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[1] The hydrodynamic consequences of a glaciation/deglaciation cycle within an
intercratonic sedimentary basin on subsurface transport processes is assessed using
numerical models. In our analysis we consider the effects of mechanical ice sheet loading,
permafrost formation, variable density fluids, and lithospheric flexure on solute/isotope
transport, groundwater residence times, and transient hydraulic head distributions. The
simulations are intended to apply, in a generic sense, to intercratonic sedimentary basins
that would have been near the southern limit of the Laurentide Ice Sheet during the last
glacial maximum (~20 ka B.P.), such as the Williston, Michigan, and Illinois basins. We
show that in such basins fluid flow and recharge rates are strongly elevated during
glaciation as compared to nonglacial periods. Furthermore, our results illustrate that steady
state hydrodynamic conditions in these basins are probably never reached during a 32.5 ka
cycle of advance and retreat of a wet-based ice sheet. Present-day hydrogeological
conditions across formerly glaciated areas are likely to still reflect the impact of the last
glaciation and associated processes that ended locally more than 10 ka B.P. Our results

reveal characteristic spatial patterns of underpressure and overpressure that occur in
aquitards and aquifers, respectively, as a result of recent glaciation. The calculated
emplacement of low salinity, isotopically light glacial meltwater along basin margins is
roughly consistent with observations from formerly glaciated basins in North America.
The modeling presented in this study will help to improve the management of
groundwater resources in formerly glaciated basins as well as to evaluate the viability on
geological timescales of nuclear waste repositories located at high latitudes.

Citation: Bense, V. F., and M. A. Person (2008), Transient hydrodynamics within intercratonic sedimentary basins during glacial

cycles, J. Geophys. Res., 113, F04005, doi:10.1029/2007JF000969.

1. Introduction

[2] Present-day groundwater flow systems are thought to
be mainly driven by water table topographic gradients [e.g.,
Toth, 1963; Freeze and Witherspoon, 1967] with ground-
water recharge derived from precipitation. During Pleisto-
cene ice house conditions, however, subglacial meltwater is
likely to have been the only source of groundwater recharge
in high-latitude areas overrun by ice sheets. Ice free land
surface covered by permafrost might have seen little infil-
tration [Edmunds and Milne, 2001]. Grasby et al. [2000]
proposed that during the last glacial maxima regional
groundwater flow patterns became inverted across much
of Manitoba, Canada and North Dakota, USA, as the toe of
the Laurentide Ice Sheet overran Paleozoic carbonate aqui-
fers of the Williston and Alberta basins. Under such con-
ditions fluid fluxes in aquifers can be expected to be
significantly modified as a result of the strongly elevated
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hydraulic heads underneath wet-based ice sheets [Anderson
et al., 2004]. One consequence of such condition is that
glacial meltwaters will be driven into aquifers that are
permeable enough to drain water from underneath the ice.
Isotopically light pore fluids have been found in aquifers
situated within sedimentary basins at mid latitudes to high
latitudes across North America (Figure 1) [Person et al.,
2007a] and Europe [Edmunds and Milne, 2001] and these
groundwaters are generally believed to have been derived
from subglacial meltwater [e.g., Siegel, 1990, 1991;
Remenda et al., 1994; Grasby et al., 2000; Person et al.,
2003; Grasby and Chen, 2005; McIntosh and Walter, 2005]
or to have infiltrated underneath proglacial lakes [e.g.,
Marksamer et al., 2007]. These paleowaters have also been
found in confining units [e.g., McIntosh and Walter, 2005]
and in basement rocks across the Canadian shield [e.g.,
Clark et al., 2000]. The occurrences of emplaced glacial
waters in these latter low permeability requires extreme
hydraulic gradients underneath ice sheets. This isotopically
light water of glacial origin is usually fresh to slightly
brackish and is therefore suitable to be produced for water
supply [e.g., Ferguson et al., 2007].

[3] Several prior studies have reconstructed basin-scale
fluid flow during glaciation in Europe [e.g., Boulton et al.,
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1995; Van Weert et al., 1997, Piotrowski, 1997] and in
North America [Grasby et al., 2000; Breemer et al., 2002;
Person et al., 2003; Carlson et al., 2007]. These studies
assumed a fixed ice sheet geometry associated with the last
glacial maximum (LGM) and quasi steady state flow con-
ditions. Recent studies [i.e., Person et al., 2007a; Lemieux
et al., 2008a, 2008b, 2008c] considered transient processes
in the study of these large-scale hydrogeological systems
such as brine migration, permafrost formation and mechan-
ical loading in regional and continental-scale models of
fluid flow patterns during glacial cycles. Because of grid
discretization limitations, the continental-scale studies by
Lemieux et al. could not however consider the detailed
effects of hydrodynamics within sedimentary basins. In the
basin-scale analysis presented here, we consider the hydro-
dynamic consequences of a wet-based ice sheet that over-
runs an idealized representation of an intercratonic
sedimentary basin located near the southern extent of the
Laurentide Ice Sheet during the LGM (~20 ka B.P.). We
first discuss the coupled thermal, mechanical and hydrolog-
ical processes that can be expected to influence the transient
dynamics of groundwater flow systems during glaciation.
We then compare our modeling results to observed fluid
pressure patterns reported in the Alberta and Williston
basins [e.g., Corbet and Bethke, 1992; Neuzil, 1993; Bachu
and Underschultz, 1995], the Michigan Basin [Bahr et al.,
1994], and an Alpine foreland basin in Europe [Vinard et
al., 2001]. We also compare our model results to observed
salinity and isotope patterns at the margins of the Illinois
and Michigan basins [e.g., Mclntosh and Walter, 2005,
2006]. Our analysis provides insight into volumes, rates
and variability of freshwater emplacement into otherwise
mostly saline aquifers which is of relevance to the manage-
ment of these freshwater resources where they are used for
public water supply. Moreover, the modeling approach
developed here provides a framework to analyze the hydro-
dynamical stability of potential nuclear waste repository
sites within in the geosphere which require to be isolated
from the biosphere over geological timescales.

2. Processes Impacting Subsurface Fluid Flow
During Glacial Cycles
2.1. Permafrost Formation

[4] The progressive downward propagation of permafrost
into the subsurface when land surface temperatures drop
below freezing temperatures will drastically reduce the
permeability of the porous medium. Permanently and en-
tirely frozen soil (permafrost) has a permeability that is up
to about 8 orders of magnitude lower than that unfrozen
equivalent [e.g., Kleinberg and Griffin, 2005]. However,
contractional fracture networks and associated formation of
ice wedges [e.g., Plug and Werner, 2001] can create
permeable pathways within the permafrost layer. Therefore,
we assume here that the permeability of frozen ground will
effectively only be 5 orders of magnitude reduced in com-
parison to unfrozen ground. Such reduction in permeability
compares to an effective ice content of about 80% of the
total porosity of the soil [Kleinberg and Griffin, 2005]. We
expect that subsurface hydraulic conditions will alter strongly
when ice occupying pore space melts or develops and the
presence of permafrost with sufficient thickness would
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impact both the rates of subglacial recharge and discharge
of glacial water ahead of the ice sheet rim.

2.2. Mechanical Loading and Unloading by the Ice
Sheet

[5] Small changes in pore water volume that occur when
a porous medium is mechanically compressed (loaded) or
expands (unloaded) both result in changes in pore water
pressure [e.g., Domenico and Schwartz, 1998]. In highly
permeable rock these transient changes in fluid pressure will
quickly dissipate. However, in low-permeability units like
shales, clay, or crystalline rocks, the effects of loading and
unloading can induce anomalous fluid pressures that require
thousands of years to return to equilibrium conditions [e.g.,
Neuzil, 1993]. A large volume of work has been carried out
studying the occurrence of disequilibrium fluid pressure
conditions in subsiding sedimentary basins as a result of
rapid sedimentation and erosion [e.g., Neuzil and Pollock,
1983; Bethke and Corbet, 1988; Harrison and Summa,
1991; Corbet and Bethke, 1992; Neuzil, 1993]. However,
glacial loading and unloading are considerably faster pro-
cesses than sedimentation and erosion, as a means to load
and unload a pile of sediment. For example in the Alberta
and Williston basins average erosion rates are in the order of
10~* m/a [Corbet and Bethke, 1992], while the rate of
decrease in effective land surface topography (the ice
surface) by ice sheet retreat is orders of magnitudes larger,
up to 1 m/a [e.g., Cutler et al., 2000; Tarasov and Peltier,
2007]. Nevertheless, relatively little attention has been paid
to the possibility that the mechanical loading of sediments
by an advancing ice sheet and the subsequent unloading
when the ice retreats would have transient fluid flow effects
comparable to sediment burial and erosion respectively
[e.g., Lerche et al., 1997; Bekele et al., 2003]. Vinard et
al. [2001] demonstrated convincingly that prominent under-
pressures in the Alpine foreland are probably related to a
combination of glacial and erosional unloading.

[6] Corbet and Bethke [1992] argued that because during
ice sheet advance and retreat the amount of loading would
be roughly equal and the two effects would effectively
cancel each other out. However, paleoclimatic reconstruc-
tions using isotopic data as well as ice sheet models have
shown that the ice sheet retreat (driven by rising temper-
atures) is usually more rapid than the growth of an ice sheet
(mostly driven by precipitation rates) [e.g., Boulton et al.,
1995; Tarasov and Peltier, 1997; Johnson and Fastook,
2002]. Taking this into account, we would then expect to
see anomalous, subhydrostatic fluid pressures in areas ice
sheets have recently withdrawn from.

2.3. Lithospheric Flexure

[7] Continental-scale flexure of the lithosphere occurs as
an isostatic adjustment within the mantle to the weight of
the ice sheet during and after the buildup and retreat of
continental ice sheets on top of an elastic lithosphere. A
rigorous treatment of transient ice sheet flexure requires
accounting for viscous mantle flow at the continental-scale
and the magnitude of flexure is largely controlled by the
viscosity of the mantle underlying the lithosphere [e.g.,
Peltier, 1998]. The maximum isostatic deflection of the
lithosphere by an ice load should be about 30% of the ice
sheet thickness [e.g., Brevik and Reid, 2000; Howell et al.,
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Figure 1.

Map showing the location of those sedimentary basins in North America that would have

been located near the limit of extent of the Laurentide Ice Sheet during the Last Glacial Maximum
(~20 ka B.P.). Contours indicate ice thickness during this period according to a reconstruction by

Tarasov and Peltier [2004].

2000]. Although the response of the lithosphere to ice sheet
loading is transient with a response time of ~3—4 ka [e.g.,
Le Meur and Huybrechts, 1996; Peltier, 1998], here, we
employ an isostatic approach during ice loading and unload-
ing. The postglacial rebound phase has been simulated as a
transient response using an exponential decay equation.

[8] Field studies indicate that during ice sheet retreat the
great majority of the isostatic rebound (e.g., 75% of the
maximum deflection) happens while the ice is thinning
during retreat [e.g., Brevik and Reid, 2000]. After this phase
of “restrained” rebound, the remaining topographic depres-
sion (now about 25% of the maximum deflection) will be
reduced through ““postglacial” rebound. The rates of post-

glacial rebound as constrained by '*C ages of, for example,
paleoshore lines, usually follow a pattern of exponential
decay [Hughes, 1998].

[9] Lithospheric flexure by ice loading is expected to
have a strong effect on hydrogeological processes by
lowering the ice sheet and land surface elevation which
will reduce the effective hydraulic head imposed by the ice
sheet. In addition, a rebound of the land surface during and
after retreat of the ice will result in an changing topographic
gradient to drive groundwater flow.

2.4. Effects of Dense Brines

[10] Hanor [1987] documents that within most intercra-
tonic sedimentary basins in North America salinity

30of 17



F04005

1k
E
— 2
=
o
a
3F > =
(on N
® =)
af s
0 0.2 0.4

Salinity [kg/L]

Figure 2. Salinity versus depth for three sedimentary
basins (from Hanor [1987]; locations indicated in Figure 1).

increases with depth because of the fluid-rock geochemical
interactions and dissolution of soluble evaporite minerals
(Figure 2). As a result, salinity at depths of greater than 1 km
can far exceed sea water concentrations. Sub ice sheet
recharge of fresh glacial meltwater will, to some extent,
displace these dense saline waters at the margins of the
basin. On the other hand, density effects associated with
these brines will act as opposing forces to sub ice sheet
recharge.

3. Numerical Modeling

[11] The processes discussed above are incorporated into
a suite of heuristic numerical simulations that allow us to
evaluate their impact on the hydrodynamics within an

North A4 S3 A3 S2 A2 S1_Al
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idealized intercratonic sedimentary basin during the last
32.5 ka. Hence, we describe the ultimate phases of the last
glacial cycle during which the Laurentide Ice Sheet invaded
and retreated from a number of sedimentary basins between
N40° and N50° on the American continent (Figure 1). The
heuristic models we have constructed are cross sectional.
We solve the governing equations that are outlined in
Appendix A, using the generic numerical modeling code
FlexPDE (PDE Solutions, FlexPDE v.5.10, http://www.
pdesolutions.com, 2006) focusing on a detailed representa-
tion of permafrost evolution and lithospheric flexure. We
also used a parallel version of the computer code described
by Person et al. [2007b] to evaluate transport of oxygen
isotopes and variable density flow in the basin. The bound-
ary conditions and set up of these models are described
below.

3.1. Model Geometry and Petrophysical Properties

[12] The geometry of the idealized sedimentary basin
considered here (Figure 3) is representative of an intercra-
tonic sag basin with slightly uplifted shoulders [e.g., Turcotte
and Schubert, 1982]. The basin has a maximum depth of
5000 m and width (length) of 700 km; which dimensions are
comparable to that of the Michigan or Illinois basins (Figure 1).
The sedimentary basin consists of four aquifers (A1—A4)
separated by three semiconfining units (S1—S3) representing
shale beds. The sedimentary units thicken toward the basin
center. The values of compressibility, permeability and
porosity for all units are shown in Table 1. In accordance
with reported values [e.g., Domenico and Mifflin, 1965;
Neuzil, 1986, 2003], compressibility is set to vary over a
range of almost 2 orders of magnitude (5 x 107° to 107°
Pa ') between shales and sandstones respectively. Also,
compressibility decreases with depth (i.e., S1 > S2 > S3).
Permeability and porosity follow similar patterns (i.e., Al >
A2 > A3). We have not implemented complex effective stress
relations for sediment petrophysical properties that could be
used to vary compressibility and permeability with depth as
proposed for shallow sedimentary aquifers [e.g., Bense and
Person,2006] or crystalline basement rocks [e.g., Ingebritsen
and Manning, 1999]. We set the compressibility during ice
sheet retreat to be equal to that during ice sheet advance so
assuming purely elastic conditions. Table 1 also shows a

South

Basement

Elevation [km]

Distance [km]

Figure 3. Basin stratigraphy used in the model simulations discussed in this study. We considered a
sedimentary sag basin embedded in crystalline basement rock in an area of small topographical
differences. This basin consists of aquitards (S1—S3, dark shading) represented by shale units and
aquifers (A1—A4, light shading) formed by sandstone units. The box limited by the dashed line indicates
the extend of Figures 7 and 5. The black dots in the aquifers in the basin center indicate locations where
hydraulic head and horizontal fluid flux are monitored during the model simulation.

4 of 17



F04005 BENSE AND PERSON: TRANSIENT HYDRODYNAMICS OF INTERCRATONIC BASINS F04005
Table 1. Physical Properties of the Stratigraphic Units Presented in Figure 3*

Unit k, (m?) B, (Pa™h S, (m™h) n Ko (W/°Cm) D (m) T (years)
Basement 107" 107" 1077 0.1 3.27 - -
Aquifer 1 10712 107° 10°° 0.4 1.79 - -
Aquifer 2 107" 107° 1073 0.3 2.19 - -
Aquifer 3 10" 5x 1071 5x10°° 0.2 2.67 - -
Aquifer 4 10 5x 1071 5x10° 0.2 2.67 - -
Shale 1 10716 5x 1078 5x107* 0.6 1.20 800 101,471
Shale 2 1077 1078 1074 0.5 1.47 500 7927
Shale 3 1078 5x107° 5x107° 0.4 1.79 400 2537

*Where permafrost is present, permeability is lowered by 5 orders of magnitude. Vertical permeability (k) is set as 1 order of magnitude lower than &,
listed in the table. 7'is the characteristic response time is calculated using equation (1), (3, is the vertical sediment compressibility, 7 is the total porosity, S; is
the specific storage as calculated using equation (A3) in Appendix A, and k, is the apparent thermal conductivity calculated using equation (A7) in

Appendix A and values listed in Table Al.

characteristic response time to changes in loading, 7 [a], for
the aquitards (S1—S3) given by

DS
T:T7 (1)

in which K [m/a] is hydraulic conductivity, as derived from
permeability, £ (see equation (Al) in Appendix A), and D
[m] is the thickness of each confining unit.

3.2. Boundary Conditions

3.2.1. Fluid Flow

[13] Glaciogeomorphological evidence [Kleman and
Hdttestrand, 1999], and numerical simulations [e.g.,
Marshall and Clark, 2002; Tarasov and Peltier, 2007]
indicate that it is likely that thawed bed conditions persisted
during the LGM over the Michigan, Illinois and Appala-
chian basins, as well as over the southern parts of the
Williston and Alberta basins. We assume here that under
such conditions a direct hydraulic connection exists be-
tween the glacier and land surface. However, we note that
such connection up till now has only been demonstrated for
glaciers with a thickness of up to about 300 m [e.g.,
Fountain et al., 2005]. In such systems fracture and tunnel
networks in the ice sheet are believed to responsible for a
hydrological link between the ice surface and the base of
the ice sheet [Zwally et al., 2002; van der Veen, 2007].
Thus, we assume that for a wet-based ice sheet the
hydraulic head near the surface of the ice sheet is repre-
sentative for the head at its base and that the water pressure
internally in the ice sheet is hydrostatic. This also implies
that subglacial pore pressures are not affected by subglacial
drainage of meltwater. Under these assumption our models
may be viewed as a best case scenario for aquifer ice
sheet interaction.

[14] We approximate the geometry of the ice sheet and
imposed a hydraulic head boundary condition (%;; [m]) as
function of distance (x [m]) following [van der Veen, 1999]

as:
. L2 L5
hix—EH(t)<l—(m) ) : @)

in which p; and p, [kg/m?] are the densities of ice and water
respectively, L(f) [m] is the length of the ice sheet and H(¢)
[m] is the maximum thickness of the ice sheet at x = 0. The
growth and retreat of the ice sheet is represented by

increasing/decreasing L and H through the cycle of advance
and retreat considered here. The hydraulic head condition
imposed by the ice sheet is taken into account as the surface
hydraulic head boundary condition by adding the hydraulic
head imposed by the ice sheet (%) to the land surface
elevation. The sides and base of the model domain are no-
flow boundaries. In front of the ice sheet the surface
elevation is imposed as the specified head boundary
condition.

[15] We assume initial conditions in the basin to be in a
steady state with respect to the upper water table boundary
condition, resulting in an active topography-driven flow
system at the start of the simulation. The surface elevation
increases from the center of the basin outward over a
topographic difference of ~100 m.

3.2.2. Heat Flow

[16] The surface temperature (7;) and imposed basal heat
flux will control the initial temperature distribution, and the
depth and lateral extent of permafrost. We set geothermal
heat flow at the base of the model as 50 mW/m? and the
initial temperature at the surface as to linearly increase from
—7°C at the northern end of the basin, up to +3°C at the
southern terminus. By using this simple relation between
latitude and surface temperature we ignore any potential
variability of temperature and permafrost thickness as a
result of variations in vegetation cover.

[17] The volume of subglacial meltwater available will be
mainly a function the heat balance at the base of the ice
sheet. This can potentially be calculated on the basis of
assumptions about the temperature distribution at the surface
of the ice sheet, the thickness, thermal structure and internal
deformation of the ice sheet and the amount of heat gener-
ated as a result of basal friction during ice sheet movement
[e.g., Mooers, 1990; Cutler et al., 2000; Marshall and Clark,
2002; Tarasov and Peltier, 2004]. Here, however, we do not
carry out such calculations but take a simplified approach as
outlined below.

[18] The melting point underneath the ice sheet will be
less than 0°C as a result of the pressure effects of the ice. We
do not consider the pressure effects on the melting temper-
ature, which is here fixed at 0°C. We assign the base of the
ice sheet a fixed and uniform temperature of +0.5°C in order
to mimic fully thawed bed conditions. While the near-
surface temperatures calculated following this approach
might be several degrees higher than they would be realis-
tically, the transient permafrost distribution and permeabil-
ity structure should be accurate. South of the ice sheet toe,
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temperatures remain as they were initially until the phase
during which the ice sheet retreats which is when temper-
atures start to rise after the LGM ends. In the area not
covered by the ice, surface temperature is set to rise
uniformly by 8°C over 5 ka.

3.2.3. Solute Transport and Groundwater Age

[19] As an initial condition, salinity is assumed to linearly
increase with depth, from 0 to about 0.25 kg/L, roughly in
accordance with observed present-day patterns (Figure 2).
During the simulation salinity at the surface is set to 0 kg/L
so that all water infiltrating under the ice is fresh. We did
vary the initial salinity gradients to study its effect. We
found that the results were relatively similar for the different
density scenarios for the permeability distributions used in
this study.

[20] For simplicity, we used an uniform mineralogy for all
units in the model to calculate initial fluid oxygen isotopic
compositions (see Table A2 in Appendix A). We assumed
that the fluid isotopic composition was in initial thermal
equilibrium with the surrounding rock assemblage at a
given depth and temperature. We note, however, that we
ignore the potential effects of preglaciation hydrodynamics
and recharge area specific fractionation processes. Further-
more, we neglect evaporation effects on isotopic enrichment
of Paleozoic brines [Mcintosh et al., 2004] which likely
results in an overestimation of the maximum oxygen
isotopic enrichment by several permil. Assuming equilibri-
um conditions in the simplified geological system as we do
here produced an initial trend of increasing fluid isotope
composition with depth from —10 to +10%0 6'%0 between
the water table and the base of the sedimentary infill of the
basin. For regions not covered by the ice sheet, we set the
isotopic composition of the water table to be —10%o0 §'%O.
Beneath the ice sheet we impose an isotopic composition of
—20%o 6'%0. This is consistent with estimates of Laurentide
Ice Sheet meltwaters sequestered in thick proglacial lake
deposits [Remenda et al., 1994].

[21] We calculated groundwater age distributions by
setting as an initial condition in the entire domain the age
to zero. During the course of the simulation the age of the
water at the surface is fixed as zero as a specified value
boundary condition. The initial age of the groundwater is set
as zero, hence the maximum age of groundwater in the
simulation will be that of the simulation time (i.e., 32.5 ka).
3.2.4. Lithospheric Flexure

[22] Lithospheric flexure as a result of a distributed load
can be described using a fourth-order flexural equation
which incorporates the viscosity of the mantle underlying
the lithosphere [e.g., Nadia, 1963; van der Veen, 1999; Sella
et al., 2007]. In order to implement this approach, we would
require representing the loading history of the entire Lau-
rentide Ice Sheet far to the North of our solution domain.
Lemieux et al. [2008c] presented a continental-scale model
in which lithospheric flexure was imposed using output
from complex glacial systems models. Here, we take a more
simplistic approach assuming entirely isostatic conditions
during part of the cycle. The three different phases of
lithosphere deflection are incorporated as follows. During
the advance and retreat of the ice sheet, basin deflection
occurs at a rate which is function of the loading rate (i.e.,
instantaneous isostatic compensation). We assume that the
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deflection rate during ice sheet advance and retreat (v, [m/a])
is proportional to the ice sheet loading rate (%) following:

n

o (3)

Vg:

in which 7 [m] is the height of the ice sheet calculated as
function of distance (x) using 7 = H(l — (x/Ly*°)'” (see
equation (2)). During ice sheet advance we have set » = 0.3
so that total subsidence (/,,.x [m]) is always 30% of the local
ice sheet thickness. This approximation assumes a crustal
density of about 3 g/cm?® versus an ice density of 0.9 g/cm®.
Our isostatic approach ignores the impact of lateral mantle
flow, which would result in the formation of a fore bulge
during ice sheet advance. Because the mantle’s response to
ice sheet loading has a response time of only 3—4 ka [e.g.,
Le Meur and Huybrechts, 1996; Peltier, 1998], our isostatic
approximation is reasonable. During ice sheet retreat a
lithospheric rebound is considered underneath the ice by
setting b = 0.225 which corresponds to a restrained rebound
of 75% of the maximum depression which is in accordance
with field data [e.g., Brevik and Reid, 2000]. The restrained
rebound phase is followed by postglacial rebound during
which we did consider a transient response empirically
since postglacial rebound is incorporated as an exponen-
tially decaying uplift rate (v,, [m/a]) following:

Vpg = 0.25Ipay (x)e 02/ T, (4)

in which f,, [a] is the time in years since the ice has
completely retreated locally, which is a function of distance
(x). The decay time (7 [a]) can be calculated from
postglacial uplift rates that are estimated, for example,
through an analysis of present-day elevations of dated
paleoshorelines. A thorough analysis of such data from
around James Bay (Figure 1) carried out by Mitrovica et al.
[2000] indicates that a value for 7 of 2.5 ka, which we use
here, is a reasonable estimate.

3.3. Glaciation Scenarios

[23] Figure 1 shows the distribution and estimated thick-
ness of the Laurentide Ice Sheet in North America during
the LGM (~20 ka B.P.) as well as the location of sedimen-
tary basins near the limit of glaciation with known occur-
rences of groundwater originating from subglacial or
proglacial recharge (as reviewed by Person et al.
[2007a]). Depending on their location geographic location
these basins have either been fully covered by the ice sheet,
e.g., Alberta and Michigan basins, or just partly, e.g.,
Illinois, Appalachian, and Williston basins. In the scenario
considered here, we choose to evaluate hydrodynamic
patterns as they develop in a basin that is only partially
covered by an ice sheet.

[24] Figure 4 shows graphically the variation in time of L
and H for the ice sheet scenario to mimic ice sheet advance
and retreat, using L,.x = 575 m and Hp,.x = 3200 m during
the LGM. We assume that the ice sheet moves into the basin
over a time period of 12.5 ka starting to advance at 32.5 ka
B.P, remains at a fixed position for 5 ka and then retreats
rapidly within the following 5 ka. This scenario is approx-
imately in accordance with scenarios from ice sheet models
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Figure 4. Length (L) and maximum elevation (H) of the
ice sheet as varied in time to mimic the buildup and retreat
of the ice sheet covering the basin considered in this study
(see equation (2)). Model results are considered for stages
[-IV.

for the LGM over North America [e.g., Johnson and
Fastook, 2002].

4. Results

[25] As discussed above, we considered two sets of
models using different specialized computer codes. The
first set of models was set up to isolate the impact of ice
sheet advance and retreat upon fluid pressures and assumes
constant density fluid flow ignoring the likely presence of
brines in the basin. This set of models does included the
effects of permafrost formation and thawing solving the
appropriate heat flow equations (Appendix A). We used
these models to evaluate how present-day hydrologic con-
ditions and patterns of anomalous pressures could still
reflect the glacial conditions of the LGM.

[26] In a second set of models we consider the effects of
glaciation on brine migration, advective/dispersive oxygen
isotope transport and groundwater ages. Permafrost forma-
tion and lithospheric flexure are not considered in these
models and we only consider results for the resulting
present-day patterns of the calculated patterns of ground-
water age, salinity and oxygen isotope composition.

4.1. Initial Steady State Condition

[27] Initially, the hydraulic head and fluid flow pattern are
not symmetric around the basin center (Figure 5a) because
of the presence of permafrost and its effects on permeability.
Recharge in the northern portion of the basin is impeded by
permafrost having a permeability of 5 orders of magnitude
lower than that of the unfrozen ground. Most of the
discharge of groundwater in the basin center will originate
from recharge in the southern part of the basin where
permafrost is thinner or absent. Initially, permafrost thick-
ness at the northern end of the model is ~500 m which is in
agreement with observed permafrost thicknesses occurring
at present day at high latitudes (+N80°) under annual
average surface temperature conditions of around —8°C
[Beltrami and Taylor, 1995]. As a result of the increasing
land surface temperatures to the South, permafrost thickness
reduces to around 200 m in the center of the basin (Figure 6).

[28] Computed initial temperature gradients within the
sedimentary basin are higher than within the basement rock
(Figure 5b). This is due to the low thermal conductivity of
the sedimentary rocks as opposed to the crystalline rocks in
the basement. The lower thermal conductivity of the sedi-
mentary strata is largely controlled by their higher porosity
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(see equation (All) in Appendix A). Figure 5c clearly
shows how the computed oxygen isotopic composition of
formation waters is affected by the initial temperature
conditions in the basin. Again, this approach likely over-
predicts the isotopic enrichment at depth where deep basinal
brines are seated that originate from evaporite dissolution.

4.2. Fluid Flow During and After Glaciation

[20] Figures 7a—7c show the transient hydraulic head
distribution for the three initial stages considered here (I—-
III; Figure 4). During stage I (z = 25 ka B.P.) the ice sheet is
advancing from the North into the basin (Figure 7a),
Figure 7b shows the hydraulic heads during the LGM;
stage II (t = 17.5 ka B.P.). Figure 7c shows the hydrological
conditions during stage III (# = 12.5 ka B.P.) as the ice sheet
retreats. Figures 8a and 8b show the history of hydraulic
heads and horizontal fluid flux in aquifer 1—4 in the center
of the sedimentary basin over the entire model scenario,
from 32.5 ka B.P. up till the present day (see Figure 3 for the
location of these points).

4.2.1. Stage I: Ice Sheet Advance Into the Basin
(t =25 ka B.P.)

[30] During the advance of the ice sheet toward the South,
the flexural response to ice sheet loading decreases the
ground and effective ice surface elevation (equation (3)),
which results in a reduction of hydraulic head at the surface.
This process, in combination with the generation of elevated
fluid pressures in the low-permeability confining units due
to mechanical loading by the weight of the ice sheet results
in a hydraulic gradient that would potentially force fluids
toward the surface. Because the high permeability contrast
between the crystalline basement rocks and basal aquifers
(i.e., A4) little fluid enters the sedimentary basin from
below. Where the ice sheet starts to override the aquifer
recharge areas, large lateral hydraulic head gradients in
these high-permeability units drive fluids from the base of
the ice sheet toward the basin center. In the basin center
hydraulic head and fluid fluxes start to rise rapidly in the
aquifers as soon as the ice sheet starts to cover the aquifer
recharge areas, (Figure 8). Hydraulic head rises most in the
deeper aquifers (e.g., A3 and A4) which crop out in the
northern edge of the basin. In the area where permafrost is
still present underneath the ice toward the South, hydraulic
heads near the surface are high (e.g., in A2) and subglacial
recharge is impeded there.

4.2.2. Stage II: Last Glacial Maximum
(t=17.5 ka B.P.)

[31] Mechanical loading of the confining units plays an
important role in understanding the computed hydraulic
head patterns as the ice sheet overruns the sedimentary
basin during the LGM (Figure 7b). In the northern half of
the basin loaded by the ice sheet, the confining units have
an elevated head compared to the less compressible aqui-
fers. However, nearer to the center of the basin, this pattern
is reversed. Hydraulic head disturbances propagate rapidly
through the aquifers and in this area the hydraulic head in
the aquifers are higher than those in the aquitards. Here,
high fluid pressures in the aquifers will diffuse into the
confining units in between the aquifers.

[32] During the LGM while the ice sheet remains at a
fixed position, hydraulic heads keep on building up in the
deeper aquifers (A2—A4) in the center of the basin but with
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