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ABSTRACT

LIDZ, B.H., 2006. Pleistocene corals of the Florida Keys: architects of imposing reefs—Why? Journal of Coastal Re-
search, 22(4), 750–759. West Palm Beach (Florida), ISSN 0749-0208.

Five asymmetrical, discontinuous, stratigraphically successive Pleistocene reef tracts rim the windward platform mar-
gin off the Florida Keys. Built of large head corals, the reefs are imposing in relief (�30 m high by 1 km wide), as
measured from seismic profiles. Well dated to marine oxygen isotope substages 5c, 5b, and 5a, corals at depth are
inferred to date to the Stage 6/5 transition. The size of these reefs attests to late Pleistocene conditions that repeatedly
induced vigorous and sustained coral growth. In contrast, the setting today, linked to Florida Bay and the Gulf of
Mexico, is generally deemed marginal for reef accretion. Incursion onto the reef tract of waters that contain seasonally
inconsistent temperature, salinity, turbidity, and nutrient content impedes coral growth.

Fluctuating sea level and consequent settings controlled deposition. The primary dynamic was position of eustatic
zeniths relative to regional topographic elevations. Sea level during the past 150 ka reached a maximum of �10.6 m
higher than at present �125 ka, which gave rise to an inland coral reef (Key Largo Limestone) and ooid complex
(Miami Limestone) during isotope substage 5e. These formations now form the Florida Keys and a bedrock ridge
beneath The Quicksands (Gulf of Mexico). High-precision radiometric ages and depths of dated corals indicate sub-
sequent apices remained �15 to 9 m, respectively, below present sea level. Those peaks provided accommodation
space sufficient for vertical reef growth yet exposed a broad landmass landward of the reefs for �100 ka. With time,
space, lack of bay waters, and protection from the Gulf of Mexico, corals thrived in clear oceanic waters of the Gulf
Stream, the only waters to reach them.

ADDITIONAL INDEX WORDS: Coral reefs, eustatic apices, Florida Keys, Holocene transgression, Key Largo Lime-
stone, Miami Limestone, outlier reefs, paleoenvironment, Pleistocene topography, sea level fluctuations, windward car-
bonate margin.

INTRODUCTION

The platform beneath South Florida and the Florida Keys
slopes several meters westward (ENOS and PERKINS, 1977;
LIDZ, REICH, and SHINN, 2003). Its southern edge is a wind-
ward margin consisting of a shallow (generally �12 m) shelf
fronted by an upper-slope terrace 30 to 40 m deep (HOFF-
MEISTER, 1974; HOFFMEISTER and MULTER, 1968; LIDZ,
REICH, and SHINN, 2003; LIDZ et al., 1997a; MULTER et al.,
2002). The shelf is informally divided into inner and outer
areas (ENOS, 1977) on the basis of margin-parallel bedrock
features. Topographically, an erosional nearshore rock ledge
(LIDZ et al., 2006; ‘‘limestone bedrock’’ of MARSZALEK, 1977)
and a bedrock depression beneath Hawk Channel character-
ize the inner shelf throughout the keys. Elevated above the
channel depression, a narrow, linear, coral ridge-and-swale
structure and a wide, discontinuous shelf-edge reef differen-
tiate the outer shelf (LIDZ, REICH, and SHINN, 2003; LIDZ et
al., 2006). The Florida Keys chain is set back some 5 to 7 km
from the shelf edge, defined in this paper as the contact be-
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tween the shelf-edge reef and the upper-slope terrace at a
water depth of 30 m (Figure 1).

The keys consist of the substage 5e Key Largo Limestone
(patch-reef facies) and Miami Limestone (oolite facies) that
accumulated �125 ka when sea level was �10.6 m higher
than today (HALLEY and EVANS, 1983; HOFFMEISTER, 1974;
HOFFMEISTER and MULTER, 1968; HOFFMEISTER, STOCK-
MAN, and MULTER, 1967; SANFORD, 1909; STANLEY, 1966).
The submerged shelf extends westward into the Gulf of Mex-
ico as a broad, curved, bedrock promontory dotted with Ho-
locene islands of the Marquesas Keys and the Dry Tortugas.
Part of the promontory is a large (�28 by 47 km) rectangular
ridge beneath an area of shifting Holocene sands known as
The Quicksands (SHINN, LIDZ, and HOLMES, 1990). The Mar-
quesas Keys occupy part of the east end of the ridge. Ridge
elevation ranges from 1 to 12 m below present sea level but
is typically �6 to 8 m (LIDZ, REICH, and SHINN, 2003). The
age of the ridge bedrock is inferred to be �125 ka on the basis
of its oolitic composition and isolated presence at its northern
edge of Pleistocene corals similar to those of the Key Largo
Limestone (SHINN, LIDZ, and HOLMES, 1990). Skeletal Ho-
locene corals cap the Pleistocene corals. None of the cored
ridge facies has been dated.

Five discontinuous reef tracts rim the shelf edge off the
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Figure 1. Index map of South Florida and the Florida Keys. Dashed black lines delineate lower, middle, and upper Keys. Dashed dogleg shows that the
Key Largo Limestone reef extends south of the eastern part of the lower Keys Miami Limestone oolite. Southeast Reef and Tortugas Bank are located
in the Dry Tortugas. Dotted line (30-m depth contour) marks the shelf margin. Contours are in meters.

Florida Keys, forming a broad reef-and-trough structure con-
sisting of the shelf-edge reef and four parallel tracts of outlier
reefs on the upper-slope terrace (ENOS and PERKINS, 1977;
LIDZ, 2004; LIDZ, REICH, and SHINN, 2003; LIDZ et al., 1991,
1997a). The reefs are well-dated radiometrically to marine
isotope substages 5c, 5b, and 5a (LUDWIG et al., 1996; MUL-
TER et al., 2002; TOSCANO, 1996; TOSCANO and LUNDBERG,
1998, 1999) and are inferred to contain corals at depth that
would date to the Stage 6/5 transition (LIDZ, 2004; LIDZ,
REICH, and SHINN, 2005; LIDZ et al., 2006). Although indi-
vidually irregular in shape, reflecting differences in coral
growth, the largest reefs (keep-up reefs of NEUMANN and
MACINTYRE, 1985) are topographically imposing relative to
isolated, narrow Holocene accretions. Where present shelf-
wide, the five tracts often reach seismic relief of �30 m, a
width of close to 1 km, and are similar in water depth, off-
shore location, and stratigraphically successive ages. The nu-
merous overall similarities imply that accommodation space
was present and conditions favorable for coral growth were
consistent during the consecutive times of accrual.

Given accommodation space, a premise often called upon
to explain the size of these reefs is time (SHINN et al., 1977).
Late Pleistocene corals had thousands of years during each
of three successive highstands to build reef framework (LIDZ,
2004; LIDZ, REICH, and SHINN, 2005). Holocene corals also
built sizable reefs in the time they had, which, off the Florida
Keys, ranged from �7 to 2 ka (SHINN et al., 1977). Most Ho-
locene reefs cap Pleistocene reefs. The thickest Holocene reef
drilled (�17 m) on the Florida reef tract is Southeast Reef in
the Dry Tortugas (SHINN et al., 1977). The thickest reefs off
the keys (1–2 m) are inshore from the platform margin

(SHINN et al., 1989). However, even given substantially more
time, at present sea level, Holocene corals would not likely
construct a stratigraphic framework section comparable in
size and thickness to those (LIDZ, 2004) of the late Pleisto-
cene. Part of the reason is because a relatively stable sea level
would confine upward accretion. However, the primary rea-
son relates to significant differences in geomorphic settings
caused by inconsistent late Pleistocene and Holocene high-
stands and in the effects on the respective reefs of resultant
ambient conditions. The time span of interest is isotope sub-
stage 5e (�125 ka) through today.

This paper is an outcome of a comprehensive synthesis of
late Quaternary reef stratigraphy in the Florida Keys (LIDZ,
REICH, and SHINN, 2005). The synthesis incorporated as its
foundation numerous databases, sources, methodologies, and
technologies derived independently for different purposes by
others. Through the use of a select combination of those da-
tasets, this article presents evidence for differences in geo-
morphic settings induced by fluctuating sea level during the
late Pleistocene and Holocene. Although the Holocene data
have implications for the decline of the modern reef system
observed today, it is not the intent here to render judgment
on any effect the present transgression might or might not
have relative to the decline. The causes of decline are not well
understood and are under study by others. However, inter-
pretations of the effect of the Pleistocene settings on reefs of
that age are given on the basis of the proxy evidence. Results
show that accommodation space and geomorphic settings
generated by lower maxima of late Pleistocene sea level pro-
vided the stimuli for vibrant reef growth and preservation.
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METHODS

Databases relevant to this paper are high-precision radio-
metric dates on cored late Pleistocene corals, global and local
sea-level maxima records, and data from geophysical surveys.
Sea-level maxima derived from high-precision dating and
depths below present sea level of recovered corals provided
coral ages and local apices for highstands during marine iso-
tope substages 5c, 5b, and 5a (LUDWIG et al., 1996; TOSCANO

and LUNDBERG, 1998, 1999). The most recent part (last 150
ka) of the generally accepted global �18O marine isotope pa-
leotemperature curve (IMBRIE et al., 1984) provided support-
ing data, as did a local Holocene sea-level curve drawn from
ages and depths of mangrove peat and corals (ROBBIN, 1984).
High-resolution seismic profiles supplied shelf-wide data for
contouring the bedrock surface (LIDZ, REICH, and SHINN,
2003, 2005; LIDZ, ROBBIN, and SHINN, 1985; LIDZ et al., 1991,
1997a, 1997b; SHINN, LIDZ, and HOLMES, 1990). Hydro-
graphic bathymetry on a newly developed National Geophys-
ical Data Center (NGDC) map (DIVINS, 2003) corroborated
the approximate paleoshorelines of an emergent South Flor-
ida platform as it would have looked during the post-5e epi-
sodes of lowered late Pleistocene sea level.

The NGDC contour map is derived from geophysical sur-
veys that acquired onshore topographic elevations and off-
shore bathymetric elevations and hydrographic sounding
densities (PRATSON et al., 1999a, 1999b; SHARMAN et al.,
1998; SMITH and WESSEL, 1990; WESSEL and SMITH, 1995).
The map is contoured on data points in 3-arc-second grids of
areas 1� in latitude by 1� in longitude, in which mean pixel
elevation is digitized at 0.1 m. A hill-shaded version of the
bathymetry showed areas in which contour data were
‘‘smoothed’’ or bore unusual patterns. Plots of sounding-den-
sity grids confirmed that sounding data in those areas were
limited. In the map area, bathymetric soundings were lacking
altogether from Boca Chica Key to the shelf margin and along
the shelf south and west of Key West and across The Quick-
sands (Figure 1), leading to bathymetric and seismic dataset
discrepancies in those areas (LIDZ et al., 2006). These dis-
crepancies pertain to paleoshoreline evidence presented in
this paper, particularly at the west end of The Quicksands.

Resolution of the NGDC data (1 pixel � 100 m2) is not
adequate to show the smaller scale (30-m relief) outlier reefs
in bathymetric profiles. Thus, the eustatic zeniths for isotope
substages 5c, 5b, and 5a are plotted on seismic profiles. Pro-
files across Carysfort Reef and its outlier, The Elbow (upper
Keys), and the Sand Key Reef outliers (lower Keys) are used
as examples of shelf-edge stratigraphy relative to peaks of
late Pleistocene highstands. These profiles were chosen on
the basis of their stratigraphic differences and, in the case of
the Carysfort and Sand Key Reef areas, abundant coral age
data.

RESULTS AND DISCUSSION

Late Pleistocene Setting

A single large outlier reef occurs seaward of Carysfort Reef
off north Key Largo, and four tracts of large outlier reefs oc-
cur off Sand Key Reef, located southwest of Key West (named

reefs are Holocene accretions; Figure 1). Two core transects
across the Carysfort outlier and a single transect across the
largest Sand Key outlier enabled reconstruction of paleowa-
ter depths and sea levels at those sites. Respective highstand
maxima during isotope substages 5c, 5b, and 5a ranged from
�15 to 9 m below present (LUDWIG et al., 1996; TOSCANO

and LUNDBERG, 1998, 1999). Although the substage 5e high-
stand that gave rise to the Florida Keys exceeded that of to-
day by �10.6 m, the rise and fall of sea level surrounding
that highstand would have produced geomorphic settings
similar to those of the later substages while the 5e sea was
within the same (15–9 m) lower-depths range (Figures 2A
and 2B). Corals dating to the Stage 6/5 (substage 5e) tran-
sition are inferred to be present near the base of the reefs
(LIDZ et al., 2006).

Cored bedrock in contact with Holocene overgrowth off the
Florida Keys dates to substage 5a (86–75 ka, Figure 2A)
shelf-wide (LIDZ, 2004; LUDWIG et al., 1996; MULTER et al.,
2002; TOSCANO, 1996; TOSCANO and LUNDBERG, 1998,
1999). The youngest Pleistocene coral (�77.8 ka) was recov-
ered from the seaward face of Carysfort Reef (MULTER et al.,
2002; Figures 2A and 2B). The oldest Holocene coral (�9.6
ka) was recovered from Tortugas Bank in the Dry Tortugas
(MALLINSON et al., 2003). Together, their ages bracket a pe-
riod of �68.2 ka when little or no marine deposition occurred
on the outer Florida shelf (LIDZ, 2004; TOSCANO and LUND-
BERG, 1999). However, the interval of prolonged subaerial ex-
posure of the higher-elevation paleoplatform interior was
longer (�100 ka) and extended from the time the substage
5e sea abandoned the shelf (�112 ka) to the time the Holo-
cene sea again submerged the area (�8 ka). This time span
included two transgressive/regressive cycles during which the
sea of substages 5c and 5a breached the outer shelf but not
the interior paleoplatform landmass. Substage 5b deposition
occurred during regressive conditions (Figure 2A).

Bathymetric contours on the NGDC map approximate pa-
leoshorelines outlining areal extents of the emergent prom-
ontory when sea level during those times was at or near its
apex: substage 5c at �15 m, substage 5b at �12 m (a falling
range of 10–14 m), and substage 5a at �9 m lower than at
present (Table 1). Comparison with bedrock surface contours
(LIDZ, REICH, and SHINN, 2003, their figure 4A) derived from
seismic data shows a similar landmass shape, although the
bedrock map indicates dry land at those lowered sea levels
extended farther west to include Halfmoon Shoal. Both
bathymetric and topographic datasets verify subaerial expo-
sure of the Boca Grande Channel/Quicksands area when sea
level was 9 m lower than present and, thus, integrity of the
emergent paleoplatform during substage 5a time. In Boca
Grande Channel, strong reversing north/south tidal currents
between the Gulf of Mexico and Straits of Florida keep the
channel scoured to bedrock (SHINN, LIDZ, and HOLMES,
1990), so both datasets show the same channel depth below
present sea level (�6–8 m). Elevation of the shallow ridge
beneath The Quicksands, typically also 6 to 8 m deep, higher
than the substage 5a apex of sea level, supports the inferred
bedrock age of �125 ka, the same age as the emergent Key
Largo/Miami Limestone. The emergent Marquesas Keys sep-
arate the two areas of like elevation.
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Figure 2. (A) Normalized and smoothed marine �18O record for the past
150 ka (from Imbrie et al., 1984) with select data from South Florida
added. Modified from Lidz, Reich, and Shinn (2005) to show transgressive
(black boxes representing coral dates) and regressive (white boxes) de-
position. Shaded bar represents depths (�30–40 m) of present upper-
slope terrace beneath the outlier reefs on the basis of actual depths (21
and 31 m) of corals with radiometric ages of 77.8 and 9.6 ka (Mallinson
et al., 2003; Multer et al., 2002). Variation in normalized �18O mainly
reflects changes in sea level from the waxing and waning of continental
ice sheets during glacial/interglacial cycles. Approximate durations of

←

substages within Stage 5 are: 5e (127–116 ka), 5d (116–108 ka), 5c (108–
96 ka), 5b (96–86 ka), and 5a (86–75 ka). (B) Detailed record of sea-level
change during the last glacial/interglacial cycle (modified from Ludwig et
al., 1996). Grey curve was derived from dating of tectonically uplifted
coral reefs on the Huon Peninsula, New Guinea, and is shown for com-
parison with coral age data from Barbados (dashed line) and tectonically
stable Florida (triangles, circles, and plus signs). All datasets and coral
ages point to subaerial exposure of the outer Florida shelf (�68 ka) and
the paleoplatform interior (�100 ka) between isotope substage 5a and the
Holocene.

Granted, bathymetry and bedrock topography are not the
same and do not account for an intervening Holocene se-
quence. However, considering the regional scale and general
thinness of the Holocene section shelf-wide (average �3–4 m
thick [LIDZ, REICH, and SHINN, 2003, their figure 4B] rela-
tive to deep-sea stratigraphic sections hundreds of meters
thick surveyed by the oil and gas industry), both sets of con-
tours are sufficiently correlative to establish firmly that a
continuous post-5e landmass remained subaerially exposed
until the Holocene. For smoothness of contour lines and shad-
ing, the NGDC bathymetry map is used in this paper.

The map shows that when sea level was at the highest (�9
m below present during substage 5a) of its two post-5e peaks,
east/west width of the emergent peninsula at the Card Sound
latitude was �160 km (Figure 3). Card, Barnes, and Black-
water Sounds; the Everglades; and Florida Bay were dry
land, as was most of the shelf seaward of the upper and mid-
dle Keys. The northwest/southeast width at the Content Keys
(lower Keys) point of promontory curvature was �30 km, and
the landmass extended another 90 km westward across the
Marquesas Keys onto the ridge underlying The Quicksands
(SHINN, LIDZ, and HOLMES, 1990). As noted, bathymetric
sounding data are lacking on the ridge, and seismic data
point to the entire ridge out to Halfmoon Shoal, an additional
20 km, as having been emergent. Tidal passes across the
landmass did not exist to connect colder Gulf of Mexico wa-
ters to the shelf-edge reefs during substage 5a time. The only
link between Gulf and Atlantic waters then was at the west
end of the landmass through an unnamed 20-m-deep channel
between Halfmoon and Rebecca Shoals (Figure 1; LIDZ,
REICH, and SHINN, 2003; SHINN, LIDZ, and HOLMES, 1990).
The west end of the Florida Keys reef tract, which lies south
of the ridge beneath The Quicksands, essentially terminates
south of Halfmoon Shoal, where the emergent paleoplatform
ended (E.A. SHINN, personal communication, 2005).

Three concurrent essentials promoted growth and preser-
vation of post-5e reefs in the keys: protected settings devoid
of deleterious coastal, bay, and Gulf of Mexico waters; accom-
modation space; and time. Successive periods of sea-level ze-
niths below a consistently emergent platform promontory
provided the geomorphic settings. Lack of surf zones of any
significant duration precluded widespread establishment of
branching corals and favored dominance of head corals. Mon-
tastrea annularis prevails in the late Pleistocene sequences
(HARRISON and CONIGLIO, 1985; HOFFMEISTER, 1974; HOFF-
MEISTER and MULTER, 1964, 1968; TOSCANO and LUND-
BERG, 1999).
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Table 1. Criteria obtained from cored branching (Acropora palmata) and head corals (Colpophyllia natans and Montastrea annularis) used to derive sea-
level maxima in the Florida Keys over the last 125 ka.

The substage 5a transgression was higher in rise than the
5c transgression/5b regression, which provided corals the new
accommodation space necessary to recolonize and increase
the size of the reefs (Figures 4A–C). Given space, relatively
stable highstand conditions, and sufficient time, carbonate
platforms and reefs will build to and just above sea level
(TUCKER, 1985). The Florida Keys record shows that, space
notwithstanding, not all Pleistocene reefs and sediments
reached sea level. A core transect through the outer-shelf cor-
al ridge-and-swale topography of the lower Keys revealed
that the cemented Pleistocene sediment–filled swale surface
is �13 m below that of unconsolidated overlying Holocene
sediments and the adjacent narrow reef ridge crests (LIDZ,
2004; SHINN et al., 1977). Where the shelf-edge reef is pre-
sent, seismic profiles depict a Pleistocene backreef trough
filled with Holocene sediments (e.g., Figures 4A–C). Depths
of dated corals at the Carysfort and Sand Key outlier reefs
indicate that reef crests did not build to the highstand apices
of substages 5c and 5a (Figures 4A and 4C). The hindering
circumstances are not known and are almost certainly re-
sponsible for the Pleistocene reefs not being larger than they
are. Indeed, if those reefs had filled all accommodation space
to a uniform elevation at sea level, the reefs would not have
become the discrete topographic controls for distribution of
Holocene reefs (SHINN et al., 1977, 1989).

Time, though an essential growth component, was of lesser

importance than a protected setting and accommodation
space. Judging from the �18O and local sea-level curves (Fig-
ures 2A and 2B), the hermatypic reefs might have occupied
the photosynthetic zone for only around 20 ka during the col-
lective highstand apices, including twice during substage 5e
when transgressive and regressive water depths raised and
lowered the zone above, then back to, the level at which cor-
als would grow. During the substage 5e transgression, water
depth at some point probably became too great for sustained
metabolism of the shelf-edge corals. If so, the reefs likely un-
derwent a give-up phase (NEUMANN and MACINTYRE, 1985)
until corals could become re-established during the 5e re-
gression. Later corals again colonized the reefs during the
substage 5c transgression, at least in the dated Sand Key
outlier reef (Table 1; LIDZ, REICH, and SHINN, 2005; LIDZ et
al., 2006; TOSCANO and LUNDBERG, 1998). Corals of that age
presumably occur elsewhere along the margin where other
Pleistocene keep-up reefs are found. During each coral accru-
al interval, shallow coastal and turbid bay waters were non-
existent, and the reefs were unencumbered by gulf waters.

Corals did not recolonize all reefs, however. Seaward of the
Carysfort outlier reef, The Elbow, and elsewhere along the
upper Keys terrace, seismic facies indicate presence of four
linear low-relief features with irregular surfaces that pro-
trude above Holocene sediments (Figures 4A and 4B; LIDZ et
al., 1997a). The jagged seismic surfaces are similar to those
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of known shelf-edge Holocene reefs (Figure 4A; LIDZ, REICH,
and SHINN, 2003). These features are inferred to be imma-
ture outlier reefs equivalent to the four outlier tracts off the
lower Keys (LIDZ, REICH, and SHINN, 2003). For reasons not
known, the features remained give-up reefs, whereas imme-
diately landward, the Pleistocene facies beneath Holocene ac-
cretions of Carysfort Reef and on its outlier exhibit the pro-
files of keep-up reefs. Indeed, corals cored from Pleistocene
facies at Carysfort and its outlier date to substage 5a and
substages 5b and 5a, respectively (MULTER et al., 2002; TOS-
CANO and LUNDBERG, 1998). Of interest is that reconciliation
of coral ages with the �18O curve indicates accretion is both
transgressive and regressive (Figure 2A; Table 1). These ac-
crual phases have implications, not addressed in this paper,
for rate of rise and fall of late Pleistocene sea level. In turn,
the rate, likely inconsistent, could also relate to unfilled ac-
commodation space.

Holocene Setting

Conditions during the early and middle Holocene were sim-
ilar to those in the late Pleistocene, as shown by bedrock to-
pography (LIDZ and SHINN, 1991; LIDZ, REICH, and SHINN,
2003) and by early head coral colonization such as at Grecian
Rocks (Figure 1; SHINN, 1980). Rate of Holocene sea-level
rise, at first rapid, had slowed by the time the sea began to
cross the Pleistocene reef crests and creep landward (Figure
5). The slowed rate permitted a protracted movement of the
surf zone across the crests and the broad low-gradient (PER-
KINS, 1977) outer-shelf expanse. Coral assemblages respond-
ed by changing species and growth habits, even within reefs,
and by backstepping (LIDZ, ROBBIN, and SHINN, 1985;
SHINN, 1980; TOSCANO and LUNDBERG, 1998). Branching ac-
roporids prevailed, with the staghorn coral Acropora palmata
being the most prolific species and the dominant Holocene
reef framework builder as recently as 30 years ago. Skeletal
A. palmata now composes linear reef caps and thick seaward-
oriented spur-and-groove systems on the Pleistocene reefs
(SHINN, 1963). Clearly defined coral zonations are found
within outer-shelf reefs, beginning with seaward, deeper-wa-
ter head corals and migrating landward to oriented then uno-
riented stands of branching corals. Coral species and orien-
tation were dependent on changing water depth and surf in-
tensity (DUSTAN, 1985; SHINN, 1963, 1980; SHINN et al.,
1977, 1989).

In the Florida record, antecedent reefs and beach-dune
ridges are well-established outer-shelf nuclei for Holocene
corals (MULTER et al., 2002; PERKINS, 1977; SHINN et al.,
1977). Isolated Holocene patch reefs are also found on the
inner shelf on seaward parts of the nearshore rock ledge, es-
pecially off the lower Keys (LIDZ, REICH, and SHINN, 2005;
LIDZ et al., 2006; MARSZALEK, 1977).

However, thousands of inner-shelf patch reefs and patch-
reef clusters are aligned along the middle of Hawk Channel
keys-wide (JAAP, 1997; MARSZALEK, 1977; SHINN et al.,
1989). Another outcome of combining select datasets used in
the database synthesis (LIDZ, REICH, and SHINN, 2005) was
the serendipitous discovery of the underpinnings of the mid-
channel patch reefs and thus of a type of nucleus for coral

recruitment new to the Florida record. The corals colonized
landward edges of two troughs on the seaward side of the
bedrock depression beneath the channel (LIDZ et al., 2006).
Channel substrate is noncoralline, non–beach dune grain-
stone/packstone (MULTER et al., 2002; SHINN, REESE, and
REICH, 1994). The trough-edge sites were sufficiently deep
for head coral growth and were sheltered from surf and land-
ward storm-transported sediment by higher elevation outer-
shelf topography (LIDZ et al., 2006).

During the later part of the Holocene, a slowing but none-
theless rising sea level fundamentally transformed the geo-
morphic setting of the Florida Keys region from that of the
previous 100 ka. Spilling through low-elevation areas within
the Key Largo/Miami Limestone, the sea filled the shallow
(DAVIES, 1980) bedrock depression that became Florida Bay
and isolated the chain of Key Largo/Miami Limestone is-
lands. Today, tidal influence is strong, particularly in the
middle Keys. Bay and Gulf of Mexico waters flow southward
through tidal passes in the keys (SMITH, 1994, 1998) and mix
with those of the Gulf Stream and Florida Straits to reach
the reefs. These shelf and gulf waters vary seasonally and
interannually with respect to temperature, salinity, and tur-
bidity, and with the advent of urbanization, nutrient and
chemical pollution, all of which can stress corals (GLYNN,
1984; HALLOCK and SCHLAGER, 1986; ROBERTS et al., 1982).
The recently recognized infusion of African dust also imports
foreign microbes and chemicals to the ecosystem (GRIFFIN,
KELLOGG, and SHINN, 2001; GRIFFIN et al., 2003; SHINN et
al., 2000; SMITH et al., 1996; WALSH and STEIDINGER, 2001).

Among adverse components now infiltrating the ecosystem
and engulfing the reefs is an assortment of natural—aggra-
vated by human—elements incompatible with coral calcifi-
cation and accretion. The waters over the reefs are in and of
themselves a natural stress (JAMESON, TUPPER, and RIDLEY,
2002), as is clear from the geologic record. When rising sea
level began to submerge the once emergent and protective
promontory, landmass connectivity was fragmented. Crea-
tion of Florida Bay further modified the setting and tied tid-
ally induced coastal, bay, and gulf waters to the reefs. With-
out reference to any particular effects that Florida Bay wa-
ters might or might not have on any particular areas of the
reef tract or to types of organisms that might or might not
remain vibrant today, it is a simple given that rising sea level
has altered physical and hydrologic dynamics on the shelf.
Among the natural components that now differ from the late
Pleistocene/mid-Holocene highstand settings are water qual-
ity, depth, circulation, and resultant character of the reef sea-
scape.

Geologic Significance

Evaluation of reef growth relative to paleolandscapes and
past sea levels is a rational approach to assess why some
reefs might be larger or exhibit different growth patterns
than others in a given region. Not all reefs evolve in the same
manner through time or space. In this case, cumulative in
situ accretion of Pleistocene head corals changed in the Ho-
locene relative to growth sites, habits, and species of corals.

By understanding past controls and reef responses in a re-
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Figure 3.  National Geophysical Data Center map shows bathymetric paleoshoreline contours of South Florida at sea levels of ~9, 12, 15, 30, and 40 m below present. Black dots mark major reefs and geographic sites discussed in text. On the basis of bathymetry, the black line (9-m contour) demarcates 
approximate extent of emergent South Florida paleoplatform at the highest post–substage 5e sea level before the Holocene. The scalloped nature of bathymetry behind the shelf margin west of Eastern Sambo is an artifact because of a lack of sounding datapoints off Boca Chica Key, Key West, and in the 
area north and west of latitude 24˚26'N and longitude 82˚W (as illustrated in Lidz et al., 2006, their fi gure 14). Lack of sounding datapoints west of Key West also affects westward pictured extent of emergent promontory. Seismic data show that the promontory at 9 m below present sea level was likely 
emergent as far west as Halfmoon Shoal (Lidz, Reich, and Shinn, 2003, their fi gure 4A). Note two inner-shelf bedrock troughs (white 6-m and black 9-m contours off respective upper and middle/lower Keys) that focused location and alignment of patch reefs in the middle of Hawk Channel (discussed 
in Lidz et al., 2006).
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Figure 4. Seismic profiles show stratigraphic variations across the shelf margin. For comparative purposes, the depth scales match. Reef locations are
shown in Figure 1. Note peak elevations of sea level during marine isotope substages 5c, 5b, and 5a (dotted lines). Latitude and longitude at bottom of
profiles in degrees and decimal minutes are based on GPS coordinates. Hours (military time) below coordinates serve as navigational correlation points
along the seismic line. (A) The 24-m-deep backreef trough behind the Carysfort outlier reef has not yet been filled with Holocene sediments. A core sample
recovered from the seaward face of Carysfort Reef yielded the youngest Pleistocene age (77.8 ka) so far in the Florida Keys (Multer et al., 2002). (B)
Profile across The Elbow shows that the 27-m-deep backreef trough has been filled and overtopped with landward storm-transported Holocene sediments.
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Figure 5. Sea-level curve for the Florida reef tract is well constrained
by local proxy data (in conventional 14C ages) as modified (Lidz and Shinn,
1991) from the curve of Robbin (1984). Rates of rise are shown at left.
Upper part of rise rates shows actual rise measured by tide gauges at
Key West (1932–present).

←

Note jagged seismic facies at seaward fill crest, indicating Holocene coral growth. Also note similar facies protruding above Holocene sediments on the
upper-slope terrace and an inferred beach-dune ridge at seaward edge of terrace. (C) Profile across margin at Sand Key Reef crossed three tracts of
outlier reefs, just missing a fourth tract (labeled #3) visible in aerial photographs (Lidz, Reich, and Shinn, 2003). Although the outliers at Carysfort and
Sand Key Reefs show profiles of keep-up reefs, their coral ages indicate the reefs did not grow to peak sea level during the transgressions of isotope
substages 5c and 5a. Substage 5b time was regressional.

gion that harbors modern reefs, deciphering what might be
affecting vitality of the present organisms becomes clearer.
Anthropogenic influences are now a widely recognized part
of the reef decline equation but are of lesser consequence in
light of the big-picture evidence found in the late Pleistocene
record. The human elements are in addition to the natural
stresses induced by changes in geomorphic setting. Clearly,
the sole effects of a rising sea level are numerous and sub-
stantial—linkage to the reefs of natural water-quality com-
ponents unsuitable for coral calcification and accretion is but
one. The phenomenon is known as reefs being shot in the
back by their own lagoon (NEUMANN and MACINTYRE, 1985).
The present setting, marginal for reef growth, underscores
the significance of the past settings that nurtured the archi-
tects of imposing late Pleistocene reefs. The reasons those
reefs grew so large are archived in the bedrock elevations,
coral ages and depths, and proxy evidence for past eustatic
zeniths that, in the Florida Keys, are well preserved. In this
shallow-shelf case, one of the key corroborating tools used to
decode the events and their effects—bathymetry—is not yet
even a part of the rock record.

CONCLUSIONS

An emergent, post–isotope substage 5e platform promon-
tory existed in South Florida for �100 ka during the Pleis-
tocene. The coherent landmass created favorable conditions
for offshore reef calcification and accretion by protecting the
corals from Gulf of Mexico waters. Shallow coastal and turbid
bay waters did not exist. A sea level that fluctuated below
the exposed promontory within a highstand range of �15 to
9 m relative to present sea level provided accommodation
space during substages 5c, 5b, and 5a. Offshore, head corals
dominated and became architects of imposing reefs. Relative
to the long landmass duration, collective time of reef accrual
was comparatively short, perhaps only about 20 ka. Deposi-
tion occurred during both transgressive and regressive con-
ditions, which has implications for rate of rise and fall of late
Pleistocene sea level. Not all accommodation space was filled,
which might relate to the rate of fluctuation.

Peaks of the late Pleistocene highstands remained below
elevation of the ridge beneath The Quicksands. Those posi-
tions support the inferred substage 5e ridge age and show
that the shallow ridge, like the emergent 5e Florida Keys of
the same oolitic and reefal facies, is older than the deeper
substage 5a shelf bedrock off the keys.

Late Pleistocene and early/mid-Holocene geomorphic con-
ditions vanished as the Holocene sea moved inland, frag-
menting the exposed landmass. A slowed rate of sea-level rise
across the shelf induced a slow-moving surf zone, favoring
branching corals that once thrived along the outer shelf, even
in historic times. Increasing water depth and surf intensity

stimulated changes in Holocene keep-up reefs—in coral spe-
cies and orientation and in reef structure through backstep-
ping. Notwithstanding the effects of human activities on mod-
ern reefs, the geologic record in the Florida Keys over the
past 150 ka demonstrates that a changing sea level induced
very different late Pleistocene and Holocene geomorphic set-
tings. Within those settings, very different ambient condi-
tions generated very different responses in reef development.
The essential factors during the Pleistocene were protected
settings, accommodation space, and time. The stratigraphic
results are imposing offshore Pleistocene reefs that form dis-
tinctive topographic controls for a comparatively thin cap of
skeletal Holocene overgrowth.

ACKNOWLEDGMENTS

Gratitude is extended to Russell L. Peterson, who brought
the NDGC maps and web site to the author’s attention and

Downloaded From: https://bioone.org/journals/Journal-of-Coastal-Research on 10 May 2024
Terms of Use: https://bioone.org/terms-of-use



758 Lidz

Journal of Coastal Research, Vol. 22, No. 4, 2006

who provided the map used in Figure 3. Sources of the NGDC
bathymetric data include the U.S. National Ocean Service
Hydrographic Database, the U.S. Geological Survey (USGS),
U.S. Army Corps of Engineers LIDAR, Monterey Bay Area
Research Institute, and other academic institutions. Topo-
graphic data are from the USGS 3-arc-second digital eleva-
tion models and Shuttle Radar Topography data. Volumes 3
through 5 also use bathymetric contours from the Interna-
tional Bathymetric Chart of the Caribbean Sea and the Gulf
of Mexico project as input to the gridding process. Volume 3
contains the data for the Florida Keys. The author thanks H.
Gray Multer and Eugene A. Shinn for insightful discussions
and Pamela Hallock for a highly constructive review of an
early version that greatly improved the manuscript. John C.
Brock and N. Terence Edgar contributed thoughtful com-
ments and recommendations to the final version. This paper
is part of a larger Florida Keys mapping project.

LITERATURE CITED

BARD, E.; HAMELIN, B.; FAIRBANKS, R.G.; ZINDLER, A.; MATHIEU,
G., and ARNOLD, M., 1990. U/Th and 14C ages of corals from Bar-
bados and their use for calibrating the 14C time scale beyond 9000
years B.P. Nuclear Instruments and Methods in Physics Research,
B52, 461–468.

CHAPPELL, J., 1974. Geology of coral terraces, Huon Peninsula, New
Guinea: a study of Quaternary tectonic movements and sea-level
changes. Geological Society of America Bulletin, 85, 553–570.

CHAPPELL, J. and SHACKLETON, N.J., 1986. Oxygen isotopes and sea
level. Nature, 324, 137–140.

DAVIES, T.D., 1980. Peat Formation in Florida Bay and Its Signifi-
cance in Interpreting the Recent Vegetational and Geological His-
tory of the Bay Area. University Park, Pennsylvania: Pennsylva-
nia State University, Doctoral thesis, 316p.

DIVINS, D.L., 2003. Coastal relief model. http://www.ngdc.
noaa.gov/mgg/coastal. Boulder, Colorado: National Geophysical
Data Center (accessed May 23, 2006).

DUSTAN, P., 1985. Community structure of reef-building corals in
the Florida Keys: Carysfort Reef, Key Largo and Long Key Reef,
Dry Tortugas. Atoll Research Bulletin, 288, 1–27.

ENOS, P., 1977. Holocene sediment accumulations of the South Flor-
ida shelf margin, Part I. In: ENOS, P., and PERKINS, R.D. (eds.),
Quaternary Sedimentation in South Florida. Geological Society of
America Memoir 147, pp. 1–130.

ENOS, P. and PERKINS, R.D., 1977. Quaternary Sedimentation in
South Florida. Geological Society of America Memoir 147, 198p.

FAIRBANKS, R.G., 1989. A 17,000-year glacio-eustatic sea level re-
cord: influence of glacial melting rates on the Younger Dryas event
and deep ocean circulation. Nature, 342, 637–642.

GLYNN, P.W., 1984. Widespread coral mortality and the 1982–1983
El Niño warming event. In: OGDEN, J., and WICKLUND, R., (eds.),
Mass Bleaching of Coral Reefs: A Research Strategy. National Un-
dersea Research Program Research Report 88, pp. 42–45.

GRIFFIN, D.W.; KELLOGG, C.A., and SHINN, E.A., 2001. Dust in the
wind: long range transport of dust in the atmosphere and its im-
plications for global public and ecosystem health. Global Change
and Human Health, 2(1), 20–33.

GRIFFIN, D.W.; KELLOGG, C.A.; GARRISON, V.H.; LISLE, J.T.; BOR-
DEN, T.C., and SHINN, E.A., 2003. Atmospheric microbiology in
the northern Caribbean during African dust events. Aerobiologia,
19(3–4), 143–157.

HALLEY, R.B. and EVANS, C.E., 1983. The Miami Limestone, A Guide
to Selected Outcrops and Their Interpretation (with a Discussion of
Diagenesis in the Formation). Miami, Florida: Miami Geological
Society, 65p.

HALLOCK, P. and SCHLAGER, W., 1986. Nutrient excess and the de-
mise of coral reefs and carbonate platforms. PALAIOS, 1, 389–398.

HARRISON, R.S. and CONIGLIO, M., 1985. Origin of the Pleistocene

Key Largo Limestone, Florida Keys. Bulletin of Canadian Petro-
leum Geology, 33, 350–358.

HOFFMEISTER, J.E., 1974. Land from the Sea, the Geologic Story of
South Florida. Coral Gables, Florida: University of Miami Press,
143p.

HOFFMEISTER, J.E. and MULTER, H.G., 1964. Pleistocene limestone
of the Florida Keys. In: GINSBURG, R.N. (compiler), South Florida
Carbonate Sediments. Geological Society of America Field Trip 1,
pp. 57–61.

HOFFMEISTER, J.E. and MULTER, H.G., 1968. Geology and origin of
the Florida Keys. Geological Society of America Bulletin, 79, 1487–
1502.

HOFFMEISTER, J.E.; STOCKMAN, K.W., and MULTER, H.G., 1967. Mi-
ami Limestone of Florida and its Recent Bahamian counterpart.
Geological Society of America Bulletin, 78, 175–190.

IMBRIE, J.; HAYS, J.D.; MARTINSON, D.G.; MCINTYRE, A.; MIX, A.C.;
MORLEY, J.J.; PISIAS, N.G.; PRELL, W.L., and SHACKLETON, N.J.,
1984. The orbital theory of Pleistocene climate: support from a
revised chronology of the marine �18O record. In: BERGER, A.L.;
IMBRIE, J.; HAYS, J.; KUKLA, G., and SALTZMAN, B., (eds.), Mil-
ankovitch and Climate: Understanding the Response to Astronom-
ical Forcing. Proceedings, NATO Advanced Research Workshop,
Palisades, New York. NATO Science Series C, 126, pp. 269–305.

JAAP, W.C., 1997. Coral reefs. In: GALLAGHER, D.; CAUSEY, B.D.;
GATO, J., and VIELE, J., (eds.), The Florida Keys Environmental
Story, A Panorama of the Environment, Culture and History of
Monroe County, Florida. Big Pine Key, Florida: Seacamp Associa-
tion, Inc., pp. 58–62.

JAMESON, S.C.; TUPPER, M.H., and RIDLEY, J.M., 2002. The three
screen doors: can marine ‘‘protected’’ areas be effective? Marine
Pollution Bulletin, 44, 1177–1183.

LIDZ, B.H., 2004. Coral reef complexes at an atypical windward plat-
form margin: late Quaternary, southeast Florida. Geological So-
ciety of America Bulletin, 116(7), 974–988.

LIDZ, B.H. and SHINN, E.A., 1991. Paleoshorelines, reefs, and a ris-
ing sea: South Florida, U.S.A. Journal of Coastal Research, 7(1),
203–229.

LIDZ, B.H.; REICH, C.D., and SHINN, E.A., 2003. Regional Quater-
nary submarine geomorphology in the Florida Keys. Geological So-
ciety of America Bulletin, 115(7), 845–866, plus oversize color plate
of Pleistocene topographic and Holocene isopach maps, scale 1:
65,000.

LIDZ, B.H.; REICH, C.D., and SHINN, E.A., 2005. Systematic mapping
of bedrock and habitats along the Florida reef tract: central Key
Largo to Halfmoon Shoal (Gulf of Mexico). U.S. Geological Survey
Professional Paper 1714 (DVD and online at http://pubs.usgs.gov/
pp/2005/1714).

LIDZ, B.H.; ROBBIN, D.M., and SHINN, E.A., 1985. Holocene carbon-
ate sedimentary petrology and facies accumulation, Looe Key Na-
tional Marine Sanctuary, Florida. Bulletin of Marine Science,
36(3), 672–700.

LIDZ, B.H.; HINE, A.C.; SHINN, E.A., and KINDINGER, J.L., 1991.
Multiple outer-reef tracts along the South Florida bank margin:
outlier reefs, a new windward-margin model. Geology, 19, 115–
118.

LIDZ, B.H.; SHINN, E.A.; HINE, A.C., and LOCKER, S.D., 1997a. Con-
trasts within an outlier-reef system: evidence for differential Qua-
ternary evolution, South Florida windward margin, U.S.A. Jour-
nal of Coastal Research, 13(3), 711–731.

LIDZ, B.H.; SHINN, E.A.; HANSEN, M.E.; HALLEY, R.B.; HARRIS,
M.W.; LOCKER, S.D., and HINE, A.C., 1997b. Maps Showing Sed-
imentary and Biological Environments, Depth to Pleistocene Bed-
rock, and Holocene Sediment and Reef Thickness from Molasses
Reef to Elbow Reef, Key Largo, South Florida. U.S. Geological Sur-
vey Investigations Series, Map I-2505, double-sided descriptive
and interpretive maps with aerial photomosaic, scale 1:24,000, 3
sheets.

LIDZ, B.H.; REICH, C.D.; PETERSON, R.L., and SHINN, E.A., 2006.
New maps, new information: coral reefs of the Florida Keys. Jour-
nal of Coastal Research, 22(2), 61–83.

LIGHTY, R.G.; MACINTYRE, I.G., and STUCKENRATH, R., 1982. Ac-
ropora palmata reef framework: a reliable indicator of sea level in

Downloaded From: https://bioone.org/journals/Journal-of-Coastal-Research on 10 May 2024
Terms of Use: https://bioone.org/terms-of-use



759Pleistocene Corals of the Florida Keys

Journal of Coastal Research, Vol. 22, No. 4, 2006

the western Atlantic for the past 10,000 years. Coral Reefs, 1, 125–
130.

LUDWIG, K.R.; MUHS, D.R.; SIMMONS, K.R.; HALLEY, R.B., and
SHINN, E.A., 1996. Sea-level records at �80 ka from tectonically
stable platforms: Florida and Bermuda. Geology, 24(3), 211–214.

MALLINSON, D.; HINE, A.; HALLOCK, P.; LOCKER, S.; SHINN, E.;
NAAR, D.; DONAHUE, B., and WEAVER, D., 2003. Development of
small carbonate banks on the South Florida platform margin: re-
sponse to sea level and climate change. Marine Geology, 199, 45–
63.

MARSZALEK, D.S., 1977. Florida Reef Tract Marine Habitats and
Ecosystems. Published in cooperation with State of Florida De-
partment of Natural Resources; U.S. Department of Interior Bu-
reau of Land Management, New Orleans Outer Continental Shelf
Office; and University of Miami Rosenstiel School of Marine and
Atmospheric Science, double-sided descriptive and interpretive
maps, scale 1:30,000, 9 sheets.

MUHS, D.R., 2002. Evidence for the timing and duration of the last
interglacial period from high-precision uranium-series ages of cor-
als on tectonically stable coastlines. Quaternary Research, 58, 36–
40.

MUHS, D.R.; WEHMILLER, J.F.; SIMMONS, K.R., and YORK, L.L., 2004.
Quaternary sea-level history of the United States. Developments in
Quaternary Science, 1, 147–183. doi:10.1016/S1571-0866(03)01008-X.

MULTER, H.G.; GISCHLER, E.; LUNDBERG, J.; SIMMONS, K.R., and
SHINN, E.A., 2002. Key Largo Limestone revisited: Pleistocene
shelf-edge facies, Florida Keys, USA. Facies, 46, 229–272.

NEUMANN, A.C. and MACINTYRE, I.G., 1985. Response to sea level
rise: keep-up, catch-up, or give-up. Proceedings of the 5th Inter-
national Coral Reef Symposium (Papeete, Tahiti). Volume 3, pp.
105–110.

PERKINS, R.D., 1977. Depositional framework of Pleistocene rocks in
South Florida, Part II. In: ENOS, P., and PERKINS, R.D. (eds.),
Quaternary Sedimentation in South Florida. Geological Society of
America Memoir 147, pp. 131–198.

PRATSON, L.; DIVINS, D.; BUTLER, T.; METZGER, D.; SHARMAN, G.;
STEELE, M.; BERGGREN, T.; HOLCOMBE, T., and RAMOS, R.,
1999a. Exposing the U.S. coastal zone. EOS, Transactions, Amer-
ican Geophysical Union, 80, 37.

PRATSON, L.; DIVINS, D.; BUTLER, T.; METZGER, D.; STEELE, M.;
SHARMAN, G.; BERGGREN, T.; HOLCOMBE, T., and RAMOS, R.,
1999b. Development of an elevation database for the U.S. Coastal
Zone. Surveying and Land Information Systems, 59, 3–13.

ROBBIN, D.M., 1984. A new Holocene sea level curve for the upper
Florida Keys and Florida reef tract. In: GLEASON, P.J. (ed.), En-
vironments of South Florida: Present and Past. Miami, Florida: Mi-
ami Geological Society Memoir 2, 437–458.

ROBERTS, H.H.; ROUSE, L.J., JR.; WALKER, N.D., and HUDSON, J.H.,
1982. Cold-water stress in Florida Bay and northern Bahamas—
a product of winter cold-air outbreaks. Journal of Sedimentary Pe-
trology, 52, 145–155.

SANFORD, S., 1909. The topography and geology of southern Florida.
Florida Geological Survey Annual Report, 2, 175–231.

SCHOLL, D.W.; CRAIGHEAD, F.C., SR., and STUIVER, M., 1969. Flor-
ida submergence curve revised: its relation to coastal sedimenta-
tion rates. Science, New Series, 163(3867), 562–564.

SHARMAN, G.; METZGER, D.; COMPAGNOLI, J.; BUTLER, T.; BERG-
GREN, T.; DIVINS, D., and STEELE, M., 1998. GEODAS: a hydro/
bathy data management system. Surveying and Land Information
Systems, 58(3), 141–146.

SHINN, E.A., 1963. Spur and groove formation on the Florida reef
tract. Journal of Sedimentary Petrology, 33, 291–303.

SHINN, E.A., 1980. Geologic history of Grecian Rocks, Key Largo
Coral Reef Marine Sanctuary. Bulletin of Marine Science, 30, 646–
656.

SHINN, E.A.; LIDZ, B.H., and HOLMES, C.W., 1990. High-energy car-
bonate sand accumulation, the Quicksands, southwest Florida
Keys. Journal of Sedimentary Petrology, 60(6), 952–967.

SHINN, E.A.; REESE, R.S., and REICH, C.D., 1994. Fate and Path-
ways of Injection-Well Effluent in the Florida Keys. U.S. Geolog-
ical Survey Open-File Report 94-276, 116p.

SHINN, E.A.; HUDSON, J.H.; HALLEY, R.B., and LIDZ, B.H., 1977.
Topographic control and accumulation rate of some Holocene coral
reefs, South Florida and Dry Tortugas. Proceedings of the 3rd In-
ternational Coral Reef Symposium (Miami, Florida), Volume 2,
Geology, pp. 1–7.

SHINN, E.A.; LIDZ, B.H.; KINDINGER, J.L.; HUDSON, J.H., and HAL-
LEY, R.B., 1989. Reefs of Florida and the Dry Tortugas: A Guide
to the Modern Carbonate Environments of the Florida Keys and
the Dry Tortugas. Washington, DC: American Geophysical Union,
International Geological Congress Field Trip Guidebook T176,
55p.

SHINN, E.A.; SMITH, G.W.; PROSPERO, J.M.; BETZER, P.; HAYES,
M.L.; GARRISON, V., and BARBER, R.T., 2000. African dust and
the demise of Caribbean coral reefs. Geophysical Research Letters,
27(19), 3029–3032.

SMITH, N.P., 1994. Long-term Gulf-to-Atlantic transport through
tidal channels in the Florida Keys. Bulletin of Marine Science,
54(3), 602–609.

SMITH, N.P., 1998. Tidal and long-term exchanges through channels
in the middle and upper Florida Keys. Bulletin of Marine Science,
62(1), 199–211.

SMITH, G.W.; IVES, L.D.; NAGELKERKEN, I.A., and RITCHIE, K.B.,
1996. Caribbean sea-fan mortalities. Nature, 383, 487.

SMITH, W.H.F. and WESSEL, P., 1990. Gridding with continuous cur-
vature splines in tension. Geophysics, 55, 293–305.

STANLEY, S.M., 1966. Paleoecology and diagenesis of Key Largo
Limestone, Florida. American Association of Petroleum Geologists
Bulletin, 50, 1927–1947.

TOSCANO, M.A., 1996. Late Quaternary Stratigraphy, Sea-Level His-
tory, and Paleoclimatology of the Southeast Florida Outer Conti-
nental Shelf. St. Petersburg, Florida: University of South Florida,
Doctoral thesis, 280p.

TOSCANO, M.A. and LUNDBERG, J., 1998. Early Holocene sea-level
record from submerged fossil reefs on the southeast Florida mar-
gin. Geology, 26(3), 255–258.

TOSCANO, M.A. and LUNDBERG, J., 1999. Submerged late Pleisto-
cene reefs on the tectonically stable S.E. Florida margin: high-
precision geochronology, stratigraphy, resolution of substage 5a
sea-level elevation, and orbital forcing. Quaternary Science Re-
views, 18, 753–767.

TUCKER, M.E., 1985. Shallow-marine carbonate facies and facies
models. In: BRENCHLEY, P.J., and WILLIAMS, B.P.J. (eds.), Sedi-
mentology—Recent Developments and Applied Aspects. Oxford, UK:
The Geological Society, Blackwell Scientific Publications, pp. 147–
169.

WALSH, J.J. and STEIDINGER, K.A., 2001, Saharan dust and Florida
red tides: the cyanophyte connection. Journal of Geophysical Re-
search, 106(C6), 11,597–11,612.

WANLESS, H.R., 1989. The inundation of our coastlines: past, pre-
sent and future with a focus on South Florida. Sea Frontiers, 35(5),
264–271.

WESSEL, P. and SMITH, W.H.F., 1995. New version of the Generic
Mapping Tools released. EOS, Transactions, American Geophysi-
cal Union, 76, 329.

Downloaded From: https://bioone.org/journals/Journal-of-Coastal-Research on 10 May 2024
Terms of Use: https://bioone.org/terms-of-use


