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ABSTRACT

We conducted a series of regional-scale reconstructions of the Pleistocene

hydrogeology of the continental shelf offshore of Martha’s Vineyard Island us-

ing the finite element method. The models incorporated multiple groundwater

impelling mechanisms, including sedimentation, subsidence, erosion, sea-level

loading, variable-density flow, ice-sheet loading, and lithospheric flexure. Using

detailed hydro-stratigraphy acquired from high resolution multi-channel seismic

data, we attempted to determine the influence of the above fluid impelling mech-

anisms and permeability on offshore fresh water, isotope (δ18O), hydraulic head,

and groundwater age distribution. This information can be used to constrain fu-

ture drilling locations in which relatively fresh pore fluids may be found. We

found that compaction associated with sedimentation had a dominant influence

on present-day hydraulic heads, inducing overpressuring and restricting fresh-

water emplacement. Underpressuring was induced by sea-level fluctuations and

erosion. Density instabilities tended to increase the salinity in nearshore sedi-

ments. Ice-sheet loading increased the percentage of brackish-to-fresh pore fluids

(< 5 ppt) compared to ice free simulations, actually doubling brackish-to-fresh

pore fluids when the more expansive ice sheet is present. Due to dispersive mix-

ing, few simulated pore-fluid δ18O signatures returned the glacial end member

value. Simulated groundwater ages were relatively old; ages between 0 and 50

ky were restricted to the nearshore environment and shallow depths across the

continental shelf. Past local topographic gradients, not in present-day stratig-

raphy, could have increased fresh water emplacement into shallow aquifers. We



found that offshore results were highly sensitive to sand and clay permeability, as

well as Pleistocene sediment stratigraphy. However, nearshore salinity and pore

pressure were relatively insensitive to permeability and glacial history. Salinity

and hydraulic head data from Martha’s Vineyard and Nantucket Island provided

some degree of ground truth to our models, however more data is needed to con-

strain the hydro-stratigraphy and glacial history offshore of Martha’s Vineyard

Island. Model results suggest that proposed IODP boreholes should be deepened

to about 1.3 km to maximize chances of encountering fresh water.

Keywords: Continental Shelf; Hydrology; Pleistocene; Glaciations; Martha’s Vine-

yard; Fresh Water; Laurentide Ice Sheet
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CHAPTER 1

BACKGROUND

In 1976, over a dozen offshore boreholes were drilled on the Atlantic con-

tinental shelf, from Florida to Massachusetts, in hopes of discovering petroleum

resources and obtaining a better understanding of the mineralogy, lithology, and

paleo-environments of the Atlantic continental shelf (bullets, Figures 1.1) (Hath-

away, 1981; Hathaway et al., 1979). Surprisingly, instead of petroleum, rela-

tively brackish-to-fresh water (0 to 5 ppt; Figure 1.2) was found in the pore fluids

of coarse-grained sand units to depths greater than 500 m and extending over

100 km offshore (Figure 1.3). Some wells, such as USGS 6001, were found to

be modestly overpressured by about 7.5 m above sea-level (Figure 1.4) (Mark-

samer, 2007). Similar salinity conditions have also been documented more re-

cently offshore Suriname (Figure 1.3) (Kooi and Groen, 2001) and coastal Europe

(Edmunds et al., 2001; Manzano et al., 2001). Coarse Pleistocene deposits that

act as important coastal aquifers in Spain (Manzano et al., 2001) and along the

North Sea European coastline (Edmunds et al., 2001), contain relatively fresh wa-

ter offshore in excess of 100 m depth below sea-level. This offshore fresh water

represents a large, albeit nonrenewable resource that could be utilized by mega-

cities in coastal regions of the world (Cohen et al., 2010). The volume of fresh

water (less than 1 ppt) on continental shelf in New England is estimated to be

1300 km3, up to 104 km3 along the entire North American Atlantic seaboard, and

3x105 km3 globally along all passive margins (Cohen et al., 2010).
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Figure 1.1: Four AMCOR boreholes (6002, 6005, 6011, and 6017) and two Cost
boreholes (G-1 and G-2) off the coast of the Massachusetts, New Jersey, South
Carolina, and Georgia (black circles in large map). Well 228, well ENW-50, and
well USGS 6001 are also present (see map inset). USGS Seismic Line 5 and EN-465
Seismic Line 1 are also shown. USGS Line 5 corresponds with the cross-section
used for this study. The continental shelf-slope break is at -200 m and is presented
as a red line. The maximum known ice sheet extent during the Wisconsin glacia-
tion (20 ka) is indicated by the purple area (Dyke et al., 2002; Hughes et al., 1981;
Marshall et al., 2000). Data from EN-465 Line 1 suggests that the ice sheet may
have extended near the continental shelf-slope break offshore of Martha’s Vine-
yard Island during the Pleistocene (black dashed line in map inset). Sediment
data from Cost G-1 and Cost G-2 were used to determine the stratigraphy.
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Figure 1.2: The pore-fluid salinity (ppt) and stratigraphy of boreholes and wells
shown in Figure 1.1. Notice the scale of ENW-50 salinity plot has a smaller salin-
ity range than the other boreholes and wells. The depth of USGS 6001 is around
2 to 5 times deeper than the other boreholes and wells.
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Figure 1.3: Salinity distribution (ppt) for four cross-sections (1 to 4) along the
Atlantic continental shelf, extending from North America to South America (Co-
hen et al., 2010; Hathaway et al., 1979; Johnston, 1983; Kooi and Groen, 2001;
Marksamer, 2007). Corresponding red lines and numbers on the map designate
the locations of cross-sections 1-4. Orange and yellow shaded patterns represent
crystalline bedrock and continental shelf sedimentary rocks, respectively. This
figure was taken from Cohen et al. (2010).
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Figure 1.4: Temporal changes in hydraulic heads in Cretaceous aquifers in USGS
6001 and water table elevation (well 228) on Nantucket Island, Massachusetts.
The locations of wells USGS 6001 and 228 are shown in Figure 1.1. Well 228 is
located less than 100 m from USGS 6001

5



Pore fluids on Martha’s Vineyard Island are completely fresh to depths of

at least 225 m (Well ENW-50; Figure 1.2). USGS well 6001, drilled on Nantucket

Island, indicates a correlation between salinity and sediment permeability (Fig-

ure 1.2). Sandy (relatively higher permeability) units found in these wells tended

to have lower salinities levels (< 6 ppt) than silty-clay (lower permeability) units,

which have salinities that range between 30 % and 70 % seawater (Hall et al.,

1980; Person et al., 2003). This suggests that fresh water was emplaced sometime

after deposition of marine units. The saline water contained within the low per-

meability units have much longer residence times. Parabolic salinity profiles in

confining units and relatively fresh water in permeable sand suggests disequilib-

rium of the system with current sea-level conditions (Person et al., 2003).

What is the source of the coastal offshore fresh water, particularly offshore

of Martha’s Vineyard Island, Massachusetts? Several mechanisms have been pro-

posed (Figure 1.5). In some instances, relatively fresh water could be the ex-

tension of onshore, shore-normal groundwater flow offshore. For example, the

limestone dominated Floridian Aquifer System extends at least 100 km offshore

mainland Florida, providing a vital fresh water source for the Florida Keys (Wil-

son, 1980). Density effects due to seawater tend to inhibit offshore migration of

fresh water, unless onshore hydraulic heads are high. In New England, present-

day near-shore topographic relief is not high enough to induce emplacement of

fresh water far offshore. Maximum water levels of Martha’s Vineyard Island are

about 3 - 4 m above sea level.

Kohout et al. (1977) was one of the first to suggest that freshwater pore

fluids on Nantucket were likely emplaced during sea-level low-stands (Kohout

et al., 1977). When sea levels were low, shore-normal topographic hydraulic-

head gradients, as well as vertical infiltration associated with local flow, induced

6



Figure 1.5: Compared to variable-density groundwater flow associated with (a.)
modern sea-level conditions, (b.) past sea-level low-stands, and (c.) sub-ice-sheet
recharge provide compelling mechanisms to explain freshwater emplacement in
the continental shelf sediments.
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freshwater infiltration into sediments. Environmental isotopic data (δ18O) ob-

tained from U/Th dating of coral and foraminifera from deep-sea cores indicate

that sea-level was 120 m lower (compared to present day) during the Last Glacial

Maximum / Wisconsin glaciation (about 20 ka), compared to present-day sea

level (Peltier, 1998). Recently, analysis of nobel gas geochemistry of the Floridian

Aquifer System indicates that during Pleistocene sea-level low-stands induced

shore normal lateral flow and recharge of the entire aquifer system with meteoric

waters (Morrissey et al., 2010). Today, hydraulic head data suggests a reversal of

groundwater flow has occurred, associated with modern sea-level high-stands.

In New England, submarine canyons exposed during sea-level low-stand may

have provided a source of modest topographic relief. The associated hydraulic

gradient may have helped to drive fresh water deep into continental-shelf sedi-

ments (Person et al., 2003; Pratson et al., 1994).

The presence of ice sheets on the Atlantic continental shelf in New England

during the Pleistocene may have played an important role in freshwater emplace-

ment by increasing the hydraulic-head gradient of underlying sediments (Engel-

hardt and Kamb, 1997; Hooyer and Iverson, 2002; Person et al., 2007). The Lau-

rentide Ice Sheet covered large portions of North America during the Pleistocene

(Hughes et al., 1981). At about 22 ka the Laurentide Ice Sheet reached a maximum

thickness between 3.9 - 4.5 km over northern Manitoba and Hudson Bay, and

extended 5, 000 km across North America, from Martha’s Vineyard Island, Mas-

sachusetts to the northern boarder of the Yukon Territory (Hughes et al., 1981;

Marshall et al., 2000). In the area of Cape Cod, Martha’s Vineyard Island, and

Nantucket Island the ice sheet rapidly decreased from about 1 km thick on Cape

Cod to 0 km thick at its toe on Nantucket Island and Martha’s Vineyard Island

(Hughes et al., 1981; Marshall et al., 2000). North of Nantucket, along Georges

8



Bank, the Laurentide Ice Sheet is thought to have extended out close to the con-

tinental shelf-slope break during the Wisconsin glaciation (Hughes et al., 1981;

Schlee and Pratt, 1970). Geochemical tracers and numerical reconstructions of

Pleistocene hydrogeologic conditions suggest that the Laurentide Ice Sheet sub-

stantially increased infiltration rates all across North America (Grasby et al., 2000;

Lemieux and Sudicky, 2010; McIntosh and Walter, 2005; Person et al., 2003). Seep-

age from proglacial lakes that formed in Nantucket Sound, Cape Cod Bay, Block

Island Sound, and Long Island Sound could have also played a significant role

in inducing freshwater infiltration into Atlantic continental-shelf aquifers (Mark-

samer, 2007; Uchupi et al., 1996).

Today there is evidence of excess head conditions on the Atlantic conti-

nental shelf. Dugan and Flemings (2000, 2002) presented evidence of under-

compacted clays near the continental shelf-slope break, suggesting near litho-

static pressures. Overpressuring is a result of glacial loading and rapid sedimen-

tation. Rapid sedimentation likely occurred during deglaciation (Breckenridge

et al., 2004). These overpressures drive groundwater shoreward and represent

a competing force preventing freshwater emplacement. Underpressuring (i.e.

sub-hydrostatic heads) is likely a result of sea-level rise, rapid deglaciation, and

erosion. Free-convection due to density instabilities induces gravity / buoyancy

driven flow when relatively dense seawater overruns less dense fresh water, such

as might occur during sea-level rise (Groen et al., 2000; Kooi and Groen, 2001).

Several hydrogeologic studies have investigated the impacts of ice sheets

and sea-level low-stands on continental-shelf hydrogeologic systems. These stud-

ies suggest that sea-level low-stands alone can produce freshwater infiltration

into offshore aquifers (80 km offshore). Ice-sheet loading will promote periods
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of significant influx of fresh water into offshore aquifers (up to 150 km offshore)

if the confining units are thin and the aquifers permeable (10−11m2) (Kooi and

Groen, 2001; Marksamer, 2007; Person et al., 2003). However, these conditions

only occur for a few thousand years each glacial cycle, as the continental shelf

represents the terminus of the Laurentide Ice Sheet. Nevertheless, ice sheets

could have a substantial effect on continental groundwater flow, including in-

creasing groundwater and nutrient fluxes and local reversal of the hydraulic gra-

dient (Hood et al., 2009; Lemieux et al., 2008a). Relatively high-resolution models

that take into account the influence of density on flow (variable-density flow) find

that saltwater overlying fresh water on the continental shelf promotes instabili-

ties and meter-scale fingering of saline and fresh water (Kooi and Groen, 2001).

While more coarsely discretized regional models of the continental-shelf hydrol-

ogy bring to light important dynamics in glacio-hydrogeologic systems, these

models relied on simple and idealized stratigraphy based on coarse geophysical

data and sparsely-spaced well data (Cohen et al., 2010; Marksamer, 2007; Per-

son et al., 2003). These continental-shelf scale models can’t resolve meter-scale

fingering described above.

A seismic survey was conducted in support of our Integrated Ocean Drilling

Program (IODP) proposal to complete 4-6 boreholes on the Atlantic continental

shelf offshore Martha’s Vineyard Island. The acquired high-resolution seismic

data provides a better understanding of the stratigraphy and depositional units

offshore Martha’s Vineyard (Figure 1.6). The data reveals a series of transgres-

sive sequences and unconformities. Shoreward-dipping reflectors (the shore is

towards the North-West) near the eastern edge of EN-465 Line 5 are suggestive

of glacial erosion and/or glacio-tectonic deformation and indicates that the Lau-

rentide Ice Sheet may have extended close to the continental shelf-slope break

10



Figure 1.6: Two shore-normal profiles from high resolution multi-channel survey
of the continental shelf. EN-465 Line 1 and Line 5 seismic reflectors collected
offshore of Martha’s Vineyard Island, Massachusetts as part of this study. Sed-
imentary packages have been divided into 5 units; purple, orange, green, teal,
and blue. U1 (red line) and U2 (yellow line) represent large erosional events.
Back dipping reflectors in the Orange Unit and on the right side of the Line 5 sit
above a large erosional feature that was significant enough to change the direc-
tion of sediment deposition. This deep erosional cut may have been caused by
the Laurentide Ice Sheet during a pre-Wisconsin glaciation. Line 5 is parallel and
to the north of Line 1.
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offshore Martha’s Vineyard Island, during at least one glacial episode prior to

the Wisconsin Glaciation (Figure 1.1).

The purpose of our study was to better understand the mechanisms con-

trolling pore pressure, salinity, isotope (δ18O), and groundwater age distribu-

tion on the continental shelf. We addressed these issues by constructing two-

dimensional finite-element models using newly acquired seismic data taken off-

shore of Martha’s Vineyard Island (Figure 1.6). We used basic principles of seis-

mic stratigraphy analysis to develop an improved representation of the continental-

shelf hydro-stratigraphy. Our model was dynamic, in that it includes sediment

deposition, erosion, and subsidence starting 2.75 Ma.

Several specific questions were addressed as part of this study: (1) What

fluid flow driving forces are most important and when? Does compaction-driven

flow (Bethke, 1986), density instabilities (free convection) (Kooi and Groen, 2003),

or topography driven flow (forced convection) dominate (Person et al., 2003)? (2)

Does the presence of the ice sheet have a significant effect on simulated salin-

ity and pore pressure? (3) What effect does ice sheet maximum extent have on

computed present-day salinity and pore pressure patterns? (4) How does an im-

proved representation of deposition, erosion, and sedimentation during the evo-

lution of the continental shelf influence simulated present-day salinity and pore

pressure? (5) How sensitive are calculated present-day pore pressures and salin-

ities to permeability magnitude and permeability distribution? (6) Are the pro-

posed IODP boreholes likely to intersect paleo-fresh water? Observed salinity

and hydraulic-head data from Martha’s Vineyard Island and Nantucket Island

served as ground truth for our model study. In the remainder of this paper we

describe the geology, paleo-climate, and Pleistocene sea-level fluctuations. We

12



describe the transport processes represented in our model, and the method used

to used to represent ice-sheet loading.
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CHAPTER 2

SITE DESCRIPTION

Cape Cod and Martha’s Vineyard Island are part of the Atlantic Coastal

Plain, characterized by relatively gentle slopes (about 0.7 m/km). Glacial end

moraines form the highest topographic relief at 53 m above sea-level (Klitgord

et al., 1994; Oldale, 1992). This area is dominated by unconsolidated marine and

glacial deposits ranging in age from Late Cretaceous to Quaternary (Folger et al.,

1978; Hall et al., 1980; Hathaway et al., 1979; Kaye, 1964). Geophysical data in

combination with sediment cores suggest that these sediments extend offshore,

increasing in thickness and forming a wedge of sediment overlying the bedrock

(Klitgord et al., 1994; Poppe and Poag, 1993). The slope of the interface between

the sediments and the bedrock increases from northeast to southwest, from about

0.005 km/km to 0.013 km/km (Garrison, 1970; Klitgord et al., 1994; Uchupi and

Mulligan, 2006).

Offshore New Jersey and Martha’s Vineyard Island, Atlantic continental

shelf sediments are composed of a sequence of clinoforms (Figure 1.6) (Garrison,

1970; Metzger et al., 2000; Pirmez et al., 1998), prograding stratigraphic sequences

that are assumed to document the position of paleo-shorelines (Fulthorpe and

Austin, 2008; Gale et al., 2002; Haq et al., 1987). The shoreline is marked by a

transition between coarse and fine sediment. Sea-level fluctuations over geologic

time resulted in alternating sand and clay with depth (Christie-Blick, 1991; Met-

zger et al., 2000).
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Global eustatic sea-level during the Wisconsin glaciation (about 20 ka) is

estimated to have been 120 m below modern sea-level (Figure 2.1) (Peltier, 1998).

Cores taken from Nantucket Sound, Barnstable Marsh, Vineyard Sound, and Buz-

zard Bay indicate that sea-level at Martha’s Vineyard Island could have been

−12 m below modern sea-level at 4.5 ka, −16.5 m at 7.6 ka, and −57 m at 14.2

ka (Gutierrez et al., 2003; Oldale and O’Hara, 1980; Redfield and Rubin, 1962).

Global sea-levels were about −8 m below modern sea-level at 4.5 ka, −16 m at

7.6 ka, and −92 m at 14.2 ka (Siddall et al., 2003). The disparity between the lo-

cal (area around Martha’s Vineyard) and global sea-level records is due to local

disequilibrium between deposition and subsidence rates (Fulthorpe and Austin,

2008) and lithostatic flexure caused by the load of the Laurentide Ice Sheet.

Large expanses of North America are currently still rebounding from the

Wisconsin glaciation (Peltier, 1998). Hudson Bay area is currently experienc-

ing postglacial rebound, resulting in a local decrease in sea-level by 1.2 cm/yr

(Peltier, 1998). Massachusetts is currently experiencing relative sea-level rise of

0.2 cm/yr due to crustal collapse of the glacial forebulge (Uchupi et al., 1996). At

about 16 - 14 ka, southern Maine and northeastern Massachusetts were inundated

by the sea due to ice sheet retreat and slow recovery of the lithosphere (Barnhardt

et al., 1995; Uchupi et al., 1996).

Starting about 2.7 Ma - 3.0 Ma (the beginning of the Pleistocene), tempera-

ture ranges increased compared to temperature ranges during the pre-Pleistocene.

Climatic cycles during the Pleistocene initially had a period of about 41 ky, in-

creasing to a period of 100 ky between 900 - 700 ka (Raymo and Huybers, 2008).

Starting around 2.6 Ma the Laurentide ice sheet advanced and covered large ex-

panses of North America, extending down to Long Island, New York and the
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Figure 2.1: Temporal variations in a.) sea-level (Miller et al., 2005), b.) ice sheet
extent, and c.) temperature evolution from 2.75 Ma to 0 Ma used in our model.
We adjusted ∆ temperature by adding modern land surface temperature (13oC)
over Martha’s Vineyard Island. In b.) the line only represents the curves used to
implement ice sheet extent to Martha’s Vineyard Island. The ice sheet length (pre-
sented in Figure 2.1) is measured from the southern part of Hudson Bay (Hughes
et al., 1981). When the ice sheet extent is greater than the light-blue dashed line
then the ice sheet was on the continental shelf.
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northern part of New Jersey along the North American East Coast (Balco and

Rovey, 2010; Gustavson, 1976).

According to the recent cosmogenic-nuclide (10Be and 26Al) data from end

moraines, the most recent glacial advance of the Laurentide ice sheet reached its

maximum at Martha’s Vineyard Island 23.5 ka (Balco et al., 2002). The margin

of the ice sheet likely started advancing across New England between 31 and 27

ka, reaching its maximum extent on Martha’s Vineyard Island between 25 and

23 ka. The ice sheet then started to retreat at 18.8 ka (Dyke et al., 2002; Oldale,

1992), indicating that the Laurentide ice sheet was likely out on the continental

shelf for about 10-15 ky. Prior to 18 ka, a proglacial lake formed over what is

now Nantucket Sound (Masterson et al., 1997; Uchupi et al., 1996). Tills and pale-

osols from Kansas, Nebraska, Missouri, and Iowa suggest that there were at least

seven pre-Wisconsin advances of the Laurentide Ice Sheet that reached a position

further south in the mid-continent than it did during the Wisconsin glacial stage

(Roy et al., 2004). The Laurentide Ice Sheet reached a similar southern extent

(around 39 o N) in Missouri during the Early Pleistocene (around 2.4 Ma) (Balco

and Rovey, 2010).

Prior to this study, the furthest extent of the of the Laurentide Ice Sheet

offshore of Massachusetts was thought to be to Martha’s Vineyard Island during

the Wisconsin glaciation (around 20 ka). To the North, near George’s Bank, the

ice sheet is assumed to have extended further past the modern shoreline, likely

coming very close to the continental slope, due to the presence of thick gravels

found in sediment cores (Hughes et al., 1981; Schlee and Pratt, 1970). However,

our new geophysical data suggests that the ice sheet may have extended near

to the continental shelf-slope break offshore of Martha’s Vineyard Island during
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pre-Wisconsin glaciations. The geophysical data shows backward dipping reflec-

tors (thought to indicate glacial erosion) that are very similar to what is observed

on Greenland’s southeastern continental shelf (Figure 1.6) (Larsen et al., 1998).
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CHAPTER 3

METHODS

3.1 Introduction

In order to characterize New England’s present-day and paleo-hydrology,

and to address the questions described in Chapter 1, we sequentially solved a

suite of transport equations that represent two-dimensional, transient, variable-

density groundwater flow, heat, and solute transport. These systems of equations

were solved using the classical finite-element method in a model called RIFT2D.

The fluid flow, heat, and solute transport equations were coupled using equations

of state for viscosity and fluid density.

RIFT2D has been used by many prior studies and represents a powerful

tool to estimate past groundwater flow conditions in basins (Mailloux et al., 1999;

Person et al., 2003; Person et al., 1996; Wieck et al., 1995). This code was modi-

fied as part of this study to include the effects of lithospheric flexure, and stable

isotope (δ18O) and groundwater age transport. Mathematical models, such as

RIFT2D, can represent processes that change slowly over tens of thousands of

years and can be compared to present-day pressure and geochemical tracer data.

The drawback of these models is that paleo-boundary conditions and model pa-

rameters are poorly known and some uncertainty exists in simulation results.
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3.2 Model Domain

The cross-sectional hydrogeologic model was used to simulate the paleo-

hydrology of the Atlantic continental shelf along a shore-normal transect that ex-

tends from Cape Cod, through Martha’s Vineyard Island, and 250 km offshore

(just before the shelf break in a NW-SE direction; Figure 3.1). Simulated hy-

drostratigraphy incorporated geophysical data (Klitgord et al., 1994), and nearby

core data (AMCOR and COST boreholes, Figure 1.1) (Folger et al., 1978; Hall

et al., 1980; Hathaway, 1981; Hathaway et al., 1979; Poppe and Poag, 1993). Bios-

tratigraphy data from Georges Bank (Cost-G1 and Cost-G2; Figure 1.1) provided

approximate transition zones between fine (clay) and coarse (sand) sediment in

sediment deposited before the Late Mesozoic (Poppe and Poag, 1993). However,

due to the dearth of offshore core data stratigraphic sequences and associated

sediments deposited before the Late Mesozoic times were highly idealized. Late

Mesozoic to Quaternary stratigraphy geometry was taken directly from EN-465

Line 1 (Figure 1.6). Again, the paucity of sediment data made it difficult to corre-

late the seismic reflectors with stratigraphic sequences. Due to the uncertainty of

sediment distribution in the stratigraphic sequences we considered different sed-

imentary realizations within the Pleistocene-Holocene stratigraphy in an attempt

to quantify our uncertainty (this is discussed more in Section 3.17).

Our finite element grid evolved through time in order to represent glacio-

fluvial sedimentation and erosion during the Pleistocene (Figure 3.1). The evolv-

ing stratigraphy is described in further detail in Section 3.15. Evolution, in par-

ticular the change in surface topography and elevation, of the area that now con-

tains Cape Cod and Martha’s Vineyard Island is presented in Figure 3.2.
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Figure 3.1: Implemented stratigraphic evolution of the continental shelf offshore
Martha’s Vineyard Island over the past 2.75 My. a.) stratigraphy at 4 important
transitional points in our simulation. b.) the subsidence, deposition, and erosion
rates between the time periods in a.) Elevation is relative to modern sea-level.
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Figure 3.2: Topographic evolution in the area that presently includes Cape Cod
and Martha’s Vineyard Island. These elevations are relative to modern sea-level.
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We used three-node triangular elements and linear trial solutions to ap-

proximate unknown nodal heads, temperature, concentrations, stable isotope

composition, and groundwater age. At the start of all our simulations with evolv-

ing stratigraphy, 20342 elements and 10457 nodes were used to discretize Precam-

brian bedrock (not shown) and Cretaceous to Pliocene deposits. During the sim-

ulations, top surface elements and nodes were removed to represent erosion and

were added to represent sedimentation. At the end of the simulated 2.75 My, the

grid contained 25900 elements and 13249 nodes. The added elements and nodes

represented Pleistocene and Holocene sediments. All our simulations started at

2.75 Ma and ended at present-day. All simulations had a time step size of 100

years. Since the focus of the IODP drilling was on continental-shelf sediments

(Cretaceous to Holocene), we do not show the bedrock hydro-stratigraphy in our

results. All elevations used in this study are relative to modern sea-level.

3.3 Groundwater Flow

We solved for variable-density groundwater flow using the following trans-

port equation,

∇ · [µrρ f K∇(h + ρrz)] = Ssρo[
∂h
∂t
− ∂η

∂t
ρi

ρw
− ρsw

ρ f

∂sl
∂t
−

ρs − ρ f

ρ f

∂L
∂t

] (3.1)

where∇ is the gradient operator, K is the hydraulic conductivity tensor, h

is the hydraulic head, ρo is the water density at standard conditions (10oC, 0.0ppt

salinity, and 0.0 MPa), ρr is the relative density, µr is the relative water viscosity, Ss

is the specific storage, ρ f is the density of groundwater, t is time, η is the elevation

of the ice sheet, ρs is the density of the solid phase, ρw is the density of water, ρi
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is the density of ice, ρsw is the density of seawater, sl is sealevel, and L is the

sediment water interface elevation. Using the term ρrz allowed us to take into

account flow induced by density instabilities (more dense water over less dense

water).

Equation 3.1 is a variation of the groundwater flow equation presented in

Garven and Freeze (1984), except in addition to temporal changes in temperature

we take into account loading due to the ice sheet, sea level, and sedimentation.

The first term on the right-hand side of Equation 3.1 accounts of changes in stor-

age due to temporal variations in hydraulic head. The second and third terms

on the right-hand side of Equation 3.1 accounts for ice-sheet loading and seawa-

ter loading, respectively. Sediment loading is represented by the fourth term on

the right-hand side of Equation 3.1. These terms are required because changes in

sea-level and ice sheet thickness induces a change in vertical stress which is felt

instantaneously at depth. We assume a loading efficiency of one. This may over-

estimate pore pressures induced due to ice-sheet or sediment loading at depths

less than 300 m. Freshwater hydraulic head in Equation 3.1 is given by

h =
P

ρog
+ z (3.2)

where P is fluid pressure, g is gravitational acceleration, and z is elevation above

the reference datum (Hubbert, 1940). We also corrected for hydraulic head changes

due to subsidence and flexure, which caused elevation change.

We used the following equation for the variable-density form of Darcy’s

Law in our model (Garven and Freeze, 1984):

~q = −Kµr∇(h + ρrz) (3.3)
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Relative density (ρr) and viscosity (µr) used in Equation 3.1 and 3.3 are given by

ρr =
ρ f − ρo

ρo
(3.4)

µr =
µo

µ f
(3.5)

where µo is the viscosity of water at standard conditions (10oC, 0.0 ppt salinity,

and 0.0 MPa) and µ f is the viscosity of water. µ f and ρ f are dependent on tem-

perature and concentration.

The principal components of the hydraulic conductivity tensor K are par-

allel and normal to the geologic units. Components Kxx, Kzz, Kzx, and Kxz are

calculated using

Kxx = Kmax

Kzz = Kmin (3.6)

Kxz = Kzx = 0

where Kmax is the maximum component of permeability and Kmin is the minimum

component of permeability.

3.4 Solute Transport

Transport of solute through porous media is controlled by advection, Fick-

ian diffusion, and hydrodynamic dispersion (Freeze and Cherry, 1979). For rela-

tively low pore velocities (< 10−5 m/yr), solute transport is dominated by diffu-

sion; dispersive and advective transport are more important when fluid velocities
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are higher. We used the following equation to represent advective/dispersive so-

lute transport (Konikow and Grove, 1977),

∇ · [D∇C]−~v · ∇C− C(∇ ·~v) = ∂C
∂t

(3.7)

where D is the hydraulic dispersion-diffusion tensor, ~v is the groundwater ve-

locity (~v = ~q/φ), φ is porosity, and C is species concentration total dissolved

solids reported as solute mass fraction (kilograms of solute per kilograms of so-

lution). We converted mass fraction to ppt (parts per thousand solute) for use in

our study.

Equation 3.7 neglects the effects of solute diffusion into low permeabil-

ity blocks and rapid advection through fractures (i.e. double porosity effects)

(Feehley et al., 2000). It also neglects the effects of sources/sinks, such as fluid-

rock geochemical reactions (Provost et al., 1998). The tensor D has the four com-

ponents, Dxx, Dzz, Dzx, and Dxz, defined by

Dxx =
v2

x
|~v|αL +

v2
z
|~v|αT + Dd

Dzz =
v2

z
|~v|αL +

v2
x
|~v|αT + Dd (3.8)

Dxz = Dzx = (αL − αT)
vxvz

|~v|

where vx and vz are components of seepage velocity in the x− and z−directions

(vx = qx/φ and vz = qz/φ), Dd is the diffusion coefficient, αL is the longitudinal

dispersivity, αT is the transverse dispersivity, and |~v| =
√

v2
x + v2

z.
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3.5 18O Transport

Water-rock oxygen isotope exchange reactions can generally be neglected

when temperatures are less than 100oC (Bowman et al., 1994). This was the case

for our hydrologic models of New England; temperatures at the base of our

model never exceeded 90oC. We used 18O transport equations homologous to

Equations (3.7)-(3.9);

∇ · [D∇R f ]−~v · ∇R f =
∂R f

∂t
(3.9)

where R f is the fluid 18O/16O ratio. In systems that the dominant constituent

(solute) contains the dominant isotope (16O) then the mole fraction of 16O ap-

proaches unity. Thus conservation of R f can be considered conservation of 18O

(Criss et al., 1987).

3.6 Heat Transport

Temperature can affect fluid density (Garven and Freeze, 1984) and per-

mafrost in our model (Bense and Person, 2008). We used a conductive heat-

transfer equation:

[c f ρ f φ + csρs(1− φ)]
∂T
∂t

= ∇ · [λφ
f λ

1−φ
s ∇T] (3.10)

where λ f is the thermal conductivity of the fluid phase, λs is the thermal conduc-

tivities of the solid phases, φ is porosity, T is temperature, cs and c f are the specific

heat capacities of the solid and liquid phases, respectively, and ρs is the density

of the solid phase. Equation 3.10 accounts for heat capacity of the water and
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the solid phase and neglects thermal source/sinks (i.e. latent heat of freezing)

associated with freezing/thawing of permafrost. Convective heat transfer was

neglected because the systems we considered here did not produce high vertical

velocities over a significant fraction of the sedimentary pile. Studies that have

included the effects of freezing/thawing require very fine temporal and vertical

grid discretization that preclude long (paleo-hydrology) simulations (McKenzie

et al., 2007). Bense and Person (2008) found that the latent heat of melting would

delay permafrost thawing for no longer than a few thousand years (Bense and

Person, 2008). On the time scale of a glacial cycle (41-100 ky) the effects of neglect-

ing this should be small. We adopt a simplified approach where by we lower the

hydraulic conductivity of the porous media by two orders of magnitude if the

temperature drops below the pressure melting temperature. A similar approach

was used by Cohen et al. (2010).

3.7 Groundwater Residence Time

We calculated groundwater age using a numerical method similar to the

method used for salinity (Section 3.4) and δ18O (Section 3.5) (Goode, 1996):

∇ · [D∇A]−~v · ∇A + 1 =
∂A
∂t

(3.11)

where D is the hydraulic dispersion-diffusion tensor, ~v is the groundwater ve-

locity (~v = ~q/φ), φ is porosity, and A is the groundwater age. In Equation 3.11,

transport of groundwater age is homologous to transport of a solute: in particu-

lar groundwater age can be advected, diffused, dispersed, and mixed with water

with different groundwater ages. The largest difference between Equation 3.11

and Equations 3.7 and 3.9 is the third term on the left-hand side of Equation 3.11,
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which accounts for the unit increase in age with a unit time step. The age calcu-

lated using this equation represents mean age.

3.8 Equations of State

Thermodynamic equations of state are used to compute the density and

viscosity of groundwater at elevated temperature, pressure, and salinity condi-

tions. RIFT2D uses the polynomial expressions from Kestin et al. (1981):

1
ρ f

= a(T) + b(T)P + c(T)P2 + Cd(T) + C2e(T)− PC f (T) (3.12)

−C2Pg(T)− h(T)
2

P2

µ f = µo[1 + B(T, C)P] (3.13)

where C is the solute concentration, T is temperature, P is pressure, and a(T),b(T),...h(T),

and B(T, C) are 3rd− and 4th− order temperature- and concentration-dependent

polynomials (Kestin et al., 1981). These polynomial expressions are valid for tem-

peratures between 10 to 150oC and salinities between 0 and 6m NaCl. Fluid den-

sity is more sensitive to temperature and salinity than fluid pressure. Below 10oC,

we set viscosity and fluid density to standard state conditions (10oC, 0.0ppt salin-

ity, and 0.0 MPa).

3.9 Sea-Level and Ice Sheet Evolution

In our analysis we did not solve for the ice-sheet dynamics, as has been

done recently (Flowers et al., 2005; Le Brocq et al., 2009). Rather we imposed ice

sheet position and thickness using polynomial functions. Changes in the position

and thickness of the ice sheet are tied to marine isotope records, which provide a
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measure of continental ice storage. By knowing the approximate size, elevation,

and maximum lateral extent of the Laurentide ice sheet relative to our model co-

ordinates, we were able to reconstruct ice loading by altering the top boundary

conditions, in particular hydraulic head, temperature, salinity, and δ18O, as well

as appropriately altering the elevation of portions of our mesh affected by litho-

spheric flexure due to ice-sheet loading. Exactly how the boundary conditions

were changed will be discussed in later sections. Though, it is important to know

that the boundary conditions of salinity, δ18O, and groundwater age were ad-

justed to a zero gradient boundary condition for areas experiencing groundwater

discharge.

We approximated sea level during the Pleistocene (2.75 Ma) by using fluc-

tuations in δ18O data derived from foraminifera (Figure 2.1) (Bintanja et al., 2005;

Dutton et al., 2009; Kawamura et al., 2007; Miller et al., 2005; Raymo et al., 2006;

Raymo and Huybers, 2008; Siddall et al., 2003; Sosdian and Rosenthal, 2009).

δ18O data from marine foraminifera suggest substantial eustatic sea-level changes

over the last glacial cycle and similar changes throughout the Pleistocene (Bin-

tanja et al., 2005; Miller et al., 2005). Presumably these sea-level changes are due

changes in continental ice storage.

We estimated the timing of Laurentide Ice Sheet advances and retreats by

assuming the ice sheet was absent (sea-levels highstands) when the marine car-

bonate δ18O was depleted (δ18O < 0.3 ‰) and the ice sheet was at its maximum

size (sea-levels low-stands) when the marine carbonate δ18O was enriched (δ18O

> 0.3 ‰; Figure 2.1). Taking into account a shift between 41 ky and 100 ky glacial

cycle at 900 ka, there were potentially 60 glacial stages since 3 Ma (Raymo and

Huybers, 2008). We allowed the Laurentide Ice Sheet to wax and wane using
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simple linear equations (Figure 2.1). The rate of ice sheet advance and sea-level

decline was always slower than ice sheet retreat and sea-level rise. As shown in

Figure 2.1 we assumed that the ice sheet maximum extent was the same for all

glacial periods, but not necessarily the same for the last glacial period (Wiscon-

sin) in which the ice sheet only extended to Martha’s Vineyard Island. Since the

Laurentide Ice Sheet may have reached the continental slope, we tested two dif-

ferent scenarios of ice sheet maximum extent (Figures 3.3 and 3.4). In one case

the ice sheet had a maximum thickness of 1.4 km at Cape Cod and extends to the

continental shelf-slope break (about 250 km south-east of Cape Cod) during all

pre-Wisconsin glaciations. In the other scenario, the ice sheet’s maximum thick-

ness was 1.1 km at Cape Cod and maximum extent was only to Martha’s Vineyard

Island (about 80 km south-east of the most western portion of our model domain)

for every glacial period throughout the Pleistocene (See Figure 3.4).

We approximated ice sheet thickness (H) using a polynomial similar to

one presented by Vialov (1958) (Figure 3.4),

H(x) = Ht

√
|1.0− (x/Lt)2)| (3.14)

where Ht is the thickness of the ice sheet at the summit, Lt is extent of the ice sheet

from its center in Hudson Bay and Northern Manitoba, and x is the distance from

the summit (center) of the ice sheet (Vialov, 1958). The load due to the ice sheet

(η) is then,

η(x) = 0.9H(x). (3.15)

Only about 90 % of the ice sheet thickness contributed to hydraulic head (This is

explained in Section 3.10).
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Figure 3.3: Temporal variations in a.) sea-level (Miller et al., 2005), b.) ice sheet
extent from the center of the ice sheet (southern part of Hudson Bay) (Hughes
et al., 1981). , and c.) temperature evolution since 170 ka used in our model. We
used a modern land surface temperature of 13oC over Martha’s Vineyard Island
(Gustavson, 1976). In b.) the green dashed line represents the imposed ice sheet
extent scenarios used in which the ice sheet came out almost to the shelf-slope
break (250 km in our model domain) during pre-Wisconsin glaciations and the
black line represents the imposed ice sheet extent scenarios in which the ice sheet
just came out to Martha’s Vineyard Island for all Pleistocene glaciations. For
both scenarios, the ice sheet extended to Martha’s Vineyard for the Wisconsin
glaciation (most recent glaciation). For extents greater than the blue dashed line,
the ice sheet was on the continental shelf.
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Figure 3.4: Two scenarios of the evolution of the ice sheet on the continental shelf
(starting on the eastern side of Cape Cod) during the last two glacial cycle. Top:
ice sheet extends to Martha’s Vineyard Island during the Wisconsin glaciation.
Bottom: ice sheet extends near the continental shelf-slope break (250 km) during
the Illinoian glaciation. Note, the x-distance is relative to the furthest eastern
portion of our model domain, which is near Cape Cod.
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We used Equation 3.15 to represent the mechanical load of the entire Lau-

rentide Ice Sheet into Canada, in order to calculate flexural adjustments to the

lithosphere. Flexural adjustments to the land surface elevation decreased the im-

posed elevations heads by as much as 400 m to 500 m (about 33 - 36 % of the ice

sheet thickness) along the left side of our mesh.

3.10 Boundary Conditions for Groundwater Flow

The sides and bottom of the model domain were prescribed no-flow bound-

aries. A specified hydraulic head was imposed along the top boundary. It is im-

portant to note that the continental shelf-slope break is considered as part of the

top boundary, thus having prescribed head boundary. Top nodes below sea level

were given a freshwater hydraulic head equal to sea-level elevation corrected for

the density of seawater (head = sl ∗ 1.025/1.0). Figure 2.1 contains the sea level

curve used in all simulations. In areas overrun by the ice sheet, we increased

hydraulic head by adding 90% of the ice sheet thickness to the rock surface ele-

vation. This assumes that the Laurentide Ice Sheet had liquid water present at its

base and that basal and surface meltwater generation rates were high enough to

keep fluid pressures at or near floating conditions. This assumption is supported

by paleo-pore pressure reconstruction from under consolidated tills from the Des

Moines Lobe in Iowa (Hooyer and Iverson, 2002), as well as modern fluid pres-

sure measurements beneath modern ice streams in Antarctica (Engelhardt and

Kamb, 1997). As discussed below (Section 3.11), this condition is modified when

permafrost is present. Subaerial top nodes not covered by the ice sheet were as-

signed heads equal to the land surface elevation.
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3.11 Thermal Boundary Conditions and Initial Conditions

For heat transfer we assumed insulated side boundary conditions and an

initial linear increase in temperature with depth (30oC/km). At the base of the

model we imposed a basal heat flux of 0.06 W/m2, which is typical for the conti-

nental crust. At the top boundary condition of the domain we set prescribed tem-

peratures, dependent on the location of top nodes relative to the ice sheet and the

shore line. A temperature of 4oC was specified for all surface nodes below sea-

level. Surface nodes exposed to the air were set to the atmospheric temperature.

We approximated atmospheric paleo-temperature changes using Pleistocene ma-

rine foraminifera δ18O records (Bintanja et al., 2005). The average atmospheric

temperature (2001-2010) in Martha’s Vineyard Island is 13oC, similar to average

temperatures in New England (12.5oC) (Gustavson, 1976). During the last glacial

maximum, isotopic records suggest that temperatures decreased by 17oC (Figure

2.1) (Bintanja et al., 2005).

Depending on the location of the boundary node, if basal ice-sheet temper-

atures or atmospheric temperatures were less than the pressure melting point, we

decreased the permeability of its respective triangular element by two orders of

magnitude to represent the effects of permafrost formation. Top boundary nodes

under the ice sheet were assigned a temperature calculated using an analytical

solution for vertical advective-conductive heat transport through the ice sheet

(See Section 3.12).

3.12 Ice Sheet Basal Temperature Boundary Condition: Analytical Solution

Temperatures within an ice sheet are controlled by both conduction and

advection of heat (Hooke, 1998). We used the following analytical solution to
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the one-dimensional vertical, steady-state, advective-conductive heat transport

equation (Hooke, 1998),

Ti(zi) = Ts −
√

π

2
βo

ζ
[er f i(ζH)− er f i(ζzi)] (3.16)

ζ =

√
w

2κH
(3.17)

er f i(r) =
1√
2π

∫ r

0
e

s2
2 ds (3.18)

w = −bn (3.19)

where zi is the elevation above the base of the ice sheet, Ti is the temperature

within the ice sheet at zi, Ts is the surface temperature of the ice sheet, βo is the

basal temperature gradient, H is the thickness of the ice sheet, κ is the ice thermal

diffusivity, w is the vertical ice velocity at the ice surface, bn is the net accumu-

lation rate, and er f i(r) is the imaginary error f unction. This analytical solution

is intended for only positive vertical advection (negative net accumulation), thus

is used for the ablation zone. Due to our location near the edge of the ice sheet,

the portion of the ice sheet over our study area is assumed to always be in the

ablation zone.

We set Ts, the temperature at the top of the ice sheet, equal to the air tem-

perature. Instances where the calculated basal temperature was higher than the

pressure melting temperature (Tpmp) we set basal temperatures to Tpmp,

Tpmp = TTP − ciρigH (3.20)
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where TTP is the triple point temperature, ci is the depression of the melting point

of water with increased pressure, ρi is the density of ice, g is gravity, and H is the

thickness of the ice sheet.

We approximated net snow accumulation rate (bn) at the ice sheet summit

(over Hudson Bay and Northern Manitoba) by assuming a linearly temperature

dependent accumulation rate (Cuffey and Clow, 1997), based on data presented

by Cuffey and Clow (1997),

bn = 0.00213Ts + 0.1212 (3.21)

Then, we calculated bn across the ice sheet by having bn decrease linearly

down the ice sheet, crossing zero midway down; the transition point between

the accumulation and ablation zone occurred at the point along the ice sheet in

which the thickness of the ice was half the thickness of the ice sheet at the summit.

The accumulation rate, bn is negative in the ablation zone of the ice sheet, where

the ice is sublimating and melting. Permafrost occurs where the mesh surface

temperature is less than the pressure melting temperature (Tpmp; Equation 3.20).

Figure 3.5 illustrates how the top temperature boundary condition may appear

during a glacial period.

3.13 Groundwater Age Boundary and Initial Conditions

We specified the age of the top boundary to 0 years; we altered this con-

dition to a zero gradient boundary in areas experiencing groundwater discharge.

The initial age for the entire mesh was 0 years, allowing us to differentiate the

time and frequency of infiltration during our simulation. The side and bottom

boundaries were assigned as no-flux boundaries.
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Figure 3.5: (a) Imposed ice sheet thickness during the Wisconsin glaciation as the
ice sheet has started to retreat. (b) Computed surface temperatures of the mesh
were dictated by atmospheric temperature, ice sheet thickness, and sea-level ele-
vation. Permafrost is present in aerially exposed topography. When top bound-
ary temperatures were less than the pressure melting temperature permafrost
formed. The ice sheet tended to insulate the ground, preventing formation of
permafrost.
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3.14 Salinity and δ18O Boundary and Initial Conditions

Choosing an initial salinity distribution for Pliocene-Cretaceous sediments

is problematic due to the long diffusive response time of thick continental shelf

sequences. Some studies have assumed a linear increase in salinity with depth

(e.g. Bense and Person, 2008). We felt it was appropriate to prescribe Cretaceous-

Pliocene sediments in our model using a constant value of 35 ppt (0.035 mass

fraction) and 0‰ δ18O, equivalent to seawater compositions. The top boundary

conditions for solute transport equations were a constant concentration of 0 ppt

(0 g/ml NaCl) for surface nodes above sea level and beneath the ice sheet, and 35

ppt for surface nodes below sea level. The concentration of δ18O of top boundary

nodes was set to 0‰ δ18O when below sea level, -20‰ δ18O when below the ice

sheet , and -10‰ δ18O when subaerial. The ice sheet δ18O end member boundary

condition may be more enriched than actual conditions (Remenda et al., 1994).

The Michigan Basin contains glacial meltwater ranging between -16‰ and -22‰

(Grasby et al., 2000; Ma et al., 2004; McIntosh and Walter, 2005). Salinity and

δ18O boundaries are adjusted to zero gradient for surface nodes that experience

discharge.

3.15 Simulated Continental Shelf Evolution

Our model represented sedimentation, erosion, and clinoformal develop-

ment over geologic time. The geometry of the deposited sedimentary packages

(clinoforms) were taken directly from reflectors in our geophysical data (EN-465

Line 1; Figures 1.6 and 3.1). We assumed a lever-like subsidence where the sub-

sidence rate increased out towards the continental-shelf break. The subsidence
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rate also took into account the isostatic response due to clinoform development

(McKenzie, 1978; White and McKenzie, 1988).

Most of the reflectors within Line 1 are clinoformal structures that have

been partially eroded during sea-level low-stands. In order to allow our mesh to

represent erosional and depositional periods we projected the clinoforms back to

their pre-erosional sigmoid-oblique shapes. This portion of the clinoform pack-

age was eroded during our simulated continental-shelf evolution. The thickness

of sedimentary packages were derived then from the projected clinoforms. The

deposition rate was calculated by dividing the sedimentary package thickness by

the duration of the depositional period. The deposition rates ranged between 0

and 0.002 m/yr (Figure 3.1). These rates are consistent with depositional rates in

New Jersey (Dugan and Flemings, 2000; Steckler et al., 1999).

We prescribed depositional time periods (i.e. periods of constant specified

subsidence rates) used in the Line 1 reflectors (Figure 1.6). We based the age of

clinoforms in EN-465 Line 1 on similar units found off the coast of New Jersey

(Fulthorpe and Austin, 2008; Metzger et al., 2000), USGS Line 5 (Klitgord et al.,

1994), and wells from Georges Bank (Cost G1 and G2). Our model evolved over

2.75 My. We only represented two erosional periods in our simulations, however

the seismic data indicates that there were several minor erosional periods (Figure

1.6). We felt it was appropriate to neglect these in our simulations, dominantly

for the sake of simplicity.

The first erosional period took place from 2.75 Ma to 2.65 Ma (yellow line

in Figure 1.6), accounting for erosion that occurred during early (maybe first)

three glacial episodes when the ice sheet may have extended near its most south-

ernly extent and the continental shelf sediments were not in equilibrium with
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glacial forcings. The first three advances of the Laurentide Ice Sheet into central

North America could have occurred between 2.6 and 2.4 Ma (Balco and Rovey,

2010), though some may argue as early as 2.7 Ma (Raymo and Huybers, 2008).

Even though it is unimportant in our simulations when this erosional event oc-

curred (either between 2.75 and 2.65 Ma or between 2.6 and 2.4 Ma), in either case

a 100 ky erosional period would be appropriate for spanning over three glacial

periods or three sea-level low-stands. The model built up clinoformal packages

from 2.65 Ma to 0.225 Ma (orange unit in in Figure 1.6).

A second erosional period occurred 0.225 Ma to 0.065 Ma (red line in in

Figure 1.6), which represented a recent erosional event that we have spanning

over the Illinoian glaciation (around 155 - 135 ka). This erosional event may in

reality represent the cumulative erosion that occurred during the 100 ky glacial

cycles (starting around 900 ka), however exactly representing this would be un-

necessary and would have little impact on magnitudes of sedimentation and ero-

sion rates and our final results. Further, the exact rates and durations of sedimen-

tation and erosion associated with the 100 ky glacial cycles (between 0.9 Ma and

0.065 Ma) is not known, thus using a erosional period of 160 ky is a good median

value.

The last depositional period extended from 0.065 Ma to present, during

which we deposited a series of prograding clinoforms (purple unit in Figure 1.6)

and the glacial sediments forming Cape Cod and Marthas Vineyard. The pro-

grading clinoforms represented sediments deposited during the most recent in-

terglacial, deltaic progradation during sea-level fall, and flushing of glacial sed-

iments during deglaciation in the Wisconsin. The Laurentide Ice Sheet did not

extend as far south during the Wisconsin than it did during earlier glaciations
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(Balco and Rovey, 2010). Thus, the erosional event during the Wisconsin sea-

level low-stand may have been less significant. It is important to know that the

continental shelf evolution has an insignificant impact on simulated solute pat-

terns and that the most recent sedimentation has the greatest control on simulated

present-day pore-pressure patterns.

We set the model to have a temporally varying lateral transition point be-

tween high permeability (sand) and low permeability (clay) units during sedi-

mentation. This produced alternating clay and sand units with depth. We ran

two stratigraphic alternatives: one that deposited equal distribution of sand and

clay and another that deposited predominantly clay.

3.15.1 Simulating Ice Sheet Flexure Magnitude

We represent flexure of the continental shelf in response to ice-sheet load-

ing on the North American Craton by assuming an elastic lithosphere model,

where the upper lithosphere responds to a load as a beam overlying a dense and

highly viscous fluid (i.e. the mantle) (Turcotte and Schubert, 1982; Watts, 2001).

This approach neglects the multi-dimensional effects of a spherical earth and

mantle flow. On the other hand, this approach goes beyond assuming isostatic

response to ice-sheet loading (i.e. local compensation only) (Bense and Person,

2008; Le Meur and Huybrechts, 1996). We approximated the effects of transient

mantle flow empirically (described later). The magnitude of flexure is a function

of the density difference between the ice and the mantle, and the stiffness of the

lithosphere.

We calculated flexure (w f ) using an analytical solution to the following

beam flexure model (Turcotte and Schubert, 1982),
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D
d4w f

dx4 + (ρm − ρi)gw f = 0 (3.22)

where x is the distance away from the load, ρi is the density of ice, and ρm is the

density of the mantle, and g is gravity.

Assuming the the thickness of the lithosphere is constant, we can use the

solution for an infinite beam (Hetenyi, 1946). Flexural displacement (w f ) was

calculated by separating portions of the ice sheet across Canada and the north-

ern United States into columns of equal width. Each column was assigned an

ice sheet height based on Equation 3.14. We determined the flexural response

of the elastic lithosphere to these point loads separately and then added all the

responses using superposition theory. The deflection (w f ) of a point located at a

given distance from a load column can be calculated using the following analyti-

cal solution to Equation 3.22,

w f =

(
ηρi

2ρ f

)(
2− e(−a/α) cos(a/α)− e(−b/α) cos(b/α)

)
(3.23)

w f =

(
ηρi

2ρ f

)(
e(−a/α) cos(a/α)− e(−b/α) cos(b/α)

)
(3.24)

w f =

(
− ηρi

2ρ f

)(
e(−a/α) cos(a/α)− e(−b/α) cos(b/α)

)
(3.25)

where η is the thickness of ice sheet (load), α =
[

4D
ρ f g

]1/4
, D is the stiffness of the

lithosphere, ρ f = ρm − ρi, and a and b are the distances of point x from the the

left and right borders of the load column, respectively. Equation 3.23 is used for

deflection of points directly under the load column, Equation 3.24 calculates the

deflection of points to the left of the load column, and Equation 3.25 calculates
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the deflection of points to the right of the load column. We used a stiffness (D) of

1x1022 Pa · s2m−2, which is typical for continental crust (Turcotte and Schubert,

1982).

3.15.2 Simulating Ice Sheet Flexure Rate

Flexure of the lithosphere does not occur instantaneously, there is a lag due

to the effects of viscous mantle flow. The mantle is a dense (3300 kg/m3), highly

viscous semi-fluid material that takes thousands of years to reach an equilibrium

state (Peltier, 1996). The viscosity of the mantle is about 1021 Pa · s (Peltier, 1996).

This viscosity produces a 3-6 ky mantle response time (τ) to ice-sheet loading (Le

Meur and Huybrechts, 1996; Peltier, 1996; Peltier, 1998). We used the following

equation to approximate the timed rate of flexure:

dz
dt

=
zi − (zo − w f )

τ
(3.26)

where dz
dt is the timed rate of change of the continental shelf elevation, zi is the el-

evation of the ice sheet at the earlier timestep, zo is the elevation without flexural

load, w f is the equilibrium flexure , and τ is the mantle response time. Equation

3.26 accounts for flexure under the load of the ice sheet and lithospheric rebound

when the ice sheet is removed. We used τ equal to 3 ky; this gave a flexural re-

sponse and resulting relative sea level more consistent with field observations on

Martha’s Vineyard Island and Nantucket (Peltier, 1998).

3.16 Porosity

Porosity is calculated using Athy’s Law (Bethke and Corbet, 1988; Hubbert

and Rubey, 1959):
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φ = φoe−βσe (3.27)

where φo is the initial porosity at the top of the sediment column, φ is the porosity

at the maximum effective stress, β is the bulk compressibility of the sediment, and

σe is the effective stress. Equation 3.27 relates porosity to effective stress and com-

pressibility. Equation 3.27 also assumes that all porosity loss can be uniquely tied

to effective stress (σe). The equation does not take into account loss of porosity

due to diagenetic effects. Using Terzaghi’s principle, σe is calculated as follows,

σe = σv − P (3.28)

where σv is the total vertical overburden stress and P is the hydrostaic pore pres-

sure.

3.17 Analysis Approach

We conducted a numerical sensitivity study running a series of simula-

tions in order to answer the questions outlined in Chapter (1). We ran a to-

tal of twelve simulations, designated SN1 - SN12 (Table 3.1). Analysis of pore-

pressure and salinity patterns in continental-shelf environments is complicated

by multiple fluid flow and solute transport driving mechanisms that vary on ge-

ologic time scales. Ice-sheet encroachment on the continental shelf would repre-

sent an extreme form of topography-driven flow with heads up to 90 % of ice-

sheet thickness imposed beneath a wet-based glacier. During periods of sea-level

low-stands we would expect a topography-driven flow system to dominate with

heads higher near the coastline and lower towards the continental slope (Figure
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Table 3.1: Simulation Scenarios
Scenarios Clay Kx

(m2)
Sand
Kx (m2)

Variable-
Density
Flow
(Yes/No)

Max. Ice
Sheet
Extent
(km)
during
Pre-
Wisconsin

Sedimentation
Deposition
(Yes/No)

Pleistocene
Stratigraphy

Sea-Level
(Transient
/ Static)

Wisconsin
Ice Sheet
Extent
(km)

SN1 10−16 10−11 Yes Absent Yes Even Sand /
Clay

Transient Absent

SN2 10−16 10−11 Yes Absent Yes Even Sand /
Clay

Static Absent

SN3 10−16 10−11 Yes Absent No Even Sand /
Clay

Transient Absent

SN4 10−16 10−11 Yes 80 Yes Even Sand /
Clay

Transient 80

SN5 10−16 10−11 No 80 Yes Even Sand /
Clay

Transient 80

SN6 10−16 10−11 Yes 250 Yes Even Sand /
Clay

Transient 80

SN7 10−16 10−11 Yes 80 No Even Sand /
Clay

Transient 80

SN8 10−18 10−11 Yes 80 Yes Even Sand /
Clay

Transient 80

SN9 10−16 10−13.5 Yes 80 Yes Even Sand /
Clay

Transient 80

SN10 10−16 − Yes 80 Yes Clay Rich Transient 80
SN11 10−16 10−11 Yes 80 Yes Clay Rich Transient 80
SN12 10−16 10−11 No Absent No Even Sand /

Clay
Static Absent

3.6a). Under these conditions, solute transport is driven by forced convection.

During periods of sea-level high-stands, sea-level rise can lead to conditions of

underpressure formation in fine-grained sediments that require time to equili-

brate. Seawater overlying fresh water can lead to density instabilities and onset

of free convection (Figure 3.6b). Rapid deglaciation can lead to sedimentation

on the continental shelf and the formation of associated overpressures. This will

drive saline groundwater shoreward and generate anomalously high pore pres-

sures (Figure 3.6c).

We determined the influence of sediment loading, sea-level variation, and

density instabilities on groundwater flow (Question 1) by isolating each fluid

flow driving force and comparing their separate impact on simulated present-
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Figure 3.6: On the Atlantic continent shelf, pore-fluid driving forces include a.)
forced convection due to topographic driven flow, b.) free-convection due to den-
sity instabilities at fresh water and saltwater interfaces, as well as underpressures
due to average Pleistocene sea-level lower than present-day, and c.) pressure gra-
dients caused by overpressures owing to rapid sedimentation and compaction.

47



day hydraulic head. For example, we compared a simulation in which we im-

posed both sediment loading and sea-level variation (SN1), a simulation that had

a constant sea level (modern sea level) and evolving mesh (SN2), and a simula-

tion that had a static mesh set at present-day stratigraphy and transient sea level

(SN3). We determined the influence of density instabilities on groundwater flow

by comparing a simulation that took into account variable water density (SN4)

to a simulation that neglected water density effects (SN5); both SN4 and SN5 in-

cluded an ice sheet that extended to Martha’s Vineyard Island for the entire Pleis-

tocene and sediment loading. We examined the influence of ice sheet maximum

extent (Questions 2 and 3), by running simulations in which the ice sheet was ab-

sent (SN1), the ice sheet extended to Martha’s Vineyard Island for all Pleistocene

glaciations (80 km; SN4), and the ice sheet extended near the continental shelf-

slope break for pre-Wisconsin glaciations (250 km) and then to Martha’s Vineyard

Island for the Wisconsin glaciation (SN6). These three simulations (SN1, SN4,

and SN6) were compared to a steady state simulation that had no ice sheet repre-

sented (SN12). An in-depth comparison of salinity and hydraulic-head patterns

produced by SN4 and SN7 (static mesh simulation, stratigraphy held at mod-

ern day stratigraphy) helped us ascertain the importance of using the improved

hydro-stratigraphy versus a static mesh (Question 4).

Owing to the considerable uncertainty in the magnitude of sand/clay per-

meability and the sediment stratigraphy, we ran simulations in which we varied

the permeability magnitude and the permeability distribution on the continental

shelf. For most of our model runs we used a sand horizontal permeability (kx) of

10−11 m2 and a clay kx of 10−16 m2. These permeabilities were taken from prior

studies and are thought to best represent actual conditions on the New England

continental shelf (Person et al., 2003). These values also match permeabilities in
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continental-shelf sediments in Suriname (Groen et al., 2000). We also used a kx

of 10−16 m2 for glacial sediments, which is consistent with permeability measure-

ments of tills in Missouri and Alberta (Hendry, 1982; Sharp, 1984). We were able

to obtain permeability data from Cost G-1 and Cost G-2 boreholes (Figure 1.1),

which were relatively high, ranging from about 10−9 m2 for the highest perme-

ability units to 10−15 m2 for the lowest permeability units (Amato and Bebout,

1980; Amato and Simonis, 1980). These permeabilities were about 1-2 orders

of magnitude lower than the ones estimated for shallow aquifers on Nantucket

Island and Long Island, which were about 10−9 to 10−9.5 m2 for sand aquifers

and about 10−14 m2 for clay confining units (Buxton and Modica, 1992; Guswa

and LeBlanc, 1985; Person et al., 1998). Continental-shelf sediments off the coast

of New Jersey had lower permeabilities, which ranged between about 10−16 m2

for sand aquifers and 10−18 m2 for clay aquitards (Dugan and Flemings, 2002;

Dugan and Flemings, 2000; Blum et al., 1996). We ran a simulation in which

we decreased the kx of clay to 10−18 m2 (SN8) and a simulation in which we de-

creased the kx of the sand to 10−13.5 m2 (SN9). We also included a simulation in

which all the continental-shelf sediments, excepting the glacial tills, were given a

kx of 10−16 m2 and a ky of 10−17 m2 (SN10). Finally, we ran a simulation in which

the deposited Pleistocene sediments were clay rich (SN11) compared to SN1 -

SN9, which had approximately an even distribution between clay and sand in

the Pleistocene sediments. All simulations we ran are listed in Table 3.1. Param-

eters held constant in our sensitivity study are presented in Table 3.2 and Table

3.3.

In the results section, we present deviatoric head, which is the difference

between hydrostatic conditions and simulated hydraulic head. The hydrostatic
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Table 3.2: Constant Hydraulic Parameters

Parameter Value
Till Permeability (Kx) 10−16 m2

Longitudinal Dispersivity (αL) 1000 m
Transverse Dispersivity (αT) 10 m
Sand Specific Storage 1x10−4 m−1

Clay Specific Storage 1x10−3 m−1

Till Specific Storage 1x10−4 m−1

Sand Anisotropy 100
Clay Anisotropy 10
Till Anisotropy 1
Diffusion 3.15x10−3 m2/yr

conditions assumes freshwater head for seawater at standard conditions (hydro-

static heads increase linearly with depth); the hydrostatic head at sea level is 0

m. This causes topography above sea level to have negative hydrostatic heads.

Using this approach, we are able to define ”overpressures” as positive deviatoric

heads and ”underpressures” as negative deviatoric heads. Ultimately, while us-

ing these definitions regions above sea level, with topographic driven flow, will

always be considered ”overpressured”.
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Table 3.3: Constant Parameters
Parameters Variable Values
Water Density at Standard Conditions* ρo 999.7 kg/m3

Ice Density ρi 900 kg/m3

Water Density ρw 1000 kg/m3

Density of Seawater ρsw 1025 kg/m3

Water Viscosity at Standard Conditions* µo 1.3x10−3 Ns/m2

Specific Heat Capacity of Water c f 1000 Cal/kgK
Specific Heat Capacity of Rock cs 200 Cal/kgK
Density of Rock ρs 2500 kg/m3

Thermal Conductivities of Fluid λ f 0.58 W/mK
Thermal Conductivities of Rock λs 2.51 W/mK
Basal Temperature Gradient of Ice βo 0.151 K/m
Ice Thermal Diffusivity κ 37.2 m2/y
Ice Triple Point Temperature TTP 0.0098 oC
Melting Point Depression ci 0.0861 oCms2/kg
Density of the Mantle ρm 3300 kg/m3

Crustal Stiffness D 1x1022 Pa · s2/m2

Mantle Response Time τ 3 ky
Initial Porosity φo 0.5
Bulk Compressibility β 5.50x10−8 Pa−1
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CHAPTER 4

RESULTS

In this chapter we present the results of our analysis. The sections are

focused towards answering the questions outlined in Section (3.17).

4.1 Influence of Sea-Level Variation and Sediment Loading on Hydraulic Head
(Question 1, part 1)

Here we analyze the effect of sea-level variation and sedimentation on sim-

ulated present-day hydraulic head, by looking at present-day deviatoric heads.

We define deviatoric heads as the difference between hydrostatic and computed

transient heads.

Figure 4.1 contains the present-day deviatoric head simulations for SN2

(sediment loading and erosion were represented, sea-level fluctuations were not),

SN3 (sea-level fluctuations were represented, sediment loading and erosion were

not), and SN1 (both sediment loading, erosion, and sea-level fluctuations were

represented). In all of these model runs (SN1 - SN3), glacial effects were not

considered.

In Figure 4.1 and all the following simulated present-day deviatoric head

plots, deviatoric heads are defined as the difference between computed transient

heads and hydrostatic freshwater heads for saltwater (density of 1025 kg/m3).

Modern sea level is assumed to have a hydraulic head and hydrostatic head of 0
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Figure 4.1: Simulated present-day deviatoric head (m) for a.) SN2, b.) SN3, and
c.) SN1. Table 3.1 lists the difference between these simulations. Elevation is
relative to modern sea level.
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m. Further, in these figures, blue represents underpressures. Green, yellow, and

red represent increasing levels of overpressures. The stippled patterns represent

stratigraphy (sand, clay, till).

In SN2, the simulated present-day offshore hydraulic heads are predomi-

nantly overpressured, with large regions between 5 and 20 m above hydrostatic

head (Figure 4.1a). The pore fluids at Martha’s Vineyard Island and Cape Cod

are also overpressured. This is because this area is above sea level today and the

excess heads represent land surface / water table topography. The clays adjacent

to the continental slope are overpressured by up to 180 m. These highly overpres-

sured areas correspond with the largest sedimentation rates during the Wisconsin

and the Holocene (See Figure 3.1). The strong lateral gradients of head within the

clays near the continental slope reflect strong lateral gradients in imposed sedi-

mentation. Underpressured areas (as low as −20 m deviatoric head) are located

in shallow sediments near and on the continental slope (at 250 km and 270 km lat-

eral distance). These underpressures correspond with areas that recently (since

225 ka) experienced relatively little sedimentation compared to erosion (Figure

3.1). The deviatoric heads in the deep aquifer generally decrease linearly with

depth, however down to 1.2 km depth heads are consistently around 10 m above

hydrostatic. This could be accounted for by the combined effect of present-day

topographic driven flow at Martha’s Vineyard Island and deposition of up to 30

m of tills (now forming Martha’s Vineyard Island and Cape Cod) since 65 ka (see

Figure 3.2). Shallow sand pore fluids on the continental shelf tend to be slightly

underpressured (deviatoric heads around −1.5 m), which are practically hydro-

static. The simulated present-day head gradient causes dominant groundwater

flow from the continental shelf-slope break towards the shoreline.
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In SN3, the simulated offshore present-day deviatoric heads range from

underpressured (−17.5 m) to slightly overpressured (12 m), though most of the

pore pressures do not reach deviatoric heads higher than 8 m (Figure 4.1b). The

present-day groundwater flow in SN3 is the same as SN2: from the continental

shelf-slope break towards the shoreline.

Combining the effects of sediment loading (SN2) and sea-level variations

(SN3) in SN1 results in overpressures adjacent to the continental slope and un-

derpressures in deep sediments around 200 km lateral extent (Figure 4.1c). The

highest simulated present-day deviatoric heads in SN1 are around 180 m, similar

to SN2. However, the extent of high heads (indicated by the area with deviatoric

heads higher than 20 m) in the continental shelf pore fluids is decreased relative

to SN2, resulting from a combination of sea-level variation, associated infiltration

of freshwater, and erosion.

Sea-level variations in SN1 reduced higher heads induced by sedimenta-

tion of the glacial tills that form Martha’s Vineyard Island and Cape Cod; devi-

atoric heads in the deep aquifer are lower in SN1 than in SN2 (Figures 4.1a and

4.1c). In conclusion, sediment loading and sea-level fluctuation have a combined

effect on present-day hydraulic and deviatoric heads, with sediment loading hav-

ing the dominant impact. Sediment loading tends to produce a more overpres-

sured system, while sea-level fluctuations promote an underpressured system.

The more underpressured system induced by sea-fluctuations is brought about

by greater infiltration of fresh water, average lower sea level than present day,

and decrease in sea level since 10 ka.
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4.2 Influence of Density Instabilities on Salinity Distribution (Question 1,
part 2)

In this section, we investigate the effects of variable-density flow versus

forced convection. We would expect that variable-density flow would lead to

more saline pore fluids in coastal aquifers systems. Relatively dense seawater

tends to retard influx of meteoric recharge and promote vertical saltwater fingers

during periods of transgression. Figure 4.2 contains the simulated present-day

salinity patterns for SN5 (no variable-density flow) and SN4 (base case simula-

tion that takes into account variable-density flow). Sediment loading, sea-level

fluctuations, and glaciations are represented in both model runs (SN5 and SN4).

However, density instabilities were not permitted to form in SN5.

SN5 and SN4 show similar brackish-to-fresh water lateral extent (to about

250 km) and similar freshwater emplacement within the pore fluids under Martha’s

Vineyard Island and Cape Cod (Figure 4.2). Within the deep aquifer, salinities be-

tween 1 ppt and 6 ppt have a lateral thickness of 100 km in SN5 and 50 km in SN4.

In the near surface sand unit between 90 km and 130 km lateral distance, pore

fluids are as low as 10 ppt in SN4 and 20 ppt in SN5. In the same area ( between

90 km and 130 km) and all along the surface of the continental shelf, the transition

between saline water and fresh water has a diffusive appearance in SN4 and a

wavy, vertical ”finger” appearance in SN5. These large salinity fingers between

90 km and 130 km in Figure 4.2b are caused by density instabilities. Accounting

for density instabilities also results in an overall more saline system. The effects of

density instabilities can also be seen in pore fluids underneath Martha’s Vineyard

Island and Cape Cod, where density instabilities promoted greater penetration of

saline water into clays in SN4 than in SN5.
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Figure 4.2: Simulated present-day salinity (ppt) for a.) SN5 and b.) SN4. Simu-
lations parameters are listed in Table 3.1. c.) contains a portion of SN4 that has
a vertical exaggeration of 1.89x. The vertical exaggeration in a.) and b.) is 43.2x.
Elevation is relative to modern sea-level.
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The salinity ”fingers” seen in SN4 may be exaggerated by mesh effects that

are causing ”dimples” in SN5 in the same area. The fingering effect can be seen

in all the simulations that take into account variable-density flow and may con-

tribute to an overall vertical stripy appearance. The vertical exaggeration (43.2x)

in the figures amplifies relatively small vertical differences in concentration con-

tours (Figure 4.2b and 4.2c).

4.3 Influence of Maximum Ice Sheet Extent during Pre-Wisconsin Glaciations
(Question 2 and 3)

Ice-sheet extent can influence the maximum head imposed on the con-

tinental shelf. As the ice sheet extends further onto the shelf (to 250 km), the

maximum ice-sheet thickness on the continental shelf increases (to 1.5 km). In

addition, the duration over which the ice-sheet boundary condition is imposed is

longer for a more extensive ice sheet (16 ky duration during the Illinoian, when

it would otherwise be 12.5 ky duration if it only extended to Martha’s Vineyard

Island). One would expect more extensive ice sheets to lead to more freshwater

inflow into continental shelf sediments.

4.3.1 Effect of Ice Sheet Extent on Simulated Present-day Salinity Pat-
terns

Figure 4.3 contains the comparison of simulated present-day salinity for

the different ice-sheet extent scenarios; steady state and no ice sheet (SN12), no

ice sheet (SN1), the ice sheet extended to Martha’s Vineyard Island (80 km) for

all Pleistocene glaciations (SN4), and the ice sheet extended to the continental

shelf-slope break (250 km) for all pre-Wisconsin glaciations and then to Martha’s
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Figure 4.3: Simulated present-day salinity (ppt) of a.) SN12 (no ice sheet and
steady state), b.) SN1 (ice sheet is absent), c.) SN4(ice sheet extends to Martha’s
Vineyard Island), and d.) SN6 (ice sheet extends near to the continental shelf-
slope break during pre-Wisconsin glaciations). All models represent variable-
density groundwater flow, sea-level variations, and sediment loading. Simula-
tions parameters are listed in Table 3.1. Elevation is relative to modern sea level.
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Vineyard Island for the Wisconsin glaciation (SN6). In SN1, pore fluids under

Martha’s Vineyard Island are relatively fresh (less than 3 ppt; Figure 4.3a and

4.4). Emplaced brackish and fresh water are dominantly restricted to the lowest

aquifers and the shallow aquifer between 170 km and 220 km; pore fluids with

salinities less than 14 ppt are not found in the low permeability clays adjacent to

the continental slope. The furthest lateral extent of emplaced pore fluids less than

18 ppt is around 210 km. The percentage of brackish-to-fresh water (< 5 ppt) is

14 % (Table 4.1).

In SN4, relatively fresh water (less than 3 ppt) is present underneath Martha’s

Vineyard Island, while pore fluids under Cape Cod are more saline (up to 14 ppt;

Figure 4.3b). This result seems to be counterintuitive. It is caused by the delay

in flexural rebound and associated saltwater encroachment. This is known to

have occurred in southern Maine and is responsible for the Presumpscot clays

across coastal Maine (Anderson et al., 1990). A plume of fresher water (< 5 ppt)

is present in the deep aquifer, between 120 km and 150 km. This plume is sepa-

rated from fresh water under Martha’s Vineyard Island by an area with salinities

ranging between 5 and 10 ppt. Pore fluids with salinities less than 14 ppt and 18

ppt laterally extend to about 240 km, into low permeability clays. The percentage

of brackish-to-fresh water (< 5 ppt) in SN4 is 20 %, 6 % higher than SN1 (Table

4.1).

The more extensive ice sheet in SN6, produced simulated present-day salin-

ity patterns under Martha’s Vineyard Island and Cape Cod that were similar to

SN4; relatively fresh water under Martha’s Vineyard Island (less than 2 ppt) and

more saline water under Cape Cod (up to 14 ppt; Figure 4.3c). Plumes of rela-

tively fresh water (between 2 and 3 ppt salinity) are in the deep aquifer between
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Table 4.1: Simulated Pore-fluid Characteristics

Scenarios %
Brackish-
to-Fresh
Water (<5
ppt)

%<-10‰ % < 15,000
yrs

% 15,000 to
50,000 yrs

% 50,000 to
130,000 yrs

% >= 1 My

SN1 14 0 3 12 7 65
SN4 20 23 3 16 8 44
SN6 37 77 5 18 10 3
SN7 24 25 4 15 8 37
SN8 8 10 5 6 2 75
SN9 5 8 0.57 3 3 76
SN11 26 25 2 14 15 28

Figure 4.4: Comparison of observed and simulated present-day salinity (ppt)
at Martha’s Vineyard Island for a.) Figure 4.3, b.) different permeability simu-
lations, and c.) different Pleistocene stratigraphy. Observed data is from well
ENW-50. Elevation is relative to modern sea level.
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120 and 150 km. Another large plume, between 3 and 5 ppt salinity, is present in

the sediments between about 200 and 250 km. The deep aquifer also contains an

area with salinities from 5 and 10 ppt, between 90 and 130 km. Brackish water is

present (salinities less than 14 ppt and 18 ppt) to the full extent of our model do-

main (the continental slope, 275 km). The percentage of brackish-to-fresh water

(< 5 ppt) in SN6 is 37 %, 23 % more than SN1 and 17 % more than SN4 (Table 4.1).

In the absence of flexure, we would expect even more fresh water in nearshore

sediments.

Simulated salinities from SN1, SN4, SN6, and SN12 illustrate that modern-

day conditions will not promote infiltration of freshwater into far offshore sedi-

ments (Figure 4.3). Simulated salinities on Martha’s Vineyard are similar between

the four simulations (SN1, SN4, SN6, and SN12), however, SN12 (steady-state

simulation) is closest to observed data (Figure 4.4). This indicates that present-

day conditions likely control salinity distributions on Martha’s Vineyard.

4.3.2 Effect of Ice Sheet Extent on Simulated Present-day δ18O Patterns

As described in Section 3.14, the δ18O composition of pore fluids on the

continental shelf is controlled by its boundary condition. Beneath the ice sheet

δ18O has an assumed composition of −20 ‰ (Grasby et al., 2000; Remenda et al.,

1994), seawater has a δ18O composition of 0 ‰, and meteoric recharge has a δ18O

of −10 ‰. We assumed that the end member compositions did not change with

time.

In Figure 4.5 infiltrated δ18O patterns are consistent with salinity patterns

in Figure 4.3. Unexpectedly, in SN4 and SN6 little of the simulated pore fluids

have δ18O near to the ice-sheet end member (-20 ‰ δ18O). The most depleted pore
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Figure 4.5: Simulated present-day δ18O (per mille) of a.) SN1 (ice sheet is absent),
b.) SN4 (ice sheet extends to Martha’s Vineyard Island), and c.) SN6 (ice sheet ex-
tends near to the continental shelf-slope break during pre-Wisconsin glaciations).
Elevation is relative to modern sea level.
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fluids (between −15 ‰ and −19 ‰ δ18O) are sequestered in clays underneath

Martha’s Vineyard Island and Cape Cod, and in clays not far offshore (no greater

than 90 km). Offshore continental-shelf pore fluids (greater than 90 km) reach

a minimum of about −13 ‰ δ18O in both SN4 and SN6. In fact, 23 % of the

simulated pore fluids in SN4 and 77 % of the simulated pore fluids in SN6 had a

δ18O more depleted than −10 ‰ (Table 4.1).

A separate analysis (not presented here) reveals that pore fluids in the far

offshore part of the model domain contained up to 30 % ice sheet meltwater for

SN4 and 40 % ice sheet meltwater for SN6, while under Martha’s Vineyard Island

and Cape Cod this upward percentage increased to 70 % for both SN4 and SN6.

In SN4, the offshore plume of brackish-to-fresh water (< 5 ppt), between 130 and

150 km, was dominantly sourced from meteoric water; 70 % of the plume came

from meteoric water and 15 % came from glacial meltwater.

4.3.3 Effect of Ice Sheet Extent on Simulated Present-day Hydraulic
Head Patterns

Simulated present-day deviatoric heads for SN1 (Figure 4.6a), SN4 (Fig-

ure 4.6b), and SN6 (Figure 4.6c) are similar and contain the complicated hy-

draulic head patterns discussed in Section 4.1. SN1, SN4, and SN6 have a dom-

inantly non-hydrostatic system containing overpressures adjacent to the conti-

nental slope, which are associated with recent areas of sedimentation (Figure

4.6). An underpressured region, associated with an area of low sedimentation,

can be seen on the continental slope. Scenarios SN1, SN4, and SN6 all produced

slightly underpressured pore fluids (at most −1 m) in shallow continental shelf

sediments, which for all practical purposes are hydrostatic. Further, in all the ice
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Figure 4.6: Simulated present-day deviatoric head (m) of a.) SN1 (ice sheet is
absent), b.) SN4 (ice sheet extends to Martha’s Vineyard Island), and c.) SN6
(ice sheet extends near to the continental shelf-slope break during pre-Wisconsin
glaciations). Elevation is relative to modern sea level.
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sheet simulations (SN1, SN4, and SN6) the lowest aquifer is overpressured to-

wards Martha’s Vineyard Island and becomes progressively less overpressured

towards the continental slope. In SN1 and SN6, the deepest extent of the aquifer

is underpressured (deviatoric heads reach −9.6 m for SN1 and −1.5 m for SN6).

It is interesting to note that a deep well penetrating the sedimentary units at a

distance of 180 km would observe underpressures and excess-pressures.

In general, implementation of the ice sheet in SN4 and SN6 resulted in

higher deviatoric heads under Martha’s Vineyard Island, in the deep aquifer, and

in deep sediments between 180 and 250 km lateral distance, when compared to

SN1. The simulated present-day hydraulic heads under Martha’s Vineyard Is-

land are 31 m above msl for both SN4 and SN6, this is 8 m higher than is projected

for SN1 (Table 4.2). Notice that the simulated deviatoric heads for SN4 and SN6

are nearly identical.

Table 4.2: Simulated Hydraulic Head in Cretaceous Sediments under Martha’s
Vineyard Island

Scenarios Average Head (m)

SN1 23
SN4 31
SN6 31
SN7 27
SN8 104
SN9 22
SN11 56

4.3.4 Simulated Deviatoric Head During Ice Sheet Maxima

In order to illustrate changes in flow during glaciations, we plotted de-

viatoric heads during recent glacial maxima (Wisconsin and Illinoian) for SN1,
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SN4, and SN6 in Figure 4.7. During the Wisconsin (about 20 ka), sedimentation

was occurring near the continental shelf-slope break. Subaerial clinoforms can

be observed between 180 and 210 km lateral distance in SN1, SN4, and SN6. The

sea level is at 115 m below modern sea-level. Permafrost has formed, reaching

about 150 m thick, along the subaerial continental shelf. In simulations that im-

plemented the ice sheet (SN4 and SN6), the ice sheet is at its maximum extent

(Martha’s Vineyard Island, 80 km in our simulation domain) and height (1.1 km)

during the Wisconsin. Under the weight of the ice sheet, lithospheric flexure

reached a maximum of 400 m (Figure 4.7b and 4.7c). Permafrost is absent under-

neath the ice sheet.

In the simulation without the ice sheet (SN1), the aerially exposed con-

tinental shelf results in topographic-driven flow (head gradient equal to 0.0005

m/m) that focuses fresh water through the sand aquifers (Figure 4.7a). During

the Wisconsin, in SN4 and SN6, the deviatoric head grades from 1050 m un-

der the thickest part of the ice sheet (0 km) to 19 m at the edge of the ice sheet

(80 km), producing a head gradient of 0.00416 m/m across the continental shelf.

The heads induced by the ice sheet are focused down through the deep aquifer.

Groundwater flow is directed down the deep aquifer and up the closest over-

lying aquifers, preventing infiltration of meteoric water (Figure 4.7b and 4.7c).

In SN6, during the Illinoian the ice sheet extended to the continental shelf-slope

break. The lithosphere is depressed by a maximum of 500 m. Deviatoric head

(and hydraulic head) is shore normal, grading from 1433 m on the far left side of

our domain to 63 m at the continental slope, resulting in a head gradient of 0.0055

m/m. Groundwater flow is directed down through all the sand aquifers (Figure

4.7d).
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Figure 4.7: Simulated deviatoric head (m) of a.) SN1 (ice sheet is absent) at 20
ka, b.) SN4 (ice sheet extends to Martha’s Vineyard Island) at 20 ka, c.) SN6 (ice
sheet extends near to the continental shelf-slope break during Illinoian glaciation)
at 20 ka, and d.) SN6 at 140 ka. Arrows represent the dominant flow direction.
Elevation is relative to modern sea level.
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4.3.5 Water Age for Ice Sheet Scenarios

We simulated groundwater age for SN1, SN2, and SN6 (Figure 4.8). In

SN1, groundwater ages in clays under Martha’s Vineyard Island range between

about 130 ky and 1 My, the more permeable sediments above the clays have

groundwater ages that range between 0 and 130 ky (Figure 4.8a). In the deep

aquifer, pore fluids with groundwater ages up to 130 ky and 199 ky laterally ex-

tend to 118 km and 123 km, respectively. Along the surface of the continental

shelf (between 130 and 275 km), pore fluids with ages less than 199 ky do not

reach more than around 200 m depth. In the near surface sands between 90 and

130 km lateral distance, where instability fingering occurs, pore-fluid ages are

dominantly 50 ky and less (Figure 4.8a). In SN4, pore fluids in clays underneath

Martha’s Vineyard Island have ages between 199 and 50 ky; overlying sediments

have ages that are 50 ky and less (Figure 4.8b). In the deep aquifer, pore fluids

with groundwater ages less than 130 ky extend to 112 km laterally and pore flu-

ids with groundwater ages less than 199 ky extend to 126 km. Groundwater ages

along the surface of the continental shelf are similar to SN1 (Figure 4.8b). In SN6,

simulated pore fluids underneath Martha’s Vineyard Island and Cape Cod are

similar to SN4 (Figure 4.8c). The lateral extent of pore fluids with ages less than

130 ky in the deep aquifer is 124 km, the same as SN4. However, the lateral extent

of the pore fluids with ages to 199 ky is to 155 km, 19 km greater than SN4. The

depth of pore fluids along the continental shelf surface with groundwater ages

less than 199 ky is about 400 m. The age of pore fluids in the shallow sands, be-

tween 90 and 130 km, are the same as SN1 and SN4 (50 ky and less; Figure 4.8c).

SN1, SN4, and SN6 all contain large areas of pore fluids greater than 199 ky. SN1

and SN4 also have significant percentages of the domain with groundwater ages

greater than 1 My (65 % for SN1 and 44 % for SN4; Figure 4.8 and Table 4.1).
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Figure 4.8: Simulated present-day age for scenarios with a.) no ice sheet (SN1), b.)
the ice sheet extending to Martha’s Vineyard Island (80 km; SN4), and c.) the ice
sheet extending near the continental shelf-slope break (250 km; SN6). The mantle
response time was 3000 years. Elevation is relative to modern sea level.
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We divided the groundwater ages into three important time periods, 15

ky represents water that has infiltrated since the end of the Wisconsin glaciation,

50 ky is the maximum carbon dating age, and 130 ky signifies water that has

infiltrated since the end of the Illinoian glaciation. The percentage of area that

has groundwater ages less than 15 ky is 3 % in SN1, 3 % in SN4, and 5 % in SN6

(Table 4.1). The percentage of area that has ages between 15 ky and 50 ky is 12

% for SN1, 16 % for SN4, and 18 % for SN6. In SN1 7 % of the pore fluids have

ages between 50 ky and 130 ky; this number increases to 8 % for SN4 and 10 %

for SN6. This information indicates that implementing the ice sheet (in SN4 and

SN6) decreased the groundwater age of the continental-shelf pore fluids more

than when the ice sheet was absent (SN1). Further, the more expansive ice sheet

not only decreased the the age of deep pore fluids, it increased the area that has

younger pore fluids (less than 130 ky).

4.3.6 Infiltration and Discharge for Ice Sheet Scenarios

Here we present the results for the simulated cumulative infiltration and

discharge along the surface of our mesh for SN1 (no ice sheet; Figure 4.9), SN4

(maximum extent of ice sheet to Martha’s Vineyard Island; Figure 4.10), and SN6

(maximum extent of ice sheet to continental shelf-slope break; Figure 4.11). For

SN1, since 200 ka the net flux oscillates around 0 m3/m/yr, generally only veering

by at most 0.2x104 m3/m/yr. Discharge and infiltration reach a maximum of

about 0.65x104 m3/m/yr and −0.75x104 m3/m/yr, respectively, as sea level is

decreasing (200-160 ka and 70 - 42 ka) and rising (135 - 125 ka and 12.5 ka- present-

day). Infiltration and discharge drastically decrease in magnitude to between

0.05x104 and 0.1x104 m3/m/yr during periods in which temperatures are low
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and permafrost formed (160 - 135 ka and 42 - 12.5 ka). During periods in which

sea level is high (130 - 70 ka), the magnitude of infiltration and discharge oscillates

between 0.15x104 and 0.3x104 m3/m/yr.

Infiltration and discharge patterns in SN1, SN4, and SN6 are nearly iden-

tical during non-glacial periods (Figures 4.9, 4.10, and 4.11). As the ice sheet

initially moves onto the continental shelf (150 and 32 ka), both infiltration and

discharge peak, with infiltration dominating (negative net flux). Net flux in-

creased logarithmically towards 0 m3/m/yr during the period in which the ice

sheet was at its maximum (Figures 4.10 and 4.11). A positive net flux peak (over

all discharge) occurred when the ice sheet began to wane and retreat (134 and 15

ka). The net flux decreased logarithmically with time after the ice sheet moved

away from the continental shelf. Net flux during the last glacial period was about

−0.15x104 m3/m/yr for SN4 and 0.24x104 m3/m/yr for SN6 as the ice sheet

waxed on to the continental shelf and 0.73x104 m3/m/yr for both SN4 and SN6

as the ice sheet waned (Figures 4.10 and 4.11). During the Illinoian glaciation

(about 150 - 130 ka), the net flux peaked at around −0.58x104 m3/m/yr for SN4

and −6.0x104 m3/m/yr for SN6 as the ice sheet waxed and 3.3x104 m3/m/yr for

SN4 and 9.6x104 m3/m/yr for SN6 as the ice sheet waned. Notice in Figure 4.11,

the net flux oscillates between net infiltration and net discharge during ice-sheet

waxing and waning, even so net infiltration dominated as the ice sheet moved

onto the continental shelf and net discharge dominated as the ice sheet moved

off. The oscillations are likely caused by a series of damped responses to progres-

sively increasing added loads on the system.

Figure 4.12 presents calculated fluxes for two points on the surface of the

mesh for SN4. One of the points is at Martha’s Vineyard Island (71.8 km) and
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Figure 4.9: Cumulative surface infiltration (solid black line), exfiltration (solid
red line), and net flux (dashed blue line) for SN1 (no ice sheet simulation). A
black dashed line runs through 0 m3/m/yr flux. The y-axis is non-linear; the
vertical increment increases by an order of magnitude for values greater than 0.5
m3/m/yr and values less than -0.5 m3/m/yr. Changes in flux are due to sea-level
fluctuations and sedimentation. Sea level is plotted on the bottom.
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Figure 4.10: Cumulative surface infiltration (solid black line), exfiltration (solid
red line), net flux (dashed blue line), and ice sheet extent on the continental shelf
(solid blue line) for SN4 (ice sheet extended to 80 km for entire Pleistocene). A
black dashed line runs through 0 m3/m/yr flux. The y-axis is non-linear; the
vertical increment increases by an order of magnitude for values greater than 0.5
m3/m/yr and values less than -0.5 m3/m/yr. Sea level is plotted on the bottom.
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Figure 4.11: Cumulative surface infiltration (solid black line), exfiltration (solid
red line), net flux (dashed blue line), and ice sheet extent on the continental shelf
(solid blue line) for SN6 (ice sheet extended to 250 km during the pre-Wisconsin
glaciations). A black dashed line runs through 0 m3/m/yr flux. The y-axis is
non-linear; the vertical increment increases by an order of magnitude for values
greater than 0.5 m3/m/yr and values less than -0.5 m3/m/yr. Sea level is plotted
on the bottom. 75



Figure 4.12: Sea level, lateral ice sheet extent relative to our model domain, and
surface vertical flux at Martha’s Vineyard Island (71.8 km; Point1) and 200 km
(Point 2) for SN4 (ice sheet extended to 80 km for entire Pleistocene). These plots
are limited to the last 150 ky, which includes the Illinoian and Wisconsin glacia-
tions. When the flux is positive it represents discharge (exfiltration) and when
the flux is negative it represents recharge (infiltration).
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the other is located at the far end of the continental shelf (200 km). Point 1, at

Martha’s Vineyard Island, alternates between infiltration (−0.03 m/yr) when the

ice sheet is prograding on the shelf and discharge (0.11 m/yr) as the ice sheet

moves off the shelf. Point 2 (200 km) has a vertical flux that is dominantly 0 m/yr,

except for a slightly delayed response (by about 3 ky relative to Point 1) to the

Wisconsin ice sheet forcing, which peaks at −0.02 m/yr when the ice sheet is

moving onto the shelf and 0.14 m/yr when the ice sheet leaves the shelf. Point 2

displays no response to the Illinoian glaciation (vertical flux remains at 0 m/yr).

Between 225 and 65 ka, Point 2 was dominantly on the surface of a clay unit,

which likely retarded vertical flux (Figure 3.1). Point 2 shows no response to sea-

level fluctuations, however there might be a minor and highly damped response

at Point 1 (Figure 4.12).

4.4 Influence of Sedimentation on Salinity and Deviatoric Head Distribution
(Question 4)

Continental shelf environments evolve due to deposition, subsidence, and

erosion. These processes result in a transient permeability distribution, variant

topography along the top surface, and accumulation of a deepening wedge of

continental shelf sediments. The permeability and topography of the top units

should control, in part, infiltration and/or discharge rates. For example, the de-

position of low-permeability tills along the top surface can greatly restrict fresh-

water infiltration rates during sea-level high-stands, as well as infiltration of sea-

water during sea-level high-stands and seawater inundation caused by flexure.

Thus an evolving mesh should have different infiltration patterns than a non-

evolving mesh. To complicate this is the influence of increased heads induced by

sediment loading, which should act to impede emplacement of fresh water.
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Figure 4.13 contains simulated present-day salinity for SN4 (evolving mesh

including sedimentation) and SN7 (static mesh not including sedimentation).

Salinity patterns under Martha’s Vineyard Island and Cape Cod are similar be-

tween SN4 and SN7. The lateral extent of present-day freshwater emplacement

(< 18 ppt) in continental shelf pore fluids is to around 240 km in SN4 and 250

km in SN7. However, SN7 has overall relatively more fresh continental shelf pore

fluids than SN4. The percentage of brackish-to-fresh water (< 5 ppt) in SN7 is 24

%, 4 % more than SN4 (Table 4.1). Further, in SN7 there is not as focused pene-

tration of relatively fresh water into the shallow aquifers between 170 and 220 km

as can be seen in SN4, likely due to the absence of localized topographic driven

flow during Wisconsin sea-level low-stands (Figure 4.7).

In SN7, the percentage of pore fluids that has δ18O less than −10 ‰ is 25

%, 2 % more than SN4. Further, the percentage of pore fluids with a groundwater

age less than 130 ky is 27 % (the same as SN4) and the amount greater than 1 My

is 37 % (7 % less than SN4; Table 4.1).

In SN7, present-day offshore heads are more underpressured (more nega-

tive deviatoric heads) than SN4 (Figure 4.14). Underpressured regions dominate

shallow sandy aquifers and the deepest end of the lowest aquifer (deviatoric head

as low as −6 m). Slightly overpressured areas include the deep aquifer (up to 17

m above hydrostatic), deep clays (up to 50 m), and clays adjacent to the continen-

tal shelf (up to 12 m). These are respectively 10 m, 30 m, and at least 130 m less

than deviatoric heads simulated for the same areas in SN4. In SN7, the average

hydraulic head in Cretaceous sediments under Martha’s Vineyard is about 27 m

above modern sea-level, 4 m less than SN4 (Table 4.2).

We also output the cumulative vertical surface flux for SN7 (Figure 4.15).

The net flux oscillates around 0 m3/m/yr, veering by at most 0.1x104 m3/m/yr.
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Figure 4.13: Simulated present-day salinity (ppt) distribution for a.) evolving
(SN4) and b.) static grid (SN7). Elevation is relative to modern sea level.

79



Figure 4.14: Simulated present-day deviatoric head (m) distribution for a.) evolv-
ing (SN4) and b.) static grid (SN7). Elevation is relative to modern sea level.
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Figure 4.15: Cumulative surface infiltration (solid black line), exfiltration (solid
red line), net flux (dashed blue line), and ice sheet extent on the continental shelf
(solid blue line) for SN7 (static grid). The y-axis is non-linear; the vertical incre-
ment increases by an order of magnitude for values greater than 0.5 m3/m/yr
and values less than -0.5 m3/m/yr. Sea level is plotted on the bottom.
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The only exception is during glacial periods, in which net flux peaks at about

−0.15x104 m3/m/yr (Wisconsin glaciation) to−0.57x104 m3/m/yr (Illinoian glacia-

tion) as the ice sheet moves on to the continental shelf and 0.7x104 m3/m/yr when

the ice sheet moves off from the continental shelf.

4.5 Sensitivity of Simulated Present-day Salinity and Deviatoric Head Distri-
butions to Permeability (Question 5)

We would expect low permeability conditions to retard freshwater em-

placement and enhance excess pressures. We investigated the sensitivity of our

simulated present-day pore fluid chemistry and deviatoric head to permeability

by separately decreasing the permeability of the clay (SN8) and the sand (SN9)

and then comparing simulated present-day salinities in Figure 4.16 and simu-

lated present-day deviatoric heads in Figure 4.17. We also present results from a

homogeneous stratigraphy (SN10).

In SN8 (clay permeability decreased to kx = 10−18 m2 and kz = 10−19 m2,

relative to SN4), present-day emplaced fresh water is restricted to sand aquifers

at least partially confined by clay units (Figure 4.16b). Compared to SN4 (Figure

4.16a), SN8 has less area that has emplaced fresh water. The deep lateral extent

of pore fluids with pore chemistry less than 14 ppt salinity is 170 km, 70 km less

than SN4. The percentage of pore fluids that contain brackish-to-fresh water (<

5 ppt) is 8 %, 12 % less than SN4 (Table 4.1). The percentage of pore fluids that

has δ18O less than −10 ‰ is 10 %, 13 % less than SN4. Further, the percentage

of pore fluids with a groundwater age less than 130 ky is 13 % (14 % less than

SN4) and the amount greater than 1 My is 75 % (31 % greater than SN4). The

clays underlying Martha’s Vineyard Island have pore fluid salinities up to 5 ppt,
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Figure 4.16: Simulated present-day salinity (ppt) distribution for a.) SN4, b.) SN8,
and c.) SN9. Elevation is relative to modern sea level.
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Figure 4.17: Simulated present-day deviatoric head (m) distribution for a.) SN4,
b.) SN8, and c.) SN9. Elevation is relative to modern sea level.
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which is generally more saline than what is simulated for SN4 (0 ppt - 3 ppt;

Figures 4.4b and 4.16b). Pore fluids in shallow aquifers (between 170 and 230 km)

are more fresh (by up to 3 ppt) than in SN4.

In SN9 (sand permeability decreased to kx = 10−13.5 m2 and kz = 10−15.5

m2, relative to SN4), the lateral extent of brackish water was reduced by about

50 m compared to SN4 (when comparing the 14 ppt contours in Figures 4.16a

and 4.16c). The emplaced fresh water is less confined to sand aquifers and the

simulated salinity under Martha’s Vineyard Island is between 0 to 7 ppt salinity

(Figures 4.4b and 4.16c). The percentage of brackish-to-fresh water is 5 %, 15 %

less than SN4, and the percent of pore fluids with δ18O less than −10 ‰ is 8 %,

15 % less than SN4 (Table 4.1). The percentage of pore fluids with a groundwater

age less than 130 ky is 7 % (20 % less than SN4) and the amount greater than

1 My is 76 % (32 % greater than SN4). The homogeneous stratigraphy in SN10

produces simulated present-day salinity patterns that are similar to SN9, except

the lower permeability has reduced freshwater emplacement (Figure 4.16d).

Simulated present-day hydraulic head for SN8 contains overpressures (pos-

itive deviatoric head up to 1000 m) confined within low-permeability clays near

the continental shelf-slope break (Figure 4.17b). Overpressured pore fluids are

also present under Martha’s Vineyard Island (deviatoric head up to 200 m). In

the relatively confined lower aquifer, deviatoric heads range between 55 and 65

m. Unconfined sand aquifers contain slightly underpressured heads (deviatoric

heads between −1.5 and −2.0), thus are near hydrostatic. In SN4, underpres-

sured areas (deviatoric head around −1.4 m) are only present in shallow sands

and the overpressures are not as confined to the clays and confined areas as in

SN9; overpressures in SN4 seem to be diffusing out of the clays. In SN9, overpres-

sured pore fluids are present under Martha’s Vineyard Island (deviatoric head
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is up to 20 m) and in a large region extending from 130 km lateral distance to

the continental slope (deviatoric head reaches 220 m; Figure 4.17c). These over-

pressured pore fluids correspond with areas that had sedimentation since 65 ka

(Martha’s Vineyard Island and near the shelf-slope break; Figure 3.1). An under-

pressured region, as low as −4 m, occurs around 110 km lateral distance. This

underpressured area is a result of decreasing sea level, and associated decrease

in load, between 1.1 ka and present-day. Using a homogenous stratigraphy, as in

SN10, produced present-day deviatoric head patterns consistent with SN9 (Fig-

ure 4.17d). This suggests that the patterns seen in SN9 are due to the small differ-

ence in sand and clay permeability. These minor overpressured areas correspond

with areas that received less significant sediment deposition, compared to areas

directly adjacent to the continental slope, since 65 ka (Figure 3.1).

The simulated hydraulic head in Cretaceous sediments under Martha’s

Vineyard Island is 104 m for SN8 and 22 m for SN9 (Table 4.2).

4.6 Sensitivity of Simulated Present-day Salinity and Deviatoric Head Distri-
butions to Sediment Facies Distribution (Question 6)

As discussed in Section 3.2, the exact stratigraphy of our imposed area

is not known. In order to get an idea of the sensitivity of our model results to

stratigraphy, we ran a simulation in which we deposited only clay during the

Pleistocene (SN11), as compared to SN4 (and all the other simulations) in which

we deposited approximately an equal amount of sand and clay.

Figure 4.18 contains the simulated present-day salinity patterns for SN4

and SN11. Salinity patterns under Martha’s Vineyard Island and Cape Cod are

very similar between SN4 and SN11 (Figure 4.18 and 4.4c). In SN11, the area
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of continental shelf pore fluids that has experienced freshwater emplacement is

slightly less than the area in SN4. This is at least partially due to the absence

of shallow aquifers in SN11; such aquifers can be observed between 170 km and

210 km in SN4 ( Figure 4.18a). However, in SN11 the percentage of pore fluids

that contains brackish-to-fresh water (< 5 ppt) is 26 %, 6 % more than SN4. The

plume of relatively fresh water in the deep aquifer and between 110 km and 150

km is more fresh in SN11 than SN4, reaching a minimum of 1.6 ppt in SN11 and

2 ppt in SN4. The deposited clay layer prevents displacement of fresh water that

sourced from Martha’s Vineyard and Cape Cod. The shallow interface (at most

300 m depth) between relatively more fresh water (about 10 ppt) and more saline

water (about 20 ppt) is about 100 m thick, which is about twice as thick as the

interface in SN4. In SN11, the percentage of pore fluids that have δ18O less than

−10 ‰ is 25 %, 2 % more than SN4 (Table 4.1). The percentage of pore fluids

with a groundwater age less than 130 ky is 31 % (the 4 % more than SN4) and the

amount greater than 1 My is 28 % (16 % greater than SN4).

Computed present-day deviatoric heads are shown in Figure 4.19. The

simulated present-day deviatoric heads in SN11 are overall higher (more over-

pressured system) than SN4. In SN11, the area with deviatoric heads greater

than about 50 m encompasses a dominant portion of the model domain, while

hydraulic heads of this magnitude are only confined to clays adjacent to the con-

tinental slope in SN4. Simulated hydraulic heads in Cretaceous sediments under

Martha’s Vineyard Island are about 56 m above msl for SN11, 25 m greater than

SN4. This is due to the blanketing effects of the deposited clays. SN11 also con-

tains an underpressured area (deviatoric head as low as −3 m ) in the shallow

portion of the mesh near the continental shelf-slope break (250 km), where the

sedimentation rate was low (Figure 3.1). In SN11, the present-day groundwater

flow in the continental shelf sediments is towards the shoreline.
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Figure 4.18: Comparison of simulated present-day salinity (ppt) distribution for
a.) SN4 and b.) SN11. Scenario SN11 represents deposition of only clays while
SN4 represents both sand and clay deposition. Elevation is relative to modern
sea level.
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Figure 4.19: Comparison of simulated present-day deviatoric head (m) distribu-
tion for a.) SN4 and b.) SN11. Scenario SN11 represents deposition of only clays
while SN4 represents both sand and clay deposition. Elevation is relative to mod-
ern sea level.
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CHAPTER 5

DISCUSSION

Assuming that the permeability values we used for sands (kx=10−11 m2

and kz=10−13 m2), clays (kx=10−16 m2 and kz=10−17 m2), and tills (10−16 m2 and

kz=10−16 m2) are representative, we found that (1) sediment loading and (2) sea-

level fluctuations had dominant control on the present-day deviatoric head dis-

tribution on the continental shelf offshore of Martha’s Vineyard Island. Sediment

loading produced overpressures (up to 180 m) in the low permeability clays, as

well as underpressures (as low as−20 m) in regions that experienced erosion and

little sedimentation (Figure 4.1a). Sea-level fluctuations induced modest under-

pressures reducing heads in basal sand units (Figure 4.1b). Sea-level fluctuations

also induced overpressures in clay adjacent to the continental slope, but to a mi-

nor degree compared to sediment loading.

We found that for the simulations that represented the ice sheet (SN4, ice

sheet maximum extent to Martha’s Vineyard, and SN6, ice sheet maximum ex-

tent to the continental shelf-slope break), glacial loading dominated over all other

fluid flow impelling mechanisms during ice sheet maxima, increasing the devia-

toric hydraulic head by as much as 0.9 km (during Wisconsin glaciation) to 1.3 km

(during Illinoian glaciation in SN6) relative to conditions with no ice sheet. How-

ever, fossil overpressures from the Illinoian are not preserved in the present-day

system (SN4 and SN6; Figure 4.6). Computed heads from both ice sheet models
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are similar to the simulation with no ice sheet (SN1). This indicates that the high

permeability of the relatively thick clay units near the continental slope result in

little memory of Wisconsin and pre-Wisconsin glaciations. We expected that the

simulated present-day hydraulic heads to be larger for the simulation in which

the ice sheet extended to the continental shelf-slope break (SN6) than the simula-

tion in which the ice sheet only extended to Martha’s Vineyard Island (SN4).

For the three ice sheet simulations, computed pore pressures in Cretaceous

sediments under Martha’s Vineyard Island (SN1, 23 m, SN4, 31 m, and SN6, 31

m above modern sea level) were 3-4 times greater than observed excess pressures

beneath Nantucket Island (7.5 m). Again, these simulated pore pressures were

overall relatively similar. These values were also relatively consistent with the

simulation in which we only implemented sea-level variation (SN3, 22 m above

sea level). Pore-pressure measurements made further offshore in clay/silt rich

facies would go a long way towards narrowing down past glacial dynamics. Fur-

ther, when we increased the sand permeability (kx=10−13.5 m2 and kz=10−15.5 m2;

SN9), simulated hydraulic heads were consistent with the lower permeability sce-

narios (22 m above modern sea level). The simulated pore pressures in this same

area increase by a factor of 4 (104 m above modern sea level; Table 4.2) when

clay permeabilities were decreased (kx=10−18 m2 and kz=10−19 m2; SN8) and in-

creased by a factor of 2 (to 56 m above modern sea level) when we used clay-rich

Pleistocene stratigraphy. Based on this information, it is reasonable to exclude

the low clay permeability (kx=10−18 m2 and kz=10−19 m2) as representative of ac-

tual conditions. However, more hydraulic head data from deeper offshore wells

is needed to further constrain offshore stratigraphy and permeability.

Using homogenous sand and clay permeability (SN10) produced simu-

lated present-day salinity patterns that resembled the classical steady state sea-
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water intrusion model (Figures 4.3a and 4.16d). We speculate that if the per-

meability was still homogeneous, but substantially higher (kx = 10−9 m2 and kz

= 10−10 m2) then the simulated present-day patterns would be more similar to

the classical model, with even less simulated present-day fresh water. Sediment

heterogeneity had an important role in creating the conditions that lead to the se-

questration of freshwater offshore. Higher permeability units allowed for greater

infiltration of fresh water and the lower permeability prevented displacement of

fresh water with seawater. The greater difference in sand and clay permeability

tended to allow for the greatest amount of simulated fresh water sequestered off-

shore (Figure 4.16b). In general, it is not only the hydraulic permeability but the

heterogeneity (patterns and relative values) that matters in offshore freshwater

sequestration.

Decreasing the permeability of either the clay (SN8; kx = 10−18 m2 and ky

= 10−19 m2) or the sand (SN9; kx = 10−13.5 m2 and ky = 10−15.5 m2), or using a

clay-rich Pleistocene stratigraphy (SN11), drastically affected the anomalous off-

shore pore pressures. Decreasing the permeability of only the clay (SN8) resulted

in dominantly overpressured areas in the clays and deep aquifer, with slightly

underpressured to nearly hydrostatic conditions (−2 m deviatoric head) in the

exposed sand aquifers (Figure 4.17b). Decreasing the permeability of the sand

(SN9), resulting in a system with nearly homogenous permeability, produced a

greater propensity to have large overpressured areas, with little differentiation

between clay and sand. Small regions containing underpressured sediment were

confined to the areas that had little recent sedimentation, or at least more substan-

tial erosion than sedimentation (between 80 and 150 km lateral distance; Figures

4.17c and 3.1). The clay-rich Pleistocene stratigraphy (SN11) also contained high
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overpressures that encompassed the whole offshore region. These high over-

pressures induced by a combination of ice sheet, sediment, and sea-level loading

would have otherwise more readily diffused out in lower permeability and more

sand rich stratigraphy.

As mentioned above, the presence of the ice sheet drastically increased

shore-normal head gradients and freshwater emplacement. Simulations in which

the ice sheet extent was varied (no ice sheet; SN1; ice sheet terminating at Martha’s

Vineyard Island, SN4; ice sheet to the continental shelf-slope break, SN6) indi-

cated that implementation of the ice sheet resulted in greater emplacement of

brackish-to-fresh water due to forced advection and dispersion of fresh water

through low permeability clays (Figure 4.3). It is possible that grid dispersion

promoted greater extention of brackish-to-fresh water emplacement. Dispersion

was probably enhanced by our representing the effects of the ice sheet for each

Pleistocene glacial period (over 50 glacial periods since 2.75 ka). In earlier mod-

els, typically only one to two glacial cycles have been taken into account. The re-

peated advancements caused greater dispersion of fresh water into the lower per-

meability clays further offshore and less confinement of fresh water to aquifers,

as was used in continental shelf models by Marksamer et al. (2007) and Person et

al. (2003).

The presence of the ice sheet increased surface infiltration all along the

continental shelf, by up to an order of magnitude. There was also reversal of

groundwater flow upon removal of the ice sheet (Figures 4.9, 4.10, and 4.11)

(Grasby et al., 2000; Lemieux et al., 2008b). The percentage of brackish-to-fresh

pore fluids (< 5 ppt) increased by 6 % with implementation of the ice sheet that

only extended to Martha’s Vineyard. For the scenario in which the ice sheet
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reached the continental shelf-slope break (SN6), it lingered on the continental

shelf longer and increased the percentage of brackish-to-fresh pore fluids (< 5

ppt) in the continental shelf by 17 % (Table 4.1) . However, we found that all

three models (SN1, SN4, and SN6) had close to identical salinity patterns under

Martha’s Vineyard. (Figure 4.4a). Decreasing the permeability of the clays (SN9)

or the sands (SN8) resulted in slightly more saline pore fluids beneath Martha’s

Vineyard, and all along the continental shelf (the percentage of pore fluids < 5

ppt decreased by 12 % in SN8 and 15 % in SN9, relative to SN4).

To our surprise, flexural adjustments to the lithosphere caused submer-

gence of the land surface below sea-level, resulting in saltwater encroachment

after the ice sheet retreated. To some degree this worked against freshwater em-

placement. This mechanism caused the simulated pore fluids under Martha’s

Vineyard Island to be more saline for the low permeability scenarios in which

the maximum ice sheet extent was to Martha’s Vineyard (SN8 and SN9; Figure

4.4b), and much more saline conditions under Cape Cod for all the simulations

in which the ice sheet was represented (Figures 4.3 and 4.16).

Salinity data was available from relatively deep wells on Nantucket Island

(USGS 6001, 500 m deep) and Martha’s Vineyard (ENW-50, 250 m deep) to pro-

vide ground truth for our models. Unfortunately, these wells are restricted to the

nearshore environments and, like the hydraulic head data, provided little help

in constraining hydrogeologic parameters. Model results suggest that deep (>

1000 m) aquifers, 90 - 130 km offshore should host brackish-to-fresh waters. Cur-

rently, future drilling is proposed to occur to a maximum of 800 m depth along

the continental shelf (Figure 5.1). This depth should be sufficient, in all simula-

tions, to capture meteoric and glacial meltwater within shallow continental shelf
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pore fluids and deeper sediments. However, extending drilling to 1.3 km depth

would allow us to better understand the extent of freshwater penetration. Since

continental shelf stratigraphy and permeability used in our models (as well as

ice sheet loading and extent) are all uncertain, wells should be sited taking into

account the bulk of our results produced by this sensitivity study.

Since the ice sheet was only present on the continental shelf about 12 %

of the Pleistocene in our models, implementation of the ice sheet had little in-

fluence on surface vertical flux patterns during interglacial periods (infiltration

and discharge patterns for SN1, SN4, and SN6 were nearly identical during these

periods). As similarly noted by Lemieux et al. (2008), we found that at any time

in our simulation the infiltration and discharge are likely not in equilibrium with

current sea-level condition. The waxing and waning of the ice sheet and the ris-

ing and falling of sea-level produced ever-changing boundary conditions and

delayed transient response of the system, resulting in a system that has highly

transient surface flux. It is clear that dynamic equilibrium does not exists for

salinity transport in our simulations, since climate and geology change is not de-

terministically periodic.

Free convection, often expressed as fingering, in permeable strata is a com-

mon effect of density instabilities brought about by seawater overlapping fresh

pore fluid. It has been considered for systems off the coast of Florida (Kooi and

Groen, 2001) and Suriname (Groen et al., 2000). In our higher permeability sim-

ulations (SN1, SN4, and SN6) free convection controlled pore-fluid chemistry in

the shallow, offshore environment (between 90 - 130 km offshore), that experi-

enced repeated transgressions throughout the Pleistocene. Clay-rich Pleistocene

sediments prevented fingering of seawater and displacement of fresh water, re-

sulting in larger areas with brackish-to-fresh water (< 5 ppt, increased by 6 %
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Figure 5.1: Proposed drilling locations (MV-#) offshore of Martha’s Vineyard Is-
land and how they correspond with our cross-section. Lines on the map represent
seismic lines taken during our geophysical survey (EN-465). The vertical black
lines indicate the current proposed borehole depths.
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relative to SN4) and pore fluids with δ18O less than −10 ‰( increased by 2 %

compared to SN4).

In our simulations in which we implemented the ice sheet (SN4 and SN6),

surprisingly few pore fluids contained δ18O signatures near the glacial end mem-

ber (−20 ‰; Figure 4.5). This is predominantly due to a high component of mix-

ing. Even so, the percentage of pore fluids that contained δ18O less than −10 ‰

(the meteoric water end member) is 23 % (SN4) to 77 % (SN6). The absence of

an ice sheet end member is a common observation in many continental sedimen-

tary basins that have been glaciated (Ma et al., 2004; McIntosh and Walter, 2005).

Thus, our numerical results are not surprising.

The degree of mixing is further emphasized by the distribution of ground-

water ages. For the simulations in which we implemented the ice sheet (SN4 and

SN6), about 19 to 23 % of pore fluids had mean groundwater ages less than or

equal to the 50 ky (maximum carbon dating age) and 27 to 33 % of pore fluids

had mean groundwater ages from the last two interglacials (130 ka). This would

mean that 67 to 73 % of the pore fluids have groundwater ages greater than 130

ky. Most of the continental shelf experienced some type of emplacement of fresh

water since 130 ka, but mixing with older water in our simulations diminished

the signature (Figure 4.8). These contour maps of simulated residence times can

be used in selecting offshore well locations that can be dated using 14C methods

(ages < 50 ky).

Most paleo-hydrogeologic models of the Pleistocene neglect the effects of

sediment deposition and erosion (Lemieux et al., 2008b; Person et al., 2003); rep-

resenting them in our models had significant effects on present-day salinity and

pore-pressure patterns. Using the modern stratigraphy for the entire Pleistocene
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did not accurately account for transient changes in sea-floor topography. In our

simulations, during the Wisconsin glaciation (about 20 ka) sea level lowered be-

low the crest of clinoform development (Figure 4.7). The simulated aerially ex-

posed clinoform produced a local high head gradient, which focused meteoric

water deep into an adjacent shallow aquifer (between 170 and 240 km lateral dis-

tance; Figure 4.13a). The extent of freshwater emplacement into this aquifer was

diminished in the static simulation due to the absence of this local topographic

gradient (SN7; Figure 4.13b). Interestingly, there was greater emplacement of

fresh water in the simulation that neglected sedimentation and erosion. We ex-

pected that the presence of shallow Wisconsin tills over Cape Cod and Martha’s

Vineyard throughout the entire simulation would have blocked meltwater and

overall freshwater infiltration. However, overpressures induced by sedimenta-

tion retarded influx of fresh water (Figure 4.14). This indicates that anomalous

heads due to sedimentation moderated infiltration patterns. This mechanism

seems to have been more important than the surface permeability in our rela-

tively high permeability system.

There are three implications to this research, some that reiterate the work

of others. First, that passive continental shelf margins are a potential source of

brackish-to-fresh water for coastal cities that may be in need of water resources in

the future (Cohen et al., 2010). Second, the presence of the ice-sheet is not neces-

sary to induce freshwater infiltration into continental shelf sediments. Third, the

potential amount of brackish-to-fresh water sequestered offshore Martha’s Vine-

yard Island drastically increases, by almost a factor of two, with the added new

understanding that the Laurentide ice sheet may have reached to the continental

shelf-slope break.
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Low-latitude coastal environments likely experienced freshwater infiltra-

tion during sea-level low-stands. Brackish-to-fresh water contained within the

coastal sediments could be a very important water resource for low-lattitude pop-

ulous coastal countries, such as Singapore. Some populous countries are on the

down stream portion of the rivers and thus have need of their own freshwater

source. Testing the viability of tapping into this offshore coastal water resource

would need to be conducted by a country that has sufficient financial resources

and freshwater demand.

Further, even though the ice sheet is only present on the continental shelf

for a small portion of the Pleistocene, increased infiltration due to the ice sheet

suggests that the presence of ice sheet meltwater along the continental shelf could

be influencing coastal biomes. Glacial meltwater coming from mountain glaciers

along the Gulf of Alaska contained high bioavailable dissolved organic carbon

(DOC) and older 14C ages compared to stream water (Hood et al., 2009). Fur-

ther, McIntosh et al. (2002) noted that infiltration of glacial meltwater within

the Michigan basin promoted microbiological reactions in organic rich shale de-

posits, leading to the generation of economically significant quantities of natural

gas. With this information, it is possible that these coastal areas once affected by

an ice sheet may have unknown petroleum reserves. However, it also brings to

question why petroleum resources were not found in Georges Bank and more

places along the New England continental margin.
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CHAPTER 6

CONCLUSION

In this study, we attempted to better understand the mechanisms con-

trolling pore-pressure, salinity, isotope (δ18O), and groundwater age distribution

on the Atlantic continental shelf offshore of Martha’s Vineyard Island by using

cross-sectional mathematical modeling and the finite-element method to simu-

late continental-shelf paleo-hydrology through the Pleistocene (2.75 Ma - present-

day). The study was motivated by new high resolution multi-channel seismic

data that was collected in 2009, in support of a proposed IODP drilling cam-

paign. Specifically, we attempted to understand how fluid-flow driving forces

(compaction, density instabilities, and topography driven flow), ice-sheet load-

ing, ice-sheet maximum extent, permeability, and Pleistocene stratigraphy affects

fresh-water and deviatoric head distribution. This included using simulations

with an evolving mesh that took into account Pleistocene sedimentation, erosion,

and subsidence. We used salinity, δ18O, groundwater age, and hydraulic head

data from Martha’s Vineyard Island and Nantucket Island provided some degree

of ground truth to constrain our models.

We found that sedimentation, sea-level fluctuation, and ice-sheet loading

controlled present-day freshwater distribution. Overpressures (up to 180 m) in-

duced by sedimentation retarded freshwater influx, while sea-level low-stands

and ice-sheet loading produced shore-normal gradients (0.0005 and 0.00416 m/m,
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respectively) that focused fresh water into continental-shelf sediments. A more

expansive ice sheet (extending out to the continental shelf-slope break; shore-

normal gradient of 0.0055 m/m) nearly doubled the percentage of emplaced sim-

ulated present-day brackish-to-fresh water (< 5 ppt; increased from 20 % to 37 %

of continental-shelf pore fluids) compared to simulations in which the ice sheet

extended to Martha’s Vineyard. Sand and clay distribution and permeability

played an essential role in freshwater infiltration; an approximately equal dis-

tribution of sand and clay, and a greater difference in sand and clay permeability

resulted in the greatest preservation of brackish-to-fresh pore fluids. However,

onshore pore fluids are not highly sensitive to ice-sheet extent nor sand and clay

permeability.

Our results and sensitivity study indicate that offshore sediment data is

needed to adequately simulate continental-shelf paleo-hydrogeology. Onshore

hydrology is dominantly controlled by present-day conditions and thus shows

little to no record of Pleistocene ice sheet influence. Further, proposed bore-hole

depths may need to be deepened (possibly to 1.3 km) to ensure encountering

brackish-to-fresh pore fluids.
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