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Abstract In addition to variable density flow, the lateral and vertical
heterogeneity of submarine sediments creates important controls on coastal
aquifer systems. Submarine confining units produce semi-confined offshore
aquifers that are recharged on shore. These low-permeability deposits are
usually either late Pleistocene to Holocene in age, or date to the period of the
last interglacial highstand. Extensive confining units consisting of peat form in
tropical mangrove swamps, and in salt marshes and freshwater marshes and
swamps at mid-latitudes. At higher latitudes, fine-grained glaciomarine
sediments are widespread. The net effect of these shallow confining units is
that groundwater from land often flows farther offshore before discharging
than would normally be expected. In many settings, the presence of such
confining units is critical to determining how and where pollutants from land
will be discharged into coastal waters. Alternatively, these confining units
may also protect fresh groundwater supplies from saltwater intrusion into
coastal wells.
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INTRODUCTION

As the phenomenon of submarine groundwater discharge has been investigated more
intensively over the last decade, several critical data gaps and technological obstacles
have emerged (Taniguchi et al., 2002; Slomp & Van Capellen, 2004; Burnett et al.,
2006; Gallardo & Marui, 2006). Among these barriers to answering research questions
and solving coastal management issues has been the problem of poorly documented
submarine stratigraphy and hydrogeology. Many modelling or field studies that
initially assumed simple “sandbox” geology at shoreline sites, as suggested by the
surficial appearance of many beaches (Fig. 1(a)), had to be modified as field results
became available (Fig. 1(b)-(d)) Seepage meter measurements and subsurface
sampling have commonly indicated the influence of unexpected lower permeability
sediments at depths of less than a metre to several metres beneath the beach and
seafloor. Often these investigations have treated the fine-grained units as curious
anomalies that complicated experiments which were intended to be more straight-
forward. Rarely, however, have investigators attempted to synthesize such phenomena
into a coherent typological framework.

For land-based hydrological investigations, stratigraphy of unconsolidated units is
normally determined by soil borings. Piezometers or monitoring wells are installed to
measure heads, determine flow directions, and collect water-quality samples. In
shoreline and submarine studies, these types of investigations become more difficult
due to problems associated with accessing the areas with drilling rigs, and installing
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Fig. 1 Schematic diagrams showing: (a) the geometry of a typical fresh—saline
interface in a coastal groundwater system, and the circulation within each portion of
the aquifer; (b) how the addition of tides can create a shallow saline circulation cell in
groundwater beneath the intertidal zone, and two discharge zones, as described in the
text; (c) how the presence of a shallow submarine confining unit can create an
additional seepage zone and saline circulation cell; and (d) how a more extensive
submarine confining unit, formed by the combination of a buried unit and/or fine-
grained sediments that are being actively deposited, can create a long (up to
kilometres) submarine flow path for fresh groundwater.

wells and piezometers that can withstand the effects of waves, tides, and moving ice.
Between 2000 and 2003, six intercomparison experiments were performed using
combinations of seepage meters, piezometers, models, geophysical instruments, and
other techniques (Burnett et al., 2006). In several of these studies, including sites in
Australia, Florida, and New York, discharge patterns were influenced by the presence
of shallow confining units. At the Florida site, an anomalous band of discharge was
observed between 80 and 100 m offshore (Smith & Zawadzki, 2003) and was
attributed to leakage through a “window” in a buried confining unit. Seepage meters
deployed during other experiments in Waquoit Bay, Massachusetts (Michael et al.,
2005) showed a 15-m wide band of unusually high discharge parallel to the shore, but
offset about 15 to 20 m offshore, that may have been influenced by a confining unit.
Submarine flow of fresh or brackish water controlled by shallow confining units has
also been documented beneath coastal bays in Delaware and Maryland (Bratton ef al.,
2004; Krantz et al., 2004; Manheim et al., 2004), and beneath the Neuse River Estuary
in North Carolina (Cross et al., 2006) and Nauset Marsh in Massachusetts (Bratton et
al., 2006).

This paper synthesizes available information on the origins and significance of
submarine confining units, with the goal of providing a foundational conceptual model
for considering their role in the solution of current scientific and societal problems.
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The focus is on examples from the Atlantic coast of the USA. The discussion,
however, broadens the application of these examples to other similar coastal settings.
The conclusions particularly apply to other passive margin coastlines with active
sedimentation, such as those found around much of the Atlantic, Mediterranean, and
Arctic basins, as well as the coasts of Australia, eastern Africa, and India.

ORIGINS OF CONFINING UNITS

The ways in which submarine confining units are formed vary both temporally and
areally. The process that indirectly produces most of the conditions necessary for
formation of such deposits is global climate change. Climate-driven cycles of ice sheet
growth and retreat cause vertical sea-level fluctuations and lateral shoreline migrations.
As described by Walther’s law (Middleton, 1973), lateral movement of adjacent high-
energy and low-energy environments, such as sandy beaches and muddy lagoons,
results in the stacking of sediment units with different permeabilities. Sands and
gravels from high-energy environments act as conduits for groundwater flow. Fine-
grained sediments, which are generally deposited in sheltered embayments or depressions
during sea-level stillstands and highstands, are barriers to groundwater flow.

The most extensive coastal confining units in many modern systems were
deposited between glaciations, particularly during the last interglacial (Marine Isotope
Stage [MIS] 5, especially Se [i.e. Eemian, Ipswichian, or Sangamon age]). Deposits of
this age are found throughout tropical and mid-latitude coastal areas, except where
they have been eroded away during intervening glacial periods with corresponding low
sea levels and subaerial exposure of highstand deposits. In many high-latitude coastal
areas such deposits were removed by glacial scour during the last ice age.

There are many regionally extensive deposits of fine-grained sediments from
interglacial highstands, or from relative highstand deposits that have been sub-
sequently uplifted. These formations commonly form shallow onshore confining units
that extend offshore (Fig. 1(c)). Examples include shallow marine or back-barrier
deposits found around the shore of Chesapeake Bay, the Virginia and North Carolina
coasts, the northern Gulf of Mexico, and the southern Baltic Sea and North Sea of
northern Europe.

The second major category of modern submarine confining unit is deposits formed
during the late Pleistocene or Holocene transgression. These units consist of
latitudinally distinct biogenic deposits, proglacial deposits, and common estuarine and
marine muds (Fig. 1(d)). The biogenic deposits are peats formed at the shoreline, or
slightly inland, and derived from mangroves or sawgrass in the tropics, and salt
marshes and coastal freshwater marshes and swamps at higher latitudes (Fig. 2). Many
such deposits that are no longer actively forming are now submerged below sea level
and either exposed on the seafloor, or buried at shallow depths along the coast and
offshore.

Mangroves are present along modern tropical and subtropical shorelines up to
approximately 28°N and S latitude on western margins of ocean basins, and about 15
to 20°N and S along eastern margins (Fig. 2). In the mid-1990s the total surface area
covered by mangroves was 181 000 km?, or about 8% of the global coastline and 25%
of tropical coastlines (Spalding et al., 1997). Submerged mangrove peats have been
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Fig. 2 Map showing global coastlines where mangrove swamps (heavy grey lines) and
salt marshes (heavy black lines) are present. The stippled area was covered by ice at
the last glacial maximum. Salt marsh and mangrove information is modified from
Sumich (1999) and Spalding et al. (1997). Glacial limits are from Ray & Adams
(2001).

observed around the world at sites including Florida (Robbin, 1984), Belize (Macintyre
et al., 2004), and the South China Sea (Hanebuth ef al., 2000). Where submerged peats
from drowned mangroves either extend close enough to shore to intersect the
unconfined seepage face, or are laterally continuous with peats beneath living
mangroves, conditions are present for these peats to act as shallow submarine
confining units. This is particularly true in areas with very low coastal relief, such as
the carbonate platforms of Florida or the Bahamas. The tendency of living mangroves
to create brines further complicates the groundwater flow systems in these types of
settings (Greenwood et al., 2006). In some tropical and subtropical settings, such as
the Florida Everglades, areas inland of mangroves are covered by extensive sawgrass
(Cladium sp.) marshes (Willard et al., 2006), which also form peats. As sea level rises,
mangroves may migrate inland, causing mangrove peat to be deposited over marsh
peat (Willard & Holmes, 1997). In Belize, mangrove peat up to 10 m thick has been
documented (Macintyre et al., 2004).

Mid- to high-latitude coastal plain shores contain intertidal salt marshes dominated
by cordgrass (Spartina sp.) and other salt-tolerant vegetation (Fig. 2). The range of
these marshes (~25°N and S along western ocean boundaries, ~20°N and S on eastern
boundaries due to colder boundary currents) overlaps slightly with that of mangroves,
and extends into the subarctic. In the United States, submerged peats have been
documented along the Atlantic coast in Maryland, New York, Massachusetts, and
Maine, among other locations (Emery et al., 1967; Field et al., 1979, Thieler et al.,
1999; Buynevich & FitzGerald, 2002; Bratton ef al., 2004, 2007). In low-lying coastal
areas inland of salt marshes, freshwater marshes of cattails, bulrushes, phragmites, and
sphagnum form peats as well. Forested wetlands or swamps in some areas up to about
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38°N or S along the western Atlantic coast also contain cypress and gum trees. At
higher latitudes, vegetation in coastal swamps is dominated by red maples, oaks, or
Atlantic white cedars. Like salt marshes, these swamps can form low-permeability
peats that are later submerged and buried as sea level continues to rise (e.g. Dillon,
1970). In the subarctic and arctic, at latitudes higher than about 55°, coastal wetlands
are dominated by salt-tolerant grasses and sedges, with muskeg and tundra vegetation
further inland. Coastal and submarine permafrost also becomes hydrologically
significant in the subsurface in these regions (Gosink & Baker, 1990).

At latitudes north of 40° along the Atlantic coast of North America and 50° along
the coasts of Europe, Asia, and the Pacific coast of North America, large areas of fine-
grained glaciomarine and glaciolacustrine deposits from the end of the last glaciation
are present on the inner continental shelf (Fig. 2, stippled area). Along coasts that were
isostatically depressed due to glacial loading and that subsequently rebounded
(Barnhardt et al., 1995; Lambeck, 1995), extensive deposits of these silty and clayey
sediments are now locally exposed above sea level, such as the Presumpscot
Formation of Maine (Bloom, 1963; Fig. 3, hatched area). Other glacially-derived
sediments remain submerged, such as the fine sands, silts, and clays deposited in
ephemeral proglacial lakes during the late Pleistocene on the inner continental shelf of
southern New England (Fig. 3; Uchupi et al., 2001). In areas where these units reach
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Fig. 3 Shaded relief and bathymetric map of the northeastern United States and
Canada showing locations of maximum glacial ice extent during the last Ice Age
(dashed white line), proglacial lake beds now mostly submerged (black), and areas
of coastal Maine and Massachusetts inundated shortly after deglaciation (hatched
area) (modified from Uchupi & Mulligan, 2006).
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the nearshore or continue onshore, they serve as very effective confining units. In some
locations, fine-grained sediments associated with previous glaciations or marine
highstands may also be present beneath late Pleistocene deposits on the inner shelf
(Person et al., 2003; Uchupi & Mulligan, 2006).

Estuarine and marine muds, like sediments from previous sea-level highstands
such as MIS 5e, are currently being deposited below the wave base and on intertidal
mudflats in many coastal areas. This sediment type is especially common in sheltered
or deep estuaries, back-barrier lagoons, and near the mouths of large rivers. These
surficial confining units can be more than 20 m thick in deep palacochannels or
drowned basins (e.g. Bratton et al., 2003), but are generally much thinner. Thickness
often decreases toward the shore where wave action prevents silt and clay from settling
out. Although fine grained, the effective permeability of some of these units is
increased by bioturbation of infaunal organisms such as bivalves, polychaetes, crabs,
and shrimp, some species of which burrow up to 2 m into the seafloor. The uppermost
tens of centimetres of estuarine sediments also tend to be only minimally consolidated,
with water content values often exceeding 70 percent. Estuarine muds have been
observed to overlie buried peats in shallow coastal estuaries (Bratton et al., 2004,
2007; Krantz et al., 2004); and fluvial sand and gravel, beach sand, or oysters (Bratton
et al., 2003).

SIGNIFICANCE OF CONFINING UNITS TO SUBMARINE
GROUNDWATER FLOW

Historically, coastal and submarine groundwater flow systems have generally been
oversimplified. Situations where the groundwater follows a simple Ghyben-Herzberg
geometry, with a single wedge of saline groundwater underlying a fresh lens that
discharges in a narrow band at the shoreline (Fig. 1(a)), may be more the exception
than the rule. Shallow confining units can produce a pattern of two or more discharge
zones (Fig. 1(c) and (d)). Permeable shorelines that are subject to significant tides,
however, also tend to develop shallow saline flow cells that can mimic the effect of a
shallow confining unit by creating two discharge zones (Fig. 1(b)). This was recently
observed at a study site in Australia and simulated with a variable-density model
(Robinson et al., 2006).

Early variable-density models treated the ocean side of coastal model domains as a
simple vertical boundary with hydrostatic saltwater pressure (Dominick et al., 1971).
Results of numerous field studies that showed the importance of a more realistic
sloping (non-vertical) seepage face subject to tidal pumping are now being
incorporated into variable-density models of shoreline aquifer systems (Ataie-Ashtiani
et al., 2001). Some modelling studies (e.g. Kooi & Groen, 2001; Bakker, 2006) have
also incorporated semi-confined offshore conditions into their analyses; results include
migration of the fresh—salt boundary in groundwater farther offshore.

The overall result of these refinements of coastal groundwater flow models is that
they are better able to reproduce actual conditions observed in the field. As field
measurement techniques have improved, new processes and problems have been
identified and models have facilitated more sophisticated quantitative testing of ideas
about submarine flow, reaction, and discharge processes. The conceptual framework
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and instrumental toolkit for approaching submarine geological heterogeneities in
something other than case-by-case mode is now starting to emerge. Development of
shoreline typologies is likely to be a fruitful approach (Bokuniewicz et al., 2003).

The significance of submarine confining units to submarine groundwater flow and
discharge ultimately comes down to questions of scale: How common are these units?
How thick are they? How continuous are they? How far onshore and offshore do they
extend? How much head is required to establish offshore flow in submarine confined
systems? How quickly do these systems respond to changes in recharge? The more
prevalent and extensive submarine confining units are, the more they impact coastal
aquifers and land—sea interactions. Their primary effect is to broaden or split the zone
of contact in the subterranean estuary (Moore, 1999) between land-derived water and
ocean water. This, in turn, increases the lengths of submarine flow paths and residence
time of water in submarine flow systems. The result is a greater time lag in the
response of the groundwater systems to changing surface conditions, and more
complicated or substantial submarine biogeochemical reactions.

IMPLICATIONS FOR MANAGEMENT AND SCIENCE

In some estuarine settings, groundwater discharge may be the primary route by which
freshwater (and associated nutrients and contaminants) enters the coastal system.
Submarine confining units influence discharge patterns in important ways, such as
displacing discharge offshore (e.g. seaward of barrier islands rather than into lagoons)
or creating conditions conducive to more diffusive rather than advective discharge. In
settings where onshore groundwater has been impacted by pollutants, detecting the
presence of coastal and submarine confining units is critical to understanding how and
where the pollutants will be discharged into coastal waters, and what remedial
measures might be appropriate (McCobb & LeBlanc, 2002; Kroeger ef al., 2006).

In the particular case of nitrate contamination, the presence of submarine confining
units that are enriched in organic matter is likely to increase the amount of nitrate
removal from groundwater prior to discharge via denitrification (Capone & Slater,
1990; Bratton et al., 2004, 2007). There are also potential linkages between submarine
groundwater discharge and the presence of microbial pathogens at beaches, which
would be affected by submarine flow paths (Boehm et al., 2004). Finally, confining
units may protect fresh groundwater supplies from saltwater intrusion into onshore
wells used for drinking water or irrigation. Such situations would call for the
protection of submarine confining units from breaching by dredging and other marine
construction (e.g. Foyle et al., 2002).

CONCLUSIONS

It is not surprising that the stratigraphy of coastal aquifers plays a critical role in
determining their flow and discharge behaviour. What has been less clear, however, is
that offshore stratigraphy may differ significantly from that of nearby onshore areas.
Layered sediments with different hydrogeological properties provide many potential
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pathways for submarine groundwater flow and discharge, as well as for saltwater
intrusion. Intensive recent investigations of groundwater systems spanning the
shoreline in many settings have shown: (1) that submarine confining units are
widespread, and (2) that they can strongly influence patterns of submarine ground-
water discharge and associated phenomena such as pollutant discharge, oceanic
elemental budgets, microbial contamination of beaches, and saltwater intrusion. Further
development of a typological understanding of the eustatic, hydrographic, biogenic,
and glaciogenic origins of such confining units will help in predicting where they may
be important, both scientifically and societally, in previously unstudied locations.
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