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Introduction time have employed thermal-ionization mass spectrometry
(TIMS) to measure U-series nuclides, which has increased
In the past 30 years, there have been tremendous advancgwecision, requires much smaller samples, and can extend the
in our understanding of Quaternary sea-level history, due useful time period for dating back to at leas500,000 yr.
directly to developments in Quaternary dating methods, Because corals are not found in all marine deposits,
particularly uranium-series disequilibrium and amino acid amino-acid racemization has provided a complementary
racemization. Another reason for this progress is that coast-method for geochronology of coastal records (see review
line history can now be tied to the oxygen-isotope record of by Wehmiller & Miller, 2000. The basis of amino-acid
foraminifera in deep-sea cores. Furthermore, both recordsgeochronology is that proteins of living organisms (such as
have been linked to climate change on the scale of glacial-marine mollusks) contain only amino acids of theonfig-
interglacial cycles that are thought to be forced by changesuration. Upon the death of an organism, amino acids otthe
in Earth-Sun geometry, or “orbital forcingMilankovitch, configuration convert to amino acids of tBeconfiguration,
1941). a process called racemization. Racemization is a reversible
Prior to about 1965, much less was known about the reaction that results in increasBél ratios in a fossil through
Quaternary sea-level record of the United States. Knowledgetime until an equilibrium ratio (1.00-1.30, depending on the
of the Quaternary history of U.S. coastlines at that time amino acid) is reached. Racemization kinetics are nonlinear
has been summarized Hyichards & Judson (1965for and are a function of environmental temperature history and
the Atlantic coastBernard & LeBlanc (1965jor the Gulf taxonomy. Amino-acid methods are best applied to fossil
coast, Wahrhaftig & Birman (1965)for the Pacific coast, mollusks, which occur on virtually every coastline of the
Pewe et al. (1965) for Alaska, andCurray (1965)for the world. Although numerical age estimates from amino-acid
continental shelves. On many segments of U.S. coastlinesratios are still tentative, the technique provides a valuable
Quaternary shorelines had not even been mapped adequatelgorrelation tool that works best when combined with
Although marine terrace maps were available for small numerical methods such as U-series4€ dating.
reaches of coast (e.g. the California studiesAt#xander, The sea-level record of Quaternary glacial and inter-
1953; Vedder & Norris, 1963; Woodringt al., 1946, much glacial periods is reflected in the oxygen-isotope composition
larger areas had not been studied in sufficient detail for under(relative amounts of0 and'®0) of foraminifera in deep-sea
standing sea-level history. The oxygen-isotope compositionsediments. Oxygen-isotope compositions of foraminifera
of foraminifera in deep-sea sediments had been exploredare a function of both water temperature and the oxygen
(Emiliani, 1955 and the cores partially dateRgsholtet al., isotope composition of ocean water at the time of shell
1967), but the relations of this record to ice volume and formation. Foraminifera precipitate shells with mot20
the sea-level record were not understood. At that time, noin colder water. The oxygen isotope composition of ocean
reliable dating method beyond the range of radiocarbonwater is a function of the mass of glacier ice on land,
was fully developed; some of the first attempts at U-series because glacier ice is enriched'fD. Thus, relatively heavy
dating of marine fossils had just been publishBbgcker & (*80-enriched) oxygen isotope compositions in foraminifera
Thurber, 1965; Osmonet al, 1965. reflect glacial periods, whereas light compositiof80¢
The direct dating of emergent marine deposits is possibleenriched) reflect interglacial periodsi¢. 1). Two difficulties
because U is dissolved in ocean water but Th and Pa are notarise with the intepretation of the oxygen-isotope record
Certain marine organisms, particularly corals (but not mol- for sea-level studies, however: (1) it is difficult to decouple
lusks), co-precipitate U directly from seawater during growth. the ice-volume (or sea-level) component of oxygen-isotope
All three of the naturally occurring isotopes of 878U and composition from the water temperature component; and
235 (both primordial parents), antf*U (a decay product (2) deep-sea sediments can rarely be dated directly with

of 238), are therefore incorporated into living coraf$®U any precision.

decays t&34U, which in turn decays t8*°Th. The parent iso- Coastal landforms and deposits provide an independent
tope?3°U decays td31Pa. Thus, activity ratios 3E°Th/234y, record of sea-level history. Constructional reefs or wave-cut
234/238y, and 231Paf3°U can provide three independent terracesFig. 2) form when they can keep up with rising sea
clocks for dating the same fossil coral (eEdwardset al.,, level (reefs) or when they can be cut into bedrock during a

1997 Gallup et al,, 2002. Until the 1980s, U-series dating stable high sea stand (wave-cut terraces). Thus, emergent
was done by alpha spectrometry. Most workers since thatmarine deposits, either reefs or terraces, on a tectonically
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Fig. 1. Diagram of hypothetical coastlines showing relations of oxygen isotope records in foraminifera of deep-sea sediments
to emergent reef or wave-cut terraces on an uplifting coastline (upper) and a tectonically stable or slowly subsiding coastline
(lower). Emergent marine deposits record interglacial periods. Oxygen-isotope data shown are from the SPECMAP record
(Imbrie et al., 1984).

active, uplifting coastline record interglacial perio&sy. 1). concentrated on the spectacular flights of tectonically
On a tectonically stable or slowly subsiding coast, reefs will uplifted interglacial coral terraces on the islands of Barbados
be emergent only from sea-level stands that were higher tharand New Guinea. Nevertheless, the coastlines of the United
presentFig. 1). Paleo-sea levels can thus be determined from States also have abundant interglacial terraces and reefs and
tectonically stable coastlines or even uplifting coastlines, if many localities have now been studied in detgig( 3).
reasoned models of uplift rate can be made. Low stands of sea There have been far fewer studies of sea-level lowering
that occurred during glacial periods may also form reefs or on the coasts of the United States during glacial periods. The
wave-cut terraces, but such features will be offshore, whethemagnitude of sea-level lowering during the last glacial period
on rising, stable or subsiding coasts. Coastal landformshas been debated for more than 160 years (see review in
have two advantages over the oxygen isotope record forBloom, 1983% In fact, Bloom (1983a)oints out that even
sea-level history: (1) if corals are present, they can be datedat the time of his own review, little progress had been made
directly; and (2) depending on the tectonic setting, estimatesin estimating the amount of last-glacial sea-level lowering
of paleo-sea level can be made. since the studies of the previous century. However, in the 20
A new framework for sea-level studies began with a sem- years sinceBloom’s (1983a, byeview, much progress has
inal paper on U-series dating that linked the deep-sea oxygerbeen made in estimating the magnitude of sea-level lowering
isotope record with uplifted interglacial coral terraces of during the last glacial period and subsequent sea-level rise in
Barbados Broeckeret al, 1968. These two independently the Holocene. Many of the most recent estimates of sea-level
dated records were, in turn, linked to tidilankovitch lowering during the last glacial period are summarized
(1941) or astronomical (orbital forcing) theory of climate in Fleming et al. (1998) Yokoyamaet al. (2001) and
change. In the past three decades, geologists have compargdiark & Mix (2002).
a fragmentary geomorphic record (terraces) with a nearly = The geologic record of late-glacial and Holocene sea-level
complete record (deep-sea sediments) of Quaternary cyclesistory is complicated by differential glacio-hydro-isostatic
of glaciations and interglaciationsAlfaron & Chappell, responses of the Earth’s crust. Models Walcott (1972)
1986; Benderet al., 1979; Bloomet al, 1974; Chappell,  Chappell (1974h)Clark et al. (1978) Nakata & Lambeck
1974a; Chappell & Shackleton, 1986; Dodegeal., 1983; (1989) Mitrovica & Peltier (1991) andPeltier (1994, 1996,
Ku, 1968; Ku et al, 1990; Mesolellaet al, 1969; Veeh 1999, 2002)suggest that different sea-level records should
& Chappell, 197). Most of these pioneering studies be expected on continental coasts and mid-oceanic islands
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Fig. 2. Cross-sections showing idealized geomorphic and stratigraphic expression of coastal landforms and deposits found on
low-wave-energy carbonate coasts of Florida and the Bahamas (upper) and high-wave-energy rocky coasts of Oregon and
California (lower). Florida-Bahamas configuration redrawn frdodz et al. (1997) Oregon-California type redrawn from

Muhs (2000)

at different latitudes. During glacial periods, continental ice In this paper, we review some of the accomplishments in
sheets depress the Earth’s crust, with an associated forebulgenderstanding Quaternary sea-level fluctuations as recorded
at their margins. As the ice recedes, formerly glaciated re-on the coastlines of the United States. It is necessarily an
gions experience rebound, or crustal uplift. As sea level risesincomplete review, in part because of space limitations
during deglaciation, the additional water mass in the oceanand in part because much of the research of the past three
basins causes crustal loading and depression at continentalecades has focused on specific time periods. Thus, much
margins.Chappell (1974bpnd Nakata & Lambeck (1989) of our emphasis is on the sea-level record of the last
proposed that the same meltwater loading on ocean floordnterglacial complex (defined informally here as those high
would bring about mantle flow (below the sea floor) towards sea stands represented by all of oxygen isotope stage 5).
islands of some minimum size distant from former ice sheets.Nevertheless, we touch on progress made in understanding
Thus, such islands would experience uplift and should the U.S. record of pre-late Quaternary sea-level stands,
have evidence of emergent Holocene shorelines. Some ofs well as sea-level changes during the last glacial period
the glacio-hydro-isostatic models of Holocene sea-level and the Holocene. Because the sea-level record in the U.S.
history have been tested on tropical islands of the United differs geographically, our discussion is arranged in that
States. manner Fig. 3).
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Florida eastern) keys are composed of the Key Largo Limestone,
a coral-dominated Quaternary carbonate ro@or{iglio
Southern Florida, and particularly the Florida Keys island & Harrison, 1983; Harrison & Coniglio, 1985; Hoffmeister
chain Fig. 4), is an important area for sea-level history be- et al, 1967; Hoffmeister & Multer, 1968 The lower
cause the region is tectonically stable, records of past sea{southwestern) keys are composed of the Miami Limestone,
level stands are abundant, and materials suitable for dating bya dominantly oolitic marine carbonate rock. Important sea
both uranium-series and radiocarbon methods are availablelevel records have also been found offshore from the Florida
Because this platform represents long-term carbonate sediKeys (idz et al, 1991, 199Y. Stratigraphic studies bgnos
mentation on a passive continental margin, late Quaternary& Perkins (1977)andMulter et al. (2002)show that the Key
marine deposits on the Florida Keys have not experiencedLargo Limestone consists of five distinct, coral-dominated
significant uplift, subsidence, or tectonic deformation. Quaternary limestones, from oldest to youngest, Q1 through

Islands of the Florida Keys are important for Quaternary Q5 (Fig. 5. The five units are separated by discontinuity
sea-level history because stratigraphic studies indicate thasurfaces, recognizable by subaerial laminated crusts (cal-
multiple episodes of reef growth and carbonate rock formation cretes), root structures, solution surfaces and either soils or
have taken place therelélleyet al, 1997. The upper (north-  soil breccias.
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Florida Keys: Mid-Pleistocene Interglacial High Sea in agreement with recent data from tectonically stable Hen-
Stands derson Island in the South Pacifistitling et al., 200J).

The Q4 unit on the Florida Keys has not received much
Recent studies biulter et al. (2002) and the present au- attention from geochronologists. We collected samples of
thors have yielded some fragmentary evidence of the timingnear-surfaceMontastrea annulariscorals in quarry spoil
and magnitude of sea-level rise during interglacial high seapiles that may date to this unit on Long Key. Analysis of a
stands of the mid Pleistocendulter et al. (2002)reported  single sample shows a U content of 2.7 ppm&h/232Th
U-series ages 0£370,000 yr for a coralNlontastrea annu-  ratio of ~14,000, a back-calculated initiaf3*U/238U
laris) from the Q3 unit drilled from a locality called Pleasant value of 1.190 and an apparent age of 235,800000 yr.
Point in Florida Bay. Although unrecrystallized, this coral The higher-than-modern initigd**U/?38U value indicates
showed clear evidence of open-system conditions and the aga probable bias to an older age of ca. 7000 yr; thus,
is probably closer to 300,000-340,000 yr ago, if the open-the true age may be closer te-220,000-230,000yr.
system model oGallupet al. (1994)is correct. Nevertheless, If so, these data suggest that sea level also stood
the age and elevation of this reef suggest that sea level wasiear present during MIS 7, the penultimate interglacial
close to present during marine oxygen isotope stage (MIS) 9,period.
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Florida Keys: The Last Interglacial Period with data from other tectonically stable coastlindésups,
2002. For example, U-series ages f.20,000-130,000 yr

Early studies showed that the Miami Limestone and the upper-are reported for coral-bearing marine depositsm above

most part of the Key Largo Limestone (the Q5 unit) probably sea level on the tectonically stable islands of the Bahamas

date to the peak of the last interglacial peri@tdecker & (Chenet al,, 1997 and BermudaNluhset al,, 20028. Much

Thurber, 1965; Osmonelt al, 1965. More recent U-series  of south Florida stands only a few meters above sea level.

studies byFruijtier et al. (2000)using TIMS methods have  Thus, the shoreline during the last interglacial period would

confirmed these age estimates, at least for the Key Largohave been considerably landward of where it is now and

Limestone. These workers reported new ages for corals fromthe exposed part of the Florida peninsula would have been

Windley Key, Upper Matecumbe Key, and Key Largo that, greatly diminished in areal exterfify. 4). During this high

when corrected for high initigP4U/238U values Gallupetal,, stand of the sea, all of the Florida Keys would have been

1994, range from about130,000t0 121,000 yMulteret al. submerged.

(2002)also showed, through an extensive series of cores, that

the Q5 unit slopes downward to the southeast but can be traced

laterally offshore Kig. 5). They reported TIMS U-series ages  Florida Keys: A Sea-Level High Stand Late in the Last

of ~124,000 and~127,000yr for corals from the Q5 unitat |nterglacial Period

water depths of-16 and~22 m, respectively. All these ages

are in agreement with other records of peak last-interglacial Seaward of the lower Florida Key5if. 4), there are outlier

corals (e.gChenet al, 1991; Edwardet al, 1997; Gallup  reef tracts called Sand Key and Carysfort reef that have been

etal, 1994 Muhset al, 2002a, b. described in detail byidz et al. (1991, 1997)Ludwig et al.

The Florida Keys contain some of the best evidence (1996)and latefToscano & Lundberg (1999%ported TIMS
that sea level during the peak of the last interglacial period y-series ages of corals from the crest of Sand Key reef, at
must have been higher than present, because the region igepths of about 11-14m, that range from about 80,000 to
tectonically stable. The youngest (Q5) unit of the Key Largo 84,000 yr. Similar ages were reportedimscano & Lundberg
Limestone at Windley Key is 3-5m above present sea level, (1999)for Carysfort Reef, another outlier reef seaward of Key
on Grassy Key itis 1-2 m above sea level, and on Key Largo | argo (Figs 4 and  Thus, these reefs formed during MIS
it is 3-4m above sea level. Based on the elevations of thesa, The issue of how high sea level was at the time is difficult
Key Largo Limestone at Windley Key and Key Largo and o resolve, because none of th&0,000-yr-old corals from
optimum growth depths of corals in the formatioBh(nn  the crest of Sand Key reef is a shallow-water species. The
et al, 1989 Stanley, 196§ sea level during the last inter-  majin species from Sand Keljontastrea annularishas a
glacial period (MIS 5e) must have been at least 5-8 m abovegepth range of-3 to —80 m.Toscano & Lundberg (199@)id
present. An inference of a higher-than-present sea level on theucceed in recoveringcropora palmataa strictly shallow-
Florida KeyS dUring the last intergIaCial periOd is consistent water Speciesl from Carysfort reef at water depth.s_’tﬁz m
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(~85,000yr) and-15.5m (92,000 yr). BecausAcropora efforts have shown that the Barbados submerged reefs may be
palmatagrows within 5m of the sea surfackighty et al., one of the best records of eustatic sea-level rise since the last
1982, sea level could have been no lower tha20 m below glacial maximum filne et al., 2002; Peltier, 2002 Based
present at these times. These data provide some measure oh the estimate of120-m sea-level lowering during the last
the possible amount of sea-level lowering during MIS 5b and glacial period, the paleogeography of Florida would have been
the start of MIS 5aFKig. 1). drastically different from present, with a Gulf Coast shoreline

considerably farther to the wegtig. 4).

Studies of Acropora palmatadominated reefs off the

Sea Level During the Last Glacial Period and the mainland and islands of the U.S. have allowed an extension
Holocene: Caribbean Islands and Florida of the Barbados sea-level curve into the mid- and late

Holocene Fig. 6). Submerged reefs have been identified off
One of the best records of last-glacial sea-level lowering andthe Florida mainland, the Florida Keys, Puerto Rico, and St.
postglacial sea-level rise comes from a series of submergedCroix (Lidz et al, 1991, 1997 Lighty et al, 1978, 1982
reefs off Barbados, studied Bgirbanks (198%9ndBardet al. Ludwig et al,, 1996 Toscano & Lundberg, 1998Although
(1990) Paleo-sea levels for such reefs can be estimated usingther Holocene sea-level curves have been méadeo(,
the shallow-water, reef-crest corsdropora palmatdecause:  1983b; Kidson, 198R the advantage of the Florida and
(1) A. palmataalmost always occurs in waters shallower than Puerto Rico-St. Croix records is that, as with Barbados, they
~5m (Lighty etal, 1982; (2) its branching form allows easy utilize Acropora palmatadominated reefs. For the reasons
recognition of whether or not it is still in growth position; (3) given above, this coral is probably more robust, both for
it grows rapidly enough that it can keep pace with a rising seadating and as a sea-level indicator, than other records that
level Buddemeier & Smith, 1988and (4) it can be dated utilize shell beds or terrestrial peat/marine sediment contacts.
by both U-series and radiocarbon methods. The submergedacintyre (1988)ointed out that the Florida reef record is
Barbados reefs indicate that during the last-glacial maximum, limited to the early Holocene. About 7000-8000 cal yr B.P.,
sea level was-120 m lower than present, close to the estimate flooding of the Florida continental shelf would have brought
made byShepard (1973who used a worldwide average of about soil erosion and increased turbidity that may have
the depth of the continental shelf-continental slope bound-terminated the growth ofAcropora palmatadominated
ary. The sea-level curves given Bgirbanks (198%ndBard reefs. However, the early Holocene Florida record overlaps
et al. (1990) show two periods of relatively rapid sea-level the Barbados record and is in broad agreement with it.
rise due to rapid ice melting. The dual dating using U-series Younger submerged reefs have been studied off Puerto
and radiocarbon has allowed calibration of radiocarbon agesRico and St. Croix l{ighty et al, 1982 Macintyre, 1988;
older than what was possible using tree-ring data. Modeling Macintyreet al, 1983. The combined records of the Florida

0 WE‘E’ Fig. 6. Graph showing sea-level rise from the last-
0 G6 glacial maximum to the present based on eleva-
tions of dated specimens of the shallow-water coral
- 20 - Acropora palmata from submerged reefs off Barba-
4 dos airbanks, 1989; Bard et al., 1990Florida
2 (Ludwig et al., 1996; Toscano & Lundberg, 1998
§§, 40 O Puerto Rico  and Puerto Rico-St. CroixL{ghty et al., 1978,
- % and St. Croix 1982; Macintyre etal., 1983Barbados points are
0 E & FEloida based on U-series ages and are corrected for tec-
E S 60 tonic uplift (Fairbanks, 1989 Some Florida reefs
°w Barbados are U-series dated; others and all Puerto Rico-
gg St. Croix reefs are dated by radiocarbon and have
2 g 80 - +5 T it been converted to calendar years usiStuiver
B z HNEETIAILY etal. (1998)
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=]
(&)
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U-series ages (yr) or calibrated 14C
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and Puerto Rico-St. Croix reefs allow extension of the chose to reject both ages on the basis of whole-rock amino
Barbados record into the Holocene and up to present seacid data, calibrated t6-120,000-yr-old deposits on Oahu
level (Fig. 6). (also dated by U-series methods). Nevertheless, it seems

simpler to interpret the two U-series ages as representing

deposits of a high sea stand around 500,000—600,000 yr, el-
Hawaiian Islands evated to~30 m as a result of a modest (0.05—0.06 MAL)

long-term uplift rate. Such an uplift rate is consistent
The Hawaiian Islands contain some of the best records ofwith that calculated for the-120,000 yr deposits on Oahu
Quaternary sea-level fluctuations, both onshore and offshore(Muhs & Szabo, 1994
As with the Florida Keys, Hawaiian marine deposits havethe ~ Two recent studies have documented that deposits
advantage of recording paleo-sea levels accuratelyinvitu representing at least some part or parts of the penultimate
reefs that contain corals suitable for U-series dat8tgarns  interglacial complex (MIS 7) are found on the Hawaiian
(1978) who studied marine deposits on the Hawaiian Islands Islands. On the leeward (west) coast of Oahu, a nearshore
for more than 40 years, provided a summary of the geologicterrace has been identified that slopes down~20m
record of Quaternary sea-level fluctuations. Since the time ofdepth. Corals recovered from cores taken at water depths
that summary, however, new studies have provided additionalof ~10m on this terrace date to about 220,000-240,000
insight into sea-level history. yr (Shermanet al, 1999. Because the coral being dated,

Unlike Florida, Oahu has experienced slow uplift over Porites lobata lives at depths ranging from the intertidal

much of the mid-to-late Quaternary, an idea proposed origi- zone down to—60 m, the depth data imply that sea level
nally by Moore (1970) Volcanic loading on the “big island”  during some part of the penultimate interglacial complex
of Hawaii results in a compensatory, upward lithospheric must have been within 10 m of the present level and could
flexure on distant islands such as Oahu, Molokai, and Lanai.have been higher. On the island of LarRiibinet al. (2000)
For example, deposits of the last-interglacial Waimanalo reported U-series ages of emergent coral clasts found in
Limestone on Oahu are, in places, several meters highemwhat appear to be California-style marine-terrace deposits.
than the estimated-6 m position for this high sea stand One of two age clusters+«196,000 to~230,000 yr) dates
(Muhs & Szabo, 1994 Veeh (1966)in a now-classic study, to the penultimate interglacial period. However, Lanali,
assumed that mid-plate Pacific islands such as Oahu wouldike Oahu, is probably undergoing slow uplift. Thus, the
be ideal “dipsticks” for estimating paleo-sea levels. However, Hawaiian Islands have a record of the penultimate interglacial
it is now apparent that marine deposits on the Hawaiian period, but precise timing and sea level position are not yet
Islands, like the Cook IslandsMoodroffe et al, 1991), understood.
need to be considered in light of at least modest Quaternary
uplift.

The Waimanalo Limestone and the Last

Interglacial Period
Pre-last Interglacial High Stands of Sea

The island of Oahu has one of the richest records of the
When Stearns (1978summarized his career-long views last interglacial period in the marine deposits known as the
on the sea-level history of the Hawaiian Islands, he was Waimanalo LimestoneHig. 7). This formation consists of a
correct that records of older, pre-last-interglacial high standslower reef facies, with growth-position corals, overlain by a
of sea exist on the islands. On Oahu, southeast of Kaenaand and gravel facies that contains coral claf&sh (1966)
Point Fig. 7), a marine deposit30 m above sea level was was the first investigator to show that corals from this reef
designated as the “Kaena” shorelinedtgarns (1978 Muhs limestone dated to the peak of the last interglacial pekad.
& Szabo (1994pbserved these and otheBO m Kaena high et al. (1974) conducted an extensive study of corals from
stand deposits on Oahu and confirmed their general elevathe Waimanalo Limestone and used b&8%Th/23*U and
tions. The sedimentology of these deposits and their limited, 23'Pa#3%U dating methods. Concordance between the two
but similar elevations at a minimum of three localities on methods in this study is excellent and shows that the last
Oahu suggest that they are not deposits left by a tsunami froninterglacial high sea stand on Oahu could have begun as
a submarine landslide of the sort that has been hypothesize@arly as~137,000 yr ago and lasted unt112,000 yr ago.
for Lanai and other islands byloore & Moore (1984, 1988) A later study byMuhs & Szabo (1994)also using alpha
Szabo & others (1994), using TIMS methods, dated a coralspectrometry, shows a range of ages frer38,000 to
from the ~30-m-high deposit at Kaena Point and reported ~120,000yrSzabcet al.(1994)andMuhset al.(2002a)ana-
a 239Th/238y age of 532,000+130,000/70,000) yr, with  lyzed Oahu corals by TIMS with improved uncertainties (usu-
an initial 23*U/238U value that would permit interpretation ally 1000 yr) and reported a range of ages between 134,000
of a closed-system historiearty (2002)reported a TIMS  and 113,000 yr, with most between 125,000 and 115,000 yr.
U-series age on a coral from the same deposit of 529,000Thus, the Waimanalo Limestone of Oahu has consistently
(+47,000~35,000) yr (analyzed by R.L. Edwards & H. shown evidence of a long last-interglacial peri&( 8).
Cheng, University of Minnesota), in excellent agreement A long last-interglacial period, with sea level at or above
with the age reported b8zaboet al. (1994) Hearty (2002) present for 10,000 to 20,000 yr, does not agree with the
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S
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Last interglacial deposits

or shoreline

uaternary reef
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agesin Ku etal. (1971fherman et al. (1993%zabo et al. (1994Muhs & Szabo (1994ndMuhs et al. (2002a)Lower: map
of the island of Hawaii, showing submerged coral reef crests and their U-series ages (dataufigvig et al., 1991

SPECMAP estimatesMartinson et al, 1987 of the du-
ration of this low-ice-volume periodMuhs, 2000. How-

gest this warm period preceded the peak of summer in-
solation in the Northern Hemispher&ig. 8). The distri-

ever, a long last interglacial period is in agreement with bution of coral ages and stratigraphy given Ko et al.
the Devils Hole, Nevada, oxygen isotope record, also dated(1974) Szaboet al.(1994) Muhs & Szabo (1994andMuhs

by U-series methodsAinogradet al, 1997. Furthermore,

et al. (2002a)also do not require or support the concept of
the early start of the last interglacial high sea stand, asa two-phase high stand at the peak of the last interglacial

recorded on Oahu, is in agreement with other recent dataperiod, as proposed b$tearns (1978and Shermanet al.

(Gallup et al, 2002 Henderson & Slowey, 20QGhat sug-

(1993)
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The ~120,000-yr-old deposits on Oahu have fossil mol- (1984, 1988)roposed that these deposits, as well as marine
lusks that provide important information on last-interglacial deposits at high elevations on Molokai and Maui, were de-
marine paleotemperatures. Two key fossil localities studied posited by a tsunami generated by a submarine landslide on
by Kosuge (1969and dated byzabcet al. (1994)andMuhs an offshore scarp. U-series analyses of corals in the deposit
et al. (2002a)show that numerous extralimital Indo-Pacific on Lanai at elevations of 115-155m gave ages of 101,000
mollusks are present in Waimanalo Limestone deposits.to 134,000 yr, suggesting deposition at some time during the
These taxa indicate warmer-than-present waters off OahuastinterglaciationRubinetal.(2000)challenged the tsunami
during the peak of the last interglacial period. hypothesis. Corals in the gravels they studied date both to the

last interglacial period~130,000 to~136,000 yr) and the
penultimate interglacial period<196,000 to~230,000 yr).
Origin of High-Elevation Marine Deposits on Lanai These workers proposed that the marine sediments were de-
posited and reworked by a combination of marine, fluvial and
Fossiliferous marine deposits on the island of Lanai, at ele-Mass-movement processes, combined with slow uplift, as on
vations of up to 365 m, were interpreted Byearns (1938)  Oahu.
as representing a eustatic high stand of sea, a concept that he
retained 40 years lateB{earns, 1978 However, a eustatic
high stand of sea at this elevation is unlikely because there isSea-Level Low Stands Recorded on Hawaii
not enough global ice on the continents for such a sea-level
rise, a fact recognized b$tearns (1978, p. 13)imself. As Rapidly subsiding coastlines can have important records of
mapped byMoore & Moore (1988) most fossiliferous ma-  sea-level low stands. The island of Hawaii, situated on an
rine deposits on Lanai occur at elevations~dfOOm or less,  active hot spot, is subsiding due to ongoing volcanic load-
although some occur as high ad55m.Moore & Moore ing (Moore & Fornari, 1984 As a result, submerged coral
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reefs occur at depths of 150 m to more than 130Gg.(7). stand. On a tropical, constructional-reef coast, coral growth
U-series dating shows that thel50 m reef dates to the last may keep pace with a rising sea and record the early part,
deglacial period, about 14,000-16,000 yr alytoére et al,, as well as the peak, of a high sea stand. In contrast, on an

1990. Because sea level was no lower than abel20 m dur- erosional coast, the early part of a sea-level high stand may
ing the last glacial periodHairbanks, 19809 the reef crestat  be characterized by platform cutting; fossils left behind on
—150 m demonstrates a subsidence rate of at least 210 the platform may date to the peak of the sea-level stand or
U-series ages of older submerged reefs show an average subseven the early part of regressiddrédley & Griggs, 1975
dence rate of about 2.6 mAgr for at least the past 475,000 yr One problem that had long puzzled early researchers in
(Ludwigetal, 199]). These studies demonstrate that the reefs California was why marine terraces occurred at different
grew in shallow water but were drowned by rising sea level elevations in different places, if they were all due to the same
at the close of successive glacial periods. Subsidence low-sea-level high standé&lexander (1953provided the expla-
ered each just-drowned reef, ultimately to form a submerged,nation when he showed that marine and stream terraces in
stairstep-like sequence of reefs, analogous to emergent, upeentral California formed as a result of sea-level high stands
lifted reefs. superimposed on atectonically uplifting coast. Thus, flights of
marine terraces from place to place could indeed have formed
during the same succession of interglacial high sea stands, but
Holocene Sea-Level History on the Hawaiian Islands differ in their elevations because of differing local uplift rates.
Research conducted in the past three decades has confirmed
The Hawaiian Islands have been used to test glacio-hydro-Alexander’s (1953) general modeArfderson & Menking,
isostatic models of sea-level history. Higher-than-present1994; Grantkt al, 1999; Hansoret al,, 1992; Kelsey, 1990;
relative sea levels in the Holocene, followed by sea-level fall, Kelsey & Bockheim, 1994; Kelsegt al., 1996; Kern &
are predicted for many low-latitude Pacific islands based onRockwell, 1992; Lajoieet al,, 1979, 1991; Merritts & Bull,
glacio-hydro-isostatic model€(ark et al., 1978; Mitrovica 1989 Muhsetal, 1990, 1992a, 2002Rockwellet al., 1989,
& Peltier, 1991; Nakata & Lambeck, 1989; Walcott, 1972 1992 Wehmiller & Belknap, 1978; Wehmillest al., 1977).
Stearns (1978)eported that there was a record of a higher-
than-present Holocene sea-level stand on several of the
Hawaiian Islands, based on radiocarbon ages of emergenEea-Level History Before the Last Interglacial Period
marine deposits. This proposal was challengedbyet al.
(1974) Easton & Olson (1976 andBryan & Stephens (1993)  Several localities along the Pacific Coast, such as the Palos
who maintained that there had not been a higher-than-presenVerdes Hills, San Nicolas Island, and San Clemente Island
sea level on the Hawaiian Islands since the last interglacial(Figs 3 and 9, have fossil-bearing, high-elevation terraces.
period,~120,000 yr ago. Detailed stratigraphic studies with Few of them, however, have been studied for dating purposes.
good age control on the islands of Oahu and Kauai show thatSome of these terraces can be correlated from locality to lo-
relative sea level was indeed higher than present during thecality using amino acid and Sr-isotope metholgr{nedy
mid-to-late HoloceneQalhoun & Fletcher, 1996; Fletcher et al, 1982; Ludwiget al, 1992a; Wehmilleret al., 1977,
& Jones, 1996; Grossman & Fletcher, 199Bhis finding is but numerical ages are lacking.
consistent with data from many other tropical Pacific islands =~ Vedder & Norris (1963)reported corals in deposits of
(Grossmaret al, 1998 and indicates that Holocene sea-level many of the older terraces on San Nicolas Island. We col-
histories will differ from region to regiongloom, 1983b. lected unaltered (100% aragonite) specimens of the solitary
coralBalanophyllia eleganfom the 10th terrace (inner edge
elevation of~240m) on this island (LACMIP loc. 10626;

Pacific Coast Fig. 9. These resultsTable ) are presented here in order
to demonstrate the potential for dating older high sea stands
Introduction: The Nature of the Pacific Coast Record on the Pacific Coast. Laboratory methods for these analyses

follow Ludwig et al. (1992b) half-lives used for age calcu-
Quaternary sea-level fluctuations have left a record on thelations are those d€henget al. (2000) Four of eight corals
coasts of California and Oregon in the form of emergent ma- analyzed show evidence of closed-system conditions (initial
rine terraces. Spectacular flights of multiple marine terraces,234U/238U values close to modern seawater, U contents simi-
forming a stairstep-like landscape, are found in California at lar to modern corals, and no evidence of inherft&th). Be-
Santa Cruz, the Palos Verdes Hills, San Clemente Island, andause the corals are near the upper limit for TIMS U-series dat-
San Nicolas Island, and in southern Oregon near Coquilleing, uncertainties are relatively high, but the individual ages
Point (Figs 3 and 9 Marine terraces, unlike constructional (451,000+ 29,000; 596,00 96,000; 498,00& 35,000;
reef terraces of the tropics, are erosional landforms, althoughand 526,00@ 41,000 yr) suggest a marine terrace age of per-
a veneer of marine sediment, sometimes fossiliferous, ishaps~500,000 yr. This age, along with ages of the lower two
generally presentg. 2). This is important for understanding terraces on San Nicolas Islanblifhs et al., 1994, 2002};
the timing of sea-level stands recorded by marine terracespermit a possible correlation of intermediate terraces with
because erosional landforms need not form at the same timether interglacial intervals found in the oxygen isotope record
as constructional landforms during a given sea-level high (Fig. 10. If these correlations are correct, San Nicolas Island
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the 1st terrace, which was mapped mostlyMiyhs et al. (1994)U-series ages of fossil corals from the 10th terrace are from
LACMIP loc. 10626 (se&able J).

has much of the record of interglacial high sea stands of thewas accomplished by showing that terraces could be corre-
past half-million years. Other fossil-bearing, high-elevation lated laterally using amino acid isochrons that capitalized on
terraces elsewhere on the Pacific Coast (e.g. the Palos Verdethe regional temperature gradient of this north-south-trending
Hills) may have similar sea-level records that could be dated.coastline Kennedyetal,, 1982; Lajoiestal., 1979; Wehmiller

& Belknap, 1978; Wehmilleet al,, 1977). Early U-series dat-

ing of solitary corals recovered from low terraces at Cayucos,
Aminostratigraphy and U-Series Ages of the Last San Nicolas Island, and Point Loma (near San Diego) showed
Interglacial Period on the Pacific Coast that the California coast has terraces that date to the last in-

terglacial periodKu & Kern, 1974; Valentine & Veeh, 1969;
A major effort was made in the 1970s to link marine terraces Veeh & Valentine, 196) The age of these terraces, around
all along the Pacific Coast with global high sea stands. This120,000yr, is similar to what was being reported during the

Table 1. U and Th concentrations, isotopic activity ratios and ages of corals (Balanophyllia elegans) from LACMIP loc. 10626,
10th marine terrace, San Nicolas Island, TA

Sample U Th 24238y +  BOThRy 4 BOThRRTh  BOTKA8Y L (10%yr) BUPRU £
(ppm)  (ppm) AR AR AR Age (1®yr) Init AR

SNI-19-A  3.23 0.0103 1.0452 0.0025 1.0499 0.0036 997 451 29 1.1619 0.0097
SNI-19-B 3.60 0.0116 1.0263  0.0022 1.0372 0.0030 980 596 96 1.1417 0.0311
SNI-19-C  3.22 0.0147 1.0389 0.0019 1.0476 0.0029 698 498 35 1.1588 0.0118
SNI-19-D  3.07 0.0062 1.0429 0.0014 1.0634 0.0024 1603 n.d. n.d. n.d. n.d.
SNI-10-A 3.43 0.0135 1.0389 0.0018 1.0686 0.0027 825 n.d. n.d. n.d. n.d.
SNI-10-B  3.20 0.0063 1.0418 0.0019 1.0701 0.0026 1637 n.d. n.d. n.d. n.d.
SNI-10-C  2.78 0.0071 1.0341  0.0017 1.0395 0.0026 1228 526 41 1.1508 0.0139
SNI-10-D  3.16 0.0097 1.0668 0.0019 1.0939 0.0035 1078 705 208 1.4899 0.2800

8AR = activity ratio. Errors given are two-sigma. Ages calculated using half-lives givéthanget al. (2000) “n.d.,” not
determined.
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late 1960s for reef terraces on tropical coastlir&oécker in Quaternary sea-level history and paleoclimatology. Some
et al, 1968; Ku, 1968; Mesolellat al, 1969 Veeh, 1966; low-elevation marine terrace localities in California were
Veeh & Chappell, 1970 The three coral-bearing localities in  observed to have extralimital southern (“warm”) species in
California provided numerical age control that allowed cor- their fossil faunas and others had only extralimital northern
relation of the~120,000-yr-old high sea stand over hundreds (“cool”) species Addicott, 1966; Valentine, 1958, 1961,
of kilometers of the Pacific CoasFig. 11). Furthermore, Vedder & Norris, 1963; Woodring@t al, 194§. Still other
lower amino acid ratios showed that one or more late, last-localities had mixtures of extralimital southern and northern
interglacial (80,000 or~100,000yr) and mid-Wisconsin  mollusks. Resolution of the apparent contradiction of low
(~30,000-60,000 yr) high stands were likely present at manyterraces with cool species and other low terraces with
localities. Even lower amino acid ratios showed that Holocene warm species came with a combination of U-series dating,
terraces were present in areas with high uplift rates, near Ven-aminostratigraphy, and detailed faunal analysesnfedy
tura and Santa Barbarki@l. 3), where the “big bend” in the et al, 1982; Muhset al, 2002b; Wehmilleret al., 1977).

San Andreas fault zone results in a compressional tectonicThose terrace localities with warm species, “neutral” species
style. Later U-series dating of corals has confirmed the mid- (i.e. those with faunas similar to those of today) or mixtures
Wisconsin,~80,000 and~120,000 yr age estimates of many of warm and cool species date to tkéd20,000-yr-old high
localities that were correlated by amino acid methddsts sea standKig. 11). Localities with slightly lower amino acid

et al, 1990, 1994, 2002b; Stekt al,, 1991; Treckeet al, ratios, which correlate to the80,000-yr-old high sea stand,
1998. Radiocarbon dating has confirmed the Holocene ter- have faunas that contain some cool-water species but do not
race agesl(@joie et al, 1979; Sarna-Wojcicket al., 1987). have warm-water specieKénnedyet al,, 1982.

The aminostratigraphy for the Pacific Coast generated by  High-precision, TIMS U-series dating of marine terrace
Wehmiller, Kennedy and Lajoie resolved another problem corals has been accomplished for a number of localities in
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Fig. 11. Ratios of the amino acids D-leucine to L-leucine in the fossil bivalves Protothaca and Saxidomus from marine terrace
deposits on the Pacific Coast of the United States, shown as a function of latitude (redrawn in modified fokarinady

etal., 1982. Lines connect geographically proximal localities that are thought to be correlative based on similar, but northward-
decreasing amino acid ratios and similar faunal zoogeographic aspects. Also shown are U-series ages on Pleistocene coral:
from localities where they are present (data frdfahs et al., 1990, 1994, 2002a; Grant et al., 1999; Trecker et al., 13881
radiocarbon ages on Holocene mollusksjoie et al., 1979; Sarna-Wojcicki et al., 1987

California and Baja CaliforniaMuhset al., 2002h. Results of Bermuda Muhs et al, 20023 and corals from the U.S.
show that the last interglacial high sea stand on the PacificAtlantic Coastal Plain (see below). Similar records from
Coast lasted at least 9000 yr, from about 123,0001&4,000 all three coasts (Pacific, Atlantic, and Bermuda) indicate
yr ago Fig. 8). In the Bahamas, Barbados, and Hawaii, the that this was probably a sea-level stand of a longer duration
same high sea stand is recorded as earlyk30,000 yr Chen than has been interpreted from the deep-sea oxygen isotope
etal,1991; Gallugetal, 1994, 2002; Muhst al, 20023. The record Martinsonet al.,, 1987%.
difference in timing between the tropical island and Pacific
Coastrecords supports amodel proposeBiiaylley & Griggs
(1976) In this model, the early period of a high sea stand on Sea-Level Positions 100,000 and~80,000 yr Ago on
the Pacific Coast is represented by an interval of terrace platthe Pacific Coast
form cutting. At the same time, vigorous upward reef growth
is occurring along coasts in the tropics. Fossil deposition onBoth ~100,000 and~120,000-yr-old corals are found in
the Pacific Coast follows the period of platform cutting. Thus, terrace deposits at Cayucos and Point Loma, California
on the Pacific Coast, most corals date to either the regressiongiMuhs et al, 2002b; Steinet al, 1993). This finding
phase of a high sea stand or just before it, whereas tropicabrovides evidence that the100,000-yr-old high stand likely
corals date as far back as the period when sea level waseoccupied at least part of the120,000-yr-old terrace.
still rising. Such a mechanism could explain the mixture of extralimital
Recent studies show that the80,000-yr-old sea-level  southern and northern species of mollusks found at both
stand on the Pacific Coast may have been of similar durationCayucos and Point Loma. The northern species could date
to the~120,000-yr-old high standuhset al, 20029. New  to the~100,000-yr-old high sea stand whereas the southern
U-series ages of solitary corals from Coquille Point, Oregon species could date to the120,000-yr-old high sea stand
and numerous localities in California (Point Arena, Point (Muhs et al, 20028. At Cayucos, the shoreline angle of
Ano Nuevo, Point Santa Cruz, Palos Verdes Hills, and Santhe terrace is only about 7-8 m above sea letd).(12),
Nicolas IslandFig. 3) show that this high stand could have indicating that little or no uplift has occurred in the past
begun around 86,000-84,000 yr ago and lasted +7,000 ~ ~120,000 yr. Thus, Muhet al. (2002b) interpreted these
yr ago, a duration of 8000-10,000 yr. This range of ages isdata to indicate that the-100,000-yr-old high sea stand
similar to that of corals from the Southampton Formation must have been close to present. At Punta Banda, Baja
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CAYUCOS, CALIFORNIA: between the dated 80,000 and 120,000 yr terraces at Punta
< SOUTH Banda.

Terraces dating to the80,000-yr-old high sea stand have
now been reported for localities from southern Oregon to
northern Baja CaliforniaMuhset al,, 1990, 1994, 2002b)c
At many of these localities, higher terraces are dated directly
or indirectly to the~120,000-yr-old high sea stand. The
elevation of the 80,000 yr terrace can be plotted against the
uplift rate (calculated using the elevation of tk@&20,000 yr
terrace) for a number of localities that span a range of uplift
rates. If the plot is linear, the slope of the regression equation
fitted to the data yields the approximate ag®0,000 yr) and
the Y-axis intercept yields the paleo-sea level. We performed
POINT LOMA, CALIFORNIA: these calculations for the Pacific Coast of North America, the
Huon Peninsula of New Guinea, Barbados, and Hateruma Is-
land in the Ryukyu island chain of Japafd. 13. The Pacific
Coast, Hateruma Island and New Guinea data suggest that
sea levehr-80,000 yr ago was within 6 m of present. A widely
cited sea-level curve derived from the oxygen isotope record
suggests a level position significantly lower than present,

------- y about—25m, at~80,000 yr ago$hackleton, 1987 The dif-

------- Co ference in estimates of sea level position between the terrace
Pacific NG record and the oxygen isotope record is equivalent, in ice-
Ocean volume terms, to approximately three Greenland ice sheets.
A new sea-level curve derived from oxygen isotope data
indicates that sea level could have been near presg®00
yr ago Shackleton, 2000which is in better agreement with
the terrace-derived sea level estimate presented here. Never-
PUNTA BANDA, BAJA CALIFORNIA: theless, this recent estimate is based on a single measurement
and more data are needed (N.J. Shackleton, written comm.
to D.R. Muhs, 2003).
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Emergent Quaternary marine terraces and their associated

deposits and fossils have long been recognized in Alaska.

One of the classic study areas has been the Nome coastal plain

Qmt on the Seward Peninsul&igs 1 and 1% whereHopkins

et al. (1960) and Hopkins (1967)reported three wave-cut

benches, overlain by fossiliferous sand and gravel that

resemble “California-style” marine terracdsd. 2). Unlike

California, however, the Nome coastal plain is mantled with

0 500 glacial deposits left by ice that advanced from mountain

| | ranges farther north on the Seward Peninsilaufman,
METERS 1992. Emergent marine terraces are also found elsewhere

on the Seward Peninsula and on the Arctic Coastal Plain of

Alaska Fig. 14).

~80,000 yr
(cool mollusks)

METERS

Pacific
Ocean

AP AN

Fig. 12. Shore-normal profiles of low terraces at Cayucos
and Point Loma, California and Punta Banda, Baja Califor-
nia, showing average U-series ages of individual corals and
faunal thermal aspects. Abbreviations for deposits: Qal, al-
luvium; Qt, talus and other colluvial deposits; Qmt, marine
terrace deposits. From data Muhs et al. (2002b)

Mid-Pleistocene Sea-Level History

As with other coastlines of the United States, mid-Pleistocene
marine deposits have been found in Alaska. A marine de-
California, where the uplift rate is greater, terrace reoccupa- posit, representing what has been called the “Anvilian” marine
tion did not take place, and there is no apparent mixing of transgression, occurs extensively along the Seward Penin-
southern and northern faunasid. 12). A terrace, inferred  sula and Arctic Ocean coast of Alaska. It occurs landward
to represent the-100,000-yr-old high sea stand, is found of “Pelukian” (last interglacial) marine deposits and is found
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Fig. 13. Plots showing elevations 6f80,000-yr-old marine terraces or coral reefs as a function of uplift rate derived from
~120,000-yr-old marine terraces or reefs for four regions with differing uplift rates. Pacific Coast age and elevation data from
Rockwell et al. (1989Hanson et al. (1992Kern & Rockwell (1992)andMuhs et al. (1992a, 1994, 2002b; B)ew Guinea data

from Bloom et al. (1974)Barbados data fronBroecker et al. (1968Matthews (1973)and Taylor & Mann (1991) Hateruma

Island data fromOta & Omura (1992)

at altitudes of up to 22 mKaufmanet al, 1997). Amino at that time could have been higher than present and even
acid ratios in mollusks presented Byaufman & Brigham- higher than during the last interglacial period. Recent studies
Grette (1993show that it is easily distinguishable from last- from Bermuda, the Bahamas, the Cariaco Basin and the
interglacial Pelukian deposits, but it is younger than depositsNetherlands Antilles, localities that are either tectonically
thought to be of Pliocene agEi¢. 15. Kaufmanet al.(1991) stable or only slowly uplifting, suggest that sea level could
reported that basaltic lava overlies drift of the Nome River have been 20-25m above present duringd®0,000-yr-old
glaciation, which in turn overlies Anvilian marine deposits. sea-level standHeartyet al,, 1999 Lundberg & McFarlane,
An average of severdPAr/3%Ar analyses on the lava yields 2002; Poore & Dowsett, 2001A 20—25-m-high sea-level
an age of 470,00& 190,000 yr. Within the broad limits per-  stand would require loss of all of the Greenland ice sheet, all
mitted by this age and using reasonable rates of epimerizatiorof the West Antarctic ice sheet, and at least part of the East
of marine mollusksKaufmanet al. (1991)proposed that the ~ Antarctic ice sheet during a Quaternary interglacial period
Anvilian marine transgression dates+td00,000 yr ago and  of exceptional warmth. Anvilian marine deposits contain no
is correlative with a major interglacial period recorded by extralimital northern species of mollusks, but do contain at
oxygen isotope stage 11. least six extralimital southern or southward-ranging species,
The high elevation (up te-22 m) of the Anvilian marine  including two that are now confined to lower latitudes in
deposits in a tectonically stable region suggests that sea levethe Atlantic OceanHopkinset al, 1960, 1974 Thus, the
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180° 170° 160° 150° 140° to the peak of the last interglacial period120,000 yr ago.
4 Last_glacig] P / ArCtiCIOcean Pelukian marine deposits, like their120,000 yr coun-
shoreline o g terparts in mid-latitudes, contain a number of extralimital

southern species of mollusks, indicating water temperatures
higher than those of the present during the last interglacial
interglacial i period Brigham-Grette & Hopkins, 1995; Hopkinst al.,
Sl \ 1960. Some mollusks found in Pelukian marine deposits
at Nome and on St. Lawrence Island indicate that winter
sea ice did not extend south of Bering Strait during the last
interglacial period, a significant800 km) northward retreat

of its present southern wintertime limiBfigham-Grette &

%
I Chukchi
=7 Sea

65°

V\ Last-
-«4—_ interglacial ‘I
shoreline \

ALASKA

5
\

CANADA

o ropkins, 195
Y4
)
| BERING Sea-Level History of the Last Glaciation

\ LAND

\__ BRIDGE a i During the last glacial period, when sea level was20m

55° Bering -~ Gulf of Alaska lower than present, Alaska experienced a dramatic change
Sea > 0 600 in coastal geography compared to most of the rest of North

4 - . . .

P KILOMETERS America. The present shelf areas of the Bering and Chukchi

== / / Seas off western Alaska and eastern Siberia are shallow,
160° 150° generally less than 100m. Full-glacial sea-level lowering

. . ) ) _connected North America and Asia, creating the Bering Land
Fig. 14. Map of Alaska and adjacent regions showing lastin- gyigge (Fig. 14. During sea-level low stands of earlier glacial

terglacial (~~120,000yr) and last-glaciah20,000 yr) shore-  heriods;, this land bridge provided the conduit by which ani-
lines and localities referred to in text. Last interglacial )5 migrated from Asia to North America, possibly as long
shoreline is fromBrigham-Grette & Hopkins (1995)ast- ago as early Pleistocene timéthrie & Matthews, 1971
glacial shoreline is approximate and is based on an as- pyying the last glacial period, the increased land area would
sumed 120 m sea-level-lowering during the last glacial period haye “affected the climate of interior Alaska profoundly,
(Fairbanks, 1989 Abbreviations: CR, Colville River; SC, jncreasing continentality and aridity. The increased aridity
Skull Cliff; K, Krusenstern; D/N, Deering/Nugnugaluktuk; may in part explain the last-glacial herb tundra-dominated
SLI, St. Lawrence Island; N, Nome. pollen record of interior AlaskaAger & Brubaker, 198%h
It has long been thought that the Bering Land Bridge,
during last-glacial time, was the land corridor for the earliest
Anvilian marine transgression may record a mid-Pleistocenehuman migrations from Asia into North America. A new
high sea level that was significantly higher than present hypothesis, however, suggests that humans may have arrived
during a time of warmer climate. in North America via watercraft along the now-submerged
last-glacial coastline south of the Bering Land Bridge
(Dixon, 200).
Last Interglacial Sea-Level History

The lowest marine terrace deposit on the Nome coastal plain Atlantic Coast

also found on the Arctic Coastal Plain of Alaskad. 14,

formed during what has been called the Pelukian transgresintroduction: The Nature of the Atlantic Coast Record

sion. Hopkins (1973)correlated the Pelukian transgression

with the peak of the last interglacial period, substage 5e The U.S. Atlantic Coastal PlainF{g. 16 contains a rich

of the oxygen isotope record. Analyses of Pelukian marine record of Quaternary sea level change. With the exception of
mollusks have yielded non-finite radiocarbon ages, indicating the carbonate deposits in southern Florida, these records are
that the deposits are more tha#0,000 yr old, but amino  represented by a combination of erosional and clastic deposi-
acid ratios Fig. 15 indicate that they are late Pleistocene tional features. Because of the low relief of this region, most
(Brigham-Grette & Hopkins, 1995; Goodfriermd al., 1996. ofthese records are found at elevations of less than 15 m, often
On tectonically stable and unglaciated portions of the coastsas laterally adjacent landforms or as superposed deposits of
of the Seward Peninsula and Arctic Coastal Plain, Pelukianvariable thickness and continuity. Surface expression of Pleis-
marine deposits are found at altitudes of less than 10 m,tocene sealevels is usually seen as a series of scarps, terraces,
consistent with the inferred paleo-sea level position of or paleoshorelines, rarely with more than 5m of relief. From
~120,000-yr-old deposits on tectonically stable coasts inthe earliest work Richards & Judson, 196and references
middle and low latitudes. These various lines of evidence therein), many authors have interpreted the Atlantic Coastal
strongly support a correlation of Pelukian marine deposits Plain in terms of named terraces or terrace formations, as
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as a function of latitude. Upper panel is expansion of the vertical scale of the lower panel, showing only the youngest two ages
of deposits. Data frorKaufman (1992)Kaufman & Brigham-Grette (1993andBrigham-Grette & Hopkins (1995)

reviewed by Colquhouret al. (1991). Several additional Coastal Plain units. Middle and early Pleistocene units have
examples of Atlantic coast Quaternary sequences can beften been correlated or assigned ages based on biostratigra-
found inNummendakt al. (1987)andFletcher & Wehmiller phy Wardet al, 1991) but these approaches rarely have the
(1992) U-series ages have contributed to an understanding ofage resolution that is required to assign deposits to specific
the complex history of these terraces and terrace formationsjce volume minima of the marine isotopic record.

but it has proven remarkably difficult to identify features that Colquhounet al. (1991) divided the Atlantic Coastal
are clearly of early last interglacial age 125,000 yr or MIS Plain into upper, middle, and lower segments, each segment
5e), a traditional reference point for many Quaternary coastalbounded by scarps. The lower Coastal Plain contains the
sequences. In addition to U-series methods, amino acidPleistocene coastal record, with late Pleistoceng50,000
racemization, radiocarbon, and occasionally paleomagneticyr in the system of Colquhoun) coastal units mapped seaward
methods have been used for geochronologic studies ofof several major scarps, including the prominent Suffolk
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Fig. 17. Coastal plain of southeastern Virginia, with geomor-
phic features (fronDaks et al., 1974&heir Fig. 7). SeeMixon

et al. (1982)or additional nomenclature on geomorphology.
Locations of commercial excavations where collections for
U-series coral dating or AAR mollusk analysis were made as
follows: TA, Toy Avenue Pit; WP, Womack Pit; NL, New Light
Pit; GP, Gomez Pit; MCK, Moyock Pit.

Scarp in North CarolinaHig. 17). Pliocene and older units
are found landward of the Surry Scarp, which separates the
lower and middle Coastal Plain segments.

Holocene depositional environments of the Atlantic

structural or geomorphic regions discussed in text (Chesa- Coastal Plain are useful analogs for the Pleistocene records,
peake Paleochannel System, Albemarle Embayment, Capgnhich, in turn, have been influenced by the pre-Quaternary
Fear Arch, and Sea Islands Section). Localities with U-series geologic frameworkHayes (1994)and Riggs et al. (1995)

or paired U-series/AAR data are identified by solid squares. noted that variability in structure, antecedent topography,

Other AAR or U-series localities (e.gluhs et al., 1992fare

sediment supply, wave and tidal regimes, and Coastal Plain

shown as indicated. AAR data from beach or shelf samplesgradient have all affected both Holocene and Pleistocene de-
also identified separately. Locality abbreviation or relevant positional systems. South of the glacial limit in northern New

reference: Morie Q’Neal & McGeary, 2002; O'Neal et al.,
2000; MF, Matthews Field VA $zabo, 1985; Groot et al.,
1990; NB, Norris Bridge, VA $zabo, 1985; Groot et al.,
1990; GP, Gomez Pit, VA Nlirecki et al.,
Moyock, NC Cronin et al.,
1989; PZ, Ponzer NC Cronin et al.,
1985; Wehmiller et al.,

et al.,

Leisey Jones et al., 1995

1995%; Mck,
198); SP, Stetson Pit NCYprk
1981 Szabo,
1988 LC, Lee Creek Mine, NC;
FB, Flanner Beach, NC\cCartan et al., 198p SC, Snows
Cut, NC Qockal, 199%; BP, Berkeley Pit SC; RR, Rifle
Range Pit, SC; MC, Mark Clark Pit, SQJicCartan et al.,
1982; SI, Scanawah Island, SQVgCartan et al.,
EB Edisto Beach, SC; FCGC, Forest City Gun Club, GA,
J/Skid, Jones Pit, Skidway |, GAl(lbert & Pratt, 1999;
RB, Reids Bluff GARelknap, 1979; Huddleston, 1988
FrnB, Fernandina Beach, FLWehmiller et al.,
Bon Terra, FL (R Mitterer, 1975 1995 pers. comm. to J.F.
Wehmiller); Oldsmar (Olsmar 1 and Karrow et al.,

198p

1996 BT,

1996,

Jersey, these systems include: (1) major estuaries associated
with mid-Atlantic rivers (Delaware and Chesapeake bays);
(2) the broad low relief Coastal Plain of North Carolina, with
an extensive late Quaternary record of estuarine and shallow
marine deposits; (3) the Cape Fear Arch, where the Coastal
Plain gradient is steep and the Quaternary record is thin;
and (4) the Sea Island section of South Carolina, Georgia,
and northern Florida, where the topographic gradient is
low and coast-parallel Holocene barrier-lagoon complexes
are “welded” to a Pleistocene island core. The modern
regional geomorphology demonstrates that older features
(barriers or shorelines) exist seaward of younger back-barrier
or estuarine environments, so it is likely that similar juxta-
positions are preserved in the Pleistocene record. Similarly,
records of Holocene sea-level rise on the Atlantic coast have
been influenced by the underlying Pleistocene (or Tertiary)
framework as well as regional postglacial tectonic adjustment
(Peltier, 1999%.
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Uranium-Series Dating of the Atlantic Coastal Plain 1985 and a number of additional ages are at or near the
Quaternary Coastal Record limit of the 23%Th/238U chronometer$zabo, 1985 In some
cases, the ages of these older samples (estimates range from

The earliest published applications of U-series methods t0300,000yr to>750,000 yr) have been derived from their
Atlantic coast sites involved alpha-spectrometric analyses234U/238 values 6zabo, 198F These oldest samples have
of reef-building corals from central and southern Florida been collected primarily along the Intracoastal Waterway
(Broeckeret al, 1965;0smondet al, 1969, reviewed above.  near Myrtle Beach, South Carolina, from units known as the
Most Atlantic Coastal Plain U-series studies have employed Socastee, Canepatch, and Waccamaw formatibigs 19).
ahermatypic corals from higher-latitude sites, particularly Because of concerns about sample reworking, stratigraphic
in southeastern Virginia and central South Carolifi@y$ 3, nomenclature, and/or geochemical issues, the appropriate
16 and 17 (Mixon et al, 1982; Oakset al, 1974; Szabo, ages for the Socastee and Canepatch formations remain
1989. Cronin et al. (1981) discussed many of the pale- controversial (e.gHollin & Hearty, 1990.
oenvironmental implications of these ages, andCartan
et al. (1982) discussed the relation of the U-series results
to lithostratigraphic and other independent chronologic Aminostratigraphy and Quaternary Chronology,
information. Chesapeake Bay to Northern Florida

Advanced analytical methods (U-series dating by TIMS)
have recently been applied to additional fossil coral collec- Amino acid racemization has been applied by several workers
tions from Virginia, South Carolina, and Georgia, using fresh to various stratigraphic problems in either local or regional
samples collected in direct association with mollusk spec- studies of the Atlantic coastaCprradoet al., 1986; Hollin
imens used for racemization analys&simonset al,, 1997; & Hearty, 1990; McCartaret al, 1982 Wehmiller, 1982;
Wehmiller et al, 1997; Yorket al, 1999. There is a high  Wehmiller & Belknap, 1982; Wehmillegt al, 1988, 1992
degree of reliability for these samples because: (1) U contentsn Figs 18 through 20ve present a summary of critical results
of the corals are within the range that is typical for modern, from sites that have either independent stratigraphic or U-
colonial corals (2-3ppm); (25°°Th/2%2Th activity values  series chronologic information that provides a framework for
are high, indicating little or no “inherited®®°Th (a problem interpretation of the racemization data.
that had plagued previous studies: Szabo, 198p and (3) The racemization results plottedrigs 18 and 19re for a
back-calculated initiat>4U/238U values are within the range  parameter identified as “VLPG,” the numerical average of the
of modern sea water, indicating probable closed-systemD/L values of the amino acids valine, leucine, phenylalanine,
history with respect to U and its long-lived daughter products. and glutamic acid, all determined by high-resolution gas
The distinguishing feature of the both the new TIMS U-series chromatographic analyses of well-presendddrcenaria a
results and the earlier alpha-spectrometry results is thatrobust bivalve mollusk commonly found in Atlantic Coastal
the ages cluster in a time range (65,000-85,000yr ago,Plain Quaternary deposits (see chromatogram/anmiller
roughly correlative with substage 5a) that would not be & Miller, 2000). VLPG minimizes the potential variation
expected for emergent units on a stable or subsiding marginjn individual amino acidD/L values that can occasionally
if interpreted in terms of sea level records based on isotopicoccur, although VLPG values are always within 3% of the
or tropical coral reef eustatic models (elgambeck & observed values fdp/L leucine, a common reference amino
Chappell, 2001 acid (e.gWehmiller & Belknap, 1982)A conceptual model

Only three sites on the Atlantic Coastal Plain north of for the relation of selected VLPG values to local stratigraphic
Florida have yielded coral ages in the range~df25,000 yr sections is shown ifig. 18 modified fromMcCartanet al.
(MIS 5e). The few ages in this range that have been obtained(1982) Because both stratigraphic and geochronologic
all from sites near Charleston or Myrtle Beach, South interpretations of the units portrayed filg. 18 are debated
Carolina, are occasionally of questionable quality or do not or have been modified (e.glollin & Hearty, 1990, and in
unequivocally represent the age of their host ukol{in some cases multiple aminozones are known to occur within
& Hearty, 1990; Szabo, 19350n Nantucket Island, Mas-  a single named formatiorHarris, 2000, there are optional
sachusettsHig. 3), north of the Atlantic Coastal Plain proper, interpretations that can be applied to individual sites in each
there is a single U-series age-e130,000 yr on a coral from  region. Riggset al. (1992 Fig. 2) further demonstrate the
the glacially deformed Sankaty Sar@lfaleet al, 1982. As relation between local stratigraphy and geochronology for a
with localities of this age in Hawaii, California, and Alaska, superposed section in northeastern North Carolina.
it contains a fauna that indicates warmer-than-present waters In Fig. 19 the VLPG results are plotted vs. latitude,
during this high sea stand. The absence of a prominent ancand each significant geomorphic or structural region of the
well-dated~125,000 yr unit on the Atlantic Coastal Plain, Atlantic Coastal Plain is also identified so that racemization
combined with the relatively large abundance~e80,000 results can be discussed within these local frameworks.
yr coral ages, remains unexplained in spite of many years ofFigure 19is plotted with VLPG values increasing downward
debate. to emphasize the superposed nature of many of the Atlantic

U-series (alpha-spectrometric) ages in the range ofCoastal Plain records. Resultsiy. 19represent an ongoing
~200,000 to 250,000 yr have been obtained from sites ineffort to obtain new high-resolution chromatographic data
North and South CarolinaHpllin & Hearty, 1990; Szabo, for both earlier and more recent collections; earlier results



Fig. 18. Schematic cross sections of thre%onm
Atlantic Coastal Plain sections, show-

Quaternary Sea-Level History of the United Statd$7
ALBERMARLE EMBAYMENT:

Flanner Beach

ing general relations of geomorphology, Formation
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tratigraphic data. Sections modified from oo ‘;g:;" Cast
McCartan et al. (1982)with additional U- e Core Cieek Sarid
series data fronHollin & Hearty (1990) g0
Ranges of U-series ages or VLPG values E E _____
for a single formation identify situations =0 R Tiates Alantic,Cloean
where multiple ages may be found within a James City
single mapped unit. Formation
>780,000 yr
SOUTH FLANK, CAPE FEAR ARCH:
Canepatch
Formation Socastee
0.56- Formation
. ~80,000 to
i 20 NS ~200,000 yr ="
o GO RE
w ‘[D .......
A I\
0 Waccamaw ~on Atlantic Ocean
Formation
Nz
>780,000 yr >40,000 yr
SEA ISLANDS AREA:
Canepatch Ten Mile
Formation Hill beds or
Socastee Wando
30 Formation Formation EAST >
£ 20 ~200,000 yr(?) 0.60
= 101 penholoway By
beds
SOUTH 0 Atlantic Ocean
>780,000 yr
>40,000 yr

for many of these localities are published Videhmiller
et al.(1988)

Amino acidD/L (VLPG) values should always increase
with increasing stratigraphic age in local regions or with
increasing temperature for samples of equal &gehmiller
& Miller, 2000). Results from Stetson and Gomez pits are

Five aminozones are specifically identified Fig. 19
and others are cited below as necessary. The area labeled
“ <8000'C yr” represents results for approximately 30 sam-
ples, with radiocarbon ages ranging to 7660 yr B.P., from
inner shelf and beach siteg/éhmiller & York, 200). The
sloping band represents the upper limit of VLPG values for

among the best Coastal Plain examples of superpositionthese Holocene samples. The shaded band label@@,000

(Fig. 19, as VLPG values cluster into three physically
superposed aminozones at each site. Addition&lig, 19
demonstrates general trends of increasbli (VLPG)

to ~130,000yr” is an aminozone that ranges from VLPG
~0.30 at 36.5N to~0.60 at 32N and includes data for all
sites where mollusk samples for racemization analysis were

values with decreasing latitude or increasing temperature.collected in close association with corals that yielded U-series

However, the results ifrig. 19raise a number of important
issues regarding the potential utility of racemization for

ages between-130,000 and~70,000 yr ago. The shaded
aminozone below this one represents racemization data

correlation or age estimation of Coastal Plain samples. Thesessociated with two North Carolina sites of this apparent age
issues are probably related to geochemical, taphonomic(Ponzer and Flanner BeacktcCartanet al, 1982 Szabo,

stratigraphic, and thermal factor€drrado et al, 1986
Hollin & Hearty, 1990 Wehmilleret al, 1992, 2000a, o

1985 and the Socastee Formation at several sites along the
Intracoastal Waterway near Myrtle Beach, South Carolina
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Fig. 19. Plot of VLPG vs. latitude for Atlantic Coastal Plain sites. VLPG is the average of the D/L values of valine, leucine,
phenylalanine, and glutamic acid in Mercenaria. Stratigraphic or geomorphic provinces of the Coastal Plain are listed
across the top of the figure. Province or locality abbreviations aBign 16, CFA = Cape Fear Arch; NA= Norfolk Arch;

D-Ch = Delmarva-Chesapeake. S, C, and W represent Socastee, Canepatch, and Waccamaw formations, respectively (se
Fig. 18). X’s represent~200,000 yr “calibrated” results from the Albemarle Embayment, NC. Vertical dashed lines connect
data points for local superposed sequences. Shaded regions represent aminozones associated with independent U-ser
ages as discussed in text. Open squares represent a beach or inner shelf aminozone that has infinite radiocarbon date
but appears younger than80,000yr. The open square labeled “BT” represents data figitterer's (1975)Bon Terra

site (pers. comm., R. Mitterer to JFW, 1992). Data point for San Salvador (SS) represents results from Chione specimen:
(Wehmiller et al., 1988; York et al., 200Qancreased by~10% to make them comparable with the Mercenaria results
plotted here.
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(Fig. 15. The southward projection of this aminozone to Because of the difficulties that can arise with broad
latitude 32N overlaps with the younger aminozone, and correlations of the Atlantic coast racemization data over
the southward projection of the~70,000 to~130,000 yr” large latitude ranges, the following discussions focus on the
aminozone does not include the well-calibrated results fromrelation of racemization results to stratigraphic or geomor-
San Salvador Island. These observations demonstrate @hic sequences within each of the local regions identified
conflict that has been debated for over 20 years (reviewedin Figs 18-20 These localized results can be interpreted in
by Wehmilleret al,, 1992. Hollin & Hearty (1990)resolved terms of most probable chronologies for each region, using
some of this conflict by rejectingg200,000 yr ages as being independent age control (isotopic or biostratigraphic) where
from reworked samples, an interpretation that has majoravailable. Age estimates proposed in the following sections
implications for all other aminostratigraphic age estimates in could easily change if additional calibrated results became
the region. Although theory{ehmilleret al., 1989 predicts available, or if alternative models for racemization kinetics
that aminozones should rise and diverge with decreasingwere applied (e.gvork et al,, 1989.
latitude (increasing temperature) (ekggs 11 and 15above,
and Wehmiller, 1992, this principle does not hold for the
U.S. Atlantic coast, even though the modern temperatureChesapeake Bay, Delmarva Peninsula, and Norfolk Arch
gradient is a smooth function of latitudgvéhmiller et al,
2000h. Correlation of calibrated racemization data from Inthe Chesapeake-Delmarvaregion, three Pleistocene amino-
late Pleistocene Atlantic coast sites between Florida andzones are recognized (VLPG values of 0.26, 0.38, and 0.49),
Virginia instead presents a broad envelope that changes trendverlying Plio-Pleistocene units with near-equilibrium D/L
somewhere between 30 and°B#4(Corradoet al, 1986 values. At the southern end of Chesapeake Bay, the Gomez
Hollin & Hearty, 1990; Wehmilleet al,, 1988. Pit section (ca. 15—20 m thick; land surface elevation8 m)
Aminostratigraphic results from Leisey Pit, on the south- provides clear evidence for the physical superposition of these
east margin of Tampa Bay, Floridgi¢s 3 and 3#demonstrate  aminozonesl(amothe & Auclair, 1999; Mireckét al., 1995,
the magnitude of potential conflicts with independently cal- the upper one (VLPG= 0.26+ 0.02) associated with ca.
ibrated resultsFigure 2Q modified fromJoneset al,, 1999 80,000 yr U-series coral ages. This unit (“Gomez coral bed”)
compares racemization data for the Leisey Pit section (fromoccurs up to 7 m above present sea level, although the corals
York et al, 20003 with associated strontium isotopic data themselves occur betweeri and+1 m (Croninetal, 1981J).
(Joneset al,, 1995 from this same section. At Leisey Pit, a The next older Gomez Pit aminozone (VLR&0.38), found
unit mapped as the Fort Thompson Formation occurs in thein an extensive oyster bed at ca3 m, represents deposition
upper part of the section. The Fort Thompson Formation is roughly 300,000-350,000 yr ago, approximately equivalent to
often considered as “last interglacial” (cf. unit Q5, above) MIS 9 (Mirecki et al, 1995. A still-older Pleistocene amino-
or specifically correlative with~125,000 yr. U-series dated zone (VLPG= 0.49 — not plotted irFig. 19for GP), seen at
units elsewhere in FloriddDuBaret al, 199J). In contrast, several sites in the region, is seen at GP in shells that are likely
Sr-isotope age estimates for the Fort Thompson Formation ateworked. At the base of the GP section are nearly racemic
Leisey Pit are variable but are on the order of 1,000,000 years(VLPG = 0.9) shells from the late Pliocene Chowan River
(Joneset al,, 1995; Yorket al, 20003. Aminostratigraphic ~ formation.
and U-series data on mollusk&grrow et al, 1996 from The three aminozones from southern Chesapeake Bay
nearby excavations at Oldsmar, Florida, at the north end of(VLPG = 0.26, 0.38, and 0.49) are also recognized in
Tampa Bay, combined with amino acid data from Leisey Pit outcrop or limited subsurface samples from sites on the
argue for an age of approximately 100,000 to 200,000 yr for Delmarva Peninsula@root et al,, 1990. The three phases
the Fort Thompson Formatioh\ehmilleret al, 1999; York of deposition inferred from the racemization data correspond
et al, 20003. Consequently, two vastly conflicting estimates to major cut/fill sequences of the Susquehanna River pale-
for the age of the Fort Thompson Formation at Leisey Pit ochannel systemQolman & Mixon, 1988; Colmaret al.,
can be inferred, either “late Pleistocene?200,000yr) or 1990; Oertel & Foyle, 1995 The Chesapeake paleochannel
“middle to early Pleistocene”~1,000,000 yr). The VLPG  system represents the evolution of the ancestral Susquehanna,
data from Leisey PitKig. 19 are more consistent with the Potomac, Rappahanock, York, and James rivers. Earlier chan-
younger age estimate for the Fort Thompson Formation, nels of these rivers passed through the region that is now the
especially an age around 200,000yr when compared withsouthern Delmarva Peninsula, which has migrated southward
the 125,000yr calibrated results from San Salvador Island.during the mid-to-late Pleistocene evolution of this drainage
Amino acid and Sr-isotope data are also available for pattern.Chenet al. (1995)recognized the extension of this
the Bermont Formation, immediately underlying the Fort paleochannel network onto the inner shelf of southeastern
Thompson at LeiseyHig. 20. These data are all stratigraph- Virginia, andKnebel & Circe (1988)dentified comparable
ically consistent and the Sr-isotope data suggest an age ofeatures in Delaware Bay. The VLPG value of 0.49 repre-
>1,500,000yr for the Bermont Formation. The amino acid sents a unit that apparently fills the Exmore paleochannel,
values for the Bermont are quite near equilibrium, so they considered to be between 300,000 and 500,000 yr old, based
can only be used to suggest ages greater thab0,000 yr. on comparisons of racemization and U-Th data from the
Mitterer’s (1975)original study of Florida aminostratigraphy region. This aminozone is found at MF and NBids 15
identified similar results for central and southern Florida. and 19, each site having yielded ambiguous U-series age
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estimates but with an age of300,000 yr being most The Suffolk Scarp, as a prominent boundary between
probable §zabo, 1985and pers. comm.), and also at other late and early Pleistocene units, is a major geomorphic
sites in the central Chesapeake Bay region. The two youngeffeature of the North Carolina Coastal PlaiBri{l, 1996).
aminozones represent progressively younger channel-fillThe southward continuation of this boundary across the
deposits that probably correspond with low-stand/high-standCape Fear Arch suggests that late Pleistocene units (and
cycles from~300,000 yr through~100,000 yr ago. These their associated aminozones) seen in eastern North Carolina
same two aminozones are also seen at exposures arounare infrequently observed in emergent units between Cape
the southern margins of Delaware Bay (CM, M big. 19), Lookout and Cape Romairfrig. 16, mimicking the overall
where they interpreted to represent extensive late- or late-outcrop pattern of pre-Quaternary units across the Cape Fear
middle Pleistocene depositioG(oot et al., 1990; O’Neal Arch (Mixon & Pilkey, 1976; Riggs & Belknap, 1988; Snyder
et al, 2000. et al, 1991; Wehmilleret al, 1992; York & Wehmiller,
1992)).

Albemarle Embayment, Northeastern North Carolina
Cape Fear Arch

The thick 50m) Quaternary section preserved in
the Albemarle Embayment preserves a racemization recordlwo shallow marine units, the Socastee and Canepatch for-
spanning most of the Quaternary. The units of the Albemarle mations, are exposed in the Intracoastal Waterway near the
Embayment are preserved in both vertical and lateral North Carolina-South Carolina bordd¥igs 16 and 18 As-
sequences and record multiple cycles of cutting and filling sociated with these units are named barriers (the Myrtle Beach
during the PleistocendBpsset al., 2002; Rigg<st al., 1992, and Jaluco barriers, respectively, as mappebbBaret al,,
1995. Six Pleistocene aminozones are recognized in the1980. The ages of these two formations are critical for any
sediments of the Albemarle Embayment, with approximate attempt to identify paleoshorelines or correlate aminozones
VLPG values 0f 0.3, 0.38, 0.49, 0.56, 0.72, and 0r88.(19. between the north and south flanks of the Cape Fear Arch, a
The youngest of these (80,000 yr by U-series dating at Moy- region where the entire preserved Cenozoic record is much
ock and Stetson Pit) represents deposition during MIS 5. Thethinner than in the Albemarle Embayment. Although the
next older aminozone records MIS 7, based on data fromstratigraphic terminology, as applied to specific exposures on
Ponzer and Flanner BeacM¢Cartanet al., 1982 Szabo, the Intracoastal Waterway, has vari€@b(quhouretal,, 1991;
1989. Three older aminozones (VLPG 0.49, 0.56 and 0.72) DuBaret al,, 198Q Hollin & Hearty, 1990; McCartaret al.,
are found deeper in the Stetson Pit section, near the center 01982 Owens, 1989; Wehmillest al,, 1988, and the U-series
the Albemarle Embayment, or in a mid-Pleistocene unit that chronology for these units is ambiguo®&zébo, 1985 most
is intermittently exposed at the Lee Creek Minel0km workers interpret the Socastee formation to be atleast 200,000
east of the Suffolk Scarg-{g. 16 Wardet al, 1997). Several yr old (~MIS 7) and the Canepatch formation to be as much
of these aminozones are also seen in shallow core sampleas 500,000 yr old, the latter age being derived from biostrati-
from the North Carolina inner shelf or in reworked beach graphicinformation and associatedU/238U values in corals
specimens\Wehmilleret al, 1995. A still-older aminozone  (Szabo, 198p Hollin & Hearty (1990) however, interpreted
(VLPG = 0.83) represents the James City Formation (early the Socastee as 80,000 yr old (late MIS 5) and the Canepatch
Pleistocene:Ward et al, 199]). The oldest aminozone as 125,000 yrold (early MIS 5), an interpretation that appears
(VLPG =~ 0.90) in the region represents the Pliocene/early consistent with aminostratigraphic comparison with the Sea
Pleistocene Chowan River formation, sampled in both NE Islands VLPG data summarized lig. 19 Hollin & Hearty
North Carolina and in Gomez Pit. Collectively the Albemarle (1990)emphasized the importance of using only the youngest
Embayment VLPG data define a series of aminozonesU-series ages found in a unit because of the potential for mix-
that represent multiple cycles of deposition through the ing of fossils with different ages, even though the majority of
Pleistocene. These aminozones may, in fact, record onlythe U-series ages from Intracoastal Waterway sites (and some
a small fraction of the numerous=(Q5) transgressive from other sites) would then have to be rejected. Four amino-
records preserved in this regioRiggs et al., 1992; York zones (VLPGvalues 0f0.47,0.56,0.79,and 0.87) are apparent
et al, 1989. in the results for the Cape Fear Arch regiéiigs 18 and 19

The Albemarle VLPG values betweern0.50 and 0.70  the oldest (0.87) representing the Plio-Pleistocene Waccamaw
fill a significant middle-to-early Pleistocene gap in the formation. The three younger aminozones have been inter-
regional stratigraphy, as no named units in this interval are preted to represent three depositional events, with ages of
recognized $oller & Mills, 1991). This aminostratigraphy  >780,000 and~460,000 yr recorded at different Canepatch
may also place an upper limit on the age of the Suffolk sites, ancd~200,000yr recorded at Socastee sit€sr(ado
Scarp in eastern North Carolina (mid-Pleistoceng50,000 et al, 1986; Wehmilleret al., 1988. Racemization age es-
to 500,000yr, York et al, 20008, consistent with the timates for the Socastee and Canepatch are sensitive to the
chronology of Colquhounet al. (1991) More rigorous choice of calibration samples and/or correlations from either
calibration of this mid-Pleistocene aminostratigraphy would the north or the south: older age estimates result from com-
help to resolve some of the aminostratigraphic correlation parisons with results from the Albemarle Embayment, while
problems identified by the results fig. 19 younger age estimates result from comparisons with the Sea
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Islands section of SC and GA. In spite of many years of study, older than~40,00014C yr B.P. {Vehmiller & York, 2001;
serious ambiguities about the relation between racemization\wehmilleret al., 1995 York & Wehmiller, 1992a; Yorlet al.,
U-series, and stratigraphic interpretations of the Socastee ang¢001). This same aminozone is inferred from the results
Canepatch deposits remain unresolved. of Mitterer (1975)for samples collected from an emergent
outcrop near Bon Terra, Florida (R.M. Mitterer, pers. comm.
to J.F. Wehmiller, 1995) (BTFig. 16). The Bon Terra col-
Sea Islands Section lection is particularly important, as it most likely represents
the Anastasia Formation, widely considered as of “last
The Sea Islands section can be traced from Cape Romaininterglacial” age. Other data from northern Florida localities
South Carolina to Cape Canaveral, Floridag( 16. The  (Mitterer, 1975 are consistent with this four-fold amino acid

typical thickness of the entire Quaternary section in the Seazonation for the southern portion of the Sea Islands, although
Islands area is between 5 and 10m, although both thinnerspecific locality information for Mitterer's collections is

and thicker sections are found over highs and lows in the un-not available.
derlying Tertiary depositsHarris, 2000. Winker & Howard
(1977)identified numerous Plio-Pleistocene paleoshorelines
throughout this region. Gulf Coast
Most of the U-series ages from the Sea Islands section
cluster around 80,000 yr (MIS 5a: Wando Formation of North and west of the carbonate-rich records of central and
McCartanet al, 1984. However, two older coral U-series southern Florida (discussed above), other coastal records
ages {125,000-139,000 yr) have also been obtained from from the Gulf Coast include those from the Florida panhandle
the Wando Formatior§zabo, 198p Thus, it can be inferred  extending west to southern Mississippi and those along the
that the “last interglaciation” in its broadest sense (all of MIS Louisiana-Texas coasFig. 3). Geochronological data for
5) may be recorded by this unit. Older200,000-250,000 Pleistocene units in this entire region are limited, particularly
yr) ages have come from a unit exposed inland from the for emergent sequences, the focus of this review. Seismic
Wando Formation localitiesMcCartanet al,, 1982; Szabo, exploration of the thick Quaternary and pre-Quaternary
1985. Evidence for multiple aminozones within the Wando records in the northern Gulf of Mexico, combined with
Formation Corradoet al,, 1986 Harris, 2000; Yorket al., extensive marine biostratigraphy, allow high-resolution
1999, 200}, raises the possibility of multiple ages of fossils chronology for portions of the offshore record, especially on
within this unit, but there is no single site where multiple the Texas-Louisiana sheluBaret al. (1991)reviewed the
aminozones can be directly associated with one or morecharacteristics and nomenclature of the onshore and offshore
U-series ages. In fact, overlapping rangesDst. values Quaternary record of the entire region. By analogy with
from sites with 80,000, 120,000, or 200,000 yr U-series agesthe Atlantic Coastal Plain, it is quite likely that Gulf Coast
(Corradoet al, 1986; McCartanet al., 1982; Wehmiller Quaternary deposits are equally complex and variable.
& Belknap, 1982 indicate that racemization data may not In the panhandle region of northwest Floridiag(. 4), the
resolve these ages as well as has been clairGedrddo number of preserved Pleistocene shoreline features has been
et al, 1986 Hollin & Hearty, 199Q. Although these may be the subject of considerable debat@ofoghue & Tanner,
geochemical issues related to AAR/€hmilleret al,, 1993, 1992; Donoghueet al, 1998; Otvos, 1992, 1995as the
the complexity of the Sea Islands record itself is a potential location of “last interglacial” features remains in doubt. Addi-
cause of the variability in apparent ages inferred from tionally, the potential age range (late Pleistocene or most ofthe
the AAR data. Pleistocene) of preserved coastal features is questioned. Mol-
Three emergent aminozones (VLPG 0.53, 0.69, and 0.80)lusk samples from shallow excavations in Franklin County in
are recognized at the southern end of the Sea Island sectiorthe Florida panhandle have yielded racemization results that
The youngest of these aminozones is associated with thémply a late Pleistocene age when compared with other data
80,000yr. U-series (TIMS) coral age at Skidaway Island from Florida and Georgia, but correlation of these results to
(Figs 16 and 1¥ and the others may represent terrace for- a specific sea level transgression is not possible (Otvos &
mations that are probably of late or late-middle PleistoceneWehmiller, unpublished dat&yehmilleret al,, 1998.
age Colquhounet al,, 1991 Huddleston, 1988; Markewich Pleistocene coastal features on the Texas coast include the
et al, 1992. The Skidaway Island site is a good example of Ingleside Barrier (interpreted as broadly of “last interglacial”
the Sea Island “model,” as the dated samples come from aage by Otvos & Howat, 199§ also referred to as the
muddy unit exposed by shallow excavation near the center of‘Ingleside surface.” The Ingleside surface is underlain by
this predominately Holocene islandijlbert & Pratt, 1998 the Beaumont Clay, a complex unit that probably includes
A still-younger aminozone (VLPG= 0.35-0.42, radio-  multiple ages of fluvial and nearshore units, perhaps repre-
carbon age-40,000%C yr B.P.) is found in reworked beach senting the past 400,000 years of glacial-interglacial incision
samples (EB and FrnB ifrigs 16 and 1pas well as at  and valley filling Blum & Price, 1998.
beach and shelf sites near the North Carolina-South Carolina Records on the Texas shelf provide an important perspec-
border Fig. 19. The age of this aminozone is enigmatic, as it tive on the origin and age of both submergent and emergent
appears younger than 80,000 yr when compared with VLPGlandforms in the regionAndersonet al, 1996 Morton &
data from late Pleistocene emergent sites, but it is definitelyPrice, 1987; Rodriguezst al, 2000; Suteret al, 1987.
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Valley incision, infilling, and delta construction are all the Texas coast also appears to represent a complex of multi-

recognized in various seismic studies, reinforced with core ple units representing several transgressive-regressive cycles

data. In one of the more provocative studies of the impli- during the middle- to late Pleistocene.

cations of these records for Pleistocene sea-level history,

Rodriquezet al. (2000) identified a submerged escarpment

and associated barrier features that indicate a shorelind_ast Interglacial and Last Glacial Periods

at a depth (corrected for subsidence) of abeut5m.

Based on seismic stratigraphic relations to other sequenceitlantic coast sites with U-series ages representing early MIS

boundaries in the record (interpreted to represetd0,000 5 (~125,000 yr) are rare north of the Florida Keys; where

and ~20,000 yr, or “transitional MIS 6/5e” and “MIS 2" found, these units are at roughly the same elevation (all

transgressive surfaces), this paleoshoreline is interpreted tavithin ca. 6—8 m of present sea level) as those dated at 80,000

be between 35,000 and 50,000 yr otd\IS 3). Its depthis  yr. These observations have been the focus of debate about

significantly shallower than would be predicted from most the Atlantic Coastal Plain geochronology for nearly three

marine isotope or dated coral reef records (egmbeck decades. Nevertheless, a high sea level&Q,000 yr is con-

& Chappell, 200). Finite radiocarbon ages are consistent sistent with similar data from Bermud&(hset al,, 20025

with this estimate Rodriguezet al, 2000, although ages and some datafromthe U.S. Pacific Co&#fj(13. Emergent

in this range are near the limit of reliability. Racemization shoreline features are found throughout the Gulf and Atlantic

data for mollusks from these shelf sequences and from coresoastal plains, and in the absence of numerical geochrono-

beneath the Ingleside Barrier are all internally consistent with logic data, it is common to assign “last interglacial” ages to

the stratigraphic position of the samplé&ghmiller et al, features found at elevations up to approximate8/m.

20003. Kinetic modeling is also consistent with an age of The current elevations of emergent Atlantic coast

between 40,000 and 80,000 yr for thd5 m paleoshoreline  paleoshorelines or shallow marine units U-series dated

(Wehmilleret al,, 20003. to late MIS 5 (80,000 yr) are higher than expected from
Elsewhere on the Gulf of Mexico shelBchroedeet al. marine isotope curves or dated tropical coral terrace records

(1995) used radiocarbon dating of oyster shells to produce (Lambeck & Chappell, 2001; Shackleton, 198Records

a rough curve of postglacial sea-level rise and a moreon the New Jersey, Maryland, and Texas shelgse(idan

uncertain record for the time interval between about 27,000et al, 2000; Rodriguezt al,, 200Q Toscano & York, 199p

and 40,000'C yrB.P. Although many shell radiocarbon also indicate sea levels during either late MIS 5 or MIS

ages in this range can be challengBtbom, 19833 some 3 that were higher than predicted from marine isotope

paired AAR/radiocarbon (AMS) analyses of massive and curves. These observations suggest that major sections

well-preserved shells from shelf/beach environments indicateof the Atlantic and Gulf coasts, although considered as

that ages in this range may be valid/dhmiller & York, passive margin regions, may have been influenced by a

2001; Wehmilleret al,, 1995. Because all of the dated shells combination of postglacial isostatic adjustment (through

of Schroedeet al. (1995)were transported to some extent, multiple glacial cycles), hydroisostasy, and shelf sediment

a precise sea level curve cannot be constructed. loading.
Summary: Atlantic and Gulf Coasts Records of Holocene Sea-Level Rise, Atlantic and Gulf
Coasts

Early Pleistocene to Last Interglacial Period

Preserved records on continental shelves provide a general
Age assignments for Atlantic coast marine units rely upon insight into the potential complexity of emergent records on
either biostratigraphic, radiometric, or suitably calibrated any low gradient coastal plain. The youngest portions of these
racemization modeling. All of these methods have signifi- sequences represent the processes that occurred during last
cant uncertainties, particularly for the earlier Pleistocene, andglacial low-stands and the rise in sea level since the last glacial
racemization models are quite subjective, especially whenmaximum. In many cases, these are depositional records, pre-
used to correlate over broad latitude ranges. Nevertheless, foserved in areas of relatively large sediment supply. Examples
the Atlantic Coastal Plain, early to middle Pleistocene depo- include, but are not limited to, the inner shelves of New Jersey
sitional records appear to be preserved throughout the region(Sheridanet al., 2000, Maryland {Toscano, 1992; Toscano
Notable examples include the older parts of the Albemarle & York, 1992), North Carolina Bosset al, 2002; Riggs
Embayment section in North Carolina and the Waccamaw et al,, 1995, large estuariesGolmanet al., 1992 and thick
formation in northeastern South Carolina. Late-middle Pleis- sections on the Texas shefrfdersoret al., 1996 Rodriguez
tocene, or pre-last interglacial units, include paleochannelfill et al, 2000. Where sediment supply is more limited (such
inthe Chesapeake Bay region, and U-series and racemizationas the shelves of South Carolina and Georgia), extensive
dated units from the Albemarle and Cape Fear Arch regions.recycling of shelf sediments during multiple Quaternary
Determining the origin(s) and age(s) of the Suffolk Scarp transgressions is inferred from local stratigraphic sections
would provide major insights into the history of sea level where 1-2m of preserved section may represent the entire
change on the Atlantic Coastal Plain. The Beaumont Clay onQuaternary Gayeset al, 1992; Harriset al., 2000; Heron
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et al, 1984; Hine & Snyder, 1985; Macintyret al, 1978; Summary
Pilkey et al.,, 1987).

Records of Holocene sea-level rise on the Atlantic and Much progress has been made in the past three decades
Gulf coasts are numerous, having been obtained in order ton our understanding of the Quaternary sea-level history of
understand local or regional histories of coastal evolution U.S. coastlines. Two complimentary dating methods, U-series
or geophysical models of postglacial isostatic adjustmentanalyses of fossil corals and amino acid racemization of fos-
(e.g.Peltier, 1999. Major processes affecting these records Sil mollusks, have generated hundreds of numerical and cor-

include isostatic rebound in glaciated arekglley et al, related ages. These data have allowed lateral correlation of
1992, steady subsidence associated with forebulge collapsenarine deposits on the Pacific and Atlantic coasts and the
in regions proximal to glacier advanckréft et al, 1987, Hawaiian Islands, as well as on the Bering Sea and Arctic

and, occasionally, rises of sea level to near present levelOcean coasts of Alaska.
during the middle Holocene in regions farther from glacial ~ Many of the sea-level high stands of the Quaternary are
influence Blum & Carter, 200). Holocene depositional recorded in the reef record of the tectonically stable Florida
records that provide good models for Pleistocene sequence&eys. Stratigraphic studies show that deposits of pre-last-
in a particular region are especially important. Good exam- interglacial high stands are present, although dating has yet to
p|e5 include channel erosion and f||||ng in Chesapeake Bayestab"Sh the precise timing of these deposits. Nevertheless,
(Colmanet al, 1990, 1992 and in Albemarle SoundRiggs ~ Preliminary ages suggest that two high sea stands of the
et al, 1992, 1995 and Holocene coastal environments of Mid-Pleistocene are recorded on the Florida Keys, perhaps
the Florida peninsulaDavis et al, 1999. In each of these  0n the order 0f~300,000-340,000 and 220,000-230,000 yr.
regionsy good ana|ogie5 between preserved Pleistocene an@Of&'S in reefs of two hlgh sea stands of the last interglacial
Holocene records can be recognized. complex, the~80,000 and~120,000 yr stands, are present
in this island chain. Offshore, Holocene reefs of the Florida
Keys and mainland extend the Barbados record of sea-level
Unresolved Issues on the Atlantic Coastal Plain rise since the last glacial period up to present sea level.
Reefs and coral-bearing marine deposits, both emergent
The following are three major unresolved geochronological and submergent, have been identified, mapped and dated in
issues related to the Pleistocene of the Atlantic Coastal Plainthe Hawaiian Islands. On the island of Oahu, the Waimanalo
Quite likely similar issues will arise for Gulf Coast sites as Limestone was deposited during the peak of the last inter-
additional chronologic data (or samples for dating) become glacial complex. Because Oahu is uplifting only very slowly,

available for this region, but limited results prevent more spe- the range of U-series ages for this deposit is a good estimate
cific conclusions. of the duration of the peak of the last interglacial period.

Results of recent high-precision dating indicate that the peak

(1) Identification of 125,000 yr erosional and depositional ©f the last interglacial period could have lasted at least 15,000
records using geomorphic and geochronologic analy-Yr and possibly longer. Waimanalo Limestone deposits
sis. Detailed mapping and dating in selected regions contain a significant number of extralimital southern mol-
(such as the Cape Fear Arch and Albemarle Embay- lusks, indicating warmer-than-present waters during the last
ment) where both surface landforms and subsurfaceinterglacial period. The “big island” of Hawaii, unlike Oahu,

units can be clearly mapped is a high priority for es- is undergoing long-term Quaternary subsidence, due to vol-
tablishing confidence in any of the Atlantic or Gulf canic loading. As a result, submerged reefs off Hawaii mark

coast chronologic records. deglacial periods and yield a record of such events for more
(2) Reconciling the elevation of the 80,000-yr-old units than 400,000 yr. The island of Lanai has long been the object
with the sea-level record from marine isotope and trop- Of study because of high-elevation marine deposits. A novel
ical coral reef records. The similar elevation of these hypothesis that these deposits were formed by a “giant wave”
units, and of possible 125,000-yr units (all within 6 m) generated by a submarine landslide was proposed as a chal-
from Virginia to Georgia (and also Bermuda), mustbe lenge to a decades-old concept that sea level was much higher
interpreted in the context of glacial-margin tectonics than present. This hypothesis has in turn been challenged by
and hydroisostatic effects. new mapping and dating that suggest that the deposits were

(3) Understanding the age-resolution capabilities of elevated due to lithospheric flexure, in response to the sub-
amino acid racemization methods, including as- sidence of the island of Hawaii, in turn induced by volcanic
sessing the reality and significance of the “offshore loading.
aminozone” found between North Carolina and Geor- Multiple marine terraces on the Pacific Coast record a
gia. Inconsistencies in correlation of racemization long history of sea-level high stands superimposed on long-
data from region to region appear to contradict the term crustal Up'lft. Pre-last-lntergIaCIaI hlgh sea stands are
stratigraphic coherence of racemizatoin data in local recorded on the coast of California and several fossil-bearing
regions with common temperature and depositional localities in southern California hold promise for unraveling
histories. Continued refinement of racemization Middle and early Pleistocene sea-level history. A high terrace
kinetic modeling by comparison with rigorous ©n San Nicolas Island dates t500,000-600,000 yr ago
independent calibration is needed. and suggests that much of the sea-level history of the middle
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Pleistocene may be recorded in a series of lower terracesof ~80,000 yr deposits at or even above sea level on a tectoni-
U-series analyses show that marine terraces from both thecally stable coastis amajor challenge to widely held views that
~80,000- and~120,000-yr-old sea-level high stands of this sea stand was significantly lower than present sea level.
the last interglacial complex, long recognized on tropical  The longer-term Quaternary sea-level record of the
coasts, are also present on the Pacific Coast.~T1#0,000 Atlantic Coastal Plain is apparent in thick stratigraphic
yr high sea stand lasted at least 8000-10,000 yr on thesequences, multiple aminozones ranging back to the early
Pacific Coast, based on the range of individual coral ages.Pleistocene, and some independent chronologic control for
It was a major interglacial period that is distinguished by the units that date to>750,000 yr. Shore-parallel correlation
presence of extralimital southern mollusks, indicating easternof these deposits is also possible, as has been done on the
Pacific Ocean water temperatures warmer than present. Th@acific Coast. The actual length of the Quaternary sea-level
~80,000 yr high sea stand could also have been on the orderecord in this region, as shown by amino acid racemization
of 8000-10,000 yr long, but it is distinguished by the data, depends on the choice of calibration samples and on
presence of extralimital northern mollusks, indicating water either a “short” or “long” time constant for racemization.
temperatures cooler than present. Reworking~a20,000 Consequently, age estimates based on racemization results
yr fossils during the~100,000 yr high stand occurred on might vary by 100% or more. The “short” chronology
the Pacific Coast, based on U-series dating of individual suggests that the Atlantic Coastal Plain record spans only
corals. This reworking suggests that sea levet&00,000 ~500,000 yr, whereas the “long” chronology would suggest
yr ago may have been close to that of today. “Capture” of a considerably greater part of the Quaternary is represented.

the~120,000 yr high sea stand during t&00,000 yr high Certain results of sea-level studies on the coasts of the
stand may also explain the mixture of extralimital southern United States challenge thdilankovitch (1941)theory of
and extralimital northern fossils in some deposits. climate change, as interpreted from the deep-sea oxygen

As with the coasts of California, Hawaii, and Florida, the isotope record. The duration of the peak of the last interglacial
peak of the last interglacial period is recorded on the Bering period (MIS 5e), when sea level was as high or higher than
Sea and Arctic Ocean coasts of Alaska. Although corals havepresent, is interpreted from the oxygen isotope record to be
not been found in these deposits, amino acid ratios, non-finiteon the order of only a few thousand yedrslfrieet al.,, 1984;
radiocarbon ages, and terrace elevations all indicate that théMartinsonet al, 1987. In contrast, the coral record from
“Pelukian” high sea stand corresponds to the peak of the lastOahu, Hawaii indicates that sea level as high or higher than
interglacial period. Similar to low-latitude and mid-latitude present could have lasted 15,000-20,000 yr. The U-series
marine deposits of this high sea stand, Pelukian deposits ofages from both Oahu and California also suggest that sea
Alaska contain a number of extralimital southern species of level was relatively high about 115,000yr ago, a time that
mollusks, indicating warmer-than-modern water tempera- the oxygen isotope record would suggest that sea level was
tures. In addition, an older high sea stand, that is probablyrelatively low. U-series ages 80,000 yr for corals from
on the order 0f~400,000 yr old, may record another major the tectonically stable Atlantic Coastal Plain and the slowly
interglacial period, also with warmer-than-modern water uplifting Pacific Coast suggest that sea level at that time was
temperatures. near present, whereas the oxygen isotope record suggests

The Atlantic Coastal Plain of the eastern United States that sea level was then well below present. The reasons for
has been one of the most challenging regions for studies ofthe discrepencies between the coastal sea-level record and
past sea levels. Because this coast is on a passive continenttéthe deep-sea oxygen isotope record are not understood, but
margin, sea-level records are complex: long-term uplift does provide an important challenge to future investigations on
not “isolate” individual high stands of sea as distinct terraces the coasts of the United States.
in the manner that is typical for the Pacific Coast. Many
transgressive-regressive cycles are preserved at roughly th
same elevations, resulting in a highly complex stratigraphic

record. Nevertheless, amino acid racemization studies havgN . .
; . ork on sea-level history by Muhs and Simmons was sup-
shown that there is a rich record of Quaternary sea-level

fluctuations, at least as far back as the middle PleistoceneportelEd l_ay Ithe Earth Slérface Dyna_[)mc_s Progrham of the U.S.
and more likely the early Pleistocene. Geological Survey and is a contribution to the LITE (Last

An unexpected result of recent studies on the Atlantic Interglacial: Timing and Environment) Project. Studies by

- . Wehmiller and York were supported by the National Science
Coastal Plain is that, unllkg the other coasts of the U.S., Foundation. We thank Robert S. Thompson, Richard Z. Poore,
records of the peak last-interglacial high sea stand of
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