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For Nia and Davin

And for all children, young and old, who love
barrier beaches as much as they do



Preface

Motivation

Many of the world’s coasts feature dynamic strips of sand and/or gravel, backed by
shallow coastal bays and fronting mainland shores (e.g., Stutz and Pilkey 2002)
(Fig. 1). Whether they are islands (separated from each other by tidal inlets) or long
spits, these barriers often protect human development on the mainland, as well as
valuable back-barrier ecosystems, from storm impacts. In addition, barriers them-
selves host unique ecosystems and economically important development and recre-
ational opportunities. As low-lying collections of loose sediment (often inhabited
by vegetation and/or the site of structures built by humans), barriers are vulnerable
to increasing rates of relative sea-level rise (the additive effects of global sea-level
rise and vertical motions of the land regionally; “RSLR”) and increases in the fre-
quency of major coastal storms. In this volume, we bring together chapters authored
by internationally recognized barrier researchers, whose work collectively repre-
sents our state-of-the-art understanding of barrier dynamics and the ways in which
these landforms respond to changing climate.

We intend this collection to be of use for researchers who study barriers and
related coastal processes, for managers and policy-makers grappling with important
decisions regarding the future of barrier coastlines, and for a broader audience of
educated readers with a general interest in environmental processes in a changing
world. Below we provide a brief overview of barrier dynamics to assist those who
are less familiar with this topic in understanding the chapters that follow. We then
provide an overview of the scope of the volume by summarizing chapter content,
and we conclude with some general thoughts about barrier dynamics in a changing
world based on what we have come to understand thus far.

vii
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Fig. 1 Examples of barrier systems. (a) Long Beach Peninsula, Washington, USA; (b) barriers
along the Wadden Sea, the Netherlands and Germany; (c) barriers along the Gulf of Mexico,
Mississippi and Alabama, USA; (d) Ria Formosa National Park, Portugal; (e) Virginia Barrier
Islands, USA; (f) Outer Banks, North Carolina, USA; (g) Gold Coast and Stradbroke Island,
Australia. All images: Google 2017 TerraMetrics; Data SIO, NOAA, U.S. Navy, NGA, Gebco
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An Overview of Barrier Dynamics

The visible (or subaerial) portion of a barrier—the land above the normal high-tide
level—continues to exist because of major storms: storm waves and elevated water
levels (“storm surge”) wash sediment landward from the beach and shallow seabed,
depositing it on the barrier (or sometimes in the marshes or bays landward of the
barrier; see chapters by Houser et al., Moore et al., Odezulu et al., Mallinson et al.,
and Rodriquez et al. for details). These “overwash” events build barriers vertically
through the deposition of overwash sand (also more traditionally referred to as
“washover”). Most barriers are comprised primarily of sand (although some are
gravel), and on sandy barriers, wind is a primary driver of sediment transport when
the beach is dry, sand is available for transport (e.g., not covered by a shell lag), and
the wind is sufficiently strong to carry sand grains. Self-reinforcing interactions (i.e.,
feedbacks) between this wind-driven—aeolian—sand transport and vegetation
growth lead to the development of coastal foredunes, the seaward-most line of dunes
fronting most sandy barrier islands. Once present, dunes play an important role in
determining the effect of storms on barriers. Where dunes are high relative to storm
water level (which is determined by the combination of tides, storm surge, and wave
action), they prevent overwash from occurring during all but the strongest of storms.
Where dunes are low, even a moderate storm may be an overwash event. By control-
ling the delivery of overwashed sediment to the barrier interior, and beyond, the
cycles of dune growth and destruction control how barriers and barrier environments
evolve over time, especially at short time scales on the order of decades (see chapters
by Moore et al., Houser et al., and Ruggiero et al. for details). On longer time scales
(e.g., centuries and millennia), however, dunes are essentially transient features, and
their effects are likely swamped by the effects of factors such as sea-level rise and
changes in storminess that operate at larger spatial and longer temporal scales.

On some barriers, where the rate of sediment supply is high or where sea level is
falling, accumulation of sediment leads to barrier widening, as the shoreline moves
seaward (e.g., chapter by Cowell and Kinsella and Moore et al.). On most barriers
throughout the world today and throughout the last several millennia, however, the
shoreline moves landward in the long term, tending to result in barrier narrowing.
When the width of a barrier becomes equivalent to the average extent of storm-
driven overwash, further shoreline erosion leads to long-term landward migration of
the barrier landform itself. Many barriers, especially barrier islands, initially formed
farther seaward than their present-day location and have migrated to their current
position as sea level continued to rise slowly over the last few thousand years.
Evidence suggests that some barriers are already experiencing an increase in migra-
tion rate in response to recent increases in sea-level rise rates (e.g., see chapters by
Rodriguez et al. and Odezulu et al.)—a response that is expected to become more
widespread in the future (see chapters by Ashton and Lorenzo-Trueba, Moore and
Murray, and FitzGerald et al.).

The subaerial portion of a barrier is intimately connected to a large region of the
nearshore seabed, a region called the “shoreface” (see chapters by Ashton and
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Lorenzo-Trueba, Cowell and Kinsela, and Murray and Moore). Waves in shallow
water tend to sweep sand and gravel landward (because, in shallow water, the land-
ward velocity of water under the crest of a wave is greater than the seaward velocity
of water under the trough of a wave, leading to more sand moving landward under
the crests than seaward under the troughs; Fredsoe and Deigaard 1992). Over time,
this tendency for landward sweeping of sediment creates a pile of sediment and the
seabed becomes sloped upward toward the land. This slope, in turn, tends to inhibit
further landward motion of sediment. Given enough time, the slope of the seabed
increases until the slope is steep enough to prevent further landward sediment trans-
port (in a long-term averaged sense) and an “equilibrium slope” develops. Because
wave motions at the bed (and asymmetry between landward and seaward velocities)
are strongest in shallow water, equilibrium slopes are steepest near shore and
become progressively gentler in the offshore direction. In other words, the equilib-
rium profile of the shoreface tends to be concave upward. This shoreface profile
extends to do a depth below which wave-driven sediment transport becomes negli-
gible (referred to as the shoreface depth when considered over long time scales and
as the closure depth when considered on shorter time scales, especially in the coastal
engineering literature). This depth depends on the typical wave characteristics as
well as the time scales considered. Longer time scales are more likely to include
larger storms and storm waves that affect the bed to greater depths (e.g., Ortiz and
Ashton 2016). Longer time scales also and allow more time for the seabed to adjust
(Cowell and Kinsella this volume). Considering the longest time scales (decades to
millennia), the shoreface typically extends to depths of tens of meters, which are
usually reached many kilometers from shore on barrier coastlines. (For simplicity,
this description of the shoreface excludes the fascinating and complex dynamics
that occur in the “surf zone”—the zone of breaking waves that is usually restricted
to the upper-most portion of the shoreface; Fredsoe and Deigaard 1992.)

The visible portion of a barrier, then, represents the top of this shoreface profile.
During storms, when water levels become elevated by wind and waves, the land-
ward sweeping of sediment extends past the fair weather shoreline. The sediment
deposited by storm overwash processes in the long term attains an elevation related
to the water levels achieved during major storms. In other words, the pile of sedi-
ment created by wave processes extends from the base of the shoreface upward as
far as the waves can reach during storms. As RSLR occurs, overwash tends to occur
more frequently (as storm surge elevations tend to increase). As a result, the eleva-
tion to which sediment can be piled tends to increase. Thus, if RSLR is gradual
enough, the elevation of a barrier will tend to increase at the rate of RSLR. And if
the rate of RSLR is gradual enough, waves will tend to maintain an approximately
equilibrium shoreface profile, relative to the moving sea-level frame of reference.

The transfer of sediment from the beach and shoreface to the top and landward
portion of the visible portion of a barrier tends to cause erosion of the upper shore-
face. If the shoreface slope is approximately an equilibrium slope, a reduction of the
slope of the upper shoreface tends to cause onshore sediment transport on the upper
shoreface. The transported sediment comes from lower portions of the shoreface,
which lowers the slopes there. In this way, the erosion and lowering of the slopes



Preface Xi

propagates offshore. Therefore, in the long term, the erosion of the upper shoreface
that occurs during storms that produce overwash propagates to the base of the shore-
face. Similarly, when sediment is gradually removed from the surf zone and upper
shoreface by gradients in alongshore sediment transport, causing erosion of the
beach and shoreline, that erosion propagates to the base of the shoreface. And if a
gradient in alongshore sediment transport brings more sediment into a section of
shoreline than it takes out, causing accretion of the beach and seaward movement of
the shoreline, accretion propagates out to the base of the shoreface in the same
manner.

If RSLR happens gradually enough for the shoreface profile to remain approxi-
mately in equilibrium, erosion of the beach and upper shoreface resulting from
overwash processes produces a landward translation of the shoreface profile (at the
same time the shoreface also translates upward in concert with sea level). In this
scenario, the visible portion of a barrier and the shoreface can migrate upward and
landward in unison allowing a barrier to persist indefinitely. However, many limita-
tions, including a RSLR that is not sufficiently gradual, can cause barriers to
founder, including the potential for the upper shoreface and subaerial portion of the
barrier to become detached from the lower shoreface or for barriers to drown (see
chapters by Ashton and Lorenzo-Trueba, Cowell and Kinsela, Fitzgerald et al.,
Houser et al, Mallinson et al., Mellett and Plater, Moore et al., Odezulu et al., and
Rodriquez et al.). In addition to rapid RSLR, the management and manipulation of
barrier environments by humans poses a threat to the continued existence of barrier
landforms; actions taken to prevent or mitigate processes that represent hazards to
coastal development and inhabitants can hinder the stabilizing feedbacks that tend
to allow barriers to persist as sea level rises and shorelines erode (see chapters by
Moore et al., Odezulu et al., and especially McNamara and Lazarus).

Scope of the Volume: An Overview of Chapters

Observation-Focused Contributions

Barriers cease to exist as subaerial landforms when RSLR rate is too high and/or too
little sediment is available. A number of factors can combine to determine what rate
of RSLR is “too high,” and a number of processes can influence the rate sand (or
gravel) is added to, or removed from, a barrier system—including storm impacts, the
topographic setting, and gradients in alongshore sediment transport related to wave
climate and coastline shape. In the first section of the book, the authors of six chapters
mine observational data to explore how barriers respond to changing sea level and
climate forcing and the conditions under which barriers may founder, or cease to exist.

In the opening chapter, FitzGerald et al. discuss observations from several differ-
ent barrier settings throughout the world and synthesize them into a conceptual
model called “runaway barrier island transgression,” describing the potential
response of barriers, and the back-barrier environments they are tied to, to high rates
of RSLR. In this model, if back-barrier marshes do not keep up with high rates of
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RSLR, they are replaced by open water, which triggers a cascade of effects—
increases in the volume of water that must flow in and out through tidal inlets during
each tidal cycle lead to consequent expansion of tidal deltas and the associated loss
of sand that would otherwise be provided to barriers, leading to island narrowing,
segmentation, and more frequent overwash. If the water behind a barrier becomes
deep enough as RSLR outpaces back-barrier sedimentation, barriers in this scenario
can eventually transition to subaqueous shoals. The case studies presented illustrate
different aspects of this conceptual model, which paints a picture of what might
occur in many regions as sea-level rise rates increase.

Mellet and Platter review studies of barriers from around the world that have
drowned in the recent geologic past (since the last deglaciation). Geophysical obser-
vations of the seabed on continental shelves, which are becoming more widespread,
reveal evidence of barriers that did not keep up with rising sea level. When a barrier
migrates along a continental shelf as a persistent subaerial landform, typically little
to none of the barrier sediment is left on the continental shelf. Extensive shelf
deposits with the characteristics of barrier sediments—sometimes in which even the
shape of the barrier remains intact—suggest that a barrier was left behind as sea
level rose above it (presumably to be replaced by a new barrier farther landward). In
a meta-analysis of studies of such drowned barriers, Mellett and Plater examine the
prevalence of various potential causes of barrier drowning, which can be summa-
rized as involving either high RSLR rates, low sediment supply rates, or influences
of the topographic setting.

Mallinson et al. focus on geologic evidence for major changes in island configu-
ration that occurred along a well-studied barrier island chain, the Outer Banks of
North Carolina, USA. Combining analysis of the sedimentary record with numeri-
cal modeling of hydrodynamics in the back-barrier bay, Pamlico Sound, they dem-
onstrate that the Outer Banks has, in the past, been severely segmented—separated
by inlets that were much larger and more numerous than those that currently exist—
more than once during the sea-level high stand of recent millennia. Mallinson et al.
conclude that these pronounced changes in the barrier chain, and associated changes
in the back-barrier environment, occurred in response to relatively minor but rapid
changes in climate and/or RSLR rates, such as those that occurred during the
Medieval Climate Anomaly and the Little Ice Age.

Rodriquez et al. examine the sedimentary record of overwash occurrences on a
barrier on the East Coast of the USA (Onslow Beach, North Carolina) over the last
two millennia. They find that the frequency and cross-shore extent of overwash
deposition appear to have increased dramatically in the last century or so. Rodriquez
et al. consider possible causes for the apparently anomalous overwash activity,
including an unusually stormy period (a hypothesis they found to be unsupported by
meteorological or historical data) and a change in alongshore sediment transport
gradients that may have increased the rates of shoreline and dune erosion (possibly
related to changes in wave climate). However, as the most likely explanation, they
point to the global increase in sea-level rise rates since the industrial revolution—
which, if true, would make these observations and analyses especially relevant to
barriers worldwide.
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Presenting a synthesis of their analysis of the stratigraphy of barrier deposits on
Follets Island, TX, along the Gulf Coast of the USA, Odezulu et al. identify an
order-of-magnitude increase in the rate of landward island migration during the
historical period, relative to the rate estimated for the millennial (geologic) time
scale. They attribute this change to a combination of increased RSLR rate and
decreased rates of sediment supply from alongshore sources, caused by anthropo-
genic manipulations of a nearby tidal inlet and river mouth. Their analysis of strati-
graphic data indicates that the barrier is undergoing a net loss of sand, because
overwash sometimes extends well past the back of the barrier. The present shoreface
is underlain mostly by muddy deposits that contribute little coarse sediment when
eroded. Based on the depth of the water the barrier is migrating into and the volume
of sediment making up the barrier presently, Odezulu et al. estimate that the barrier
will likely transition to a subaqueous shoal on the time scale of a few centuries.
Given the global ubiquity of anthropogenic manipulations of sediment pathways, as
well as increased rates of RSLR, this study of the geologic record of a specific bar-
rier likely has wide-ranging implications.

Houser et al. focus on the shorter time scales of dune recovery following a storm
and the dependence of dune recovery on sediment availability both on the beach and
the shallow seabed. Observations from the Gulf Coast (Padre Island, Texas, and
Santa Rosa Island, Florida) and East Coast of the USA (Assateague Island, Virginia)
indicate that the amount of sediment available for dune recovery can depend on the
“geologic framework”—the material that underlies the barrier and the shallow sea-
bed. Based on their observations, Houser et al. present conceptual models to explain
the dependence of dune recovery on storm frequency and sediment availability and
the influence of the extent of dune recovery between storms on overwash and there-
fore barrier response to sea-level rise.

Modeling-Focused Contributions

Theoretical considerations, in a synergy with observations, can assist in illuminat-
ing how barrier systems evolve and the ways in which they can respond to changing
climate (or land-use) forcing. Theoretical investigations utilize conceptual, analyti-
cal, and numerical modeling, most often in combination with real-world observa-
tions and/or predictions of future conditions, which provide the bases for model
parameterizations, scenarios to be explored, and tests of model results. Six chapters
address fundamental constraints on barrier evolution and describe different aspects
of the dynamics of barrier systems including conservation of mass; geometrical
considerations; couplings among physical, ecological, and human processes; and
how limits on the rates of change within different parts of a barrier system can affect
overall system response to changing climate and land-use forcing.

In the first of the second six chapters, Murray and Moore examine how the con-
siderations of mass conservation and an assumed time-invariant barrier geometry
(averaged over major storm and recovery cycles) constrain barrier evolution, under
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a series of thought experiments that include progressively more of the factors affect-
ing barrier response to RSLR. They use conceptual/geometrical and analytical mod-
els, and they discuss numerical modeling used to address increasingly realistic
scenarios. This chapter highlights the role of shoreface erosion (landward transla-
tion) in producing new sediment that is added to the nearshore system (possibly
redistributed by alongshore sediment transport). Conceptual models often assume
that barriers consist entirely of mobile sediment that moves landward across an
underlying substrate such that shoreface erosion only entrains sediment that is
already part of the barrier, which is then added to the top and landward side of the
barrier during storms. In this picture, barrier sediment “rolls” (translates) across an
unaffected substrate, with no net gain or loss. In contrast, Murray and Moore show
that although a barrier will tend to evolve toward this state under some circum-
stances, more generally, the lower part of the shoreface erodes into the underlying
substrate, producing new sediment as a barrier responds to RSLR.

Whereas Murray and Moore’s analyses assume that the barrier profile, including
the lower shoreface, retains a constant geometry over long time scales, Cowell and
Kinsella use a numerical model to address what happens when the rate at which the
lower shoreface can respond to changes in sea level and barrier position is too slow
for the shape of the whole shoreface profile to remain constant. These numerical
experiments, in concert with geological observations from the data-rich Tuncurry
Coast, in Australia, help to define an “active” upper portion of the shoreface that
retains a constant geometry. This active portion extends to shallower and shallower
depths as the rate of RSLR increases. The response of the shoreface below the active
portion becomes time lagged, resulting in cross-shore sediment fluxes—net
additions or subtractions to the sediment stored in the upper parts of the barrier
profile—not related to present rates of RSLR. In these cases, barriers will respond
to a combination of present and past rates of RSLR.

In a complementary numerical modeling endeavor, Ashton and Lorenzo-Trueba
also consider how limitations on response rates can affect how barriers evolve. They
include limitations on the rates of shoreface sediment fluxes as well as limits on
overwash fluxes, showing that barriers could potentially drown under either limita-
tion if overwash rates can’t keep pace with RSLR or if rates of landward sediment
transport on the shoreface can’t keep pace with overwash. This chapter demon-
strates that instead of the continuous barrier response to sea level that has typically
been assumed, punctuated landward migration, alternating with extended periods in
which a barrier remains stationary, may be the most common response to RSLR.

Moore et al. provide a synthesis of model findings—tested against observations—
that yield insights into the role of interactions between ecological processes (vegeta-
tion dynamics) and patterns of sediment erosion, transport, and accretion, in shaping
barrier environments and their response to changing climate forcing. Specifically, the
work described in this chapter numerically addresses the different, sometimes spe-
cies-specific, characteristics of vegetation that influence the alongshore and cross-
shore shape of coastal foredunes and multiple dune fields. The authors also summarize
recent work that demonstrates the importance of a competition between factors that
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build dunes (e.g., vegetation recovery, sand flux) and the factors that erode dunes
(e.g., storms, sea-level rise) in determining local dune, or island, elevation and thus
the degree of connectivity between sandy barriers and the back-barrier marshes and
bays behind them. This chapter highlights the importance of feedbacks between veg-
etative and sediment transport processes in shaping the barrier landscape and the
importance of couplings between and among landscape units, in influencing the
overall evolution of barrier-marsh-bay systems as climate conditions change.

Ruggiero et al. combine field observations from the US Pacific Northwest with
laboratory, field, and numerical-modeling experiments to investigate what controls
dune shape. The deeply interdisciplinary body of work they synthesize addresses
how the species-specific morphological characteristics and growth patterns of dune-
building vegetation, in combination with physical influences (chiefly shoreline-
change rates), help to determine whether dunes are low and wide versus tall and
narrow. These dune and dune-field characteristics, in turn, determine how much
storm protection dunes provide for landward environments and development. The
authors find that the ongoing spread of invasive dune-building grass species is
accompanied by changes in dune shape—and therefore changes in coastal vulnera-
bility to storm impacts.

In the final chapter of the volume, McNamara and Lazarus make the case that
barrier evolution and human dynamics are thoroughly coupled on developed coast-
lines. Engineering and management actions to protect humans and infrastructure
from storm hazards and beach erosion are reactions to physical and ecomorphody-
namic coastal processes. On the other hand, human actions also affect physical and
ecomorphodynamic coastal processes: shoreline stabilization (chiefly through
beach nourishment in recent decades) tends to prevent barriers from moving land-
ward, and constructed dunes or seawalls tend to prevent the moderate overwash
events that would otherwise increase island elevation as sea level rises. These
manipulations of barrier environments alter the evolution of barrier morphology and
therefore alter the hazards humans and infrastructures are exposed to—influencing
future hazard mitigation efforts. Because mitigation of coastal hazards tends to be
expensive, the dynamics of human decision making are inextricably interwoven
with physical and ecomorphodynamic processes in barrier environments. McNamara
and Lazarus review newly emerging research addressing the dynamics of this cou-
pled system and discuss how the resulting understanding could help to guide more
intentional, holistic coastal management—especially as the pressures of increasing
RSLR rate, changing storm climate, and limited reservoirs of nearshore sand make
continued sustainability of the current pattern of coastal land use in developed
regions challenging.
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State of the Science and Future Directions

Understanding the dynamics that shape barriers, and determining their fates as
RSLR rate and storms change, has become the focus of much scientific inquiry.
Because this scientific focus has arisen relatively recently, our understanding is
evolving quickly. Given this, it is not surprising to find that leading experts, approach-
ing barrier dynamics from different disciplinary perspectives and through the use of
different case studies, may sometimes come to conclusions that are less than com-
pletely consistent. A careful comparison of the chapters in this volume reveals some
contrasting interpretations and apparent contradictions, which attest to the exciting
state of this field of research and point to the areas of greatest insight and learning
yet to come. However, much more prominent upon review of this collection are the
areas of overlap that depict an emerging collective understanding about how and
why barriers come to be and how and why they change over time as the influences
of physical processes, vegetative processes, climate, and human activities, as well as
the interactions among these factors, shift. The newer elements of this emerging
collective understanding that appear in this volume include the following:

It is becoming increasingly clear that shoreface characteristics and shoreface
processes play important roles in the dynamics of barrier migration. The shoreface
represents an important source of sediment to barriers, and the importance of this
role is partially determined by the composition and erodibility of the material that
comprises the shoreface and the degree to which the upper and lower parts of the
shoreface, and the subaerial barrier, migrate in unison as conditions change. This
migration may proceed continuously in some cases but is perhaps more likely to
occur as periods of migration alternating with periods of relative stability. In some
cases, barriers do not keep up with changing conditions and they drown, becoming
subaqueous shoals. In other cases, changes in RSLR rate or storminess can segment
a barrier island chain, greatly increasing the connection between the ocean and the
back-barrier environment.

On long time scales, the feedbacks between vegetation and sediment transport
that determine dune shape and the vulnerability of barrier environments and infra-
structure to storms are likely to be swamped by the effects of rising sea level and
changes in storminess. On the decadal, and perhaps centurial, scale, however, the
absence or the presence and height of coastal foredunes is important in determining
what the impact of storms will be. How reliably and how thoroughly dunes re-form
after a strong storm depends on factors including sediment supply from the shore-
face, the characteristics of the material below the sandy surface (the geologic frame-
work), and how often strong storms occur relative to the time scale for vertical dune
growth—which depends on the vegetation present as well as climatic influences.
Foredune height plays an important role in determining how well connected the
sandy part of a barrier is to back-barrier marsh or bay environments. These connec-
tions are important in determining how barrier-marsh-bay systems evolve overall
and how vulnerable they are to increased rates of RSLR. Where humans have built
dunes that are higher than natural dunes would be for a given set of conditions,
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overwash events may be filtered, making it harder for barriers to keep pace with
rising sea level. This is only one example of the way in which the natural coastal
system and the human coastal system are tightly coupled—each affecting the other
repeatedly through time.

A growing number of examples highlight how RSLR, changes in storm activity,
and shifts in the geographic distribution of important dune-building grasses are
affecting barrier island behavior today. Often, under these influences, barriers tend
to become lower and narrower and to migrate more rapidly. We can learn about
barrier dynamics by studying examples of barrier response to changing conditions
in the more distant past. A new influence on barrier evolution has arisen in recent
centuries, however: the role of humans. As conditions begin to change more rapidly,
so too will our response to coastal processes that constitute hazards to humans and
development. An emerging insight of critical importance to future generations is
that the management decisions we make today may unintentionally destabilize
barrier landforms by preventing them from migrating and gaining elevation to keep
pace with changing RSLR rates or by interrupting sediment supply pathways—
potentially hastening segmentation or the conversion of barrier landforms to shoals.
Where it occurs, this would lead not only to the loss of barriers but also to the
increased vulnerability of mainland shores to potentially more intense coastal
storms. We are well poised with our current understanding of the eco-physical
system to more fully understand the ways in which couplings with the human
system will affect barrier evolution in the future. This important area of future
research could provide the basis for more intentional, forward-looking, and holistic
management of barriers as the important natural resource—and unique landforms—
that they are.

Chapel Hill, NC, USA Laura J. Moore
Durham, NC, USA A. Brad Murray
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Part I
Observations and Conceptual Models of
Barrier Response to Changing Climate



Runaway Barrier Island Transgression
Concept: Global Case Studies

Duncan M. FitzGerald, Christopher J. Hein, Zoe Hughes, Mark Kulp,
Ioannis Georgiou, and Michael Miner

Abstract The regime of accelerating sea-level rise forecasted by the IPCC (2013)
suggests that many platform marshes and tidal flats may soon cross a threshold and
deteriorate/drown as back-barrier basins transform to intertidal and subtidal areas.
This chapter explores how marshes may succumb to rising sea level and how the
loss of wetlands will increase the extent and the overall depth of open water in the
back-barrier, causing greater tidal exchange. Here, we present a conceptual model
that depicts how increasing tidal prism enlarges the size of tidal inlets and seques-
ters an increasingly larger volume of sand in ebb-tidal delta shoals. The conceptual
model is based on empirical relationships between tidal prism and inlet parameters,
as well as field and theoretical hydraulic studies of tidal inlets showing that long-
term basinal deepening intensifies the flood dominance of existing inlet channels
and transforms some ebb-dominated channels to flood-dominated channels. This
condition leads to sand movement into the back-barrier, which builds and enlarges
flood-tidal deltas, filling the newly created accommodation space. The model
hypothesizes that sand contributed to the growth of the ebb and flood tidal delta
shoals will be at the expense of barrier reservoirs. This will result in diminished
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sand supplies along the coast, eventually leading to fragmentation of barrier island
chains and the transition from stable to transgressive coastal systems. Several his-
torical studies of barrier island systems throughout the world demonstrate barrier
response to changing tidal prism and illustrate different stages of this conceptual
model.

Keywords Barrier island ¢ Tidal inlets ® Transgressive shoreline ¢ Sea-level rise *
Saltmarsh deterioration * Tidal prism ¢ Sediment transport * Inlet hydrodynamics ®
Coastal sand-reservoirs ¢ Ebb-tidal delta ¢ Flood-tidal delta * Back-barrier feed-
backs ¢ Lagoons ¢ Virginia barrier islands * Nauset Spit  New Inlet, MA ¢ Assateague
Island ¢ Barataria Islands  Chandeleur Islands ¢ Copper River ¢ Friesian Islands

1 Introduction

The future of the world’s barrier coasts is dependent upon how barriers respond to
climate change, specifically global warming and the ensuing acceleration in sea-
level rise (Jevrejeva et al. 2012), as well as possible increased storm magnitude
(Knutson et al. 2010; Grinsted et al. 2013). Most barrier coasts contain a finite vol-
ume of sediment with little net sand contributed via cross-shore or alongshore trans-
port. Exceptions include those with contributions from nearby rivers (e.g., South
African rivers, Cooper et al. 1990; Long Beach in Washington fed by the Columbia
River, Dingler and Clifton 1994; northern New England barriers nourished by rivers
during spring freshets and floods; Fenster et al. 2001; FitzGerald et al. 2005; Hein
et al. 2012, 2014a); the movement of sand onshore from the inner continental shelf
(e.g., Fire Island, Schwab et al. 2013; Hapke et al. 2010a); the erosion of updrift
bluffs (e.g., Sandy Neck, Cape Cod, MA; van Heteren and van de Plassche 1997), or
erosion of the barrier shoreface into a sandy substrate (e.g., Moore et al. 2010;
Cowell and Kinsela this volume; Murray and Moore this volume). The lack of new
sand sources coupled with the effects of sea-level rise had led to the vast majority of
the world’s barrier shorelines eroding (70% as estimated by Bird 1985). For exam-
ple, Hapke et al. (2010b) determined that 65% of the sandy shoreline stretching from
central Maine to northern North Carolina has undergone net erosion over the long-
term (1800s to ~2000), at rates ranging from 0.2 m/year in Maine to 3.7 m/year in
southern Delmarva/northern North Carolina. Globally, erosion has driven the expen-
diture of billions of private and public dollars to fund widespread beach nourishment
projects, revetment construction, and rebuilding efforts associated with increasing
loss of real estate and infrastructure (Nicholls et al. 2007; Doran et al. 2013).

The sand comprising barrier systems can be compartmentalized into several reser-
voirs including the barrier lithosome, the ebb-tidal delta, flood-tidal delta shoals, and
channel deposits. Dunes, washovers, spit platforms, and recurved spits are all consid-
ered part of the barrier lithosome, which also extends seaward to the depth of closure:
The depth of closure for a characteristic time interval is the most landward depth
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seaward of the beach for which there is no significant change in bottom elevation and
no significant net sediment transport between the nearshore and the offshore (Kraus
et al. 1998). The long-term loss of sand from these systems is normally a gradual
process punctuated by major storms. Erosion is attributed to a variety of processes
including, but not limited to: (1) sand transported offshore to regions beyond the
closure depth by downwelling currents during large-magnitude storms (Niedoroda
and Swift 1981; Field and Roy 1984; Snedden et al. 1988); (2) sand moved along-
shore into estuaries where it becomes trapped in intertidal and subtidal shoals (Harris
1988; Dalrymple et al. 1992), thereby reducing the volume of sand bypassed to
down-drift barrier shorelines; and (3) sand deposited in channels at migrating tidal
inlets below the depth of the erosional shoreface. This latter reservoir will not be
exhumed during the proceeding transgression and will therefore remain buried as a
channel deposit on the inner shelf (Rieu et al. 2005; FitzGerald et al. 2012).

Along with these sediment sinks, sand tends to be lost to the offshore to compen-
sate for rising sea level as the equilibrium profile deepens (Bruun 1988). Although
scientists have criticized Bruun’s (1988) equilibrium equation as being impractical
in actual usage due to various complicating factors (e.g., grain-size variability,
alongshore sediment losses, and geologic controls; Cooper and Pilkey 2004), the
concept provides a valuable tool for understanding why sand is lost to the offshore,
especially for periods of rising sea level before a barrier begins to migrate landward
(for further discussion see: Wolinsky and Murray 2009; Rosati et al. 2013).

In addition to long-term sediment loss, rising sea level will undoubtedly alter the
hypsometry of back-barrier bays and marsh systems. This will result in changes in
inlet and tidal channel hydraulics, accommodation space, and net sediment trans-
port directions. In a regime of accelerating sea-level rise (Donnelly et al. 2004;
Jevrejeva et al. 2012), these responses will be most dramatic when certain thresh-
olds are crossed, particularly those relating to wetland loss, causing rapid bay
expansion and/or deepening of bay hypsometry. Coastal marshes maintain their sur-
face elevation relative to high tide by accumulating organic sediment (predomi-
nantly plant roots) and trapping inorganic sediment delivered by tides. Both
processes are dependent on the presence of vegetation. If a marsh can no longer
produce enough belowground biomass and/or import enough sediment through tidal
exchange to keep pace with rising high tides, it will become inundated below mean
sea level (Kirwan et al. 2010). Considering the projected rate of sea-level rise during
this century (Church et al. 2013), and despite possible ameliorating effects of
increased sediment influx (Morris et al. 2002) or biomass production (Langley et al.
2009), the future duration of tidal inundation at many marshes will exceed the local
critical period of flooding with each tidal cycle. In this case, marsh plants will per-
ish, transforming marshes to tidal flats or open water (Kirwan et al. 2010). This is
likely to occur in combination with increased marsh-edge erosion resulting from
greater wave energy associated with expanding, deeper open-water areas (Mariotti
et al. 2010; Mariotti and Carr 2014). Because most platform marshes behind barrier
systems have low relief (commonly less than 30 cm; Eiser and Kjerfve 1986;
Cahoon and Reed 1995; Silvestri et al. 2005), deterioration of marshes, once initi-
ated, is likely to occur rapidly. The wetlands comprising Barataria Bay (behind the
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Fig. 1 Mississippi barrier footprints decreasing with time. Constructed using historical maps and
aerial photographs

Grand Isle-Grand Terre barrier chain along the central Louisiana coast) provide an
example of marsh collapse in just this manner. Here submergence, excavation by
hurricanes, and edge erosion have led to extensive conversion of marshlands to open
water at an average rate of 22 km?year between 1956 and 1990 (Barras et al. 1994).
These changes to bay area and the consequent increase in tidal prism have produced
a profound response of the barrier system, resulting from a redistribution of sedi-
ment among the coastal sand reservoirs (FitzGerald et al. 2007; and discussed
below).

The long-term loss of sand from barrier chains is well illustrated along the
Mississippi barrier system west of Mobile Bay, including Dauphin Island in
Alabama, where a 29% decrease in the collective areas of the five islands was
observed between 1840s and 2007 (Morton 2008; Byrnes et al. 2012; Fig. 1).
Morton (2008) attributes much of the erosion during the past century to progressive
dredging and deepening of navigation channels that decreased the volume of sand,
which otherwise would have naturally bypassed the inlets and fed downdrift barri-
ers. However, a sediment budget study of the Mississippi barriers by Byrnes et al.
(2012) showed that much of the long-term loss of sand from barriers can be attrib-
uted to sand sequestered on ebb-tidal deltas and moved offshore during storms. The
net loss of sand due to storm erosion is documented along many barrier islands,
including the Chandeleur Islands (Sallenger et al. 2009).

In addition to the long-term loss of sand due to the combined effects of major
storms, sea-level rise, and human modifications, it appears inevitable that barrier
erosion will accelerate in the future as the rate of sea-level rise increases. This trend
will likely be most apparent along mixed-energy barriers (sensu: Hayes 1979) as
stability thresholds are crossed in back-barrier marshes due to increased inundation
(FitzGerald et al. 2008). Likewise, barriers fronting bays and lagoons with tidal flats
will undergo increased erosion due to flood dominance within inlet channels and the
creation of bay sediment sinks (Dissanayake et al. 2012; van Goor et al. 2003). In
this chapter we explore the projected loss of sand from barrier lithosomes as sand is
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transferred to other reservoirs within the barrier system, including ebb- and
flood- tidal shoals and bays. Because this relocation of sand will be largely forced
by changes to back-barrier environments, our discussion begins with a review of
back-barrier marsh processes and modeling efforts. Next, we explore barrier
response to changes in back-barrier hypsometry, using examples from historical
records, and demonstrating how barrier sand reservoirs undergo substantial redistri-
bution in relatively short time spans. From these illustrations, we form a conceptual
evolutionary model of barrier erosion and transgression, resulting in the transforma-
tion of a barrier chain to a system of mainland-attached beaches, proximal mainland
barriers, or inner shelf shoals. The processes and factors governing barrier rollover
and landward migration are covered in other chapters in this book (see chapters by
Ashton and Lorenzo-Trueba this volume; Cowell and Kinsela this volume; Murray
and Moore this volume). Barrier systems along active deltaic shorelines are not
considered in this analysis, because they consist either primarily of spit systems
(e.g., Danube, Rhone, Ebro) or lack detailed historical and process data (e.g., Niger).

2 Methodology

Projecting the future response of barriers to anticipated increases in the rate of sea-
level rise is difficult because most barrier chains originally evolved during periods
of slow relative sea-level rise (RSLR). Even today, most barrier systems are experi-
encing much slower RSLR rates than those expected in the same regions by the end
of this century (Church et al. 2013). During the last 100 years, global sea level has
been rising at 1.2 + 0.2 mm/year (Hay et al. 2015). The future rate is projected to be
as much as four times this value (Church et al. 2013). Excepting the Grand Isle—
Grand Terre barrier system in Louisiana (discussed later in the chapter), where
RSLR is 9.05 mm/year (NOAA 2015a, b), there are few natural laboratories in
which to study the effects of rapid RSLR on barrier systems. Compounding the dif-
ficulties of studying the impacts of accelerating RSLR is the short length of histori-
cal databases, which rarely extend back in time prior to the mid-1800s; the earliest
provide only a qualitative assessment of barrier morphology and adjacent bathym-
etry. Despite these limitations, we have assembled historical documents from sev-
eral sites that provide insights into how barriers, tidal inlets, tidal deltas, and bays
have responded to changes in inlet channel dimensions, tidal prism, and bay hyp-
sometry brought about by storms, changes in sediment supply, human alterations,
and tectonic events (physical settings summarized in Table 1). At many of these
sites, the cumulative effect of various forcings is the formation of a new tidal inlet
(and its attendant tidal prism) or a change in tidal prism volume. These historic
changes in tidal prism mimic the changes expected to occur when wetlands and/or
tidal flats can no longer keep pace with RSLR and convert to open water. The mor-
phologic responses of the barrier chains described herein, therefore, provide insight
into future outcomes. We note that in some of these analyses the scenario occurs in
reverse, demonstrating how the barrier system responded as tidal prism decreased.
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3 Background

3.1 Marsh Deterioration Processes and Existing Modeling
Results

The timeframe and rate at which future changes will occur along barrier islands, in
response to accelerating RSLR, will correspond with the stability and persistence of
marshes in the back-barrier. Ultimately, barrier change will be related to the rate at
which marshes are converted to intertidal flats and open water areas, thereby produc-
ing a larger tidal prism, increasing back-barrier accommodation space, and changing
tidal hydrodynamics throughout the system. How quickly the marsh erodes, sub-
merges, or becomes segmented once critical thresholds of marsh inundation have
been crossed (Morris et al. 2002) will depend on a number of factors that we explore
in this section. Adding to the complexity of predicting marsh evolution, many of
these factors will, themselves, be impacted by climate change (Kirwan et al. 2009;
Kirwan and Megonigal 2013) or respond to changes in marsh area (Mariotti and
Fagherazzi 2013), creating feedbacks that enhance or buffer their effects.

The areal extent of saltmarsh platform is the result of a balance between vertical
and horizontal processes (Fig. 2). The vertical elevation of a marsh platform ({),
with respect to sea level (), is a balance between mineral and organic deposition,
shallow compaction processes, and deeper subsidence processes.

Al =D, +D, —a-s—An @))

where D, represents the deposition of inorganic sediment, D, is organic accumulation,
a represents shallow autocompaction, s is deeper subsidence, and Ay is the eustatic
change in sea level. On the horizontal plane, coastal wetlands are subject to both lat-
eral erosion and deposition depending on the hydrodynamic forcing and sediment
availability, including the translation of wetland boundaries and the elaboration of
channel networks. All of these processes may occur simultaneously within the same
system, some areas being exposed and others sheltered, with the net difference dictat-
ing whether marsh area is lost or gained (e.g., van Proosdij et al. 2005; and see Fig. 3).

Inorganic deposition varies geographically based on suspended sediment avail-
ability, but, locally, it is well correlated with marsh platform elevation (deep areas
accrete faster than shallow areas; Richards 1934; Stoddart et al. 1989; French and
Spencer 1993; Cahoon and Reed 1995; Temmerman et al. 2003) and proximity to a
creek or water body (French and Spencer 1993; Temmerman et al. 2003). The latter
is due to a rapid reduction in carrying capacity as tidal flows or waves are slowed by
the marsh grass canopy (Leonard and Croft 2006; Christiansen et al. 2000;
Temmerman et al. 2003), and to the direct trapping of sediment on leaf surfaces
(Stumpf 1983; French and Spencer 1993). Inorganic sediment accumulation is thus
dependent on type, height, and density of vegetation (Gleason et al. 1979; Mudd
et al. 2004, 2010; Palmer et al. 2004; Ortiz et al. 2017), which varies based on plat-
form elevation and flooding frequency (high marshes are dominated by plants such
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Fig. 2 The area of a wetland is determined by a balance among processes that operate vertically
and horizontally on different scales; these include local factors related to the wetland’s elevation
and proximity to creeks (shown in green on left of image), regional or system scale factors related
to climatic and geomorphic forcings (shown in blue), and anthropogenic factors (shown in orange).
The surface and sub-surface “loops” demonstrate the feedbacks impacting marsh elevation (modi-
fied from Kirwan and Megonigal 2013)

as Spartina patens, and low marshes are dominated by plants such as Spartina alter-
niflora). Organic accumulation also relates to wetland vegetation; the majority of
plant biomass forms belowground (Whittaker 1975; Chmura et al. 2003; Darby and
Turner 2008), boosting platform elevations and creating highly organic soils (Cherry
et al. 2009; Kirwan and Guntenspergen 2012; Chmura et al. 2003; Neubauer 2008).
Feeding back into these relationships, biomass of Spartina alterniflora is linked to
inundation depth through a parabolic relationship between platform elevation and
plant productivity (Morris et al. 2002). This provides a buffer to RSLR, with increas-
ing biomass production and thus, increased organic and inorganic deposition at
deeper water levels, up until the apex of the parabolic relationship, after which point
the marsh will deteriorate (Kirwan and Murray 2007).

Similar feedbacks occur in lateral variations of the marsh platform. Lateral
expansion seaward requires low-energy conditions and an ample sediment supply
sourced locally through erosion (e.g., van Proosdij et al. 2006; Fagherazzi and
Priestas 2010) or from tidal exchange with the coastal ocean. Colonization by marsh
vegetation stabilizes sediments, enhances deposition, and focuses erosive flows into
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Fig. 3 Example outputs from models of integrated marsh platform—channel evolution: Upper
panel: the results of a model incorporating feedbacks between vegetation, suspended sediment,
channel evolution, and marsh platform elevation (from Belliard et al. 2015). Lower panel, the
results of a model incorporating feedbacks between vegetation, sea level rise, tidal range, channel
evolution, and marsh platform elevation (modified from Kirwan and Guntenspergen 2010). Both
models provide interesting insights into the sensitivities of marsh systems, yet neither provide (nor
aimed to provide) a realistic, holistic, representation of wetland systems
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certain areas (Van der Koppel et al. 2005; Temmerman et al. 2007). As a barrier
system evolves, and spits prograde, previously exposed, high-energy areas may
become sheltered, encouraging the accumulation of sediment and, eventually, the
incursion of marsh vegetation. Figure 4 shows an example from Cape Romain in
South Carolina, where the breach and subsequent reformation of the barrier island
caused a cycle of marsh platform erosion and extension over a period of 25 years.
Landward encroachment of a marsh is a function of vertical change in accommoda-
tion space, as well as sediment availability and competition between species, chang-
ing the dominant vegetation type (from upland to high marsh and, eventually, low
marsh species). As sea level rises and tidal flooding extends across the upland mar-
gin, the area affected depends on the slope of the upland coastal plain and anthropo-
genic impediments (Brinson et al. 1995; Torio and Chmura 2015).

Lateral losses through retreat of the marsh edge or the expansion of ponds and
bays occur predominantly as a result of wind-waves (Stevenson et al. 1985; Nyman
et al. 1994; van Proosdij et al. 2006). A linear relationship links marsh-edge erosion
and wave power (a function of fetch and water depth) (Schwimmer 2001; Fagherazzi
and Priestas 2010; Stevenson et al. 1985; Mariotti and Fagherazzi 2013), scaled
according to local soil characteristics (Marani et al. 2011), which will reflect grain
size and vegetation type, density, and live rooting depth (Richards 1934; Feagin
et al. 2009; Marani et al. 2011; Silliman et al. 2012). Rates of platform retreat are
therefore complex and site-specific, but observations along the US Gulf and East
coasts range between 0.3 and 4.0 m/year (Schwimmer 2001; Wilson and Allison
2008; Silliman et al. 2012; Trosclair 2013). Marsh edge erosion coupled with tidal
flat scour together enhance wave power by expanding and deepening the open water
area. However, these same erosive processes also create a sediment source for the
marsh surface. This concept of “cannibalization” of flats or marsh platform provides
a mechanism for marshes in regions with low ambient suspended sediment concen-
trations to maintain elevation, possibly leading to marsh persistence.

Channel elaboration, during which expanding creeks dissect the marsh and
effectively reduce platform area, occurs in response to increase in tidal prism
(D’ Alpaos et al. 2007; Kirwan and Guntenspergen 2010). The rate and geometry of
the response are often modulated by vegetation presence and type, or other biotic
factors, such as crab burrowing and biomass consumption (Hughes et al. 2009;
Wilson et al. 2013; Belliard et al. 2015). While channel network expansion decreases
platform area, increases in channel network length or overall cross-sectional area
leads to better drainage for the marsh, thereby shortening inundation periods, even
while inundation depth increases as sea level rises (Wright 2012). This means
channel elaboration can help to maintain vegetation (and, thus, marsh) in an area of
deeper inundation.

This multitude of complex feedbacks and site-specific controls involved in main-
taining the marsh platform create immense challenges for predicting the future of
marsh platforms through observations alone. Numerical modeling has provided a
useful and effective tool to explore future climate scenarios, replacing or supple-
menting difficult, intensive manipulative field experiments. These tools can be used
either to predict marsh behavior at specific sites based on existing observations,
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Platform Evolution
(response to changing island morphology)

Fig.4 Upper panels: A time series of barrier island and marsh platform evolution in Cape Romain,
South Carolina, illustrating the cycle of platform evolution in response to changes in barrier island
configuration. Initial marsh platform erosion is followed by reestablishment through both shelter-
ing and overwash. Lower panels: An example of channel enlargement at the same site. Headward
expansion of the channel network implies an increase in the marsh tidal prism in response to rela-
tive sea level rise. These changes are superimposed on the fluctuations in marsh area arising in
response to barrier island dynamics

semi-empirical relationships, and parameterizations through some form of Eq. 1, or
to explore, in a more theoretical manner, ecogeomorphic feedbacks and thresholds to
improve our understanding of these processes on longer temporal and larger spatial
scales than would otherwise be possible (for a full review of marsh models, includ-
ing the assumptions and numerical approach of each, see Fagherazzi et al. 2012).
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Kirwan et al. (2010) present a quantitative comparison of five of the more
commonly used marsh elevation models (Morris et al. 2002; Temmerman et al.
2003; D’ Alpaos et al. 2007; Kirwan and Murray 2007; Mudd et al. 2010), examin-
ing marsh platform persistence under moderate and high rates of RSLR. Each model
uses a slightly different method of assessing platform elevation; the earlier models
focus on interactions between elevation and vegetation, the later models include the
effects of tidal range and decomposition. The models show similar behavior under
IPCC (2013) predictions of moderate sea-level rise (~0.4 m rise by 2100) with
accretion rate increasing in response to sea-level change. All the models predict
marsh survival under these conditions, yet the platform elevation at the end of the
simulations is 7-15 cm deeper within the tidal frame than present (the equivalent of
increasing accommodation space and tidal prism by 50-100%). This, in turn,
equates to shifts in ecotones, increased channelization, and wave-related edge ero-
sion. Under higher rates of predicted SLR (~1.2 m by 2100), three of the five models
predict marsh collapse sometime between 2050 and 2100; the other two predict
marsh persistence at 2100 but at the very limit of vegetation tolerance, with submer-
gence occurring before 2110. By compiling a series of model scenarios, Kirwan
et al. (2010) conclude that there is potential for marshes to survive if suspended
sediment supply is sufficient, but this potential is linked to tidal range. Microtidal
marshes require a higher suspended sediment input as compared to those with larger
tidal ranges, in order to maintain elevation under similar RSLR rates. However, the
buffer provided by a large tidal range is limited, and, if ambient sediment supply is
very low (such as in Plum Island Sound, Massachusetts) marshes could be threat-
ened by sea-level rise rates of only 5 mm/year.

Building on these model assessments, Kirwan et al. (2016) carry out a meta-
analysis of existing marsh accretion and elevation change data using a global data
set. They conclude that high marsh settings seem, on average, to be pacing global
sea level rise (3 mm/year), and that low marshes (next in the ecological succession
as the marsh landscape lowers in the sea-level frame) currently accrete at rates more
than double that of sea-level rise (6.9 mm/year), suggesting that marshes are less
vulnerable than previously predicted. Specifically, they compare the dynamic land-
scape models used by Kirwan et al. (2010) with more traditional “static landscape”
models (such as the Sea Level Affecting Marsh Model; SLAMM), which do not
incorporate all of the positive and negative feedbacks between increasing rising sea
level and elevation change. The comparison shows that while static marsh models
predict catastrophic marsh losses, dynamic models predict resilience of marshes up
to sea-level rise rates of 10 mm/year or more. It should be noted, though, that while
the model results suggest that marshes may survive high rates of sea-level rise, this
will be associated with an ecosystem shift as many areas with supratidal (high)
platform marshes will transition to intertidal (low) marshes, dramatically changing
the appearance, function, and suspended sediment demands of the marsh.
Additionally, a switch from high to low marsh will still lead to lowering of the plat-
form relative to the tidal datum and, thus, a large increase in tidal prism in the back-
barrier system (Kirwan et al. 2010).
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A fundamental challenge in predicting future marsh evolution is that many existing
models have been designed to consider only the wetlands, rather than the larger land-
scape setting. The presence of a protective barrier is not relevant to all estuarine
marshes, but in a back-barrier setting (especially in the case of a transgressive island),
breaching and overwashing will impact the wetland planform area and persistence
(Fig. 4). Where significant rollover of barrier units occurs, models including feed-
backs between the geomorphic units are needed. The model of Walters et al. (2014)
begins to address this by combining an existing model of barrier island dynamics and
stratigraphy (GEOMBEST; Stolper et al. 2005; Moore et al. 2010) with the marsh
edge model of Mariotti et al. (2010). The results highlight the dynamic response of
back-barrier marshes to barrier islands, demonstrating that the presence of back-bar-
rier marshes can decrease island migration rates and that barrier islands can increase
marsh persistence through contributions of overwash sand (see Moore et al. this vol-
ume for more detail). The model only addresses these relationships in two dimensions
along a cross-shore transect, but these results indicate the importance of feedbacks
among the geomorphic components of the back-barrier system that need further
investigation. Regardless, it is clear that many predicted future scenarios involve
extensive loss or deepening of wetland platforms within barrier systems.

3.2 Effects of Sea-level Rise on Hydrodynamics and Sediment
Transport

Studying the impact of RSLR on coastal systems including tidal inlets and back-
barrier basins (lagoons, marsh and tidal creeks, estuaries) is difficult by observation
alone, due to the long timescales of their evolution. In addition, not all sea-level-
related thresholds have been identified, and those that have are yet to be quantified.
Finally, despite the fact that hydrodynamics and sediment transport in coastal sys-
tems are becoming increasingly quantifiable, there remain practical limitations on
the spatial and temporal resolutions of field-surveyed data that limit the degree to
which process links can be established. As a result, predicting how these systems
will respond to forcings often relies upon RSLR projections coupled with empirical
or numerical models. Validation of geomorphic model results, however, can only be
based on the limited existing historic data, and the timeframe of coverage is often
insufficient to match the time period required for the modeled system to reach equi-
librium. Moreover, important model inputs, such as RSLR, do not compare histori-
cally to the existing or future projected rates that are used in the models. Thus,
geomorphic and hydrodynamic models cannot account for as-of-yet unknown linear
and non-linear (possibly threshold) geomorphic responses of barriers to rates of
RSLR higher than those experienced during historic time.

Historically, there has been a gradual scientific progression in the approach to
studying the effect of RSLR on tidal inlets and back-barrier systems, from initial
conceptual models based on historical trends, commonly for site-specific areas
(FitzGerald et al. 2007), to quantitative physics-based models. In addition, large-scale
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Fig.5 Equilibrium volumes of tidal inlet elements as a function of SLR rates for two Dutch inlets.
Vertical line represents present conditions (after Van Goor et al. 2003)

physical modeling studies have also been attempted, such as those of Stefanon et al.
(2012) who performed laboratory experiments to explore channel network develop-
ment in a back-barrier lagoon setting in response to changes in water level (essentially
replicating rising sea level). They found a very close relationship between increasing
tidal prism and drainage network expansion. This suggests that as rising sea level
increasingly inundates back-barrier flats and marshes, tidal creeks will increase their
drainage density through headward erosion and new creek formation, an implication
that has been supported by some field observations (e.g., Hughes et al. 2009).

One simple mathematical approach is to model the geomorphic response to
hydrodynamic forcings using empirical relationships (De Vriend et al. 1993). Van
Goor et al. (2003) modeled two tidal inlets along the Netherlands coast using a
three-element (ebb-tidal delta, inlet channel, interior tidal flats) sediment equilib-
rium model. The model assumes a continuous supply of sand from the adjacent
barrier and sand exchange among the three components, and is based on equilib-
rium volumes tied to empirical relationships (obtained from regression analyses).
The study shows that, at Amelander Gat, inlet channel size increases as the rate of
SLR increases, whereas the volume of sand contained in the ebb-tidal delta and tidal
flats decreases (Fig. 5). Likewise, the smaller-sized Eierlandse Gat increases in
dimensions with rising sea level, but the shoals inside tend to be more stable because
less sand is required to maintain a dynamic equilibrium (Fig. 5). These analyses
suggest that, in a regime of rising sea level, the two inlets will experience different
volumes and rates of sediment exchange, however both basins will import sediment
from adjacent beaches and associated ebb-tidal deltas. They also indicate that both
inlets will drown (widen and deepen until they can no longer be considered an inlet)
during high rates of RSLR, which is consistent with the work of Beets et al. (1992)
who showed that inlets on the Netherlands inner shelf drowned when sea level rose
by 0.8-3.0 m/century.

In recent years, studies of the impacts of RSLR on tidal inlet systems and back-
barrier basins have become more refined by utilizing models based on the physical
processes governing hydrodynamics and sediment transport. van der Wegen (2013),
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for example, used a two-dimensional process-based model (DELFT3D used in two
dimensions with vertical averaging) to explore how different rates of RSLR affect
sedimentation in an elongated basin with dimensions similar to the Western Scheldt
estuary located along the Netherlands southwestern coast. The results indicate that,
despite a seaward influx of sediment into the estuary, RSLR will ultimately drown
intertidal flats, albeit at a slower rate for estuaries with higher tidal ranges. Likewise,
Dissanayake et al. (2012) demonstrate that basins in large inlet/basin systems will
import sediment at a rate commensurate with the rate of RSLR due to increasing
flood-dominance of tidal currents and the consequent erosion of ebb-tidal deltas.
Under a low rate of RSLR (0.2 m by 2100), the study projects that tidal flats will be
maintained, whereas for high-rate scenarios, they will drown. This study was mod-
eled after Ameland Inlet (Dutch Wadden Sea); historical records corroborate this
tendency of these same basins to import sediment, showing that the presence and
extent of tidal flats in the Middle Ages was similar to what it is today, despite the
higher modern rate of RSLR (Louters and Gerritsen 1994).

Process-based, RSLR modeling studies of the Netherland coast consider large
tidal inlets with expansive back-barrier tidal flats and channel systems, reflecting
the nature of that particular coast. They uniformly predict that the basins will import
sand, ebb-tidal deltas will erode, and, once rates of RSLR exceed a certain thresh-
old, tidal flats will become permanently submerged. The exchange of sand among
the various sand reservoirs, and net sediment transport directions in the channels are
based on time and velocity asymmetries that will be altered by changes in tidal wave
propagation as relative sea level rises; given the relationship between wave celerity
and water depth (Boon and Byrne 1981; Aubrey and Speer 1985; Dronkers 1998).
Higher water levels will induce changes in back-barrier hypsometry, hydraulics, and
erosional-depositional patterns, which will initiate both positive and negative feed-
backs until the system equilibrates to the new conditions.

The response to rising sea level of small tidal inlet systems (width <0.5 km) or
systems with large inlets and with back-barriers dominated by marsh and tidal
creeks is much less well studied and modeled (FitzGerald et al. 2007; Lovering and
Adams 2009). We note that our understanding of thresholds governing the ability of
marshes to keep pace with RSLR is in its infancy; until we know how, and at what
rates, platform marshes will deteriorate, it will be difficult to predict changes in
back-barrier hypsometry with rising water levels. Finally, process-based models
predicting the erosion of ebb-tidal deltas due to RSLR and increasing tidal prism
may be ignoring some basic tenants concerning the formation and stability of ebb
deltas (e.g., Dissanayake et al. 2012). With increasing tidal prism, greater discharge
at an inlet will tend to move sand further offshore and deposit it into deeper water.
The distal end of the ebb delta will grow vertically due to this deposition of sand
until shoaling and breaking waves, in combination with flood currents, move it back
onshore. Thus, as sea level rises and tidal prism increases, ebb-tidal deltas will
likely capture more sand from the littoral transport system, thereby causing these
deltas to enlarge rather than erode (Walton and Adams 1976). Moreover, it should
be emphasized that most existing large ebb-tidal delta systems are 1000—4000 years
old and were constructed during a period of rising sea level, albeit slower than



Runaway Barrier Island Transgression Concept: Global Case Studies 19

today, lending credence to this conceptual framework of ebb delta growth, and
therefore to the hypothesis set forth in this paper.

3.3 Barrier/Tidal Inlet Response to Various Forcings: Basic
Relationships

In this section, we use historical datasets to illustrate erosional-depositional patterns
along barrier islands caused by changes in tidal prism volumes or in locations in
which storms created new pathways of tidal exchange between bays and the coastal
ocean (tidal inlets). We trace the pathway of sand movement among the different
sand reservoirs and, when possible, discuss the rates at which changes to the system
have occurred. Changes in tidal prism are a major factor affecting the sand budget
of barrier islands because tidal prism dictates: (1) the size of tidal inlets (O’Brien
1931; Jarrett 1976; Stive et al. 2009) expressed by the general equation:

A=CP* 2)

in which A = cross-sectional area of the inlet channel (m?), P = tidal prism (m?), and
C and g are empirically derived parameters, and (2) the volume of sand comprising
the ebb-tidal delta (Walton and Adams 1976; Hicks and Hume 1996; Fontolan et al.
2007) described by the general relationship:

V =CpP* 3)

in which V = volume of the ebb-tidal delta (m?), P = spring tidal prism (m?), and C
and ¢ are again, empirical parameters determined from field measurements. For bar-
rier island chains, the tidal prism of the entire back-barrier controls the size/number
of tidal inlets along the chain (Roos et al. 2013). Tidal prism can increase through
the conversion of wetlands to open water and by decreasing frictional resistance of
tidal exchange through channel enlargement and/or bay deepening (Fig. 6). When
barriers are breached during a storm, the sustainability of the new tidal inlet is
dependent upon the inlet accessing a large enough tidal prism to keep it open
(Escoffier 1940, 1977; Tran et al. 2012; Roos et al. 2013). As the new inlet equili-
brates to reversing tidal flow and wave conditions, sand is transported seaward and
landward building ebb- and flood-tidal deltas, respectively. This represents a loss of
sand from the barrier lithosome. Using the tidal prism relationships, we explore how
alterations in basinal hypsometry can lead to changes in inlet hydraulics and cre-
ation of a sediment sink inside a deepening bay.

Barrier chains most affected by the loss of wetlands—and the ensuing increase
in tidal prism—are those along mixed-energy shorelines (Hayes 1979), which have
numerous tidal inlets connected to broad back-barrier marshes that are incised by
tidal creeks. These types of coasts tend to occur along mesotidal shores (tidal
range = 1.5-4.0 m) and primarily in coastal plain settings. Hayes (1979) has also
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Fig. 6 Flowchart illustrating how wetland loss leads to increasing tidal prism, larger tidal inlets,
and enlarging ebb-tidal deltas. Ultimately, sand from barrier reservoirs is transferred to ebb- and
flood-tidal deltas causing barrier transgression

shown that tidal flats supplant marshes along some mixed-energy barrier coasts,
including the Friesian Islands bordering the North Sea and the Copper River delta
barrier system in the northern Gulf of Alaska. The impacts of increasing tidal prism,
which results in the enlargement of ebb-tidal deltas and the siphoning of sand away
from adjacent barrier islands, will tend to be greater in regions of higher tidal range.
This is because platform marshes exist near or above the mean high water elevation;
the volume of marsh that is potentially converted to an intertidal or subtidal environ-
ment will increase with increasing tidal range because marsh peats tend to be thicker
in settings with higher tidal ranges (Redfield and Rubin 1962). This point does not
discount the fact that marshes in areas of greater tidal range may reach threshold at
later times than lower tidal range marshes.

In mixed-energy settings, ebb-tidal deltas contain large quantities of sand that
can be comparable in volume to the adjacent barrier islands (Hayes and Kana
1976a). For example, along the mixed-energy South Carolina coast, the barriers are
relatively short and tidal inlets comprise an increasingly greater proportion of the
shoreline to the south, coinciding with an increase in tidal range (Hayes 1994;
Hayes and FitzGerald 2013). South of Charleston Harbor, Stono and North Edisto
Inlets have a combined ebb-tidal delta volume that is approximately four-fifths the
volume of intervening Kiawah-Seabrook Island barrier lithosome (Fig. 7; Hayes
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Fig. 7 Along mixed-energy coasts, such as this example from Seabrook and Kiawah islands in
South Carolina, ebb-tidal deltas contain a volume of sand comparable to the volume of the inter-
vening barrier lithosome (after Hayes et al. 1976)

and Kana 1976a, b). For the sake of illustration, if the tidal prisms of Stono and
North Edisto Inlets increased by 1%, then the combined volume of the ebb-tidal
deltas would increase by approximately 2.2 million cubic meters of sand would be
sourced predominantly from erosion of the adjacent barrier islands and to a lesser
extent channel enlargement (see Eq. 2).

4 Case Studies

We discuss a series of historical accounts of barrier island/tidal inlet systems below
to explore how changes to back-barrier marsh, tidal flats, and channels areas affect
inlet dimensions, and how coastal sand reservoirs are redistributed. We use the
insights gained from these studies to present a conceptual model of barrier evolution
in a regime of accelerating RSLR.

4.1 Nauset Spit-New Inlet, Cape Cod, Massachusetts

The 30-km long Nauset barrier system is composed of a series of spits and barrier
islands that form the southern outer coast of Cape Cod, Massachusetts. Nauset Spit
breached during a moderate northeast storm on January 2, 1987 after overwash had
formed an incipient channel across the barrier and then return flow, accompanying
a wind shift to the northwest as the storm passed, scoured a deep channel. New Inlet
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was actually a product of long-term erosion that narrowed the barrier, storm waves
that dismantled the foredune ridge, and a hydraulic head across the barrier that
reached 0.70 m and 0.86 m at high and low tide, respectively (Friedrichs et al. 1993;
FitzGerald and Pendelton 2002).

One day after the storm, the channel was 100-m wide. It grew to 0.5 km after two
months and to 2.0 km wide a year later as the inlet captured and equilibrated to an
increasingly large tidal prism. During this process, barrier sands washed into the
bay enlarging the flood-tidal delta and other sand shoals (Stauble 2001; FitzGerald
and Montello 1993). FitzGerald and Montello (1993) estimated that during the first
year approximately 0.7—1.0 million cubic meters of sand were transported into the
bay (Fig. 8). Initially, the inlet widened through erosion and retreat of the northern
and southern shorelines, but after 1.5 years the inlet reached a stable configuration
and continued to narrow due to spit accretion. At that time, a 1.6-km wide shallow
spit platform extended south from Nauset Beach and the channel thalweg was posi-
tioned at the very southern side of the inlet, a consequence of the dominant south-
erly alongshore transport direction and the northerly approach of the main bay
channel toward the inlet. In subsequent years, the main inlet channel periodically
breached an easterly, more-direct channel through the spit platform, expanding the
extent of ebb-tidal delta seaward (Liu et al. 1993). The new channel dominated the
former southern channel because it was a more hydraulically efficient pathway for
tidal flow into and out of the inlet.

Between 1988 and 1999, the ebb-tidal delta grew in volume (Fig. 8) as New Inlet
equilibrated to its tidal prism, as predicted by the Walton and Adams (1976) rela-
tionship. The sequestration of sand on the ebb delta coupled with sand movement
into the inlet, added to the growth of the bay shoals and led to a reduction in sand
bypassing the inlet thereby starving the downdrift South Beach shoreline. During
this period of ebb-delta growth (1990-2000), South Beach retreated 200-300 m.
Following a period of relative stability, another inlet formed north of New Inlet in
April 2007, which again disrupted the alongshore transport system causing shore-
line recession and ultimately, formation of a third inlet along South Beach.

The pattern of tidal inlet development along the Nauset Spit system during the past
three decades illustrates the strong coupling effect between barrier breaching and tidal
inlet formation and the loss of sand from the barrier lithosome. Moreover, the historical
morphological changes demonstrate that the sequestration of sand on ebb-tidal deltas
represents a short- to long-term loss of sand from the barrier system, whereas sand
transport into bays represents an important long-term loss. This sand will not re-enter
the barrier/littoral system until the barrier transgression reaches this landward site.

4.2 Ocean City Inlet-Assateague Island, Maryland

Fenwick and Assateague Islands were once a continuous island along the Maryland
coast prior to a 1933 hurricane that breached the barrier and formed Ocean City
Inlet. Initially, the inlet was 3 m deep and 76 m wide (Underwood and Hiland 1995).
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Fig. 8 New Inlet, Cape Cod. Historical shoreline data documents retreat of the downdrift beach as
sand was sequestered on ebb-tidal delta (after Stauble 2001). During the period between 1990 and
2000 the shoreline retreated 200-400 m

Within a month the US Army Corps of Engineers began construction of jetties to
stabilize the inlet’s location and prevent southerly alongshore transport from closing
the channel. The inlet is now 330 m wide narrowing to 200 m at the seaward end of
the jetties. Numerous authors have detailed shoreline changes, channel characteris-
tics, and a sediment budget for the inlet area (Dean and Perlin 1977; Stauble et al.
1993; Rosati and Ebersole 1996; Stauble 1997).

Immediately following completion of the jetties, erosion rates along northern
Assateague Island, extending ~14 km south of the inlet, essentially doubled (aver-
age rate = 2.9 + 2.7 m/year; Rosati and Ebersole 1996). Northern Assateague Island
migrated almost two barrier widths onshore (0.5 km) between 1850 and 1980
(Fig. 9a; Dean and Perlin 1977) and most of this movement occurred following inlet
formation. During the same period, the Fenwick shoreline immediately north of the
inlet prograded approximately 250 m with accretion tapering northward for about
2 km (Dean and Perlin 1977). This accretion was attributed to trapping of the south-
erly alongshore transport of sand by the north jetty as well as several beach nourish-
ment projects (volume = 2.2 x 10° m*;, USACOE 1998).

The dramatic erosion of northern Assateague Island was due to the disruption of
the natural alongshore transport system caused by inlet formation, leading to the
sequestration of sand on ebb- and flood-tidal deltas, initial accretion next to the
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Fig.9 Ocean City Inlet, MD. (a) Shoreline changes showing the landward migration of Assateague
Island. (b) Cross-sectional changes of Ocean City Inlet from 1934/1937 to 1995 demonstrating
deepening of the inlet and seaward progradation of the ebb-tidal delta (after Stauble 1997). Cross
section location is shown on panel (a). (¢) Growth of the ebb-tidal delta (10 x 10° m?®) from inlet
formation to 1995 (after Stauble 1997)

north jetty, and removal of sand from the jettied navigation channel during numer-
ous dredging projects (Rosati and Ebersole 1996; Stauble 1997). The evolution of
the inlet channel and ebb-tidal delta are depicted in Fig. 9b, c. During the 1937—
1995 period, the inlet throat deepened from 5 to more than 14 m coincident with a
substantial increase in cross-sectional area as the inlet accessed an increasingly
large bay tidal prism.

Following the formation of a new tidal inlet, it commonly takes several years for
new channels to fully develop and efficiently connect to back-barrier bays and cap-
ture the entire potential tidal prism inlet (Liu et al. 1993). During this phase at Ocean
City Inlet, the inlet channel increased in dimensions, eventually reaching an equilib-
rium size predicted by Eq. 2. Sand was transported into the proximal back-barrier.
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Likewise, sand entering the inlet via alongshore transport and scoured from the
channel was transported seaward building the ebb-tidal delta and moved landward,
enlarging flood-tidal shoals. A profile along the inlet channel and across the ebb-
tidal delta demonstrates that following inlet formation and extending to a period
when the ebb delta reached a dynamic equilibrium (sometime after 1995), the ebb-
delta accumulated sediment and accreted seaward. Using the terminal lobe as a
reference point (seaward apex of the ebb delta, Fig. 9b), it is clear that the delta built
seaward by ~1 km and increased to a volume >10 x 10° m? (Fig. 8c; Stauble 1997).

The delta appeared to have reached an equilibrium volume by the late 1990s as
indicated by large swash bars bypassing the inlet and migrating from the delta land-
ward to Assateague Island (Kraus 2000). However, there continues to be a deficit of
sand along northern Assateague Island, requiring continued beach nourishment (US
Army Corps of Engineers 1998). Nonetheless, the evolution of this area clearly
demonstrates that inlet formation can drastically impact the barrier sediment bud-
get, particularly when the growth of ebb- (and to a lesser extent flood-) tidal deltas
sequesters sand from the alongshore transport system that otherwise would nourish
the downdrift barrier island.

4.3 Virginia Barriers

The Virginia coast along the Delmarva Peninsula, south of Assateague Island, is
composed of mixed-energy barrier islands (Fig. 10) dominated by fine-grained
beaches with frequent overwash (McGee 1890; Rice et al. 1976; Halsey 1979;
Oertel and Kraft 1994). Barriers are backed by a network of tidal channels, subtidal
to intertidal mudflats, shallow (<2 m) open bays, and salt marsh (Fig. 10). The
northern islands are located 1-3 km offshore of the mainland and are predominantly
backed by extensive marsh. Farther south, the distance between the barriers and the
mainland and the area of open water behind individual barriers both increase, reach-
ing a maximum at Hog and Cobb islands of 13—-14 km and >80%, respectively.
Modern rates of RSLR along this coast are among the highest on the US East Coast,
with estimates ranging from 3.6 to 6.0 mm/year in recent decades (Boon 2012; Ezer
and Corlett 2012; Boon and Mitchell 2015). This rate exceeds that determined for
vertical accretion of mid and high marsh in this region (0.7 = 1.2 and 1.4 = 0.2 mm/
year, respectively), leading to reversal of marsh growth trends inferred from the late
Holocene, and the loss of marsh, particularly adjacent to open water (Kastler and
Wiberg 1996; Erwin et al. 2004, 2006; Priestas et al. 2015). These effects are com-
pounded by marsh-edge erosion driven by wave action in some of the larger back-
barrier bays (Mariotti and Fagherazzi 2013), albeit some progradation of marsh has
occurred into shallow ponds and tidal flats (Erwin et al. 2006) as well as onto low-
lying sections of barrier islands themselves (Deaton et al. 2017). The net result has
been a loss of >9% of marsh area behind the Virginia barriers (Assawoman to Smith
islands) since 1870 (Fig. 10; Deaton et al. 2017).
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Fig. 10 Historical changes along the Virginia barrier islands. All data are from Deaton et al.
(2017) and individual panels are modified from Deaton et al. (2017). (a) Site map of the Virginia
Eastern Shore barrier islands. Colored regions behind each barrier island indicate the “bayshed”
for each tidal inlet (area flooded/drained by that tidal inlet); values are change in tidal prism
between 1870 and 2009 (negative values represent loss in tidal prism). Note large decreases in tidal
prism associated with northern rollover-dominated barrier islands and increases associated with
back-barrier marsh loss along southern islands. Barrier island names are given on the right; num-
bers in parentheses are long-term shoreline-migration (1851/2 to 2010) rates determined from
linear regression analysis after Hapke et al. (2010b). (b—d) Maps of marsh gain (red) and loss
(blue) associated with bay expansion, upland migration, and landward migration of Wallops
through Smith islands between the mid- to late-1800s and 2009

Despite the overall loss of marsh from the back-barrier, the rapid onshore migra-
tion of the Virginia barrier islands plays a role in marsh loss and in determining the
extent of open-water area along the Virginia Eastern Shore (Kastler and Wiberg 1996;
Deaton et al. 2017). Recent work has demonstrated that exposure and erosion of
marsh along the shoreface due to the landward migration of the islands accounts for
~32 km? of marsh loss during the last 150 years (Deaton et al. 2017); this is ~5%
greater than the net area lost due to back-barrier processes. The barrier rollover pro-
cess has not only consumed marsh, it has also filled open-water areas. The net result
of back-barrier marsh loss and landward barrier migration has been a slight increase
in back-barrier open water area of only 9 km? <2% of the total open water area
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(Deaton et al. 2017). This analysis suggests that any gain in tidal prism from marsh
loss along this barrier chain is countered by the “squeezing” of the back-barrier by
barrier migration. Although some inlets have experienced a small increase in tidal
prism (e.g., Wachapreague Inlet increased by 6-10% between the late 1800s and
early twenty-first century; Fenster et al. 2011; Richardson 2012; McBride et al.
2015), other inlets have undergone a marked decrease in tidal prism of >30% due to
landward barrier migration (Fig. 10; Deaton et al. 2017).

Overall, the tidal inlets associated with the Virginia barriers are maintaining a
quasi-stable state: the ongoing disintegration of back-barrier marshes (20% total
loss due to barrier migration and back-barrier processes [e.g., edge erosion] in the
last 150 years) and slow migration of marshes onto uplands, although increasing
bay area, is negated by the landward migration of the barriers, which is reducing
system-wide back-barrier area at an approximately same rate.

4.4 Barataria Barriers, Louisiana

The barriers fronting Barataria Bay along the central Louisiana coast formed from
sand delivered from two former distributary headlands, Bayou Lafourche to the
west and Plaquemine Delta to the east (Fig. 11). The Barataria coast is low-energy
with diurnal tides and a spring tidal range of 0.46 m; however, circulation at the
inlets within Barataria Bay is commonly dominated by wind-generated set-up and
set-down. Generally, breaking waves are small along the coast (<0.4 m), except dur-
ing the passage of winter storms nearshore when waves as high as 3.0 m can prevail
for days (Stone et al. 2003; Stone and Orford 2004). Infrequent hurricanes (1 every
7 years; Muller and Stone 2001) cause the greatest impact on the shoreline, result-
ing in widespread erosion, overwash, and breaches that can evolve into tidal inlets
(Boyd and Penland 1981; Stone et al. 2003).

The Barataria barriers provide a natural laboratory in which to study the effects
of accelerated SLR because this region is experiencing one of the highest rates of
relative SLR in the world (9.03 mm/year for 1947-2015; Fig. 12; NOAA 2015a, b)
due to a variety of causes including deep-seated crustal adjustments (Mitrovica and
Milne 2002; Yu et al. 2012), fluid withdrawal associated with hydrocarbon produc-
tion (Morton et al. 2005); compaction of Holocene deltaic sediments (Penland and
Ramsey 1990; Torngvist et al. 2008), and reduced sediment supply due to leveeing
and channelization of the Mississippi River.

During the past 80 years rapid RSLR and erosional processes within Barataria
Bay have led to substantial wetland loss, converting more than 1100 km? of wet-
lands to open water (14 km?*year; Couvillion et al. 2011; Fig. 12). Conversion of
wetlands to intertidal and subtidal environments is a product of several linked pro-
cesses including subsidence, marsh front erosion (Schwimmer 2001; Wilson and
Allison 2008; Mariotti et al. 2010; Mariotti and Fagherazzi 2013), and catastrophic
scour during large magnitude hurricanes (e.g., Katrina; Barras 2006; FitzGerald
et al. 2007). The multiple causes of wetland loss appear to be dominated by RSLR;
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Fig. 11 Barataria barriers and tidal inlet systems formed from reworking of former distributary
headlands Lafourche and Plaquemine Deltas

a temporal plot of wetland loss and RSLR shows similar trends during the past 50
years. However, they are slightly out of phase, indicating other processes are likely
operative (Fig. 12). For example, Morton et al. (2005) and Morton et al. (2006)
demonstrated convincingly that accelerated wetland loss in adjacent Terrebone
Basin is related to rapid subsidence following peak volume fluid withdrawal from
nearby oil and gas fields. A large number of oil and gas fields also exists in the
Barataria Basin and may have contributed to subsidence in this region as well
(Morton et al. 2006).

Long-term conversion of wetlands to open water over the last >125 years has
steadily increased tidal exchange between Barataria Bay and the Gulf of Mexico
resulting in larger inlet tidal prisms. Two direct consequences of the increasing tidal
discharge are the enlarging tidal inlet geometry and growth of ebb-tidal delta shoals
(List et al. 1994; FitzGerald et al. 2004). Data collected during the summers of 2006
and 2011 allow updating of hydraulic and morphologic trends previously estab-
lished for the Barataria Bay barrier system for the period between 1880 and 1980.
As shown in Fig. 13a and Table 2, the inlets have collectively more than quadrupled
in size, accommodated in part by the formation of Pass Abel in 1920s and a widen-
ing of the other inlets, but primarily by a deepening of the inlet throats. It is note-
worthy that during the 26 years between 1980 and 2006, the combined cross-sectional
areas of the inlets increased by almost 70%, coinciding with a period of significant
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land loss in Barataria Bay (after Couvillion et al. 2011)

wetland loss in Barataria Bay (Fig. 12). During this time, the inlets deepened from
5 to 10 m (Fig. 13a). Collectively, the historical inlet combined cross sections all
plot well within the 95% confidence limits of Jarrett’s (1976) regression equation of
tidal prism versus throat cross section (Fig. 13b), indicating that they have remained
in equilibrium with the increasing tidal prism.

Significant in the evolution of the Barataria barriers is how sediment reservoirs
are being redistributed as the inlet tidal prisms are enlarging. As predicted by Eq. 2,
there has been a growth in the volume of ebb-tidal deltas as evidenced by a signifi-
cant increase in the ebb-delta footprint through time (Fig. 14) and by the seaward
excursion of the 5-m contour at Barataria Pass (Figs. 13a and 14). During the same
approximate time period (1880s—1988), the intervening barriers underwent dra-
matic erosion with average shoreline retreat rates between 1 and 15 m/year (Williams
1992). An exception to this trend is the accretion that occurred along the east end of
Grand Isle, which is protected by a system of offshore breakwaters and has been the
site of beach nourishment projects. The response of the Barataria barriers to wetland
loss and a growing tidal prism has been an increase in the dimensions of the tidal
inlets, and growth of ebb-tidal delta volumes at the expense of the barriers, which
have drastically decreased in size, resulting in the formation of a new tidal inlet
(Pass Abel). This case study clearly shows the end-result of large-scale wetland loss
ultimately translating to the redistribution of coastal sand reservoirs and severe ero-
sion along this coast, leading to numerous state and federally funded beach nourish-
ment projects to maintain the integrity of this barrier chain.
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Table 2 Inlet cross-sectional areas (m?)*

Year Caminada Barataria | Pass Abel Quatre Bayou Total X-sect area
1880s 809 4304 0 133 5646

1930s 1353 6271 395 2590 10609

1980s 1532 7182 4193 3777 16,684

2006 3372 7374 6669 6726 24,141

“Note that all inlets of this section of the Louisiana coast have shown a net increase in cross-
sectional area

4.5 Chandeleur Islands and Isle Dernieres, Louisiana

These two island chains are located along the east and south-central portion of the
Mississippi River delta plain (MRDP). We treat them separately from the Barataria
system because most of islands along these chains have reached a phase of rapid
erosion and their back-barrier wetlands have collapsed to the extent that the barriers
are migrating landward into deepening sounds. Their tidal inlets are small, with
insignificant ebb-tidal deltas. The evolution of these systems provides insights into
the factors controlling landward barrier migration. These barriers are a product of
the delta cycle, which involves a regressive stage of delta building and then a trans-
gressive component when marine processes dominate over the previous fluvial pro-
cesses because of distributary abandonment (Penland et al. 1988; Roberts 1997;
Coleman et al. 1998). Consequently, wave and tidal currents rework and laterally
distribute sands that were originally deposited within and proximal to the distribu-
tary, forming erosional headlands with flanking barrier islands. RSLR and wave and
tidal current erosion in the back-barrier drives mainland detachment and develop-
ment of a fully transgressive barrier system. Lateral sand transport away from the
original, centralized fluvial depocenter point source and redeposition as spit plat-
forms at the flanks of the barrier chain ultimately depletes sand available for the
system to maintain exposure in a regime of rapid RSLR. Ultimately, the barrier
system is transformed into a subaqueous sand shoal on the inner continental shelf
(Penland et al. 1988).

4.5.1 The Chandeleur Islands

The Chandeleur Islands represent remnants of the St Bernard delta complex (fluvial
abandonment ~1800 years BP; Frazier 1967) and are now separated from the main-
land marsh by the ~40-km wide Chandeleur-Breton Sound. In this late stage of
barrier island evolution, large tidal inlets typical of the younger central coast barrier
systems (e.g., Barataria barrier chain) are absent. Instead, tidal currents primarily
flow through deep, broad troughs around the flanks of the island chain (Hart and
Murray 1978). However, the loss of sand from the system due to the impact of
repeated hurricanes has thinned the barrier arc, rendering it prone to breaching.
Periodic inlet development has facilitated landward sand transport and the building
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of recurved spits and flood-tidal deltas. Most new inlets are ephemeral closing
within 2-3 years, but one inlet (~1 km wide) has remained open, primarily due to
the sand-starved nature of the southern portion of the barrier arc.

Most of the sand eroded from the front side of the Chandeleur Islands is trans-
ported alongshore and deposited in deepwater sinks at the flanks of the island chain
rather than being sequestered at ebb-tidal deltas (Miner et al. 2009a; Georgiou and
Schindler 2009). Because these islands are far removed (temporally) from the
headland-detachment process, they are no longer effectively fed relict deltaic sands
except by excavation of subsurface deposits intercepted by tidal inlet and shoreface
ravinement. Sand lost alongshore to deepwater sinks has led to a long-term reduc-
tion in island area from 44.5 km? in 1855 to 4.7 km? in 2005 (Miner et al. 2009a;
Fearnley et al. 2009). Deterioration of the barrier arc significantly accelerated after
1998 due to an increase in frequency of large magnitude hurricanes (e.g., Ivan in
2004, Katrina and Rita in 2005; Gustav in 2008; Sallenger et al. 2009). On the basis
of regression-forecasting models of the barrier footprint area, the islands are pre-
dicted to undergo transgressive submergence and conversion to an inner shelf shoal
within the next three decades (Fearnley et al. 2009). The majority of the southern
Chandeleur Island system is dominated by wave-generated cross-shore sediment
transport rather than alongshore transport and has already converted to shoals and
ephemeral islands (Miner et al. 2009b).

Using time-series bathymetric data and sediment cores, Miner et al. (2009b) have
shown a correlation between shoreface slope angle and barrier evolution (Fig. 15). The
southern Chandeleurs have a relatively gentle shoreface slope and are experiencing
landward retreat of short-lived barrier islands and barrier shoals, with no well-estab-
lished back-barrier marsh. The northern Chandeleurs have a relatively steep shoreface
and are undergoing shoreline erosion and limited landward barrier island migration.
These islands are backed by well-established back-barrier marshes that serve as nucle-
ation sites for sand deposition during storm recovery. This resistant substrate inhibits
total destruction of islands during storms. It also serves to slow the rate of shoreline
erosion because it forms a barrier beyond which sand transported by waves cannot
pass. Thus, it accumulates and, during recovery, forms bars that weld to the shoreline.
In contrast, where no back-barrier marsh is present or where it is destroyed during
storms, sand from the nearshore zone is transported landward by waves forming flood
tidal deltas and recurved spits. Parts of the islands that are backed by marsh migrate
landward slowly, and the shoreface matures and becomes steeper. Parts of the islands
that are not backed by marsh are destroyed during storms and reemerge during calm
weather in a position landward of their pre-storm location (Fig. 15).

The ongoing storm-induced loss of back-barrier marsh is forcing a shift in the
sediment transport regime from the previously dominant alongshore direction to one
dominated by cross-shore processes. The system is becoming more efficient at recy-
cling sediment during landward retreat by overwash activity and through the forma-
tion and expansion of flood-tidal deltas at tidal inlets. The development of recurved
spits along the borders of inlets also moves sand onshore. Tidal inlet formation and
persistence are controlled by storm frequency and magnitude. In other regions, par-
ticularly the southern portion of the chain, storms inhibit island reemergence and
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Fig. 15 Shoreline and bathymetric changes along the Chandeluer Island chain between the 1870s
and 2007 (after Miner et al. 2009a)

subaerial expansion, processes that occur during extended calm weather periods. In
a regime of frequent storms, sand transported offshore by storm waves and return
flow does not have sufficient time to move back onshore and reorganize into a linear
shoal before being impacted by a subsequent storm. This results in a net loss of sand
to the offshore and development of an offshore sand sheet in the retreat path of the
landward-migrating ephemeral barrier islands/shoals.

4.5.2 The Isles Dernieres

The Isles Dernieres are another highly transgressive Louisiana barrier chain that has
undergone complete detachment from the mainland. Stratigraphic evidence, historic
maps, and vertical aerial photographs show that the Isles Dernieres formed from the
reworking of a delta lobe that was abandoned approximately 400 year BP (Kulp
et al. 2005). By the mid-1800s, the island chain was a continuous barrier system
backed by Pelto Bay and Big Pelto Bay (Fig 16). Initially, these lakes that became
bays were surrounded by nearly continuous marshland; however, during the next
100 years, RSLR, tidal scour, wave erosion of marsh platforms, and canal construc-
tion transformed the lakes into a single, large open sound connecting to Caillou Bay
to the west and Terrebonne Bay to the east (Fig. 16). Locally, the barriers have
migrated >2 km landward since the 1800s (McBride et al. 1992), but the rate of
northward translation has not kept pace with the landward retreat of the mainland
marshes, leading to an increasingly larger and deeper back-barrier bay area (Fig. 16).
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McBride et al. 1992, and updated from Kindinger et al. 2013)
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Eventually, the alongshore continuity of the system was compromised and the bar-
rier chain segmented due to the diminished sand reservoirs. Gradually, tidal inlets
that formed during major storms stabilized because of increasing tidal prism that
resulted from wetland loss in the back-barrier. Sand once comprising a robust bar-
rier system moved offshore, became sequestered in ebb-tidal deltas, and moved
landward to form flood-tidal deltas. As the Isle Dernieres migrated onshore, much
of the ebb-delta sand moved onshore as well, but some was permanently lost to the
inner shelf (Miner et al. 2009b).

The landward migration of the barrier system into a deepening bay is an ongoing
process, causing the decrease in areal extent of the barrier chain. As barrier sand
moves onshore during major storm overwash events, sand must fill an increasingly
deeper water column to maintain a subaerial footprint. A positive feedback also
exists whereby increasingly thicker barrier sand results in greater compaction of the
underlying bay and deltaic mud (Rosati et al. 2010), further exacerbating the high
rate of RSLR in the area. Bathymetric and seafloor-change analysis by Miner et al.
(2009a, b) demonstrates that much of the back-barrier has undergone an increase in
water depth from O to 1 m during the last century, attributed to the erosion of bay
sediment and RSLR. Using historical charts and aerial photographs, McBride et al.
(1992) documented that between the 1890s and 1988, the width of the island system
decreased by approximately 0.8 km at an average rate of 8.6 m/year, which contrib-
uted toward a total reduction in island area of 27.6 km?, or 78% of the 1890s island
foot-print. Like the Chandeleurs, this barrier chain is evolving rapidly toward
becoming an inner shelf sand shoal (sensu: Penland et al. 1988), but the influx of
sand from the barrier chain to the east and from barrier island restoration projects,
slows the process to a small degree.

4.6 Copper River Barriers, Alaska

This case study illustrates a condition of tidal prism reduction. The Copper River
barriers are located on a collision coast (Inman and Nordstrom 1971) in the Gulf of
Alaska (Fig. 17). Their presence is a consequence of significant sediment discharge
from the glaciated Alaska Range and Chugach Mountains via the Copper River and
several other smaller rivers (40 x 10° m*year; Reimnitz 1966). The barrier chain is
80 km long and sits atop deltaic sediment as much as 180 m in thickness (Reimnitz
1966). Modern sea level along this coast is a product of deltaic subsidence (2.5—
3.8 cm/year; Reimnitz and Marshall 1965) and infrequent tectonic uplift (Ferrians
1966; Plafker 1969; National Research Council 1972). A wave study by Nummedal
and Stephen (1976) showed that frequent storm winds from the south and southeast
produce a net westerly alongshore transport rate of more than 6 x 10°® m*/year. The
barriers vary in length from 6 to 14 km and are backed by an extensive system of
tidal flats (5—10 km wide) incised by a network of tidal channels.

A field study of the region between 1969 and 1975 by Hayes et al. (1976) and
Hayes and Ruby (1994) showed that the strong westerly movement of littoral sedi-
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Fig. 17 Vertical aerial photograph of the Copper River delta barriers (from http://earthobserva-
tory.nasa.gov/IOTD/view.php?id=81784)

ment produced spits at the western ends of the barriers and a slight westerly migra-
tion of the inlets. In addition, the proximity of the eastern back-barrier to the Copper
River and wave sheltering of the eastern barrier flank by Kayak Island have led to a
lagoon that is largely filled with sediment. Lagoonal width and open water area
increase westerly along the rest of the chain resulting in larger tidal prisms that
generate wider tidal inlets having larger inlet offsets and larger ebb-tidal deltas
(Fig. 18; Hayes and Ruby 1994).

A dramatic historical impact to the island chain occurred on March 27, 1964
when the Good Friday Earthquake (magnitude 9.2; http://earthquake.usgs.gov/
earthquakes/events/alaskal964) uplifted the Copper River delta region by 2.5-3.0 m
(Fig. 19a; Plafker 1969). A map of Egg Island at the western end of the chain depicts
the footprint of island after the uplift event in 1964 and its progradation during an
11-year period following the earthquake (Fig. 19b, Hayes and Ruby 1994). The
overall increase in areal extent of Egg Island is characteristic of the other barriers
along this coast during the same time span. The rapid growth of the islands is diffi-
cult to reconcile after the uplift event given their previous history of slow shoreline
accretion. Only a large influx of sediment would explain the rapid lengthening of
spits and addition of new beach ridges to the front side of the barriers. Presumably,
the uplift event did not significantly increase the discharge of sediment from Copper
River and, thus, cause greater accretionary patterns along the islands, because the
production of riverine sediment is closely related to glacial erosion of unweathered
bedrock and meltwater discharge delivering this sediment to the coast. Within short
time spans these processes are climatic and not related to tectonics.


http://earthquake.usgs.gov/earthquakes/events/alaska1964
http://earthquake.usgs.gov/earthquakes/events/alaska1964
http://earthobservatory.nasa.gov/IOTD/view.php?id=81784
http://earthobservatory.nasa.gov/IOTD/view.php?id=81784
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Fig. 18 Barriers of the Copper River delta show an increase in inlet size and ebb-tidal delta extent
from west to east. The bulbous updrift nature (drumstick shape; Hayes 1979) of the barriers pro-
duces an increasing downdrift alignment of the inlet shoreline (modified after Hayes 1979)

A plausible explanation for rapid island growth is a decrease in tidal prism aris-
ing from changes in lagoonal hypsometry resulting from the 1964 uplift that trans-
formed subtidal areas to intertidal flats and tidal flats to supratidal wetlands. The end
product of these changes was a decrease of open-water area in the lagoon leading to
reduced tidal prisms, which ultimately resulted in smaller equilibrium-sized tidal
inlets and ebb-tidal delta volumes (as predicted by Eqgs. 2 and 3, respectively).
Although some of the sand comprising the ebb deltas may have been lost offshore
during storms, it is likely that much of the excess sand was driven onshore by the
strong wave energy of this region, causing an enlargement of the barriers. Sand
moved landward from the nearshore and sediment eroded from entrenching tidal
channels in the back-barrier due to the uplift also may have contributed sand to the
barriers during this period. Finally, some sand may have moved onshore due to a
re-equilibration of the under-steepened shoreface (reverse of “Bruun Rule”) caused
by the uplift event. This case study demonstrates the interplay among changes in
bay hypsometry, tidal prism, and sand reservoirs.

4.7 East Friesian Islands, Germany

The East Frisian Islands provide another opportunity to observe how tidal prism
changes impact coastal sand reservoirs, again through observing barrier island
growth associated with reductions in back-barrier open-water area. This chain con-
sists of seven barrier islands located in the southeast North Sea between the Ems
River to the west and Jade Bay to the east (Fig. 20). This coast is subjected to strong,
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Fig. 19 (a) Contour map showing uplift along the Copper River Delta resulting from the Good
Friday Earthquake of March 27, 1964 (after Plafker 1969). (b) Egg Island (see location in panel
above) illustrating accretionary history following the Good Friday Earthquake. The continued
increase in areal extent of the island was due to sand moving onshore from the nearshore and ebb-
tidal delta (after Hayes and Ruby 1994)

persistent winds from the westerly quadrant that produce a deepwater significant
wave height of 1.6 m, resulting in an easterly alongshore transport rate of
2.7 x 10° m*/year (FitzGerald et al. 1984). Spring tidal ranges increase in an easterly
direction from 2.5 m at Borkum to 2.9 m at Wangerooge. The back-barrier is com-
posed of broad tidal flats separated by tidal channels that shoal toward the drainage
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Fig. 20 East Friesian Islands. (a) A satellite image showing the extent of the East Friesian Islands
along the north coast of Germany. (b) Area indicated by white box in (a), which shows the distribu-
tion of barrier islands (yellow) tidal inlet thalwegs (dark blue), shoals (black), back-barrier marsh
(gray) and mainland (orange)

divides behind the middle of the barriers. Inlets vary in width from 0.87 to 3.19 km
and are fronted by well-developed ebb-tidal deltas. Sand bypasses the inlets through
the landward migration of large swash bars (0.5-1.0 km long), which dictates ero-
sional and accretional patterns along the shore as well as the planform of individual
barriers (FitzGerald et al. 1984).

Detailed morphological changes of the East Frisian Islands, tidal inlets, and
back-barrier environment for years: 1660, 1750, 1860, and 1960 (Table 3; FitzGerald
et al. 1984) were determined using historical maps produced by Homeier and Luck
(1969); we did not update these analyses here, because the trends were clearly
apparent in the 310-year record. Between 1650 and 1960, an abundant sand supply
coupled with the strong easterly alongshore transport system caused extensive spit
development at the eastern end of the barriers. During this period, the total length of
the barriers increased by 14.1 km, largely at the expense of the inlets, which nar-
rowed by a combined 10.6 km (Table 3, Fig. 21a). The 3.5 km net increase in length
of the barrier-inlet system was due to Juist accreting westward and Wangerooge
building eastward into Jade Bay (Fig. 20).



Runaway Barrier Island Transgression Concept: Global Case Studies 41

Table 3 Summary of morphological changes of East Friesian Islands (after FitzGerald et al. 1984)

Difference between
Morphological unit 1650 1750 1960 1960 1650 and 1960
Total barrier Island length 48,840 52,870 159,830 62,940 |+14,100

(m)
Total tidal Inlet width (m) 20,360 17,310 11,920 19,740 -10,620

Total barrier Island area 52.14 57.91 73.83 93.61 +41.47 (18.07)*
(km?)
Total tidal Inlet drainage 497 433 372 348 —149
area (km?)

“This value is the combined area of the barriers minus the polder areas along the backside of the
barriers

The historic narrowing of the tidal inlets since 1650 can be explained by a reduc-
tion in tidal prism. It was a long-term practice of early inhabitants along the German
coast to reclaim land from sea (Goeldner 1999). These parcels, called polders, con-
sist of dikes constructed around former marshland and tidal flats. During the 1650-
1960 period, poldering resulted in a 30% decrease in back-barrier drainage areas
(Table 3), leading to a reduction in tidal exchange and a decrease in tidal prism.
Note in Fig. 21b, the gradual conversion of tidal flat and marsh in the reentrant area
behind Harle Inlet that reduced its drainage area and tidal prism, resulting in an
eastward progradation of Spiekeroog and a narrowing of the inlet throat.

During the 1650-1960 period, poldering took place along the entire mainland
shoreline backing the barriers, as well as the landward side of the barriers. The
decrease in drainage area of the inlets and attendant decrease in tidal prism pro-
duced smaller equilibrium ebb-tidal delta volumes. Thus, as tidal prism decreased
at the inlets, sand from the ebb deltas was moved onshore by the strong wave energy
in this location, supplying sediment to the barriers that resulted in spit accretion as
well as a collective lengthening of the barriers and an increase in their areal extent.
In a regime of accelerating RSLR, if rising tidal waters convert polders back to
intertidal flats and marshes, we can expect that the barrier chain will revert to its
former morphology due to increasing tidal prism resulting in dramatic erosion
(FitzGerald et al. 2008).

5 Runaway Transgression Model

5.1 Presentation of Concept and Stages

Given the prediction of accelerating sea-level rise (IPCC 2013), it appears that
marshes (Kirwan et al. 2010) and tidal flats (Dissanayake et al. 2012; Van der Wegen
2013) will ultimately succumb to flooding and will be supplanted by intertidal areas
and eventually open water. The history of the Barataria barriers may be a good
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Fig. 21 (a) Plot of the historical changes in drainage area, barrier length, and tidal inlet width for
the East Friesan Islands (after FitzGerald et al. 1984). As the total drainage area decreased through
time as a result of back-barrier poldering, there was a concomitant increase in total barrier length
and decrease in total inlet width; a result of the reduced tidal prism created by back-barrier polder-
ing. (b) Illustration of changes in morphology and size of the barrier islands and back-barrier
drainage area from 1650 to 1960

example of how other barrier coasts will evolve, as this coast has experienced
extremely high rates of RSLR, wholesale loss of wetlands, expanding tidal inlets
and ebb deltas, and rapid deterioration of the barriers in a timeframe of approxi-
mately 150 years. We present below (and in Fig. 22) a conceptual model of how
mixed-energy barrier coasts may evolve in a regime of accelerated RSLR from a
stable barrier through three progressive stages of barrier disintegration.

5.1.1 Stable Barrier

Accretion rates suggest that many marshes and mangroves are relatively stable and
keeping pace with the present trend of eustatic sea-level rise (FitzGerald et al.
2007). Thus, we use the present general configuration of mixed-energy regimes
(Hayes 1979) as the initial phase in the conceptual model. This morphology consists
of a barrier chain backed by expansive high tide or supratidal marsh incised by
numerous tidal creeks, though the extent of intertidal and subtidal environments in
the back-barrier varies substantially in mixed energy settings. For example, the
Virginia barrier coast exhibits considerable variability along the entire chain, and
tidal flats, instead of marshes, occupy the back-barriers of the Copper River delta
barriers and Friesian Islands. Inlets along mixed-energy coasts are fronted by well-
developed ebb-tidal deltas, although their intertidal exposure varies greatly depend-
ing upon tidal range, inner-shelf slope, wave energy, and other factors (Smith and
FitzGerald 1994).
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Fig. 22 Conceptual model of barrier evolution on a mixed-energy coast in a regime of accelerated
SLR (after FitzGerald et al. 2008)

5.1.2 Disintegrating Barrier

In this conceptual model, marsh loss triggers barrier disintegration, which proceeds
through three stages:

Stage 1. High Marsh Loss—This stage of the model represents a period when the
rate of RSLR has accelerated sufficiently to transform portions of the supratidal
and high-tide marsh to intertidal and subtidal environments, including low marsh.
Similarly, this stage also includes the drowning of back-barrier tidal flats such as
those that currently exist along the Copper River Delta barrier chain, the East and
West Friesian Islands, and contained within Willipa Bay (Mariotti and Fagherazzi
2013) and Grays Harbor barrier system in southern Washington. The resulting
increase in tidal discharge strengthens tidal flow at the inlet, leading to scouring
of tidal creeks and an enlargement of the main inlet channel. Increasing tidal
prism causes a growth in the equilibrium volume of the ebb-tidal delta. The
expansion of open water landward of the inlet creates accommodation space,
leading to the formation of new flood-tidal deltas and growth of existing deltas
and shoals. Sand sequestered on the ebb delta is sourced partially from sediment
eroded from back-barrier tidal creeks and at the inlet as these channels enlarge in
response to increasing tidal flow. However, most of the sediment transferred to
the ebb-tidal delta, and moved landward into the bay leading to enlargement of
flood deltas, is captured from the sand transported to the inlet via the alongshore
transport system (see Barataria Barriers, Figs. 13a and 14). Tidal inlet capture of
sand and growth of ebb and flood deltas is demonstrated well at the Nauset Spit-
New Inlet system on Cape Cod (Fig. 7) and at Ocean City Inlet-Assateague
Island in Virginia (Fig. 8). In this location, growth of tidal deltas occurs because
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of the establishment of tidal discharge at a new inlet, but is comparable to an inlet
where wetland loss causes an increase in tidal prism, thereby increasing tidal
discharge.

Stage 2. Fringing Marsh and Marsh Islands—By Stage 2 most of the marsh has
been converted to open water and intertidal environments. In addition, encroach-
ing tidal waters flood portions of the mainland, and subtidal and intertidal envi-
ronments comprise most of the back-barrier. Increasing tidal prism continues to
enlarge the size of the tidal inlets and increase the volume of sand contained in
ebb-tidal deltas. Changes in the dimensions of the inlet channel, combined with
alterations in back-barrier hypsometry, produce a tidal regime that favors flood
dominance of tidal currents in the inlet channel leading to the landward trans-
port of sand. The work of Mota Oliveira (1970), Boon and Byrne (1981), Aubrey
and Speer (1985), and Dronkers (1988) demonstrates that as a back-barrier is
transformed from marsh and tidal creeks to an open-water basin with deep-
water connectivity to the ocean, the hydraulics of the inlet change from domi-
nance by ebb currents and natural sand flushing to dominance by flood tidal
currents and landward bedload transport (e.g., Wadden Sea inlets; Van Goor
et al. 2003). Thus, during this stage, flood-tidal deltas and other back-barrier
shoals grow in size as sand is siphoned from the littoral system, further deplet-
ing sand nourishment to adjacent barrier shorelines. At the end of Stage 2, thin-
ning barriers occasionally breach and ephemeral and permanent tidal inlets
form. This scenario has occurred at Grand Terre, along the Barataria system in
LA (Fig. 13).

Stage 3. Runaway Transgression—Stage 3 occurs after the barriers have been
starved of sediment and undergone long-term erosion such that many new tidal
inlets have developed. During this stage, moderate to large storms move sand
landward by overwash (see Rodriguez et al. this volume; Odezulu et al. this
volume), enlarge flood deltas, and extend or form recurved spits (e.g., southern
Chandeleurs, Fig 15; Isle Dernieres, Fig. 16). Barriers denude and narrow in
place before barrier sand begins moving onshore as a discrete sediment packet.
Sand shoals and vestiges of marsh may act as stabilization points where land-
ward migrating barriers may re-establish; indeed recent modeling studies dem-
onstrate the role played by marsh immediately backing a barrier in the stability
of the barrier-marsh system (Walters et al. 2014). Marshes have served this pur-
pose along sections of the Chandeleurs and Isle Dernieres (Figs. 15 and 16).
During this stage, multiple new tidal inlets along the barrier chain (e.g.,
Mallinson et al. this volume) effectively reduce tidal prisms at many of the
formerly large inlets causing the partial collapse of these ebb-tidal deltas
onshore, providing a temporary source of sand for the ephemeral barriers. A
different evolutionary tract is illustrated along the Virginia barriers where a
system-wide back-barrier conversion of wetland to open water has been com-
pensated by barrier rollover, thereby reducing bay area at approximately the
same rate as it is being created (Deaton et al. 2017; Fig. 10). This evolution has
led to near-constant system-wide inlet tidal prisms.
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End Form #1: Inner Shelf Shoals End Form #2: Mainland-Proximal Barriers
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End Form #3 Mainland Beaches

Fig. 23 Possible barrier end forms of a transgressive barrier evolutionary scheme

5.2 Final Disposition of Barrier Sand

Once the barrier system becomes fully transgressive and is migrating across the
back-barrier bay, the ultimate fate of the sand comprising the barrier chains depends
on the trend of RSLR, existing sand volumes, efficiency of coastal processes in
recycling sand from collapsed ebb-tidal deltas, extent of wetlands/tidal flat, accom-
modation space of the bay (depth) across which barriers transgress, and intensity
and frequency of major storms. The variety of forms that resulting sand bodies can
take range from inner-shelf shoals, to barriers with narrow lagoons, or mainland
beaches (Fig. 23).

At the most extreme, inner-shelf shoals provide examples of barriers reworking
and overstepping (drowning) by rising sea level (Fig. 23a) (see chapter by Mellett
and Plater this volume). For example, Ship Shoal is located in 10 m of water, 20 km
offshore of the Isles Dernieres on the central Louisiana inner shelf (Penland et al.
1989). It is 50 km long, 8-10 km wide, and 4-6 m thick. The shoal crest, which
reaches to within 3—8 m of the water surface, is slightly asymmetric in cross section
and appears to be migrating very slowly onshore (Penland et al. 1988). Proximal
Trinity Shoal demonstrates a similar pattern of behavior. Conditions promoting the
development of inner shelf shoals from landward migrating barrier systems include:
(1) high rates of RSLR, where subsidence and erosion of back-barrier wetlands
(e.g., Louisiana delta plain) lead to significant deepening of the bay and (2) insuf-
ficient sand available to fill the back-barrier accommodation space. The southern
Chandeluer Islands are a present-day example of a location where this process is
ongoing (see also Odezulu et al. this volume).

A second possible scenario for barrier evolution involves the formation of a bar-
rier close to the mainland with a narrow lagoon (Fig. 23b). The Virginia barrier
islands, most of which have been migrating landward throughout historic time and
appear to be maintaining a system-wide consistent tidal prism through time via a
combination of island migration, back-barrier marsh loss, and very slow upland
marsh migration (Deaton et al. 2017), provide an example of how barrier island
migration can counter effects of back-barrier marsh loss. Elsewhere, this process
may occur through complete barrier disintegration and re-formation in a landward
position. In this latter scenario, barrier washover sand, including flood-tidal delta



46 D.M. FitzGerald et al.

and inner-bay shoal deposits, would be transported onshore as subtidal to intertidal
sand sheets that would stabilize after reaching a critical depth, bathymetric high, or
subaerial landform. The barrier system would re-form in a state of at least short-
term equilibrium with its new, smaller tidal prism. Wave action would feed new
sand to the system, as well as elongate the barrier parallel to shore. Although there
are several important dissimilarities, the drumlin coast of the Eastern Shore of Nova
Scotia is a region where such serial destructive and constructive phases of barrier
evolution have been documented (Boyd et al. 1987). Researchers studying this coast
describe the formation of barrier spits and nourishment by eroding drumlins until
the glacial sediment is exhausted and the subsequent loss of sediment by washover
and alongshore transport which produce a landward-migrating sand sheet. The
mostly subtidal sand sheet moves onshore and stabilizes at a landward drumlin-
anchoring site where a new barrier spit is established (Boyd et al. 1987). These
studies provide evidence to suggest that the presence of sand shoals can lead to
reestablishment of barriers. Barrier reestablishment could also be a product of a
deceleration of sea-level rise, under conditions similar to the Late Holocene sea-
level deceleration that is tied to the formation of many barrier systems throughout
the world (Hein et al. 2014b; Frueergaard et al. 2015).

A final possible evolutionary scenario is the formation of mainland beaches
(Fig. 23c¢). In this model, it is assumed that most of the sediment comprising the
transgressing barrier is left on the inner shelf or in partially infilled former back-
barrier bays (now exposed on the ocean side of beaches), but a limited amount of
sand is transported across the entire bay to the mainland. Such a scenario is a long-
term (century or longer) possibility for rapidly migrating barriers along parts of the
Virginia coast. Modern examples of such mainland beaches are found in a 46-km
stretch of shoreline along Myrtle Beach, South Carolina—the only interruption in
the barrier island system that extend from North Carolina to Winyah Bay in South
Carolina. The shoreline here is perched on limestone and there is much less sand
contained in the nearshore with no rivers feeding into this region since the late
Pleistocene (Barnhardt 2009). The offshore of this region is somewhat steeper than
areas to the northeast and southwest, which may also explain why mainland beaches
have formed here preferentially (Wolinsky and Murray 2009; Murray and Moore
this volume). This site may be an example of where barrier sand has been trans-
ported onshore during the late Holocene.

6 Summary and Conclusions

Research to date suggests that barrier chains worldwide will undergo significant
erosion and deterioration due to the forecasted acceleration in sea-level rise and
the ensuing transfer of sand from barrier lithosomes to ebb-tidal deltas and into
back-barrier bays. RSLR will deepen back-barrier wetlands eventually converting
then to open water and will drown tidal flats, producing larger tidal prisms.
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Changes in basin hypsometry will lead to flood-tidal dominance or an increase in
flood-tidal dominance in the inlet channel. Major exceptions to this scenario
include the Copper River delta barriers where tectonics produced uplift, decreas-
ing the amount of open water, and the East Friesian Islands, where poldering has
created the same effect. If the gains in supra and intertidal areas at these two sys-
tems were to be reversed to their former condition, then future barrier loss would
likely occur. An interesting case occurs along the Virginia barrier coast where
deteriorating wetlands have not led to larger tidal prisms, and greater sequestra-
tion of sand on ebb-tidal deltas. Rather, wetland loss and increase in open water
have been balanced system-wide by a landward migration of the barrier system
primarily through overwash.

One of the major unknowns concerning the evolution of barrier coasts is how
quickly thresholds for marsh drowning or marsh deterioration will be reached. It
is assumed that marshes receiving less inorganic sediment will reach a tipping
point before marshes receiving higher suspended sediment loads. For example,
barriers in the US northeast will likely undergo a faster rate of geomorphic
change (high marsh to low marsh; low marsh to tidal flat) than those along the
southeastern US. This is because northeastern marshes receive very low sus-
pended loads from the coastal ocean compared to the southeastern marshes due
to the very low suspended loads discharged by the major northeast rivers (Meade
1969). If marsh models are to realistically project future evolutionary changes,
they will require detailed data on sediment delivery to marsh platforms and
knowledge of how marsh platforms will accommodate and respond to increasing
inundation and tidal prism.

To fully understand the fate of barriers, we need to quantify the long-term
sand losses to the offshore, back-barrier (via overwash), ephemeral inlets, and
alongshore as a result of RSLR, storms, and human activities. Additionally, we
need to determine how much sand will be transferred from the barriers to ebb-
and flood-tidal deltas to equilibrate the volume increases caused by enlarging
tidal prisms and changes in basinal hypsometry during different stages of marsh
loss/tidal flat drowning. To determine the impact of these sand losses, they need
to be compared to the volumes of sand contained in the adjacent barrier litho-
somes. However, this is not an easy task because of the large range in the size
and sand volume of barriers throughout the world and the fact that barrier litho-
somes vary considerably along their length due to changes in width, elevation,
and depth (Table 1). This research, combined with a better understanding of how
marsh systems will evolve, is required before accurate predictions of the impact
of RSLR on long-term erosional trends and the longevity of barrier systems can
be made.
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Drowned Barriers as Archives of Coastal-
Response to Sea-Level Rise

Claire L. Mellett and Andrew J. Plater

Abstract Advances in submarine technologies and increased exploration of conti-
nental shelves are revealing increasingly more submerged barriers that have drowned
in response to early- to mid-Holocene sea-level rise. These coastal archives, when
combined with information on sea-level trends, oceanographic conditions and pal-
aeogeography, are valuable palaeo-evidence that can be used to understand the pro-
cesses and drivers of coastal change. In this chapter, we synthesize documented
examples of drowned barriers preserved on continental shelves across the world.
Using these examples, we examine the relative significance of controls on barrier
drowning (aka overstepping) whereby the barrier becomes drowned offshore of the
advancing shoreline. Relative sea-level rise (RSLR), sediment supply and topogra-
phy are the principal controls on shoreline retreat, but the interaction between these
factors cannot readily be deconstructed as they are not in operation simultaneously,
nor present along all coasts. However, it is possible to recognize local conditions
that make barriers vulnerable to overstepping. It is shown that barrier retreat through
overstepping is enhanced by one or more of the following; coarse grain size,
cemented sediment, high sediment supply rates, topographic pinning and a rapid
increase in accommodation. We emphasize that to gain a better understanding of the
likely response of barrier coastal systems to future RSLR and to better constrain
numerical models, we need to fully utilize the geological record left behind by for-
mer coastal systems that underwent accelerated RSLR in the past.
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1 Introduction

In essence, barriers respond to relative sea-level rise (RSLR) by migrating landward
when the creation of accommodation (space that sediment can occupy) by rising sea
levels is outpaced by the availability and rate of sediment supply to the shoreline.
With respect to observed accelerations in historical and modern sea-level data
(Haigh et al. 2014; Jevrejeva et al. 2014) and projected rates of future sea-level rise
(SLR) (Church et al. 2013), globally, barriers are expected to enter a phase of rapid
landward retreat and begin encroaching (along with the shallow coastal bays behind
them) on our heavily populated and strategically important coastal zones. Coastal
degradation due to RSLR is already being observed at various locations around the
world (e.g. Saito 2001; Thanh et al. 2004; Gibbons and Nicholls 2006; Blum and
Roberts 2009) and the economic, environmental and social impacts of such ‘coastal
squeeze’ are staggering. In order to plan strategically and to deploy resources effec-
tively for the future resilience of coastal economies, it is essential to better under-
stand the timescales and geomorphological response of barriers to rising sea levels.

Determining barrier response to RSLR on historical timescales (ca. the last
150 years) from cartographic, photographic and instrumental data (e.g. Fenster
et al. 1993; McBride and Byrnes 1997; Lentz et al. 2013) provides only a snapshot
of entire system response to longer term changes in relative sea-level (RSL). Whilst
these data are of considerable importance in quantifying rates and scales of coastal
geomorphic processes, there is a need for geological analogues in which barrier
response to past RSLR can be examined in relation to other determinants. As the
nature of transgression is commonly erosional, preservation of former shorelines is
rare and typically biased towards scenarios where transgression was superseded by
a regression of the shoreline (e.g. Goodman et al. 2008; Hein et al. 2014).

Renewed exploration of continental shelves due to the development of offshore
renewable energy and mineral resource prospecting has led to the collection of
high-resolution geophysical data that is uncovering a wealth of subaqueous geo-
morphic and sedimentary evidence of former barriers that were drowned below sea
level during rapid post-glacial SLR. As the early Holocene is the most recent time
period when rates of SLR were of similar magnitude to those predicted for the
future under various emissions scenarios (Church et al. 2013), it is drowned barriers
of this age that should be targeted as analogues to understand how modern barrier
coasts will respond to projected global SLR.

This chapter provides a synthesis of known drowned barriers preserved on the
continental shelf and uses them to identify a variety of scenarios/controls that deter-
mine the style of barrier shoreline retreat to RSLR.

2 Barrier Coastal-Response to Transgression

Shorelines have considerable capacity to respond to RSLR by migrating landward
and upward (Cattaneo and Steel 2003). In barrier-dominated coastal settings, waves
generally erode sediment from the shoreface and transport it landward to the
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back-barrier (e.g. Kraft 1971; Belknap and Kraft 1981; Roy et al. 1994), i.e. trans-
gressive ravinement. If a barrier is in a state of equilibrium and there are no topo-
graphic constraints, the landward translation of sediment keeps pace with rising sea
level and the barrier-lagoon system retreats landward in concert. In a state of equi-
librium (or net sediment loss), the record of coastal retreat offshore is represented in
the form of an erosion surface, or ravinement surface (Swift and Moslow 1982;
Leatherman et al. 1983) (Fig. 1a). This style of coastal process-response to trans-
gression is predominantly referred to as rollover (Swift 1968; Belknap and Kraft
1981; Swift et al. 1991) and coasts along the Gulf of Mexico and the US Atlantic are
already displaying characteristics of this style of retreat (Pilkey et al. 1998; Feagin
et al. 2005; Morton et al. 2005; FitzGerald et al. 2008; Odezulu et al. this volume;
Rodriguez et al. this volume).

Conversely, if a barrier coast is in disequilibrium with rising sea level, there is
potential for all or part of the barrier to drown in-situ, becoming abandoned on the
continental shelf seaward of the advancing shoreline (Fig. 1). This style of coastal-
response is referred to as overstepping (a term we use synonymously with “drown-
ing” throughout) (Curray 1964; Rampino and Sanders 1980), which can be
recognized by the preservation of barrier-lagoon landforms and sediments offshore
(Rampino and Sanders 1980, 1982; Leatherman et al. 1983; Forbes et al. 1991).
Typically, only back-barrier sediments or landward-dipping barrier beach sediments
are preserved during overstepping (low preservation; Rampino and Sanders 1980,
1982; Leatherman et al. 1983; Forbes et al. 1991) (Fig. 1b). However, there are sce-
narios in which the entire barrier-lagoon system is preserved (high preservation;
Fig. 1c) with minimal reworking (e.g. Mellett et al. 2012a). While a barrier may
re-establish landward of an overstepped barrier, this is not a requirement of the
overstepping process; for example, re-establishment of a barrier landward where
coastal slopes are steep (Fig. 1d) would be restricted. The extent (spatial and tempo-
ral) of preserved barrier-lagoon systems can provide information on the processes
occurring during and after overstepping, and help to identify the controls driving
this style of coastal change.

Here, we have defined the style of coastal retreat according to the presence (over-
stepping) or absence (rollover) of former barrier deposits or morphology offshore of
the advancing shoreline. In this instance, any morphological or sedimentary rem-
nant of the former barrier position is interpreted as barrier response through over-
stepping. However, it is important to recognize that barrier response to RSLR is
dynamic on both spatial and temporal scales and it is expected during overall trans-
gression a barrier has potential to switch between the two modes depending on local
conditions. From a morphodynamic perspective, a barrier may be considered to be
in a continuous state of rollover as sediment is translated from the nearshore to the
backshore. However, here we assess the longer term response of barriers to relative
sea-level rise over geological, rather than historical, timescales.
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Fig. 1 Schematic illustration of different styles of barrier shoreline retreat during RSLR
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3 Synthesis of Drowned Barriers

Here, we undertook a systematic review of scholarly articles to identify examples of
drowned barriers using a combination of the following keywords; ‘“Drowned Barrier”,
“Overstepping”, “Drowned Shoreline”, “Early Holocene Barrier”, and “Transgressive
Barrier”. Further articles were identified from citations within the returned results.

The systematic review returned examples of early Holocene transgressive barri-
ers that are preserved onshore due to subsequent regression of the shoreline (e.g.
Hein et al. 2014). These were not included in the review as, despite responding to a
transgression initially, they have a different post-depositional history and are not
directly comparable with transgressive barriers that have been overstepped.
Literature searches also revealed a scenario in which sediments interpreted as being
deposited in back-barrier or tidal inlet environments, thus indicating the presence of
a former barrier, are preserved within incised valleys (e.g. Rodriguez et al. 2010).
The distinction between back-barrier/tidal inlet and open estuarine sediments within
an incised valley can be problematic; therefore, these examples were not included
in the review.

A total of 25 examples of drowned barriers were discovered based on informa-
tion published in 28 peer-reviewed articles. The articles were reviewed and the key
information used in this synthesis is summarized in Tables 1 and 2.

The examples presented here are the preserved remnants of barrier-lagoon sys-
tems from open to embayed coastal settings or those representing the position of
former shorelines in enclosed-lake or inland-sea basins. For each barrier example,
the location was recorded—the distribution of drowned barriers presented in this
review is given in Fig. 2. The maximum and minimum elevation of the barrier
deposits/landforms was also documented (Table 1). Elevations have not been
adjusted to a single datum and are assumed to be relative to mean sea level (MSL).

The reported age of the drowned barriers is shown in Table 1. Where radiocarbon
(1*C) dates were available, the age of the drowned barriers was given in calibrated
(cal. ka) or radiocarbon (**C ka) years before present (BP). For examples dated
using optical stimulated luminescence (OSL), ages were reported in ka. Where pos-
sible, the ages were quoted as documented by the authors in the literature. However,
in some cases (e.g. Kelley et al. 2010) chronological information had to be interro-
gated in relation to core and seismic data to establish the age of the drowned barri-
ers. In the absence of chronological information, an age estimate (e.g. early
Holocene) was extracted from the relevant manuscript according to elevation and
local RSL history. It is important to note that the ages quoted in the literature are
depositional ages and are not a representation of the timing of barrier drowning.

Careful attention was paid to the seismic and lithological evidence underpinning
drowned barrier interpretations and articles that did not present a convincing argu-
ment or sufficient raw data to test interpretations were excluded from the review.
The sedimentological and/or geomorphological evidence used to support interpreta-
tions of features as drowned barriers is summarized in Table 2. However, it is
advised that original articles are consulted for more comprehensive descriptions.
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Table 1 Drowned barriers documented in the published literature

Elevation
range of
Coastal Reported coastal

ID | Location Latitude |Longitude | setting Age deposits* | References

1 | Gulf of 43°N 68°W Lake/ 9.5- —28 mto | Kelley
Maine, USA inland sea |8.2cal. ka |—-22m et al.

BP * (2010,
2013)

2 | Adriatic Sea, 44°N 14°E Barrier- ~14.3 cal. —82 mto | Storms

Italy lagoon ka BP * —78 m etal.
(Site A) (2008);

Adriatic Sea, | 44°N 15°E Barrier- | ~10.5cal. | —39mto |Maselli

Italy lagoon ka BP * —-16m etal.
(Site B) (2011)

3 | Brasd’Or 46°N 60°W Lake/ Mid —25mto |Shaw etal.
Lakes, Canada inland sea | Holocene —15m (2009)

4 | Baltic Sea, 54°N 11°E Lake/ After 9.2 —17mto | Novak
Germany inland sea |“CkaBP |—15m (2002)

*

5 | West-central 28°N 83°W Barrier- 83t059 ~—12m | Brooks
Florida shelf, lagoon 14C ka BP et al.
USA * (2003);

Hill et al.
(2003)

6 | KwaZulu- 28°S 33°E Barrier- Late —100 m Salzmanm
Natal shelf, lagoon glacial to and etal.
South Africa early —60mto | (2013)

Holocene —-50m

7 | KwaZulu- 29°S 31°E Barrier- Early —65 mto | Green
Natal shelf, lagoon Holocene =50 m et al.
South Africa (2012,

2013)

8 | De Soto 30°N 87°W Barrier- Early —51 mto | Gardner
Canyon, Gulf lagoon Holocene —-26 m et al.
of Mexico, (2007)
USA

9 | De Soto 29°N 85°W Barrier- Unresolved | —85mto | Gardner
Canyon, Gulf lagoon -55m et al.
of Mexico, (shelf- (2005)
USA edge

delta)

10 | Baltic Sea, 55°N 12°E Lake/ Early —19mto |Jensen and

Germany inland sea | Holocene —12m Stecher
(1992)

11 | New Jersey 40°N 70°W Barrier- Late ~—70m | Nordfjord

shelf, USA lagoon glacial to and et al.
early —60 mto |(2009)
Holocene —-50 m

(continued)
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Table 1 (continued)
Elevation
range of
Coastal Reported coastal

ID | Location Latitude |Longitude | setting Age deposits* | References

12 | Kattegat, 56°N 11°E Barrier- 10.5cal. ka | =35mto |Bennike
Southern lagoon BPt09.5 —24m etal.
Scandinavia system cal. ka BP (2000)

*

13 | Southwest 25°N 83°W Barrier- 14.5 to —72mto |Jarrett
Florida lagoon 13.8 “Cka |—60m et al.
margin, USA (capped BP * (2005)

with
biogenic
reef)
14 | Black Sea 43°N 31°E Lake/ 8.5 ka BP —100m | Lericolais
Inland to 9.5 ka to—85m |etal.
Sea BP * (2007)

15 | New South 32°S 153°E Barrier- Early Unknown | Browne
Wales shelf, lagoon Holocene (1994)
Australia

16 |Rhine-Meuse, |52°N 5°E Barrier- 83cal.ka |-31mto | Hijma
The lagoon BPto 7.4 —14m etal.
Netherlands cal. ka BP (2010)

k

17 | English 51°N 0°E Barrier- 8.4 kato —24mto | Mellett

Channel, UK lagoon 53ka* —14m et al.
(2012a, b)

18 | Chedabucto 45°N 61°W Barrier- Early ~=38m | Forbes

Bay, Canada lagoon Holocene et al.
(1995)
19 | Chezzetcook | 45°N 63°W Barrier- Recent —5Smto | Forbes
Inlet, Canada lagoon —2m etal.
(1991)
20 | Western Korea |35°N 126°E Barrier- Early —27m Yang et al.
lagoon Holocene to—8m | (2006)

21 | Sabine Bank, |29°N 94°W Barrier- ~53t047 |~—12m | Rodriguez
Gulf of lagoon 14C ka BP et al.
Mexico, USA * (1999)

22 | Heald Bank, 29°N 94°W Barrier- ~84t075 |~—15m |Rodriguez
Gulf of lagoon “C ka BP et al.
Mexico, USA * (1999)

23 | Gulf of 39°N 0°E Barrier- Pleistocene | ~—60 m | Albarracin
Valencia, lagoon et al.
Mediterranean (2013)

24 | Old Rhine, 52°N 4°E Barrier- 7.3t05.2 —15to Rieu et al.
The lagoon “CkaBP |-3lm (2005)
Netherlands *

ID refers to locations presented in Fig. 2. In reported age column * refers to examples that have
been dated using chronometric methods ('*C or OSL)
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Table 2 Evidence used to identify drowned barriers

ID | Location Evidence References
1 | Gulf of Maine, Cores reveal glaciagenic deposits overlain by tidal | Kelley et al.
USA flat deposits, washover fan deposits and marine (2010, 2013)
sand. Rip up clasts of peat are present. Bathymetry
shows ridges interpreted as spits and tombolos
2 | Adriatic Sea, Italy | Channels observed in seismic showing oblique Storms et al.
reflectors. Channel filled with interbedded silt and | (2008); Maselli
clay. Channels are erosionaly truncated by a etal. (2011)
ravinement surface. Channels interpreted as tidal
inlets
Adriatic Sea, Italy | Bathymetry reveals a ridge interpreted as a barrier
island. Cores from the ridge show coarsening
upwards sediments. Barrier sediments are
truncated by a ravinement surface
3 Bras d’Or lakes, Coastal landforms (tombolos, spits and barrier Shaw et al.
Canada beaches) observed in bathymetry (2009)
4 | Baltic Sea, Buried ridges with mound and oblique reflectors Novak (2002)
Germany observed in seismic. Cores reveal coarsening
upward sequences of interbedded sand, silt and
clay. Deposits interpreted as back-stepping barrier
islands
5 | West-central Cores reveal mud, organic muddy sand and muddy | Brooks et al.
Florida shelf, USA | sand facies interpreted as back barrier deposits (2003); Hill
based on lithology and fauna assemblages. These | et al. (2003)
are overlain by a coarse shell and sand facies with
a sharp lower erosional boundary interpreted as a
ravinement surface
6 | KwaZulu-Natal Buried ridges separated by depressions comprising | Salzmanm et al.
shelf, South Africa | draped reflectors are observed in seismic. These (2013)
features are interpreted as barrier-lagoons and they
are truncated by a strong reflector interpreted as a
ravinement surface. Cores show the ridges
comprise cemented shelly sand (beachrock/
aeolianite). The ridge features are also visible in
bathymetry
7 | KwaZulu-Natal Bathymetry reveals a series of arcuate ridges and Green et al.
shelf, South Africa | associated depressions. The ridges and depressions | (2012, 2013)
are also observed in seismic data
8 | De Soto Canyon, Ridges interpreted as barrier islands identified Gardner et al.
Gulf of Mexico, from bathymetry (2007)
USA
9 | De Soto Canyon, Ridges interpreted as barrier islands identified Gardner et al.
Gulf of Mexico, from bathymetry (2005)
USA

(continued)
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Table 2 (continued)
ID | Location Evidence References
10 | Baltic Sea, Seismic facies show oblique landward prograding | Jensen and
Germany clinoforms that are truncated by an erosional Stecher (1992)
surface. Cores comprise laminated clayey silt and
coarsening upward sand. Both seismic and
lithology are interpreted as a sequence of barrier
beach ridges closely connected to back barrier
lagoon/pond deposits
11 | New Jersey shelf, | Topographic lows observed in seismic data Nordfjord et al.
USA interpreted as back barrier morphology filled with | (2009)

transparent seismic facies interpreted as tidal inlet
facies

12

Kattegat, Southern
Scandinavia

Seismic data reveal landward oblique dipping
reflectors which comprise laminated clays and silts
and contain macrofossils characteristic of lagoon
sediments. These are interpreted as backstepping
barrier-lagoon sediments and they are truncated by
an erosional reflector representing a ravinement
surface

Bennike et al.
(2000)

13

Southwest Florida
margin, USA

Ridges with oblique reflectors are observed in
seismic. Recurved spit, tidal inlet channel and
prograding beach ridges observed on bathymetry

Jarrett et al.
(2005)

14

Black Sea

Linear ridges and depressions observed in
bathymetry. Cores reveal laminated mud overlain
by a shell hash and sand. Ridges interpreted as
remnant beaches

Lericolais et al.
(2007)

15

New South Wales
shelf, Australia

Seismic data show seaward prograding oblique
reflectors interpreted as shoreface deposits
overlain by landward prograding oblique reflectors
interpreted as washover fan, lagoonal and tidal
deposits. An erosional reflector interpreted as a
ravinement surface truncates deposits. Cores
comprise interbedded sand and clay, peat beds,
muddy sand and fine sand

Browne (1994)

16

Rhine-Meuse, The
Netherlands

Channels observed in seismic data are infilled with
interbedded sand and mud comprising fauna
typical of back barrier environments. These
deposits are overlain by lower shoreface sediment

Hijma et al.
(2010)

(continued)
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ID

Location

Evidence

References

17

English Channel,
UK

Recurved ridge and associated landward
depression observed in bathymetry. The ridge is
represented in seismic by a mound deposit
comprising convex reflectors. Cores from the ridge
comprise gravel-pebbles and coarsening. These
deposits rest unconformable on a seaward
prograding sand unit. In the depression behind the
ridge, parallel to draped reflectors on lap against
the ridge facies. Cores in this unit comprise
interbedded sand and mud. All facies are truncated
by an erosional boundary interpreted as a
ravinement surface

Mellett et al.
(2012a, b)

18

Chedabucto Bay,
Canada

A ridge/mound of sediment comprising seaward
prograding oblique reflectors observed in seismic
data. Feature interpreted as a gravel barrier/
foreland

Forbes et al.
(1995)

19

Chezzetcook Inlet,
Canada

Morphological profiles reveal a ridge preserved
offshore of the present day barrier. Samples of
pebbles recovered from the ridge. Ridge
interpreted as relict barrier

Forbes et al.
(1991)

20

Western Korea

Seismic data show channels with oblique
reflectors and cores show an overall coarsening
upwards sequence and the presence of tidal
rythmites. The channels are interpreted as back
barrier tidal inlets. The channels are truncated by a
sharp erosional boundary interpreted as
ravinement surface

Yang et al.
(2006)

21

Sabine Bank, Gulf
of Mexico, USA

Banks observed in bathymetry. Seaward dipping
seismic units comprising muddy sand rest
unconformably on a seismic unit of landward
dipping reflectors comprising interbedded mud
and sand. Fauna assemblages in the lower unit are
typical of bay/inlet environments

Rodriguez et al.
(1999)

22

Heald Bank, Gulf
of Mexico, USA

Shows the same characteristics as Sabine Bank

Rodriguez et al.
(1999)

23

Gulf of Valencia,
Mediterranean

Seismic data show buried mounds interpreted as
barriers

Albarracin et al.

(2013)

24

Old Rhine, The
Netherlands

Channels recognized from seismic data with some
oblique reflectors. Channels comprise fine to
medium sand with cross-laminae and fauna
characteristic of a back barrier setting. Channels
interpreted as tidal inlets

Rieu et al.
(2005)
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4 Characteristics of Drowned Barriers

Drowned barriers have a morphological and stratigraphic expression that can be deter-
mined from geophysical data (multibeam bathymetry and sub-bottom seismic) and/or
borehole data and sediment cores (Fig. 3). In addition, fauna and flora assemblages
can be used to characterize depositional environment (e.g. Hill et al. 2003).

Multibeam bathymetry is used to distinguish the morphology of a barrier-lagoon
system, although it would be possible to identify morphological components buried
in the sub-surface using high-resolution 2D or 3D seismic data. The barrier beach
element of the depositional system is represented morphologically by one or more
elongate to recurved ridges (e.g. Jarrett et al. 2005; Mellett et al. 2012a; Salzmanm
et al. 2013). The ridges are commonly parallel to the palacoshoreline and may be
segmented alongshore and/or cross-shore, showing evidence of breaching or shore-
line retreat (Storms et al. 2008). Topographic depressions corresponding to the
back-barrier environment may be present on the landward side of the ridges (Fig. 3).
It is important to recognize that relict barrier ridges can exhibit a similar morpho-
logical expression to shelf sediment ridges forming underwater in response to
hydrodynamic processes operating post-transgression (e.g. Lericolais et al. 2007)
and therefore interpretation of landforms using morphology alone is ambiguous.
Furthermore, landforms are not always recognizable on the seabed due to poor data
resolution or full/partial burial.

Sub-bottom seismic data are used to recognize barrier-lagoon features that are
buried, or to unravel the internal structures and stratigraphy of barrier-lagoon sys-
tems. Using high-resolution seismic data, cross-shore seismic profiles of the barrier
beach exhibit oblique reflectors that dip both landward and seaward (Fig. 3). If data
are of lower resolution, the barrier beach is represented by a mound in cross-shore
profiles (e.g. Kelley et al. 2010; Salzmanm et al. 2013). In scenarios where the bar-
rier has been partially reworked and the shoreface eroded, oblique landward-dipping
reflectors represent the transgressing barrier (e.g. Browne 1994). These can rest
unconformably on pre-transgression deposits (Storms et al. 2008; Kelley et al.
2010) or shoreface deposits characterized by seaward-dipping reflectors (Browne
1994; Rodriguez et al. 1999) that are the product of deposition in relatively deeper
water when the shoreline was farther landward, prior to emergence of the barrier
beach and creation of the back-barrier environment.

Washover (or overwash) fans are another component of the barrier-lagoon sys-
tem that can be preserved, i.e. the barrier beach backshore (Mellett et al. 2012a;
Kelley et al. 2013). Chaotic seismic reflectors that dip predominantly landward are
diagnostic of these fans and borehole data show poorly sorted coarse sediments
become thinner and finer landward. These may be recognizable using multibeam
bathymetry as topographic lows or breaches in the barrier. However, blow outs in
dune systems have a similar morphological expression (Lericolais et al. 2007).

Preservation of entire barrier-lagoon systems is rare; typically, the existence of a
former barrier is inferred from the presence of lagoon or tidal inlet sediments below
a ravinement surface that can be diagnosed from sub-bottom seismic data and/or



69

Drowned Barriers as Archives of Coastal-Response to Sea-Level Rise

SOOBJINS UOISOId puk sa1oe) A moys syderSojoyd a10)) *(2100 yoea ur juasard are sa1oe] [[2 10U :9)0U) SPIOIAI 210D WOIJ
paroenxa Aqeorydessnensoyii] oanejuasarday (9) (1 yuoay Surddeisioa) o9Spu premeas jsouwr ay) Jo Anowkyieq (q) “pAauswnoop re Jurddoysiono jo seseyd
da1y) pue pAYSIIYIIY 2Ie suraned 10)09gal OTWSIS A9y dul[aIoys Y} 0) Je[norpuadiod 210ys}Jo—0I0YSUO SUIUUNT UOTIIAS SSOID JMWSIAS pAjejouny (&) "(BZ107)
‘T8 32 NI[[JA WO} PAYIpPow Sagewl] “JIOLLIBQ PAUMOIP 9ANRIUdsSAIdal B Jo sainjea) [eorso[oyln] pue orwsias ‘omydessnens ‘eorsojoydiow £y jo ojdwexy ¢ “S1q

suydesbojoyd @100 woy Seive) Jo SejdwErS i
W g i e
5 2 W
W m .m = § PR pue pues ¢
pappag.ay| -
g = g e 5
ES g = 2 sadesp pru Lgwm pues H
= Bu
mm m w.m jonesB payoddns xuiep R g
& m m W W daseg spiemdn Buuasieon
i = 183 2
M _m. g ; W .,m E taneif papoddns 1se1D
= & X s ) g
g
&
ES
o
W ook LLANL SW 0L
(m) T m
shajjen pasu) (1) 2
E]
&
S|BUUBYD [BP] JAEgeg — - ~
(uopeasssaud ybiy) (uopeasasad mof) SIPUUBLD (epl
YoBaq Jeueg YIESq JBLUEG JO JUBULSY JaURg-HIRg . Buddays piempue 2
souieg JONDYSBA wooBe] [ —_— umoLyUN SYS0daq y
JBtieg uoofiey 1BLUBYD [ERI]
(uoneamsaid ybiH) (vonenssasd mo) (uoneaasasd mo)
1 wen3 Buddmsiong 2 wang Buddsisiang € uen3 Buddeiziang
piempuE]
PIBMERS v




70 C.L. Mellett and A.J. Plater

boreholes (e.g. Fig. 3). In seismic data, these deposits exhibit low amplitude, paral-
lel to low-angle oblique landward-dipping reflectors. Where the back-barrier is dis-
sected by tidal inlets, multiple lateral and stacked channels can be recognized (e.g.
Rieu et al. 2005; Hijma et al. 2010). In boreholes, fine grained sediments with struc-
tures indicative of tidal influence or organic deposits are characteristic of back-
barrier lagoon and tidal inlet environments. Stratigraphically, vertical deepening of
facies (lagoon-shoreface-marine) is diagnostic of barrier-lagoon systems that have
been overstepped (Cattaneo and Steel 2003).

During transgression, barrier-lagoon systems are at least partly reworked through
ravinement as the shoreline advances. This erosion surface is represented in seismic
data by a strong reflector that truncates underlying strata (e.g. Storms et al. 2008).
In cores it can be identified by a sharp erosional contact above which lies a shell
hash or coarse shelly sand which can exhibit fining upwards representing water
deepening (e.g. Brooks et al. 2003).

Identification of drowned barriers should ideally be carried out through the inte-
gration of morphological, sub-bottom seismic, lithological and palaeoecological
data and a lesser degree of confidence is placed on interpretations underpinned by a
single line of evidence. An example of an integrated approach has been given in
Fig. 3. While the characteristics of seismic, bathymetry and lithofacies at this site
are not representative of all drowned barriers, they clearly demonstrate the key mor-
phologicical, seismic and lithological signatures of drowned barriers. It is important
to bear in mind that coastal barrier systems are highly dynamic and their style of
retreat can switch on many timescales during an overall transgression leading to
high degrees of spatial variability and preservation potential. This was demonstrated
at Hastings Bank, UK (Fig. 3) where at least three phases of overstepping were
recognized and preservation of barrier-lagoon deposits became progressively lower
as the shoreline retreated (Mellett et al. 2012a).

5 Patterns of Drowned Barrier Distribution and Behaviour

5.1 Distribution of Drowned Barriers in Space and Time

The majority of the drowned barrier examples are located in the Northern
Hemisphere (Fig. 2). This hemispheric bias may be related to the availability of suit-
able geophysical and borehole data which is used to underpin interpretations of
drowned barrier. It is perhaps also due to the greater areas of shallow shelf seas that
comprise significant accumulations of sand and gravel to support barrier
development.

The elevation range of drowned barrier landforms and sediments was plotted
against latitude (Fig. 4). A clustering of drowned barriers (Group 1; Fig. 3) is
observed at elevations between ca. —35 m and —15 m and latitudes of 43—-56°N, i.e.
shallow shelf seas that might be regarded as experiencing both RSL fall and rise
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over glacial-interglacial timescales (cf. Zone II from Clark et al. 1978), suggesting
a potential temporo-spatial control on drowning and/or preservation of barriers. No
barriers were identified in water depths <15 m as these correspond to a period of
time in the late Holocene when the rate of RSLR was very low, allowing sufficient
time for reworking through ravinement of any former barrier systems. Elsewhere
there are no strong relationships between elevation and latitude.

As noted in Sect. 3, where no chronological information is available, the age of
drowned barriers is often estimated by comparing the elevation of the feature to
local RSL history (e.g. Green et al. 2013). If high-resolution local RSL data are
available and there has been minimal post-depositional reworking then a degree of
confidence can be placed in these age estimates. However, preservation is often
partial and, given reworking, it is unlikely the elevation of the feature preserved
today reflects the original barrier morphology and elevation prior to submergence.
Furthermore, the relationship between RSL and the morphology and elevation of
any given barrier is difficult to establish unequivocally without accompanying pal-
aeoecological or sedimentary evidence (Rodriguez and Meyer 2006; Tamura 2012;
Hede et al. 2013; Billy et al. 2015). The drowned barriers discussed here are from a
period of time (Early Holocene) where local RSL data are often sparse as these sites
occupy elevations that are now submerged. This must be considered when interpret-
ing sea level-related controls on barrier response where chronological data are
absent.

Of the documented drowned barriers included in the systematic review, 13 have
been dated using chronological methods (see Table 1). The reported ages and eleva-
tions are presented in Fig. 5. With the exception of The Black Sea (ID 14.), there is
a relationship between elevation and age with those located at greater depths being
the oldest. This broad relationship is likely a function of post-glacial SLR. The
drowned barrier preserved in the Black Sea is an outlier in this respect due to
changes in water(sea) level being controlled by intermittent connection to the
Mediterranean Sea and water balance in the surrounding drainage basin (Lericolais
et al. 2007). Ten of the drowned barriers span the time period from early Holocene
to mid— to late Holocene, whilst two are of Late Glacial age.

Evolution of a barrier coast during RSLR can be broadly split into three phases:
(1) barrier formation; (2) barrier retreat; and (3) preservation post-submergence.
The role of RSL, sediment supply and topographic/antecedent controls in governing
each of these evolution phases, as described in the cited articles following interpre-
tation of the presented evidence, are given in Table 3.

5.2 Barrier Formation

Twelve of the 24 drowned barrier examples acknowledged that RSL stillstand or
slowdown was required to enable the barrier to form (Table 3). However, barrier
systems can develop during RSLR where the rate of sediment supply is greater than
the rate at which accommodation is created by the rising sea (e.g. Mellett et al.
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Fig. 5 Age of chronometrically constrained ("*C and OSL) drowned barriers and their elevation.
(1) Kelley et al. (2010, 2013). (2) Storms et al. (2008); Maselli et al. (2011). (4) Novak (2002). (5)
Brooks et al. (2003); Hill et al. (2003). (/2) Bennike et al. (2000). (/3) Jarrett et al. (2005). (/4)
Lericolais et al. (2007). (16) Hijma et al. (2010). (/7) Mellett et al. (2012b). (27) Rodriguez et al.
(1999). (22) Rodriguez et al. (1999). (24) Rieu et al. (2005). MWP1A: —=96 m to =76 m from 14.3
to 14.0 ka BP (Liu and Milliman 2004). MWPIB: =58 m to —45 m from 11.5 to 11.2 ka BP (Liu
and Milliman 2004). 8.2 ka sea-level jump: 8.5-8.3 ka (Tornqvist and Hijma 2012). Early Holocene
defined as 11,650-7000 years BP after Smith et al. (2011)

2012a). Sediment supply is highlighted as an important control, particularly in high
latitudes where the supply of coarse clastic sediment from previously glaciated ter-
rains supports barrier formation (Jensen and Stecher 1992; Jarrett et al. 2005;
Storms et al. 2008; Kelley et al. 2010, 2013).

5.3 Barrier Retreat Through Overstepping

The role of RSLR in driving barrier retreat through overstepping is complex. High
rates of RSLR (or shoreline transgression driven by RSLR) is the most commonly
cited driver of barrier retreat through overstepping (Table 3). At two locations, bar-
rier overstepping has been attributed to high rates of RSLR associated with post-
glacial meltwater pulses (Storms et al. 2008; Green et al. 2012, 2013; Salzmanm
et al. 2013).
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Transgression is the landward movement of the shoreline and whilst it can be
driven by RSLR, it can be moderated by sediment budget (Curray 1964). Under any
given rate of RSLR where there is no significant change in sediment supply, trans-
gression will be more rapid on a shallow slope when compared to a steep slope. This
important topographic influence on the rate of transgression has been acknowledged
as a driver of barrier overstepping (Nordfjord et al. 2009; Mellett et al. 2012a).
Rapid transgression can also occur if a topographic barrier is breached/overtopped.
For example, barrier overstepping in Bras d’Or Lakes, Canada is interpreted to have
occurred when a topographic sill was exceeded or breached, allowing the basin in
which the barrier was located to flood rapidly (Shaw et al. 2009).

Based on the systematic review, the role of sediment supply is considered subor-
dinate to topographic and RSL controls in driving barrier retreat. Sediment supply
is recognized as a control at only four locations (Table 3). Two modes of sediment
supply are identified as a driver of overstepping. Traditionally, barriers are inter-
preted to drown when RSLR outpaces sediment supply (Curray 1964; Swift 1968;
Rampino and Sanders 1980). This mode of overstepping is referred to here as ‘sedi-
ment deficit” overstepping and has been identified at two locations (Forbes et al.
1991; Mellett et al. 2012a). A ‘sediment surplus’ mode was also recognized by
Mellett et al. (2012a) where sediment supply to the shoreface during transgression
is sufficient to prevent substantial reworking of the barrier, and retreat is achieved
through overstepping (i.e., in this case a new barrier rapidly becomes established at
a more landward position, see additional discussion in Sect. 6.2). High sediment
supply in relation to accommodation driven by a small tidal amplitude or prism was
recognized as a driver of barrier overstepping at two locations (Rieu et al. 2005;
Yang et al. 2006). In these examples, local hydrodynamics are considered alongside
the more common drivers of barrier response.

Whilst topography (coastal slope) can influence the rate of transgression, the
morphology of the back-barrier, which partly governs accommodation and rate of
transgression, is acknowledged for its role in influencing barrier retreat. When back-
barrier accommodation is large, sediment reworked from the shoreface, and trans-
ported across-shore, fills the space, preventing the barrier from retreating through
rollover, effectively pinning the barrier in place (Mellett et al. 2012a). Tidal ampli-
tude moderates back-barrier accommodation and, as a result, is recognized as a
control on barrier retreat (Storms et al. 2008; Hijma et al. 2010).

5.4 Barrier Preservation

The style of barrier retreat in part governs the preservation of the barrier during
RSLR (Sect. 2). However, a number of conditions have been identified that increase
the preservation potential of the barrier during drowning or after submergence.
These conditions create a bias that is independent of the processes that drive barrier
overstepping.
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A scenario in which overall RSLR is punctuated by a short-lived phase of RSL
fall has been interpreted to increase preservation of barrier systems (Jensen and
Stecher 1992; Browne 1994). In this case, as the shoreline moves seaward (regres-
sion) the barrier system becomes stranded on land and becomes at least partly dis-
connected from the sea (or lake). If the subsequent transgression is rapid and the
barrier does not have time to equilibrate morphodynamically (i.e. retreat by roll-
over), the barrier is drowned and becomes stranded offshore of the advancing shore-
line. After submergence, near- and offshore hydrodynamics rework the barrier
system, removing or degrading evidence of its existence. Local topography can
enhance preservation potential where it shelters a barrier from, or modifies, the
hydrodynamic regime (tides and waves) (Jensen and Stecher 1992; Forbes et al.
1995; Kelley et al. 2010, 2013).

The characteristics of sediment can support preservation of the barrier either dur-
ing or after submergence. Coarse clastic (gravel-dominated) barrier systems have
greater morphological resilience to rising sea levels which must be overcome for the
barrier to retreat through rollover (Forbes et al. 1995; Orford and Anthony 2011). As
a result gravel barriers are more likely to retreat by overstepping when compared to
sand-dominated ones. Barriers preserved in subtropical latitudes have been
cemented by biological and chemical processes (Albarracin et al. 2013; Green et al.
2012, 2013; Salzmanm et al. 2013) or capped by reef communities (Jarrett et al.
2005). This geochemical or biogenic cementation has been interpreted to increase
barrier preservation, making it more difficult to rework the barrier during or after
transgression.

6 Relative Significance of Controls on Barrier Overstepping

Reflecting on the examples outlined in Sect. 5, and the evidence on which barrier
response has been interpreted, here we consider the relative importance of RSLR,
sediment supply, and topography/antecedence in determining the style of barrier
retreat.

6.1 Relative Sea-Level Rise

A general assumption is that barriers drown when the rate of RSLR is high (Swift
and Moslow 1982; Leatherman et al. 1983). Eleven of the 13 dated examples
described in Sect. 5 have depositional ages ranging from 10.5 to 4.5 ka spanning
both the early Holocene when rates of RSLR were high, and the mid Holocene
when rates began to slow (Fig. 4). As is it not always possible to date drowning
events due to their erosive nature, these ages record the existence of a barrier prior
to overstepping, hence the minimum age of drowning is taken as the maximum age
of deposition of barrier sediments. It is recognized that this assumption does not
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account for spatial variations in barrier behaviour (e.g. alongshore progradation or
erosion). The age of drowning may also be overestimated due to removal of younger
sediment during and after submergence. Furthermore, the lag time between forcing
and barrier response is unknown; some barriers may respond immediately to
enhanced forcing from RSLR, others might exhibit substantial delay before break-
ing down, thus making it hard to constrain the timing or duration of overstepping.
In light of this, it can be inferred from the examples presented here that barrier
drowning occurred during the early to mid-Holocene transition, incorporating epi-
sodes of both rapidly rising and decelerating global sea-level rise. The compilation
of barrier age and elevation in relation to relative sea-level history is of interest as:
a) it implies that barriers are able to develop even under rapid RSLR, as occurred in
the early Holocene, although their persistence and thickness is expected to be low;
and b) barrier overstepping can occur when rates of RSLR are slowing. These obser-
vations can be tested through further research into the threshold RSLR rates for
retreat through overstepping.

Aside from sediment supply and topography, regional RSLR can explain the
variability observed in the age of drowned barriers shown in Fig. 4, particularly
when the effects of glacio-isostasy are considered. For example, in the Gulf of
Maine, despite rapidly rising global sea level during the early Holocene, isostatic
rebound generated a local relative sea-level stillstand that lasted ca. 3.5 ka (Kelley
et al. 2010). During this stillstand the barrier system developed and was later over-
stepped as rates of RSLR began to rise. At this location, local RSLR can be isolated
as a driver of barrier overstepping (Kelley et al. 2010, 2013). However, this control
can only be identified where well-constrained (vertical and temporal) RSLR data
are available.

The timing of barrier drowning identified above overlaps with the timing of ini-
tiation of worldwide marine deltas from ca. 8.5 to 6.5 ka (Stanley and Warne 1994),
where radiocarbon-dated deltaic sequences document the landward migration or
‘pinning’ of coastal depositional environments. The dated barrier sequences
reviewed here corroborate this global landward advance of shorelines during the
early- to mid-Holocene transition as rates of SLR decelerate and ‘modern’-day bar-
rier systems become established.

Chronological information implies that some of the barriers drowned in the mid-
Holocene when rates of RSLR were waning. Despite this deceleration, it is likely
that rates of RSLR remained high enough during this time to exceed a modelled
threshold for overstepping of c.3 mm/year (cf. Storms et al. 2002). Whilst the rate
in itself is important in controlling the mode of barrier response, a change in rate
driven by a sudden pulse or ‘jump’ in sea level, such as those associated with melt-
water events (Liu and Milliman 2004), may provide additional impetus for barrier
overstepping. To test ‘sea-level jumps’ as drivers of barrier process-response, a
high-resolution barrier chronology (e.g. Hijma and Cohen 2010) is essential. In the
absence of such chronological constraint, it is not possible to exclude other factors
in moderating barrier drowning.
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6.2 Sediment Supply

During transgression, sediment supply rates can substantially alter barrier response
to RSLR (cf. Curray 1964; Murray and Moore this volume). For example, during
sea-level rise, continued barrier rollover is in part driven by a net sediment loss
where the barrier has to migrate landward to extract sediment from the shoreface to
maintain its geometry despite the rising sea level (Moore et al. 2010; Murray and
Moore this volume). Using the drowned barrier examples in Sect. 5, sediment sup-
ply can be separated into a number of components that condition overstepping,
namely sediment availability, sediment transport (wave and tide regime), sediment
volume (relative to accommodation) and sediment properties (grain size and cemen-
tation). However, the relative significance—or, indeed, combination—of these sed-
iment-related factors in governing the style of barrier retreat cannot be determined
from the sedimentological or stratigraphic evidence alone.

The elevations at which the drowned barrier examples are found implies that they
formed during post-glacial RSLR and are not relicts from sea-level stillstand(s) dur-
ing the last glacial (Fig. 4). Sediment supply to these barriers must therefore have
been sufficient to outpace rapidly rising post-glacial RSLR, allowing the barrier
systems to aggrade or even prograde (e.g. Mellett et al. 2012a). During transgres-
sion when the overall trajectory of shoreline migration is from offshore to onshore,
the availability of sediment on the continental shelf can be of greater importance
than that being delivered from land due to coastal erosion and/or riverine input (e.g.
Longetal. 1996; Cowell and Kinsela this volume). These seabed sediment ‘reserves’
are the product of processes and environments that prevailed before and during
RSLR. For example, sediment availability is high in formerly glaciated or paragla-
cial areas (Forbes et al. 1995; Kelley et al. 2010, 2013) and in basins connected to
large deltas where significant thicknesses of sediment associated with falling stage
systems tracts have accumulated on the continental shelf (e.g. Anderson et al. 2014),
though deltaic sediments may contain limited sand. These environments may be
predisposed to barrier retreat through overstepping in that full recycling of the bar-
rier sediment volume, i.e. rollover, is not a requirement as there are large volumes
of sediment available to facilitate coastal-response without significant reworking.

Prevailing nearshore and coastal hydrodynamics are also an important consider-
ation in relation to barrier sediment supply. For example, significant vertical and
shore-normal changes in water level associated with a large tidal amplitude (or
prism) can encourage barrier overstepping (Rieu et al. 2005; Storms et al. 2008).
Reconstructing past hydrodynamics to understand their interaction with different
styles of barrier retreat is difficult, because there is little evidence of past hydrody-
namic conditions available in the geologic record.

With respect to sediment grain size, it is expected that gravel-dominated barriers
will be more morphologically resistant to RSLR (Orford 2011), because their larger
grain size makes rollover less likely. Thus, these barrier systems exhibit greater
potential for overstepping. In cases, where a barrier system has been overstepped
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during post-glacial RSLR and the barrier beach component of the system is pre-
served, it is possible to determine the predominant sediment composition (gravel vs.
sand). However, when a barrier retreats and only back-barrier sediments are pre-
served, i.e. the barrier beach component has been removed, it is not possible to
establish the sediment composition of the former barrier. The best preserved
drowned barriers are gravel dominated (e.g. Forbes et al. 1995; Mellett et al. 2012a)
or have been cemented into beachrock (e.g. Green et al. 2012, 2013; Salzmanm
et al. 2013).

When sufficient sediment is available and nearshore/coastal hydrodynamics have
the ability to transport it, the evolution of a barrier system—and, indeed, its preser-
vation on the sea bed—depends on the interaction between sediment supply and
RSLR. Where there is a deficit in sediment supply (or translation potential) relative
to RSLR, the barrier degrades and drowns as it cannot meet the pace of retreat
through rollover, which relies on sediment translation from the shoreface to the
back-barrier. Alternatively, barrier overstepping can be supported by a ‘surplus’ of
sediment where high sediment supply maintains the shoreface and prevents the bar-
rier from recycling itself through erosion of the underlying substrate. Under these
conditions, the barrier shoreface maintains its seaward position and elevation despite
rising sea levels. Meanwhile, overwash continues to transport sediment landward
increasing barrier width until a morphodynamic threshold is reached and the barrier
‘jumps’ landward. In this case, a new barrier begins to form landward and the for-
mer features become stranded below the influence of waves and tidal currents (e.g.
Mellett et al. 2012a). This ‘sediment surplus’ mode of overstepping appears to sup-
port exceptional preservation of drowned barriers. The thickness or volume of sedi-
ment within the barrier-system deposits relative to the depth of reworking (or depth
of ravinement) during transgression also plays a role in determining preservation of
the barrier. It is apparent that there is no single style of barrier response with respect
to interactions between RSLR and sediment supply, especially as the latter can be
both a limiting and enabling factor.

6.3 Topography/Antecedence

Topography that is largely an artefact of past geological and glacial-interglacial
processes is considered antecedent and is a fixed control on barrier evolution.
Antecedent topography governs substrate slope which, for a given rate of RSLR,
determines the rate of transgression (cf. Curray 1964), i.e. the pace and distance
over which a barrier migrates. Many of the barriers discussed in this review rest
unconformably on different types of deposits from the last glacial stage (e.g., bed-
rock planation surfaces, Mellett et al. 2012a; undulating glacigenic landscapes,
Kelley et al. 2010, 2013; incised valleys, Rodriguez et al. 1999; and deltaic systems,
Gardner et al. 2005) and thus barrier form and thickness vary considerably. This
variation in substrate slope and antecedent lithology, which is a local phenomenon,
plays a significant role in determining the style of coastal retreat.
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In addition to being static, topography can also be dynamic, changing as the bar-
rier morphodynamically adjusts to RSLR (Rieu et al. 2005). Topography essentially
provides the ‘space’ for sediment to occupy as a barrier responds to RSLR, i.e.
accommodation. In this respect, barrier retreat is fundamentally governed by the
balance between the evolving back-barrier accommodation and sediment supply.
Rapid barrier drowning by overstepping can be assisted by large back-barrier
accommodation due to disequilibrium between sedimentation at the shoreface and
in the back-barrier (e.g. Storms et al. 2008; Hijma et al. 2010). In this case, the bar-
rier becomes anchored as any overwash sedimentation is lost to the accommodation
space, whilst RSLR continues, relocating the shoreline further landward.

Accommodation created by tidal inlets may be antecedent if the barrier occupies
former lowstand fluvial valleys (Rodriguez et al. 1999; Anderson et al. 2014), or may
become modified as the barrier evolves morphodynamically (Rieu et al. 2005). In
either case, the presence of a large inlet can restrict sediment in both cross-shore and
alongshore directions and act as a sink in a similar way to a back-barrier lagoon
(FitzGerald et al. 2008, this volume; Mellett et al. 2012a). Whilst the inlet remains
unfilled, barrier migration is interrupted. If RSLR continues whilst cross-barrier sedi-
ment flux is diverted to inlet infilling, accommodation in the back-barrier is main-
tained or increases. Therefore, depending on the duration of this infilling phase,
barrier overstepping may be encouraged by creation of ‘excess’ accommodation that
would otherwise be met by sediment supply if it were not being diverted to infilling.

Topography can therefore play an important role in barrier response by ‘trap-
ping’ the barrier in place and preventing retreat through rollover. Furthermore,
should a barrier experience progradation, for example due to an increase in sedi-
ment supply, the topography offshore can also pin a barrier in place if shoreface
accommodation is too great (Mellett et al. 2012a).

7 Prerequisites for Barrier Retreat Through Overstepping

A number of conditions have been identified that lead to barrier retreat through
overstepping. Isolating a single, predominant driver or control is problematic
because the sedimentological, stratigraphic and chronological data obtained from
the offshore geological record provide evidence of net landform response. In short,
the interaction of RSLR, sediment supply and topography cannot readily be decon-
structed, especially as wave climate and storm magnitude/frequency have an impor-
tant moderating effect on barrier response. Despite this limitation, it is still possible
to recognize local conditions that make barriers vulnerable to overstepping.

In a shore-normal sense, barrier response to SLR can be framed simply as an
interaction between barrier forcing and barrier inertia (cf. Carter 1988). Barrier
forcing mechanisms include coastal hydrodynamics (waves and tides), superim-
posed on an underlying trend in RSLR and punctuated by aperiodic storms (and in
some locations, tsunami). As such, not all forcing mechanisms produce the same
barrier response because they operate over different scales of time and space
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(Cowell and Thom 1994) and induce different morphodynamic responses (Wright
and Thom 1977; Prime et al. 2016). For example, a change in storm regime and/or
wave climate is likely to cause significant changes in the translation of sediment
from the shoreface to the back-barrier. Where cross-shore sediment transport is
enhanced, or depth of ravinement is higher, retreat through rollover would be
expected. However, while one component of barrier forcing can encourage rollover,
another component, RSLR, has the potential to drown a barrier through overstep-
ping in the absence of any substantial landward translation of sediment (Roy et al.
1994; Plater et al. 2009).

Barrier inertia is largely controlled by local topography and sediment grain size
(Cowell et al. 1991; Roy et al. 1994). These are factors that moderate the translation
of sediment from the foreshore to the backshore either geometrically, e.g. barrier
elevation and cross-section, or dynamically, by slowing sediment-transport rates.
Barrier rollover occurs when the landward translocation of sediment by waves and
storms (a component of barrier forcing) exceeds barrier inertia, enabling coastal
hydrodynamics to relocate and reshape a transgressing barrier without any restric-
tions from topographic constraints or grain size limitations. In comparison, over-
stepping is facilitated when conditions support high barrier inertia, making it
difficult for a barrier system to be translated dynamically under any given combina-
tion of forcing factors, and especially when rates of RSLR are high. First order
controls considered to enhance barrier inertia include; (1) coarse grain size, (2)
cemented barrier sediments, (3) high sediment supply (positive net sediment bud-
get), (4) topographic pinning (e.g. morphological obstruction, barrier thickness),
and (5) rapid increase in accommodation driven by back-barrier topography and
coastal slope. In this respect, the morphological resistance of barriers to RSLR is
not directly comparable to barrier ‘resilience’ because any dynamic response is lim-
ited by high barrier inertia. Resilient barriers are those that can respond dynamically
to perturbations such as change in the rate of RSLR and return to their pre-existing
state, hence they have a greater chance to retreat by rollover.

Here, we demonstrate that the relationship between barrier forcing and barrier
inertia is complex, making it difficult to predict coastal-response under given condi-
tions. However, we recognize that forcings can both encourage (e.g. via high waves
and frequent storms) and limit (e.g. via high RSLR rates) the dynamic, landward
translation of barrier sediment, and we predict that barriers with high inertia are more
likely to be overstepped under the same barrier forcing as those with low inertia.

Because the examples we present are early- to mid-Holocene drowned barriers
from the continental shelf, the influence of human activity on the coast has not been
recognized in this review. However, it is possible to evaluate scenarios in which
human activity can potentially increase barrier inertia by modifying one or more of
the first order controls. For example, coastal defence strategies such as beach replen-
ishment provide an additional supply of sediment of potentially more resistant grain
size that may enhance barrier inertia, increasing the potential for overstepping and
making coastal resources more vulnerable to catastrophic exceedance/breakdown.
In addition, emplacement of engineering structures, such as rock armouring or sea-
walls, can ‘pin’ a barrier, preventing it from responding to RSLR dynamically; this
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activity increases barrier resistance whilst reducing its resilience (see also McNamara
and Lazarus this volume; Murray and Moore this volume).

To ensure sustainable management of the coast, it is important to identify envi-
ronmental conditions that would cause barrier retreat through overstepping. It is
possible to parameterize antecedent topography (onshore and offshore) and apply
RSLR projections to calculate accommodation. The much greater challenge lies in
understanding sediment regimes and how they interact with accommodation under
different RSLR scenarios, especially where the rate of RSLR is potentially punctu-
ated and sediment supply is modified by human intervention. The dynamic compo-
nent of sediment supply in terms of the ability of the barrier to rework and resupply
itself through ravinement (governed by hydrodynamics and barrier inertia), and the
availability of sediment determined by barrier size and thickness, needs to be con-
sidered (see Murray and Moore this volume). Furthermore, the relative importance
of dynamic vs. antecedent topography in moderating barrier retreat needs to be
evaluated. Predicting barrier retreat relies heavily on numerical and simulation
models (Moore et al. 2010; Williams et al. 2012; Lorenzo-Trueba and Ashton 2014;
McCall et al. 2014; Brenner et al. 2015) but these should be calibrated with geomor-
phological and sedimentological evidence from drowned barrier archives preserved
on the continental shelf.

The role of barrier forcing processes other than RSLR, such as wave climate and
storm magnitude/frequency, is underrepresented in this review. Whilst the impor-
tance of waves in determining barrier behaviour is widely recognized (e.g. Orford
etal. 1991, 2002; Roy et al. 1994; Masselink et al. 2010), it is not possible to resolve
storm history using the offshore evidence base and palaeotidal and palacowave
models are replied upon (e.g. Storms et al. 2008). Here, we consider RSLR, sedi-
ment supply and topography/accommodation as the main drivers of barrier response.
However, this is because our analysis does not capture event-based (storm-driven)
coastal-response. Indeed, this is a general shortcoming of current chronological
constraints on submerged barriers and is a key limitation of applying lessons over
geological and glacial/interglacial timescales to contemporary, resource manage-
ment timescales. Despite this limitation, we can still provide detail on coastal set-
tings where barrier retreat through overstepping is more likely, although it is not
possible to predict whether this overstepping will be temporary (storm impacts,
mendable breaches) or permanent (longer-term change that is beyond the reach of
engineering solutions).

Overstepping as a scenario of shoreline retreat is currently not considered in
shoreline management strategies and the impact of such process-response to RSLR
on the coastal zone is unknown. Depending on the coastal setting, overstepping may
have a positive or negative influence. For example, a barrier stranded offshore of the
shoreline may act as a shoal, intercepting and dissipating incoming wave energy and
hence offering natural morphological protection. Alternatively, a barrier (or barrier
sediments) that become stranded would serve to remove large volumes of sand from
the coastal sediment budget (e.g. Anderson et al. 2014) which can perturb the sys-
tem with feedback implications.
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8 Conclusions

There are increasingly more examples of drowned barriers being discovered on con-
tinental shelves suggesting these features are not as rare as once thought. This style
of coastal process-response to RSLR, i.e. in situ drowning by overstepping, which
was previously relatively poorly understood due to a lack of suitable examples,
should be considered in shoreline management plans. Evidence from drowned bar-
riers preserved on the continental shelf shows there is no predominant driver of
barrier overstepping. Whilst it is possible to identify conditions that would facilitate
barrier retreat through overstepping, these conditions are not in operation simulta-
neously nor are they evident across all coastal settings. Site-specific local condi-
tions, such as antecedent topography and sediment supply, may therefore outweigh
any widespread forcing of change, e.g. global SLR. Barrier drowning can be facili-
tated by the rapid rates of sea-level rise that may be achieved under future climate
change projections. However, it is the interaction between RSLR, topography and
sediment supply on a local scale that conditions the style of retreat. As such, it is
difficult to establish a widely applicable ‘recipe’ for barrier overstepping. Aside
from the value of submerged, offshore examples in framing our understanding of
barrier overstepping and testing numerical models, resolving system interactions
should be a priority for coastal research to improve the reliability of predictions of
barrier response to RSLR and thus ensure sustainable management of the coast.
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Barrier Island and Estuary Co-evolution

in Response to Holocene Climate and Sea-
Level Change: Pamlico Sound and the Outer
Banks Barrier Islands, North Carolina, USA

David Mallinson, Stephen Culver, Eduardo Leorri, Siddhartha Mitra,
Ryan Mulligan, and Stanley Riggs

Abstract Barrier islands and associated back-barrier estuaries and lagoons interact
via hydrodynamic and sedimentary processes, affecting the evolution of both sys-
tems. Understanding coupled dynamic processes between both systems is vital to
forecasts of future coastal morphologic and hydrodynamic changes in response to
such factors as sea-level rise and storm patterns. The Pamlico Sound and the Outer
Banks barrier islands of North Carolina, USA have co-evolved in response to
Holocene climate and sea-level change, and autogenic processes. Recent data and
models illustrate the dynamic response of this system to minor, but rapid, climate
changes occurring throughout the Holocene, including the Medieval Climate
Anomaly and Little Ice Age. Periods of extreme barrier segmentation occurred dur-
ing times of rapid climate change, affecting tidal energy and salinity conditions
within the Pamlico Sound. Hydrodynamic models aid in understanding the magni-
tude of changes, and the impact on barrier morphology. Future changes to coastal
systems may be anticipated based upon changes that have occurred in the past.
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1 Introduction

More than 20,000 km of barrier islands with accompanying back-barrier estuaries or
lagoons occur along the world’s open ocean coasts (Stutz and Pilkey 2011) and are
imminently vulnerable to the effects of projected climate change. The morphody-
namics of barrier islands and associated estuaries or lagoons are linked via multiple
feedbacks operating on subannual to millennial time-scales. Barrier systems (herein
defined as the subaerial and subaqueous portions of barrier islands, barrier spits,
inlets, and associated tidal deltas) exhibit variations in morphological and sedimento-
logical characteristics in response to wave and tidal energy, the geologic framework,
and sediment supply (Hayes 1979; Kraft et al. 1987; Inman and Dolan 1989; Oertel
et al. 1992; Fenster and Dolan 1993; Riggs et al. 1995, 2009; Otvos and Carter 2008;
Moran et al. 2015). The barrier system, in turn, controls the hydraulic connectivity
between the back-barrier lagoon or estuary and the ocean, which imparts a control on
the back-barrier processes (tides, waves, currents, salinity) and resultant morphology
and ecosystems. Thus, geomorphic changes to barrier systems, particularly the num-
ber and width of inlets, or overtopping, greatly affect the hydrodynamics within the
entire coastal system and have significant impacts on the characteristics of adjacent
estuaries, mainland shorelines, and associated ecosystems. In short, changes to the
barrier system may affect areas far-removed from the barriers themselves.

Changes to barrier-fronted coastal systems, resulting from climate processes
(storminess, wind patterns, precipitation, etc.) or sea-level rise driven by climate
change (see also Ashton and Lorenzo-Trueba this volume; Cowell and Kinsela this
volume; FitzGerald et al. this volume; Murray and Moore this volume; Odezulu
et al. this volume; Rodriguez et al. this volume), will likely have serious economic
ramifications related to the disruption of biological, hydrological, and terrestrial
resources, and accelerated mainland shoreline erosion. One way to understand the
fate of coastal environments is to examine the changes that occurred in the past in
response to sea-level rise and variability in storm patterns. Here, we describe the
evolution of the Pamlico Sound estuary in North Carolina (NC) (Fig. 1a) in response
to Holocene sea-level rise, climate changes, and barrier island changes, based on a
synthesis of previous studies (e.g., Culver et al. 2007; Grand Pre et al. 2011;
Mallinson et al. 2011; Clunies 2014; Zaremba et al. 2016). These studies used geo-
logical data, geomorphic models, and hydrodynamic models to evaluate the poten-
tial magnitude of change to tides and currents in response to known past major
erosional episodes that have altered barrier island geomorphology.

2 Study Area

2.1 Modern Setting

Pamlico Sound (Figs. 1 and 2) is a composite estuary comprising the drowned river
valleys of the Pamlico and Neuse Rivers, and the completely submerged paleodrain-
age system of paleo-Pamlico Creek (Riggs et al. 1995, 2000; Riggs and Ames 2003;
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Fig. 1 (a) Location map showing the Albemarle-Pamlico estuarine system and the Outer Banks
barrier islands of North Carolina. (b) Map showing the modern bathymetry within Pamlico Sound
and important geomorphic features
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Mallinson et al. 2010a, b). The two main basins (the northern and southern basins;
Fig. 1b) of Pamlico Sound are related to the underlying paleotopographic surface
(Fig. 2a), and together create a large estuary constrained by the wave-dominated
southern Outer Banks barrier islands including, from north to south, Hatteras Island,
Ocracoke Island and northern Core Banks (Fig. 1a). Albemarle and Pamlico Sounds
were isolated drainage systems until the early nineteenth century (Riggs et al. 2000).

Salinity within Pamlico Sound varies seasonally, but generally ranges from
nearly fresh in the upper regions of the Pamlico and Neuse Rivers to 34 PSU
(Practical Salinity Unit) depending on river discharge and proximity to inlets (Wells
and Kim 1989). Pamlico Sound is characterized by an astronomical tidal range of
approximately 0.1 m, and basin-scale water level variations that are dominated by
wind-forcing (Luettich et al. 2002). In contrast, the seaward side of the barriers is
subject to tidal ranges of 0.3—1 m (microtidal), depending on location. These estua-
rine salinity and tidal characteristics arise from the combination of freshwater influx
and presence of the Outer Banks barrier islands, which serve as a boundary to
normal-marine-salinity waters and tides.

The Outer Banks barrier islands (here, defined as extending from the Virginia
border to Cape Lookout) are separated by three major inlets (Oregon Inlet, Hatteras
Inlet, and Ocracoke Inlet; Fig. 1a) that have remained active for >100 years, and a
variable number of smaller inlets active on subannual to decadal timescales. A
greater number of inlets were active during the Little Ice Age (LIA; Mallinson et al.
2011). However, it is not known to what extent the inlets temporally overlapped in
terms of their activity. Most of these inlets had closed by 1817 AD (Stick 1958;
Mallinson et al. 2011). The closure of these inlets impacted the hydrodynamics of
the estuarine systems by restricting the influx of marine waters, which altered the
circulation, salinity, and current patterns, and allowed hydraulic interchange
between the Albemarle and Pamlico Sounds through the opening of Croatan Sound
by 1817 (Riggs et al. 2000; Riggs and Ames 2003; Corbett et al. 2007).

The barrier islands fronting Pamlico Sound experience variations in energy
(wave and tidal), morphology, and histories, depending on location. Inman and
Dolan (1989) provide an excellent analysis of the sediment budget and processes
impacting these islands. Mean significant wave height at Cape Hatteras is 1.2—-1.3 m
(Pendleton et al. 2004), and drives a net southerly longshore current and littoral
transport that affects shoreline characteristics (Inman and Dolan 1989). The major-
ity of the islands (70%) are erosional, with ocean shoreline retreat rates averaging
circa (ca) 1.6 m/year between Oregon Inlet and Cape Hatteras (Inman and Dolan
1989; Riggs et al. 2011). Localized areas of accretion occur, most notably along the
south-facing shore of Cape Hatteras (to 7 km west of the Cape).

2.2 Antecedent Topography

Antecedent topography strongly influences the morphology of the modern coastal
system (Fig. 2a). The antecedent topographic surface is the flooded landscape
shaped by surface processes during subaerial exposure in the late Pleistocene, and
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Fig. 2 (a) Map showing the paleotopographic surface formed during the late Pleistocene low-
stand, based upon seismic data (data from Mallinson et al. 2010a; Thieler et al. 2013). Note the
incised paleo-valleys associated with the Neuse and Pamlico Rivers, and Pamlico Creek paleo-
valley, a completely submerged drainage system. The Bluff Shoal interstream divide (BSID), con-
trols the modern position of Bluff Shoal and separates the northern and southern basins of Pamlico
Sound. HFID is the Hatteras Flats interstream divide. (b) Map showing the location of seismic
track-lines and cores (black dots) used to define the geologic framework of Pamlico Sound
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especially the lowstand associated with the Last Glacial Maximum (ca 26,500—
19,000 calendar years before present—cal year BP; Clark et al. 2009). Beneath the
antecedent topographic surface, the stratigraphic framework includes fluvial,
coastal, and shelf facies deposited during the late Pleistocene (Riggs et al. 1992,
1995; Mallinson et al. 2005, 2008, 2010a, b; Parham et al. 2007, 2013). These
deposits provide a source of sediment to the modern system via erosion of the estua-
rine shoreline and marine shoreface.

The paleodrainage systems incised into this landscape include valleys (now filled
and submerged) associated with the Pamlico River, Neuse River, and Paleo-Pamlico
Creek (Fig. 2a; Riggs et al. 1995; Mallinson et al. 2010a, b). Not only are the incised
valleys important in defining the estuaries, but the interfluves are likewise just as
significant in defining the geomorphic/bathymetric evolution and resultant pro-
cesses. For example, interfluves of the flooded landscape control the location of
shoals and paleo-marshes (e.g., Bluff Shoal; Roanoke Marshes; Fig. 1b) and shallow
lagoons, such as Currituck Sound, Croatan Sound, Core Sound, and Bogue Sound
(Fig. 1a), which are defined by the extent of the fronting barrier and the mainland.
Deeper basins and drowned river estuaries are associated with the paleo-valleys.

The topographic relief (elevations and slopes) of the flooded landscape affected
the timing of inundation associated with sea-level rise, as well as the rate of shore-
line transgression (i.e., transgression is more rapid where slopes are lower). Flat-
topped interfluves flooded rapidly as sea level reached and exceeded their elevation
(ca 5000—4000 cal year BP; Zaremba et al. 2016). Rapid expansion of estuaries
increased fetch and wave energy within the basins, as well as tidal energy, both of
which affected the sedimentological and stratigraphic character (i.e., grain size dis-
tributions, stratigraphic boundary development, etc.) of the estuarine sediments.
These relationships are discussed in the context of sea-level rise and climate change
in the following sections.

3 Evolution in Response to Climate and Sea-Level Change

The Holocene evolution of this coastal system has been defined based upon a variety
of analyses of >100 vibracores (penetrating up to 8.5 m) and deep rotasonic cores
(with penetration up to 70 m) collected by numerous researchers over three decades
(Fig. 2b), and further informed by many previous studies (referenced herein). Cores
were analyzed for sedimentology (grain-size, structures, bedding characteristics,
etc.), microfossils (foraminifera, diatoms, and pollen) and macrofossils, bulk mag-
netic susceptibility, isotopic geochemistry on foraminifera and total organic carbon
(TOC), and elemental geochemistry (not all analyses were done on all cores).
Holocene geochronology was derived from a compilation of >300 radiocarbon anal-
yses, 21%Pb analyses on recent sediments, and optically stimulated luminescence
(OSL) analyses, applied to cores collected from numerous locations. Geophysical
data include ca 150 km of ground-penetrating radar data for the Outer Banks
(between Kitty Hawk and Ocracoke; Fig. 1) and approximately 3400 km of boomer
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seismic and 2800 km of chirp seismic data within Albemarle, Pamlico, Croatan, and
Core Sounds (Fig. 2b; Thieler et al. 2013; Zaremba et al. 2016). Geomorphic mod-
els corresponding to specific times were created using seismic data constrained by
radiocarbon analyses from cores, with bathymetry calculated using the Kopp et al.
(2015) relative sea-level curve. Hydrodynamic modeling utilized Delft3D software,
with boundary conditions determined by the paleobathymetry and paleogeomor-
phology datasets (Clunies 2014; Clunies et al. 2017). Many results from these stud-
ies have been published in the references provided in the following discussion.

3.1 Early Holocene to ca 4000 Cal Year BP

The early- to mid-Holocene was characterized by greater seasonality in the northern
hemisphere creating the Hypsithermal (a.k.a. Holocene Climate Optimum or
Holocene Thermal Maximum) from ca 9000 to 4000 cal year BP (Wright 1976;
Wright et al. 1993). Although minimal paleoclimate data exist in the region for this
time period, data from Lake Tulane, Florida (Grimm et al. 1993), and the Adirondacks
in New York (Davis et al. 1980; Jackson 1989) indicate warmer and drier summers
than at present in eastern North America. Warm, dry conditions are indicated in the
southeastern U.S. by the desiccation of ponds and lakes in eastern Tennessee
between 8500 and 4000 cal year BP (Delcourt and Delcourt 1980).

Between 11,000 cal year BP and 4500 cal year BP the rate of sea-level rise in NC
decreased substantially, from 6.8 + 1.2 mm/year to 0.8 = 1.0 mm/year (Kopp et al.
2015). During the same time interval, sea-level elevation changed fromca =30 +2 m
to ca —4.5 = 1 m (Kopp et al. 2015). The principal semi-diurnal lunar tide compo-
nent (M,) along the NC coast was approximately 75% greater than today at ca 5000
cal year BP, which likely enhanced tidal circulation within the early estuaries, and
perhaps the number of inlets through any existing barrier island chain (Hill et al.
2011), the extent of which remains uncertain.

3.1.1 Coastal Evolution

The existence of barrier islands along the NC coast is suggested by relict flood tide
delta and back-barrier sand flat deposits dating from approximately 6000 to 4000
cal year BP, found in the vicinity of Rodanthe on Hatteras Island (Smith et al. 2009)
and Bogue Banks (Fig. 1; Timmons et al. 2010; Lazar et al. 2016), and Holocene
barrier shoreface deposits dated to 4500 cal year BP beneath Currituck Sound
(Fig. 1; Moran et al. 2015). Formation of extensive barrier islands beginning at ca
6000 cal year BP may have been in response to the decreasing rate of relative sea-
level rise. In the region of Hatteras Island and Ocracoke Island, the occurrence of
estuarine conditions in Pamlico Sound, based upon foraminiferal and diatom
paleoenvironmental data (Culver et al. 2007; Grand Pre et al. 2011), suggests the
existence of barrier islands, as the Hatteras Flats Interstream Divide was submerged
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by this time (Zaremba et al. 2016). It is not clear whether the shoreline was west or
east of the modern shoreline prior to 4000 cal year BP, and there are insufficient data
to understand the barrier characteristics at this time.

Although estuarine conditions prevailed, 8§*C and §'*0O data from foraminifera
(Elphidium excavatum) in core PS-03 exhibit larger variability (1.5-2.5%0 excur-
sions; Lauback et al. 2012; Fig. 3a) than the following time period from 4000 to
3500 cal year BP (ca 0.5%o excursions). Likewise, 8'*Croc data also show rapid
excursions between ca —23.5%0 and —22%o, suggesting alternating sources of
organic material from terrestrial and marine environments, respectively (Fig. 3b;
Minnehan 2014). These geochemical excursions suggest more variable salinity con-
ditions within the Sound (relative to 4000-3500 cal year BP, and present condi-
tions). Greater variability was likely related to several factors, including Hypsithermal
conditions (e.g., greater seasonality and drier conditions; Delcourt and Delcourt
1980; Wright et al. 1993) affecting freshwater flux to the estuary, and greater tidal
influence affecting barrier continuity and seawater influx, combined with a smaller
estuary volume (i.e., smaller residence time).

3.2 ca 4000-3500 Cal Year BP

Rapid climate change (defined as changes in regional to global meteorological con-
ditions occurring within a few hundred years; Mayewski et al. 2004) is indicated
from 4200 to 3800 cal year BP, with glacial advances in North America and Central
Asia, and weak North Atlantic Deepwater (NADW) formation (Mayewski et al.
2004; Wanner et al. 2008). Weakened NADW formation may have contributed to an
increased rate of relative sea-level rise along the U.S. east coast (Levermann et al.
2005), which may have influenced barrier island evolution. Several studies suggest
low El Nifio Southern Oscillation (ENSO) activity between ca 5000 and ca 3000 cal
year BP (Cobb et al. 2013; McGregor et al. 2013; Carré et al. 2014), which has been
shown to enhance hurricane activity in the North Atlantic (Goldenberg and Shapiro
1996; Bove et al. 1998). Data from deMenocal et al. (2000) show that sea surface
temperatures off the northwest African coast were at a peak (as warm as during the
Medieval Climate Anomaly, and present), which also may have contributed to
greater hurricane activity. Changes to the barrier islands and estuaries are also evi-
dent and occur coevally with these more widespread climate fluctuations. Relative
sea level in NC at the time was ca —4.5 to —3.5 m relative to modern mean sea level
(msl). The rate of relative sea-level rise is poorly understood for this time, but Kopp
et al. (2015) show a general rate of ca 2-3 mm/year, and decreasing.

3.2.1 Coastal Evolution

Based on the mapped elevation of the Pleistocene surface (i.e., the antecedent topo-
graphic surface) in the Pamlico Sound region (Mallinson et al. 2010a, b; Zaremba
et al. 2016), and the relative sea-level curve of NC (Horton et al. 2009; Kopp et al.
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Fig.3 (a) Carbon and oxygen isotopic data from Elphidium excavatum samples from core PS03 in
the northern basin of Pamlico Sound (Lauback et al. 2012). Black circles represent replicate sam-
ple averages. Biofacies are also indicated (refer to Fig. 4b for explanation). Note that biofacies are
mixed downward by bioturbation. Sedimentation rates are calculated using maximum and mini-
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organic carbon and C:N, and percent sand from core PS11-03, a duplicate core of PS-03 (Minnehan
2014)



100 D. Mallinson et al.

2015), the local interstream divides (e.g., Hatteras Flats, Bluff Shoals, etc.; Fig. 2a)
should have been overtopped at ca 50004000 cal year BP (Zaremba et al. 2016). At
this time, the southern Pamlico Sound exhibited normal-marine-salinity conditions
suggesting the existence of a large opening through the Outer Banks. These condi-
tions are evidenced by sediments containing 35 species of benthic foraminifera
typical of the inner shelf today, and 22 species of planktonic foraminifera (Fig. 4;
e.g., Buccella inusitata, Elphidium subarcticum, Hanzawaia strattoni, Nonionella
atlantica, Trifarina angulosa, Globigerinoides ruber, Globorotalia menardii;
Culver et al. 2007; Grand Pre et al. 2011). This assemblage is in stark contrast to the
modern assemblage within Pamlico Sound, which is low diversity and consists of
benthic foraminifera dominated by Elphidum excavatum, Ammotium salsum and
Ammonia parkinsoniana, and no planktonic foraminifera (Abbene et al. 2006). The
largest apparent gap within the Outer Banks appears to have been in the Ocracoke
Island and North Core Banks area (Fig. 5a, b). Deposits containing normal-marine-
salinity shelf foraminifera occur up to 10 km behind the modern barrier island.
These data suggest that much of Ocracoke Island was reduced to a subtidal shoal at
this time, likely with deeper tidal passes allowing for the introduction of shelf waters
and Gulf Stream filaments carrying planktonic foraminifera into the northern and
southern Pamlico basins. Segmentation in other areas of the Outer Banks is less
clear, thus the geomorphic model (Fig. 5b, ¢) only includes the large gap at Ocracoke,
and an inlet near present-day Oregon Inlet (Smith et al. 2009).

Several factors may have contributed to this reduction in barrier island continuity
and increased tidal exchange. First, warmer surface water temperatures in the North
Atlantic (deMenocal et al. 2000) may have contributed to an increase in hurricane
activity (Donnelly and Woodruff 2007), although more data (e.g., spatial and tem-
poral distribution of hurricane deposits) are needed to test this hypothesis. Increased
hurricane impacts may have caused multiple breaches in the barriers, enhancing the
tidal prism, and allowing more and/or larger inlets to persist, resulting in barrier
segmentation (Giese 1988). Tidally driven sediment flux into the sound and shoal-
ing may have ultimately reduced the tidal prism and shut down the inlets.
Alternatively, a minor increase in the rate of sea-level rise may have taken place
along the Atlantic coast as a result of the weaker North Atlantic Deep Water (NADW)
production (Mayewski et al. 2004; Levermann et al. 2005; Wanner et al. 2008),
causing increased rates of erosion and breaching during storms. Finally, the rapid
enlargement of the sound as interstream divides were overtopped, may have also
increased the tidal prism, causing barrier fragmentation as described by Fitzgerald
et al. (2004, 2008, this volume). Reduction of friction, as more area is converted to
open water, increases tidal range and the tidal prism, and tidal inlet size (O’Brien
1969; Oliveira 1970).

Pamlico Sound at this time exhibited much greater exchange with marine waters
and more energetic conditions. By 4000 cal year BP, the northern and southern estu-
aries had merged across the shallow Bluff Shoal Interstream Divide (BSID).
Zaremba et al. (2016) mapped a prominent seismic reflection, Hygq, within Pamlico
Sound (primarily the northern basin) that is constrained to ca 5000-3000 cal year BP
by multiple radiocarbon ages (Fig. Se, f). This reflection is interpreted to represent
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Fig. 4 (a) Graphic logs showing modal grain size (G gravel, S sand, M mud) and foraminiferal
biofacies from cores PNP-2 (Metger 2009), OFTD14-VC1 (Smith 2015), and PS-03 (Grand Pre
et al. 2011). (b) Representative foraminifera that compose the biofacies shown in (a) (Grand Pre
et al. 2011). Top assemblage from left to right: Ammonia parkinsoniana, Elphidium excavatum,
Ammotium salsum, Deuterammina ochracea. Second assemblage from left to right each row:
Ammonia tepida, Elphidium excavatum, Elphidium gunteri, Elphidium mexicanum, Elphidium
translucens, Bolivina lowmani, Cibicides lobatulus, Hanzawaia strattoni Elphidium poeyanum,
Ammonia parkinsoniana, Valvulineria sp., Trifarina angulosa. Third assemblage from left to right
Ammonia parkinsoniana, Ammonia tepida, Elphidium excavatum. Fourth assemblage: Elphidium
excavatum. (¢) Perspective view of Pamlico Sound showing the location of the cores in (a)

erosion associated with greater fetch, and increased wave and current activity within
Pamlico Sound. A more energetic hydrodynamic state likely occurred either as a
result of the final overtopping of interfluves and rapid expansion of the estuary, or
extensive barrier island segmentation, or both. The greater influence of marine con-
ditions is supported by the foraminiferal assemblages as described above, as well as
an increase in the sand/mud ratio of sediments correlated to the Hy, reflection.
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Fig. 5 (a) Paleo-environmental reconstruction of Pamlico Sound at ca 4000 cal year BP based
upon foraminiferal assemblages within cores, and sedimentological data (modified from Grand Pre
etal. 2011). (b) Paleo-geomorphic reconstruction of Pamlico Sound at ca 4000 cal year BP based
upon geological data. (¢) Delft3D model of flood tidal currents within Pamlico Sound correspond-
ing to the paleo-geomorphic reconstruction. (d) Delft3D model of water surface elevation (i) at the
location of PS03 (shown in a) given the paleo-geomorphic reconstruction as input. The elevated
water level between day 168 and 171 is due to an imposed wind event. Note the higher tidal range
(up to 30 cm) corresponding to the three paleo-geomorphic reconstructions (4000, 1200, 500 cal
year BP), as compared to the modern range (ca 5 cm). (e) Chirp seismic data (see small map for
location) illustrating seismic reflections within the Holocene section (from Zaremba et al. 2016).
P, is the subaerial unconformity formed during the Last Glacial Maximum. Hgg, and Hgg, are
interpreted as tidal and wave ravinement surfaces, respectively. Hyqq is the reflection correspond-

ing to the ca 4000 cal year BP barrier segmentation. Hsy is a regional reflection that formed during
the Little Ice Age
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Between 4000 and 3500 cal year BP, Pamlico Sound was shallower than present
(Fig. 5b), particularly in the north, across Bluff Shoal, and across the Hatteras Flats
Interstream Divide (HFID; Fig. 2a). At this time, erosion of the recently flooded bay
shoals and the mainland shoreline, as well as the segmentation of the barrier islands,
as sea level rose, resulted in high rates of sediment accumulation (ca 2.0-8.6 mm/year
at PS-03), compared to earlier or later rates (Fig. 3a). Increased tidal range and tidal
exchange through inlets likely advected sand into the sound from the shoreface.

Values of 8"*Croc exhibit a more constant trend and enriched values (ca —22%o)
(Fig. 3b) relative to the previous time (>4000 cal year BP), suggesting that this was
a period of greater marine influx and more constant water conditions. However, C:N
ratios of organic matter (Fig. 3b) suggest a more complicated scenario, possibly
with a contribution of organic carbon from marsh grasses (e.g., Spartina spp.) as
interstream divides were overtopped and eroded (Minnehan 2014).

Clunies (2014) modeled the hydrodynamics of the Pamlico Sound based upon a
geomorphic reconstruction derived from geological and geophysical data (Fig. 5b,c).
Modeling suggests that a large opening in the barrier island system near Ocracoke
Island likely resulted in significantly greater tidal currents in Pamlico Sound relative
to present tidal conditions. The hydrodynamic model predicts flood-tide currents in
excess of 0.3 m/s over large portions of southern and northern Pamlico Sound
(Fig. 5¢), and the tidal range may have been enhanced (to ca 0.3 m). The increased
sand/mud ratio of sedimentary deposits, increased sediment accumulation rates, and
the occurrence and extent of seismic reflection Hyyy (Zaremba et al. 2016) support
the tidal model and suggest advection of nearshore sand into the sound.

3.3 ¢a 3500-1200 Cal Year BP (750 CE-Common Era)

The Northern Hemisphere was characterized by a general cooling trend between ca
3500 and 1200 cal year BP (750 CE) (Wanner et al. 2008). Data from deMenocal
et al. (2000) show generally cooler sea surface temperature (SST) than present in
the eastern North Atlantic during this time interval, whereas &0 from
Globigerinoides ruber on the Bermuda Rise suggest a cycle of rapid warming at ca
3500 cal year BP followed by slow cooling until ca 1500 cal year BP (450 CE)
(Keigwin 1996). This cooling may have limited hurricane formation in the North
Atlantic, resulting in a lower rate of barrier breaching and inlet formation, and
allowing former inlets to close. The average rate of relative sea-level rise ranged
from ca 0.3 to 0.9 mm/year in the study area (Kemp et al. 2017).

3.3.1 Coastal Evolution

Few data exist to understand the location or condition of the southern Outer Banks
during this time interval. Ricardo (2005) found open marine/inner shelf sands
beneath Hatteras Island and Hatteras Flats between Rodanthe and Avon (Fig. 1a)
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that have an age of ca 2900 cal year BP to 1200 cal year BP (750 CE). However, it
is not clear whether these deposits represent a large inlet region, or if they represent
shoreface deposits to the east of a barrier system. If the latter is correct, then the
barrier may have formed west of the present location, and prograded seaward before
becoming transgressive. However, Pierce and Colquhoun (1970) show generally
transgressive deposits beneath Hatteras Island (north of Cape Hatteras). Regressive
barrier islands are indicated in regions to the north (i.e., the Kitty Hawk beach
ridges; Mallinson et al. 2008; Moran et al. 2015), at Buxton (Cape Hatteras region;
Peek et al. 2013) and to the south (Bogue Banks; Timmons et al. 2010; Lazar et al.
2016) at this time. Seismic data behind southernmost Hatteras Island reveal seaward
dipping clinoforms that indicate shoreface progradation and a regressive barrier
(Fig. 6a). Peek et al. (2013) identified beach ridges on the northernmost portion of
the Buxton area dating to ca 1600 cal year BP (350 CE) (Fig. 6b) indicating that the
paleo-shoreline in this area was north and west of the modern shoreline. Pierce and
Colquhoun (1970) also propose that initial Holocene barrier island formation
occurred to the north of the modern shoreline at Cape Hatteras. Presently, this area
is experiencing southward progradation as erosion on the east facing shore, and
accretion on the south facing shore have caused Cape Hatteras to migrate in a south-
westerly direction (Inman and Dolan 1989; Peek et al. 2013). This long-term pro-
gradation is evidenced by the occurrence of the east—west trending beach ridges (the
Buxton Beach Ridges; Peek et al. 2013) that form the bulk of the island at Cape
Hatteras.

Within the Pamlico Sound basin, estuarine conditions were likely similar to
today, if not more restricted, between 3500 cal year BP and 1200 cal year BP (750
CE). Sediments exhibit a fining-upward trend consisting of muddy fine sands at ca
3500 cal year BP grading to organic-rich mud with minimal sand component prior
to 1200 cal year BP (750 CE). The associated biofacies consists solely of E. excava-
tum at ca 3500 cal year BP, grading-upward to a lower salinity A. salsum-dominated
facies prior to 1200 cal year BP (750 CE) (Grand Pre et al. 2011). These data indi-
cate a decrease in energy and salinity during this time interval. §"*Croc data show a
change from enriched values to depleted values during the second half of this inter-
val (Fig. 3b), indicating a dominantly terrestrial source of carbon with 8'C values of
ca —23%o to —24%o. Likewise, the C:N exhibits a trend toward greater values (ca 16)
which are also indicative of a terrestrial source (Fig. 3b; Minnehan 2014). Thus, the
estuary appears to have experienced decreasing marine influence during this period,
suggesting development of a continuous barrier system with few inlets. A minor
disruption of this barrier system is suggested at ca 2500 cal year BP in the vicinity
of Ocracoke Inlet, based on the limited occurrence of normal-marine-salinity, shelf,
benthic foraminifera behind northern Core Banks (Grand Pre et al. 2011).

Zaremba et al. (2016) suggest that the decrease in inlet activity may have been
related to the decrease in the M, (dominant semi-diurnal lunar) tidal component
(Hill et al. 2011). An equilibrium exists between the total cross-sectional area of
inlets within a barrier, and the tidal range, with fewer inlets necessary to accommo-
date a smaller tidal prism (O’Brien 1969). More limited hurricane impacts also
would have limited the creation of breaches that could have developed into inlets.
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Fig. 6 (a) Seismic data along transect A—A’ (see b) illustrating the transgressive ravinement sur-
face (TRS) associated with Holocene sea-level rise, and seaward dipping clinoforms in the shallow
subsurface, suggesting barrier progradation. (b) Present-day bathymetry of the Hatteras Flats and
Cape Hatteras region showing the transect location for (a), and the inferred shoreface positions at
4500 cal year BP and 1200 cal year BP based upon the seismic data, modern geomorphology, core
data, and geochronology (OSL ages) from the beach ridge complex at Buxton. Note the eastward
extension of the proposed 1200 cal year BP shoreline along the trend of a prominent beach ridge
that cross-cuts older ridges (dated to ca 1575 cal year BP) to the north. Ages shown are based on
optically stimulated luminescence (OSL) analyses
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Furthermore, inlet closure may have allowed onshore migration of ebb-tidal delta
sediments, contributing to barrier progradation at this time (FitzGerald et al. 2004;
Zaremba et al. 2016).

3.4 The Medieval Climate Anomaly (ca 1200 Cal Year BP to ca
800 Cal Year BP; 750-1150 CE)

During the Medieval Climate Anomaly (MCA), Sargasso Sea surface waters were
characterized by relatively high temperatures (ca 24 °C; Keigwin 1996) in compari-
son to centuries before and after. Likewise, sea-surface temperature in the eastern
North Atlantic was at a peak during the MCA (deMenocal et al. 2000). Cronin et al.
(2003) provided an assessment of conditions in the Chesapeake Bay region, north of
the study region. Their data suggest that Chesapeake Bay water temperatures, based
upon Mg/Ca paleothermometry, were ca 2 °C warmer than the pre-twentieth cen-
tury average, and roughly correlate with North Atlantic sea surface temperatures in
terms of trends (Keigwin 1996; deMenocal et al. 2000). An increase in hurricane
activity in the North Atlantic, relative to pre-MCA conditions, has been proposed
(Mann et al. 2009; Donnelly et al. 2015) and may be responsible for increased
breaching of the Outer Banks. Kemp et al. (2011) show that the rate of relative sea-
level rise in NC increased at this time by +0.6 mm/year, to ca 1.6 mm/year, but the
significance of this minor rate change is unclear.

3.4.1 Coastal Evolution

A major erosional event or events, characterized by widespread barrier island seg-
mentation occurred during the MCA (Fig. 7). This is supported by several lines of
evidence including geophysical data (both ground penetrating radar and seismic),
paleo-environmental analyses (foraminiferal biofacies), and isotope geochemistry.
Inlet facies, identified using GPR and core samples, occur in Rodanthe, Kinnikeet,
and Ocracoke Island areas (Fig. 1). These have been dated to the MCA period using
OSL (Fig. 8; Mallinson et al. 2011). The area that was affected most was the
Ocracoke Island and southern Hatteras Island area (Fig. 7; Culver et al. 2007; Grand
Pre et al. 2011; Mallinson et al. 2011). Peek et al. (2013) recognized a major ero-
sional boundary marking a change in the orientation of the beach ridges, which
compose the cuspate foreland at Cape Hatteras (Fig. 6b). This change in orientation
is constrained to between ca 1500 cal year BP and 700 cal year BP (450-1250 CE)
and is interpreted as corresponding to the ca 1200 cal year BP (750 CE) erosional
event(s) that reduced much of Ocracoke Island to subtidal shoals. Likewise, basal
ages of the Hatteras Flats deposits range from 1155 + 210 cal year BP to 1060 = 115
cal year BP (Fig. 9; Peek et al. 2013), suggesting major segmentation of Hatteras
Island at this time and deposition of many large flood tide deltas which coalesced to
form the Hatteras Flats (Fig. 1b). The formation of these numerous flood tide deltas
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during this time represents a significant loss of sand from the longshore transport
system. This should have resulted in rapid shoreline erosion and transgression (see
Fitzgerald et al. 2008, this volume).

Increased salinity within the Pamlico Sound is indicated by the occurrence of
normal-marine-salinity, shelf, benthic, and planktonic foraminifera within core sam-
ples (Culver et al. 2007; Grand Pre et al. 2011; Figs. 3a and 7a). The assemblage
exhibits high diversity and consists of well-preserved, relatively small, unsorted
specimens suggesting they are in situ (i.e., minimal reworking and transport
occurred). Foraminifera include Asterigerinata mamilla, Bolivina spp., Eoeponidella
pulchella, Cibicides fletcheri, Fursenkoina fusiformis, Hanzawaia strattoni,
Trifarina angulosa, and Valvulineria sp. A. Twenty-two planktonic species were
identified (Grand Pre et al. 2011), including Globigerinoides ruber and Globorotalia
menardii, which are typical of Gulf Stream-influenced waters (B€ and Hamlin 1967).
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Fig. 8 (a) Examples of ground penetrating radar data from the Outer Banks showing core loca-
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inlet ages corresponding to the Little Ice Age

Increased sediment grain size (dominance of sand-size material) is seen in four
cores from eastern Pamlico Sound and indicated by a low bulk-magnetic-
susceptibility (BMS) value that can be correlated between cores (Zaremba et al.
2016). This BMS low is found throughout Pamlico Sound and is correlated to seis-
mic reflection H, o (Fig. 10; Zaremba et al. 2016), interpreted as a ravinement sur-
face (i.e., a surface scoured by waves and/or tidal currents), with the age constrained
to between 1400 and 950 cal year BP (550 and 1000 CE) by seven radiocarbon age
estimates in five cores. Thus, the coincidence of coarser grain sizes and a ravine-
ment surface suggests increased energy (wave or current activity) within the Pamlico
Sound at this time.

At ca 1200 cal year BP (750 CE), 8'*Cyoc data exhibit a positive shift (ca +2%o)
to values of ca —22%o, suggesting a slightly greater contribution of marine organic
matter (Fig. 3b; Minnehan 2014) than in the previous time period. C:N ratios also
show a decrease toward more marine-like values, although with substantial vari-
ability. Carbon isotope data from E. excavatum also exhibit a positive shift toward
more marine-like values (Fig. 3a; Lauback et al. 2012). Thus, the geochemical sig-
nature corroborates the foraminiferal data in suggesting that the eastern Pamlico
Sound experienced substantial marine influence, indicating a highly segmented bar-
rier system (Fig. 7).



Barrier Island and Estuary Co-evolution in Response to Holocene Climate... 109

A A’

&
T

OSLage estimat
1,120+ 165 yrs BP

elevation relative to MSL (m)

OSLage estimate
BH| vE=3x 1,155+ 210 yrs BP

=100

[

elevation relative to MSL (m)
& ks

SLage estimate
8 1,155 %210 yrs BP

LITHOFACIES KEY
sM - sandy mud

mS - muddy sand
shsM - shelly sandy mud

shmS - shelly muddy sand

shl - shelly interbedded mud and sand

shg$ - shelly gravelly sand

SAMPLE KEY

B Sample containing foraminifera

@ Sample barren (or < 15 specimens) of foraminifera
¢ OSL Sample

ENVIRONMENTAL FACIES KEY

. EF FACIES I : Low Salinity Estuary

E EF FACIES 1I: High Salinity Estuary

O EF FACIES 11I: Normal Marine Salinity/FTD/Submarine Shoal

Fig. 9 Geological cross-section showing the paleoenvironments and ages associated with the
Hatteras Flats (modified from Peek et al. 2013). Note that the basal ages of the Hatteras Flats cor-
respond to the Medieval Climate Anomaly and the segmentation of the Outer Banks as described
by Culver et al. (2007), Mallinson et al. (2011), and Grand Pre et al. (2011)



110 D. Mallinson et al.

PS11-VC1 mbsl using 1600 m/s

w om T 00m 5

m
PS11-VC1

55

12991070 cal, yr BP
(10 - =

| 60 p
; 15 _“_2213-“5!.’ cal. yr BP

-65

F20 =~ BRI
I = 7563-2014 cal, yr BP | - 100 m

Hsf
5 — s
S H=—= R e A

. PS11-VCI

izs Hiooo—]

Hz2s00.

4000
T U e rP]gm .

V.E.=10

Location of Profile.”

1

' 0| 28034411 cal yr BP
tas -]

R - B
H !

4000
85

Feof

9.0
las (—=T167-6773 cal, yr BI

A B

Fig. 10 (a) PS11-VCI core log with radiocarbon ages showing the position of reflectors H,o and
Hi,. (b) Chirp seismic data from western Pamlico Sound (see inset map) illustrating reflectors at the
PS11-VCl site

Reconstructed flood-tide currents derived from the hydrodynamic model, with
boundary conditions set using the geomorphic reconstruction, are shown in Fig. 7c.
Similar to the 4000 cal year BP scenario, the model suggests that the highly seg-
mented barrier island resulted in significantly greater tidal currents in Pamlico
Sound relative to present tidal conditions. In the model simulation, flood tide cur-
rents in excess of 0.5 m/s are predicted over portions of southern and northern
Pamlico Sound and are particularly strong over the shoals where the greatest seg-
mentation occurred (Fig. 7c). This enhanced current activity likely produced the
ravinement surface mapped as H g in chirp seismic data (Zaremba et al. 2016), and
increased the sand/mud ratio of the sedimentary deposits (Fig. 10). Additionally, the
currents would have likely caused channelization across the shoals, though the
model does not provide this degree of detail. The modeled tidal range (ca 0.3 m) is
also similar to the 4000 cal year BP scenario (Fig. 5d) and greater than the modern
range of ca 0.1 m.

Barrier island segmentation at this time has been attributed to increased hurri-
cane activity and associated breaching of the barriers (Culver et al. 2007; Grand Pre
et al. 2011; Mallinson et al. 2011). A minor acceleration in the rate of sea-level rise
may have also contributed. An alternative hypothesis is that the barriers were
impacted by a tsunami capable of causing numerous breaches (Culver et al. 2007),
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although there is more evidence for an increase in hurricane impacts (Mann et al.
2009; Donnelly and Woodruff 2007; Donnelly et al. 2015).

Following initial breaching during one or more closely timed events, the bar-
riers may have followed a path similar to the segmentation described for Nauset
Spit, Massachusetts (FitzGerald and Montello 1993). Nauset Spit was breached
by a nor’easter in January 1987, resulting in an increase in the back-barrier tidal
range and currents, and a corresponding increase in inlet size and sediment flux
to the back-barrier. Along the Outer Banks, breaching and inlet formation, if
occurring in multiple locations at nearly the same time, may have enhanced the
tidal range within the sound sufficiently to enlarge and maintain multiple inlets.
The persistence of normal-marine-salinity conditions in Pamlico Sound indicates
that these were not ephemeral inlets, but must have been sustained in equilibrium
with the tidal prism for up to ca 500 years (Culver et al. 2007). Transfer of sand
to the back-barrier resulted in the formation of multiple coalescing flood tide
deltas producing the Hatteras Flats during this time, at least in the area of south-
ern Hatteras Island (Peek et al. 2013). Additionally, the transfer of a large volume
of sand to the back-barrier estuary may have caused rapid transgression (see
Fitzgerald et al. this volume). Eventual shoaling and closure of these inlets may
have been in response to increased tidal friction associated with the formation of
the Hatteras Flats, and the associated decrease in estuary volume, which would
serve to decrease the tidal prism.

3.5 The Little Ice Age (ca 500 Cal Year BP) to Present

Data from Cronin et al. (2003) indicate that Chesapeake Bay waters during the LIA
were as much as 4.7 °C cooler than the twentieth century mean. Likewise, sea-
surface temperature in the North Atlantic, and the Caribbean Sea, was cooler than
present by 2—4 °C (Keigwin 1996; deMenocal et al. 2000; Winter et al. 2000).
However, centennial-scale oscillations in temperature are evident, and a warm inter-
val at ca 300 cal year BP (1650 CE) separated LIA-I (500-420 cal year BP; 1450—
1530 CE) from LIA-II (230-100 cal year BP; 1720-1850 CE) (Cronin et al. 2003).
This warm interval is also seen in SST above the Bermuda Rise (Keigwin 1996) and
in the eastern North Atlantic (deMenocal et al. 2000). Following LIA-II, Chesapeake
Bay water temperatures increased rapidly to ca 15 °C, warmer than the previous
2000 years.

Relative sea level in the Pamlico Sound region rose approximately 0.7 m between
500 cal year BP and present. Initially (500—100 cal year BP), the rate of rise was ca
1 £0.5 mm/year, and driven by glacio-isostatic adjustment. However, the rate of rise
accelerated near the beginning of the twentieth century to an average of 3.5 m