and underestimated when heads are decreasing (Goode, 1992). Computed dispersion

coefficients and the conservation of solute mass are also affected (Goode, 1992).

However, it is unlikely that correcting for these effects would reveal behavior that has

not been observed in other cases in this study.

Loading efficiency

The Base Case employs a loading efficiency of zero, which implies that the rock matrix

bears the entire weight of the ice sheet, and glacial loading has no direct effect on the

subsurface fluid pressure. In contrast, a loading efficiency of one implies that the

subsurface fluid bears the entire weight of the glacier, and the subsurface fluid pressure

increases by the amount needed to support the ice weight. High loading efficiency

reduces sub-glacial recharge relative to the Base Case because subsurface pressures

closely follow the ice weight, and recharge is controlled primarily by gradual increases

in ice weight. The presence of a brief velocity spike at the onset of glacial melting

(Figure 19a) reflects the fact that the vertical pressure profile equilibrates rapidly, but

not instantaneously. An additional effect of increasing loading efficiency is the

appearance of a velocity spike associated with the arrival of the ice front (Figure 19a)

and corresponding to a horizontal, eastward flow of ground water induced by high

pressures beneath the ice load to the west. The flow is horizontal because it is
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confined above by permafrost. In this variation [Figure 20b), there is significantly less

freshening of fluid below Aspo at glacial maximum than in the Base Case (Figure 20a).

Figure 21 shows the effect of loading efficiency on the depth below Aspo at which

various solute concentrations are found at glacial maximum.

Sedimentary layers

To help assess the importance of the sedimentary layers in determining the behavior of

the flow system, the layers were assigned properties identical to those of the shield

rock. At a high rate of basal melting (Figure 22), the absence of sedimentary layers

with distinct properties has little effect on the magnitude and direction of flow through

the observation point relative to the Base Case (Figure 8). In both cases, the salinity

rises moderately above its present-day level during glacial retreat. At a low melting rate

(Figure 23), the absence of the sedimentary layers results in similar flow field and

salinity changes as in the Base Case variation with low sub-glacial recharge (Figure 9).

In fact, in nearly all cases investigated, the existence of the sedimentary overburden in

the vicinity of Aspo has only minor impact on the hydrologic changes below Aspo and

inland during a glacial cycle, while it strongly affects flow within and below the

sediments themselves.

When the permeability is assumed to drop by a factor of 100 below the upper 500 m of

shield rock, and the sedimentary wedge is assigned the properties of the upper shield

rock, the concentration increases appreciably from its present-day value following the

first arrival of glacial melting at Aspo (Figure 24). This is caused by dispersive

redistribution of solute in the shallow subsurface during sub-glacial recharge and

subsequent discharge. Caution should be exercised in interpreting this result, since the

regional model was not designed to simulate accurately the details of the concentration

profile in the shallow subsurface and the role of dispersion in general. Furthermore,

note that the second major glaciation does not increase concentrations above the levels
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achieved following the first major glaciation, suggesting that transients not reflected in

the initial (steady-state) conditions may be important in this case.

Results

General observations

Changes in the flow field at any point in the subsurface below the glacier depend mainly

on the glacial conditions directly overhead. When permafrost is present, dense fluid

that was previously discharging at the coast settles slowly, causing overall freshening of

shallow fluids. The presence of taliks that allow ground-water discharge minimizes this

effect of permafrost on the salinity distribution. Saline fluids are drawn upwards toward

the surface at discharge points in the regional flow system, regardless of whether the

discharge occurs under open (interglacial) conditions or through taliks. Flow through

the observation point 500 m below Aspo is generally eastward and upward.

Spatially-continuous permafrost can cause a significant decline in the salinity within

present-day discharge areas during the period prior to a glacial advance, with fresher,

near-surface waters replacing shield brines. However, high-permeability

(discontinuous) permafrost or open taliks in these areas would allow the salinity to

remain near present-day levels prior to glacial advance. The major impact of

continuous, low-permeability permafrost on the flow field is a reduction of ground-water

recharge and a gradual slowing of the regional flow system. However, this effect is

minor in comparison with the changes brought about during other periods in the glacial

cycle.

During basal melting, sub-glacial recharge induces downward flow. Glacial meltwater

tends to be stored locally and is discharged near its point of entry (relative to the

regional length scale) as the ice recedes. Because of the vast regional length scale
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involved and the rapid advance and retreat of the ice sheet, this behavior contrasts with

what might be expected, namely lateral flow that discharges at the ice sheet margin.

At high rates of basal melting, or if the shield rock loading efficiency is sufficiently high,

the basal pressure can rise to equal the pressure exerted by the weight of the ice. The

result is a reduction in surface recharge during glacial advance below its potential value

and a concomitant reduction in discharge during glacial retreat. In this case, the

gradient in ice thickness determines the horizontal component of the regional flow, and

recharge depends primarily on the increase in ice thickness with time, which increases

the maximum allowable basal fluid pressure and, hence, the quantity of fluid stored in

the void space of the rock.

Salinities tend to be highest during interglacial periods. Thus, present-day salinities are

essentially the highest that may be expected in the future. Significantly lower

concentrations occur during periods of basal melting, when fresh meltwater flushes the

domain to a depth that depends upon a number of variables including basal melting

rate, porosity, vertical permeability profile, and loading efficiency of the shield rock. The

meltwater resides in the subsurface for periods between 10 ka and 25 ka before being

flushed out by discharge during glacial retreat and by subsequent redevelopment of an

interglacial regional flow system.

A decrease in permeability with depth concentrates flow near the surface and results in

relatively lower salinity in the uppermost, more-permeable zones. The horizontal and

vertical connectivity of fracture zones in the shield rock affects regional flow during open

conditions in an obvious manner, with lower horizontal permeability resulting in less

regional groundwater flow. However, during glacial melting, retreat and sea incursion,

anisotropy in the permeability field does not have a profound effect on the flow of stored

meltwater, which tends to be directed steeply downwards or upwards. This is due to

the great horizontal distance to outlet locations for regional flow below the ice sheet,
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compared with the depth to with the flow extends. Decreasing porosity increases

velocities proportionately.

The existence of a wedge of alternating high- and low-permeability sedimentary layers

in the southeastern portion of the region generally has little effect on the regional flow

and salinity distribution inland, and affects flow only in the immediate vicinity of these

layers.

High loading efficiency decreases the recharge of basal meltwater into the subsurface.

In addition, it results in a brief period of high, horizontal, eastward flow (at point east of

the ice sheet center) that is associated with the arrival of the ice front and induced by

high pressures beneath the ice load to the west.

Principal controls on flow and salinity

The peak subsurface fluid velocity magnitudes that occur during the climatic cycles are

associated with recharge and discharge below the warm-based glacier and are

determined largely by the basal melting rate of the glacier and the rock porosity. At

high rates of melting, the peak velocity associated with sub-glacial recharge (typically

about 2x107 m/s at near-coastal locations) is generally not sustained for more than a

few thousand years. The recharge of glacial meltwater is limited by the requirement

that the pressure at the base of the ice sheet not exceed the pressure exerted by the

weight of the ice, which reduces near-surface velocities (to about 5x108 m/s). In the

present simulations, the maximum sustained rate of sub-glacial recharge at Aspo is less

than 0.2 cm/a.

The greater the rate of sub-glacial recharge, the larger the decrease from present-day

salinity levels and the longer the subsurface residence times of the glacial meltwater.

High loading efficiency of the shield rock reduces significantly the total quantity of

meltwater that is recharged. At Aspo during the period of glacial melting, the total
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(maximum) mass of meltwater recharged decreases by nearly an order of magnitude as

the loading efficiency varies from zero to unity. The amount of meltwater recharged is

also less for lower values of rock permeability. While the maximum recharge rate at a

given location generally occurs as sub-glacial melting begins there, maximum discharge

coincides with the arrival of the margin of a receding ice sheet. Simulations suggest

that all increases in regional subsurface fluid velocity above present-day values are

expected to be one order of magnitude or less. However, it may be surmised that

higher values may occur locally depending on the interaction of the geometry of local

surface conditions and the local subsurface permeability distribution.

Conclusions

Although there is much uncertainty concerning both the physical structure and

properties of the Fennoscandian shield rock and the sequence of glacial-climatic

changes that will occur in the future, general results are believed to have been obtained

describing the most important ground-water flow phenomena likely to occur. These

results do not depend on the exact time of occurrence or the duration of glaciations,

and are thus independent of the particular climate model used. Although the results

were derived by modeling a particular cross-section, the phenomena observed may be

considered representative of other similar sections through Norway, Sweden and the

Baltic Sea area. Furthermore, only large-scale phenomena are considered. Thus,

insofar as the subsurface can be treated as a continuum, the results are also

independent of the particular pattern or connectivity of fractures, fracture zones and

other structures, because only the large-scale effects of various patterns have been

considered.

During periods of permafrost, which effectively blocks recharge and discharge of

ground water, flow velocities slow only slightly relative to their present-day magnitudes,
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but directions of flow may change significantly. Regions below cold-based glacial ice

do not experience any additional change in flow beyond that induced by overlying

permafrost. When open taliks occur in areas where ground water discharges at

present, flow within the taliks resembles present-day flow, even during periods when

permafrost is present in other parts of the shallow subsurface.

The advent of warm-based glacial ice with basal melting on the Fennoscandian shield is

of major importance to the regional ground-water flow system. According to Brandberg

et al. (1993), "highly oxidising melt water... may access the bedrock to considerable

depths (due to great differences in hydraulic head) via deeply penetrating hydraulic

fracture zones." Glynn & Voss (1996) have suggested that meltwater with high oxygen

content may transport oxygen to a depth of 500 m an in as little as 100 years, causing a

major decrease in dissolved solids and significant geochemical change in an otherwise

reducing subsurface chemical environment. Glacial meltwater (over 20 ka old and no

longer oxidizing) is indeed found in the rock below Aspo (Glynn & Voss, 1996). In the

present simulations, meltwater recharge occurs at a relatively steep angle (typically

about 45° downward from the horizontal) and can reach depths of a few kilometers in a

few thousand years.

For a large range of likely melting rates, significantly more meltwater is available below

the ice than the shield rock can accommodate without a dramatic rise in pressure. If an

arbitrarily high pressure were allowed below the ice, all of the available meltwater could

be recharged. However, the maximum basal pressure cannot exceed the weight of the

ice without causing the ice to lift or mechanically fail. Thus, the rate of change in local

ice thickness controls the maximum local recharge rate, and excess meltwater must

drain away in subglacial cavities or channels. Given the glacier shape and the rate and

extent of glacial advance assumed in this study, the maximum sustained recharge to

the Fennoscandian shield at Aspo is less than 0.2 cm/a. Thus, with a meltwater

generation rate of 0.5 cm/a, at least 0.3 cm/a must drain away. These large quantities
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of excess fluid may be associated with the development of eskers (Boulton et ai,

1995).

When the ice weight controls the recharge rate, recharge changes to discharge as soon

as the ice thickness begins to decrease during glacial regression. While discharge also

occurs at a steep angle, deep shield brines are not expected to enter subsurface

regions where they are not already found today. Regional flow rates in areas of basal

melting may exceed present-day rates by about one order of magnitude. Higher local

flow rates, created by the peculiarities of fracture-zone architecture and connectivity,

are possible but are not considered in this regional analysis. However, using a model

that accounts for the semi-regional and local fracture zones near and below Aspo, and

regional hydraulic gradients derived from the present analysis, Geier (1996) found that

increases of flow within the fractures themselves is also about one order of magnitude

during sub-glacial recharge and discharge.

The largest ground-water flow rates in the glacial-climatic sequence occur below the ice

as basal melting begins, and near the ice margin during regression. Discharge occurs

to the sea in the area where the sea follows the ice margin inland. Otherwise, it occurs

to the ground surface. This flow is about one order of magnitude greater than present-

day rates, but is confined to the vicinity of the ice margin. Note that very sharp changes

in pressure equivalent to hundreds of meters of water at the ice margin, which may

cause extremely high flows locally, as in the case of ice-dammed lakes, are not

considered in this regional analysis. Given sufficient time following a glacial cycle (tens

of thousands of years in the Base Case), the regional flow system approaches steady

conditions for interglacial (present-day) conditions.

Under present-day conditions, Aspo, along with most other locations along the Swedish

coast, is in a major regional discharge area for deep fluids. As a result, shield brine

occurs near the surface. The present analysis suggests that some of the fresher
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ground water discharging at the coast near Aspo originates as recharge near the center

of the southern Swedish highlands. Thus, it travels in the subsurface for about 100 km

at depths of up to a few kilometers in the shield before discharging. For water traveling

at 10"8m/a (typical of modeled regional velocities in this area), it would take about 300

ka to travel this distance from the recharge point to the discharge point near Aspo.

Thus, the existence of old water in the subsurface does not necessarily imply stagnant

flow conditions in the subsurface; it may simply indicate long flow paths to the

observation point.

The flow of ground water and the water chemistry are, in general, strongly dependent

on regional conditions and driving forces. However, changes in subsurface conditions

from present-day conditions near Aspo due to the glacial-climatic cycle are controlled

primarily by the changes in local surface conditions.
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Figure 25. Area included in areal ground-water flow model. Shown are zero-elevation
contours (relative to present sea level) and the velocity field driven by elevation heads.
Vectors are scaled logarithmically.
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Figure 26. Velocity in areal ground-water flow model at selected times after imposition
of zero recharge/discharge at interior nodes. Specified hydraulic head boundary
conditions at model perimeter. Vectors are scaled logarithmically. Contours denote
zero elevation relative to present sea level. Figure 26(a) appears above.
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Appendix A: Areal Model

An areal flow analysis has been carried out to determine the general direction and

characteristic time scales of the regional flow and to assess the sensitivity of the flow to

boundary conditions. The areal model is based on the computer code SUTRA (Voss,

1984). Because it is areal, the model does not account for the effects of variable

density. The area covered by the model is shown in Figure 25. A hydraulic conductivity

of 10"8 m/s is used in all areal model runs. A porosity of 10"3 is assumed in computing

velocities.

Figure 25 also shows the predicted velocity field under ice-free, steady-state

conditions. The head at each point on the surface, including the boundaries, is equal to

the elevation head obtained from a set of topographic contours (Tiren, S., personal

communication). The presence of the sea is not taken into account. (Steady-state

flows computed in regions not covered by sea are unaffected by the presence or

absence of the sea.) While local variations in velocity obscure much of the regional

flow field, on average, flow diverges from major topographic highs, such as the

Caledonides and the southern Swedish highlands, and converges toward intermediate

lows. (These regional flows become more evident as small-scale features dissipate in

the transient runs described below.) Along the entire coast of Sweden, flow is generally

directed offshore, indicating that the coast is a natural discharge area. (Recall that, had

the presence of the sea been taken into account, the model would have computed zero

flow in the region occupied by sea.) Thus, Aspo is in a natural discharge area when the

seacoast is in its present location.

To simulate the effect of an overlying, cold-based ice sheet, a transient simulation has

been performed with zero recharge/discharge prescribed at each interior point of the

domain, using the present-day head distribution as the initial condition. At the
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boundaries, heads are specified as before. Figure 26 shows the velocity field at

selected times and at steady state. Semi-regional flow systems are visible at 1 to 2 ka

AP. At 10 ka AP, only the effects of major topographic features such as the

Caledonides and the southern Swedish highlands remain. By 50 ka AP, even these

have disappeared, and the velocity field closely resembles that at steady state. Similar

results are obtained when a no-flux condition is prescribed at the boundary, except that

the steady-state velocity is uniformly zero.

The results obtained from this areal model helped to determine an appropriate line of

section for the cross-sectional model that forms the basis for most of this work. The

chosen line of section runs, on average, northwest to southeast, roughly along a

streamline in the regional flow system, and in the general direction in which most of the

ice sheet margin is likely to advance. The line of section connects two major

topographic features of the Fennoscandian shield in Sweden: the Caledonides and the

southern Swedish highlands. A plot of the velocity field induced by these large-scale

topographic features {Figure 26c, for example) confirms that the flow of groundwater is

generally oriented along the line of section (see Figure 1).
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Figure 27. Small-scale cross-sectional model: Finite element mesh.
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Appendix B: Small-Scale Cross-sectional Model

As a prelude to the full, 140-ka transient simulations, a smaller-scale cross-sectional

model was developed. This model follows a portion of the line of section (Figure 1) that

stretches roughly from the foothills of the Caledonides to Gotland. The cross-section is

shown in Figure 27.

The model is used to address three scenarios: ice-free (interglacial) conditions, during

which surface topography drives steady-state flow; transient development of flow

confined beneath an impermeable surface layer that represents either permafrost or

cold-based ice (periglacial/glacial); and basal melting (glacial) conditions, during which

a specified rate of surface recharge drives steady-state flow. The first two scenarios

yield valuable preliminary insights into the problem and are discussed below. Input

parameters are given in Table 3.

Figure 28 shows an example of steady-state velocity and concentration fields under

interglacial surface conditions. (The sea is not taken into account in this simplified

model). The boundary conditions are as follows: constant, uniform pressure

representing a water table along the top boundary; no flux along the left and bottom

boundaries; and hydrostatic conditions along the right side. The density is held

constant; the solute acts as a tracer. As expected, a zone of dilute water forms

beneath each of the two topographic highs. The vertical extent of the dilute-water

zones decreases as the mass transfer coefficient, kmXf is increased, and the sharpness

of the concentration gradients increases with decreasing dispersivity. However, in the

absence of variable density, the dilute-water zones remain the only regional-scale flow

features.

With the introduction of variable density, an additional flow feature appears: a

circulation at the lower right margin of the body (lens) of fresh water beneath the
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Figure 29. Small-scale cross-sectional model: Steady-state velocity and
concentration fields under interglacial surface conditions. Variable density.
Symbols and annotations as in Figure 28.
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Figure 30. Small-scale cross-sectional model: Steady-state velocity and
concentration fields under interglacial surface conditions. Variable density
and depth-dependent permeability. Symbols and annotations as in Figure 28.
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as in Figure 28.



Caledonides (Figure 29). The corresponding concentration field is skewed, with fresh

water penetrating deeper beneath the surface as one moves toward the west. A similar

trend has been found in field measurements of dissolved solids in this region. Near the

coast at Aspo, saline fluids are found near the surface (Glynn & Voss, 1996), and at

Klipperas, low TDS fluid occurs to considerable depth (Ahlbom etal., 1992), in

agreement with the thicker modeled lens containing water recharged in the southern

Swedish highlands. The modeled brine concentration at the 'Deep Gas' borehole is

also in general agreement with field data from that site (Juhlin, 1989). Given the

sparseness of the field data, the general agreement can by no means be considered

proof that the assumed rock-water interaction is the actual primary mechanism for brine

formation in the Fennoscandian Shield, or that the assumed distributions of

hydrogeologic parameters are "correct".

The simulations described above were performed with a uniform permeability

throughout the domain. Figure 30 shows the velocity and concentration fields when the

permeability decreases abruptly by a factor of ten at 200 m depth, and by an additional

factor of ten at 500 m depth, resulting in a permeability 100 times lower than the original

value throughout most of the domain. The mass transfer coefficient is also decreased

by a factor of 100 to preserve the ratio between the characteristic times for flow and

mass transfer at depth. The resulting concentration distribution resembles that in

Figure 29, except near the surface, where the flow is fast compared with the rate of

mass transfer, and the water is therefore fresher.

Figure 31 shows the evolution of the velocity and concentration fields when the surface

is abruptly sealed off to simulate the effect of a rapidly formed, impermeable, cold-

based ice sheet or a layer of permafrost. The effects of variable density are included,

and the ice-free, steady-state fields depicted in Figure 29 are used as initial conditions.

After 20 ka, the maximum velocity in the system has decreased by only 16 percent.

This decay is slow compared with that observed in the case of uniform density, which
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requires roughly 5 ka to achieve a similar decrease in the maximum velocity. These

results suggest that the regional flow responds to stresses on two different time scales:

a short scale on which pressures reach a quasi-steady state with respect to the new

boundary conditions and the density field, and a long scale on which the density field

evolves through solute advection, dispersion, and generation.
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specific heat of fluid, J/(kg °C)

thermal conductivity of fluid,
J/(s m °C)

specific heat of solid grains, J/(kg °C)

thermal conductivity of solid grains,
J/(s m °C)

4182.

0.6

1000.

1.

Table 4. Additional input parameters for energy transport simulation (Figure 32) based
on flow field shown in Figure 29.
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temperature in °C. Elevations and distances are relative to the land surface
at Aspo.



Appendix C: Energy Transport Simulations

A comparison of characteristic values of thermal energy fluxes under present-day

conditions suggests that the transport of thermal energy by conduction exceeds

transport by advection by at least an order of magnitude. Thus, the geothermal

gradient should be largely undisturbed by the regional-scale circulation of ground water

under present-day conditions. To verify this, the transport of thermal energy is

evaluated using the small-scale cross-sectional model described in Appendix B. The

velocity field from the ice-free (interglacial) situation, shown in Figure 29, is used as the

basis for an energy transport simulation in which variations in density due to

temperature are neglected. Vertical temperature gradients measured to 500 m depth at

various sites in Sweden (Ahlbom et a/., 1995) range as high as 15°C/km and may be

somewhat higher in localized areas and at greater depths. To evaluate whether

advection significantly affects the thermal regime in low-permeability shield rock,

gradients of 15 and 25°C/km were tested. To approximate a geothermal gradient of

25°C/km, the ground surface (top boundary) temperature was set to 0°C, and the

bottom boundary temperature was set to 250°C. Additional input parameters are listed

in Table 4. Figure 32 shows the resulting temperature distribution. The virtually

uniform vertical gradient in temperature suggests that advection is relatively

unimportant. Using a more typical value of 15°C/km for the temperature gradient made

no appreciable difference. Hence, conduction is the principal mode of thermal energy

transport in this system. This conclusion is consistent with the one-dimensional model

of Bredehoeft & Papadopulos (1965), which predicts that, for parameter values

representative of this flow system, conduction dominates when the magnitude of the

vertical velocity is less than about 10B m/s. The largest (not necessarily vertical)

velocity in Figure 32 is about 4x10"8 m/s, and only minor deviations from a linear vertical

temperature profile are observed in the simulation.
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During sub-glacial recharge, the advective flux of thermal energy can be comparable to

the conductive flux, and the geothermal gradient is likely to be influenced by the flow of

ground water. Although this effect is neglected in the present work, the corresponding

error in thermal buoyancy forces is unlikely to have a large effect on the flow system

during sub-glacial recharge and subsequent discharge of overpressured water,

especially at higher rates of sub-glacial recharge, which are of greatest interest.
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Appendix D: Surface Conditions

The predicted climate change sequence reported by King-Clayton etal. (1995) focuses

on conditions at Aspo (Figure 4) and offers some information regarding the movement

of the permafrost and ice fronts across southern Sweden. For the purpose of regional-

scale modeling, piecewise-linear approximations to the curves in Figure 4 are used to

construct a plausible chronology of surface conditions along the entire line of section

over the next 140 ka (Figure 5). (To observe the recovery of the flow system following

the final glaciation, the final interglacial period has been extended to 140 ka AP.) The

aim is not to create a detailed representation of future events, but rather to capture the

essential nature and approximate magnitudes and timing of the major climatic changes

expected, so that the range of likely flow and transport regimes during this period can

be determined.

In the exposition that follows, all statements regarding when various fronts (ice,

permafrost, sea) arrive at Aspo are based directly on the piecewise representation of

Figure 4. Statements regarding the passage of fronts through other localities are based

on qualitative descriptions given by King-Clayton et al. (1995). The timing of predicted

glacial maxima is also given by King-Clayton et al. (1995). For the sake of simplicity, a

front is assumed to move at a constant rate between any two points at which its arrival

time is prescribed. Additional assumptions are stated below.

The advance of the permafrost front is assumed to begin at 0 ka AP at a central point in

the Caledonides and to proceed at a constant rate, reaching the east coast of Sweden

at Aspo at 10 ka AP and continuing beyond the eastern boundary of the model

(northern Poland). Permafrost recession associated with the first interglacial is

neglected; in any case, the front is not likely to recede past Aspo. If the permafrost

were to disappear or become discontinuous and permeable during the middle of the

interglacial, the flow and concentration fields would briefly tend toward their present-day
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states, only to resume their previous trend once continuous permafrost had

reappeared. It is unlikely that more rigorous modeling of this period would uncover any

behavior fundamentally different from that observed during the subsequent interglacial

periods. In addition, it is assumed that permafrost does not form in the wake of a

retreating warm-based glacier. The details of permafrost retreat are irrelevant at Aspo,

where sea incursion behind the retreating ice sheet prevents permafrost formation.

Away from Aspo, permafrost at the edge of a retreating warm-based ice sheet would

simply delay discharge of ground water.

The thickness of the ice sheet is given by h = 3.1 (R- A)1/Z (Embleton & King, 1975),

where h is the ice thickness, r is the distance from the center of the ice sheet, R is the

value of rat the ice sheet margin, and all distances are in meters. The numerical

coefficient, 3.1, has been chosen to give a thickness of approximately 2200 m at Aspo

at glacial maximum {Figure 4, 60 ka AP).

The ice sheet associated with the first of three glaciations is assumed to begin in the

Caledonides at 0 ka AP, and to advance at a constant rate until a glacial maximum at

20 ka AP, at which time the front is still well short of Aspo. During the second

glaciation, the ice sheet front begins its advance from the foothills of the Caledonides,

passes over Aspo at about 50 ka AP, and reaches a glacial maximum at 60 ka AP.

Extrapolating the movement of the front backward from the glacial maximum, through

the time of contact with Aspo, to an arbitrarily chosen point in the foothills, the time at

which the second advance begins is estimated to be around 44 ka AP. Connecting this

point back to the first glacial maximum then determines the (constant) rate of retreat

during the first glaciation. The rate of retreat during the second glaciation is determined

by extrapolating forward in time from the glacial maximum at 60 ka AP to the next time

of contact with Aspo. The time at which this extrapolated line reaches the central point

in the Caledonides marks the end of the second glaciation (about 82 ka AP).
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The third and final glaciation is assumed to begin immediately after the second

glaciation has ended. The ice sheet front advances at a constant rate such that it

passes over Aspo at 94 ka AP, and continues at this rate, reaching its maximum extent

(the eastern end of the model) at about 103 ka AP. The permafrost front originates

from the same point, and advances such that it reaches Aspo at 85 ka AP and

continues on past the eastern end of the model. Permafrost retreat is handled as in the

second glaciation. The ice sheet front retreats from the glacial maximum such that it

passes over Aspo at about 118 ka AP and continues until it disappears in the

Caledonides at about 135 ka AP.

During glacial advance, basal melting is assumed to occur everywhere under the ice

sheet except within a fixed distance of the ice margin, where cold-based conditions

prevail. This fixed distance was chosen such that during the second glaciation (the first

major glaciation), the time interval between the arrival of the ice margin and the arrival

of the basal melting zone at Aspo is 3 ka, which is the approximate interval expected

between the arrival of the ice margin and the disappearance of permafrost (Figure 4).

During glacial retreat, it is assumed that the zone of basal melting ceases to advance.

Sea level is given by Figure 4, and its inland extent is determined by the topographic

elevation of the shield surface along the line of section. The sea follows the ice margin

inland during glacial regression until sea level falls below the ground surface elevation

at the ice margin, at which time the ice and sea separate, forming a coast. Sea

incursion beyond the present-day coast occurs due to isostatic depression of the shield

below the glacier, which can reach thicknesses of about 2 km. Isostatic rebound of the

shield lasts beyond 10 ka following a glaciation; rebound resulting from the most recent

glaciation continues today at rates of up to 1 cm/a in parts of Sweden (Sjoberg, 1989),

although at Aspo, rebound is much less.
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The preceding discussion described the construction of nominal time periods during

which various processes have the potential to occur. Whether or not a particular

process occurs depends on the presence or absence of other processes. Specifically,

it is assumed that permafrost does not exist beneath areas covered by sea. Also, ice

sheets are assumed to remain grounded and to displace any potential seawater; their

margins are truncated by calving, but only up to the point where the ice head matches

the sea head at the base of the ice.

For the sake of simplicity, the permafrost thickness is assumed to be spatially uniform,

although it varies with time in accordance with the expected thickness at Aspo (Figure

5). When permafrost is absent at Aspo but is expected to be present at other locations,

it is assigned a nominal thickness of 3 m (and near-zero permeability) at these

locations. Thus, the permafrost is of the correct (expected) thickness at Aspo at all

times and is able to form a barrier to recharge and discharge of ground water when

present at other locations. When permafrost is overrun by a glacier, it is assumed to

disappear completely within the zone of basal melting. Open taliks, or openings in the

permafrost, are most likely to occur at points of present ground-water discharge. Such

taliks, when present, are represented by 40- and 70-km-long openings in the

permafrost centered at Aspo and 250 km west of Aspo (at the low point between the

southern Swedish highlands and the Caledonides), respectively.

As long as the basal pressure at a given location remains below the pressure exerted

by the weight of the overlying ice, the ice is assumed to be impermeable, and all

meltwater generated at that location is recharged directly to the subsurface. However,

if the basal pressure were to exceed the ice pressure, the ice sheet would lift, and over-

pressured water would escape through subglacial cavities and channels (Boulton etal.,

1995; King-Clayton et al., 1995). Recharge to the subsurface would then cease if the

weight of the ice and the melting rate both remained constant (assuming the vertical

pressure profile equilibrates rapidly and that lateral flow is negligible). In terms of model
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boundary conditions, this situation is handled as follows. Flow conditions at the model

boundaries are specified by setting the pressure (as during ice-free conditions) and/or

the net rate of fluid input (as during forced recharge) at each boundary node. At each

node within the zone of basal melting, the rate of fluid input (recharge) is set equal to

the rate of meltwater generation associated with that node. When the pressure at such

a node is less than the ice pressure, it is left unconstrained during the subsequent time

step. When the pressure equals or exceeds the ice pressure, it is constrained to equal

the ice pressure during the subsequent time step. The way in which this constraint is

implemented in SUTRA (Voss, 1984) allows keeping track of the amount of water that

has to be released from or added to the boundary node in order to satisfy the pressure

constraint. This constraint is enforced as long as the pressure would otherwise exceed

the ice pressure, that is, as long as satisfying the constraint requires water to be

released. The rate of recharge to the subsurface is then the rate of meltwater

generation, minus the rate of release associated with the pressure constraint. If, at the

beginning of a time step, it is determined that water must be added to achieve the

specified pressure, the constraint is removed; the basal pressure is allowed to fall below

the ice pressure.
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Appendix E: TDS Profiles

The starting point for each transient run of the (large-scale) cross-sectional model is a

steady-state flow and concentration field. In each case, the rate constant for rock-water

mass transfer, /<„,„ is chosen such that the concentration field approximates observed

brine concentrations in the manner described below.

Near the coast at Aspo, saline fluids are found near the surface; ground water is

relatively fresh down to 1 km depth, then increases steadily in TDS concentration,

reaching 70,000 ppm at about 1.7 km depth (Laaksoharju et al., 1995). Extrapolation of

the trend suggests that the concentration reaches about 100,000 ppm (which

corresponds to OCT** = 0.3 in this analysis) at 2 km depth.

At the 'Deep Gas1 borehole (Juhlin, 1989), about 300 km west of Aspo along the line of

section, ground water is relatively fresh to a depth of 3.4 km. Increasingly concentrated

brines are found at greater depths, reaching 100,000 ppm {C/CT" « 0.3) at about 5.4

km.

In our simulations, the rate constant kmx is chosen such that a brine concentration of

C/C"1" = 0.3 is found about 2 km (generally 1 - 3 km) beneath Aspo and about 5.4 km

depth (generally 4 - 7 km) at the site of the Deep Gas borehole. In the resulting

steady-state profiles, fresh water penetrates deeper into the subsurface as one moves

westward, except in areas of natural discharge, where brines are advected to the

surface.
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Appendix F: Density Function

The following function is used to represent the variation of density with concentration,

temperature, and pressure:

2p = poo + 3cAC+ BJAT+ aPAP+ ajjiAl)2 + aPP(AP)2 +

where p, C, T, and P represent density in g/cc, concentration in mass fraction,

temperature in °C, and pressure in bars, respectively. The symbol "A" indicates

deviations from the reference conditions 0 g-solute/g-fluid, 0°C and 1 bar absolute

pressure, at which p = p^ = 0.9998 g/cc (Marsily, 1986). The quadratic function was

truncated after the first-order term in C to facilitate its use in the SUTRA simulator

(Voss, 1984). The coefficients, determined by fitting the density function to the data of

Potter and Brown (1975), are:

at = 8.755x10'3 (g/cc)/(g-solute/g-fluid),

aT =-4.935x10'4(g/cc)/°C,

aP = 7.363x105 (g/cc)/bar,

a n = -1.556x10"6 (g/cc)/(°C)2,

aPP = -3.818x10'8 (g/cc)/(bar)2,

aTP = 3.087x10'7 (g/cc)/(°C bar).
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