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Preface

Today s models of past sea-level change are complex. Although knowledge has increased enormously
over the last forty yvears, many problems concerning the concepts of sea-level change still exist or have been
detected recently. Substantial progress in this field of study is closely associated with four very successful
IGCP sea-level projects, beginning with IGCP 61, and followed by IGCP 200, 274, and 367. However, this
does not imply that research concerning terraces and problems of Pleistocene sea-level history in coastal
geomorphology and geochronology, has lost its importance.

The 4" annual meeting of IGCP project 437 Couastal Environmental Change During Sea Level Highstaneds:
A Global Synthesis with Implications for Management of Future Coastal Change (1GCP 437, President
Colin Murray-Wallace, University of Wollongong, Australia) was held together with the International
Conference “Barbados 2000: Quaternary Sea-level Change” {organizers Ulrich Radike and Gerhard
Schellmann) on Barbados from October 26" to November 2%, 2002. During this conference, more than 70
scientists were introduced to key localities and issues of Quaternary sea-level research on Barbados during
three days of field trips.

Barbados has been the Mecca for sea-level research since MESOLELLAs benchmark studies published in
1968. Numerous subsequent publications on the sea-level history of Barbados followed and make it difficult
to keep up with newest developments in this field of research. During the conference, the organizers presented
a Field Guide, which promised to offer more than a regular guidebook. It illustrated the history of sea-level
research on Barbados and presented new geomorphic and geochronologic investigations of Barbados™ fossil
coral reef terraces, which have been conducted by a research group led by Prof. Ulrich Radtke (University of
Cologne, Germany) and Prof. Gerhard Schellmann (University of Bamberg, Germany) since 1990. This
research was imtiated by advances in Electron Spin Resonance (ESR) dating of fossil coral, advances in the
resolution of aerial photographs and their interpretation, and the dearth of detailed geomorphic maps depicting
preserved fossil beach formations and reef terraces. This new research, based largely in the southern part of
the island, has required the revision of previously published morpho- and chronostratigraphies for Barbados.

This textbook, published by . Kolner Geographische Schriften™ in 2004, largely mirrors the Field Guide.
which was accessible to conference attendees only. It comprises six chapters, ranging from a general overview
to detailed morphostratigraphic descriptions. Chapter | provides some background information to those
readers who have never been to the Caribbean or are unfamiliar with this region, its climate. tectonic setting,
and the Caribbean coral reefs. Chapter 2 focuses on the geology and physical geography of Barbados and
provides an overview of the hydrology, karst formations. soils, and vegelation. Chapter 3 reviews previous
sea-level research carried out on Barbados and pays particular attention to the famous geological traverses
across the coral deposits of South Barbados (Clermont Nose and Christchurch). This review is additionally
important because many coral samples collected in the 1960's and 70°s were redated as part of the current
research program. Chapter 4 resents the main research findings of our research. It includes extensive new
data on the geomorphology. geology, and geochronology of southern Barbados, and details estimates of
Pleistocene palaeo sea-level changes. Chapter 5 considers other localities beyond the main research area on
southern Barbados, including central Barbados with its older terraces, and areas at the west, north, and
southeast coast. Chapter 6 summarizes the results presented in this book and outlines perspectives of future
research related to the reconstruction of palaco sea levels on Barbados, and global aspects of Quaternary
sea-level reconstruction.

We recognize that the research detailed here is incomplete in that its emphasis is mainly on the southern
part of Barbados. A complete synopsis of the Quaternary of Barbados is clearly desirable, but the
comprehensive chronostratigraphic mapping of all reef terraces on Barbados would require another research
project of more than 10 years, and this is beyond our current remit. In addition, we note that at present the
chronological framework of our work is limited to the last 600,000 years, which is the upper limit of existing
dating techniques for fossil corals. Despite these limitations, we believe that this textbook provides a
comprehensive coverage of the important concepts and principles of geomorphic. geochronologic, and sea-
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level research on Barbados. As such, the research provides a sound basis for the discussion of coral reef
stratifications and tectonics of Barbados, and palaeo sea level changes in the Caribbean more widey.

We would like to thank the Deutsche Forschungsgemeinschaft (German Research Foundation), for their
generous financial support (projects Ra 383/6-1. 6-2, and 6-3) that made this research, including field work
on Barbados and laboratory work at the University of Cologne, Germany, possible. We are also grateful for
the financial support of our ESR research provided by the University of Bamberg, Germany (project Sch
050302-21) and the University of Essen (project FP Sch 99).

Thank you to Dr. Franziska Whelan for her contributions to this publication and for editing the manuscript.
Figures and tables in Chapters 1, 2, 4, and 5 were prepared by G. Schellmann (G Seh.), figures and tables in
Chapter 3 by U. Radike. The preparation of the numerous graphics included in this publication would not
have been possible without the assistance of several graduate students and staff. Many thanks to Ms. Andrea
Zoll, Ms. Gabriele Riedl; and Ms. Dipl.-Geog. Silke Schwieger (University of Bamberg, Germany), Ms,
Dipl.-Ing. Gudrun Reichert and Ms. Anne Hager (University of Essen. Germany), and Mr. Jirgen Kubelke
(University of Cologne, Germany) for their cartographic assistance.

We are grateful to Ms. Christine Ksciuczyk (University of Cologne, Germany) for her diligent and
meticulous application of ESR and X-ray diffraction measuring of our numerous samples during the last five
years. For helpful comments we would like to thank Dr. Ruth Lyons (Auckland, New Zealand), Dr. Antony
Long (University of Durham, UK), Karen Schneider (Cologne), and Volkmar Schultchen (Wuppertal). Thank
you to our graduate students and research assistants who were involved in the completion of this textbook.
Thanks also to the publishers of the “Kilner Geographische Schriften”.

We hope that this textbook on “The marine Quaternary of Barbados™ will inspire new discussions about
the classical Barbados model of sea-level change and help stimulate further advances in this field of research.

Gerhard Schellmann

Ulrich Radtke
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Cave Bay is one of many bays with sandy beaches and beach rock deposits on the Caribbean
coast of south eastern Barbados. (Phoro: SCHELLMANN [997)

Atlantic coast on the eastern side of Barbados (Scotland District near Bathsheba), ( Pheto:
SCHELLMANN 1997)

Cliff destroyed by hurricane wave action at “The Spoud’. northeastern coast of Barbados.
(Photo: SCHELLMANN 2000)

Geomorphic evidence for hurricane impacts. Boulders and sand were deposited at 4 to 5 m asl.
on a destroyed cliff near “The Spoud’, northeast coast of Barbados. (Phoro: SCHELLMANN
2000}

Last interglacial (MIS 5a) Acropora palmata with central growth line (Inch Marlowe Point,
south coast of Barbados). (Photo: SCHELIMANN 2000)

Cross section of last interglacial (MIS 5a) Acropora palmara.
Last interglacial (MIS 5a) Acropora cervicernis back reef facies (Inch Marlowe Point, south
coast of Barbados). (Photo: SCHELLMANN 1997 )

Last interglacial (MIS 5e) Acropora cervicornis reef slope facies exposed at Clermont Nose
traverse (Bridgetown, University of the West Indies). (Phoro: SCHELLMANN 2002)

Holocene Diploria sirigosa sample from Curagao, Netherlands Antilles. (Photo: ScHELL-
MANN 200K))

Plate-like growth form of Montastrea annularis in last interglacial (MIS 5¢) fore reef facies
(Batts Rock Bay, west coast). (Photo: SCHELLMANN 20002)

Holocene Siderastrea siderea sample from Curagao, Netherlands Antilles. (Photo: SCHELL-
MANN 2000)

Coralline algae is encrusting penultimate interglacial Acropora pafinata reef crest facies. Sample
location: lastinterglacial T-4 | wave-cut platform at Salt Cave Point, south coast of Barbados.
{ Photo: SCHELIMANN 1997)

View of Scotland District looking north. (Photo: Schellmann 1997 )

Aerial photograph of the higher elevated coral reef terraces located north of Bridgetown, Note
the dolines (elongated or round depressions) and gullies (dense woody vegetation).

Viewpoint at Hackletons CIiff. ( Photo: SCHELLMANN [994)

Migrated “erratic” coral limestone boulders located on the Atlantic coast of Scotland District.
{Photo; SCHELLMANN [997)

This folded sandstone of the Eocene Scotland Formation was observed in Scotland District,
northern Barbados. { Photo: SCHELLMANN 2000)

Woodburne Oil Field in 5t George's Valley. (Phoro: SCHELIMANN 1994)

View of Second High CIiff reef terraces and Sweet Vale Valley, central Barbados. (Phato:
SCHELLMANN 1999)

View of 5t. George's Valley. Note Second High Clilf in the background of the photograph.
{ Photo: SCHELLMANN [999)

View of First High CIiff near Rendezvous Hill, southwest coast of Barbados. The less elevated
lagoonal area of the T-2 coral reef lerrace is on the left side. (Photo: SCHELIMANN [997)
View of Second High Cliff near Speightstown, northwestern central Barbados. { Phote: ScHELL-
MANN 1999)

Large coastal section of Middle Pleistocene coral limestone sliding seawards near Palmetio
Bay, south eastern Barbados. (Photo: SCHELLMANN 1997}

Large coastal section of Middle Pleistocene coral limestone sliding seawards near Kitridge
Point, south eastern Barbados, {Phoro: SCHELLMANN 200))

Last interglacial (MIS 5e) Acropora cervicornis facies underneath massive A, palmara reef
crest facies exposed at the recent cliff line southwest of Bottom Bay. (Photo: SCHELLMANK
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Penultimate interglacial Acropora palmata reef crest facies at Salt Cave Point, southern Bar-
bados. {Photo: SCHELLMANN 2002)

Organ pipe growth form of Montastrea annudaris in last interglacial (MIS 5e) back reef
environment at River Bay, northern Barbados, (Photo: SCHELIMANN 20000)

Holocene cliff in last interglacial (MIS 5a) reef terrace, composed of sandy lagoon sediments
with reworked boulders of Acropora palmara located at Shark’s Hole, southeast coast of Bar-
bados. (Photo: SCHELLMANN [999)

Calcareous algae pool, northeast coast of Barbados. ( Photo: SCHELLMANN 1997 )

Calcareous algae platform along the northeastern Atlantic coast of Barbados (near *The Spoud’).
(Photo: SCHELLMANN 2000)

Calcareous algae platform (Photo 2,18 enlarged). (Photo: SCHELLMANN 2000)
Algae rim. (Photo: SCHELLMANN 20000

Caleareous algae platform around a coral limestone micro-island (“The Spoud’, northeast coast
of Barbados), which is subject to strong bioerosion. { Photo: SCHELLMANN 2000)

Bioerosive notch (diameter: ca. 2 m} in last interglacial coral limestone north of ‘Crane Beach’
(southeast coast of Barbados). (Photo: SCHELLMANN 2000)

Bioerosive notch (Photo 2.22 enlarged). { Photo: SCHELLMANN 1999)
Bioerosive notch (Photo 2.23 enlarged). ( Photo: SCHELLMANN 2000)
Bioerosive notch (Photo 2.24 enlarged). { Photo: SCHELIMANN 2000)

Salt spray micro-karst on late last interglacial (MIS 5a) coral limestone in the vicinity of South
Point, located on the southern coast of Barbados. Note camera lens cap for scale. (Phoro:
SCHELLMANN 1994}

Holocene cliff with karren solution forms in last interglacial back reef facies (calcareous
sandstones) at Sharke’s Hole. southeast coast of Barbados. Note tape measure for scale (c. 20
cm in length). (Photo: SCHELLMANN 1997

Subrecent beachrock at Palmetto Bay. (Photo: SCHELLMANN 1999)

Large boulder on MIS 5e coral reef terruce near the Holocene cliff line between Bottom Bay
and Cave Bay. (Photo: SCHELLMANN 2000)

Large boulder-ridge deposit south of Kitridge Point on the east coast of Barbados. (Photo:
SCHELLMANN 2002}

Sinkhole in Middle Pleistocene coral reef limestone near Adam’s Castle, south coast of Barba-
dos, (Photo: SCHELIMANN [96())

Rendzina on Last Interglacial T-3 coral reef terrace (MIS 5¢) near Round Rock. south coast of
Barbados, ( Phoro: SCHELLMANN [994)

Cambisol-Rendzina on Middle Pleistocene T-8 coral reef terrace (MIS 9) located 1o the northeast
of Providence on the south coast of Barbados. (Photo: SCHELLMANN 1994 )

Yellowish-red sandy soil on Middle Pleistocene littoral sediment located east of Speightstown
on the west coast of Barbados. { Phoro: SCHELIMANN 1994

Red loam on the oldest Pleistocene coral limestone of Barbados located at Horse Hill at the
escarpment to Scotland District. (Photo: SCHELLMANN [990)

Last interglacial (MIS 5e) Acropora cervicornis reef facies located at the University of the
West Indies, west coast of Barbados. { Photo: SCHELLMANN 20000}

Last interglacial (MIS 5a,) Acropora palmata reef crest facies at Inch Marlowe Point, located
northeast of South Point, (Photo; SCHELLMANN 2000)

Last interglacial (MIS 5¢) Acropora palmarta reef crest facies with a framework predominately
supported by in situ coral located at Round Rock, south coast of Barbados. (Phoro: ScHELL-
MANN [999)

View of the last interglacial (MIS 5¢) T-3 coral reef terrace located at the south shore of
Barbados. Note the internal T-3 reef channel in the front and the built-up T-3 reef crest area in



Photo 4.5:

Photo 4.6;

Photo 4.7:

Photo 4.8

Photo 4.9

Photo 4.10:

Photo 4.11:

Photo 5.1:

the back. (Photo: SCHELLMANN 1994 )

Small Middle Holocene abrasion rim in last interglacial (MIS 5c¢) coral limestone at Round
Rock, located at the west of South Point. {Phoro; SCHELLMANN [997)

T-4, wave-cut platform located on the level of the T-4 coral reef terrace to the west of Salt
Cave Point. Both, the platform and the palaeo-cliff in the background were formed towards
the end of the last interglacial transgression maximum (approx, 117 ka). The platform was cut
into a penultimate interglacial coral reef (approx. 200 ka), which is still preserved and depicted
in the background. (Photo: SCHELIMANN 2000))

Last interglacial T-3 coral reefl terrace (MIS 5c¢) exposed at the recent cliff coast at “Salt Cave
Point’, south coast of Barbados. The exposed former sea cave and abrasionrimat 3.5m o 5
m asl. (Figure 4.21) was formed during MIS 5a. The correlation 1o MIS 5a was derived from
the elevation of cave and rim, which is similar to that of palaco notches at MIS Sa cliff line at
Inch Marlowe Point (Figure 4.18). (Photo: SCHELLMANN [999)

Last interglacial notch (late MIS Se, approx. 120 ka) in penultimate interglacial T-6a reef
limestone near Paragon, south coast of Barbados (sample site X11-9 in Figure 4.19). (Photo:
SCHELLMANN 1999)

Last interglacial notch (MIS 5a) in T-3 Acropora palmata reef crest facies at Chancery Lane,
south coast of Barbados {(samples site X1-2 in Figure 4.18). (Photo: SCHELLMANN {999)
Last interglacial notch (MIS 5a) in T-3 Acropora palmata reef crest facies at Paragon, south
coast of Barbados (sample site X11-7 in Figure 419} (Photo: SCHELLMANN 1999)

Last interglacial notch (minimum age) in Middle Pleistocene coral limestone, northeast coast
of Barbados. The approximately last interglacial terrace (MIS 5e. minimum age) is bordered
by Second High CHLiff in the background. (Pheoto: SCHELLMANN 20000

Last interglacial (MIS 5a) coral reefl platform at Cluft’s Bay, north coast of Barbados, {Photo;
SCHELLMANN [1999)
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Table 5.1:  ESR dating results from localities on the west coast of Barbados. See Figure 5.1 and Figure
5.2 for sample site locations,
Table 5.2:  ESR dating results from localities near North Point, See Figure 3.3 for site locations.

Table 5.3:  ESR dating results from localities at Eastern Barbados. For locations of sample sites see
Figure 5.4.
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1. Introduction

G. SCHELLMANN, F. WHELAN, U, RADTKE

The Island of Barbados is located in the eastern
Caribbean Sea, approx. 150 km east of the Lesser
Antilles, between 13°02" and 13°10'N latitude and
59°25" and 39°39°W longitude (Figure 1.1). The
island extends approx. 32 km from north to south,
24 km from east to west, and is approx. 430 km? large.
The coastline has a total length of approx. 95 km.
Mt. Hillaby, which is located in central Barbados, is
the island’s highest point with an elevation of 343 m
above sea level (asl.).

ATLANTIC
OCEAN

Figure 1.1: The location of Barbados.

The Caribbean side of the island is dominated by
steep cliffs that are divided by bays and white sandy
beaches consisting of calcareous sand and coral
rubble with some pebbles and flat coral cobbles
(Photo 1.1). In contrast, the Atlantic side of the
Scotland District is characterized by long beaches
(Photo 1.2) with darker beach sand and a higher
silicate content. These are the erosive products of
the sedimentary rocks present in this region.

Tides are semidiurnal; spring tides have a range
of 1 mon the west coast while the amplitude of neap
tides is less than .3 m (BIRD et al. 1979). Mean
walter lemperatures range from 29.5°C in summer to
26°C in winter on the Caribbean side of the island.
and salinity varies between 3.2% and 3.6% (SANDER
& STEFFENS 1973),

Amerindians, who arrived from Trinidad or
northern Venezuela, were the first settlers on
Barbados about 2000 BC (DREWETT 2002). They
were followed by more advanced Amerindian tribes
approx. 1000 to 500 "C years ago (WHITING et al.

2001}, who were killed soon after the first Europeans
arrived on the island in the early 1500s. In 1536,
Spanish and Portuguese sailors named the island “Isla
de los Barbados™ (island of beard carriers). This name
derived from the ficus trees with its long aerial roots
hanging in the air like long beards.

However, the Spanish and Portuguese had no
interest in settling on the island, as there appeared to
be no mineral resources. The British merchant
Captain John Powell formally claimed Barbados for
the British, and in 1625 it became a British colony.
Between 1627 and 1640, British and enslaved
Africans, which planted tobacco and cotton, settled
on the island. The introduction of sugar in the 16505
led to the development of large plantations. Barbados
had 745 plantations by the end of the 18th century.
Slavery was abolished in 1833/34, after which the
plantations were worked by Asian indentured
laborers.

In 1639, a parliament was established on the island
and became the third oldest after London and the
Bermudas. The English influence, which lasted for
more than 300 years, significantly affected the culture
on Barbados; Caribbean’s frequently call the island
of Barbados “Little England”. Based on English
tradition, the island was divided into 11 church
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Figure 1.2;
Overview of the church districts of Barbados.
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Photo 1.1:

Cave Bay is one of many
bays with sandy beaches and
beach rock deposits on the
Caribbean coast of south-
eastern Barbados,

{ Plroto: SCHELLMANN [997)

Photo 1.2:

Atlantic coast on the eastern
side of Barbados (Scotland
District near Bathsheba).

{ Plosto: SCHELIMANN [997)

districts, or parishes (Figure 1.2). Barbados gained
independence on the 30" of November in 1966, when
it became a full member and independent nation
within the Commonwealth, and later joined the
United Nations.

Barbados has more than 268,000 inhabitants {2001
estimated), with c. 100,000 of these living in the
capital Bridgetown. The population density of 640
people/km?® is one of the greatest in the Caribbean.
The population growth rate is approx. 0.46%
(MUNZINGER ARCHIV 2002},

Historically, the economy of Barbados has been
dependent on sugar cane agriculture with the
production of sugar and rum. Since the early 1990s,
the economy has diversified into tourism (c. 11% of

the GDP in 1999}, light manufacturing and other
industries (¢. 16% of the GDP), sugar cane agriculture
and fisheries (¢. 3% of the GDP), and offshore
financial services (¢. 16% of the GDP in 1995)
(statistics after MUNZINGER ARCHIV 2002). Tourism
i% the main economic source with about half a million
tourists per year. Most visitors come from the United
Kingdom (¢. 41%. MUNZINGER ARCHIV 2002),
followed by the USA and Canada.

Barbados produced approx. 24.4 million m* of
natural gas in 1998 (MUNZINGER ARCHIV 2002). The
crude oil production was approx. 328,000 barrels in
1998 (MUNZINGER ARCHIV 2002) and currently
meets about one-third of the country’s demand. The
crude oil reserves are estimated o 3.2 mitlion barrels
(WORLD ALMANAC 2002),
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Figure 1.3: The climate of Barbados.

1.1. Climate, hurricanes, and tsunamis

Barbados is characterized by a humid to subhumid
tropical maritime climate. The island lies within the
belt of northeast trade winds with a mean wind speed
of 16.8 km/h (RANDALL 1970). Wind energy is
strongest between January and July (monthly mean
velocity =18km/h) compared to the months of August
to December (BIRD et al 1979). Most of the year,
winds blow from northeast, east, and southeast, and
determine the dominant wave action reaching the
island.  According to JAMES et al. (1977), wave
heights are approx. 1.2 m on the east coast on calm
days. and only 0.2 m on the west coast. On rough
days, waves may reach heights of 4 m on the east
coast and of approx. 0.3 m on the west coast.

Mean monthly temperatures range from 24° to
28°C with little seasonal variability. Mean daily tem-
peratures are between 28° and 31°C. Night tempera-
tures rarely fall below 20°C. Mean annual precipi-
tation ranges from 1,100 to 1,250 mm in the coastal
regions but reaches more than 1,750 to 2,000 mm at
the higher central parts of the island (240 to 340 m)
(Figure 1.3). Due to orographic effects, precipita-

be weak, Therefore, rainfall is re-

stricted to local con-vection cells,

especially at the more strongly
heated and elevated center of the island.

In contrast to the islands of the Lesser and Greater
Antilles located to the west and to the north, Barbados
is not located in a major hurricane region. However,
the island experiences one hurricane during the rainy
season approx. every 10 to 25 years, resulting in the
loss of human lives and severe economic damage.
According to RAPPAPORT & FERNANDEZ-PARTAGAS
(1997), approx. 40% of all destructive Caribbean
hurricanes occur in September, 30% in August. and
20% in October.

Hurricane Marilyn (September 13" 1995) was the
last hurricane affecting Barbados. It passed the island
directly to the north with 75 mph winds and created
minor damages (WiLsoN 1997). Barbados was
strongly affected by Hurricane Allen on 4" August,
1980 with 125 mph winds, which also passed the
island on its northern side and damaged coral reefs
near the west coast (MAH & STEARN 1986). Severe
damages and the loss of lives were caused by
Hurricane Janet on the 22™ of September in 1955
(Figure 1.4), which passed the island with 120 mph
winds not far from the south coast. Hurricane Janet
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Phote 1.4:

Geomorphic evidence for
hurricane impacts. Boul-
ders and sand were de-
posited at 4 wo S masl.ona
destroyed cliff near ‘The
Spoud’, northeast coast of
Barbados.

{ Plhoto: SCHELLMANN 2000

Phato 1.3:

CHft destroyved by hurricane
wave action at “The Spoud”.
north-eastern coast of Barba-
dos,

{ Photo: SCHELIMANN 20K
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Table I.1: Cutastrophic hurricane damages on Barbados since 1492
{source: RAPPAPORT & FERNANDEZ-PARTAGAS 1997).
Hurricane Fatalities

Sept. 10— 11, 1898 283 deaths

July 22 — 23, 1813

at least 18 deaths and 8 missing

Sept, 2 - 3, 1786

many persons were Killed in the ruins of their own houses

The Great Hurricane of Mid- | 4326 deaths

October 1780 (Oct. 10- 16)

Sept. 27. 1694

=1000 deaths in Barbados and offshore

Sept. 10, 16735 =200 deaths

Aug. 10, 1674 =200 deaths

killed 35 people and destroyed 1,800 homes.

The strongest and most destructive hurricanes that
affected Barbados in recent history are listed in Ta-
ble 1.

The cliffs located on the northeastern coast of
Barbados along “The Spoud’ headland were most
likely destroyed by such an event. The deposition of
a1 to 3 m broad rampart of boulders at 6 to 10 m asl.
could also have originated from one of these strong
hurricane events (Photo 1.3, Photo 1.4),

However. not all boulder deposits in the Barba-
dian littoral zone can be explained by hurricane im-
pacts, The large boulder ridges along the eastern
and southeastern coast of Barbados (Photo 2.27 and
2.28) suggest transport energies from mega-waves
like tsunamis (Chapter 2.3). Itis not astonishing that
the geologically extremely active Caribbean bears a
great risk of tsunamis, which are commonly gener-
ated by submarine slides, volcanic eruptions, or earth-
quakes in the Caribbean region itself, or far away in
the Atlantic area. A less destructive tele-tsunami,
observed in the Caribbean in historical time, origi-
nated from the 1755 Lisbon, Portugal, earthquake.
The waves were only 1.5 to 1.8 m high at Barbados
(LANDER et al. 2002). Regarding the compilation of
historical tsunamis in the Caribbean by LANDER et
al. (2002), at least 27 tsunamis have affected the vari-
ous coastlines of the Caribbean during the past 500
vears (time period 1498 1o 1998). Many of them
caused significant damages of local infrastructure and
losses of lives. Barbados was affected by tsunamis
at least three times during this time period: in 1755
{waves 1.5 to 1.8 m), in 1761 (waves of 1.2 m), and
in 1767.

Additionally, impacts of earlier Holocene and
Pleistocene palaeo-tsunamis, some of them with
extreme magnitudes, were described for other
Caribbean shorelines. SCHEFFERS (2002a; 2002b)
reported three young Holocene palago-tsunami events
on the islands Aruba, Bonaire, and Curagao and the
distinctive formation of boulder ridges, ramparts, and
boulder assemblages at up to 12 m asl. The deposition
of large boulders by hurricane or tsunami waves in
historical time (approx. 1662 AD) was described by
JONES & HUNTER ( 1992) for the south coast of Grand
Cayman., HEARTY (1997) and HEARTY et al. (1998)
reported extreme boulders with weighs exceeding
2,000 t at up to 20 m asl. on the coast of Eleuthera
Island, Bahamas, suggesting an exireme wave event
(tsunami or storm) during the end of the last
interglacial sea-level maximum (Late MIS 5Se).

1.2. Geologic and tectonic setting

From a geographic point of view, Barbados
belongs to the Lesser Antilles, which are the “islands
above the wind”, located in the trade wind zone
(Figure 1.5). In terms of tectonis and geology,
Barbados is unique in the Lesser Antilles. Barbados
does not belong to the presently active volcanic island
chain of the Lesser Antilles such as Saba. St
Eustatius, St Christopher, Nevis in the northwest,
and Basse Terre (western half of Guadeloupe), Les
Saintes. Dominica, Martinique, Santa Lucia, St
Vincent, the Grenadines, and Grenada in the south.

Nor does it belong to the older volcanic island
arc, which was active from the Eocene to the Oli-
gocene (MACDONALD et al. 2000, MARTIN-KAYE
1969} and extends from Anguilla, Barbuda, St. Mar-
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tin, and St. Bartholemew in the northwest, to Barbu-
da, Antigua, Grande Terre (eastern Guadeloupe),
Désirade, and Marie-Galante (Figure 1.5). This old-
er volcanic arc is no longer characterized by voleca-
nic landscapes, since the volcanoes have been erod-
ed and the voleanic rock is covered by thick layers
of shallow-marine limestone. Since the Miocene,
the center of volcanic activity has moved further 1o
the west, and the outer chain of the Lesser Antilles
has now reached a relatively stable tectonic situa-
tion. Consequently, there is very little evidence of
recent uplift on these islands. Like Barbados, the
limestone islands of the outer chain of the Lesser
Antilles are relatively flat and low.

Barbados is distinguished from the other Antilles
Islands

1) by its location far east of the islands of the
Lesser Antilles Arc, and

2) by its extraordinary tectonic position.

The island is located in the subduction zone of
the Atlantic oceanic crust of the North American Plate
where it slides under the Caribbean Plate in west-
ward direction (Figure 1.6). Due to this plate mo-
tions thick sediment layers have been scraped off the
ocean floor since the late Eocene in the vicinity of
Barbados. These sediments have been piled up to
form an elongated accretionary complex known as
the *‘Barbados Ridge Accretionary Prism’ (e.g. SPEED
1990, SPEED 1981). This significant submarine ridge
is approx. 20 km thick and almost 300 km wide. Tt
extends from the Atlantic Abyssal Plain to the east-
ern flank of the Tobago Trough and parallels the sub-
duction zone up to 17° N (Figure 1.5).

Barbados represents the highest elevation of this
ridge and is the only emergent part of it, which
reaches above sea level. The existence of tectonic
mud diapirs is the most probable reason for this lo-
cal anomalous elevation of Barbados (see Chapter
2). South of the island, the Barbados Ridge bends
towards the west and disappears north of Tobago on
the wide continental shelf of South America (SENN
1948). The Barbados Ridge is bordered by deep ba-
sins to the west (Tobago Trough) and southeast (Bar-
bados Basin), which were generated by the mass loss
of the ocean floor due to plate subduction. The To-
bago Forearc Basin is more than 2,000 m deep. Its
deepest point is located between Barbados, St. Lucia,
Grenada, and Tobago, and reaches 2,730 m below
sea level (SEnN 1948). The Barbados Basin, which
is also more than 2,000 m deep, marks the steep de-
cline of the ocean floor to the southeast of Barbados.

1.2.1. Plate tectonics and volcanism

The Caribbean Plate originated from the divergent
movement of North and South America, which
occurred during the end of the Jurassic and the
Cretaceous period 80 to 160 Ma ago. There are
different tectonic models, which describe the plate
tectonic evolution of the Caribbean. The classic
‘Pacific’ model proposes that the Caribbean crust
originated from the Pacific region near the Galapagos
hot spot, and later drifted eastward between the two
Americas (e.g. PINDELL & BARRET 1990).

Another model favors a plate tectonic evolution
generated by spreading processes between North and
South America, which were initiated by the opening
of the Central Atlantic Ocean (e.g. MESCHEDE 1998;
MESCHEDE & FRISCH 1998; GIUNTA et al. 2002). The
Caribbean Plate used to be the eastern part of the
Pacific Plate, which moved towards the Northern
Atlantic Ocean. A subduction zone developed in the
vicinity of the present Central American land bridge
100 Ma ago and generated the oldest prototype of
the Caribbean Plate (Figure 1.7, MESCHEDE & FRISCH
1998). Then, the plate was probably enlarged by the
formation of new oceanic Caribbean crust and
expanded towards the northeast during the Cretaceous
and to the east during the Early Tertiary (Figure 1.7).
The easternmost extent of the plate was most likely
reached during the older Tertiary (Eocene to
Oligocene). During this time period, the oldest
volcanic island arc was formed in the region of the
Lesser Antilles (Figure 1.5). This chain is a reminder
of the active subduction of the Atlantic oceanic crust
of the North American Plate sliding underneath the
eastward drifting Caribbean Plate. With the formation
of this first volcanic island arc, the Caribbean Plate
probably reached its greatest size. During the
Miocene, volcanic activity shifted westward and
initiated the formation of a younger volcanic island
arc (approx. 800 km in length) in the area of the inner
chain of the Lesser Antilles (Figure 1.5).

At present, the Caribbean Plate is bordered by
active subduction zones to the west and east, and by
significant transform faults to the north and south
(Figure 1.7). The oceanic Cocos Plate submerges
under the Caribbean Plate at a rate of approx. 11.9
cm/fa. This convergence-forced subduction zone is
located to the west of the present Central American
land bridge. At the same time, the Cretaceous crust
of the Atlantic oceanic floor submerges under the
younger oceanic crust of the Caribbean Plate by
gravity-induced subduction. The rate of subduction
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Figure 1.6: Cross section of the subduction zone in the vicinity of Barbados (strongly modified after BoTT 1982).
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Figure 1.7: History of plate tectonics in the Caribbean.

is approx. 1.1 cm/a (2.1 cm/a, DIXON et al. 1998) in
the region to the east of the present West Indies island
chain. The Atlantic oceanic crust submerges al a
relatively flat angle of approx. 457 to 507 in the south,
However, the angle of submergence increases to 50°
to 607 in the vicinity of Martinique in the north
(Figure 1.8).

Active subduction is generally associated with
earthquakes (e.g. SMITH & ROOBOL 1990, MANN

1995) and volcanism (Figures 1.8 and 1.5). The
Caribbean lIslands located in the inner island arc are
characterized by steep and high volcanic mountain
chains with crater lakes and extremely explosive
stratovolcanoes.  Volcanic activity occurred in the
outer island chain between Anguilla and Marie
Galante during the older Tertiary from the Eocene to
the Oligocene. However, volcanism has been limited
to the inner island chain since the Miocene. Three
regions have displayed considerable volcanic activity




-

1. Introduction 9
C ]
L".- = =T F ., C
M . km § R Ts
] - ) y W L
5 $, nns
S| B
o | &y
2001 =
100 0 100  200km
16 B ék B
km Sflb e St
o e
s 1 & B .
£ fy AL
® 1001 ¢ &
o "‘t:"'_-""
14° 200
W0 0 100 200km
n
- A« —— A Figure 1.8:
] :1' el Earthquake hypo-
E—wu- ‘i-! o centers of the volca-
125 - W nic arc of the Lesser
'l D - £ o & .
§ ) :;,x’ Antilles N
S0 e s eTebage srongy modted 2004 {strongly modified
e " - ® - MATH noec (1 ] T T T T T "
T T T T T 100 0O 100  200km after  SMITH &
G Sch 03 62° 60° W Distance from volcanic arc RoosoL 1990),

during the last 2 million years: the regions between
Saba and Montserrat, between Guadeloupe and
Martinique, and between 5t. Lucia and Grenada
(Figure 1.5).

From a plate tectonics point of view, the Caribbean
has existed since the late Mesozoic. However, the
relatively isolated Caribbean Sea, which is separated
from the Atlantic Ocean by the southern Florida
Peninsula, the Greater Antilles, and the numerous
islands of the Lesser Antilles, was not formed until
the uplift of the Panama Isthmus during the younger
Tertiary around 9 to 13 million years ago. The gradual
closing of the Central American seaway ended any
major exchange of deep ocean water between the
Pacific and the Atlantic Oceans, and Caribbean Loop
Current and Gulf Stream became more and more
established at this time (e.g. ROTH et al. 2000;
DUQUE-CARO 1990)). However, the Panama Isthmus
was not completely closed until approx. 2.7 to 3.7
million years ago (KAMEO 2002, KAMEO & SATO
2000, NESBITT & YOUNG 1997). Since then, the
warm surface waters of the southern and northern
equatorial ocean currents have not moved west into
the Pacific Ocean, but have been diverted to the north.
This intensification of the Gulf Current, which
contributed to the warming of the higher latitudes, is
generally attributed to the establishment of the
present oceanic and atmospheric currents and climate

zones on earth.

1.2.2. Historic volcanic eruptions and the
deposition of volcanic ashes on Barba-
dos

It is generally assumed that approx. 13 Antilles
volcanoes have been active during the last 100,000
years. At present, volcanic activity is revealed in
form of solfataras on the islands of Dominica and St.
Lucia. Recent volcanic eruptions occurred on St
Vincent (Mt Soufriére volcano, last eruption in
1979), on Guadeloupe (Mt. Soufriére volcano, last
eruption in 1977), and on Martinique, where the well-
known eruption of Mt. Pelée in 1902 destroyed the
harbor town of St. Pierre and killed approx. 30,000
inhabitants (SIGURDSSON & CAREY 1991). Soufriére
volcano on Montserrat erupted between 1995 and
1998, producing large amounts of ash, pyroclastic
flows, and much publicity.

During these highly explosive volcanic eruptions,
fine volcanic ashes and gases can reach the higher
troposphere and lower stratosphere. Air currents,
including the northeastern and eastern trade winds
in the lower and middle troposphere up to 6 1o 9 km
and west winds in the upper Troposphere (Figure 1.9),
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disperse them. The ashes and gases may become
widely dispersed before being precipitated by gravity
and rain.

Barbados also received silicate ashes through
these processes. According to HARRISON et al.
(1980), approx. 40% to 60% of these ashes consists
of volcanic glass, 20% to 40% are composed of pla-

gioclase, 5% to 20% contain hypersthene, and less
than 5% consist of zircon and apatite. Barbados’
volcanic dust deposits originated from eruptions on
the volcanic islands of the southern Antilles, rang-
ing from Dominica in the north to Grenada in the
south. For example, the eruption of the Roseau Vol-
cano on Dominica, approx. 28.000 years ago, gener-
ated a 5 to 6 cm thick ash deposit on Barbados (Fig-
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Figure 1.10: Deposition and thickness of Quaternary Roseau tephra fall layers, and dispersal of tephra fall from
the 1902 eruption of Soufriére St. Vincent (modified after SIGURDSSON et al. 198(); SIGURDSS0N &

CAREY 1991)
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ure 1.10). Other ash deposits originated from the
phreatomagnetic eruptions of Mt. Soufriére volcano
on St. Vincent in 1718, 1812 (deposit of 25 mm),
1902 (5 to 10 mm), and 1979 (SIGURDSSON & CAREY
1991).

Further information on the deposition of volcanic
ashes on Barbados was provided by DILLER &
STEIGER (1902), FLETT (1902), HARRISON et al.
(1980), and SIGURDSSON & CAREY (1991).

Other siliclastic particles in soils and sediments
on Barbados originated 1.) from the atmospheric
deposition of Saharan dust (PROSPERO et al. 1970,
PROSPERO & NEES 1986), which was transported by
trade winds; and 2.) to a lesser degree, from the ero-
sion of Tertiary sandstone and mudstone and subse-
guent fluvial and marine transport of silica grains,
BORG & BANNER (1996) estimated that approx. 30%
to 85% of the silicate fraction in soils originated from
volcanic ashes from the Lesser Antilles. In contrast,
MuHs et al. (1987) assumed that African dust was
the most important source for soil clay on Barbados.,
PROSPERD & NESS (1986) stated that the periods of
unusually high dust concentrations (especially dur-
ing summer) in Barbados corresponded to times of
rainfall deficits in the sub-Sahara area, and were as-
sociated with ENSO events.

Further aerosol measurements on Barbados was

published by TopD et al. (2003), PROSPERO &
CARLSON (1972), DELANY et al. (1967), and others,

1.3. Coral reefs, reef-building coral, and
coralline algae in the Caribbean

Coral reefs generally form prominent high topo-
graphic areas on the sea floor and are characterized
by their growth towards sea level and by their lateral
seaward extension. A coral reef body mainly consists
of colonies of hermatypic coral and calcareous red
algae.

The reef grows faster in height than the
surrounding level of sedimentation. Calcareous
sediments are generated in the vicinity of reefs and
deposited on the surrounding sea floor. Waves and
ocean currents transport and accumulate coral rubble
into more protected back reef areas and adjacent
shallow lagoons. A fore reef talus develops at the
reef slope exposed to the open sea. Both fore reef

talus and lagoon are closely associated with the actual
reef body, and form a coral reef or coral reef complex
in a morphological sense.

Coral reefs may be differentiated into several geo-
morphic units as, for example, reef types defined by
their shape, size, and location in relationship to the
coastline. These reefs include, among others, fring-
ing reefs, barrier reefs, atolls, banks, platform reefs,
and patch reefs. Reefs may further be classified based
on their position in relation to sea level, for example,
drowned reefs, shallow-water reefs, and emerged
reefs. The position of the reef in relation to the pre-
vailing wind direction allows for a differentiation
between windward and leeward reefs. The number
of parallel reef tracts determines the reef type, such
as simple reef, double reef, or multiple reef.

The assessment of the relationship between sea
level rise and reef response allows for the differen-
tiation between a) ‘give up’ reefs, which are relics
drowned by sea-level rise, noncarbonate sedimenta-
tion etc.; and b) ‘catch up’ reefs, which sea-level
rise initially left behind, but which recover with ac-
celerated vertical reef growth during times of slower
sea-level rise; and c) “keep up’ reefs, which are able
to maintain their reef crest at or near the rising sea
level throughout their growth history (SPENCER &
VILES 2002, NEUMANN & MACINTYRE 1985). Fur-
ther reef types and corresponding examples from the
West Indies were described by GEISTER (1983).

Apart from platform reefs, such as the Bahama
Banks and other reefs in close proximity to the largest
Caribbean Islands (Cuba, Hispaniola, Puerto Rico),
the most commaon reef types in the Caribbean Sea
are single or double fringing reefs. which can be
found throughout most of the Caribbean Islands.
Fringing reefl growth starts offshore on the shelf and
generates an elongated reef that parallels the coastline
in close proximity and is generally separated from
the beach by a shallow lagoon. A fringing reef is
further characterized by a fore reef slope with a reef
talus, and a reef platform or reef flat zone of varying
width with a reefl crest as its highest top (Chapter
2.2. and 4.2).

The most important Caribbean reet-builders are
colonies of different species of stony coral (see be-
low). Calcareous algae are a secondary integral ele-
ment for reef building processes. Various coral com-
munities generally predominate in different vertical
zones. The formation of coral reef zones largely de-
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GEISTER 1983 and GEISTER 1980).

pends on species competition for light intensity, tem-
perature, salinity, water current, sedimentation, and
wave action.

Broadly speaking, the most common reef zones

or reef facies in the Caribbean are

{a) the Acropora palmaia (elkhorn coral) zone and
the Diplora sp. dominated brain coral zone located
in shallow water with depths of down to 5 m,

(b)the Acropora cervicornis (staghorn coral) zone in
moderately deep water ranging from 4 to 7 m in
depth, and

(c) the Montastrea annularis and M. cavernosa zone
in deeper water with depths reaching down to 10
Im.

However, this rudimentary classification of coral
facies zones is strongly modified by local ecological
conditions. For example, wave strength is one im-
portant environmental factor for the distribution of
coral species. Wave action depends on reef morphol-
ogy and varies between fore reef, reef slope, reef
crest, reef lagoon, inner reef channels, etc. This leads
to wave-dependent changes in coral reef zones as
illustrated in Figure 1.11.

1.3.1. The most important reef-building coral
species

Since the Miocene the Caribbean Sea has been a
marginal sea of the Atlantic Ocean and developed a
unique fauna of reef forming coral. It hosts approx.
27 genera with almost 70 coral species. Compared
to the Indo-Pacific fauna, the Caribbean coral fauna
is much less species-abundant. Ninety percent of all
Caribbean coral reefs are composed of the following
six genera: Acropora, Montastrea, Diplovia, Porites,
Agaricia, and Siderastrea (SCHUMACHER 1991,
Figure 1.12). Due to the light requirements for
photosynthesis, living coral reefs are only present in
water depths of less than approximately 30 m.

Bupp (2000) presented a detailed description of
the development and dispersion of Caribbean reefs
during the last 50 million years. PANDOLFI (2002)
stated that Quaternary coral reef communities in the
Caribbean showed a remarkable similarity in coral
species assemblages during the last 500 ka. Shallow
reefs were dominated by large species of branching
Acropora coral. This pattern of coral species
distribution, which was stable over a long time
period, differs considerably from modern,
anthropogenically altered coral community
compositions (PANDOLFI 2002),
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The species composition of a coral reef is largely
dependent on two abiotic factors: light availability
and wave energy. Even though reef-building coral
does not photosynthesize, it is dependent on sunlight
because it lives in endosymbiosis with zooxanthel-
lae (algae endosymbionts), which supply the coral’s
energy demand with their photosynthesis. Coral
polyps consume substances dissolved in water, in-
cluding nitrates, amino acids, and other organic mat-
ter. They provide carbon dioxide and matter con-
taining phosphate and nitrogen for the zooxanthel-
lae. The latter use the carbon dioxide for photosyn-
thesis and, in turn, provide products of assimilation,
such as sugar, glycerin, and amino acids. Zooxan-
thellae create conditions for calcium crystallization
at the lower outside wall of the coral polyps. It is for
this reason that zooxanthellae increase the forma-
tion of the aragonite coral structure ten-fold, com-
pared to algae-free coral (SCHUMACHER 1991).

Only coral species that live in endosymbiosis with
zooxanthellae are reef-forming coral. They are the
only organisms with calcium deposition rates that
support reef growth that is faster than the accumula-
tion of sediment on the surrounding sea floor. Due
to their fast growth rates, they are also able to re-
store damage caused by wave action in a relatively
short time (e.g. LIRMAN 2000).

Since sunlight is reduced by 60% to 80% within
the upper 10 m of clear tropical seas, it is not sur-
prising that the growth rates of many reef-building
coral species, including Porites astreoides, Monta-
strea annularis, and Siderasirea siderea (HUSTON
1985), decrease with increasing water depth, and
structural reefs are restricted to the upper c. 40 m of
water depth (SPENCER & VILES 2002},

Acropora palmata is one of the most important
reef-building coral in the Caribbean and one of the
fastest growing stony coral species. Dense, reef
building A. palmata communities live in water depths
between 0 m to 5 m only (LIGHTY et al. 1982). They
are known to reach annual growth rates of up to 10
cm (BAK 1976) or of 5-6 inches (c. 13 to 15 cm)
(HUMANN 1996). In comparison, the growth rate of
Paorites astrepides amounts 1o approx. 3 mm per year
in well-lit flat water arcas (HUSTON 1985). The fine
branches of Acropora cervicornis, which frequently
dominates in water depths between 5 and 15 m, reach
growth rates of 10 to 20 cmfyear (HUSTON 1985,
SCHUMACHER 1991). Annual growth rates of 26 cm
were observed on Barbados. In contrast to the coral

species mentioned above, Montastrea annularis does
not reach its maximum upward growth near the water
surface but in water depths between 5 to 15 m. There,
growth rates range from 7 to 10 mm/year (HUSTON
1985).

Coral growth does not only depend on light con-
ditions but also on water temperature and other abi-
otic and biotic factors. Optimal water temperatures
range from 23 to 29°C. Coral growth is negatively
impacted by suspended sediment. Water quality and
chemical conditions also play a role in coral devel-
opment. Optimal salinity ranges from 2.8% to 4.8%.
Fresh water input causes a considerable decrease in
growth and may initiate coral death (GEISTER 1983).

Many stony coral species show significant growth
bands, which may be compared to tree rings. Iso-
tope studies ("0/"0, “C/MC) suggested that coral
growth is seasonal and reflects changes in ecologi-
cal conditions such as water depth, walter tempera-
ture, wave stress, salinity, and other factors. DULLO
& MEHL (1989) described seasonal growth lines in
maodern and Pleistocene coral on Barbados, DuN-
BAR & COLE (1993) provided a general overview on
coral records for climate variability. The use of iso-
topic ratios for recording environmental changes in
Meontastrea samples from the Caribbean was evalu-
ated by WATANABE et al. (2002). MATTHEWS (1990
summarized results of mean delta O data from some
Pleistocene coral reef tracts on Barbados, and GuiL-
DERSON et al. (2001) generated a detailed oxygen
isotope time series since the last glacial maximum
from offshore Barbados.

The long-term growth rate of a coral reef is largely
dependent on the following factors: the individual
growth rates of the different reef-forming coral
species; the population density of coral on the reef;
the intensity and duration of erosive processes
{bioerosion, abrasion, storm damage, etc. ), and phases
of periodic coral death due to catastrophic environ-
mental change, such as input of fresh water or sedi-
ment, diseases, sea-level change. etc. As stated in
GEISTER's (1983) literature review, Caribbean coral
reefs with Acropora palmata as the predominant reef-
torming coral have reached long-term mean vertical
growth rates of (.7 to 15 m/1,000 years during the
Holocene. In comparison, long-term mean vertical
growth rates are 1 to 12 m/1.000 years for Acropora
cervicornis reefs, and approx. 1 to 4 m/1L000 years
for Momtastrea annularis and Montastrea cavernosa
reefs.
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 Acropora palmata
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Photo 1.6: Cross section of last interglacial (MIS 35a)
Acropora palmata.

Vertical reef growth, which is associated with the
building of framework-dominated reef flats and reef
crests, occurs under the conditions of an increasing
or a stable sea level only. Based on MONTAGGIONI
(2000), fast-growing reefs can reach growth rates of
up to 10 m/1,000 years, which can be sustained for
3,000 to 5,000 years. A maximum growth rate of 20
m/1,000 years may be reached for periods of approx.
500 years.

Fast-growing reefs form expanded vertical accre-
lion sequences. Vertical aggradation is lower than
lateral reef growth. Moderately growing reefs reach
growth rates of 0.5 to 0.7 m/1,000 years, and relate
to either aggrading sequences or backstepping
parasequences, whereas slowly growing reefs (0.1
to 0.4 m/1,000 years) form series of backstepping
units (MONTAGGIONI 2000). During periods of sea-
level stillstands, reefs progress seaward at various
rates, which are generally higher than their vertical
growth rates. Upward reef growth begins to decrease

Photo 1.5:

Last interglacial (MIS S5a)
Acropora palmata with cen-
tral growth line (Inch Mar-
lowe Point, south coast of
Barbados).

{ Phote: SCHELLMANN 2000

and changes into lateral reef accretion before the
beginning of a sea-level fall (KENNEDY & WOOD-
ROFFE 2002, STODDART 1990, and others). There-
fore, the reconstruction of sea-level changes based
on estimates of long-term mean vertical reef accre-
tion requires considerable caution.

Species composition in a coral reef depends on a
complex interplay of ecological factors, including
light intensity, wave energy, strength of underwater
currents, sediments, substrates on the sea floor (sand,
rocks, etc.) and others. Therefore, reasons for
variations in fossil coral communities are hard to
identify. Even though reef morphology and zonation
vary in the Caribbean Sea, some commonality has
been observed. Most reefs display a shallow lagoon
and back reef zone colonized by Diploria sp., Porites
sp., Montastrea sp., Siderastrea sp.;, a wave-exposed
Acropora palmata reef crest zone; and a deeper water
fore reef zone with Acropora cervicornis and/or
Maontastrea annudaris as the most dominant species.
Beside these coral communities, encrusting coralline
algae (see below) are important caleifying organisms
in shallow areas with rough water conditions and in
deep water areas with depths of more than 40 m,
where coral cover is strongly reduced (BAK 1977).

Acropora palmata (A.p.)

Acropora palmata (“elkhorn coral™) plays an
important role in dating and estimating Quaternary
sea-level change (Photos 1.5 and 1.6). A. palmara
has been the most common shallow water coral
species in the Caribbean over a long Quaternary time
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period before anthropogenic influences altered coral
community composition.

Since A. palmata is relatively resistant to strong
wave action, it grows on the upper reef slopes, reef
crests, and reef flats. A. palmata colonizes habitats
ranging from water depths of -5 m to low tide water
level, and is commonly associated with Diploria
strigosa. Sometimes local A. palmata reef colonies
grow in water depths of up to -12 m as for example
at different locations at the east coast of 5t. Croix
(ADEY & BURKE 1977), and at the exposed northwest
coast of Curacao (BAK 1977). Individual coral reef
bodies of A. palmata have been observed in great
depths of up to 27 m below sea level (LIGHTY et al.
1982).

According to LIGHTY et al. (1982), A. palmata
species does not form an interlocking framework in
depths greater than 5 m. One of the reasons why A.
palmata does not inhabit greater water depths is its
requirement for water movement for the purpose of
cleanliness, as it lacks the ability to clean itself (BAK
1977). Branches of A. palmata reach heights of 2 m
to 3.5 m and colonies may cover areas of many square
meters (GREENBERG 1992). According to MESO-
LELLA (1968), fossil A. palmata branches reach
diameters of up to 60 cm.

A. palmara grows very quickly (see above). It
reaches growth rates of up to 15cm/year and may
produce up to 10Pg CaCO, per m* per year under
optimal ecological conditions (BAK 1977). Under
rough water conditions, coralline algae, especially
Porolithon pachydermum, play an important role in
the encrustation and cementation of unconsolidated
coral and algal fragments, which contribute substan-
tially to the formation of the reef. Drill samples of
preserved fossil A. palmata reefs show that their
growth correlated with the Late Glacial and Holocene
sea-level rise of approx. 114 m during the last 19,000
years (FAIRBANKS 1989, BARD et al. 1990a).

As for many reef-building coral species, the
skeleton of A, palmara consists of aragonite. Due to
the fast growth of this species, only the outermost
surface layer may experience the submarine
diagenetic change into magnesium-calcite (LIGHTY
etal. 1982). Because of the mass and compact body
of aragonite needles, A. palmara is not particularly
susceptible to diagenetic solution and recrystallization
processes. Even fossil Acropora palmata older than
300,000 years may consist of largely unaltered
skeletal aragonite, as shown by the macroscopic

characteristics of the aragonite structure and by X-
ray diffraction (RDA) and Electron Spin Resonance
(ESR) measurements. Even though the latter do not
directly prove calcification, they indicate its presence
through Mn** lines, generated by the diagenetic
change of aragonite, as displayed in the ESR. spectrum
of aragonitic coral samples (SCHELLMANN &
KELLETAT 2001).

LIGHTY et al. (1982) presented radiocarbon ("C)
dating results for living A. palmata from samples
collected at Florida and the Bahamas in 1884 and
1912, respectively, which yielded values of 195 + 50
years BP (before 1950) for the sample collected in
1884, and 205 + 65 years BP for the sample collect-
ed in 1912, Tt may therefore be assumed that the
marine "“C reservoir effect is approx. 150 years for
the Caribbean Sea for the recent past (see also RADT-
KEetal. 2003). This estimate is considerably younger
than the commonly referred to mean global reser-
voir effect of approx. 400 years. According to
DRUFFEL (1997), the Suess effect with its anthropo-
genically lowered atmospheric “C content in the top
400 m of surface water could not be detected in the
Caribbean Sea. However, the "C level varied con-
siderably within a few decades. Overall, the vari-
ability of "C values reached up 20 to 30 per mil be-
tween 1885 and 1953 (DRUFFEL 1997: Figure 1),
which would affect age estimates by up to 240 years,
since a variation of 1 per mil “C equals approx. 8
years. This indicates that “C values may be greatly
influenced by short-term vertical exchange process-
es between deep sea currents (deeper than 400 m)
and surface water in the Caribbean Sea. It may be
deduced that greater variations, perhaps by an order
of magnitude, in the "C reservoir effect occur with-
in time spans of a few years only.

Acropora cervicornis (A.c.) (LAMARCK 1816)

Acropora cervicornis (“staghorn coral™) also be-
longs to the fast growing and colony-forming Carib-
bean coral reef species (Photos 1.7 and 1.8). 1t is
characterized by noticeably long branches of up to 3
cm in diameter and up to 2.4 m in length (GREENBERG
1992).

Due to its fragility, it grows in calm water only.
Therefore, it inhabits deeper fore reefs and reef slopes
at water depths below wave action and forms part of
reef crests under extremely calm surf conditions only
(GEISTER 1983). A. cervicornis prefers water depths




1. Introduction

17

Photo 1.8:

Last interglacial (MIS 35¢)
Acropora cervicornis reef
slope facies exposed at Cler-
mont Nose traverse (Bridge-
town, University of the West
Indies).

{ Pheto; SCHELLMANN 2002)

between 3 and 22 m below sea level (HUMANN 1996),
SCATTERDAY (1974) reported dense living colonies
of A. cervicornis in water depths between 4 and 10
m off Bonaire, Isolated colonies of A. cervicomis
have also been observed on a sandy sea floor in
shallow water areas of the back reef zone with
moderate surf conditions.

Porites sp. (P.sp.) (LINK 1807)

Porites porites (“finger coral”™) is a coral species
that may easily be distinguished by its morphology
and short branches. It is relatively frequent in the
Caribbean and inhabits great water depths.

Phote 1.7:

Last interglacial (MIS 5a)
Acrepora cervicornis back
reef facies (Inch Marlowe
Point, south coast of Barba-
dos),

{Phota: SCHELIMANN [9097)

P porites is related to branching coral "Porires
divaricata” (thin finger coral) and Porites furcata
(branched finger coral), which has branches
comparable to fingers (HUMANN 1996). The branches
of B porites can reach up to 3.8 cm in diameter.
Porites sp. is a reef forming coral and grows in dense
colonies under calm surf conditions in reef crest
areas. Under moderate surf conditions, Porites sp.
is replaced by A. cervicornis and settles in the calmer
back reef and reef slope areas (GEISTER 1983).
Porites sp. is generally observed in water depths
ranging from 1 to 53 m below sea level (HUMANN
1996).



SCHELLMANN, WHELAN & RADTKE

Photo 1.9:

Holocene Diploria strigosa sample from Curagao, Nether-
lands Antilles. {Photo: SCHELLMANN 2000)

Diploria strigosa (D.s.) (DANA 1848)

The surface structure and body of Diploria
strigosa look like a brain (Photo 1.9), which is why
this coral is commonly called “brain coral”. This
massive coral reaches more than 30 cm in thickness
and up to 2 m in diameter. D. strigosa inhabits reef
slopes in water depths ranging from 1 to 43 m below
sea level and, most commonly, between 6 and 13 m
{HuMANN 1996). It also occurs in shallow waters of
the shore zone (BAK 1977). Due to its compact body,
D. strigosa withstands extreme surf and is frequently
found on reefl crests in association with A. palmata
(GEISTER 1983; BAK 1977).

Acropora palmata-Diploria strigosa reefs have
been observed on the leeward sides of Barbados, the
Netherlands Antilles, Jamaica, Hispaniola, Marie
Galante, and other islands.

Montastrea annularis (M.a.)
(ELLIS and SOLANDER 1786)

The stony coral Montastrea annularis (“boulder
star coral” or “mountainous star coral”) is one of the
most important reef building coral species in the
Caribbean. It may adopt three distinct morphological
types (HALL 1999, MESOLELLA 1968). M. annularis
forms massive discoid or plate-like colonies in deep
water habitats ranging from 10 to 30 m (45 m) below

sea level (Photo 1.10). The plate-like formations are
adapted to the reduced light flux. In shallower water,
M. annularis grows in massive boulder-shaped
colonies or in columnar forms with annual growth
rates of approx. 12 cm. Some M. annularis growth
types have the appearance of organ pipes with
diameters of approx. 1.5 m and heights of more than
3.4 m (GREENBERG 1992). For example, an organ-
pipe growth form of M. annularis reaches heights of
up 1o 5 m in the back reef zone of a last interglacial
coral reef terrace in River Bay on the northeastern
coast of Barbados (Photo 2.15).

M. annularis is unable to grow under strong surf
conditions. It generally inhabits shallow and calm
water of the back reef area or deeper inner reef
channels, and fore reef areas at water depths of 6 to
25 m. Individual M. annularis colonies may reach
water depths of up to 60 m (DUNCAN 1975). Growth
rates of Montastrea change significantly with depth.
As described by DUNCAN (1973), Montastrea

Photo 1.10:

Plate-like growth form of Montastrea annularis in last
interglacial (MIS 5c) fore reef facies (Batts Rock Bay,
west coast). (Photo: SCHELLMANN 2002)
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anmdaris shows an upward growth of 6.7 mm/year
in 10 m of water, but rates of 2.1 mm/year or less in
water depths below 27 m.

M. annularis is frequently associated with
Montasirea cavernosa, Diploria strigosa, Diploria
labyrinthiformis, and Siderasirea siderea (HUMANN
1996, GEISTER 1983, BAK 1977, SCATTERDAY 1974),

Siderastrea siderea (5.s.)
(ELLIS AND SOLANDER, ITHE']]

Siderastrea coral species have massive coral
heads (Photo 1.11). Siderastrea siderea has the most
pronounced coral heads, which may reach diameters
of more than 60 cm. It is, therefore, called “massive
star coral”. §. siderea is related to Siderastrea radians
(“lesser starlet coral™), which has smaller and flatter
coral heads with diameters of approx. 30 cm
(GREENBERG 1992), The shape of corallites also
helps distinguish these two species, as the corallites
of Siderastrea siderea are steeper and have dark
centers (HUMANN 1996),

Photo 1.11:
Holocene Siderastrea siderea sample from Curagao,
Netherlands Antilles. { Photo: SCHELLMANN 2000)

E

While Siderastrea siderea prefers water depths
of Bm to 14 m below sea level, Siderastrea radians
generally inhabits shallow water with wave move-
ment and water depths ranging from 1 m to 7 m be-
low sea level. According to DEBROT et al. (1998),
Siderastrea siderea has distinct yearly density bands
with growth rates of 3.5 to 5.5 mm/year.

1.3.2. Crustose coralline algae

Caribbean fringing and barrier reefs that are
strongly exposed to wave action are frequently
encrusted by red calcareous algae (Melobesiodeae,
dominated by Porolithon pachvdermum and
Lithophyllum congestum), encrusting vermetid
gastropods, and crust-forming foraminifers, such as
Homotrema rubrum (GEISTER 1983, ADEY 1978).
They are present on subtidal to intertidal reef crests
and reef platforms (Photo 1.12), in lagoons, and along
rocky cliffs. Crustose coralline algae may be limited
to a strong encrustation of the coral detritus, but may
also build elongated intertidal and wave-beaten ndges
and rims (benches), isolated boiler reefs, and boiler
platforms (e.g. ADEY 1986, ADEY 1978). The latter
can be found in the uppermost meter of sea water,
near the mean sea level (ADEY 1986; KELLETAT
1997). Calcareous algae ridges grow only a few
meters thick but can reach up to 20 km in length (with
breaks) and 50 m in width (ADEY 1987). Individual
algae boiler reefs may reach diameters of more than
30 m. Their size largely depends on sea-level change
and wave energy. ADEY (1986) cored present day
calcareous algae walls in the Lesser Antilles and
measured thickness between 1 and 8 m. However,
these enormous thickness values may have resulted
from positive sea-level movement. ADEY (1978)
presented a summary table for algal ridge areas in
the Caribbean.

MARTINDALE (1992) described a zonation model
for encrusting coralline algae on recent reefs on
Barbados and used the model to interpret the palaeo-
ecological condition of Pleistocene reefs. According
to PERRY (2001), both depth and species composition
of calcareous encrustations on Pleistocene Acropora
palmata reef facies on Barbados differ with the
exposure to storm waves and surf. For example,
encrustations are generally 3 mm to 4 mm thick on
the wind-protected west coast. In comparison, they
reach depths of up to 20 mm on the storm-exposed
northeastern coast of Barbados (PERRY 2001).
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Photo 1.12:

Coralline algae is encrusting
penultimate interglacial
Acropora palmara reef crest
facies. Sample location: last
interglacial T-4 _ wave-cut
platform at Salt Cave Point,
south coast of Barbados.
Mote camera lens for scale.
{ Plroro: SCHELEMANN [997)

Calcareous algae and vermetid gastropods fre-
quently build elongated intertidal rims along the
rocky coasts of Barbados., Depending on wave ac-
tion, these rims develop within a few decimeters
around mean sea level. Calcarcous algae can live
several meters below sea level under the condition
of constantly strong wave action (Chapter 2.3). How-
ever, the base of geomorphologically significant cal-
careous algae skeletons does not reach more than 2
m below sea level. In general, calcareous algae ex-
tend from their base to low tide water level, They
may exceed high tide water level and reach the higher
intertidal zone in locations with consistently high
surf, Furthermore, they can reach a maximum inter-
tidal height of up to 2 m asl. in areas with high wave
energy, such as the windward coastlines of the
Antilles (ADEY 1978, ADEY 1986, GEISTER 1983).
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2. General geology and physical geography of Barbados

G. SCHELLMANN, U. RADTKE, F WHELAN

Barbados consists of two principal natural regions,
the Scotland District in the east, and the coral reef
terraces in the northern, western and southern parts
of the island (Figure 2.1). The Scotland District is

dissected by gullies and is largely shaped by mass
movement (Photo 2.1). The coral reef terraces (Photo
2.2) have a step-like appearance, are altered to an
undulating surface by dolines (DAY 1983, WANDELT
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Figure 2.1: The geology of Barbados.
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Photo 2.1

View of Scotland District
looking north.

{ Photo: SCHELLMANN 1997

2000), and are dissected by dry valleys (FERMOR
1972) and gullies (SPENCER 1902). The island’s
highest elevations are marked by Mt. Hillaby, which
is 343 m high, and by Hackletons Clift, which 1s
slightly higher than 300 m (Figure 2.1).

A significant escarpment, as displayed at Hack-
letons Cliff, forms the boundary between Scotland
District and the coral limestone terraces (Figure 2.1,
Photo 2.3). The cliff is continually being eroded back
by fluvial processes, rock falls, and mass movements.
Individual coral boulders slowly slide downhill to-
wards the coastline (Photo 2.4), where they become
Phota 2.2: erratics in a new environment, and where they are
Aerial photograph of the higher elevated coral reef terraces slowly h"’*i"i‘% des‘.tmyed‘b}r WAYES of thl": .-"’klli]flllf.‘
located north of Bridgetown. Note the dolines (elongated ~ Ocean, chemical weathering, and littoral bio-erosion.
or round depressions) and gullies (dense woody vege-
tation). Except for minor ash layers, volcanism is absent
on Barbados due to the thickness of the Earth’s

Photo 2.3:

Viewpoint at Hackletons
Cliff.

{Photo: SCHELIMANN [994)
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Photo 2.4

Migrated “erratic” coral
limestone boulders located
on the Atlantic coast of Scot-
land District.

{ Photo: SCHELLMANN J997)

mantle at the Barbados Ridge, a reduced convective
mantle current, and the relatively low degree of
descent of the Atlantic oceanic crust in this area.
Instead of volcanic material, Pleistocene coral
limestone reaches a thickness of up to 130 m and
covers the folded, broken, shifted, and only weakly
consolidated oceanic sedimentary rock originating
from the Eocene to Miocene (TORRINI 1986, SPEED
1981, WEYL 1966).

Table 2.1

2.1. The Tertiary basement and the Scotland
District

The Tertiary basement, which lies underneath the
Pleistocene coral cap, is subject to significant ero-
sion in eastern Barbados (Figure 2.1). It determines
the landscape of the Scotland District. Minor out-
crops of Tertiary sedimentary rock are restricted to
some small areas in southern and southeastern Bar-
bados (Figure 2.1) and to some individual locations
near Cluff's Bay, located in northern Barbados, The
Tertiary basement consists of rocks that are very sus-
ceptible to landslides. earth flows, and fluvial ero-
sion, forming v-shaped valleys. The Tertiary rocks
are composed of radiolarian earth, clay and mud-
stone, intercalated by sandstone and conglomerate.

Tertiary rock types of Scotland District (generalized after WEYL 1966, and ToRRINI & SPEED 1989),

|
Pleistocene coral Rock Formation

Pllocens |o.ocooiaa. oo
Miocene Globigerina marl 1000 m
Bissex Hill Formation 20m
—— 570 m

. ' Oceanic Formation
Oligocene

P
RS SEAER ISR

Joes River Formation| 0 - 300 m
= 1300 m

Eocene
Scotland Formation

Coral reef limestone

Globigerina marl, clay
"Oceanic Allochton"
{moderately folded
and faulted)

Foraminiferal arenite

Radiolarian earth, clay,
ash

e e e -
___________ e

| "Basal Complex" Organic mudstone
Mudstone,

{strongly folded
| and faulted) Quartz sandstone,
conglomerate
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Photo 2.5:

This folded sandstone of the
Eocene Scotland Formation
was observed in Scotland
District, northern Barbados.
{ Phote: SCHELLMANN 206N0)

Photo 2.6:
Woodburne Qil Field in St

George’s Valley.
{ Phota: SCHELLMANN [994)

Layers in the Eocene formations “Scotland™ and
“Joes River” (Table 2.1), which have a high clay and
montmorillonite (swelling clay mineral) content,
function as slip planes (DEGRAFF et al. 1989). PRIOR
& Ho (1972) suggested that groundwater, which
flows through the coral limestone cap after heavy
rainfall, forms deep v-shaped valleys, and causes
catastrophic slides on the steep slopes of the Scotland
District. Intensive deforestation due to agriculture
and settlement also contributes to the highly dissected
erosive landscape of Scotland District (Photo 2.1),
which is characterized by deep v-shaped valleys,
sharp-crested ridges, significant earth flows, lobate
mudflows, rotational slides, and large coral blocks
that slowly slide from the coral reel escarpment to
the Atlantic coast (Photo 2.4),

Seafloor off-scrape, the displacement of nappes,
and the intrusion of tectonic mud diapirs (SPEED
1981, SPEED 1990} largely contributed to the strong
folding and faulting of the predominantly marine
sedimentary rocks of Barbados. For this reason, the
landscape is strongly reminescent of alpine tectoni-
cally folded environments (Photo 2.5).

A simplified stratigraphy of the marine Tertiary
sequence of Barbados is illustrated in Table 2.1, This
stratigraphy consists of four major geologic units:
(1) The oldest unit is the basal complex, which is an

accretionary complex mainly composed of terrig-

enous turbidite and gravity-flow deposits of

Eocene age. This strongly faulted complex con-

tains rocks of two lithic suites. The first suite
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comprises the terrigenous rocks of Joes River and
the Scotland Formation, which are mudstones,
sand and sandstones. A possibly older hemipe-
lagic suite of the Scotland Formation with radi-
olarian mudstone and radiolarite characterizes the
second suite. According 1o SPEED (1990), the
basal complex was deformed and accreted to-
wards the end of the Eocene.

(2)Subsequently, the strongly deformed basal units
are overlain by the shallow dipping and faulted
nappes of the Oceanic and Bissex Hill Forma-
tions. The Oceanic Formation is dominated by
deep-water pelagic rocks, such as radiolarian
marls, which are more strongly deformed than the
marls and sandstones of the Bissex Hill Forma-
tion (SPEED & LARUE 1982). The Oceanic nappes
were emplaced during the Miocene approx. <16
to 20 million years ago (SPEED 1990). The glau-
conitic sandstones of the Bissex Hill Formation
imply a deposition in shallow water, whereas the
globigerina marls and clays of the Upper Miocene
Globigerina Marl Formation suggest deposition
in great water depths.

(3) Due to prolonged erosion, sedimentary rocks from
the late Miocene and Pliocene are absent on Bar-
bados. Instead, the unconformable overlying
Pleistocene Coral Rock Formation was developed
in shallow water conditions during the last 0.7 o
1.0 million years.

(4)Unlike the Pleistocene Coral Formation, all units

have been intruded by tectonic diapirs consisting
of an organic mud matrix. SPEED (1990) and
SPEED & LARUE (1982) suggested that the Neo-
gene and Pleistocene uplift of Barbados was partly
a result of local mud diapirism. According to
SPEED (1990), TORRINI & SPEED {1989), and
SPEED & LARUE (1982), the central mud diapir
caused the anomalous elevation of Barbados
above the Barbados Accretionary Prism and is
probably still active.

The Tertiary sedimentary strata contain oil and
gas, which is being exploited in Woodburne il field,
Saint George Valley (Photo 2.6). However, the oil
supply is limited and Barbados is not able 10 meet
the domestic demand for crude oil.

2.2. The Pleistocene coral reef cap

Only 15% of the surface of Barbados consists of
Tertiary sedimentary rocks. Approx. 85% of the
island is covered by Pleistocene coral limestone, lying
discordantly over the Tertiary basement, and ranging
in thickness from approx. 15 to 130 m (Figures 2.1
and 2.2). In general, the coral cap thins where the
elevation of the Tertiary basement is high, and it
thickens in areas with a little elevated basement
(MESOLELLA et al. 1970). The coral limestone cap

Thickness [m)]
of Quarternary
coral reefs

G Sch. 01

Figure 2.2:
Thickness of the Pleistocene coral cap of
Barbados after MESOLELLA et al. (1970).
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Photo 2.7:
Wiew of Second High CIiff
reef terraces and Sweet Vale

Valley, central Barbados.
{ Phota: SCHELLMANN [999)

Photo 2.8:

View of St George's Valley.
MNote Second High Cliff in
the background of the photo-
graph.

{ Phote: SCHELLMANN  1999)

was formed during the Pleistocene emergence of
Barbados. During this time, new fringing reefs were
produced repeatedly under the influence of numerous
sea level fluctuations. Continuing uplift locally
caused them to be anticlinally or synclinally warped
or to be broken (WEYL 1966, FERMOR 1972, TAYLOR
& MANN 1991).

The Crab Hill Anticline is located at the northern
tip of the island (Figure 2.1). There, the Tertiary base
is exposed above sea level near Cluff’s Bay. Mt
Power Syncline is located to the south of the Crab
Hill Anticline and extends from NE to SW. The
Clermont Nose or Clermont - Mt. Hillaby Anticline
parallels this syncline in the center of the island. Itis
in the vicinity of the Clermont - Mt. Hillaby Anticline
that the coral reef terraces of the Late and Middle
Pleistocene show their greatest uplift. There, First
High CIiff and Second High Cliff (see below) reach
their greatest elevations of 61 m and 201 m asl.,

respectively (TAYLOR & MANN 1991).

TavyLor & MANN (1991) assumed that the
Clermont - Mt. Hillaby Anticline has been active for
as long as one million years. The direction of the
strike changes to a more westerly bearing at the
southeastern part of the island. However, both the
Sweet Vale Syncline with the morphology of a valley-
like depression (Photo 2.7), and the Golden Ridge
Dome belong to the older north island, which is more
than 600,000 years old. 5t. George Valley Syncline,
with the morphology of an elongated depression
{Photo 2.8}, is located to the south and extends in W-
E direction. This depression is located in the vicinity
of the strongly uplifted Christ Church Ridge. It used
to form a small seaway between the main island to
the north and the south island until the penultimate
interglacial.

In contrast to northern Barbados, the southern
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island is significantly younger and most likely
emerged no more than 400,000 years ago (Chapter
4).

Due to the different rates of uplift in the vicinity
of tectonic depressions and anticlines, coral reef

Figure 2.3: Submerged coral reefs on the west coast of Barbados (modified after MacINTYRE 1967).

terraces reach their greatest elevations in the center
of the northern island (e.g. up to 300 m asl. at
Hackletons Cliff). Hackletons Cliff is an important
escarpment of the Scotland District located to the
northeast. Coral reef terraces descend in several
larger and smaller terrace steps from Hackletons Cliff
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Phato 2.9:

Wiew of First High CLff near
Rendezvous Hill, southwest
coast of Barbados. The less
elevated lagoonal area of the
T-2 coral reef terrace is on
the left side,

{ Phora: SCHELIMANN T997)

Photo 2.10:
View of Second High ChLiff
near Speightstown, north-

western central Barbados,
{Pherter: SCHELIMANN [990)

Photo 2.11:

Large coastal section of
Middle Pleistocene coral
limestone sliding sea-wards
near Palmetto Bay, south
castern Barbados.

{Ploto: SCHELLMANN 1997}
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w25 Coral reef tracts
Sc.D Scotland District

South Poinlt

2 4 miles

['I:‘t

Contour interval 100 feet

Figure 2.4: Coral reef tracts in southern Barbados modified afier MESOLELLA et al. (1969).

in the northern, western, and southern directions to
the Caribbean Sea or to St. George Valley. The coral
reef terraces are clearly separated from each other
by cliffs. Different uplift rates are not the only reason
for the different levels of coral reef terraces. Sea-
level fluctuations may also form terrace steps if coral
growth keeps up with the changing water level.

According to MACINTYRE (1967), two submerged
barrier reefs are currently observable at water depths
of 17 to 26 m (55 to 84 feet) and of approx. 67 to 73
m (220 to 240 feet) on the west coast of Barbados

(Figure 2.3). MACINTYRE et al. (1991) assumed that
the deeper ridge was formed approx. 12,000 years
BP, and was subsequently submerged in deep water
due to a rapid sea-level transgression occurring
approx. 10,000 years BP. Since that time, tectonic
uplift has not been large enough to elevate these reefs
above present sea level,

First High Cliff and Second High Cliff are the
two most important cliff-steps on Barbados (Figure
2.1). First High Cliff is located close to the coastline
and marks the first important step of coral reef

Photo 2.12:

Large coastal section of
Middle Pleistocene coral
limestone sliding seawards
near Kitridge Point, south
eastern Barbados,

(Ploro: SCHELLMANN 2000)
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terraces to elevations of more than 15 m to 61 m
above present sea level (Photo 2.9, TAYLOR & MANN
19913,

Second High Cliff ranges from 72 to 201 m asl.
in elevation (TAYLOR & MANN 1991), and separates
the oldest and highest reef complex. which is located
in the central part of the island, from the lower
elevated reef terraces in northern, western, and
southeastern Barbados (Photo 2.10).

Pleistocene coral reef limestones reach their
greatest thickness of about 130 min St. George Valley,
located in the southeastern part of the island. This
thickness implies a long-term submergence of this
morphologically preserved depression. In contrast,
coral limestone thickness is significantly lower in the
anticlinal uplift areas of the Tertiary base, as, for
example, at Christ Church Ridge, the Clermont Nose
Anticline, and the Crab Hill Anticline (Figure 2.2).
The coral cap is also very thin at Kitridge Point and
Palmetto Bay, both located on the east coast of
Barbados. There, the modern sea cliff is approx. 15
m to 20 m high and consists of coral limestone. Due
to sublittoral erosion of the underlying Tertiary rock,
the cliff slowly slides down towards the sea in form
of large slabs that are 50 m to 120 m wide and approx.
400 m long (Photo 2.11 and 2.12).

As discussed by MESOLELLA (1967) and
MESOLELLA et al. { 1969), the numerous reef terraces
of different heights were not abraded out of one old
coral reef of uniform age (see Chapter 3), but are
independent depositional coral reef bodies of differ-
ent ages (Figure 2.4). Figure 2.4 illustrates the dis-

Photo 2.13:

Last interglacial (MIS Se) Acropora cervicornis facies
underneath massive A, palmata reef crest facies, exposed
at the recent cliff line southwest of Bottom Bay.

{ Phota: SCHELIMANN 1997 )

tribution of coral reef tracts on southern Barbados as
presented by MESOLELLA et al. (1969). The indi-

Photo 2.14:

Penultimate interglacial
Acropora palmata reef crest
facies at Salt Cave Point,
southern Barbados.

{ Photo: SCHELLMANN 2002)
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vidual reef tracts are comparable to the island’s
present active fringing reefs and have different reef
zone facies, including fore reef, reef slope, reef crest,
back reef, and lagoonal facies (Chapter 4.2.). A com-
plete description of reef-associated facies within the
Pleistocene coral reel cap of Barbados was provided
by MESOLELLA (1967 and 1968), MESOLELLA et al,
(19707, and JAMES et al. (1977).

In general, a typical Pleistocene coral reef terrace
of Barbados consists of (1) a fore reef calcarenite
zone located at the foot of the reef slope; (2) a reef
slope, reef crest, and near back reef zone; and (3) a
back reef or lagoonal facies located in the lee of the
former wave-exposed reef platform (see also Chapter
4.2).

Mechanical erosion of the reef framework
generates the fore reef zone, which is generally
characterized by steeply dipping, laminated sands and
coral fragments. Fore reef deposits are well exposed
along the southeast coast of Barbados, especially at
Deebles Point (e.g. HUMPHREY & KIMBELL [990;
for location see Figure 2.1). The deeper reef slope
zone is composed of different head coral species, such
as massive growth forms of Monrastrea annularis,
and various species of Diploria and Siderastrea.

This mixed coral facies is followed by the
Acropora cervicornis zone in the landwards and
upwards areas of the deeper reef slope facies zone.
The Acropora cervicornis zone predominately
consists of broken stags of A. cervicornis in a fine-
grained carbonate matrix (Photo 2.13). In contrast
to present day reefs on the west coast of Barbados

Phato 2.15;

Organ pipe growth form of Montastrea annalaris in last
interglacial (MIS 5e) back reef environment at River Bay,
northern Barbados,

{ Plreto; SCHELLMANN 2000

(Chapter 2.3), the crests of Pleistocene fringing reefs
are dominated by Acrepora palmara (Photo 2.14).

The former near back reef environments (rear

Photo 2.16;

Holocene cliff in last inter-
glacial (MIS 3a) reef terrace,
composed of sandy lagoon
sediments with reworked
boulders of Acropora pal-
mata located at Shark’s
Hole, southeast coast of Bar-

hados,
{ Phota: SCHELIMANN [990)
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zone) is populated, for example, by large multilobate,
pipe organ formations of M. annularis (Photo 2.15),
and by Diploria and Siderastrea species. Small
patches of A. cervicornis and Porites porites may
occur locally.

The shallow back reef or lagoonal facies is
characterized by calcarenites and limestone muds
with scattered isolated coral in growth position, and
by coral debris (Photo 2.16) and other wash-over
sediments originating from the reef platform.

Beach deposits are occasionally preserved in form
of gently seaward dipping or cross-stratified
calcareous sandstones located at the landward margin
of this zone. Beach deposits located on top of a coral
reef body mark the beginning of the regression of a
sea-level highstand. For example, a well exposed
deposit is preserved at Bottom Bay on top of the last
interglacial (stage 5¢) Acropora palmata reef crest
facies (Chapter 5.2.).

The different reef facies zones are fully or par-
tially well exposed in numerous road cuts, quarries,
and sea cliffs throughout the island, BLANCHON &
EISENHOWER (2001} published some detailed infor-
mation on the facies of last interglacial terraces of
Barbados. HUMPHREY & KIMBELL (1990) provided
a detailed description of fore reef calcarenites at the
southeastern coast of Barbados, MARTINDALE (1992)
and PERRY (2001) used calcareous encrustation coms-
munities for the interpretation of palaco-ecological
conditions of Pleistocene reefs on Barbados. Thin
crusts are abundant and widespread, especially in reef
crest communities dominated by A, palmata. How-
ever, MESOLELLA et al. (1970: 1904) stated “The
contribution of encrusting coralline algae to the
framework of the Barbados reefs is not consistent.”

2.3. Modern fringing reefs, littoral forms, and
tsunami deposits

Actively growing reefs are largely missing on
most of the eastern and northern windward coast-
lines of Barbados. As described by LEWIS (1960a).
Barbados® eastern coast is fringed with dead reefs
located no more than several hundred meters off
shore. In front of the sandy beaches of Scotland Dis-
trict, distinct reef flats with widths of 100 m to 200
m are preserved. Only dead coral reefs have been
observed on the northern shores. Some scattered
alive coral patches exist on the southern coast. A

discontinuous barrier reef with few living coral colo-
nies is present along the southeast coast (HUMPHREY
1997).

Actively growing fringing reefs have recently
been restricted to the western leeward coastline of
Barbados, where they were observed along a distance
of approx. 18 km between Paradise Beach in the south
and Six Men’s Bay in the north. According o LEWIS
(2002), these reefs were subject to widespread
degradation from 1950 to 1991. During this time
period, their surface area was reduced by 10%.

The following paragraphs describe Barbados’
modern fringing reefs as presented by LEwIS (2002),
LEwIS (1960a), and STEARN et al, (1977). The reefs
extend as far as 100 10 150 m offshore and terminate
in water depths less than 6 m to 10 m. The reefs
grow on the shelf as approximately 20 narrow seg-
ments, semi-circles or curved strips. Their morphol-
ogy is similar to that of modern fringing reefs else-
where in the Caribbean. They are characterized by
coral zonation including a shoreward sandy back reefl
zone or shallow lagoon, a reef crest area, and a sea-
wird spur and groove zone. The latter is typified by
alternating ridges and valleys located on the upper-
most reef slope up to a water depth of 6 m. The reef
crest zone ranges from 20 to 100 m in width and
emerges during extremely low tides. The surface is
covered with dead coral rubble encrusted by crus-
tose coralline algae, and with living coral, such as
Favia fragum, small numbers of Porites porites and
P astreoides, and scattered colonies of Diploria
clivosa, etc. The seaward side of the reef frequently
has a spur-and-groove relief with a high proportion
of the coral species Porites porites, Montastrea
annuwlaris, M. cavernosa, Siderastrea siderea.
Acropora palmata, Diploria strigesa, and D,
labyrinthiformis are also present. Larger colonies
of Acropora cervicornis grow on the seaward side in
water depths ranging from 16 to 20 m. Colonies of
massive coral species, including Diploria strigosa,
Montastrea aomudaris and Montastrea cavernosa, as
well as Siderastrea sp., were observed in water depths
of 20 to 30 m.

The modern reefs on the leeward coast are
associated with submerged wall-reef ridges (Chapter
2.2.), which were described in detail by MACINTYRE
(1967; 1972) and MACINTYRE et al. (1991).

The coastline of Barbados is relatively smooth
and has no deep indentations or offshore islands. The
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coastline of the Scotland District, located in the
eastern part of the island, has some long sandy or
pebbly beaches with massive limestone boulders.
These boulders are erratics in their new environment,
as they slid down from the coral limestone outcrops
in the higher surrounding area. Cliffs, which are
mainly composed of last and penultimate interglacial
coral reef formations, rise up to elevations of 10 m to
30 m above sea level at the northern coast between
Hangman's Bay to the west and River Bay to the
east. A few small lowly elevated reef platforms of
late last interglacial age (marine isotope stage, MIS,
Sa or 5¢) are preserved in front of the predominant

cliff line (e.g. at Cluff’s Bay, located west of North
Point).

Sandy beaches are common on the western and
southwestern coast between Hangman’s Bay and
Oistin’s Bay. Last or penultimate interglacial coral
limestone cliffs again predominate on the southeast-
ern coast. They frequently rise up directly from the
sea. However, some cliffs are separated from the
ocean by sandy beaches (e.g. Silver Sands, Long Bay,
Crane Beach) or sandy bays (e.g. Foul Bay, Cave
Bay, Bottom Bay, Palmetto Bay, Kittridge Bay). The
cliffs vary in height from 6 m to 15 m in the vicinity
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of South Point, and, from 20 m to 30 m between Para-
gon and the eastern tip of the island.

Two impressive elements of Barbados® cliff
coastlines are (1) rims (trottoirs) and solitary
platforms of calcareous algae and vermetid
gastropods (Photos 2,17 to 2.21); and (2) deeply
incised notches (Photos 2.22 to 2.25). Both notches
and calcareous bio-constructional forms are widely
distributed along the wave-exposed northern and
southeastern shorelines. While the bases of the
notches commonly lie near mean low tide water level,
their height and shape varies depending on wave
height and high tide water level, as illustrated with

Figure 2.5. The depths of the notches range from
some decimeters to more than 2 m.,

LEWIS (1960b) provided detailed descriptions of
recent notch profiles for various cliff sample sites on
Barbados. These descriptions included the zonation
of organisms, as illustrated in Figure 2.6. Notch
height is greater and vertical organism zones are wider
on sites with stronger wave action, as for example,
on the sample sites of Bathsheba, Silver Sands, and
River Bay. According to LEWIS (1960b), indicator
species for the Surf Zone (1) include Echinometra
lucunter, Fissurella barbadensis, sponges, Bryozoa,
and various algae species. The Pink Zone (2) is
typified by widespread encrustations of coralline
algae and the small vermetid Spiroglophylus
irregularis.  Endolithic blue green algae, which
penetrate into the rock approx. 60 to 200 pm,
characterize the Green Zone (3). The Black Zone
(4) is the very rough and pitted surface of the rock.
It is inhabited by algae species, and the fauna
Acanthoplenra granwlata and Thais patula. The
Yellow Zone (5) is distinguished by its rough surface
and by the yellow color generated by a thin film of
algae. Common fauna include Tectarius nibaculatis,
Littorina ziczae, Nerita peleronta, and Nerita
versicedor, The Weather Zone (6) has a very rough
surface and is typified by its dark brown to black
color caused by a film of algae. Common organisms
include Tecrarius mbercularus and various species
of Littorinae and Neritae.
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Figure 2.6:

Recent notch profiles of cliff sample sites on Barbados
(modified after LEwis 1960b). The zonation of organisms
is described in the text. Zones include (1) the Surl Zone,
inhabited by Echinometra lncunter, Fissurella barbadensis
and others, and by sponges, Bryvozoa and various algae
species; (2) the Pink Zone, with widespread encrustations
of coralline algae and the small vermetid Spirogloplvius
irregidaris; (3) the Green Zone, populated by endolithic
blue green algae, which penetrate some millimetres into
the rock: (4) the Black Zone, characterized by the very
rough and pitted surface of the rock and inhabited by algae
species, as well as Acanthoplewra gramulata and Thais
patifa; (5) the Yellow Zone, with a rough surface and
yellow color due to a thin film of algae. The Yellow Zones
is occupied by Tectarius rubaculaius, Littoring ziczac,
Nerita peleronta, and Nerita versicelor; (6) the Weather
Zone, with a very rough surface and dark brown to black
color due to an algae film. Tecrarins fuberculatus, and
different species of Lirtorinae and Neritae populate the
Weather Zone.
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Figure 2.7: Beachrock distribution on Barbados.
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Photo 2.17:
Calcareous algae pool, north-
east coast of Barbados.

{ Plroto: SCHELIMANN [997)

Photo 2.18: Photo 2.19:
Calcareous algae platform along the northeastern Atlantic  Caleareous algae platform (Photo 2,18, enlarged),
coast of Barbados (near *The Spoud’). { Photo: SCHELLMANN 2000}

{ Plete: SCHELLMANN 20060)

Photo 2.20. Photo 2.21:
Algae rim, Calcareous algae platform around coral limestone, which
[ Photo: SCHELLMANN 200N is subject o strong bioerosin (“The Spoud”, northeast coast

of Barbados),
{ Ploto: SCHELIMANN 20061
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Photo 2.22:

Bioerosive notch (diameter ca. 2 m) in last
interglacial coral limestone north of
‘Crane Beach’ (southeast coast of Barba-
dos),

{ Photo: SCHELLMANN 20060}

FPhoto 2,23:

Bioerosive notch (Photo
2.22 enlarged).

{ Photo: SCHELLMANN [999)

FPhote 2.24:

Bioerosive notch (Photo 2.22
enlarged).

{ Photo; SCHELLMANN 2000

Photo 2.25;

Bioerosive notch (Photo
2.22 enlarged).

(Phenter: SCHELLMANN 20000
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Photo 2.27:
Holocene cliff with karren solution forms in last interglacial
back reef facies (calcareous sandstones) at Sharke’s Hole,
southeast coast of Barbados. Note tape measure (¢. 20 cm
in length) for scale.

{ Photo: SCHELLMANN [997)

Photo 2.26:

scale.
{Phote: SCHELIMANN U9}

Holocene beach ridges,
locally covered
by aeolian sands s

Subrecent
beachrock g

Salt spray micro-karst on late last interglacial (MI5 5a)
coral limestone in the vicinity of South Point, located on
the southern coast of Barbados, Note camera lense for

Photo 2.28:
Subrecent beachrock
at Palmetio Bay.,

{ Phore: SCHELLMANN
19949

=
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As stated by BIRD et al. (1979), notch incision
measurements at the west coast (Mullin Bay and
Paynes Bay) indicated a notch retreat of 0.2 to 2 mm/
vear. If these estimates are accurate, a 2 m deep notch
could have been incised during the last 1,000 to
10,000 years. This implies that Barbados™ deeply
incised notches have formed over long time periods
during the Middle and Late Holocene sea-level high
stand. Apart from minor abrasion by sand and wave
action, the dominant notch forming process is bio-
erosion accomplished by grazing and boring or-
ganisms (Figure 2.5).

Limestone cliffs are not only affected by bio-
erosion but also by weathering processes. Parts of
the upper cliff area that are reached by salt spray. are
subject to extensive salt weathering (Photo 2.26). In
areas where the cliff is composed of sandy back reef
limestone, karren development may be pronounced
{Photo 2.27).

A Holocene coastal sand terrace, generally 50 m
to 200 m wide, is present at many localities along the
western and southern coast, where sandy beaches and
bays stretch along the present shoreline. A beach
ridge frequently separates the deeper landward side
of the terrace from the present shoreline. The beach
ridge ranges from | mto 1.5 m above high tide water
level (hTw) in altitude and is commonly covered with
small dunes. A lagoon, which may be partly or
completely filled with sediments, or a shallow channel
is located along the external margin of the beach ridge
and dune area.

Especially along the southern coast, Holocene
sand terraces are bordered by former cliffs. Deeply
incised notches are located at the cliff bases at ap-
proximately hTw (Chapter 4.3). In this region, cliff
retreat and notch incision were active during the Mid-
Holocene sea-level maximum, after which the Ho-
locene sand terrace accumulated (BIRD et al. 1979).
Reworked coral boulders. which were observed in
the margin of the Holocene coastal terrace located
to the west of Oistins (Dover Terrace), were dated
between 2,100 and 5,000 “C years BP (Table 4.3:
Locality XI-35; Chapter 4, Figure 4.14).

Beachrock is discontinuously exposed at various
localities along the sandy shorelines of western,
southern, and southeastern Barbados (Figure 2.7,
Photo 2.28). It is usually present in the intertidal
zone between the high water mark and extremely low
wialter, where beach sand is cemented by calcite.

MCLEAN (1967a, 1967b) and BIRD et al. (1979)
discussed the erosion of beachrock due to organisms
and beach retreat. Barbados™ beachrock has not yet
been dated. A general overview of the beachrock
phenomenon was published e.g. by KELLETAT (1998).

For several years, speculations about the extraor-
dinary large limestone boulder near the Holocene cliff
line between Bottom and Cave Bay, southeastern
Barbados, have drawn the attention of coastal re-
searchers. The boulder lies on the top of the last
interglacial (MIS 5e) coral reef terrace at approx. 12
m asl. (Photo 2.29; location in figure 5.8). As re-
vealed by the large head coral Monsasirea sp. in the
middle of the limestone boulder, the bolder is turned
up-side-down. The coral is inverted relative to its
former growth position. Without any doubt, enor-
mous wave energies eroded the boulder from the sea-
ward cliff line, transported it several meters land-
ward, and turned it up-side-down. The question is
what kind of waves detached the boulder from the
cliff, transported it, and overturned it: hurricane or
tsunami waves?

Tsunami waves are likely because of the boulder’s
enormous dimensions. Further large boulder-ridge
deposits were observed by KELLETAT & SCHEFFERS
in 2002 to the south of Kitridge Point (Figure 5.4) on
the east coast of Barbados (pers. communication,
KELLETAT & SCHEFFERS In press). There, three
distinct boulder ridges with individual boulders
ranging from approx. .75 to 3 m in diameter parallel
the coastline. Individual boulders are piled up against
each other within these ridges (Photo 2.30)). The first
ridge is located approx. 10 to 30 m off the edge of
the clitf, the second and third ridges were observed
within a distance of 40 and 250 m, respectively. All
boulders were deposited on a cliff at 17 to 19 m asl.
The boulders originated from the upper cliff, which
is composed of Pleistocene coral limestone with
various fossil coral species, and some gastropod
shells.

Both the pattern and the extreme dimension of
these boulder-ridge deposits suggest a tsunamigenic
origin. Considering the large bushes that grow in
between the boulders, the age of the tsunami event
exceeds a few hundred years. However, an older
Holocene or Late Pleistocene age cannot be excluded.
The deposits are currently being dated by D.
KELLETAT and his research group at the University
of Essen, Germany (pers. communication).
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Phote 2.29: Large boulder on MIS 5e coral reef terrace near the Holocene cliff line between Bottom Bay and Cave
Bay. (Phoro: SCHELLMANN 2000}
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Photo 2.30: Large boulder-ridge deposit south of Kitridge Point on the east coast of Barbados.
{Plhate: SCHELLMANN 2002}
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2.4. Karst phenomena, hydrology, soils, and
vegetation.

Approx. 86% of the island of Barbados consist
of Quaternary coral limestone (MESOLELLA 1967;
FERMOR 1972). Due to the tropical climate, this coral
reef limestone is readily soluble. Limestone weath-
ering is represented in karst morphology and hydrol-
ogy on Barbados. Despite the relatively young age
of the island, karst formed during the Pleistocene
and included dolines and dry valleys (Photo 2.2, see
below), as well as caves and other erosive forma-
tions. While karst formations are very pronounced
on other West Indies Islands, for example cockpit
karst in the north of Fuerto Rico, larger karst forma-
tions such as poljes, cockpits, and karst cones are
absent on Barbados,

Barbados™ dolines (Figure 2.8) are generally
round, small, discrete, and contain sinkholes (Photo
2.29) or small ponds. Day (1983) investigated the
formation and change of a subset of 1,179 dolines
located within a 124.5 km? large area in northern
Barbados. While the number of dolines increases
with elevation up to 150 m asl., dolines are less
abundant at higher elevations (Day 1983). WANDELT
(2000) investigated doline morphology on the entire
island of Barbados. A total of 2,830 dolines were
mapped and measured. The dolines average a depth
of 6 m. The number of dolines decreases with the
increasing dissection of the surface by dry valleys
(Figure 2.10) above Second High Cliff. There, the
transitions between dolines and dry valley are less
defined (WaNDELT 2000). Both cross sectional area
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Figure 2.8:

The dolines of Bar-
bados (redrawn from
WANDELT 2000).
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and the depth of dolines increase at higher elevations.

With a few exceptions, dolines are absent on the
last interglacial coral reef terraces, as illustrated in
Figure 2.4 for the last interglacial T-1 to T-5b terraces
located in southern Barbados. Only individual
dolines are present on the penultimate interglacial
coral reef terraces T-6a, T-6b, and T-7 (Figure 2.9).
There, they mainly occur within the vicinity of
lagoonal zones, which are hydrologic drainage areas.
Daolines occupy approx. 3% of the area of the older
penultimate and third last interglacial T-6 to T-10
terraces, and approx. 10to 15% of the T-11 and T-12

Photo 2,31
Sinkhole in Middle
Pleistocene coral reef
limestone near Adam’s
Castle, south coast of
Barbados.

{Plhote: SCHELLMANN 199())

terraces (calculated from base data by WANDELT
2000, which are approx. 400,000 years old.

Descriptions ol karst formations on Barbados

were presented by JAMES (1971), Day (1983),
PFEIFFER (1993), BLUME (1973), and others.

Dry Valleys

The dry valleys (Figure 2.10) of Barbados are the
island’s peculiar geomorphic features. In 1972,
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Figure 2.9:

The distribution of dolines and dry valleys on Pleistocene coral reef terraces in southern Barbados (see Chapter 4 for

chronostratigraphy ).
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FERMOR described the dry valleys on Barbados as
one continuous valley system radially extending from
the highest fossil coral reef terrace at the border of
Scotland District and Golden Ridge Dome. Dry
valleys are usually present in semiarid and arid
regions. While PFEFFER (1993) suggests that dry
valleys are not limited to karst geology since they
have been observed in different geologic settings,
RITTER et al. (1995) argued that dry valleys are
generally limited to karst hyvdrology.

Barbados™ dry valleys are deeply incised valleys
that radiate from the high elevations of Scotland
District and from Golden Ring Dome. No significant
dry valleys can be observed in the vicinity of Christ
Church Dome. The dry valleys are frequently incised
30 m deep. Valley slopes ranging from 15° and 30°

characterize the individual valleys (WANDELT 2000).
WANDELT (2000} stated that the dry valley system
of Barbados occupies approx. 109 of the island area.
The majority of the valleys are drained by ephemeral
streams, which discharge into the ocean in response
to severe precipitation events, or they drain into small
swamps whose outlets into the ocean are blocked by
beach ridges. However, some drainages end in sinks
or decrease in size and come to a sudden end, as for
example those ending in Sweet Vale or St. George
Vallev.

Few publications have concentrated on the genesis
or analysis of the dry valleys on Barbados. Early
papers attempted to explain the formation of these
valleys with earthquakes (SCHOMBURGK 1884), or
they suggested that these valleys were remnants of
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Figure 2.10:

The dry valleys of Bar-
bados (modified after
WaNDELT 2000, and
FErmMOR 1972).




44

SCHELLMANN, RADTKE & WHELAN

former lagoonal swamps that dried out after their
uplift (HARRISON & JUKES-BrOwWN 1890).
TRECHMANN (1955) and TRICART (1968) explained
the dry valley formation on Barbados with their
submarine origin. MARTIN-KAYE (1966) described
the genesis of the dry valleys on Barbados with a
strongly erosive surface runoff at relatively low
elevations above sea level, which could be blocked
by a high ground water level layered above fresh
water. Holes and underwater caves would dry out
due to uplift processes. FERMOR (1972) explained
the genesis of the dry valleys of Barbados with
inherited incisions into coral reefs due to surface
water, which became dry with the decrease of surface
runoff on Barbados. According to this hypothesis,
the dry valleys were shaped by surface water using
depressions in reef bodies. This theory is supported
by the relatively small degree of karstification at the
valley floors and by the heterogeneity in the formation
and spatial distribution of dry valleys on Barbados.
Fluvial erosion by episodic streams or the continuing
incision through corrosion processes may contribute
to an ongoing dry valley formation on Barbados under
the current climatic conditions (FERMOR 1972),

The valley network is characterized by pinnate
and perpendicular valley junctions. Pinnate junctions
are common for high relief drainage systems such as
those on Barbados. The genesis of the perpendicular
valley junctions was explained by FERMOR (1972),
who correlated the drainage network to the uplift of
coral reefs. GOREAUX (1959) suggested that the
drainage network extended across each new reef as
it emerged. The newly emerging reef presented a
barrier to the drainage causing the stream network to
divert parallel to the shore until an inner reef channel,
formerly a submarine channel, which served as an
outlet to the sea, was reached.

The dynamics behind the genesis of Barbados’
dry valleys are still unresolved, and further investi-
gations on the age and processes of valley formation

and drying out are required.

Hydrology

The extremely permeable coral limestone over-
laying the dense Tertiary basement, forms the only
larger groundwater aguifer for potable water on the
island (Figure 2.11). Both location and replenishing
of the island’s freshwater reservoirs largely depend
on the topography of the boundary between Pleis-
tocene and Tertiary rocks, and on precipitation. Rain-
fall is most abundant in the central and highest re-
gion located above Second High Cliff. From there,
ground water follows gravity and relief and flows at
the base of the coral limestone towards the Carib-
bean Sea.

The uplifted Pleistocene coral reef terraces on
Barbados constitute an aquifer that is built on low-
permeability Tertiary pelagic rocks that overlie the
Barbados accretionary prism (BANNER et al. 1994),
According to BANNER et al. (1994), calcarcous marl-
stone and chalk dominate the oceanic pelagic rocks.
The Pleistocene coral cap forms an aguifer that is
almost entirely underlain by these oceanic rocks.
Groundwater flow in the coral cap is determined by
the higher porosity and permeability of the coral cap
compared to the underlying Tertiary rocks, and by
the distribution of precipitation (BANNER et al. 1994).

Groundwater is stored in the coral cap, where the
underlying Tertiary sedimentary rocks prevent down-
ward water flow. Where these sedimentary layers
are higher than sea level, groundwater creates un-
derground streams that flow along the base of the
coral cap. Close to the coast, however, the sedimen-
tary layers are lower than sea level. There, a coastal
phreatic wedge and freshwater-saltwater mixing
zones developed (HUMPHREY 1997) since the heavier
saltwater Mows underneath the freshwater reservoirs.
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Figure 2.11:

Hydrologic cross section of Belle
Catchment, located between
z Bridgetown and Hackletons Cliff in
m southwestern Barbados

oo level (redrawn after BANNER et al. 1994),
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Where the base of the coral limestone lies below
current sea level, larger ground water supplies are
stored, as for example in St. George Valley and in
the vicinity of the western coastline of Barbados. The
coastal freshwater lens was investigated by STEINEN
et al. (1978). It varies in thickness from Im to 10 m,
and averages approx. 7 m. The zone of mixing is
between (1.1 and 12.8 m thick and separates the fresh-
water from the underlying saltwater.

MARTIN-KAYE & BaDCOCK (1966) studied
groundwater hydraulics on Barbados and divided
Barbados into two hydrographic units, the stream
water zone and the sheet water zone. The stream
water zone was delincated where the ground water
level overlies the impermeable Tertiary oceanic
formation. Intermittent springs arise where the
Oceanics reach the height of the valley floor (FERMOR
1972). In the sheet water zone, fresh water overlies
sea waler, because the interface between the Oceanics
and the coral cap is below sea level near the coast.
The slope of the water table is very low since it is

largely dependent on the permeability of the coral
rock.

Barbados relies almost entirely on groundwater
as a source of supply for agriculture and industrial
production. JONES & BANNER (2003) estimated that
groundwater recharge for Barbados was both rapid
and limited to the three wettest months of the year.
Furthermore, aquifer recharge is limited to only 15%
to 209% of the average annual rainfall that occurs
above Second High CIiff, and to 25 to 30% of the
precipitation at lower elevations. SENN (1946) esti-
mated average evapotranspiration at 75% and run-
off at approx. 5%. The remaining 20% are available
for groundwater replenishment. Barbados’ freshwa-
ter supplies are being increasingly reduced due to a
rising water consumption caused by population
growth and tourism (HUMPHREY 1997).

Water quality is at risk because of pesticides, hy-
drocarbons, and the extensive agricultural applica-
tion of nitrogen fertilizers, as well as the lack of ad-

equate sewage treatment. Most
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Sea level rise is compounding the
problem of salinization from
overextraction from the aquifers,
In some cases, higher salinity is
experienced not only in coastal
aquifers but also inland at fresh-
water pumping plants as the salty
groundwater rises (NURSE &
SEM 2001).

Middle and Late
Pleistcoene
limestone

Soils

Soils on Barbados (Figure
2.12) developed from Pleis-
tocene coral limestone or Ter-
tiary sedimentary rock; atmo-
spheric deposits of volcanic
ashes originating from volcanic
eruptions in the Southern
Antilles island arc; and deposits

Figure 2.12:

The soils of Barbados (strongly modified after VERNON & CarroLL 1965).

of Aeolian dust originating from
the Saharan Desert and trans-
ported by northeast trade winds.
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Photo 2.35:
FPhoto 2,32 Red loam on the oldest Pleistocene coral hmestone of
Rendzina on last interglacial T-3 coral reef terrace (MIS  Barbados located at Horse Hill at the escarpment to Scot-
5¢) near Round Rock, south coast of Barbados, land District.
{ Photo: SCHELLMANN [99%4) { Phato: SCHELLMANN [ 99(3)

Photo 2.33;

Cambisol-Rendzina  on
Middle Pleistocene T-8 coral
reef terrace (MIS 9) 1o the
northeast of Providence on
the south coast of Barbados.,

{ Phirteor: SCHELLMANN 994
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Soils that developed on coral limestone generally
have a high clay content. According to MUHS et al.
(1987), this clay largely originated from the weath-
ering of silicate Saharan dust, as suggested by the
high proportion of smectite, and from the weather-
ing of volcanic ash from the Lesser Antilles island
arc (Chapter 1.2.2), and from the weathering of the
underlying reef limestone.

All soils on coral limestone are alkaline soils.
Within the grain size category of sand, the quartz
content is relatively high, which probably results from
the erosion of the Tertiary base. Volcanic minerals
and quartz from the Saharan Desert dominate silts,
and clay is characterized by interstratified kaolinite-
smectite (MUHS et al. 1987). According to YOUNG
(1976), the smecite content decreases with increasing
precipitation, which is attributed to an intensification
of chemical weathering. MUHS (2001) stated that
soils on the youngest terrace are dominated by
smectite and mixed layer kaolinite-smectite, although
these clay minerals are absent in the parent material.
Intermediate terrace soils are more kaolinite-
dominated, and kaolinite is the only clay mineral in
soils on the highest terraces.

Overall, physical, chemical. and mineralogical
properties of soils on uplifted Quaternary reef lime-
stones on the island change with terrace age. Soils
are redder (perhaps more hematite) and more clay-
enriched with increasing terrace age. The total A1L,O,
and Fe,O, content, as well as the dithionite-extract-
able Fe content increase with age, whereas average
5i0,/A1,0, values decrease with age. Primary min-
erals are less abundant on older terraces, and clay

Photo 2.34:

Yellowish-red sandy soil on
Middle Pleistocene littoral
sediment located east of
Speightstown on the west
coast of Barbados,

{ Ploto: SCHELIMANN [994)

minerals are more strongly kaolinite dominated with
increasing age (MuUHs 2001).

Soils located on different coral reef terraces on
Barbados generally reflect the differences in the
duration of their development. For example, black
soils (*Rendzina’ soils) are developed on the last
interglacial reef terrace (Photo 2.32). A few of these
show a brown basal weathering horizon. In contrast,
weakly browned black soil associations are more
frequently observed on the older terraces from the
Middle Pleistocene (Photo 2.33). These soils are
widespread in the dry regions of southern and
northern Barbados (Figure 2.12). However, more
developed soils, including polygenetic soils with
yellow brownish to reddish weathering horizons, are
present on the older Middle Pleistocene terraces along
the west coast (Photo 2.34) and above Second High
Cliff (Photo 2.35, Figure 2.12), where precipitation
is abundant and soils developed over longer time
periods,

Despite the overall age dependancy of soil devel-
opment of Barbadian coral reef terraces, which seems
to form a climo- (MUHS 2001) or pedo-chronose-
quence, soils are extremly eroded in many limestone
areas, and only poorly developed relic soils are pre-
served. Poorly drained black soils with an extreme-
ly high clay content are developed, where silicate
and clay-rich alluvial sediments and colluvium are
the parent material, e.g. in St. George’s Valley. These
s0ils contain up to 60% montmorillonite (AHMAD &
JONES 1969: p. 12). Deep cracks with widths of sev-
eral centimeters oceur in the solum of these vertisol-
like soils during dry seasons.
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Barbados forests and plantation
in c. 1647 AD

uncleared forest

[:I stump and plantation land

plantations

Figure 2.13:
Distribution of wood-
land and plantation
land in approximately
1647

(slightly modified
after WATTS 1966).

slightly modified
after WATTS (1966)

Detailed descriptions of the soils of Barbados
were presented by AHMAD & JONES (1969), BEAVEN
& DUMBLETON (1966), Hupson (1965), MUHS
{2001), MUHS et al, (1987), SAINT (1934), VERNON
& CARROL (1965), and YOUNG (1976).

Vegetation

The neotropical Caribbean flora may be described
by species abundance and endemism (BLUME 1973).
The natural vegetation of Barbados was characterized
by
i 11dense seasonal rain forest in the humid interior
of the island;
{2) xerophytic forest in subhumid areas: and
(3) xerophytic scrub vegetation in the semiarid coastal

zone (WATTS 1966; WaTTS 1970).

When English settlers arrived in 1627, a dense
forest extended from the island’s interior to the coast.
However, Barbados’ forests were completely har-
vested when European plantation farming began in
1647, Clear cutting was promoted by the high de-
mand for wood and by the cultivation of sugar cane
on large estates. While large areas of Barbados were
still covered with forest in 1647 (Figure 2.13), the
natural forest was completely removed as early as
1665, with the exception of Turner’s Hall Wood in
Scotland District, small areas on estates, and some
small mangrove forests along the coast (WATTS 1966,
1970). Forty years of English settlement created a
largely open landscape, which is dominated by large
sugar cane plantations that cover approx. 80% of the
island. Inaddition to the removal of the natural veg-
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etation, new alien species, such as mahogany, casua-
rinas, eucalyptus, grass species, and crops (e.g. man-
ioc, maize, bananas, oranges, limes, tobacco, cotton,
mangoes, avocado), were introduced (Figure 2.14).

WATTS (1966 1970) described vegetation chang-
es on Barbados in detail, and RANDALL (1970) illus-
trated the present coastal vegetation.
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3. The coral reef terraces of Barbados and the development of the ,,Barbados
Model - a history of research

U. RADTKE & G. SCHELLMANN

3.1. First geological studies on the coral cap
of Barbados

The first geological research in Barbados was
most probably that carried out by SCHOMBURGK
(1848), who distinguished “Coral Limestone” from
underlying “Silicious Rocks”, and named the latter
formation “Scotland Formation™ — after the source
of its discovery in the Scotland District (see Figure
2.1). These Tertiary sediments are exposed almost
exclusively in the Scotland District and marginally
at Cluffs Bay in the north of the island. They cover
about 14% of the island surface. Made up of slate
clay. weakly solidified sand, solitary sandstone and
limestone banks, dark grey siltstone, embedded
blocks of oil sandstones and asphalt, these sediments
are extremely susceptible to earth slips and soil
erosion. The resulting landscape resembles subalpine
flysch areas. Along the edge of the overlying
Pleistocene coral caps extensive collapses oceur, with
the coral blocks moving to the present coastline as
erratic blocks (see Photo 2.4). Dates for the reefs,
which cover about 86% of the island surface, were
first provided by DUNCAN (1863), who classified
various samples by Palaeontological analysis. The
flat-lying Pleistocene coral reefs, which have a
maximum thickness of 130 m, reach their highest
altitude at Mount Hillaby (332 m). From a distance,
the island looks like a flat shield made up of layers
of terraces of fossil coral reefs. Fossil coral reefs exist
only on the north, west and south coasts of Barbados.
Recent forms can be found only on the west coast.
This asymmetrical distribution of the reefs can be
explained by two arguments: on the one hand, the
streams and brooks of the Scotland District are rich
in suspended load which prevents the growth of
corals: on the other hand, the steady and occasionally
strong NE-trade winds may hinder the undisturbed
growth of corals on the east coast.

DuNCAN assumed the Barbados reefs to be of
Miocene age, whereas GUPPY (1866) held the
opinion that an age younger than Miocene is more
probable as evidence of extinct species could not be
found.

The first detailed geological studies of Barbados
were carried out by JUKES-BROWNE & HARRISON
(1891). These authors, too. gquestioned the corals

being of Miocene age as postulated by DUNCAN
(JUKES-BROWNE & HARRISON 1891, pp. 225-229).
GREGORY (1895) published a comprehensive
description of the fossil corals and molluscs, and
came to the conclusion that the low-lying reefs must
be of upper Pleistocene age and the higher reefs of
lower Pleistocene (Pliocene) age. SPENCER (1902)
made a distinction between three coral formations,
claiming the oldest one to be of Oligocene age. This
opinion was strongly contested by HARRISON &
JUKES-BROWNE (1902) and HARRISON (1907, Later
studies (TRECHMANN 1933, 1937; SENN 1944, 1946,
1948; WEYL 1965, 1966; RUSSEL, 1966) agreed on
the Quaternary origin of the coral cap of Barbados.

3.2. Alpha spectrometric U-series dating and
the development of the “Barbados Mo-
del” by MESOLELLA (1968)

Two contrary opinions on the genesis of the reefs
and terraces in Barbados were being debated before
MESOLELLA (1967, 1968) published the results of
his research.

The so-called “erosionists™ (e.g. TRECHMANN
1933, 1937; SENN 1944, 1946, 1948; WEYL 1966)
claimed the coral cap of Barbados was developed in
its entirety before or during the course of the uplift
of the island. With the uplift of the coral shield the
terraces were developed by tectonic processes and
marine abrasion.

In contrast, the so-called “depositionists™ (e.g.
SCHOMBURGK 1848; JUKES-BROWNE & HARRISON
1891; RUSSEL & MCINTIRE 1965; RUSSEL 1966)
considered these separate “terraces™ to be individual
coral fringing reefs which developed periodically as
the island was uplifted. This means that, in contrast
to the “erosionists™ assumption, those fossil reefs that
are highest today must also be the oldest coral
formations in the island.

MESOLELLA (1967, 1968) and MESOLELLA et al.
(1969) proved that the coral cap of Barbados is not
made up of a more or less homogeneous body of
coral limestone, and that the terraces did not develop
later as erosional features. Therefore, it might be
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Figure 3.1: Reef migration under conditions of relative stability. Contacts of depth-sensitive coral
zones are horizontal. Due to seaward migration, a terrace with a reef crest community
(Acropora palmata zone) ,pavement” is formed. The seaward migration of facies on the
landward side of the A. palmata zone is minimal after MESOLELLA (1968: 135; in RADTKE

1939: 111).

possible, in principle, to state the “depositionists’™
assumption to be true. Evidence was found to support
the hypothesis that each single reef system consists
of atypical zone succession (“fore-reef”, “reef-crest”,
“back-reef™; see Figure 4.2), with individual reef
units of different ages overlying each other. Each
fossil reef has the same structure, which is also typical
of present day reefs. The Acropora palmata zone
represents the mean low tide at the “reef-crest” and,
therefore, is a reliable indicator of the respective
{(palago-) sea level.

MESOLELLA surveyed 800 natural and man-made
exposures, and came to a more detailed view than
the “depositionists’”. He confirmed their theory in

principle, but saw the characteristic “terrace
topography™ not as the result of an intermittent
tectonic uplift but as the result of a (relatively)
continuous uplift of the island.

To prove this assumption, the relation between
the velocity of reef growth and tectonic activity must
be considered. This relation becomes clearly visible
in the internal structure of the coral reef. With relative
stability, for example, the Acropora palmata zone
develops horizontally towards the sea (see Figure
3.1); and the exposure of a fossil reef of this origin
should show a horizontal stratification of the
individual species of corals. If, on the other hand,
uplifi rate and the rate of reef growth are balanced, a

Figure 3.2:

Reef migration under
conditions of emergence.
Migration pattern produced
when the rate of vertical reef
growth equals the rate of
emergence (after MESO-
. LELLA 1968: 151, in RADTKE
1989: 112).

Cls
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Figure 3.3:

Chronological arrange-
ment of fossil coral reefs
in the vicinity of Clermont
Nose, Barbados, based on
radiometric data {after

MESOLELLA 1968; 223, in
1000 m

RADTKE 1989: 112),

continious Acrepora palmara zone which clearly
slopes towards the sea should be defined (see Figure
3.2). If the velocity of uplift is higher than the velocity
of reef growth, the Acropora palmata zone will be
interrupted by the Acropora cervicornis zone instead
of being continuous,

From the reconstruction of individual reef
structures, MESOLELLA came to the conclusion that
the genesis of individual reef terrace levels during
constant uplift of Barbados can be verified, and it is
not necessary to assume intermittent uplift. *"Th/*4U
analysis made it possible for the first time to prove
that, in fact, reef units of different ages overlie each

Table 3.1: Listof radiometric ages for terraces Barbados
L IL, 111 and the maximum altitude of reef units
{after MESOLELLA etal. 1969; 257, in RADTKE

1989: 112),
Sample Elevation  “°Th/**U age
{m asl) (a)
Barbados |
AGA-1 13 79,000 = 4,000
OC-26 22 82,000 £ 2,000
AEH-1 7 82,000 £ 4,000
F3-3 13 84,000 £ 4,000
Barbados Il
FT-1 23 104,000 + 4,000
100,000 + 4,000
100,000 + 4,000
AFZ-1 20 104,000 + 4,000
104,000 + 4,000
AFK-1 30 104,000 £ 6,000
AEG-2 60 110,000 £ 6,000
-5 ? 111.000 + 6,000
Barbados Il
5-11 40 122,000 £ 6,000
AEJ-5 40 124,000 £ 6,000
AFS-1 40 124,000 £ 6,000
AFM-T-2 63 170,000 £ 6,000
AFM-B-1 63 127,000 + 6,000
ADR-1 37 127,000 £ 6,000

other, and that the uppermost reef terraces are also
the oldest ones (see Figure 3.3).

In particular, MESOLELLA (1968), BROECKER et
al. (1968) and MESOLOELLA et al. (1969) established
the age datings for the three youngest reef units as
shown in Table 3.1.

On the basis of a slightly modified set of data for
three terrace profiles on the West coast, i.e. Thorpe,
Clermont Nose, and a profile east of South Point area,
BROECKER et al. (1968) tried to assign maximum
levels of the last interglacial interval to palaco sea
levels for the first time (see Table 3.2). Since data of
littoral deposits on other coasts were found to
correspond to the radiometric data of Barbados /117
111, BROECKER et al. (1968) drew the conclusion that
the coral reefs were of glacial eustatic origin, which
superimposed the continuous and constant uplift of
the island. As the authors are of the opinion that the
ages of the terraces correlate with the maxima of the
summer solar irradiation in the northern hemisphere,
they favour the astronomical theory (MILANKOVITCH
1941) as the explanation of Quaternary climatic
oscillations,

MESOLELLA (1968) expanded this model, and
correlated all the older reef units of Barbados with
the so-called Milankovitch-curve. From the
extrapolation of the uplift rate he concluded that the
oldest reef unit in Barbados must be c. 600,000 years
old. In contrast to later studies of the Quaternary reef
stratigraphy of Barbados, MESOLELLA’S dissertation
(1968) follows ZEUNER and FAIRBRIDGE and takes
into account a general lowering of the sea level during
the Quaternary. By comparing a former sea level,
which had an astronomical age of 484,000 years and
an altitude of 35 m a.s.l, with a more recent sea level
(Barbados I11. 6-7 m asl.,) which had a radiometric
age of 127,000 a, MESOLELLA estimated a eustatic
lowering of the sea level of ¢. 7.6 m in 100,000 years.
On this basis he calculated the palaeo sea levels of
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Table 3.2:

Calculation of palaco sea levels from BROECKER et al. 1968: 299, The estimate was established for four traverses
located on Barbados and was based on the following two assumptions. First, sea level was 6 m above present sea level
during Barbados 111, the maximum of the Last Interglacial. Second, the uplift rate was constant (RADTKE 1989:113).

Traverse  Terrace elevation Rate of tectonic Palaeo sea-level
uplift (rel. to present sea-level)
{m} (m/1000 a) {m)
A Barb.lll 37 0.24 +6 (est.)
Barb.l 6 -14
B Barb.lll 49 0.34 +6 (est.)
Barb.ll 26 -10
Barb.l 12 -16
C Barb Ill 55 0.38 +6(est.)
Barb.ll 27 -13
Barb.l! 18 -13
D Barb.lll 35 0.23 +6 (est.)
Barb.l 6 -13

his sample traverses according to the following
formula:

L = E—(RxT)

(L = position of maximum palaeo sea level in relation
to recent sea level, E = actual altitude of coral reef
(terrace) in a traverse; R = mean rate of tectonic
uplift; T = age of terrace)

On the basis of these calculations, MESOLELLA
established the series of Pleistocene sea levels as
shown in Table 3.3,

In evaluating the results of his research, MESO-
LELLA deals with the advantages and disadvantages
of studies of the history of Pleistocene sea level os-
cillations in regions of tectonic uplift. The main ad-
vantage according to MESOLELLA is the fact that the
uplift uncovers “natural strip charts” (MESOLELLA
1968, 393), so that single oscillations of the Pleis-
tocene sea level can be separated. This means that,
as a rule, the age of the terraces decreases with the
decrease of altitude. The main disadvantage of
MESOLELLA’S approach is the assumption of a con-
stant linear uplift rate. According to MESOLELLA, it
can be verified *...that Barbados was tectonically
uplifted at a near-linear rate between 500,000 and
127.000 a” (MESOLELLA 1968, 373). He admits,
however, that this assumption could not be verified
in Barbados in general. It cannot be verified. for

example, in the interior part of the island or for the
period after 125,000 a.

MESOLELLA drew the conclusion that after the
maximum of the last interglacial there was a non-
linear uplift rate. His conclusion was influenced by
the theories set up by ZEUNER (1959) and FAIR-
BRIDGE (1961) which were still generally accepted
in 1968. Following these theories, MESOLELLA
doubted his own results concerning a Palaco sea level
of —15m ¢ 82,00 a because, following the classical
eustatic theory, this sea level should have been
located at 47 to +8 m asl. during the so-called “Late

Table 3.3
Pleistocene palaeo sea-level calculations (after MESO-
LELLA 1968: 286, in RAaDTKE 1989: 113).

Age of coral reef Palaeo sea-level MNumber
__la) im} of data
30,000 -26 (1)
82,000 -15 4
106,000 -15 2
127,000 (1st High Cliffy  + 7({est.) 9
151,000 -25 2
176,000 +18 2
198,000 +8 7
220,000 = =
242,000 +7 &
268,000 +3 1
291,000 +16 2
313,000 +19 4
334,000 +22 5
408,000 +21 2
484,000 (2nd High CIiff) +34 5
505,000 +37 4
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Monastirian”. (This is, incidentally, a nice example
illustrating how measured results are doubted and
interpreted to match prevailing opinion; RADTKE,
1989.) As further proof, MESOLELLA quotes Th/U-
dating results of molluscs in Mallorea (75,000 5,000
a) as provided by STEARNS & THURBER (1965).

In contrast to MESOLELLA, JAMES et. al. (1972)
concentrated mainly on the fossil reef units on the
North coast of Barbados. JAMES et al. (1971) and
JAMES (1972) accepted MESOLELLA'S results in
principle. They believed, however, that for the
northern part of the island a different tectonic genesis
and, therefore, a fundamentally different series of
fossil coral reefs must be identified. In addition to
MESOLELLA’S research, JAMES describes a thin
discontinuous fringing reef on the north-western
coast in the Cluff's Bay and Stroud Bay area (see
Figure 3.4). Four **Th/*U ages (2 corals at 63,000
a: 2 molluscs at 59,000 a) in Cluff’s Bay (see Figure
3.5) are proof for him that apart from the relative
maximum levels named as Barbados I, II, III, a
further Upper Pleistocene maximum sea level (“Early
Wisconsian reef terrace”, JAMES et al. 1971, p. 2022)
does exist.

In contrast to MESOLELLA (1968) and MESO-
LELLA et al. (1969), JAMES still assigns the “1st High
Cliff” (Barbados II1} in the north-western and
northern part of the island (North point shelf area) to
the 104,000 a maximum (see Figure 3.4), and not to

the 12,000 a level, on the basis of 5 Th/U-dating
results (105,000 a; 100,000 a; 97,000 a; 110,000 a:
108,000 a; JAMES 1972, p. 237). On the north-eastern
coast, though, it is not the corals of the 105,000 a
level which overlie the fossil reef of 125,000 a, but
those of the third Upper Pleistocene maximum sea
level of c. 82,000 a. This is explained by differing
neotectonics in the different areas. According to
JAMES, in the northern part of Barbados, subsidence
took place between 125,000 and 105,000 years ago,
which was in contrast to the rest of the island. This
subsidence led to the transgression of the relative
maxima around 82,000 a and 105,000 a over the reef
deposits of the absolute maximum sea level of the
last interglacial at 125,000 a. The subsidence was
followed by an intensified uplift in the north-west of
Barbados which led to the above mentioned “Early
Wisconsian reef terrace”™ forming at ¢. 60,000 a (see
Figure 3.4).

These assumptions are no longer questioned in
subsequent studies of the Quaternary stratigraphy of
Barbados. Only TAYLOR (1974) criticises JAMES'
dating results, when redating of samples from Cluffs
Bay yielded *"Th/**U-ages of 68,000 a, 77,000 a,
and 82,000 a, calling in question JAMES™ age dating
of 60,000 a.

During subsequent years, research focussed
principally on traverses which had been studied
betore; Clermont Nose on the central west coast,

70ma. sl
125,000 yr

60,000 ¥y 72

104,000 yr

Plip - Pleistocene

[: Late Pleistocene
Reef Complexes Limestone

Profile of Northern Barbados Lo

Barbados

Oceanic Farmation

Scotland Formation
{Upper Eocene) (Lower/ Middle Eocene) +

1

Figure 3.4:  Schematic geological setting of North Barbados after JAMES (1971, in RADTKE et al. 1988: 206, RADTKE

1989: 124).



56

RADTKE & SCHELLMANN

_ aim — i
b ] Clutf's Bay
{Morth- west Coast)
75 =

ALTITUDE im)

Testiary (Eocene] Oider Pistocane 17 Corsis
ESH - B8 D00 - F08.000
Seatified reddsh fand Young Peistocens Corals
wilh Gastropoda Thli: 75,100 y
Thill: 7500 yr ESR- 95800 y
ES: 96,200 v

[F15] Gramvel, rewored fossits Figure 3.5:
o Surses Layer of Gastiopoda Schematic profile of Cluff’s Bay,
[&7%] u: 87,700 northwest coast (RADTKE et al.

ESA: 17000 y1 .

1988: 207).

Christ Church on the south coast, and St. George's
Valley in the southern central region (MATTHEWS
1973, STEINEN et al. 1973, BENDER et al. 1973,
TavyLOR 1974, FAIRBANKS 1977, SHACKLETON &
MATTHEWS 1977, FAIRBANKS & MATTHEWS 1978,
BENDER et al. 1979)

Based on data from previous research
(MESOLELLA 1968, BROECKER et al. 1968,
MESOLELLA et. al. 1969), MATTHEWS (1973) once
more tried to substantiate the assumption of a con-
stant and linear uplift rate during the last 130,000
years:

“On longer time scales, the assumption of
constant uplift rate must certainly break down at
some point. However on shorter time scales,
significant departure from constant uplift rate cannot
be demonstrated. Even if it could be demonstrated,
its effect on the estimates of the elevation of past sea
levels would be minimal because of the short time
span involved” (MATTHEWS 1973). MATTHEWS
evaluated previously published data as shown in
Table 3.4 but did so without communicating the
parameters on which they were based.

In this context, it must be emphasized once more
that calculations of palaeo sea level sites are always
based on two assumptions: a sea level of +6m during
the maximum of the last interglacial, and a more or
less continuous linear uplift of the island at least
during the last 130,000 years. Both assumptions form
the basis of the “Barbados Model™ which is much
quoted and frequently adopted.

Among the few critics of this model, STEARNS
(1976) questioned the assumption of a constant uplift
between 125,000 a and 80,000 a. STEARNS
considered the “Barbados Model” to be only a
preliminary approach to the problem of dating
Pleistocene palaeo sea levels, To him, the “Barbados
Model™ gave insufficient reliable information to
calculate exact palaeo sea levels and to provide
“standard measures™ for research studies on other
COasLs,

Although STEARNS agrees with the conclusion
that the sea level around 125,000 a was higher than
those during the submaxima around 105,000 and
82,000 a, he does not take a sea level difference of
20-25 m as a basis (see MATTHEWS 1973). According
to STEARNS, it is more plausible that the sea level
around 125,000 a was only 6-8 m above the sea level
of 105,000 a and 82,000 a.

Studies of oxygen isotopes in the corals provided
a new approach to determine the absolute altitudes
of maximum sea levels of the last interglacial.
Following the results of studies on variations of "0/
""O-relations with planktonic and benthonic
foraminifers ( SHACKLETON & OrDYKE 1973) the fact
that molluscs and corals such as Acropora palimata
from the reef crest of the fossil coral reefs can also
record global variations of oxygen isotope relations
was used (see also AHARON & CHAPPELL 1986,
Papua New Guinea).

Based on oxygen isotope research, SHACKLETON
& MATTHEWS (1977), FAIRBANKS (1977), and FAIR-
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Table 3.4:  Terrace levels and sample locations at selected standard traverses (Clermont Nose and Christ Church);
calculation of respective palaeo sea levels (uplift rates assumed: Clermont 0.43/1,000 a; Christ Church
0.23/1000 a (after MATTHEWS 1973: 130, in RADTKE 1989: 113).

B Locality and Terrace Topographic elevation Estimated elevation Radiometric
sample elevation Elevation projected of Palaeo sea level- age (ThiU)
at locality to local standard traverse rel. to present level

(rm}) (m} (m) {a)

"Clermont standard lraverse”
Barbados |
QOC-26 20 20 -15 82,000
F5-3 14 - - 84,000
Barbados Il
AFK-1 30 30 -15 104,000
FT-1 26 - 104,000
Barbados -
AFM-T-2 59 60 +6 127,000
AFM-B-1 59 - - 127,000

"Christ Church standard traverse”
Barbados |
AGA-1 14 3 -16 79,000
AEH-1 6 - - 82.000
Barbados Il
AFZ 5] 6 -18 104,000
Barbados Il
51 36 36 +7 122,000
AEJ-5 24 - - 124,000
AFS-1 36 - - 124,000
ADR-1 33 - - 127,000

BANKS & MATTHEWS (1978) calculated the palaeo
sei levels shown in Table 3.5,

Unfortunately, none of the respective authors
discusses the fact that there are considerable dis-
crepancies of palaeo sea level calculations, both with
the oxygen isotope model and the “Barbados Model™.

With research studies on upper Quaternary coral
reefs completed (for the time being), research turned
to older reef units. Studies on the Quaternary

Table 3.5:

Calculations of Palaco sea level locations during the last
two interglacials, based on oxygen isotope variations with
molluses and corals after FAIRBANKS & MATTHEWS ( 1978:
193).

Note: A variation of 0,011 % d'*O represents a sea level
change of ¢. 10 m. The fossil coral reefs of Kendal Hill,
Kingsland, and Aberdare belong to the Christ Church Tra-
verse,

Terrace Age (a) Palaec sea-level
in relation to recent sea-level (m)
Coral data  Mollusc data
Barbados | 82,000 -45 -47
Barbados Il 105,000 -43 -28
Barbados Il 125,000 +5 +10
Kendel Hill 180,000 -22 -
Kingsland 200,000 =12 =
Aberdare 220,000 -35 -

stratigraphy of Barbados were able to incorporate
even the oldest reef units by applying the He/U-
dating method to fossil non-recrystallized corals.

BENDER et al. (1973) first published He/U dating
results for 14 samples from higher Middle Pleisto-
cene reefs aged between 300,000 and 660,000 a. To
update the “Barbados Project” which was initiated
by MATTHEWS in the middle of the 1960ies, BENDER
et al. (1979) tried to compile the results available,
giving special consideration to Middle Pleistocene
reel units. They also carried out additional He/U-
dating of Middle Pleistocene corals,

To interpret the chronostratigraphy of Pleistocene
coral reefs in Barbados with regard to the history of
sea-level oscillations, BENDER et al. (1979) expanded
models introduced by, for example, BROECKER et
al. (1968) and MATTHEWS (1973). They based their
calculation of palaeo sea levels on the assumption
that the sea level around 125,000 a (“First High
Cliff”") was located c. 6 meters above the present day
level, and the three standard traverses under con-
sideration were uplifted at a constant rate. This ap-
proach was successful only at Christ Church (0.25
m/1,000 a) and Clermont Nose (0.44 m/1,000 a). At
St. George's Valley both the lower sequence of fossil
reefs and the “First High Cliff” are missing. so that
the calculation of the uplift rate (0.34 m/1,000 a) was
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Figure 3.6: Reef tract elevation calculated using the continuous diagenesis model He'fU age, for samples from Christ
Church, Clermont Nose, and St. George’s Valley sections. Sumperimposed lines show where points

would fall for three uplift models:

(1) constant uplift rate and palaeo sea level equal to present datum;
{2) constant uplift rate, palaco sea level +20m relative to present datum;
(3) constant uplift arte, palaco sea level =20 m relative to present datum.

Initials of terrace names are next to data point (after BENDER et al. 1979: 592, RADTKE 1989: 23).

possible only by assuming the equivalence of stages
Windsor (5t. George's Valley) and Thorpe (Clermont
Mose traverse). Palaeo sea levels were calculated for
each stage by subtracting tectonic uplift (= reef age
x uplift rate) from altitude of reef crest (see Figure
3.0). The results of BENDER et al. (1979) are given

in Table 3.6. From these results, the authors basically

draw two conclusions:

1) Calculating Pleistocene palaeo sea levels on the
basis of a constant uplift rate model can be a useful
approach, although in the Christ Church area a
higher uplift rate before 125,000 a must be taken
into account,
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2) Taking the results of the palaco sea-level calcula-
tions around the altitude of the recent sea level as
a whole, and those of 5t. George's Valley traverse
in particular, it seems reasonable to assume that,
during different Interglacials of at least the last
700,000 years, the volumes of the polar and moun-
tain ice masses were comparable to those today.
This would mean that no depression of sea level
lasting any significant time has occurred since the
beginning of the Middle Pleistocene. It also implies
that in regions of relative tectonic stability only
maxima around 125,000 a, 300,000 a, and 500,000 a
could possibly have been located slightly above
recent sea level. Morphologically distinctive “steps™
of marine terraces or coral reefs, therefore, could only
be indications of regions of tectonic uplift.

3.3. Electron Spin Resonance dating of the
coral reef tracts of Barbados

A new attempt to obtain independent age control
of the fossil coral reef tracts of Barbados was be-
gun by RADTKE et al. (1988) and RADTKE (1989),
using the relatively new Electron Spin Resonance
(ESR) dating technique. This first systematic ESR
dating study of Quaternary corals yielded, for the
last interglacial terraces Barbados 1, 11, and 111, ages
in the same range as those of the U-series dating
techniques. With respect to the dating of the older

coral reef tracts, ESR ages generally suggested an
earlier formation of the reefs, as indicated by the
studies of BENDER et al. (1979). RADTKE started his
research by resampling the “classical” traverses
Clermont Nose, Christ Church, Thorpe, and St
George’s Valley traverses (see Figure 4.1), which
continued to play an important role in the reconstruc-
tion of the Quaternary gemorphological and geologi-
cal evolution of the island in subsequent years. How-
ever, he rapidly came to the conclusion that restrict-
ing investigations to detailed examination of the
Clermont Mose and the Christ Church traverses was
not justifiable because of the complex geological and
tectonic setting of Barbados. The projection of the
one-dimensional results obtained from the traverses
into the two-dimensional surface as done by, for
example, BENDER et al. (1979), was based mainly
on aerial photographic mapping.

The pitfalls in this procedure are numerous. It is
difficult enough to follow a minor or major reef ter-
race during the field survey over several kilometres,
but it is sometimes impossible to trace a reef on an
aerial photograph. It was suggested by RADTKE
(1989) that the basis for all future geological and
geochronological work to be done on Barbados must
be a sound morphological mapping of the island
obtained by field survey studies. Such a detailed
mapping is an essential basis for the development of
a reliable sampling strategy.

Table 3.6:  Altitude of reef units in standard traverses (Christ Church, Clermont Nose, 5t. George's Valley); palaeo
sea levels of relative sea level maxima (each maximum represented by a reef unit). Note: Calculation is
based on two assumptions: a constant uplift rate deduced from recent altitude of last interglacial reef of
Barbados 111 {125,000 a) and that Barbados 111 was + 6 m above recent sea level, Individual reef units
were correlated with isotope stages 5-19 of core V28-238 oxygen isotope curve (SHACKLETON & OPDYKE
1973; correlation following BENDER at al. 1979: 581, 593, in RADTKE 1989: 117).

Chirizt Topographic elevation Clermont Topogr. elev. St. George's Topogr.  Mean age"0/"%0
Church and estimated Palaeo Mose & est. Palaen Traverse Elev. & (ka) lsotope
Traverse sea-level surface Trav. sea-level surf, Pal. 5.-1. stage
in standard trav. {m) Uplift rate: 0. 34mika:
Liplift rate: 0.24m/ka 0. 44mika (m) {m)
Waorthing 3 -7 Warthing 20 -16 82 5
Ventnor B =20 Vantnor 30 -16 108 5
Rendezous Hill 37 +6 Fend.Hill 61 +G 125 5
Kendal Hill 49 +4 Durants &7 =12 180 T
Kingsland 79 -29 Cave H. 85 -3 200 T
Aberdare BT +12 Thorpe 94 =1(-3) Windsor T3 -2 220 T
Rowans 110 +8 300 ]
Adams Castle a1 +32 Husband 107 -33 Dayrells 92 -20 320 9
Kent 110 +28 Bourne 125 +30 280 )
St David 110 +39 Walker 137 - - 11
Cott.Vale 158 =B 490 13
Unnamed 171 +15(+18) 460 13
Hill View 0(+2) 520 13
Drax Hill 192 -9 590 15
Guinea 192 =22 640 1719
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A presentation of the first ESR studies of RADTKE
et al. (1988), RADTKE (1989) and RADTKE & GRUN
(1990) will not be given here as the most recent ESR
dating results will be presented in detail in Chapter
4.

3.4. Mass spectrometric U-series dating

Until the mid 1980°s, alpha-spectrometric U-se-
ries dating was used to date fossils or inorganic car-
bonates beyond the dating range of the radiocarbon
method. However, because of the limitations in
precision and accuracy of the *Th/**U dating tech-
nigue, it was difficult to answer the important ques-
tion in palaeoclimatology of a possible double
peaked sea level maximum during oxygen isotope
stage Se around 125,000 years ago. This well estab-
lished age of 125,000 a was confirmed by, for ex-
ample, KAUFMAN (1986), who analyzed 104 avail-
able *"Th/™"U age determinations of unrecrystallized
corals from stable emerged terraces. KAUFMAN
(1986) used the 80 most reliable analyses, which
showed surprisingly good agreement. to make an
estimate of the exact duration of this period. His
results showed that (1) if there was only a single
rise in sea level, it probably lasted no more than
12,000 a: and (2) if there were two seperate rises of
sea level, the gap between them must have been less
than 7,500 a (KAUFMAN 1986). Nevertheless, the
question regarding the number of last interglacial
high-sea stands was not answered unequivocally.

In 1987, the new era of mass-spectrometric U-
series dating (EDWARDS et al. 1987a) began; direct
measurement of U and Th by mass spectrometry
provided a spectacular improvement in the precision
of coral dating by the U-Th disequilibrium method.
The age uncertainties obtained by this new technique
of U-Th measurement were comparable to those
achieved by the “C method. The precision of mass
spectrometry measurements for the *#U/A*U ratio is
typically 0.5% to 1% at the 2 sigma level, which
translates into uncertainties on the order of 1.0% to
1.5% for the calculated initial ***U/**U of 70,000-
140,000 a corals. Furthermore, the mass spectro-
metric technique provided a much better resolution
for the examination of subtle diagenetic effects
revealed by small variations in the **U/*U ratio.
Ages obtained by EDWARDS et al (1987a) on corals
from Barbados were 87,000 a, 112,000 a and 125,000
a for the oxygen isotope (sub-)stages 5a, 3¢, and 5e,
respectively. The ages for the submaxima 5a and 53¢

were 5,000 to 7,000 a higher than the previous U-
series ages obtained by alpha spectrometry.

The last major attempt of alpha spectrometric U-
series was carried out in 1990 by KU et al., who pub-
lished dating results of 29 samples which came from
the Christ Church and Clermont Nose traverses,
These samples were originially collected by R.K.
MATTHEWS of Brown University and served as the
basis for confirmation of oxygen isotope results of
FAIRBANKS & MATTHEWS (1978). The collection
was made at 10 outcrops from four morphostrati-
graphic units. These units included the terraces of
Worthing (Barbados 1), Ventnor (Barbados II), Ren-
dezvous Hill (Barbados 111) and a previously unstud-
ied new terrace just in front of Rendezvous Hill,
termed by Ku et al. (1990) “Maxwell terrace™. As
mentioned above, the “Barbados model™ has been
contentious from the very beginning. A major issue
is whether, during oxygen isotope stage 5e¢ when
Rendezvous Hill reef complex on Barbados Island
formed. the sea rose above the present position for
one relatively brief period of <20,000 a, or for two
or more periods spanning from approximately
140,000 a to 115,000 a. Evidence for the latter sce-
nario has not come from initial studies of Barbados
but from elsewhere; it is also inconclusive because
of the dating uncertainties involved. Ku etal. (1990)
have carried out redeterminations of U-series ages
on a suite of 29 Acropora palmara samples. They
also detected the high “*U/A*U ratios and suggested
that the anomalous ratios of samples with apparent-
Iy unaltered mineralogy and trace element (Mg, Sr)
chemistry may be explained by groundwater influ-
ence and isotopic exchange.

The lower-limit of the terrace ages, estimated by
averaging the multiple sample measurements, are
81,000+2,000 a (Worthing), 105,000+1,000 a
{Ventnor). 120.000+2,000 a (Maxwell), and
117,000£3.,000 a (Rendezvous Hill). They found no
evidence of previously inferred two episodes of high
sea level centering around 118,000 and 135,000 a
ago. No age distinction can be made between the
Maxwell and Rendezvous Hill terraces which argues
against any possible correlation with terraces Vlla
and VIIb in Papua New Guinea. Seven samples have
been dated by mass spectrometric measurements
(EDWARDS et al. 1987). The two sets of ages agree
within two standard deviations for the three samples
from outcrop AFS, but they differ for samples at the
other four outcrop locations, for which the MS ages
are higher than the AS (alpha spectrometry) ages.
AFS-12 is the only sample for which the comparative
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measurements were made on powdered splits of the
sample. For the other samples, they were done on
coral fragments which were not “bona fide” splits
(EDWARDS et al. 1987, KU et al. 1990) (see Table
3.7

From these somewhat disappointing results, Ku
et al. (1990) concluded that, when working close to
the precision limit of dating corals using alpha-
spectrometric techniques, the integrity of corals as a
closed system for U isotopes is an important factor
limiting our ability to resolve unambiguously the
temporal relationship between climatic fluctuations
and changes in the distribution of solar energy
reaching the earth. With the “end™ of the alpha-
spectrometric epoch, KU et al. forecasted that the
next step forward would require extensive application
of high precision mass-spectrometric analysis.

It is notable that in the study of Ku et al. (1990),
no significant age difference between Rendezvouz
Hill terrace (117,000 a) and Maxwell terrace
(120,000 a) was detected. But, astonishingly, Ku et
al. did not discuss the obvious discrepancy between
their U-series ages of the maximum of the last inter-
glacial sea-level highstand and those data obtained
in earlier studies. It could be argued that a system-
atic error in alpha-spectrometric measurments has
occurred in the dating of the last interglacial reef
tracts on Barbados. However, against this specula-
tion must be set the fact that only the ages of oxygen
isotope stage Se are significantly “rejuvenated”; the
dating of stage 5a (81,000 a) and 5 ¢ (105,000 a) are
practically identical with those of the former stud-
ies (see above),

Given this background, a number of studies were
published in subsequent years in which the U-series
data obtained by mass-spectrometry were discussed.
In these studies (e.g. KU et al. 1990, see above), many
of the corals already sampled by MESOLELLA,
MATTHEWS or BENDER, and dated by alpha-
spectrometry U-series technique, were redated with
the new technique. New sampling took places in
only a few studies but even these new samples stem
generally from the “classical” traverses like Clermont
MNose or Christ Church. A comparison with earlier
studies is sometimes complicated by the fact that the
location of the sampling sites is not documented in
detail. The most important results of these new
geochronological studies are summarised below.

Of special interest are the offshore studies of
FAIRBANKS (1989) and BARD et al. (1990a), which

Table 3.7:  Comparison of mass-spectrometric (M3)
and alpha-spectrometric (AS) results for
samples collected on Barbados after Ku et
al. (1990},

Sample Age (MS) (a) Age (AS) (a)
Worthing (5a)
FS-504 78,100+1,200
F3-51 75,500£1,200
0C-50 - 85,200+1,300
0C-51 87,500£300 83,000+1,300
0C-53 - 83,20041,500
Ventnor (5c)
ANM-21 - 102,400+2,000
Maxwell Terrace
AEJ-20 - 128,700£3,000
AEJ-21 - 127,60012,500
AEJ-22(1) - -
AEJ-22(2) - 114,200+2,000
AGP-10 - 117,600+2,300
AGP-12(1) 115,00042 400
AGP-12(2) 114,000+£2,000
Rendezvous Hill
AFM-20A(1) 129,200£700 118,400+£2,700
AFM-204(2) - 120,20042,700
AFM-22A(1) - 102,500+2,000
AFM-22A(2) - 99,400+£2,100
AFM-23(1) - 113,500£2,400
AFM-23(2) - 105,800£2,300
R-50(1) - 133,700%2,700
R-50(2) - 132,300£3.000
R-51(1) - 116,100+2,300
R-51(2) - 122,700+2,400
R-52(1) 128,100£900 108,500£2,000
R-52(2) - 114,000+2,700
AFS-10 125,700£600 122,000+£2600
AFS3-11 122,600+£700 123,800+£2700
AFS-12 122,100£600 120,700+£2700
122,700£700 -
124,400£700 -
ANM-22 - 101,500£2,100
FT-50 112,000+500 103,600+2,000
111,800£700 -
112,300+600 -
FT-51(1)- 110,500+2,200 -
FT-51(2)- 104,200£2,300 -
FT-53 - 102,900+1,900
BAB-10 - 103,300£1,800
BAB-11 - 108,300£2,100
BAB-12 - 129,20042 600

deal with the reconstruction of palaeo sea-level
change since the glacial sea-level minimum around
18,000 a, as all former and following studies have
been carried out onshore. Coral reefs drilled offshore
from Barbados provided the first almost continuous
record of sea-level change during the last
deglaciation. FAIRBANKS chose to reconstruct glacio
eustatic sea levels by coring drowned late glacial and
Holocene Acrapora palmarta reefs on the south coast
of Barbados. In all 16 cores were drilled. The deepest
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Table 3.8:  U-Th ages obtained by mass- and alpha-spectrometry of coral samples collected on Barbados (A =
BROECKER et al. 1968, MESOLELLA et al. 1969; B = Ku et al, 1990},

Sample Locality Age (a) Age (a) Age (a)
BarD et al. 1990 EowarDs 1988 (UTh-alpha-spec.)
{(L/Th-mass.spec.) {UITh-mass.spec.)

FS-13 Worthing (18m) 88,200+800 - -

0C-51 Worthing - 87,500+600 -
- 87,900+700 -

AFZ2 Ventnor (6m) 100,500£1,100 - 105,000£3,000(A)

FT-50 Ventnor - 112,00041,000 103,600+4,000(B)
- 111,800£1,300 -
- 112,300£1,100 -

AFM3M Rendezvous Hill (55m) 125,000£1,700 = "

AFM3/2 Rendezvous Hill (55m)  125,000+1,000 = -

radiocarbon dated sample of A. palmara occured at
113.8 m below the present sea level (119.6 m if
corrected for an assumed mean uplift rate of 34 cm/
1000 a) and was dated to be 17,100 a in age. By
dating these Acropora deposits for the first time, it
was possible to obtain an almost complete palaeo
sea-level curve for the period from 17,100 to 9,500
a (Figure 2 in FAIRBRIDGE 1989, p. 639). Almost
concurrent with this publication was the construction
of a second long and continuous record of the sea-
level rise associated with the last deglaciation in
Huon Peninsula, Papua New Guinea (CHAPPELL &
PoLACH 1991). This sea-level history was also based
on “C dating of reef-crest corals from cores. The
depths of the coral samples were corrected for a local
uplift of 1.9 mm/a. These two data sets were
converted from “C years to siderial years and then
compared to sea-level curves predicted by different
deglaciation models (e.g. TUSHINGHAM & PELTIER
1993).

BARD et al. (1990a) determined the ages of Bar-
badian corals using both “C and Th/U dating tech-
niques, and thereby calibrated the radiocarbon
timescale for the past 20,000-30,000 "C a (refer to
BArD et al. 1990b for a detailed discussion of their
techniques and results). HAMELIN et al. (1991) sum-
marized some of the other prominent successes ob-
tained by the U/Th dating technique. These include
precise correlation of the glacial-interglacial sea-
level variation with variations in solar insolation as
predicted by MILANKOVITCH orbital parameters, and
precise dating of historical corals for detailed stud-
ies of uplift dates of oceanic islands. Previously,
such calibrations were only possible using dendro-
chronological methods, and could only reach back
10,000 “C a (BECKER et al. 1991). An important
implication of the radiocarbon calibration curve is

that the last glacial maximum, which has long been
estimated to have occurred ca. 18,000 “C a BP, ap-
pears to have occurred 21,500 cal a BP. Following
TUSHINGHAM & PELTIER { 1993), the total sea-level
rise at Barbados is 124 m, which agrees with
FAIRBANKSestimate of 121+5 m obtained from the
depths of drowned reef crest corals.

After this short but very inspiring off-shore
interlude with results relevant to late glacial and early
Holocene sea-level history, research on Barbados
focused once more on land based studies. As already
discussed above, problems arising from mass
spectrometric (TIMS) U-series were the main focus
in subsequent studies. The problems included, for
example, the discrepancy between the mass-
spectrometric U-series results of BARD et al. (1990)
and the data of EDWARDS ( 1988) as evident in Table
3.8. Note that the difference of 11,000 a between the
various estimates of the age of the Ventnor terrace in
particular is very substantial. Although the mass
spectrometric U-series dating of corals claims a high
precison and a good accuracy, the discrepancies in
the first studies of EDWARDS (1988), EDWARDS et
al. (1987a,b) and BARD et al. (1990) triggered
subsequent studies which focused on potential
sources of the age perturbations.

In 1991 HAMELIN et al. published a critical review
of recent U/ mass-spectrometric ages. Despite
the improvement in the precision of the Th/U data,
perturbations in the *'U/~*U ratio may strongly affect
the accuracy of the U-Th chronometer. Most data,
including those from Barbados, show that most of
the corals from terraces of the last interglacial have
initial **U/™U ratios higher than present-day
seawater, in contrast to modern, Holocene and Last
Glacial corals (see Table 3.9).
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Table 3.9:  Mass-spectrometric U-series dating results

for last interglacial coral samples from the
Christ Church Traverse and from Salt Cave
after HAMELIN et al, (1991),

Sample MS U-Th age (a)

Rendezvouz Hill (Christ Church)

AFM3(1) 125,200+1,700

AFM3(2) 125,100+1,000

AFMI(1) 112,300+1,200

AFMI(2) 112,800+1,900

AFME 122,300+1,300

AF31 132,600+2,300

Salt Cave (first terrace above present sea-level)

Salt Cave 98,400+£1,200

Even apparently pristine samples have ratios
higher than present-day seawater. This difference in
the U initial ratios raises some uncertainty about the
accuracy of the U-Th age determinations of these
corals. In spite of the fact that the **U/*Th ages
cluster in a narrow range between 122,000 and
133,000 a, the data could also be interpreted as
resulting from contamination of corals that are
significantly older than 125,000 a. Two possible
explanations are discussed by HAMELIN et al. (1991):
(1) All the samples may have been diagenetically

altered, since they all come from surface outcrops

which have been directly exposed to precipitation

and/or soil water for 125,000 a.

2) Some of the difference in *#U/*U ratios measured
in 125,000 a old corals, compared to modern
seawater, may be due to a higher **U/*U ratio in
seawater 125,000 years ago.

In order to investigate these problems, BANNER
et al. (1991) carried out Uranium-series isotope
measurements by mass spectrometry on aragonite,
dolomite and groundwater samples from Pleistocene
coral-reef terraces on Barbados, in order to evaluate
the behaviour of U-Th isotopes during water-rock
interaction in carbonate systems. Two pristine
Acropora palmata corals (samples GG-1 and GD-2)
from the so-called Golden Grove terrace in the East
Point Shelf area, yielded *"Th ages of 219,000+3,000
a and 224,000+6,000 a.

The fundamental issues related to such precise
data are syn- and post-depositional diagenetic
changes to the concentrations of the pertinent U-se-
ries nuclides, which could shift the ages well out-
side the limits suggested by the analytical uncertain-
ties. The two dated corals have high and variable
initial U relative to values for modern seawater.
This indicates that the U-series has not followed

closed-system behaviour since the time of deposi-
tion. The pronounced differences in the U-Th iso-
tope systems between the aragonitic corals, dolo-
mites and groundwater reflect the enhanced mobil-
ity of U relative to Th during water-rock interaction.
This kind of diagenesis can profoundly affect the U-
Th isotopic composition and therefore the accuracay
of high-precision *'Th ages determined on such
samples. However, diagenesis involving fluids such
as the present-day groundwaters on Barbados can-
not account for the elevated 3*U values of the cor-
als. BANNER et al. (1991) came to the conclusion
that the mechanism by which apparently well-pre-
served corals become enriched in **U is yet to be
identified. Early diagenetic processes involving ma-
rine porewaters could be a possible cause of these
high *U(t) values.

When dating corals of oxygen isotope stages 7 to
11{13}) by mass-spectrometry, Bard et al. (1991) came
to similar conclusions regarding the significant
excess of **U relative to the Uranium isotopic
composition which is to be expected for corals grown
in present-day seawater. They proposed that the
anomalies result from both diagentic addition and
replacement of U and also, possibly, from global
changes in the **U™*U composition of seawater
through time. Their conclusions reinforced the
argument that *'U anomalies cast doubt on the
accuracy of the classical *Th-ingrowth dating
method in old corals, and in particular for the use of
measured “*U/*U ratios alone to date corals older
than 150,000 a.

BARD et al. (1991) dated 12 samples from Bar-
bados (see Table 3.10). Their statement that the dat-
ing results of the four oldest samples are very ques-
tionable seems justified. This is particularly so when
it is considered that the Adams Castle terrace is
morphostratigraphically (see Chapter 4) 1 to 2 in-
terglacials younger than the reef crest of St.Davids
terrace, the uppermost step of the Christ Church
traverse. The age obtained for the samples of the
Kingsland-Aberdare reef unit - isotope stage 7.5, the
oldest of the three penultimate interglacial sea level
maxima - i1s probably correct. On the other hand, it
is not easy to understand why the samples of Kendall
Hill terrace are put into stage 7.3 — morpho-
stratigraphically, Kendal Hill is the terrace directly
above the Rendevouz Hill terrace. Although BArD
et al. (1991) refer to similar results from RADTKE et
al. (1988), the absolute age of the Kendal Hill ter-
race is still highly problematic. Nevertheless, BARD
et al. (1991) reached the conclusion that the TIMS
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Table 3.10: Thermal ionization mass spectrometry (TIMS) results for Acropora palmata coral samples from Barbados.
All but the two RGF samples originated from the Christ Church Traverse after BARD et al, (1991).

Sample Location TIMS-age (a) Alpha-spec. age (a)
RGF1-90-22/1 Salt Cave, 40m 187,000+5,000 -

RGF1-90-22-2 Salt Cave, 40m 186,00046,000 -

ACJI4M Kendal Hill 213,0008,000 222,000+60,000
ACJAR2 kendal Hill 207,000+4,000 -

ACJT Kendal Hill 214,000x4,000 -

AGH3 Kingsland/Aberdare 228,000+4,000 -

ADI Kingsland/Aberdare 255,000+9,000 -

AIBZ Kingsland/Aberdare 258,000+8,000 250,000+£80,000
AKF3 5t. Davids Terrace 350,000+15,000 -

AKF1 St. Davids Terrace 418,000+£31,000 -

AFY1 St. Davids Terrace 488,000+45,000 368,000+£180,000
AHR1 Adams Castle 528.000+65,000

technique can provide ““Th-ingrowth ages with a
precision of the order of a few percent for samples
between 200,000 and 300,000 a.

However, the accuracy of the **Th-ingrowth
chronometer in old corals appears to be limited by
post-depositional disturbance of the U-Th system.
As a preliminary interpretation, they proposed that
the observed variations in initial **U/%*U ratios were
due to diagenetic addition or replacement of U (and
possibly Th) together with seawater **U/**U
variations. Nevertheless, neither meachanism alone
is able to explain simultaneously the magnitude of
the U isotopic anomalies, and the rather small scatter
of the **Th-ingrowth ages obtained in stratigraphi-
cally equivalent samples. Moreover, no valid candi-
date for the fluid involved in the diagenesis has yet
been identified.

In 1994 GAaLLUP et al., TIMS *"Th ages were
determined for Barbados corals which grew during
interglacial periods within the last 200,000 years.
Samples were collected from two transects: Clermont
MNose (University Road) and Holder Hill, north of
Clermont Nose (see Table 3.11).

Because it is known that inaccurate ages can result
from a diagenetic remobilization from Thorium and
Uranium, GALLUP et al. addressed the problem of
diagenesis with a model that reproduces diagenetic
trends in their own and previously published data
(EDWARDS et al. 1987a/b, HAMELIN etal. 1990, 1991,
BANNER et al. 1991, BARD et al. 1991 and Di1A et al.
1992). To date there have been no fossil coral data
sets of sufficient size or precision to support any
given model. Examination of the data of GALLUP et
al. (1994) in conjunction with earlier TIMS **Th
data from Barbados showed that, for a given terrace,

the corals with the highest initial *U values appear
to have the oldest **Th ages. The rough trend
between &*U value and *"Th age is explained by
GALLUP et al. by net addition of **U and *"Th.
GALLUP et al. (1994) therefore assumed that **U
concentration is constant, that initial U value
equals the modern marine value, and that **U and
2Th are continuously added during diagenesis. They
determined an expression for the isotope composition
as a function of time for a coral that gains **U and

Table 3.11: TIMS *"Th ages of coral from the Clermont
MNose and Holders Hill transects, west coasl
of Barbados (GALLUP et al, 1994:; 797).

Sample Height TIMS ““Th-age

[m asl.] [}
Haolders Hil
FSL-2 (modem) 0 132 £ 3,000
F5-3 (Barbados 1) 12 83,300£300
FS-8 (Barbados 1) 13 B7,200+500
FT-1 (Barbados I1) 24 104,300+400
FU-1 {Barbados I} 47 124,600+500
FU-3 (Barbados 11} 40 135,400+700
FY-2 (Qlder terrace) 63 211,00041,600
FW-1 (Older terrace) G4 283, 70044, 200
Clermont Nose (University Road)
Last interglacial (Barbados i)
Liwi-2 RS 129,100800
Uwi-16 40 117.000+1.000
Penultimale intergiacial
WAN-B-2(1) 92 198,000+1,300
WAN-B-2(2) o1 20120042000
WAN-B-7 91 200,800£1,000
WAN-B-1 91 193,500+2,800
WAN-B-6 91 203,6004£1,700
WAN-B-8 a1 203,500+1,300
WAM-B-5 91 223,300£3,800
WAMN-B-sand a1 279,900 (+21,000/-19,000)
WAN-B-14 g2 190,800£700
WAN-E-1 B3 209,200+1,700
WiaN-C1 i 203,400£400
Qlder Terraces
WAN-D-3(1) 64 230,500 (+3,700/-3,600)
WaN-D-3(2) 69 230,500 (+5,500/-5,300)
Wam-D-3(3) 69 232,900 (+7,600/-7,200)
WAN -A-1 99 302,00046,000
WAN-F-4 100 402,000 (+12,000/-11,000]
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**Th at constant rates from some outside source, and
used the isotopic compositon of an altered coral from
Barbados to solve for rates of **U and **Th addition
(for details see GALLUP et al. 1994). Due to the
scatter of the data about the modeled lines, GALLUP
et al. did not attempt to use the model to correct *'Th
ages of samples. Instead, they used the lines as a
guide in establishing maximum acceptable initial
6**U values. For example, a sample with an initial
6*'U of 154 and four 3-units above the marine value,
has a **Th age about 1,000 years older than its true
age. GALLUP et al. came to the conclusion that for
the last three interglacial and two intervening
interstadial periods, sea level peaked at the same
time, or after, peaks in summer insolation in the
Northern Hemisphere. This overall pattern supports
the idea that glacial-interglacial cycles are caused
by changes in the Earth’s orbital geometry. The sea-
level drop at the end of the penultimate interglacial,
the last interglacial, and a subsequent interstadial
period, lagged behind the decrease in insolation by
5,000 to 10,000 years.

Considering the fact that the conclusion drawn
by GALLUP et al. has wide implications for palaco
sea level and palaeoclimatic research, it is crucial to
have reliable information on the precise locality of
samples. Samples of lower elevation (FY-2, WAN-
D-3 or FW 1) than the WAN-B outcrop gave signifi-
cantly higher ages; a last interglacial sample at 31 m
elevation (UWI-2) was dated 117,000 a, a nearby
sample at 40 m elevation gave an age of 129,100 a.

Although GALLUP et al. have seen these discrepan-
cies and suggested studying similar deposits with
clearer stratigraphic relationships, special attention
should be drawn to the interpretation of the locali-
ties mentioned. It is possible that the variations in
the initial U value have produced “confusing”
results and further systematic methodological stud-
ies should be carried out. Any such studies must be
based on a sound morphostratigraphy.

EDWARDS et al. (1997) remeasured the samples
of GALLUP et al. (1994), using both U-series and also
TIMS **'Pa methods (see Table 3.12). His results
for those samples with concordant ages indicate that
sea level was relatively high 82,800+1.000 a,
104,200£1,200 a, 121,000£2,100 a, 126,800£2,500
a, and 193,000£9,000 a ago. The sea-level highs
marked by these corals correspond to oxygen isotope
stages 5a, 5¢, and Se (represented by both the 121,000
aand the 126,800 a ages), and 7.1, respectively. The
combined Pa/Th data support the conclusion of
GaLLupetal. (1994) which was based solely on *“Th
ages. A comparison of the sea level constraints from
EDwARDS et al. (1997) with high-latitude Northern
Hemisphere summer insolation values, shows that
all of the high sea levels coincide with, or slightly
postdate, the times of high Northern Hemisphere
insolation. EDWARDS et al. (1997) contrasted their
data set with one from the Devil’s Hole, where the
timing of the oxygen isotope shift from glacial to
interglacial values around 140,000 years ago
(Termination II} generally precedes the shift in

Table 3.12: “"Th, ¥ Pa, and “'Pa™*Th ages for Barbados coral samples after EDWARDS et

al. (1997: 784).

Sample Th age (a) “'Pa age (a) 'paf*Th age (a)
Worthing Terrace (Barbados |)

F5-3 B2,900£400 B83,800+1.200 81,800£1,700
FS-8(1) 86,1004+400 B89,500+1,300 82,500£1,500
FS-8(I1) 85,400+400 86,200+1,000 84,500+1,400
Ventnor Terrace (Barbados 1)

FT-1(1) 1 103,100+500 103,000£2,400 103,400+2,200
FT-1(11) 105,400+600 105,600£2,200 105,900+2,000
Rendezvous Hill Terrace (Barbados 1)

AFM-20 126,900+1,100 126,800+£2 500 126,900+2,200
UWI-16 132,000£900 143,000+6,000 127,000+2 500
FU-1(1) 122,300+700 120,000+3,400 123,700+2,500
FU-1(I1) 122,6004700 119,000+2 600 125,0004+2 100
FU-3 147,300+900 MNo solution 119,400+2 300
«Stage 7 terraces (Penultimate Inferglacial)

WAN-B2(1) 191,700+1,600 190,000(+17,000/-12,000)192,000£3,900
WAN-B2(11) 193,100+1,600 197,000(+15,000/-11,000)192,300+3,300
WAN-B2(III) 190,200%1,500 195,000(+14,000/-11,000)189,100£3,100
WAN-B-T 200.800+1,000 198,000(+15,000/-11,000)204,900+4,000
WAN-B-B 203.600+1,800 262,000(+=/-33,000) 197,20043,200
WAN-B-5 217,900£2,100 Mo solution 204,900£4,000
FY-2 206,100+1,800 Mo solution 188,600+3,000
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insolation from glacial to interglacial values,
suggesting that Termination I1 did not result from
insolation rise (EDWARDS et al., 1997).

A recent paper (GALLUP et al. 2002) focuses on
determining the timing of the above mentioned Ter-
mination II by dating Barbados corals. The timing
and cause of Termination II are particularly impor-
tant because it is so closely linked to the 100,000
year cycle, of which the driving mechanism remains
unclear and widely debated. The nine samples stem
from a road cut at the University Road which is part
of the classical Clermont Nose traverse and have
been dated using **'Pa and **Th dating (TIMS) (see
Figure 3.7 and Table 3.13).

GaLLUP et al. (2002) stated that the concordancy
of **Th and **'Pa dates is the best test that the ages
have not been shifted by diagenetic alteration. As
well, there should be no evidence of recrystallization
of aragonite to calcite, and the initial U value
should be within 0.008% of the modern value.
Samples which meet all three criteria are most likely
to record accurate ages; those that meet only one or
two are less likely to have accurate ages, although
they still may hold valuable climatic information
(GALLUP et al., 2002).

For the direct determination of Termination 11,
precision and accuracy in chronometry are critical.
Samples NU-1471/-1472/-1473 are from units be-
low the last interglacial maximum Rendezvous Hill-
terrace deposits, and all have concordant *'Pa and
0Th ages, clustering around 135,000 a. These ages.
and initial elevations of 16-18 m below present sea
level, suggest that this deposit formed during the rise
to the maximum of the last interglacial sea level (Ter-
mination I1). Samples NU-1471 and NU-1472 are
from the mixed Acropora palmata and head coral

unit, just below the cobble-rich of sample NU-1473.
The similar ages demonstrate, after GALLUP et al.
{2002), stratigraphic consistency and a genetic rela-
tionship between the two deposits. GALLUP et al.
(2002) interpreted the presence of cobbles as indi-
cating a proximity to sea level during the time re-
corded by the samples. Sample NU-1471 meets all
three criteria mentioned above, indicating that the
timing of this sea level event during Termination II
was 135800800 a. Sample UWI-101, collected
adjacent to sample UWI-2 (GALLUP et al. 1994}, also
meets the three criteria and confirms the age of the
deposit as 129,100£500 a (GALLUP et al. 2002).
GALLUP et al. (2002) were surprised that samples
immediately adjacent to these samples (NU-1464,
UWI-103, and UWI-107) gave ages that correspond
to marine oxygen-isotope event 6.5. They admitted
that the unit is not sufficiently exposed to determine
whether the samples are in situ. So they conclude
that the estimate of associated sea level of -2523 m
implied by UWI-101 and UWI-2 remains tentative.
Sample OC-1 also meets all three criteria, giving an
age of 113,600£400 a. GALLUP et al, (2002) inter-
preted the beach-like nature of the upper OC deposit
as indicating a fall to 19 m below present sea level
from the maximum of the last interglacial sea level
{(+6m). However, sample OC-2 also has concordant
BPa and *Th ages, and although its U value is
elevated, its ¥'Th age of 105,300+600 a puts it in
substage 5c. They argued that, if the dating is cor-
rect, the sample OC-2 gives an initial sea level of
15+3 m below present sea level, and that sample OC-
1 may be reworked from material during the fall from
peak last interglacial sea level (for futher details see
GALLUP et al, 2002). GALLUP et al. compared the
results with the SPECMAP record (IMBRIE et al.
1984) and the results from Papua New Guinea, which
suggested a sea-level rise peaking around 135,000
a, followed by a sea-level drop around 129,000 a

Table 3.13: *'Pa and **Th ages for Barbados coral samples collected at University Road, Clermont
Mose traverse after GALLUP et al. (2002).

Sample Elev.(m)**'Pa age (a) Bh age (a) Initial elevation {m)

Ventnor (Barbados Il, Stage 5c)

0Cc-1 3 109,800(+2,800/-2,600) 113,600+400 -19+3

Qc-2 K} 103,900(+2,600/-2,500) 105,300+400 -15+3

Rendezvous Hill {Barbados I, Stage 5e)

UwWiI-101 32 126,900(+2,600/-2,400) 129,100+£500 -253

MNU-1471 42 136,200+4,300 135,800+800 -18+4

MNU-1472 42 134,500+5,000 136,100£800 -18+4 |
MNU-1473 43 133,300+4,400 134,200+£800 -16+4 !
Stage 6e

MU-1464 36 160,400+8,500 168,000+1,300 -3845

UWI-103 34 161,000(+24,000/~16,000)175,300+1,400 -4315

Uwi-107 a2 151,.300(+8,800/-7 4001 170,30041,300 -4345
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4. Distribution and chronostratigraphy of fossil coral reef terraces on the
south coast of Barbados

G. SCHELLMANN & U. RADTKE

The fossil coral reef terraces on Barbados are
one of the few type localities worldwide that provide
insight into interglacial sea-level change during the
Young and Middle Pleistocene. Several sea-level
estimates have been established since the late 1960°s
and contributed to the Barbados Model. They were
published within the context of global sea-level cor-
relations and were summarized in Chapter 3. This
chapter presents our new geomorphic and geochro-
nologic investigations of coral reef terraces in south-
ern Barbados. This research was conducted during
a time period of more than ten years and was prima-
rily initiated by advances in ESR dating of fossil cor-
al, by advances in aerial photo interpretation (higher
resolution), and by the great deficit in detailed geo-
morphic maps of preserved fossil beach formations
and reef terraces above present sea level. The need
for a revision of previously published morpho- and
chronostratigraphies can be demonstrated best in
southern Barbados. The morpho- and chronostrati-
graphic sequences in this region appear to be more
complex and diverse than previously assumed.

MESOLELLA et al. (1968) and BROECKER et al.
(1968) pioneered modern research on uplifted coral
reefs on Barbados. Their work focused on strati-
graphic differentiations and distributions of fossil coral
reef tracts using topographic maps and aerial photo-
graphs, and on geochronologic studies, as well as on
the reconstruction of Late and Middle Pleistocene
sea levels. Numerous subsequent studies concen-
trated on geochronological investigations along five
~standard traverses™ which cross different fossil coral
reef terraces (Figure 4.1). These traverses include
the traverses Thorpe and Clermont Nose on the west
coast of Barbados, two traverses in the area between
Windsor and Drax Hall in St. George Valley, and the
Christ Church Traverse on the south coast. Differ-
ent dating methods including Uranium/Thorium (U/
Th) dating (e.g. GALLUP et al. 2002, BLANCHON &
EISENHAUER 2001 ), Helium/Uranium (He/U) dating
(BENDER et al. 1979), and Electron Spin Resonance
(ESR) dating (RADTKE 1989; RADTKE et al. 1988:;
RADTKE & GRUN 1990) were used for these and
subsequent geochronological investigations (see
Chapter 3). If results locally conflicted with the strati-
graphic differentiation of fossil coral reef tracts origi-
nally described by MESOLELLA (1968) and BENDER
et al. (1979), studies were accommodated by minor

morphostratigraphic revisions for relatively small ar-
eas, as for example those for southern Barbados pre-
sented by RADTKE (1989) and Ku et al. (1990). Simi-
larly, BLANCHON & EISENHAUER (2001) did not use
a clear morphostratigraphic approach in their recently
published article on last interglacial reef development
on Barbados. Instead, sea-level reconstruction was
mainly based on two U/Th dating results, which were
assumed to be accurate, and on some local field ob-
servations, which were generously extrapolated to
larger areas (see Chapter 3, and SCHELLMANN &
RADTKE 2001b and 2003).

The Barbados Model, frequently used for the
reconstruction of Middle and Late Pleistocene palaco
sea level and global climate change, was essentially
derived from studies along the standard traverses
described above. In this model, the stages Barbados
I, 11, and III corresponded to the marine oxygen
isotope stages (MIS) 5a, 5¢, and 5e from the last
interglacial (Chapter 3).
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Figure 4.1:

Distribution of the standard traverses, which were
traditionally used for chronostratigraphic investigations
on coral reef terraces on Barbados.
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Our investigations of coral reef terraces on Bar-
bados began in 1990 and were stimulated by the im-
pression that the existing morphological and strati-
graphical model for the island did not reflect the com-
plex evolutionary history of the Barbados coral reef
terraces. In particular, no research had challenged
the established morpho- and chronostratigraphic mod-
¢l first proposed by MESOLELLA (1968) and BENDER
et al. (1979). There were no studies with detailed
morphostratigraphic investigations that exceeded the
generally preferred local descriptions, or which in-
cluded the dating of reef terraces along traverses.

Therefore, it was necessary Lo conduct exten-
sive field investigations focusing on the distribution
and elevation of coral reef terraces, and to combine

morphostratigraphical with geochronological research
by dating a large number of sample sites.

The morphostratigraphy described below includes
1.} a differentiation of coral reef terraces, wave-cut
platforms, and other erosive features, such as
notches and cliffs; and
2.)an examination of various sedimentary features
like coral reef facies types, discontinuities, and
others.

The study of these morphostratigraphic features
combined with absolute dating techniques (ESR, Th/
U} allowed for estimates of tectonic uplift rates and
for the identification of areas where tectonic move-
ments vary over time. In general, these investiga-
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Figure 4.2:

Sketch of the morphology and coral reef zones of fossil coral reef terraces on southern Barbados (reef facies zones after

MESOLLELA et al. 1970, and JAMES et al. 1977).
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tions are required for precise sea-level reconstruc-
tions.

4.1. Methods
4.1.1. Morphostratigraphic methods

This research included the field mapping of former
depositional coral reef terraces, former wave-cut
platforms, and former cliff lines. Investigations were
supported by topographic maps, aerial photographs,
lithological surveys, and sampling along road cuttings,
sea cliffs, and other localities.

The following important morphologic criteria
determined the delineation and genetic classification
of individual reef terraces (Figure 4.2):

(1) Former sea cliffs were identified based on clear
morphological borders between reef terrace
surfaces of different age. Younger cliffs often
display deep notches at their bases.

(2) Individual reef crests and their landward reef plat-
form areas were defined using morphological and
sedimentary facies data. The specific morpholog-
ical structure and coral/sediment facies distribu-
tion of depositional reef terraces with most ele-
vated reef crests and with reef platform areas
located seaward were mapped. Some reef plat-
forms are crossed by reef channels or exhibit low-
er elevated reef lagoons and lagoonal channels,
which extend inland.

{3) Wave-cut platforms were recognized due to their
narrow width and their increasing elevation
towards inland. Their surface morphology is
unaffected by channels or lagoons (see below).

The elevation of coral reef terraces, including both
depositional and wave-cut forms, was measured in
the field using a Thommen altimeter with a vertical
resolution of 1 m. In addition, morphologic and
altimetric field records were checked through manual
and digital aerial photo interpretation using true color
aerial photographs with a scale of 1:10,000 and a
Planicomp P33.

4.1.2. Electron Spin Resonance (ESR) dating
method

The morphostratigraphic investigations on south-
ern Barbados were supported by the Electron Spin
Resonance (ESR) dating of over 260 coral samples
from more than 80 localities (Figure 4.13). Due to

methodological improvements, the quality of ESR
dating results increased to such an extent that it was
comparable to that of Radiocarbon ("*C) dating re-
sults of Holocene coral from Curagao (Figure 4.3;
RADTKE et al. 2003), and to that of mass spectro-
metric “"Thorium/**Uranium (TIMS Th/U) dating
results for last interglacial samples (Figure 4.4, 4.4b;
SCHELLMANN & RADTKE 2001a, SCHELLMANN et
al. 2002; SCHELLMANN et al. 2004). Furthermore,
they exceeded the accuracy of U-series dating of
older coral samples. Radiocarbon dating was car-
ried out by B. Kromer (University of Heidelberg,
Germany), and TIMS U-series dating by E.-K. Pot-
ter, T. Esat, and M.T. McCulloch { Australian Na-
tional University, Canberra, Australia).

ESR dating uncertainties were comparable with
the variability of “C ages caused by the marine res-
ervoir effect as illustrated by Figure 4.3. In general,
the TIMS Th/U ages (Figure 4.4) also agreed well
with the results of the ESR measurements for the
last interglacial substages (Table 4.2: MIS Se maxima:
approx. 128 to 132 ka; MIS 5c: approx. 105 ka; MIS
Sa-2: approx. 85 ka; MIS 5a-1: approx. 74 ka ago).
However, a detailed comparison of dating results of
MIS 5 coral reef growth calculated by both methods
in Figure 4.4 showed that many ESR data are sys-
tematically 5% to 10% younger than the correspond-
ing U-series ages (details in SCHELLMANN et al.
2004). The trend to an age under-estimation of ESR
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Figure 4.3:

Comparison of calibrated Radiocarbon ("C) and ESR
dating results for Holocene coral samples from Aruba,
Bonaire, and Curagao {Netherlands Antilles), modified
after RADTKE et al. (2003).
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ESR and TIMS U/Th ages of MIS 5 in sitn coral from the west and south coast of Barbados. A: all USTh data,
B: only U/Th data with initial **U/*U values between >141 and <157%. (modified after SCHELLMANN et al.

2004},
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in comparison with TIMS U-series data may be par-
tially explained either by a slight overestimation of
the alpha-efficiency (0.05) used for ESR age calcu-
lation, or by the slight post-depositional recrystalliza-
tion of the aragonite coral structure (see below),
which predominantly influences the ESR dating
method. This strongly supports the view of
SCHELLMANN & RADTKE (2001b, 2002, 2004), that,
for an accurate ESR based chronostratigraphy, it is
necessary (1) to date numerous samples from one
locality, (2) to sample more than one locality in one
coral reef terrace, and (3) to use only the oldest ESR
dating results for chronostratigraphic interpretation
(see below),

Figure 4.5 illustrates both ESR and TIMS Th/U
dating results for MIS 5a-1 coral samples from Inch
Marlowe Point at the south coast of Barbados (T-
la ). Samples were taken from the uppermost meter
of the in situ T-1a, Acropora palmata coral reef crest
facies (Photo 4.2). They most likely grew within the
relatively short time period of some hundred years.
However, the dating results of both methods scattered
from 71 to 75 ka (ESR) and from 74 to 79 ka (U/Th),
respectively. Astonishingly, there was no evidence
for a greater consistency in the more precise U/Th
data in comparison to the ESR dating results.
Although error ranges of the TIMS U-series data were
much smaller (less than 1%) than the ESR ones
(between 5 to 9%), the dating consistency seemed to
be similar for both methods. This demonstrates that
dating consistency, and therefore overall precision,
is similar for both methods with the phenomenon that
most ESR dating results are significantly younger
than the U-series data at this locality (see
SCHELLMANN et al. 2004 for more details).

Table 4.1;
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Figure 4.5:

Comparison of ESR and TIMS Th/U ages for last
interglacial T—laI (MIS 5a-1) coral samples collected at
Inch Marlowe Point, south coast of Barbados {location
IX-78 in Figures 4.12 and 4.17; details of ages in SCHELL-
MANN et al. 2004)

Therefore, it cannot be assumed that the apparently
greater precision of U-series data indicates a greater
accuracy of the method.

To put the results from Inch Marlowe Point into
a greater context, several ESR and TIMS U/Th data
sets from MIS 5a and MIS 5¢ sample sites from the
west and south coast of Barbados were also compared
(Table 4.1). ESR ages were calculated using the upper
quartile values, because the number of ESR dated
samples from the single localities were too small (less
than 20) for a good estimate based on the 90th
percentile (see below), As illustrated in Table 4.1,
the ages obtained by both dating methods (ESR and
its upper quartile values on the one side and the median
values of the TIMS U/Th data on the other side) agree

Upper quartile values of ESR data and median values of TIMS U/Th data from MIS 5¢ and MIS 5a

ESR = Upper quartile value (25% of all ESR ages are ranked above this value)

coral samples from the south (T- |;I|.T la,, T-3) and west coasts (chapter 5: Nl NEJ of Barba-

dos. Details of all data are listed in SCHELLMANN et al. (2004).

Strat. Terrace Sample ESR wiTh WiTh (all)
site ka % n ka t n ka £ n
| MIS5a-1  Tia1  XI04,X-78 | 734 5 14[ 767 06 12| 768 06 14]
MIS a2 - T1a2 X165 | 809 5 5| 842 07 4] 839 07 5
MIS5a2 N2 VII7 | 855 6 7 | 845 08 3] 894 08 7
(Missc3 T3 X103, X107 | 1026 6 8[1029 1 3| 1032 1 &
MISSc  Nigq vii-ie [ 1087 9 5] 105 1 7[1054 1 8
g

UiTh = Median of USTh data with initial delta ©

LiFTh {ally = Median of all U/ Th data

"1 values between 141 and 157 permil
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rather well and age differences are generally smaller
than 4%.

ESR dating was conducted as described by
SCHELLMANN & RADTKE (2001a). All coral samples
were ground manually. Twenty aliquots of 0.2 g each
with particle diameters between 125 pm and 250 pm
were gamma-irradiated with a “Co source at the
university hospital in Duesseldorf, Germany. The
irradiation dose rate ranged from 1 to 2.5 Gy/min.
The aliquots of each sample were irradiated in
different steps of 9 to 82 Gy up to maximum artificial
radiation doses of 178 to 1780 Gy. The irradiation
steps and maximum irradiations doses were adjusted
depending on the ages of individual coral samples,
as described in detail by SCHELLMANN & RADTKE
(2001a). Typical measurement parameters were 25
mW microwave power, (0.5 G modulation amplitude,
22.972 s sweep time, 40 G scan width, 1024 points
resolution, and the accumulation of 5 to 10 scans.

Figure 4.7 displays a typical ESR spectrum of a
last interglacial coral sample from Barbados. Note

the three dominant peaks (g-values: 2.0057, 2.0032,
and 2.0006). The peak depicted at g = 2.0006 1s the
most suitable one for dating. It is gamma-sensitive,
and it saturates much later than the rapidly dose-
saturated signal at g = 2.0032, which additionally is
less stable (GRUN 1989, WALTHER et al. 1992).
Figure 4.8 illustrates the ESR method for dating
aragonitic coral. ESR as a dosimetric method depends
on the measurement of radiation induced signals. The
ESR signal at g = 2.0006 increased with irradiation
by cosmic rays and other naturally occurring radiation
sources, such as uranium. The response of the sample
to radiation was calibrated by subjecting it to
additional radiation in the laboratory. An ESR age
was derived from the ratio of the past radiation dose
D, over the annual dose rate D" Clearly, the correct
determination of these two parameters is essential
for any ESR age estimate.

The annual dose rate (D) of coral is dependent
on uranium content and cosmic dose rate only. Due
to the size of the coral from which the samples were
taken, external influences by sedimentary radiation
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sources could be neglected. In order to establish the
D’ value as accurately as possible, the U content was
determined for two to three aliquots of cach sample
using Neutron Activation Analysis (INAA: Bequerel,
Australia and XRAL, Canada) and Inductive Coupled
Plasma Mass Spectrometry (ICP-MS, Dept. of
Geography/Dept. of Geology, University of Cologne,
Germany). The resulting mean values and standard
deviations were used for the ESR age calculations
(Table 4.2). Although the uranium content was

ESR dating method
(radiation-induced dosimetric method)

Aragonitic coral

[ A% ] Esr
! "JM - signal

Cosmic rays

-

200,000 a

130,000 a |

_ B000a

-~
Y
|
|

— Internal and

sedimentary dose rate:
Irradiation sources:
U, (Th, K)
influenced by
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uwranium loss,
e = affectivity

equivalent (accumulated) dose D, (Gy)

ESR age =

annual dose rate D' (Gylyear) .. . -0

Fignre 4.8;
llustration of the ESR dating method used for dating
aragonitic coral samples.,

consistent for different measurements for many
samples, the standard deviations of the mean U
content ranged from 10% to 20% for a significant
number of samples. This phenomenon highlights that
even relatively homogenous coral sample material
may display a complex uranium distribution.
Therefore, it is strongly recommended to conduct at
least a double, preferably a triple determination of
the U content.

The equivalent dose (D, ) was calculated using the
new D.-D_ - plot procedure described in detail by
SCHELLMANN & RADTKE (2001a). This procedure
seems to be well suited for the achievement of a more
objective or transparent D_evaluation. The D, value
is usually determined by the additive dose method.
Aliquots of the sample are irradiated with a gamma
source, leading to an increase in trapped electrons,
which in turn leads to an enhancement of the ESR
signal. The plot of the ESR intensity versus the
laboratory dose is called dose response curve (Figure
4.9). The extrapolation to zero intensity yields the
D, value on the intersection with the X-axis.

However, as already reported by WALTHER et al.
(1992), only the lower part of the growth curve can
be described sufficiently by a single exponential
saturation function. As with other carbonates, the
growth curve of the dating signal g = 2.0006 of coral
depicts clear inflexion points and some minor
oscillations (Figure 4.10). This complicates the DE
determination. The inflexion points are characterized
by a sudden increase in radiation sensitivity. They
can be explained either with competition processes
or with different filling mechanisms for multiple traps
with similar ESR characteristics. Finally, it cannot
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Dose response curve for a Holocene
coral sample (Acropora palmata)
from Barbados, The coral sample was
irracdiated with 46 irradiation steps
ranging from 4.4 to 20 Gy up to a
maximum irradiation of 454 Gy

imodified after SCHELLMANN &
RADTKE 2001a).

be ruled out that the inflexion points are mainly a result
of the strong artificial gamma-irradiation. They cannot
be reduced by preheating procedures nor by changing
ESR measurement parameters (e.g. JONAS 1997,
SCHELLMANN & RADTKE 1999). It is necessary to
use as many aliquots as possible and to narrow the
distances between the data points in order to detect
inflexion points or weaker oscillations in the signal
growth curve,

The calculated D values are significantly over-
estimated if D_ calculation is based on the fitting of
all data points onto a “disturbed” growth curve with
a single exponential function (Figure 4.10). Asingle
exponential saturation function can only describe the
lower part of the additive growth curve up to the first
inflexion point. There, the irradiation sensitivity of
the dating signal increases monotonically, although
it may have some non-linear portions or “wiggles”.
Therefore, the calculation of the D, value should be
solely based on the data points from the lower part
of the additive dose response curve, including the
natural non-irradiated first aliquot and all following

One should use as many aliquots as possible to narrow
the distances between data points in order to visualize
inflexion points on the signal growth curve (for details
see SCHELLMANN & RADTKE 2001a). The accuracy
of ESR dating significantly improved due to using
thenew D_-D_  plot procedure for D, determination.
Figure 4. ] 1 |iluih‘1tei the creation uf D.-D _ plots.
The first D, value was calculated by using all data
points, Suh%qumily the data set was reduced by
successively eliminating the highest dose point. The
resulting D, values were plotied versus the maximum
artificial gamma dose D__ that was used for D
calculation (Figure 4.11: D -D__ plot). AD_ plateau,
defined by the local minimum value D__ , occurred
when the dose response curve was based on
adequately small dose steps. The D_ plateau includes
all values that lie within the range of uncertainty of
D . and is the mean of all D, values within the
plateau range. The D, error wds derived from the
mean of all |nd1wdlmi L} errors. The described D,
plateau should be used fur all ESR age Lalculattmn
(SCHELLMANN & RADTKE 2001b). D, calculations
(Table 4.3) were carried out using thf: software

'DHM l—\—

: best fit (more than 12 datapoints, apart from smaller wiggles the

aliquots up to the first inflexion point (Figure 4.10).  program ,Fit-sim™ (version 1993). ESR age
e = =
|
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| Fi g point |
| % o5 Dgy |
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Wy
% D,-D,., Plot Procedure | Figure 4.10:
(DD-P procedure) | Typical ESR signal growth curve
| Matural signal ‘ (2=2.0006) for Pleistocene coral,
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artificial y- irradiation > | this illustration. Note the effects of
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datapoints can be described by a single exponential growth curve)
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increasing underestimation up to =10%

saturating exponential curve (modi-
fied after SCHELLMANN & RADTEE
20001 a).
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calculations were conducted using the software
program ,.Data VI (version 1999) by Rainer Griin.

This new ESR dating methodology is sufficiently
precise to allow for a differentiation between oxygen
isotope stages Sa, Sc, and Se, as well as 7, and 9 or
I1. Now, last interglacial samples cannot only be
classified into the main isotope stages but also into
their sub-stages 5a, and 5a,, 5c and Se. The accu-
rate differentiation between stages 9, 11, and older
stages remains a challenge due to considerable alter-
ations and recrystallization processes that may occur
within coral samples (Figure 4.22). The problem of
natural ,,ESR-rejuvenation™, which is characterized
by the recombination of electrons that increases until
a natural equilibrium is reached, also needs to be con-
sidered. Physically, the upper dating limit of the ESR
method is defined by this natural equilibrium limit.
However, the underestimation of age progressively
occurs before reaching this limit. All ESR samples
were measured by X-ray diffraction (Siemens D
5000) and by an ESR screen of more than 300 Gauss
in order to detect primary or secondary calcite
(SCHELLMANN & KELLETAT 2001, Low & ZEIRA

1972) and only samples with more than 95% arago-
nitic crystal structure were ESR dated. Neverthe-
less, a progressive underestimation of ESR ages,
which occurred especially with the dating of coral
samples from Middle Pleistocene terraces, could not
be avoided. Further research is needed to develop a
method that recognizes such diagenetic recrystalli-
zation and age rejuvenation effects.

The tendency to underestimate the ESR age of
Middle Pleistocene coral samples was reduced by
(1)dating numerous samples from one locality,
(2)sampling more than one locality in one coral reef

terrace, and
(3)using only the oldest ESR dating results for

chronostratigraphic interpretations,

In the past, the extent of the age rejuvenation ef-
fects was underestimated. It was assumed that these
effects did not exceed more than some thousand
vears. However, the age underestimation can be
much larger, as illustrated most impressively by the
significant change in the range of dating results for
the T-8 coral reef terrace in southern Barbados. For
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this terrace, preliminary ESR dating results suggested
that the terrace was formed during the penultimate
interglacial (SCHELLMANN & RADTKE 2001b); how-
ever, subsequent ESR dating yielded an age of approx.
300 ka BP correlating with the third past interglacial
(MIS 9).

This study used the 90th percentile (if the number
of ESR dated samples was greater than 20) or the
upper quartile (if the number of ESR data was equal
or smaller than 20) of all ESR ages from one coral
reef terrace for its chronostratigraphic classification
(Table 4.1 and 4.2, Figure 4.22). 90th percentile and
upper quartile values are ranked values comparable
to the median (50th percentile value). A 90th per-
centile value means that 10% of a data set is ranked
above this value, whereas 25% of a data set is ranked
above the upper quartile value. The error ranges of
the individual ESR dating results were used for the
calculation of the 90th percentile and the upper quartile
value. The 90th percentile value is the mean of the
90th percentile value of the maximum ESR data set
(ESR age plus error) and the 90th percentile value
of the minimum ESR data set (ESR. age minus er-
ror). The upper quartile value is the mean of the
upper quartile value of the maximum ESR data set
(ESR age plus error) and the upper quartile value of
the minimum ESR data set (ESR age minus error).
The error range of the resulting mean 90th percentile
{upper quartile) value is the deviation from the maxi-
mum and minimum 90th percentile (upper quartile)
value of an ESR data set. The oldest ESE age was
used in cases, where the number of ESR dated
samples was too small (less than 4 data) for a calcu-
lation of the upper quartile value (Table 4.2, Figures
4,14, 4.22, and 4.24). Nevertheless, the timing of
coral reef formation calculated from the 90th per-
centile versus the upper quartile values differed only
shightly, as illustrated by Figure 4.22. These differ-
ences lie within the ESR error ranges. All ESR dat-
ing results presented in this paper are listed in Table
4.3.

Despite the problem of Middle Pleistocene ESR
age rejuvenations, these new ESR dating results pro-
vide a detailed picture of Late and Middle Pleistocene
reef formation for Barbados (see below), which chal-
lenges existing chronostratigraphies based on the U/
Th dating method alone. Nevertheless, important and
still unsolved problems of mass spectrometric U/Th
dating of Pleistocene coral include isotope movement
and varying **U/*U conditions in the ocean water
(BARD et al. 1992).

4.2. Fossil coral facies patterns, coral reef
terraces, wave-cut platforms, and notches
as sea-level indicators

In general, the fossil coral reef terraces on
Barbados consist of the morphostratigraphic units and
sediment facies illustrated in Figure 4.2. The
morphological characteristics are similar to those of
present fringing reefs in the Caribbean. Notches,
beach sand deposits, reef crests, and reef platforms,
which extend up to low tide water level provide the
most important indicators for the reconstruction of
Pleistocene sea- level changes.

4.2.1. Coral facies patterns

The internal coral facies and zonation of raised
Pleistocene reef tracts on Barbados were described
by MESOLELLA et al. (1970), JAMES et al. (1977),
HUMPHREY (1997), BLANCHON & EISENHAUER
(2001), and others. The facies relationships in the
raised reef tracts represent a generalized model, which
may vary both vertically and laterally (HUMPHREY
1997,

Adjacent to the former fore reef calcarenite zone,
which is dominated by coral rubble, the reef facies
sensu strictu can be subdivided in four major units
(Figure 4.2), which include
{1)the mixed head coral zone containing massive

colonies of Momtastrea annularis, brain coral of

different Diploria species and, subordinately,
species of Siderastrea sp. and Montastrea

CEVErReS,

(2)the Acropora cervicornis zone, located upwards
and landwards of the former fore reef slope, most
commonly containing broken branches of the
staghorn coral A. cervicornis (Photo 4.1 and Pho-
to 2.13);

(3)the Acropora palmata zone occupying the former
reef crest position (Photos 4.2, 4.3, and Photo
2.14); and

(4)the near back reef rear zone, where the A. palmaia
crest facies gradually transforms into a mixed
assemblage of head coral, organ-pipe growth
forms of Montastrea annularis (Photo 2.15), and
wave deposited sediments (sands, coral boulders,
and rubble).

A shallow lagoon is located landwards of the rear
zone, behind the reef platform, and in the back reef.
The lagoon is filled with sandy sediment, some
mollusk, sporadic coral boulders, and, occasionally.
isolated coral in living position (Photo 2.16). Along
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Photo 4.1: Photo 4.3:
Lastinterglacial (MIS 5e) Acropora cervicornis reef facies  Last interglacial (MIS 5¢) Acropora palmara reef crest
located at the University of the West Indies, westcoast of  facies with a framework predominately supported by in

Barbados, sitn coral located at Round Rock, south coast of Barba-
(Photo: SCHELEMANN 20000) dos.

{ Phato: SCHELIMANN [999)

Photo 4.2:
Last interglacial (MIS Sa,) Acropora palmata reef crest facies at Inch Marlowe Point,
located northeast of South Point. { Plate: SCHELLMANN 20001
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the former shoreline, commonly the palaco-lagoon, 15
separated from an older and higher elevated reef
terrace by a sea cliff, where a beach and/or a clift-
derived debris zone is sometimes preserved in front
of the cliff. Beach deposits commonly lack in situ
coral and often also larger coral rubble and boulders.
Sometimes, calcarenites of beach sands are preserved
on top of a coral reef body, as exemplified on top of
the last interglacial Acropora palmata reef crest facies
in Bottom Bay (Chapter 5). In this case, the beach
sands mark the beginning of the regression of a sea-
level highstand. Complete fore reefs, reef slopes,
and reef crest facies are exposed at numerous
locations in road cuttings, former cliff lines, and along
steep and active cliffs at the coast.

The massive elkhorn coral, Acropora palmata,
is the dominant reef builder of former reef crests on
Barbados. Itis the most common shallow water coral
species in the Caribbean and the only coral species,
which is an appropriate marker for palaeo sea-level
reconstruction (Chapter 1.3.1). At present, this spe-
cies requires strong wave movement and lives in dense
colonies in shallow water ranging in depth from a
maximum of -5 m to low tide water level. Fossil and
compact A. palmata dominated reef crests (Photo
4.3) reaching vertical extensions of 4 to 5 meters are
present at many localities on southern Barbados.
Sometimes, the A. palmata crest zone reaches verti-
cal extensions of more than 10 or 20 m as a result of
a slow sea-level rise during growth. An A. palmata
reef that is more than 20 m high and that was formed
during the penultimate interglacial (MIS 7). is exposed
in Foul Bay on the southeastern coast of Barbados
(Chapter 5). As already stated, these extreme verti-
cal heights of the shallow water coral zone indicate
reef formation against a slow sea-level rise.

A. palmata coral facies commonly supports itself.
Their framework represents a mixture of clasts and
in situ colonies (Photo 4.2, 4.3), and the matrix is
strongly reduced. Calcareous algae crusts occur
within the upper areas of former reef crests, if they
have been subject to strong wave action (Chapter
1.3.2). GEISTER (1983) described numerous
examples for the distribution of calcareous algae on
reefl crest in the Caribbean.

BLancHON & EISENHAUER (2001) used the
distinctive asymmetrical thickness of calcareous algae
crusts on branches as one important criterion for
identifying in situ A. palmata dominated reef crest
zones on Barbados. However, compact calcareous
algae crusts are rare on both live and fossil coral on

the south coast of Barbados (Photo 1.12), which is
Barbados® leeward side and experiences little wave
action. Nevertheless, compact A. palmata reef
facies are clear indicators for wave-exposed shallow
water conditions up to low tide water level, as
mentioned by MESOLELLA (1968).

If collecting coral samples for the purpose of
dating, it is important to verify that the sample was
taken from an in situ coral formation. Hurricane and
tsunami waves can deposit coral rubble and large
coral boulders in the back reef area and up to several
meters above sea level on top of elevated older coral
reef terraces. The latter may be the reason for the
anomalously young ESR dating results of coral
samples collected in the area to the east of South Point
(Figure 4.16: sample site XI-75). Here, samples were
taken from the surface of the approx. 105 ka old T-2
terrace. The sample site is located immediately
behind the sub-stage 5a cliff line of the T-1a, coral
reef terrace. At that location, it was impossible to
check the in sitw nature of the samples. The two ESR
dating results of 69 + 5 and 73 + 5 ka agree well with
the age of the 4 m lower elevated T-1a, coral reef
terrace immediately seaward of the sampling site.
However, they are much younger than the approx.
105 ka old T-2 coral reef formation recorded
elsewhere in southern Barbados.

Another example where a reworked assemblage
of coral fragments (e.g. head corals lying on their
surfaces) were dated, is sample site Kendal Fort
located on the south coast of Barbados (location XI-
80 in Figure 4.13). There, coral samples originated
from 1 to 3.5 m asl, where the cliff of the T-2 terrace
was undercut by waves. The extremely young ESR
dating results with ages between 84 to 96 ka (Table
4.3) imply that coral samples had been relocated by
former storm waves. The ages are too young when
compared to dating results from the well exposed
other sample sites (Figure 4.13: locations X1-36 to
XI1-38) on the 104 ka old T-2 coral reef terrace.

4.2.2. Coral reef terraces and wave-cut
platforms

Well-preserved uplifted coral reef terraces on
southern Barbados commonly have a steep slope at
their seaward part, which is a cliff or former reef slope
(Figure 4.2). The former reef platform, located
immediately landward to this slope, typically has little
relief and includes a reef crest and back reef plate,
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Phote 4.5:

Small Middle Holocene
abrasion rim in last
interglacial (MIS 3¢) coral
limestone at Round Rock,
west of South Point,

{ Photo: SCHELLMANK [997)

Photo 4.4

View of the last interglacial
(MIS 5¢) T-3 coral reef
terrace located on the south
shore of Barbados. Note the
internal T-3 reef channel in
the front and the built-up T-
3 reef crest area in the back .
{Ploto: SCHELIMANN 1994)

which may be crossed by reel channels (Photo 4.4)
that end in a lagoon. The lagoon is often adjacent to
a sandy beach, a rocky wave-cut platform, or a steep
cliff. This morphological setting provides evidence
for a constructional/depositional coral reef terrace,
which has grown both seawards and upwards to the
former low tide water level.

In contrast to the constructional/depositional coral
reef terraces described above, some coastal terraces
on Barbados were formed by cliff retreat associated
with the erosion of a wave-cut platform into an older
coral reef formation. These abrasional forms are
younger than the eroded cliff. Commonly, these
abrasion processes formed only small rims as
illustrated in Photo 4.5, Generally, wave-cut terraces
are typically narrower than the well-developed

depositional coral reef terraces and range from 10 1o
100 m in width. However, extremely wide wave-cut
platforms with widths of 100 to 400 m rarely formed
during Pleistocene sea-level highstands, as for
example the T-4, terrace located on the south shore
between Paragon and Salt Cave Point (Photo 4.6,
Figures 4.13, 4.20 and 4.21). The surfaces of these
platforms dip seawards by several meters from their
former cliff lines and were clearly formed during slow
sea-level regression,

The identification and geochronological classifi-
cation of wave-cut platforms are difficult. In addi-
tion to their commonly narrow width, indicators for
the identification of these terraces include
(1)the seaward dip of the terrace surface;

(2) the absence of surface channels or lagoons (Pho-
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to 4.6}, and

(3) numeric dating results that are too old in compari-
son with the ages of depositional terraces in the
surrounding morphostratigraphic context.

The third indicator is especially important at lo-
calities where small remnants of reef terraces are
preserved without any additional morphological fea-
tures. In these settings, it is impossible to differenti-
ate depositional coral reef terraces from wave-cut
platforms without any absolute dating results from
surrounding morphological features.

An example for the use of ESR dating to distin-
guish between a wave-cut platform and a deposi-
tional terrace is provided by the T-1a  terrace, lo-
cated near Oistins at the south coast of Barbados
(Figure 4.15: locality XI-34). There, ESR dates indi-
cated that the wave-cut platform was abraded into
reef crest colonies of MIS 5c-old Acropora palmata
during the last interglacial sub-stage 5a. The plat-
form terrace has the same elevation as the reef crest
areas of the T-1a terrace dated at MIS 5a and also
located along the south coast of Barbados. Both ter-
races occupy a similar morphological context, yet are
composed of coral rocks of different ages.

Coral samples, which are supposed to be dated,
should not be collected in front of former cliffs.
There, a small wave-cut rim is usually developed and
typically yields an age determination, which exceeds
the age of corals exposed at the former cliff. Also,
storm layers and cliff debris may be deposited at the
foot of these cliffs and result in a mixture of ages.
For example, cliff debris of Acropora cervicornis was

; " Penuitimate interglacial (M|

~ T-6b coral reef terrace

Photo 4.6:

T-4, wave-cut platform lo-
cated on the level of the T-4
coral reef terrace to the west
of Salt Cave Point. Both, the
platform and the palaco-cliff
in the background were
formed towards the end of
the last interglacial trans-
zression maximum (approx.
117 ka). The platform was cut
into a penultimate interglacial
coral reef (approx. 200 ka),
which is still preserved and
depicted in the background
of the photograph.

{ Phoro: SCHELLMANN 2000)

sampled at the foot of the T-4 cliff near Oistins (Figure
4.15: sample site XI-21). As expected, the ESR dating
results split into two groups of ages, comprising (1)
ages of approx. 105 to 108 ka, which were concordant
with the age of the small MIS 5¢ old T-2 terrace in
front of the cliff, and (2) ages between 113 to 134 ka,
which were similar to the age of the late MIS 5e old
T-4 coral formation, which is exposed at the cliff.
These dating results disagree with BLANCHON &
EISENHAUERs (2001) geochronological classification
of similar deposits of well-sorted stick gravel of A.
cervicornis some hundred meters west of sample site
XI-21 at the base of the First High Cliff. These
authors mistakenly assumed that these gravels were
intertidal deposits formed during a brief stage of reef
development with a rapid sea-level fall at the end of
the last interglacial maximum (MIS 5e).

Another example of sample sites to be avoided
when dating coral is provided by age determinations
from a small wave-cut rim in front of the T-3 sea cliff
located landward of Inch Marlowe Swamp (Figure
4.18: sample site XI-59). The swamp is the former
lagoon of the T-1a, coral reef terrace that was flooded
during the Middle or Early Late Holocene sea-level
highstand. The T-1a, coral reef is exposed at the
coastline. The sample site is at the same elevation as
the T-1a, reef platform located at the southern coast
of Barbados. Two reworked coral boulders embedded
in a sandy matrix were dated. As predicted, the two
dating results of 82 = 6 ka and 96 + § ka were
considerably older than the accurately dated age of
the preserved T-1a, coral reef terrace located to the
seaward of the sample sites. The ESR dating results
for this terrace scattered between 66 ka and 75 ka
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(Figure 4.18: sample sites
XI-1 and X1-78).

4.2.3. Notches

Similarly to deposi- [ :
tional terraces and wave-
cut platforms, intertidal
notches are also impor-
tant sea-level indicators.
Modern and some Late
Pleistocene cliffs on Bar-
bados have more or less
well developed notches
that were generated
predominately by bio-ero-
5IVe processes.

Photo 4.7:
Holocene noiches

located in modern cliffs
are incised up to 2 m deep
into the coral limestone at
the elevation of present
sea level (Chapter 2.3,
Photos 2.22 to 2.25).
Also, Pleistocene notches and sea caves have been
preserved along the modern cliff coast (Photo 4.7),
and in higher elevated Late Pleistocene cliffs, mainly
at locations that are protected from strong cliff retreat
or cliff erosion (Photo 4.8 to 4.11; Figures 4.15 to
4.20).

{Photo: SCHELLMANN J99G)

It is possible to detzrmine the age of a palaco notch
if a fossil coral reef terrace, which formed at the same
time as the notch, is present in the foreland. However,

Notches
(MIS 58)

Last interglacial
sea cave and
= ubmthn rim (MIS 5a)

’ i - P
e TR =

Last interglacial T-3
reef limestone

T P M,
1 bt |

s, T T

b notch

Penultimata interglacial
reef limestone

(s 7)

Last interglacial T-3 coral reef terrace (MIS 5¢) exposed at the recent cliff coast at *Salt
Cave Point’, south coast of Barbados (Figure 4.20). The exposed former sea cave and
abrasion rim at 3.5 m to 5 m asl. was formed during MIS 5a. The correlation 1o MIS 5a
derived from the elevation of cave and rim. which is similar to that of palaco notches at
the MIS 5a cliff line at Inch Marlowe Point (Figure 4.18).

the dating of palaeo notches is very problematic if
the notches are located considerably higher than the
coral reefl terraces preserved in the foreland or if a
wave-cul platform is located in front of these notches,
Under these circumstances, rough age estimates may
be derived from comparing the elevation of the
notches to preserved coral reef crests in the greater
surrounding area. When interpreting sea-level change
from the ages and heights of palaco notches, it is
important to consider that tidal ranges are small

Photo 4.8;

Last interglacial notch (late
MIS Se, approx. 120 ka) in
penultimate interglacial T-6a
reef limestone near Paragon,
south coast of Barbados
{sample site XII-9 in Figure
4.19).

(Photo: SCHELLMANN [999)
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Photo 4.9:

Last interglacial notch (MIS
5a) in T-3 Acropora palmata
reef crest facies at Chancery
Lane, south coast of Barbados
{samples site XI-2 in Figure
4.18).

{Phete: SCHELLMANN [999)

Phaota 4.10: i 2
Last interglacial notch (MIS R R : : & _J far:::ﬂd'?::'l-“
5a) in T-3 Acropora pal- - {MIS 5a) i3
mata reef crest facies at

Paragon, south coast of Bar-
bados (sample site XII-7 in
Figure 4.19).

{ Plrato: SCHELIMANN [999)

Photo 4.11:

Last interglacial notch (mini-
mum age) in Middle Pleis-
tocene coral limestone,
northeast coast of Barba-
dos. The approximately last
interglacial terrace (MIS 5e,
minimum age) is bordered by
the Second High CLff visible
in the background.

{Photo: SCHELIMANN 200K)
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(below 0.7 m) and that wave energies are reduced at
the leeward coast of Barbados. In these regions with
little surf, notches mark the elevation of the mean
high tide water and are located approx. 0.5 mto I m
higher than the highest reef crests of coral reef fringes
located in front of the notches.

4.3. Distribution and chronostratigraphy of fos-
sil coral reef terraces

Extensive arcas of the south coast of Barbados
were mapped using the methodology described in
Chapters 4.1 and 4.2. The elevation of preserved
coral reef terraces was measured, and more than 260
coral samples (mostly taken from fossil reef crest
facies Acropora palmare) were dated using ESR
(Figures 4.13 to 4.22, Table 4.2). In southern
Barbados, the oldest coral reefs have been uplifted
as much as ¢. 120 m above modern sea level. Up to
13 clearly distinguishable coral reef stages are
preserved between the present coastline and the center
of the southern island near St. Davids.

Since a correlation of these new morpho- and
chronostratigraphic units to the traditional classifica-
tion system, including the Worthing Terrace or the
Ventnor Terrace, was impossible (SCHELLMANN &
RADTKE 2001b), a new nomenclature was developed.
This new stratigraphic nomenclature is based on let-
ter-number-combinations (Table 4.2). The lowest and
voungest main terrace level, which is located a few
meters above present sea level, was called T-1 (T =
terrace). The oldest and highest terrace was called
T-13.

Prominent reef formations were classified into
sub-levels. Sub-levels within a main level are
comparable in elevation but may be separated by
small fossil cliffs. For sub-levels, small letters were
added 1o the terrace identification, such as T-5a and
T-5b (Table 4.2). Sub-levels were determined along
the Christ Church standard traverse. East of this
traverse height differences between the sub-levels T-
5a and T-3b, and T-6a and T-6b increase to some
meters.

Sub-levels T-1a, and T-1a, are the only levels
that were classified solely based on geochronological
criteria. Reef crests of both terraces are located at
similar elevation, at 2 m to m or 3 m above modern
sea level (Table 4.2). The type locality for these two
terraces is situated near the present coast to the west

of Worthing (Figure 4.13). There, both terraces are
morphologically separated by a small palaco channel
or by a wide palaco lagoon (see below). Based on
the morphological distribution, both terraces could
be of similar age and may have formed
simultaneously as double fringing reef terraces
paralleling the coastline. However, dating results
provided different times of formation, including ages
of 85 ka for the T-1a, terrace, and 74 ka for the T-1a,
terrace (Table 4.2 and Figure 4.22).

Reef stages preserved due to long-term tectonic
uplift, such as those recorded on Barbados, typically
show a positive correlation between reef elevation
and age. The youngest formations are located at the
lowest elevations close to the present coast, while
oldest reef terraces are those situated at highest
elevations and generally at a greater distance from
the coast. Due to the relatively slow rate of uplift in
southern Barbados (approx. 0.27 £ 0.02 m/1000a),
the youngest reef terrace located above sea level (T-
la ) formed at approx. 74 ka, during the end of the
last interglacial sea-level highstand, and may be
correlated to marine oxygen isotope sub-stage 5a
(MIS 5a-1). The oldest and highest terrace formed
during the interglacial sea-level maximum and was
dated to approx. 410 ka (Table 4.2), which correlates
to MIS 11.

Figure 4.12 compares the newly presented
distribution/classification of coral reef terraces of the
Christ Church area to the traditional differentiation
of coral reef tracts as presented by BENDER et al.
(1978). Table 4.2 illustrates the differences between
the new stratigraphic classifications and dating results
of reef stages presented here and previous models
for the south coast of Barbados. ESR ages included
in Table 4.2 represent the upper quartile (dataset >20)
or the oldest age of all ESR dating results for coral
samples from one terrace level (see Chapter 4.1.2.).

The youngest two reef terraces, T-1a, and T-1a,,
are largely comparable to the Worthing reef stage.
In the literature, the Worthing stage has been
correlated to marine oxygen isotope sub-stage 5a, and
should be 83 ka old (EDWARDS et al. 1997). However,
the terrace had never been dated on the south coast
of Barbados. This is the first study to demonstrate
that the Worthing stage consists of two individual
depositional terraces. The first terrace T-1a, is located
closer to the present coastline (Figure 4.13) and is
dated approx. 74 ka: the second sub-level T-1a, occurs
at a similar elevation above sea level but was dated
approx. 85 ka (for details of ESR dating results see
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Table 4.2: Terminology, elevation and ages of coral reef terraces in the south coast area of Barbados,
Coral gy Elevation Average ages (ky) Reef terraces
reef b 5 2 of reef {n = number of samples) after BENDER et al. (1979)
terraces gtage  crest '
T= ESR age 23,;_:_”",1??,, 2P age (ky) after *
Terrace t"‘-axim1'-:m age) aggs 1!3' {n = number of samples)
H 1 1m 35 (5) 1.7+0.2 (1) | Holocene
(Holocene)
T-1a, 5a-1 2m T4+5 (31) TT£0.6 (12)
T-1a, 5a-2 3im 85:7 (10) 84:07(4) |Worthing (1-4m)
T-1b 5c-1 4-5m 104213 (2 102 2(1)
T e S s NS (GEIT0] MS™™ 10141 (1)
T-3 5c-3 15-17 m 1057 (42) 1031 (3)
T-4 5a-1 21-23m 118+9 (8) 12014 (1) | Maxwell™™ AS™ 114-129 (T)
T-5a 5e2 35-40m 128211 (14) Rendezvous Hill (35-39 m) AS™* 121-124 (3)
..... : BT S b {408 )
T-5b 5e-3 40-43m  132:13(15) 128 1(1) MS***** 129 (1)
_ 46 - 52 2221 21(23
b ok mt{} : Kendal Hill (47-52m) AS" 154-310 (4}
T-6b 70 52-57m >200 (6) MS***** 215 (1)
T-7 7.3 60-83m  224+22(11) Aberdare  (65-70 m) AS* 215-230 (2)
T-8 9-1 72-7T4m 289 £ 22 (23) Kingsland (77-82m) AS* 180-280 (5)
T-9 Q-2 81-83m 300 + 40 (15)
T-10 9-3 90-92m 334 £34(8) Adams Castle (90-94m) AS* 180-=320 (4)
T-11  11(?) 99-101m =310 (4)
T12 11 108-112m 398 4 46 (27) Kent, St. Davids  (108- 113 m) AS*>350 (1)
T3 11 120-122m  410£34(2)* Unnamed (120-122m)

W Maximum ESR age: 90th Percentile value, if number of ESR data >20. Upper Quartile value, if number of ESR datas 20 data. * = cldest ESR

age.
A TiMs PThAMU ages determined by E_K. Potter & M.T. McCulloch [Australian National University): only data with initiald ™ U values of =148 54

& permil (details in SCHELLMANN et al. 2004).
* s = mass-spectr. “Th*™U ages, AS = a-spectr. ““Th**U ages.

Source: * BENDER et al. (1979), *" EDWaARDS el al. (1987), *** Ku et al. (1990), ***" BarD et al. (1990),

""" BLancHON & EisenHaUER (2001).

Figure 4.22). A complete morphological sequence,
including reef crest and lagoon, is preserved for T-
la, at the St. Lawrence Swamp and Inch Marlowe
Swamp areas, and for T-la, at the Graeme Hall
Swamp area. At these sites, in situ A. palmata reef
crest facies commonly have a thickness of more than
1 to 2 m. In addition to the terraces, fossil notches
and sea caves at approx. 3 to 5 m above modern high
tide water level are preserved at different sites along
the cliff coast between South Point and Salt Cave
Point {Figures 4.16 t0 4.20, Photo 4.9). These features

may have formed during the development of the T-
la terraces.

The well-known reef stage Ventnor, dated at 101
ka and correlated to MIS 5¢ in previous studies,
encompasses up to three different reef terraces (T-1b
to T-3 reef terraces), which were formed before T-
la, at around 105 ka (MIS 5c). The ESR dating
method does not allow for the detection of any age
difference between these three terraces.
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The T-2 and T-3 terraces are widely distributed
at the south coast (Figure 4.13). In general, their
depositional morphology is well preserved and
comprises a higher elevated, Acropora palmata
facies dominated reef crest area associated with
lagoons and channels on their landward side. The
type localities for the T-2 and T-3 terraces are located
east of Rendezvous Garden, and in South Point area,
respectively (Figure 4.13). Notches incised during
the T-2 formation are preserved at 7 to 11 m above
modern high tide water level, as, for example, at the
T-2 palaeo cliff line at South Point (Figure 4.16), and
along the modern cliff coast between Round Rock
(Figure 4.17), Paragon (Figure 4.19), and Salt Cave
Point (Figures 4.20) and 4.21). In contrast to T-2 and
T-3, the T-1b terrace is restricted to a small area
southwest of Rendezvous Garden (Figure 4.13).
Because houses and gardens cover this area, it is
difficult to examine its morphology in detail and it is
possible that the terrace is a wave-cut platform eroded
in the previously formed T-2 reef at the end of MIS
5e.

The T-4 reef terrace is correlated to Maxwell
Terrace as described by Ku et al. (1990). T-4 is best
preserved morphologically at Maxwell Hill, where
it displays a sequence of reef crests and lagoonal
areas. Further to the east, T-4 has been strongly
eroded by younger littoral cliff erosion. Locally, the
terrace stretches as a small rim along the slope of
First High CIiff (see “reef slope with double steps”
displayed in Figure 4.13). East of Paragon, T-4 is
preserved as an extensive T-4, wave-cut platform
cut into penultimate interglacial coral reef limestone
(Figures 4.19 to 4.21, Photo 4.6). Near Paragon,
notches and a sea cave are deeply incised at the base
of the former T-4 cliff line (Figure 4.19, Photo 4.8).

BLANCHON & EISENHAUER (2000) hypothesized
that this terrace was a submarine fore reef ridge
formed during the last interglacial transgression
maximum approx. 129 ka ago. However, this terrace
is the youngest of three constructional coral reef
terraces, which all formed during the maximal last
interglacial sea-level highstand. T-4 formed approx.
118 ka ago when sea level was several meters lower
than the present sea level (Figure 4.24). The two
older coral reefs T-5a and T-5b, dated approx. 128
and 132 ka (Table 4.2), were formed during the
maximal last interglacial sea level (Figure 4.24). The
T-5a terrace is best preserved at Rendezvous Hill I,
and T-5b between Rendezvous Hill 11, Silver Hill and
Chancery Lane (Figure 4.13).

Coral reefs of different ages are exposed at First
High CIiff (Figures 4.13 and 4.14). These include
the T-3a reef in the vicinity of Christ Church Traverse,
the T-3 reef to the east, followed by T-4, and finally
the T-5b reef near South Point. The First High CLiff
was significantly undercut during the formation of
the T-2 and T-3 coral reef terraces, which are approx.
105 ka old (Table 4.2, Figure 4.22).

The T-6a to T-7 coral reef terraces originated from
the penultimate interglacial sea-level highstand (MIS
7) approx. 222 to 224 ka ago. Today, these lerraces
are located in south Barbados at elevations ranging
from 46 to 63 m asl. (Table 4.2, Figures 4.14, 4.20
and 4.21). The two younger reef terraces T-6a and
T-6b are largely comparable to the Kendal Hill
Terrace. In comparison, the Aberdare-Kingsland
Terrace includes coral reefs from different interglacials,
including reef terrace T-7 dated at approx. 224 ka
(MIS 7)., as well as reef terraces T-8 and T-9 dated at
approx. 289 ka and 300 ka (MIS 9), respectively.

In contrast to the last and penultimate interglacial
T-1toT-7 terraces, karstification is significantly more
developed on the older T-8 to T-13 reef terraces in
south Barbados (Chapter 2.4). On these older
terraces, both the number and area of dolines increase,
and dry valleys are deeply incised locally down to the
level of the penultimate interglacial T-6a and T-6b
terraces near Bartletts and Providence (Figure 4.13).
The latter indicates the height of former penultimate
interglacial sea-level stands.

Based on its elevation, the T-10 terrace dated at
approx. 334 ka (MIS 9), largely correlates to the
Adams Castle reef tract of the classical Christ Church
traverse. T-11 has not been mapped before. In this
revised classification scheme, the highest terraces of
this traverse, Kent, St. Davids, and Unnamed, (Figure
4.13). are classified as T-12 to T-13. Their ages are
approx. 398 and 410 ka (MIS 11), respectively (Table
4.2 and Figure 4.22).
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Figure 4.14:
Profiles for coral reef terraces located in the vicinity and east of Christ Church Traverse on southern Barbados;
illustrating morphology, geclogy, and ESR dating results. See Figure 4.13 for the location of the three profiles.
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Coral reef terraces and ESR dating results for coral samples collected along Maxwell Coast.
See Figure 4.13 for site location,
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Figure 4.16:  Coral reef terraces and ESR dating results for South Point area, south coast of Barbados.
See Figure 4.13 for site location.
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T-3 coral reef terrace and ESR dating results for coral samples collected at Round Rock.
See Figure 4.13 for site location,
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Figure 4.18:
Coral reef terraces and ESR dating resulls for coral samples from Inch Marlowe Point. See Figure 4.13 for site
location.
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Figure 4.19:

Coral reef terraces and ESR dating results for coral samples collected at Paragon. See Figure 4.13 for site

location.
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Figure 4.20:
Coral reef terraces and ESR dating results for coral samples from Salt Cave Point. See Figure 4.13 for site location, and
Figure 4.21 for further dating results.
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Figure 4.21:
Detailed profile depicting ESR dating results for the T-3 Terrace at Salt Cave Point. See Figure 4.13 for site
location, and see Table 4.3 for details on ESR ages.
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Figure 4.22:
Elevations and ESR dating results of coral reef terraces in southern Barbados.
See Table 4.3 for details on ESR ages.
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Figure 4.23:
Elevations of the Pleistocene coral reef terraces T-1 to T-13 that parallel the south shore of Barbados.
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4.4. The reconstruction of sea levels during
interglacial highstands of the last 400,000
years

Many scientists, who base their research on the
classical . Barbados Model™, assume a 6 £ 4 m higher
sea level during the last interglacial ¢. 130 ka ago
(MI5 5¢) (RADTKE, 1989). Based on this assump-
tion, sea level alternated between 10 to 20 m below
present sea level during subsequent submaxima
approx. 1035 ka ago (MIS 5¢) and approx. 80 ka ago
(MI5 5a). These calculations of palaeo sea levels
are based on the assumption of a constant rate of
uplift for all coastal terraces and an elevation of 6 £ 4
m for the last interglacial sea-level highstand. Both
assumptions require critical evaluation. Reef stages
from the last interglacial transgression maximum (MIS
Se) are located at 20 m to 60 m asl. on Barbados.
Assuming that these reef stages record the same sea-
level highstand, it is an unavoidable conclusion that
uplift rates have varied spatially and, most probably,
temporally. In southern Barbados. the region located
to the east of South Point is not suited for palaeo sea-
level estimates, because this region has experienced
differentiated tectonic uplift processes. In particular,
surfaces of individual older reef terraces descend in
eastern direction towards the St. George Valley syn-
cline (Figure 4.23). The reef terraces within the vi-
cinity of the Christ Church Traverse, which was gen-
erally used for sea-level calculations in the past, are
warped anticlines (Figure 4.23). They should, there-
fore, not be used for sea-level calculations. For simi-
lar reasons, the terraces of the warped areas of the
Clermont Nose Anticline at the west coast of Barba-
dos should not be used for sea-level estimates either
(Chapters 5 and 6). In contrast, the reef terraces
preserved to the east of the Christ Church standard
traverse are not affected by the Christ Church anti-
cline. Their reef crests maintain a constant elevation
above present sea level in the area to the west of
South Point (Figure 4.23). This suggests that a con-
stant uplift has affected this coastal area. However,
it does not imply that the rate of uplift was constant
over lime.

Figure 4.24 summarizes palaeo sea-level calcula-
tions derived from the region to the east of Christ
Church Traverse. These calculations assume differ-
ent elevations of the last interglacial sea-level maxi-
mum including projections based on paleao sea lev-
els at +6 m, +2 m, and at present sea level. Since the
oxygen isotope content in foraminifers from the deep
sea was similar for different interglacial highstands,
one may hypothesize that sea levels during the trans-

gression maxima of the previous Middle Pleistocene
interglacials were broadly comparable to Holocene
and last interglacial sea-level highstands. This well-
accepted palacoclimatic scenario is, however, only
supported if one assumes that the last interglacial sea
level was within the elevation of present sea level or
up to 2 m higher (4.24). This would support the pos-
tulation of MURRAY-WALLACE & BELPERIO (1991),
who report a 2 m higher sea level during the last in-
terglacial sea-level maximum (MIS 5e). The wide-
spread assumption that the last interglacial sea level
was 6 m higher than the present sea level would re-
sult in reconstructed sea-level heights between 8 m
and 18 m for the third and fourth past interglacial
(MIS 9 and 11).

The following sea-level data are based on the
assumption that the southern part of the island has
emerged with a relatively constant uplift rate of
approx. 0.27 £ 0.02 m/1000 a, and that sea level was
approx. 2 £ 2 m higher during MIS 5e maximum
than at present. The present heights of reef crests
were used for sea-level calculations, and therefore
the estimates are approximations of the former mean
low tide water levels. The dating of sea-level changes
was based on the ESR geochronology presented here.
In general, the ESR data of last interglacial coral reefs
agree well with TIMS U-series dating results from
different sites on Barbados (Table 6.1 SCHELLMANN
et al. 2004).

The new data presented here suggest that, during
the last 400 ka, sea level seems to have oscillated
more strongly than previously assumed. Evidence
for strong oscillations is found, for example:

( 1)in the occurrence of several sub-stages with palaeo
sea-level elevations between 10 m and 25 m below
present sea level, which are preserved on southern
Barbados and originated from the last three
interglacial sea-level highstands (Figure 4.24: E.g.
sub-maxima 5a-1, 5a-2, 5¢-1, 5¢-2, 5¢-3, 5e-1,7-
1, 9-1).

(2)in minor sea-level oscillations, which are
documented by distinct coral reef terraces that
were formed during the past three interglacial sea-
level maxima: T-10 and T-9 during MIS 9, T-7
and T-6b during MIS 7, T-5b and T-5a during MIS
Se transgression maximum (Figure 4.24).

Due to the accuracy of dating results, sea-level
history is best known for the last interglacial period.
Its transgression maximum is documented in form
of the two sea-level maxima MIS 5e-3 (T-5b) and
MIS 5e-2 (T-5a), which are approx. 132 ka and 128
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ka old, respectively. This means, that the last
interglacial sea-level highstand most likely lasted a
few thousand years only. After that, sea level dropped
and reached c. -11 = 2 m asl. during MIS 5e-1 coral
reef growth (T-4) approx. 118 ka ago. Overall, the
three coral reef terraces T-5b, T-5a, and T-4 were
formed on south Barbados during the MIS Se time
span. This corresponds well with the established
timing of MIS 5e sea-level changes in the Caribbean:
Mass-spectrometric U-series data by EDWARDS et al.
(1997) from Barbados and by CHEN et al, (1991) from
the Bahamas indicated a maximum MIS 5e high sea
stand between 132 and 128 ka ago, and a sea-level
drop between 123 and 120 ka ago. Ku et al. (1990)
suggested that a double highstand during the last
interglacial was morphologically preserved in form
of the Rendezvouz Hill Terrace 1 (T-5a terrace), and
the Maxwell Terrace (T-4 terrace). However, the
Rendezvouz Hill Terrace 1 or T-5a reef stage was
formed during the final stages of the transgression
maximum approx. 128 ka ago after the formation of
the T-5b reef approx. 132 ka ago. In contrast, the
Maxwell or T-4 terrace was formed when sea level
was significantly lower and reached a level of ¢. -11
+ 2 m asl. during MIS Se-1 approx. 118 ka ago. The
hypothesis of a double highstand during the last
interglacial maximum is only documented with a
minor sea-level oscillation, which is associated with
the formation of the T5a- und T-5b coral reef terraces.
Seu level was ¢. 2 + 2 mabove present sea level during
MIS 3e-3 (T-5b), and near the present level during
MIS Se-2 (T-Sa).

The three coral reef terraces T-3, T-2, and T-1b
were formed on the south coast of Barbados during
the last interglacial sub-stage MIS 5¢. The
chronostratigraphy of these various MIS 5S¢ coral reef
terraces cannot yet be differentiated - neither by the
abundant ESR data nor by the relatively few U/Th
data (SCHELLMANN et al. 2004). According to the
ESR data, these terraces were formed approx. 104
to 105 ka ago (Figure 4.24). Sea level reached three
different relative highstands during MIS 5¢ approx.
105 ka ago: first, ¢. -13 £ 2 m during MIS 5¢-3; sec-
ond, ¢. -20 £ 2 m during MIS 5¢-2; and third, c. -25
2 mduring MIS 5¢-1. Astonishingly, there are only a
few TIMS U-series data that reveal timing and mag-
nitude of sea-level changes in the Caribbean during
MIS 5c. BARD et al. (1990b), and EDWARDS et al.
(1997) reported a relatively high sea level (c. -18 m)
approx. 101 ka and 104 ka ago, respectively. These
estimates were based on samples from the discon-
tinuously rising west coast of Barbados (Chapter 5).
They generally agree with the MIS 5c¢ sea-level

changes described above.

A double sea-level oscillation with the formation
of the two morphologically distinct coral reefs (T-
la, and T-1a,) was recognized for the first time on
Barbados during MIS 5a (SCHELLMANN & RADTKE,
2001b). Both reef terraces were identified and
mapped for the south coast of Barbados. ESR dating
results from 41 coral samples from different sample
sites yielded ages of approx. 74 ka for T-la, and
approx. 85 ka for T-1a, (Figure 4.22; SCHELLMANN
& RADTKE, 2001b, 2002, 2004). This is largely
consistent with new TIMS U-series data from the
south coast of Barbados, which provided median
values of 76.7 ka and 84.2 ka, respectively (Table
4.1; SCHELLMANN et al. 2004). These findings
suggest a double sea-level oscillation during MIS 3a,
including first, an early MIS 5a-2 stand with a sea-
level height of c. -21 + 2 m dated at approx. 85 ka
and second, a late MIS 5a-1 stand with a height of
c. =19 £ 2 m below present sea level dated at approx.
74 ka ago. The older MIS 5a sea-level stand of
approx. 85 ka is consistent with TIMS U-series data
from the Worthing terrace on the west coast of
Barbados. For this location, GALLUP et al. (1994),
EDWARDS et al. (1997), and BARD et al. (1990b)
reported approx. 83.3 ka, 82.8 ka, and 88.2 ka,
respectively (Chapter 5). TosCANO & LUNDBERG
(1999) reported a MIS Sa sea-level stand of approx.
-9 m below mean sea level (MSL) at 83 ka, and of
approx. -15 to -11 m at 86.2 to 80.9 ka ago. This
agrees well with the timing of the older MIS 3a-2
sea-level stand at Barbados, whereas the sea-level
calculations differ by some meters. However, it
conflicts with the assumption of LUDWIG et al. (1996)
that sea level was close to that of the present at
Bermuda at approx. 80 ka. CUTLER et al. (2003)
recently presented data for a relatively high sea level
(=24 m) approx. 76.2 ka ago (2 concordant TIMS U-
series data). This correlates with the late MIS 5a-1
sea-level stand on Barbados.

Since Barbados experiences minimal glacio- or
hydro-isostatic effects (PELTIER 2002), the palaeo sea
levels calculated here should be close to ice-equiva-
lent eustatic values. It is for this reason that Barba-
dos has been the focus of research on palaco sea
levels. However, despite the excellent preservation
of fossil coral reef terraces on southern Barbados,
precise statements about the time and duration of
palaeo sea level changes are necessarily limited by
the resolution of available dating methods, as outlined
in Chapter 4.1.
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Table 4.3:
ESR dating results of Pleistocene coral samples from southern Barbados. See Figure 4.13 for site location,

Site | Lab. No. Sample |Eln.‘ Depth Ali.| Dy, | Uranium n Dg ESR age

fmasl.) em | n | Gy | ppm £ | pGya = | Gy £ ka *
IX-07 | K-2383 B-92-2a | 121 | 800 200] 20 | 1780 | 2.45 007 918 53] 376 21| 410 34
IX-08 | K-2385 B-92-3 | 121 | SO0 300 20 | 1780 | 3.89 026] 1408 103 509 71, 362 58
[ IX-09 | K-2380 [B-92-1a_ | 100 | 200 100 20 | 1780 | 3.33 039] 1271 124 459 29| 361 42
IX-09 | K-2381 [B-92-1b | 100 | 200 10020 | 1780 | 3.15 029] 1211 99| 436 33| 361 dI
IX-09 | K-2382 [B-92-lc 100 | 200 100] 20 | 1780 | 2.80 0.14] 1115 98| 447 34| 401 47
IN-09 | K-2472 B-92-1b 100 | 200 100| 20 [ 1780 | 3.15 029 1210 101] 435 29| 359 38
1X-10 | K-3011 [B-964-1 | 104 | 300 30 | 20 | 1068 | 3.75 035 1362 114] 446 32| 327 36

IX-10 | K-3012 B-96-4-2 | 104 | 270 30 | 20 | 1068 | 3.02 054 1131 152] 374 25| 331 50
IX-10 | K-3013 B-96-4-3 | 104 | 320 30 | 20 | 1068 1068 | 246 021 967 76| 367 48| 381 S8
| IX-10 | K-3014 B-96-4-4 | 104 | 240 20 | 20 1068 | 325 008 1222 65| 417 41| 341 38
IX-10 | K-3015 [B-96-4-5 | 104 | 270 30 | 20 | 1068 | 4.35 0.15| 1546 87| 482 24| 312 23
IX-25 | K-3207 [B-99-47-1 | 110 | 100 S0 |20 | 534 | 292 0.3 1121 63| 348 13| 310 21

X101 | K-3182 B-99-38-1 | 1 | S0 30 |20 | 267 | 3.19 0.14] 776 37 51 2| 66 4
X1-01 | K-3185 B-99-38-4 | 1| | 50 30 |20 | 267 | 3.29 020/ 507 42| 56 3| 70 5
XI-02 | D-2387 B-924all | 13 | 200 100[20 | 1780 | 330 0.14] 872 63| 88 8| 102 12
X102 | D-2388 B-92-4b-1 | 13 | 200 100[20 | 1780 | 3.30 0.14] 890 66| 96 3 | 108 9|
X1-02 | K-2386 B-92-4a-1 | 13 | 200 100[20 | 1780 | 3.86 008 994 45| 102 4| 102 6
X1-02 | K-2389 [B-92-4b1l | 13 | 200 10020 | 1780 | 3.93 047, 997 86| 99 2, 99 9
XI-03 | D-2398 B-92-8 17 | 100 50 | 19 | 1780 | 3.30 0.14] 891 63| 89 S| 100 9

| XI-04 | D-2245 BG-90-8 | 4 | 100 50|20 668 | 3.14 0.16 7m0 39| 55 3] 72 S
XI1-04 | K-1934 [BG-90-8 4 | 100 5020 | 445 | 338 018 13_:;_4(:* 51 2] 6 4
XI-04 | K-1935 BG-90-9 4 | 100 50|20 445 | 285 007 713 3| 51 2| 71 4|
X104 | K-1936 BG-90-10 | 4 | 100 50 | 20| 445 | 3.03 025 754 46| 55 1| 73 5|

X104 | K-1937 BGSO-11 | 4 | 100 50|20 | 445 | 299 046 732 37| 50 2| 69 5

X104 | K-1938 BG90-12 | 4 | 100 50 (20| 445 | 3.13 039 761 63| 53 2] 70 6

XI-04 | K-1930 [BG-90-13 | 4 | 100 50 [20 | 445 | 3.09 030 761 53| 55 | 72_|Ss

X104 | K-3057 B-96-33-1 | 4 | 100 50|20 356 | 3.53 0.35] 841 60 60 4] 71 7
XI-04 | K-3058 B-96-33-2 | 4 | 100 50|20 | 356 | 335 021] 81 44| 58 4] 72 3
XI1-04 | K-3059n B-96-34-1 | 4 | 100 50 |20 | 178 | 3.15 021 772 43 35 izl . |5
XI-04 | K-3060n B-96-34-2 | 4 | SO 20 [ 20| I78 | 320 028 760 53| 52 2| 68 6

X105 | K-1942 BG90-15a | 18 | 200 10019 | 356 | 288 0.17) 774 43| 77 2| 99 7
X105 | K-1943 BG-90-15b | 18 | 200 10020 | 445 | 3.5 007 820 36| 78 2| 95 6
XI-05 | K-1943b [BG-90-15b | 18 [ 200 100] 20 | 178 | 3.15 007 824 37 79 3| 9% 6

X105 | K-1944 [BG-90-15c | 18 | 200 100] 20 | 445 323 0.6 842 61| 81 3 9% 8
XI-05 | K-3352 [B-99-69-1 | 17 | S0 30|20 | 267 | 3.18 0.10) 871 38] 84 2| 97 5

X105 | K-3354 [B-99-69-3 | 17 | 200 50 |20 | 267 | 303 028 791 54| 74 3| 9 7
XI1-05 | K-3355 B-99-69-4 | 17 | 450 50 |20 | 267 | 3.83 0.13] 884 42| 75 2 $5 18]

X105 | K-3356 B-99-69-5 | 17 | 650 50 (20| 267 | 3.63 035 874 67| 8 3 | 101 8
XI-06 | K-306in B-96-35-1 | I8 [ 800 50 | 19| 178 | 3.57 038 820 68| 76 3| 93 8
XI-06 | K-3063n [B-96-35-3 | 18 | 800 5020 | 178 335 007 770 37| 70 3] 92 6|
X107 | D-2191 B-91-22-1 | 34 | 200 10020 | 668 | 3.62 0.18] 995 76| 119 6| 120 11
| X107 | K-2193 B-91-22-3 | 34 | 200 10020 [ 668 | 3.66 0.8 1013 76| 124 7 123 12
XI-08 | D-2194 [B-91-23 39 | 200 100] 20 | 668 | 343 0.17) 986 74| 131 9| 133 14

XI-10 | D2189 B-91-21-1 | 46 | 400 100 20 | 668 | 265 0.3 866 70| 172 18| 199 26
XI-10 | D-2190 B-91-21-2 | 46 | 400 100] 20 | 668 | 3.23 0.16 1036 84| 211 19| 204 25
XI-11_| D-2185 B-91-192 | 46 | 300 200| 20 | 668 | 280 0.14] 948 76| 205 20| 217 28
XI-11 | D2186 [B91-193 | 46 | 300 150| 20 | 668 | 288 0.5 963 76| 203 14 210 23

XI-11 | K-2184 B-21-19-1 | 46 | 300 200] 20 668 | 270 0.14] #94 70| 176 14| 197 23

XI-12 | K-2069 [BG-90- 80-1] 735 | 150 50 |20 | 445 | 3.06 0.32[ 887 67| 110 3| 124 10

XI-13 | K-2070 BG-90-80-2| 39 | 150 50 | 20 | 445 | 335 0.66] 934 117 109 3 | 116 15

TXI-14 | D220 B-91-28-2 | 50 | 300 100] 20 | 668 | 284 0.14) 932 73| 183 14| 196 22

XI-14 | K-2204 [B-91-28-1 | 50 | 300 100] 20 | 668 | 284 0.14] 943 74| 192 9| 204 19

X115 | D-2195 [B-91-24-1 | 70 | 300 100| 20 | 668 | 3.03 015 1017 82| 223 22| 219 28

XI-15 | K-2066 BG-90-78a | 70 | 200 50 | 20 | 445 | 3.18 0.6 1094 88| 251 7| 229 20

X1-15 | K-2067 BG-90-78b | 70 | 200 50 | 20 | 445 | 3.12 0.16 1082 86| 252 9| 233 21
XI-15 | K-3064 B-96-36-1 | 70 | 100 10 |20 | 534 | 380 028 1280 86 278 15| 217 21
XI-15 | K-3066 | 1770 | 100 10| 20| 534 | 3.50 0.18] 1156 61| 225 13| 195 16
XI-16 | D-2197 | 80 | 300 100] 20 | 668 | 382 0.19) 1351 16| 398 50| 295 45
XI-16 | D-2198 | 80 [ 300 100[ 20| 668 | 3.13 0.a5| 1125 94| 323 18] 287 29
Xi-16 | D-Z199 | R0 300 100| 20 | 668 | 116 EII'J' 1195 101 341 '”J 285 34
XI-16 | D-2200

XI-17_| D-2208 |

4| %0 [ 300 100] 20 | 668 | 3.27 0.16] 1181 102] 355 40 300 42|

70 | 100 50| 20| 668 | 2.83 0.4 998 77| 215 19| 215 26
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Table 4.3 continued:
Site | Lab. No. Sample Elev. Depth  Ali.| D,,,,  Uranium il Dy ESR age
masl.| cm £ | n Gy ppm | pGyla = | Gy k ka *
_XI-17 | K-2207 B-91-29-1 [ 70 | 100 50 |20 | 668 | 284 0.14] 1006 77] 220 16| 219 23
XI-18 | D-2229 [B-91-39-2 | 84 | 300 100| 20 | 668 | 293 0.5 1062 16| 305 37| 288 42
| XI-19 | K-3067 [B-96-37-1 | 82 | 150 20 | 20 | 534 | 3.00 057 1110 92| 313 23| 282 43
XI-19 | K-3068 B-96-37-2 | 82 | 170 20 | 20 | 534 | 3.04 005 1147 57 362 16| 315 21
XI-20 | K-3069 [B-96-37-3 | 84 | 150 20 | 20 | 534 | 290 028 1125 93| 383 37| 341 43
XI-21 | D-2215 B-91-31-2 | 10 | 100 50 |20 | 668 [ 351 046 1031 77 139 & | 134 13
XI-21 | D-2216 B-91-31-3 | 10 | 100 50 [ 20 | 668 | 347 016 966 71| 110 8 | 113 12
 XI-21 | K-2006 BG-90-44a | 10 | 200 40 [ 20 | 445 | 379 044] 998 82| 108 7 | 108 11|
X1-21 | K-2007v BG-90-44b | 10 | 200 40 | 20 | 445 | 405 0.21] 1044 57[ 109 4| 105 13
X121 | K-2008 BG-90-44c | 10 | 200 40 | 20 | 445 | 374 0.80] 988 135 107 5| 108 16
XI-21 | K-2008v BG-90-44c | 10 | 200 40 | 20 | 445 | 3.74 0.80] 1003 138 114 6| 13 17
X121 | K-2214 B-91-31-1 | 10 | 100 50 |20 | 668 | 3.83 0.64] 1024 (11| 108 7| 106 13
X122 | K-2003 Bu-m-aﬁa 23 [ 100 20 (20| 445 | 341 0.06] 90 48| 111 4| 116 7T
| XI-22 | K-2004 BG-90-43b | 23 | 100 20 | 20 | 445 | 331 0.3 927 44| 104 4| m2 7
XI-22 | K-2005 BG-90-43c | 23 [ 100 20 |20 | 445 | 299 0.16] 87 45| 102 4 | 117 8
| XI-23 | K-2217 B-91-32-1 | 21 | 100 50 [ 20 [ 668 | 3.24 0.16] 8§97 65| 96 5| 107 9
| XI-26 | K-2221 B-91-35-1 | 35 | 300 100] 20 | 668 | 299 0.15| 859 65| 114 7| 133 14
X126 | K-2222 B91-35-2 | 35 | 300 100] 20 | 668 | 3.06 0.15 836 63| 106 5 | 124 11
XI-27 | K-3053v B-96-31-1 | 37 | 100 10 |20 | 623 | 3.20 0.6 840 60| 112 5 | 133 11
X127 | K-3054i [B-96-31-2 | 37 [ 200 20 [20 | 312 | 320 028 921 64| 119 8§ | 129 13
| X1-28 | K-2202 [B-91-27-1 | 38 | 300 00|20 | 668 | 267 0.3 R4 70| 182 5| 203 17
XI-28 | K-2203 [B-91-272 | 38 | 300 100|20 | 668 | 282 0.4 925 73| 181 6| 196 17
XI-29 | K-2201 [B-91-26-1 | 45 | 300 100|20 | 668 | 2.94 0.5 1014 215 241 15| 238 53|
X130 | D-2223 B91-36-1 | 72 | 400 20020 | 668 | 3.01 0.5 1076 92| 315 37| 292 43
XI1-30 | K-2224 B-91-36-2 | 72 | 400 200| 20| 668 | 3.10 0.6 1025 84| 227 9| 222 21
X131 K’22t‘r___[g-?_l__-38-l | 71 400 200/ 20 | 668 | 3.08 0.06] 1042 86| 226 13| 217 22
XI-M | K-2227 B-91-38-2 | 71 | 400 200 20 | 668 | 303 0.5 995 82| 213 16| 214 25
X131 | K-4162 B-00-23-1 | 73 | 300 30 | 20 | 890 | 346 020 1200 75| 314 9 | 262 18
XI-31 | K-4163 B-00-23-2 | 73 | 100 20 |20 | 890 | 272 0.03 1035 49| 293 14| 283 19|
X131 | K-4164 B00-233 | 73 | 400 40 20 | 890 | 379 004 1283 64 334 7| 260 14
XI-31 | K-4165 B-00-23-4 | 73 | 400 40 | 20 | 890 | 3.04 009 1085 59| 317 11| 202 19
XI-32 | K-2225 B-91-37 | 72 [ 400 20020 | 668 | 342 0.17 1199 103 342 10| 286 26
XI-33 | D-2166 B-91-12-1 | 47 | 300 100] 20 | 668 | 3.06 0.5 1017 81| 216 11| 212 20|
| X133 | D-2167 B-91-12-2 | 47 | 300 100 20 | 668 | 270 0.3 898 71| 180 & | 200 19
XI-33 | D-2168 B-91-12-3 | 47 | 300 100[ 20 | 668 | 274 0.4] 927 73| 198 11| 214 21
XI-34 | K-2732 B-04-2-1 [ 25 | 30 20|20 [ 1246 | 327 0.23] 876 S0 76 3| 8 6
XI-34 | K-2733 B-94-2-2 | 25 | 30 2020|1246 | 338 0.11] 906 40 81 3| 8 5
| XI-34 | K-2735 B-94-24 | 25 | 30 20|20 | 1246 | 292 030, 8§20 57| 76 3| 93 7
XI-34 | K-2736 B-94-2-5 |25 | 30 2020 | 1246 | 388 0.7 1054 52| 108 3 | 103 6
XI-34 | K-2737 [B-94-26 | 25 | 30 20| 20 _1_146___3_43 040, 913 71| 83 2| s 7
X134 | K-3055 [B-96-32-1 | 25 | 80 8 | 20| 623 | 315 049 8§21 87| 90 4| 103 11
XI-34 | K-3056 [B96-32-2 | 25 | 75 0 | 20 | 623 | 2.67 033 756 61| 74 4] 98 10
XI-35 | K-2726 [B-94-1-1 1 | 80 40|20 1246 | 286 005 465 18| L7 0.04 3.7 0.2
| XI-35 | K-2727 B-94-1-2 | 1 | 80 40 | 20 | 1246 | 382 045 550 :‘”l'—] M4 006 25 02
| XI-35 | K-2728 [B-94-1-3 I | 8 40|46 470 | 350 028 517 34| 1.09 002 21 02
XI-35 | K-2720 B-94-1-4 | 1 | 80 40 | 20 | 1246 | 3.08 0.67 488 66 203 008 42 0.6
XI-35 | K-3083 B-94-1-6 I | 100 1020 623 | 274 023 455 28| 242 0.14] 53 05
X136 | K-3033 B-96-25-1 | 9 | 250 20 | 20| 623 | 3.66 037 916 69 86 5| 94 9
X136 | K-3035 B-96-253 | 9 | 250 30|20 623 [342 002 842 45] 74 3| 87 6
XI-36 | K-3036 B-96-25-4 | 9 | 250 20 |20 | 623 | 289 040 778 72| 80 3 | 103 10
X137 f K-1947 BG-90-1%a | 10 | 100 50 | 20 | 445 | 305 021 $33 48| 82 3| 99 7
X137 | K-1948 BG-90- n;h_ 10 | 100 5020 445 | 331 055 882 94| 85 4| 97 11
XI-37 | K-3001 B-96-1- 10| 100 10 | 20 | 623 | 3.75 _Mz-_:|_9f.3 126 90 2| 93 12
XI1-37 | 3 139{11" |10 1200 2020 623 | 3.15 0.35 80 66| 90 4| 105 9
| XI-38 | K- 1945 BG-90-16 | 10 | 100 50 | 20 | 445 | 3.39 nml 925 48| 98 4| 105 7
XI-39 | D-2246 BG-90-17 | 5 | 100 50 | 20 | 668 | 3.15 0.1 868 40, 90 10| 104 13
XI-39 | K-1946 BG90-17 | 5 | 100 50 | 20 | 445 | 329 030 872 __-s_:t[ 82 4| 94 8
XI-40 | D-2172 B-91-13-1 | 39 | 100 50 |20 | 668 | 331 0.16] 949 68| 114 11| 121 14
XI-40 | D-2172A B-91-13:1 | 39 | 100 50|20 | 668 | 3.31 0.16] 910 70| 117 14| 122 17
XI-40 | D-2173 B9I-13-2 | 39 | 100 50 | 20 | 668 | 331 0.2 959 45 119 7| 125 9
XI-40 | D-2242 BG-90-20b | 39 | 400 100 20 | 668 | 4.07 020 442 58| 18 & | 113 10
XI-40 | D-2247 BG-90-20c | 39 | 800 100 20 | 668 | 404 001 995 46| 115 7| 115 9
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Table 4.3 continued:

Site | Lab. No. Sample Elev. Depth | Ali. Dy, | Uranium o | D ESR age
masl., em = | n | Gy | ppm = | ulya = | Gy
X140 | K- 1952 BG-90-20a | 39 | 400 100 20 | 445 325 022 871 53103

| X140 | K-1953 BG-90-20b | 39 | 400 10020 | 445 | 293 0.15 815 63| 103
XI-40 | K-1954 BG-90-20c | 39 | 800 100] 19 | 356 | 417 0.18 1023 55] 117

X140 | K-2456 B91-13-2 | 39 | 100 50 |40 | 1780 | 335 0.17) 982 72| 128 5
X140 | K-3003 B-96-2-1 | 39 | 200 20 | 20 | 623 | 340 0.7 968 73| 125 5

XI-40 | K-3004 B-96-22 | 39 | 200 20 | 20 | 623 | 354 008 980 44| 119

X140 | K-3005 B-962-3 | 39 | 200 20 |20 | 623 | 325 035 927 73| L8
X140 | K-3006 B-96-2-3 | 39 | 200 20 | 20 | 623 292 0.16] 851 46] 109
X140 | K-3007 B-96-2-F | 39 | 200 20 | 20 | 623 | 373 0.9 1014 90| 119

X141 | K-1955 BG-90-21a | 41 | 30 10 |20 | 445 | 263 0.13 840 38| 109

X141 | K-1956 BG90-21b | 41 | 30 10|20 | 445 | 299 001 901 37| 107

XI-42 | K-1949 BG-90-19 | 43 | 100 50 |20 | 445 | 3.17 0.05| 950 41| 128
XI-42 | K-1950 BG-90-19b | 43 | 100 50 |20 | 445 | 339 030[ 971 66| 119

:-x!uu,-_n-_.r.lu (s a:]u- [Py Iy TS
w
—
=

=
|
bad |
b
-_—
=

X142 | K-1951 BG90-19c | 43 | 100 50 |20 | 445 | 317 029 877 38| 106 5| 121 8
XI-42 | K-3090v BG-90-19% | 43 | 100 10 |20 | 623 | 3.09 001 903 37| 111 5| 123 7
XI-43 | K-2174 E'?E 14-1 | 52 | 400 200 20 | 668 | 294 0.5 959 77| 198 16| 207 24
XI-43 | K-2175 B-9I-14-2 | 52 | 400 200| 20 | 668 | 301 026 1055 86| 216 9 | 218 20

XI-43 | K-2460 B-91-142 | 52 | 400 200| 20 [ 1780 | 3.00 0.5 993 81| 217 9| 219 21

XI-43 | K-3092 B-91-14-2 | 52 | 400 40 | 20 | 1068 | 2.97 004 988 48| 220 14| 222 18

XI-45 | [-2177 B9I-15-2 | 62 | 500 200 20 | 668 | 3.49 0.17, 1126 M) 230 19 222 25

X145 | D-2178 [B91-15-3 | 62 | S00 200| 20 | 668 | 2.82 001 930 50| 206 19| 221 25
X146 | K-1959 |BG90-23a | 64 | 100 20 |20 | 445 | 346 0.7 178 93] 253 10| 215 19
XI-46 | K-1960 BG-90-23b | 64 | 100 20 | 20 | 445 | 281 0.0d] 989 44| 211 6| 213 11

X146 | K-1961 [BG-90-24a | 64 | 100 20 | 20 | 445 | 2.66 027 956 74 211 11| 221 21

X146 | K-1962 [BG-90-24b | 64 | 100 20 | 20 | 445 | 461 023 1473 119 292 18 198 20
XI-46 | K-3030 [B-96-23-2 | 64 | 200 20 | 20 | 1068 | 3.57 009 1197 60| 266 20| 222 20
XI-46 | K-3031 B-96-23-3 | 64 | 180 10 | 20 | 1068 | 347 018 1190 69| 278 16| 233 19

X146 | K-3042 B-96-27-1 | 64 | 130 10| 20 | 1068 | 3.35 021 1151 72| 256 15| 223 19

X146 | K-3043 B-96-27-2 | 64 | 150 10 | 20 | 1068 | 3.57 0.24] 1179 70| 240 14 203 17|

|———ae —_— 1 P

XI-47 | K-1964 BG-90-26a | 70 | 150 20 | 20 | 445 | 3.80 059 1266 142] 274 14| 216 27

X147 | K-1965 BG-90-26b | 70 | 150 20 | 20 | 445 | 4.14 084 1393 198) 323 14| 232 35

XI1-48 | K-1966 |BG-90-27a R‘J' 30 10 | 20| 445 | 362 040 1323 114 Mo 28| 262 il

X148 | K-1967 BG90-27b | 89 | 30 10 | 20 | 445 | 293 0.15 1145 92| 340 13| 297 27
X149 | D-2164 B91-10-1 | 92 | 300 100 20 | 668 | 3.09 0.04] 1152 58 385 19| 334 24
X149 | D-2165 B-_Jlg* | 92 | 300 100 20| 668 | 3.11 0.16] 1158 101 387 36| 334 43
XI-50 | K-1963 BG90-25 | 72 | S0 10 [ 20 | 445 | 262 042 956 103) 208 7| 218 25|
X1-52 | D-2182 .1391__1_@.-1 | 83 | 800 300|200 | 668 | 3.61 0.18] 1252 115 407 22| 325 35
83 | 450 40 [ 20 | 1068 | 3.15 007 1095 57| 301 14| 275 27

28-2 | 83 | 450 50 | 20 [ 1068 | 3.34 0.23] 1125 77[ 279 15| 250 19

| 83 | 450 S0 | 20 [ 1068 | 316 006/ 1104 56| 309 16| 280 20
[ 85 [ 100 1020 | 1068 | 345 035 1252 104 340 17| 272 26

85 | 100 10|20 [ 1068 | 317 023 1158 78| 307 10| 265 20

85 | 250 20 m 1068 | 3.02 026] 1059 79| 263 9 | 249 21
_‘1_3-9‘_&.313-: | 100 | 250 20 | 1068 | 347 009 1274 69| 408 24| 321 34
B-96-30-2 | 100 | 250 20 ’*u 1068 | 303 0,10 1141 98| 380 27| 333 37

 B-91-11-1 | 105 | 500 200| 20 | 668 | 3.83 0.19, 1367 123 460 27| 337 37
B91-11-2 | 105 | 500 200 20 | 668 | 3.52 018 1260 114| 433 43| 342 46

BG-90-28a | 103 | 400 100] 20 | 668 | 3.27 0.51] 1191 146 392 30 329 48

'kll'ﬁ'ﬁ Kltma J;{.-ur'i__zsd_ 103 | 400 40 | 20 | 445 | 342 072 1250 111] 426 22| 341 35
X156 | K-1969 BG-90-28b | 103 | 400 40 | 20 | 445 | 428 036] 1455 114] 401 48 276 40

| X157 | K-1973 BG-90-30a | 110 | 300 30 | 20 | 445 | 3.19 0.16] 1158 99| 350 19| 302 31
XI-57 | K-1974 BG-90-30h | 110 | 300 30 | 20 | 445 | 3.10 0.15 1133 98] 348 19 307 32

XI-58 | D-2252 |'m-9nzru 100 | 600 200 20 | 668 | 3.15 0.00 1152 61| 424 48| 368 46

XI-58 | K-1971 BG-90-29b | 100 | 500 50 | 20 | 445 | 263 0.3 983 88 348 26| 354 41

XI-58 | K-1972 BG-90-29¢ | 100 | 500 50 | 20 | 445 | 315 0.16 1160 105 418 14. 60 35
XI-59 | K-3187 B-99-39-1 | 2 .__§ﬂ_| 30 | ‘!ﬂ_ 267 | 336 028 896 5% | 86 4 9% 8
XI-59 | K-3188 B-99-39-2 | 2 | 80 30 [ 25| 490 | 347 025 874 51| 72 3| 8 6
XI-62 | K-2071 BG-90-81 | 20 | 150 50 | 20 | 445 | 3.16 0.57 885 102[ 101 3 | 114 14
| X163 _15 940 p{_.‘w l4a | 4 | 100 50 20| 445 | 343 038 805 62| 54 3| 61 6
4 20 | 445 | 343 038] 805 62 56 3| 12 T

668 | 297 0.5 1013 81| 217 20| 214 27

"{'!| 178 | 343 0,38 818 63| 57 31_ m 6
20 |

Xl64 | D-2187 ul"*'ii'i_'_ﬁ_| 200 100

XI-63 | K-1940b BG90-14a | 4 | 100 50
XI-63 | K-1940v BG-%0-14a o 50
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Table 4.3 continued:
Site I Lab. No. Sample Elev. | Depth | Ali.| Dy, | Uranium | n' Dy | ESR age
| masl. | em £ | n Gy ppm % | pGya = | Gy ¢ I ka &
CXI-64 | D-2188 B-91-20-2 | 45 | 200 100] 20 | 668 | 298 0.5 982 76| 187 15| 190 21
XI-64 | K-2068 BG-90-79 | 45 | 200 50 | 20 | 445 | 3.15 033 999 79| 173 4 173 14
XI-65 | K-3037 B-96-26-1 3 |20 10|20 623 | 269 013 775 35 68 3| 88 6
X165 | K-3038w B-96-262 | 3 | 20 10|20 | 623 | 257 0.17] 744 45| 63 4 85 8
XI-65 | K-3039 B-96-26-3 3 /20 1020 623 | 360 0.18] 957 69| 82 5 81 7|
XI-65 | K-3JM0w B-96-26-4 3 120 1020 623 | 339 042] 908 41| 78 3 85 5
XI-65 | K-4183 B-00-27-1 | 3 | 150 20 | 20 | 267 | 2.63 007 673 28| 49 2 74 4
| XI-65 | K-4184 B-00-27-2 3 | 150 2020 267 | 360 009 88 37| 66 2| 77 4
XI65 | K-4185 B-0027-3 | 3 | 150 20 [ 20| 267 | 3.10 006 775 32| 60 2 78 4
XI-65 | K-4186 B-00-27-4 3 1150 2020 267 | 290 o001 79 30| 61 4 82 6
| XI-65 | K-4187 B-00-27-5 3 [ 150 20]20] 267 | 315 O04] 789 33| 62 2| 79 4
XI67 | K-1975 BG-9031 | 112 | 100 30 [ 20| 445 | 273 0.14] 1084 90| 374 23| 345 36
XI-68 | D-2254 BG-90-32a | 102 | 100 100[ 20 | 668 | 264 0.5 1079 68| 422 34| 391 41
XI-68 | D-2255 BG-90-32b.| 102 | 100 100 20 | 668 | 371 023 1453 101| 593 56| 408 49
X168 | K-1976 BG-90-32a | 102 | 100 50 | 20 | 445 | 264 0.5 1008 61| 283 21| 281 27
XI-68 | K-1977 BG-90-32b | 102 | 100 100 [ 20 445 | 3.83 040 1469 134 546 35| I 42
XI-72 | K-1957 BG90-22a | 53 | 100 20 [ 20 | 445 | 324 0.6/ 1081 83| 209 (25| 193 27
XI-72 | K-1958 BG-90-22b | 53 | 100 20 | 20 | 445 | 324 0. 16/ 1073 83| 202 10| 188 17
XI-72 | K-3091 BG-90-22b | 53 | 200 20 |20 | 1068 | 2.85 0.07] 988 48| 219 12| 222 16
XI-73 | K-3009 B-96-3-2 | 90 | 200 20 [ 20 | 1068 | 3.80 0.01] 1355 66| 388 28 | 186 25
| XI-73 | K-3010 B-96-3-3 90 | 200 20 [ 20 | 1068 | 446 0.23] 1549 96| 429 31| 277 26|
XI-74 | K-3145 B-99-| 12 [ 200 3020 267 | 3.50 _u.}ui 905 61| 89 3 98 8
| XI-75 | K-3360 B-99-71-2 8 | 50 30|20 267 | 3.77 028 811 53| 61 2 69 5
| XI-75 | K-3361 B-99-71-3 B | 50 30|20 27 | 349 025 8% 49| 62 3 73 5|
XI-76 | K-3350 [B-99-68-1 2 | 20 10|20 267 | 342 0.11] 869 38| 63 3 72 5
XI-78 | K-2746 B-94.7 2 [ 30 10[20] 1246 337 033 841 57[ 59 3 16
XI-78 | K-4064 B-00-01-1 | | | 50 10| 20 | 267 | 341 023 1064 48] 60 3 T 6
XI-78 | K-4304 B-00-01*1 | 1 15 5 |20 | 267 | 244 0.12] 703 31| 53 2 75 5
| XI-78 | K-4305 B-00-01%2 | 1 15 51201 267 | 2.58 021] 724 41| 53 3 73 6
XI-78 | K-4306 B-00-01*3a | | 15 5 [20] 267 | 240 0.15] 686 33| 49 3 71 ]
XI-78 | K-4307 B-00-01*4 | | 15 5 |20 267 | 227 o] 663 29| 47 | | 72 4
X178 | K-4308 B-00-01%5 | 1 [ 15 5 [20] 267 | 226 0.3 664 30] 48 2| 73 5
XI-78 | K-4309 B-00-01%6 | | 15 5 |20] 267 | 239 023 689 42 50 2 73 |5
| XI-78 | K-4310 B-00-01*7 | I | 50 10 | 20 | 267 | 251 003 665 25| 47 | 70 3
XI1-78 | K-4311 B-00-01*3 | | 15 5 |20 267 | 293 003] 786 29| 56 2 71 4
XI-78 | K-4312 B-00-01*10 I 15 5 [20 | 267 | 223 0.07) 653 25| 46 1 Tl 4
XI-78 | K-4313 B-00-0D1*11 | 1 15 5 |20] 267 | 377 019 957 47| 72 3 75§
XI-78 | K4314 B-00-01*12 | | | 15 5 | 20| 267 | 3.37 0.17| %2 41| 63 2| 73 4
XI-78 | K-4316 B-00-01%14 | 1 30 5 (20| 267 | 339 0.17] 864 42| 60 2 71 4
XI-80 | K-4149 B-00-19-3 | 4 [ 300 30 [ 20| 267 | 265 0.13 692 36| 65 2 93 5|
XI-80 | K-4150 B-00-19-4 | 4 | 300 30 | 20 | 267 | 268 0.3 694 37 64 3 92 6
XI-80 | K-4151 B-00-19-5 | 4 | 300 30 | 20| 267 | 251 0.13] 668 35| 64 2| 9 6
X180 | K-4152 B-00-19-6 | 4 | 300 30 | 20 | 267 | 3.02 0. !l_ﬁ_‘."_i__'! 40| 66 3| 88 6|
XI-80 | K-4154 B-00-19-8 | 4 | 50 20 [ 20| 267 | 245 0.4 87 34| 58 2 84 5
XI-81 | K-4142 B-00-18-1 | 20 | 300 00| 20 | 267 | 3.06 -“.'5. 267 43] 97 8| 116 8
X1-82 | K-4167 B-00-25-1 | 95 | 250 50 | 20 | 890 | 375 002] 1301 63| 342 18| 263 16
XI-82 | K-4168 B-00-25-2 | 95 | 250 50 [ 20 | 890 | 360 026 1305 94| 403 18| 309 26|
X1-82 | K-4169n B-00-25-3 | 95 | 250 50 | 20 | 890 | 3.17 0.5 1160 69| 349 14| 301 22
XI-82 | K-4170 B-00-25-4 | 95 | 250 50 [ 20 | 890 | 265 001 1001 48| 310 16| 30 22
XI-83 | K-4136 B-00-17-3 | 20 | 700 30 [ 20 267 | 2.5 009 717 36| 102 3 142 8
XI-83 | K-4137 B-00-17-4 | 20 | 700 30 |20 | 267 | 228 005 643 30| 89 4| 138 9|
XI-83 | K-4140 B-00-17-7 | 20 | 600 30 | 20 | 267 | 2.56 0.16) 681 41| 80 4 17
XI-83 | K-4141 B-00-17-8 | 20 | 250 50 [ 20| 267 | 257 0.13] 267 38| 89 5| 120 9
XI-84 | K-4156 B-00-20 | 77 [ 100 20 | 20 | 890 | 339 0.7 1216 70| 313 5 263 16
X185 | K-4157 B-00-21 70 | 250 50 | 20 | 890 | 380 006 1347 68| 388 13| 288 18
XI-86 | K-4158 B-00-22-1 | 70 | 200 20 [ 20 | 890 | 3.05 008 1105 56| 300 14| 274 19
XI-86 | K-4150 B-0022-2 | 70 | 200 20 | 20 | 890 | 3.34 0.3 1153 62| 274 10| 238 15
XI-86 | K-4161 B-0022-4 | 70 | 200 20 | 20 | 890 | 2.95 0.8 1051 64 262 9 | 250 17
XI11-03 | K-1986 BG-90-36a | 13 | 700 100 20| 445 | 354 008 985 117 188 8 | 191 24
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Table 4.3 continued:

Site | Lab. No. Sample Elev.| Depth | Ali.| D,,, Uranium o Dy ESR age

| [ masl.| cm + n Gy ppm | pGyla  + | Gy & ka &
X11-03 | K-1987 [BG-90-36b | 13 | 700 100| 20 | 445 | 334 027] 1048 770225 10] 215 19
XI-03 | K-19%8 {Hci-f}_[}_-.’mc__ 13 | 700 100] 20 | 445 312 015 980 83| 208 7| 212 19
| XI103 | K-1989 BG-90-36d | 13 | 250 50 | 20 | 445 | 3.54 0.17| 925 48] 97 3| 105 6
XII-03 | K-1990 BG-90-36e | 13 | 250 50 | 20 | 445 | 345 0.21| 904 52| 95 3 105 7
XII-03 | K-1991 [BG-90-36f | 13 | 250 50 | 20 | 445 363 043 940 80| 98 3| 104 10
X11-03 | K-3273A B-99-57-5 | 135 | 630 30 | 50 | 2670 | 507 0.d6[ 1113 56| 95 4| 8 6
| X103 | K-3274x [B-99-57-6 | 13.5 | 690 30 | 50 | 2670 | 384 0.16| 926 49 97 2| 105 6
XII-03 | K-3276 B-99-57-8 | 135 | 660 30 | 20 | 534 | 403 006] 970 45| 100 4 [ 103 6
XII-03 | K-3280 [B-99-57-12 | 135 | 1030 30 | 20 | 534 | 3.17 0.24] 963 69| 200 10| 208 18
XII-03 | K-3282 [B-99-57-14 | 135 | 470 30 | 20 | 534 | 3.67 0.10] #53 42| 87 4 | 97 |7
XI1-03 | K-3283x B-99-57-15 | 135 | 390 30 | 50 | 2670 | 372 025 906 56| %6 3 95 7
XII-03 | K-3284 B-99-57-16 | 135 | 300 30 | 20 | 534 | 338 0.13] 864 43| 87 3 | 101 6
CXN1-03 | K-3285x B-99-57-17 | 13.5 | 60 30 | 50 | 2670 | 350 0.71] 918 15[ & 3 | 92 12
| X1I-04 | D-2257 BG-90-37a | 22 | 200 100[ 20 | 668 | 3.08 009 1024 51| 205 19| 200 21
XII-04 | D-2258 BG-90-37b | 22 | 300 100[ 20 | 668 | 3.03 0.09 980 48| 189 20| 193 23
XI1-04 | K-1992 BG90-37a | 22 | 100 50 | 20 | 445 | 332 025] 1 14__33___;_’.{2 9 199 16
[ XII-04 | K-1993 BG-90-37b | 22 | 100 50 | 20 | 445 | 338 059 1116 133] 213 19| 191 28|
| X104 | K-3262 [B-99-56-2 | 29 | 50 30 | 26 | 534 | 347 021] 1189 70| 249 10 210 1S5
XI1-05 | K-1994 BG-90-38a | 39 | 50 20 | 20 | 445 | 3.00 015 1011 75| 182 2 | 180 14
XI1-05 | K-1995 [BG90-38b | 39 | 50 20|20 | 445 | 333 0.17) 1080 81| 183 6 | 170 14
_xu{r-'. K-3252 [B-90.55-] 39 | 100 50 20| 267 | 300 008 993 46| 178 19| 179 21
XI1-05 | K-3254 [B-99-55-3 | 39 | 100 50 | 26 | 534 | 3.19 000 1048 46| 190 12| 182 14
X106 | K-2745 B-94-6 13 [ 30 1020 1246 | 280 0.14] 817 55| 8 3| 1m 8
XI11-07 | K-2390 iwz Sa 13 | 100 50 |20 [ 1780 | 349 03] 934 44| 94 4 | 10 6
X107 | K-2391 B-92-5b 13 | 100 50 | 20 _|?_xu 388 0.54) 1000 93] 9% 4 9% 10|
_X_HJE_L_E._E?E__'I_] 96-42-2 13 | 400 40 | 20| 356 | 380 028 925 60| 89 5 96 8
XII-07 | K-3079 l-!_‘?ﬁ;i’__‘. 13 | I0 10 | 20 [ 356 355 035 942 __fjl_t’:_ 81 5| 86 b
 XII-07 | K-3080 B-96-43-1 | 13 | 500 S50 |20 | 356 | 332 0.42] 808 40| 77 4| 9% 7
XII-07 | K-3081 [B-96-43.2 | 13 | 20 10 |20 | 35 | 3.10 042| 809 78| 92 6 102 ]
XII-07 | K-3296 B-99-61-3 | 115 | 870 20 | 20 [ 267 | 359 028 830 57| 80 2 97 7
XII-07 | K-3297 B-99-614 | 115 | 830 20 20 267 | 300 014 730 40| 76 3 105 7
XI-07 | K-3307x B-99-61-14 | 11.5 | 110 30 | 50 | 2670 | 256 008 740 33| 78 3 s 6
XN1-07 | K-3310x B-99-61-17 | 115 | 170 30 | 50 | 2670 | 3.04 0.14] 8i0 40| 79 2 [ 97 =
X107 | K-3311 B-99-61-18% | 11.5 [ 300 20 |20 267 | 357 006] 883 39| % 2 98 5
X107 E.- '*-31":-: | vW (:] I‘J !_l_ ‘1_|___ 21_] l _S_l.'l | 2670 | 'H‘"‘ 045 Q44 Hﬂ 5 H{-. __‘_f__, i l__'ﬂ]_ ! b
| X1-07 | K-3313 B-99-61-20 | 115 | 90 20 [ 20 | 267 | 296 024 785 50| 75 3| 3 7
X107 | K-3314x B-99-61-21 | 115 [ 50 20| 50| 2670 | 301 038 B19 68| 75 2 9] 8
XI1-07 | | K-3315x B-99-61-22 [ 115 90 20| 50 | 2670 | 335 0.8 870 44| 76 3 87 5
XII-07 | K-4065A B-00-02-1 | 11,5 | 1100 50 |20 | 267 | 289 05| 773 36| 121 4 | 153 10
XI1-08 | K-2392 B-92-6a 29 | 100 50 | 20 | 1780 | 290 0.15] 1041 82| 243 9| 234 21
XI-08 | K-2394 B-92-6c 20 | 100 50 | 20 | 1780 | 291 0.16] 1022 58| 22 0. 216 16
XI1-08 K-3076  |B-96-41 m 100 20 | 20 | 356 | 326 006) 1061 49: 189 11, 178 13
| XI1-08 | K-3317 [B-99-62-2 | 22 | 60 20 [20] 267 | 341 0.02] 1112 49 189 13| 178 12
CXI1-09 | D-2396 B-92-Ta 41 | 100 S50 |20 [ 1780 | 280 0.14] 864 63| 18 7 [ 136 13
XII-09 | D-2397 B-92-Tb 41 | 100 S0 |20 | 1780 | 330 0.18] 908 66| 97 4| 106 9
XII-09 | K-2738 B-94-3-1 | 41 | 100 50 | 20 | 1246 | 324 025] 1012 65| 157 7| 155 12
[ X109 | K-2730 B-9432 | 41 | 100 50 | 20 | 1246 | 303 0.13] 845 40| 88 3 ]__'_E_E_rﬁ 6
X109 | K-2740 B3-94-3-3 41 | 100 50 20| 1246 | 299 041 983 94| 172 7| 175 18
X109 K-3321 ;:-w-a.s-z | 41 [ 400 10026 | 534 | 293 025 925 67| 172 % | 18 16
XII-09 | K-3322 |B-99-63-7 | 41 | 400 10020 | 267 | 294 021] 965 65| 204 9 | 212 17
| XII-12 | K-3288 B-99-59-1 | 19 | 50 30 |26 | 534 | 344 0.7 1157 89| 226 6 195 16
X1-12 | K-3280 [B-99.59.2 19 | 50 30|20 267 | 318 017 1060 59| 191 9 1%1 13
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5. Chronostratigraphical results from selected localities of Barbados (west,
north, southeast coast, and central part)

U. RADTKE & G. SCHELLMANN

Last but not least, Chapter 5 presents some pre-
liminary chronostratigraphical results from localities
outside our main research area of southern Barba-
dos. At this stage of our investigations we cannot
yet draw a complete picture of the distribution and
facies geometry of coral reef terraces in these parts
of the island. However, some ESR dating results
and initial morpho- and sedimentological evidence are
presented here, which give some insight on the distri-
bution, elevations, and ages of coral reef terraces in
these areas of Barbados.

5.1. West coast of Barbados: Clermont Nose
standard traverse

Coral reef terraces stretch roughly south to north
along the west coast of Barbados between Batts Rock
Bay (Clermont Nose standard traverse north of
Bridgetown) and Speightstown. They run parallel to
the modern shoreline, and are several hundred meters
wide along. North of Speightstown, the orientation
of the reef tracts changes first to the northeast and
then to the east, indicating a lateral growth of the
island in this direction. Terrace distributions, sediment
facies structures and absolute dating results have been
published by, among others:

- MESOLELLA (1968) for different sites along the
west coast,

- STEINEN et al. (1973) and BLANCHON &
EISENHOWER (2001} for the vicinity of Holetown,

- RADTKEetal. (1988) and RADTKE (1989) for the
Thorpe and Clermont Nose traverses,

- Gavrrupetal. (1994) for Clermont Nose and Hol-
ders Hill,

- MESOLELLA et al (1969), BENDER et al. (1979),
EDwARDS et al. (1997), BarD et al. (1990b), Ku
et al (1990), and GALLUP et al. (2002) for the
Clermont Nose area.

These and other geochronological investigations

were discussed in detail in Chapter 3.

The Clermont Nose area has the highest uplift rate
on Barbados (approx. 0.44 to 0.49 m/ka). The MIS
Se coral reef terrace, which is commonly referred to
as First High CLiff or Rendezvous Hill terrace, rises to
61 masl., and declines to less than 40 m asl. in northern

and southern direction. This warping indicates an
anticlinal deformation of the coral reef terraces in this
area. It is commonly referred to as the Clermont
Nose or Clermont Mount Hillaby anticline (BENDER
et al 1979, TAYLOR & MaNN 1991). Thus, this area
has the best potential for observing preserved uplifted
coral reef terraces that developed during interglacial
sea-level sub-maxima.

Numerous researchers described and dated a
sequence of constructional coral reef terraces in the
Clermont Nose area. (The TIMS U-series ages by
EDWARDS et al. (1997) are cited below: a map was
published by BENDER et al. (1979).) This sequence
includes:

- Worthing terrace at 20 m asl., dated at approx. 83
ka (MIS 3a);

- Ventnor terrace at 30 m asl., dated at approx. 104
ka old (MIS 5¢);

- Rendezvous Hill terrace at 61 m asl., dated at
approx. 121 to 127 ka (MIS 5e);

- Durants terrace at 67 m asl., dated at approx. 206

ka (MIS 7).

For the more elevated older terraces, ages were
reported by MESOLELLA et al. (1969} based on U-
series dating by alpha-spectrometry: by BENDER et
al. (1979) based on Th/U and He/U dating, also by
alpha-spectrometry; and by RADTKE et al. (1988) and
RADTKE (1989) based on ESR dating. These studies
provided the basis for the following commonly used
subdivision of coral reef terraces on the Clermont
Traverse:

- Cave Hill terrace at 78 to 85 m asl., dated at

approx. 227 ka (ESR), corresponding to MIS 7;
- Thorpe terrace at 94 to 100 m asl.. dated at approx.

220 to 300 ka (Th/U), and 307 ka (ESR),

corresponding to MIS 7. or, more accurately, to

MIS 9;

- Husband or Lodge terrace at 107 to 113 m asl.,
estimated at 360 or 380 ka based on He/U dating

by BENDER et al. (1979);

- so-called “Unnamed” terrace at 122 m asl., age
unknown.

Mapping and sampling along the Clermont - Nose
standard traverse was conducted during our field trips
in 1999 and 2000. Samples were collected for ESR
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dating and for TIMS Th/U dating by E. K. Potter, T.
Ezat, and M. McCulloch (Australian National
University, Canberra). The ESR dating results are
presented below.

Figure 5.1 shows a preliminary field map. includ-
ing sample sites, different terrace levels (N = Niveau),
and ESR dating results. Field mapping is still in
progress, especially in the regions of the oldest and
highest elevated reef terraces. A correlation of the
terraces to the commonly used terminology is also
illustrated in the legend of Figure 5.1. All ESR dating
results are listed in Table 5.1.

The lowest coastal terrace in this area is the beach
sand terrace at up to 2 m asl., assumed to be Mid-
Holocene. A partly destroyed beach rock is preserved
along the sandy beach of this terrace, and a deep MIS
5a notch in ¢. 7 m asl. is cut into MIS 5c coral
limestone of the N1[5¢] wave cut platform at the
proximal landward margin of the former Mid-
Holocene cliff line. The N1[5¢] wave cut platform
is approx. 10 masl. Itis well developed northeast of
Batts Rock Bay. where it reaches a width of up to
180 m. The profile in Figure 5.2 shows that the
abrasion terrace is cut into a deeper fore reef coral
facies, which is approx. 106 = 8 ka old (MIS 5c).
The younger ESR ages of 76 £4 and 85 + 5 ka (MIS
Sa), derived from samples embedded in the uppermost
1 m of the profile, indicate that the uppermost layer
consists of reworked coral fragments, which were
deposited during the abrasion process. However, due
to dense vegetation and the height of the profile, it
has not been possible yet to confirm the existence of
an unconformity at the base of the presumed upper
MIS 5a layer. Nevertheless, the morphostratigraphic
context implies that the platform was formed during
late MIS 5a (see below),

The NI1[5c] wave cut platform is younger than
the MIS 5a coral reef formation of the N2, or
Worthing, terrace at 18 to 20 m asl. The seaward
part of the N2 terrace consists of an Acropora palmata
reef crest facies that is at least 2 - 3 m thick. A deep
notch is developed at the base of the former N2 cliff
line at the proximal landward side of the N2 terrace.
The notch was cut into the A, palnata reef crest facies
of the N3 or Ventnor terrace during the growth of the
N2 coral reef. The N2 terrace was ESR dated at three
localities: VIII-17, VIII-27, and VIII-08 (Table 5.1).
The ESR ages range between 76 = 5 ka and 88 =+ 6
ka, with a mean age of 82 + 5 ka; the mean of the
upper 10% of all ages is 88 £ 7 ka. As described in
Chapter 4., only the maximum ESR ages should be

used for chronostratigraphy. The maximum ESR ages
indicate an early MIS 5a age of the N2 terrace. This
terrace correlates to the T-1a2 terrace at the south coast
of Barbados, which was ESR dated at 85 £ 7 ka (Table
4.2), A late MIS 5a terrace with an ESR age of 74 £ 5
ka is preserved at the southern coast of Barbados
{Chapter 4). The N1[5c] wave cut platform at approx,
10 m asl. may correlate to this late MIS 5a terrace, if a
stronger uplift rate is considered for the Clermont -
Nose area (approx. 0.44 1o 0.49 m/ka).

The N3 terrace at approx. 30 m asl. is located
landwards of N2. AnA. palmata reef crest is preserved
on the seaward part of N3, which is approx. 100 m
wide and more than 3 m thick. East of sample site
VIII-18, a broad lagoon is developed behind the N3
reef crest and is filled with sand and coral rubble. Five
ESR ages were determined for sample site VIII-18.
They range between 102 £ 6 ka and 109 = 6 ka. Mean
age is 106 = 7 ka, and the mean of both maximum
values is 108 £ 7 ka. Therefore, N3 was formed during
MIS 5c and correlates to one of the three MIS 5c
terraces at the south coast of Barbados.

Rendezvous Hill, or N4 terrace, located at 60 m to
61 m asl., is the next oldest coral reef terrace east of
Batts Rock Bay. The University of the West Indies is
largely situated on this terrace, and the N4 coral reef
facies are exposed along Gordon Cummins Highway
below the University. The uppermost 3.5 m are
composed of a compact A, palmata reef crest facies,
which is underlain by an A. cervicornis reef slope
deposit, at least 6-8 m thick, with some rounded
boulders of A. palmata, Siderastrea sp. and Moniasirea
sp. Pebbles of rounded A. cervicornis predominate in
its basal part. This continuous reef facies sequence
overlies a second A. palmata reel crest facies at 45
asl., which is more than 4 m thick and mixed with
different species of head coral. The precise age of
this sequence is still unknown. ESR ages of four A.
palmata samples from the uppermost reef crest facies
range between 103 £ 8 kaand 123 £ 10 ka. The mean
of the two oldest ages is 122 £ 9 ka. indicating that N4
(including A. palmata reef crest and underlying A.
cervicornis reef slope facies) was formed during late
MIS 5e. This particular road cutting was also described
and U-series dated by GaLLUP et al. (2002), as
discussed in Chapter 3.

North of University Road, a higher sub-level of
N4 is preserved at 61 m to 62 m asl. It was ESR dated
at sample sites VIII-01 and VIII-19 (Figure 5.1).
Neglecting the extreme age value of sample B99-64%4,
which may have been a reworked sample, the maximum
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Figure 5.1:
Distribution and ESR dating results of coral reef terraces along the Clermont Nose standard traverse between Batts
Rock Bay and Cave Hill, See Table 5.2 for details on ESR ages.
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Figure 5.2:
ESR dating results from MIS 5a wave-cut platform terrace, which has been abraded in MIS 5¢ coral reef. The site is
exposed along the modern ¢liff line at Baus Rock Bay, west coast of Barbados. See Table 5.2 for details on ESR ages.

ESR ages are similar to those determined for sample As already stated. the mapping of the higher and
site VIII-02, located at University Road, and indicate  older terraces in this area of the island is still in
an MIS 5e age for this small terrace rim. progress. However, the ESR dating results presented

in Figure 5.1 indicate an MIS 7 age for both the coral
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reef terraces located east of the university; the first
at 61 mto 70 m asl. (Figure 5.1: sample site VII1-20)
and the second at approx. 75 to 80 m asl. (Figure 5.1:
sample sites VIII-10 and VIII-21). These results
agree well with former penultimate interglacial U-
series and ESR dating results (see above) from Durant
Terrace (67 m asl.) and Cave Hill Terrace (78 to 85
m asl.).

Two higher coral reef tracts were most probably
formed during MIS 9 and appear at approx. 86 m asl.
(Figure 5.1: sample site VIII-22) and 91-93 m asl.
(Figure 5.1: sample sites VIII-23, VIII-24). Sample
sites VI-23 and VIII-24 correspond to the Thorpe
Terrace, dated at approx. 307 ka (ESR) by RADTKE
et al. (1988) and RADTKE ( 1989).

Remarkably, the most elevated coral reef terraces,
located at 104 and 122 m asl., seem to be as old as
470 and 500 ka, respectively (Figure 5.1: sample sites
VII-25 and VIII-26). The lower elevated sample
site VIII-25 at 104 m asl. corresponds to the Husband
or Lodge terraces, for which BENDER et al. (1979)
estimated an age of 360 or 380 ka based on He/U
dating. Sample site VIII-26 at 122 m asl. may
correlate to the so-called Unnamed Terrace level,
which has not been dated as yet. Reef terraces of

sea-level highstand MIS 11 are to be investigated in
more detail in the future.

The relatively low elevations of the coral reefs
MIS 9 to MIS 13 situated in this region provide
substantial evidence for a much stronger uplift of the
Clermont Nose area during the time period beginning
with the last interglacial maximum compared to the
preceding time period. For example, if we assume a
constant uplift at the rate rate calculated from the
present height of the last interglacial terrace at 61 m
asl. (c. 0.47 m/ka), the oldest MIS 13 coral reef tract,
which is preserved at sample site VIII-26 (122 m
asl.), should have an elevation of approx. 220 to 245
m asl. Instead of this, its present height is only 12010
125 m asl. It follows, therefore, that uplift was has
not been constant over the period of the last 500,000
years. However, there is no evidence to suggest that
the uplift rate has not been constant over the last
130,000 years so the calculations made by GaLLup
etal. (2002) may still be valid. Nevertheless the data
from Clermont Nose supports the argument presented
in Chapter 4, that anticlinal warped areas, may have
a complex tectonic history and are not necessarily
suitable for Pleistocene sea-level reconstruction.

Table 5.1: ESR dating results from localities on the west coast of Barbados. See Figure 5.1 and Figure 5.2 for sample
site locations.,
Site | Lab. No.| Sample Elev. Depth | Ali. [Dmax| Uranium o DE ESR age
masl. | cm % n Gy | ppm + |uGyla + |Gy ¢ ka +
VIN-01 | K-3070 | B-96-381 | 61 | 100 10 | 20 | 356 | 355 064 | 970 112|105 10| 109 16
VIIl-01 | K-3071 | B-96382 | 61 | 100 10 | 20 | 356 | 3.85 021 |1026 56 108 6 | 106 10
VII-01 | K-3323 | B-99641 | 62 | 150 20 | 20 | 267 | 300 025 | 871 56 |107 9 | 123 13
VII-01 | K-3326 | B99644 | 62 | 150 30 |20 | 267 | 265 013 | 859 63 [139 6 | 161 14
VIN-02 | K-3072 | B9639-1 | 54 | 230 20 |20 | 356 | 358 025|949 58103 3 | 109 7
VII02 | K-3073 | 896392 | 54 | 230 20|20 356|351 030|973 67 [120 5 | 123 10
VII-02 | K-3074 | B96393 | 54 | 230 20 | 20 | 356 | 338 017 | 888 46|92 6 | 103 8
VII-02 | K-4096 | B-0007-1 | 53 | 200 50 |20 | 267 | 290 013 | 841 42 [101 2 | 121 7
VII-08 | K-2024 | BG-90-53 | 16 | 150 30 |20 | 445 [ 267 009|701 3058 1 | 83 4 |
VII-10 | K-2021 | BG-90-52a | 75 | 100 20 | 20 | 445 | 335 052 | 1067 112|180 8 | 168 19
VII-10 | K-2022 | BG9052b | 75 | 100 20 | 20 [ 445 | 3.41 050 [1098 112|194 8 | 177 19
VIIl-10 | K-2027 | BG9055a | 76 | 100 20 | 20 | 445 | 3.34 0.19 | 1133 66 |237 15| 209 18
VIII-10 | K-2028 | BG90-550 | 76 | 100 20 | 20 | 445 | 348 0.64 | 1176 148|247 10| 210 28
VIll-16 | K-4066 | B00031 | 10 | 50 10 |20 | 267 | 328 011 | 865 35|72 3 | 85 5
VII-16 | K-4067 | B.00-03-2 | 10 | 80 30 |20 | 267 | 314 001 | 789 32|60 2 | 76 4
VIII-16 | K-4068 | B8-0003-3 | 10 | 850 30 | 20 | 267 | 247 007 | 608 29 |62 21| 101 6 |
VII-16 | K-4069B | B00034 | 10 | 890 30 |20 | 267 | 283 004 | 692 32|73 2 | 106 6
VII-16 | K-4070 | B-00-03-5 | 10 | 300 30 |20 | 267 | 283 008 | 739 34 |72 2| 97 5
VII-16 | K-4071 | B-00-036 | 10 | 600 30 | 20 | 267 | 253 013 | 641 40|65 2 | 101 7 |
VIIl-16 | K-4072 | B-00-037 | 10 | 780 30 | 20 | 267 | 251 007 | 655 36|73 5 | 113 9
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Table 5.1 continued:

Site | Lab. No.| Sample Elev. Depth | Ali. \Dmax| Uranium o DE ESR age

' masl. | em % | n | Gy | ppm + |pGyla % |Gy ¢ ka  + |
VIIl-16 | K4317 | B00-0313 | 10 | 450 20 | 20 | 267 | 256 013 | 757 37 |79 3 | 104 8 |
VI-16 | K-4318 | B-00-03'14 | 10 | 430 50 | 20 | 267 | 267 000 | 690 36 (69 2 | 100 €
VIll-16 | K-4320 | B.000316 | 10 | 50 20 |20 | 267 | 264 019 | 727 40|61 3 | 85 6
VIll-17 | K-4085 | B-00-061 | 19 | 50 20 |20 | 267 | 386 011 | 958 43 |78 5 | 81 7
VIl-A7 | K4086 | B00062 | 19 | 50 20| 20| 267 | 272 007 | 736 30|60 2 | 82 5
VIIl-A7 | K4087 | 800063 | 19 | 50 20| 20| 267 | 365 004 | 910 38|72 6 | 79 7 |
VII-17 | K-4088 | B00-064 | 19 | 50 20|20 | 267 | 292 014 | 759 37|58 2 | 77 4
VIIl-17 | K-4089 | B-00-065 | 19 | 50 20 |20 | 267 [ 368 010|933 41[78 2 | 84 5
VII-17 | K-4090 | B00-066 | 19 | 50 20|20 | 267 [4.10 007 [1011 44 |84 4 | 83 5
VIIl-47 | K4092 | B-00-068 | 19 | 50 20|20 | 267 | 367 023|936 52|80 2 | 8 5 |
VIll-17 | K-4003 | B-00069 | 19 | 50 20 |20 | 267 |294 019|791 43|68 2 | 8 6
VIlI-17 | K-4094A | B-00-06-10 | 19 | 50 20 |20 | 267 | 3.05 0.7 802 40|66 2 | 82 5
VIll-17 | K-4094B | B00-06-10 | 19 | 50 20|20 | 267 308 006|798 33|63 5| 79 7
VIIl-18 | K-4078 | B00-052 | 29 | 320 30|20 | 267 | 3.34 008|876 42[95 4 | 108 7
VII-18 | K-4079 | B-00-053 | 29 | 240 30|20 | 267 | 324 013|857 43|99 3 | 104 7
VIIl-18 | K-4080n | B-00-054 | 29 | 20 10 | 20 | 267 | 3.55 0.09 [1017 45 [111 3 [ 109 6
VIIl-18 | K4081 | B-0005-5 | 20 [ 40 10|20 267 [311 014 | 876 42|89 5 | 102 7
VIIl-18 | K-4082 | B00056 | 29 | 100 20|20 267 [ 338 001[924 38|98 3 | 106 6
VII-19 | K-4097 | B-00-081 | 59 | 50 10|20 | 267 [302 024 | 911 56|15 4 | 126 9
VII-19 | K-4099 | B-0008-3 | 59 [ 50 10[20|267 328 009|949 42|11 4 17 7
VI-19 | K-4100 | B-00-084 | 59 | 50 10|20 | 267 | 3.22 011|950 43 [117 4 | 123 7
VIll-20 | K-4101 | B-00-081 | 61 | 150 20 [ 20 | 267 | 277 0.08 | 945 46 [187 8 | 198 13 |
VIIl-20 | K-4103 | B-00-093 | 61 | 200 20|20 | 267 | 3.46 028 |[1179 85[272 8 | 231 18
VIll-21 | K-4105 | B-00-10-1 | 80 [ 120 20|20 |890 | 283 029|965 75 188 7 | 195 17
Vill-21 | K4106 | B-00-10-2 | B0 | 200 20|20 | 890 | 258 0.13 | 911 49 [202 9 | 222 15
VIll-21 | K-4107 | B-00-10-3 | 80 | 200 20 |20 | 890 [ 226 013 | 791 44 |156 5 | 197 12 |
VIIl-21 | K-4106 | B-00-10-2 | 80 [200 20 (20890258 013|911 49 [202 9 222 15
VIll-21 | K-4107 | B-00-103 | 80 | 200 20|20 | 890 | 226 013|791 44 [156 5 | 197 12
VIll-22 | K-4108 | B-00-19-1 | 86 | 100 20 | 20 | 890 | 3.03 0.04 1076 50 (249 7 | 232 12
Vill-22 | K-4110 | B-00-113 | 86 | 100 20 |20 [ 890 [ 2.38 014 | 920 53 [249 6 | 271 17 |
VIIl-23 | K-4111 | B00-121 | 93 [ 100 20 |20 [ 890 | 2.98 0.17 [1139 70 |351 14 | 308 23
VIll-24 | K-4112 | B-00-131 | 91 | 100 20 | 20 | 890 | 2.77 0.14 |1019 56 [253 O | 249 16
"VIll-24 | K4113 | B-00-132 | ©1 | 100 2020|890 | 271 006 |1009 49 (260 10 | 258 16
VIIl-24 | K-4115 | B00-134 | 91 | 100 20| 20| 890 | 3.03 0.08 |1084 54 (258 8 | 238 14
VIIl-25 | K4122 | B-00-151 | 104 | 300 20 | 20 |1068| 220 016 | 913 68 [429 16 | 470 39
VIII-25 | K-4124 | B-00-15-3 | 104 | 450 20 | 20 |1068| 215 0.26 | 870 89 |405 18 | 465 52
VIll-25 | K-4125 | B-00-15-4 | 104 | 450 20 |20 |1068| 230 0.28 | 922 g7y |425 39 | 460 64 |
VIlI-26 | K-4116 | B-00-141 | 122 | 100 20 | 20 [1068| 2.09 012 | 925 58 |460 27 | 498 43 |
VII-26 | K-4117 | B00-142 | 122 | 100 20 | 20 [1068] 2.38 0.03 | 1025 52 (499 31 | 487 39
(VIIl-26 | K-4118 | B-00-143 | 122 | 100 20 | 20 |1068| 209 0.29 | 923 100|452 30 | 490 62 |
VIIl-26 | K-4120 | B-00-14-5 | 122 | 200 20 | 20 [1068) 2.58 0.03 [1046 53 [432 25 | 413 32
Vill-26 | K-4121 | B-00-146 | 122 | 200 20 | 20 | 890 | 263 0.20 | 1058 79 |440 12 | 414 33
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5.2. North point area between Cluff’s Bay and
River Bay

The northernmost part of the island, the North Point
shelf area, has a flat relief with only minor height
differences between reef tracts of different ages.
This area lacks the clear step-like terrace morphology
of the western and southern coastlines of Barbados.

MESOLELLA et al. (1969) attributed the fossil
coral reef facies of the North Point area to the
maximum sea-level stand of the last interglacial (MIS
Je, marine oxygen isotope stage 5e) approx. 125 ka.
JAMES (1972) and JAMES et al. (1971) doubted this
interpretation and assumed that the northern part of
the island, north of Holetown (Potters Fault, 13°11°
to 13°127), experienced a tectonic history during the
Late Pleistocene which was completely different
from that of the rest of Barbados. In addition to the
previously identified terraces of MIS 5a, 5¢, and Se
(80 ka, 105 ka, and 125 k a, respectively), JAMES
suggested a sea-level highstand at 60 ka (Early
Wisconsin reef terrace). This has been a frequently
cited reference for a positive Early Wisconsin
temperature change. Based on JAMES, the tectonic
history is described as follows. Firstly, a submergence
occurred between 125 ka and 80 ka. Secondly,
highstands transgressed over the 125 ka reef on the
Northwest and Northeast coasts at 105 ka and 80
ka, respectively (Figure 3.4). Subsequent research
could neither confirm this tectonic history nor the
existence of the 60 ka reef (TAYLOR 1974, RADTKE
et al. 1988),

Cluff’s Bay

JAMES (1971) reported evidence of a 60 ka sea-
level highstand for Cluff’s Bay (Figure 3.5, Photo
3.1) and Stroud Bay. Although, there is only one U-
series date available for Stroud Bay (97,4 ka), a
systematic study was carried out at Cluffs Bay.
There, several dates were obtained from the mollusc
Cittarium from beach deposits. KAUFMAN et al
(1971) showed that mollusc shells may provide invalid
dates, which are typically younger than the correct
dates due to post-mortem U uptake.

Nevertheless, neither the ESR nor the U-series
dates of molluscs and corals confirmed a high sea
level prior to the 80 ka sea-level stand. The dates by
RADTKE et al. (1988; Fig. 3.5) strongly implied a
correlation of these sediments with sub-stages 5a or

3¢. Despite the lack of deposits, a sea-level highstand
at 125 ka may be represented by a notch cut into the
older calcarenites. The findings do not seem com-
patible with JAMES™ hypothesis of tectonic uplift af-
ter 105 ka or 80 ka, and tectonic lowering subse-
quent to the 125 ka highstand. However, it is pos-
sible that the topographic situation and climatic con-
ditions during the last sea-level highstand did not al-
low for coral growth, as it is presently the case along
the east coast of Barbados. Recent ESR studies
confirmed the dating results of Cluff’s Bay presented
by RADTKE (1989) {sample site [-03 in Table 5.2 and
Figure 5.3) with ESR ages of 84 ka, 83 ka, 73 ka, 76
ka and 84 ka (mean 80 ka; mean of maximum ESR
ages 84 £ 7 ka). The deposits may correspond with
the oldest MIS 5a coral reef tract T1a2 at the south-
ern coast of Barbados, which was ESR dated at 85 +
7 ka (Table 4.2).

Animal Flower Cave, North Point, and River
Bay

The area around Animal Flower Cave (Figure 5.3),
located on the north coast of Barbados, seems to be
rather complex. JAMES (1971) assumed that depos-
its of the 125 ka sea-level maximum were covered
by coral from the 80 ka highstand, caused by tec-
tonic lowering subsequent to the 125 ka maximum
and an uplift approx. 80 ka ago. Data presented by
RADTKE et al. (1988) suggested a different stratig-
raphy. The base was certainly formed by Older
Calcarenites, as stated by MESOLELLA et al. (1969);
these calcarenites are at least as old as MIS 11, and
the reef complex may be correlated to the reef for-
mation of Second High Cliff, which is distributed at
an altitude of 120 m approx. 3.5 km southeast of North
Point (RADTKE et al. 1988). U-series and ESR dat-
ing results for the overlying complex in the Animal
Flower Cave area (18 to 20 m asl.) support a reef
formation during MIS 5e approx. 125 to 130 ka ago.
The sample sites, located at 23 and 27 m asl., and
several hundred meters south of the cave at the road
Junction (Figure 5.3), provided inconsistent ESR and
U-series ages. Therefore, RADTKE et al. (1988)
concluded: “A final resolution of the stratigraphy of
northern Barbados remains as the subject of future
investigations”,

While recent ESR studies confirm the dating
results of RADTKE (1989) and RADTKE et al. (1988)
{Figure 5.3: Animal Flower Cave), the new data set
gives a greater insight into the genesis of North Point
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area (Table, 5.2; Figure 5.3).

The suggested evolution of North Point area and
its overlying complex during MIS 5e is supported by
the ESR dating of fossil reef deposits at 7 to 10 m
asl. at River Bay on the northeast coast (sample site

Photo 5.1:
Last interglacial (MIS 5a)
coral reef platform a
Clull"s Bay, north coast of
Barbados.
{ Pheto; SCHELIMANN 1999)

I1-2 in Figure 5.3 and Table 5.2), and by the ESR
dating of an Acropora palmata reef crest at 22.5 m
asl. at sample site I-15 east of North Point (Figure
5.3). The flat North Point area ends with a clearly
visible bipartite terrace step at the road junction
approx. 600 m south of Animal Flower Cave (Figure

Table 5.2: ESR dating results from localities near North Point. See Figure 5.3 for site locations,

Site |Lab.Mo.| Sample | Elev. | Depth |Ali. |Dmax| Uranium D’ DE ESR age
masl. | cm + n Gy | ppm + |pGywa + |Gy ¢ ka -
103 | K-2033 | BG-90-57c | 3 | 200 100| 20 | 445 | 226 011 | 612 41 |52 2 | 84 7
1-03 K-2034 BG-90-57d 3 200 100 20 445 2.24 0.11 G604 42 | 50 1 B3 T
1-03 K-2035 BG-90-57e 3 200 100 | 20 445 2.79 0.14 G686 49 | 50 1 73 6
103 | K-2037 | BG9057g | 5 | 400 200| 20 | 445 | 322 016 | 778 56 |59 2 | 76 6
103 | K-3160 | B-99-16 5 | 80 30| 20| 267 | 262 025 | 710 47 |59 3 | 84 7 |
108 | K-2038 | BG-90-58a | 20 | 200 100| 20 | 445 | 317 0.16 | 854 62 | 90 6 | 105 10
108 | K-2039 | BG-90-58b | 20 | 200 100| 20 | 445 | 319 0.16 | 852 63 | 88 5 | 103 10
108 | K-2040 | BG-90-56c | 20 | 300 100| 20 | 445 | 338 017 | 863 65 | 86 4 | 100 9
109 | D-2041 | BG-90-59a | 23 | 200 100| 17 | 312 | 344 | 0417 | 963 73 |19 5 | 123 | 11
109 | K-2042 | BG-90-59b | 23 | 100 50 | 20 | 445 | 345 0417 | 988 73 |121 9 | 123 13 |
109 | K-2043 | BG-90-59c | 23 | 200 100| 20 | 312 | 363 018 | 1002 77 |122 8 | 122 12 |
I15 | K-4073 | B-00-04-1 | 225 | 790 30 | 20 | 267 | 357 0.10 | 931 48 [117 3 | 127 7
1115 | K-4074x| B00-04-2 | 225 | 800 30 | 20 | 267 | 330 005 | 852 39 |[104 6 | 123 9
115 | K-4075 | B00-04-3 | 225 | 370 30 | 20 | 267 | 309 002 | 848 37 [103 2 | 122 6 |
|15 | K-4076 | B00034 | 225 | 300 30 | 20 | 267 | 335 004 | 907 40 |107 7 | 118 10
-2 | K-4171 | B0026-1 | 7 | 650 50 | 20 | 267 | 449 006 | 1166 55 |153 5 | 131 8
-2 | K-4174 | B00264 | 7 | 600 50| 20 | 267 | 342 o001 | 896 40 [111 3 | 123 7 |
-2 | K-4175 | B-00265 | 7 | 600 50 | 20 | 267 | 207 022 | 820 54 112 6 | 137 12|
2 | K4178 | B-00268 | 7 | 250 25| 20| 267 | 311 006 | 895 41 118 5 | 132 8 |
W2 | K4179 | B0o269 | 7 | 250 25| 20| 267 | 301 008 | 853 39 (105 3 | 124 7
-2 | K-4180 | B-0026-10 | 7 | 100 20 | 20 | 267 | 333 005 | 978 42 128 7 | 130 9 |
-2 K-4181 B-00-26-11 T 100 | 20 | 20 267 3.42 0.10 972 44 (116 4 120 7
-2 | K-4182 | B-00-26-12 | 7 | 100 20 | 20 | 267 | 355 005 | 971 42 |106 5 | 109 7
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Figure 5.3:

ESR dating results and profiles of coral reef terraces near North Point. See Table 5.2 for details on ESR ages.
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5.3). Samples were taken from road cutting outcrops
at 20 m (sample site 1-8) and 23 m asl. (sample site [-
9). There, the lower elevated sediments were ESR
dated at 105 ka. 103 ka, and 100 ka (MIS 5¢), whereas
the higher sub-littoral or back reef sediments with
Acropora palmata coral, which were not in sifu,
yielded ESR ages of 123 ka, 123 ka, and 122 ka (MIS
5e). The poorly consolidated, less elevated deposit
(MIS 5¢) can be explained as transgressive sediments
overlying the 125,000 a reef of North Point area. It
was possibly transported into its present position by a
tsunami or a very strong hurricane event.

5.3 Southeast coast of Barbados between Salt
Cave Point and Deebles Point, and the
oldest coral reef tracts north of St.
George’s Valley

The depression of 5t. George’s Valley was flooded
during interglacial times until at least the ante-
penultimate sea-level highstand (MIS 9), after which
this area was uplifted above sea level. The eastern
entrance of the depression was closed with pen-
ultimate interglacial coral reef terraces that now range
from 20 m to 40 m asl. in elevation. They were ESR
dated at the locations Deebles Point (samples sites
V1I-1 to VII-3 in Figure 5.4 and Table 5.3) and Foul
Bay area (samples sites XII-1, XII-2, XII-10 in Fig-
ure 5.4 and Table 5.3, Figure 5.5). The MIS 7 ESR
ages agree well with two U-series dating results of
Golden Grove terrace west of Deebles Point by Ban-
NER et al. (1991),

In the vicinity of the modern coastline, less el-
evated last interglacial reef terraces are preserved,
for example, at Shark’s Hole (Figure 5.6), Bottom
and Palmetto Bay (Figure 5.7). At the latter locali-
ties, MIS 5e coral reefs are superimposed on MIS 7
and MIS 9 coral limestone (Figure 5.7).

In St. George's Valley the ancient reef structures
are more dominant on the north than on the south
side of the valley. Not all reef tracts can be detected
continuously from the valley’s western (east of
Bridgetown) to eastern part (East Point/Deebles
Point). The reef tracts Windsor, Dayrells, Rowans,
and Walkers are generally clearly preserved, with the
exception of the eastern shelf area where they
converge. Bourne is a fossil reef of minor significance,
while Cottage Vale follows the foot of Second High

Cliff (The Mount) discontinuously.

The dominant feature of Second High CIiff can
be traced easily throughout the whole island from East
Point area to the north of Scotland District. Second
High CIiff is not only composed of depositional ele-
ments, such as reef crest, coral stock, etc., but also
exhibits erosional features. The initial chronostrati-
graphy of the St. George s Valley traverse was based
on very few samples per terrace, which were dated
using He/U (BENDER et al. 1979) and ESR. (RADTKE
1989). The He/U ages ranged from 290 ka (Row-
ans) to 640 ka (Guinea, the reef above Drax Hall).
ESR ages (RADTKE 1989) varied from 310 ka to 642
ka. Due to recrystallization (ESR) or Helium loss
(He/U), both methods have the potential to signifi-
cantly underestimate the actual ages. BENDER et al.
(1979) correlated the lowest terrace {Windsor) of St.
George’s Valley with both the Thorpe terrace of the
Clermont Nose profile, and the Aberdare terrace of
Christ Church traverse {penultimate interglaciation,
MIS 7).

RADTKE (1989) criticized this correlation, and
new ESR dating results support his point of view.
Windsor terrace displays an ante-penultimate age of
312 ka (Figure 5.8). Both the Bourne (445 ka) and
Rowans (384 ka) terraces possibly belong to the
“mega”-interglacial of MIS 11 at approx. 400 ka. In
the field these terraces are separated from the much
older reef facies (Dayrells terrace, 581 ka) by an
erosional feature. The age of Dayrells corresponds
to the age of Second High CIliff, which was dated for
the first time at MIS 15, approx. 600 ka ago (Figure
5.8). Due to possible problems of recrystallization,
the ESR ages represent minimum ages. Therefore,
it cannot be ruled out that Second High Cliff is even
older. Drax Hall terrace, located at 175 m asl., is the
highest reef tract that has been dated so far. It is
most likely at least as old as MI1S 17 (Figure 5.8).
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Figure 5.5:

Detailed profile illustrating ESR dating results for penultimate interglacial Acropora palmata reef at Foul Bay. See
Table 5.3 for details on ESR ages.
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Figure 5.6:  MIS5 5a beach and back reef deposits at Shark’s Hole, See Table 5.3 for details on ESR ages.
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Figure 5.7:

Profile illustrating ESR dating results for Last Interglacial coral reef terrace at Bottom Bay and Palmetto Bay. See Table

5.4 for details on ESR ages.
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Profile of coral reef terraces with ESR ages along the eastern 51. George's Valley Traverse.
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Table 5.3: ESR dating results from localities at Eastern Barbados. For locations of sample sites see Figure 5.4.
Site | Lab.No.| Sample | Elev. Depth Ali. |Dmax| Uranium 4 DE ESR age
masl. | cm * n Gy | ppm + pGyia | * Gy + ka F
vio1 | K-3219 | 899494 | 30 | 50 20 |20 534 | 268 006 | 937 42 | 178 15| 190 18
VI-02 | K-3220 | B9950-1 | 25 | 50 | 20 | 20 | 289 | 356 013 | 1156 58 | 205 16 | 177 A7 |
VI-03 | K-3224 | Boo511 | 18 | 50 20 | 20 | 289 | 362 000 | 1156 50 | 196 10| 169 11
VII-04 | K-3364 | B-99-731 | 182 | 100 | 50 | 20 | 1424 | 3.92 | 017 | 1537 94 | 655 69 | 426 | 52
VII-04 | K-3365 | B99732 | 182 | 100 50 | 20 | 1424 | 3.87 005 | 1574 88 | €52 | 90 | 543 65 |
VI-04 | K-3366 | B-99733 | 182 | 100 50 | 20 | 1424 | 3.01 015 | 1275 119 | 737 76| 578 @1 |
VI-04 | K-3367 | B99734 | 182 | 100 50 | 20 | 1424 | 365 035 | 1481 135| 748 | 80 | 505 71
VII-04 | K-3369 | B-99.736 | 182 | 100 50 | 20 | 1424 | 4.40 015 | 1713 102 | 757 50 | 442 44
IX-01 | K-3021 | B9682 | 197 | 350 50 |20 | 534 | 299 001 | 1128 &7 | 405 | 38 | 359 K 39
IX-03 | K-3200 | B99431 | B6 | 200 30 | 20 | 890 | 262 019 | 1009 69 | 326 | 29 | 323 39 |
IX-04 | K-3023 | B-9692 | 180 | 2000 200 | 30 | 1472 | 270 013 | 1011 73 | 601 40 | 594 58
IX-06 | K-1932 | BG-90-6 | 172 | 1000 200 | 28 | 1135 | 3.07 050 | 1165 169 | 625 31 | 536 82
IX-06 | K-1933 | BG-80-7 | 172 | 100 50 |28 [1335| 279 048 | 1206 170 | 756 46 | 629 96
IX-06 | K-3017 | B9661 | 172 | 600 @ 60 | 40 | 1068 | 266 | 035 | 1024 117 | 458 21 | 447 55
IX-11 | K-1930 | BG904 | 160 | 800 | 200 | 28 [1335| 3.00 | 0.29 | 1154 | 111 | 613 46 | 532 65
[ IX-11 | K-1931 | BG905 | 160 | 800 200 | 20 | 445 | 241 005 | 896 50 | 351 36| 392 46
IX-12 | K-1985i | BG90-35 | 130 | 200 100 |36 [ 712178 o010 | 792 67 | 393 34| 497 62
IX-15 | K-1978 | BG9033a | 108 | 700 100 | 20 | 445 | 2.85 0.15 | 999 _ 89 | 306 11 | 306 29
IX-15 | K-1979 | BG-90-33b | 108 | 700 100 | 20 | 445 | 2.95 | 0.57 | 1063 | 160 | 370 | 20 | 348 56
IX-15 | K-1980 | BG-90-33c | 108 | 700 100 | 20 | 445 | 3.74 | 0.26 | 1284 93 | 392 22 | 305 28
IX-15 | K-1981 | BG-90-33d | 108 | 700 100 | 20 | 445 | 3.67 165 | 978 95 | 502 22 | 379 a9
IX-15 | K-1982 | BG-90-33% | 108 | 700 100 | 20 | 445 | 3.60  0.18 | 1308 122 | 508 30 | 389 43
IX-16 | K2015 | BG904%a | 90 | 200 100 | 30 | 1362 | 3.24 031 | 1342 125| 812 48| 605 68
| IX-17 | K-1929 | BG903 | 67 | 200 | 100 | 20 | 445 | 2.33 | 012 | 910 | 52 | 284 | 16| 312 | 26
IX-19 | K-2013 | BG-90-48a | 175 | 600 200 | 30 | 1362 | 3.25 | 0.33 | 1273 127 | 722 | 43 | 567 | 66
IX-19 | K-2014 | BG90-48b | 175 | 600 200 | 30 | 1388 | 346 0417 | 1371 139 | 896 49 | 654 76
IX-20 | K-3016 | B965 | 164 | 200 50 | 20 | 534 | 274 006 | 1100 59 | 454 29 | 412 35
IX-24 | K-3205 | B99461 | 91 [ 120 20 [ 20| 890 | 294 006 | 1110 54 | 327 27| 295 28
IX-26 | K-3215 | B-99-48 70 | 50 20 (20| 534 | 290 | 0.00 | 1142 | 54 | 370 | 35 | 324 35
X07 | D-2156 | B-912 10 | 200 100(201| 668 | 279 014 | 836 61 | 113 | 7 | 135 14
X07 | D2157 | B913 10 | 100 50 20| 668|262 013 | 808 57 | 105 8 | 130 14
X07 | K-3162 | B-99-18 1 | 50 10 |20 | 267 | 310 006 | 937 40 | 121 | 5 | 120 7
[ X07 | K-3167 | B-99.23 10 | 180 20 |20 | 267 | 298 @ 008 | 91 45 | 168 | 6 | 175 10
X-08 | D-2158 | B.9i4 10 | 1000 200 | 20 | 668 | 264 | 013 | 924 | B4 | 304 | 34 | 320 48
X-08 | K-3163 | B9919 | 10 | 530 30 | 20 | 534 | 494 027 | 1562 99 | 381 | 15 | 231 18
X-09 | K-3168 | B-9g.24 20 | 50 30 |20 | 267 | 270 o044 | 776 | 78 | 77 7 | 99 12
X0 | K-3169 | B-99-25 75 | 50 20 | 20 | 534 | 282 o069 | 8711 126 | 1a | 7 | 130 20
X-10 | K-3171 | B-.9g27 25 | 50 20 |20 | 267 | 280 016 | 819 43 | 8 | 4 | 109 7 |
X-11 | K3174 | B-99-30 28 | S0 20 |20 | 534 | 294 001 | 896 36 | 115 | 5 | 128 75
X-13 | K3178 | B9s-34 12 | 1000 40 | 26 | 534 | 335 001 | 1168 62 | 403 | 39 | 345 38
X-13 | K-3180 | B-99.36 12 | 500 30 | 20 | 267 | 347 o024 | 80 60 | 125 | 7 | 141 13 |
X-14 | K-3362 | B.99.72-1 4 0 30 |20 | 267 | 275 o007 | 756 31 | €8 5 | 88 8
X-14 | K-3363 | Be9722 | 4 100 30 |20 | 267 | 281 013 | 794 38 | 82 3 | 104 6 |
X-01 | D-2232 | B-81-40-12 12 1800 200 | 20 Eﬁs 2.93. 0.15 915 81 213 16 | 232 27
XI-01 | D-2233 | B.91-40-65 | 85 | 2150 200 [ 20 [ 668 | 316 o016 | 884 76 | 161 9 | 182 18|
XI-01 | D-2234 | B-91-40-15 | 15 | 1500 | 200 | 20 | 668 | 328 017 | 962 83 | 193 | 13 | 201 22
Xll-01 | D-2235 | B-9140-17.5 | 175 | 1250 200 | 20 | 668 | 3.15 016 | 99 78 | 168 17 | 185 25
"XN-01 | D-2236 | B91-4019 | 19 | 1100 200 | 20 | 668 | 302 0415 | 941 81 | 213 28 | 226 36
XII-01 | D-2237 | B-91.40-24 | 24 | 600 | 100 | 20 | 668 | 295 | 015 | 953 | 80 | 210 | 24 | 221 31
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Table 5.3 continued:

Site |Lab.No.| Sample | Elew. Depth Ali. |[Dmax| Uranium o DE ESR age
masl. [ cm + m Gy | ppm - pGyfa | ¢ Gy + ka *
XI-01 | D-2238 | B91-4025 | 25 | 500 100 | 20 | 668 | 271 | 014 | 886 | 72 | 187 12 | 212 22
XI-01 | D-2265 | BG90-88 | 26 | 2400 200 | 20 | 668 | 280 014 | 842 74 | 190 26 | 225 37
X101 | K-2074 | BG90-84 | 26 | 1600 100 | 20 | 445 | 310 016 | 874 | 75 | 157 8 | 179 18
X101 | K-3018 | B-96-7-1 26 | 2100 100 | 20 | 356 | 283 o032 | 785 73 | 138 1 | 175 21|
X101 | K-3018 | B9672 | 24 | 2100 | 100 | 20 | 356 | 265 | 021 | 727 | 53 | 123 7 | 169 16
X102 | D-2209 | Bo1-30-1 | 25 | 250 | 50 | 20 | 668 | 276 | 014 | 920 73 | 189 18 | 203 25
Xi02 | D-2210 | B91-30-2 | © 50 | 30 |20 | 668 | 296 015 | 975 73 | 164 7 | 168 15
X102 | D-2211 | B-91-30-3 50 | 30 | 20 | 668 | 283 | 014 | 997 76 | 202 16 | 203 22
X102 | D-2212 | Bo91-205 | 4 | 400 50 | 20 | 668 | 280 014 | 922 74 | 193 11 | 209 20
X02 | D2213 | 891306 | 5 | 500 | 50 | 20 | 688 | 280 | 014 | 908 | 75 | 191 27 | 210 34
XNI-03 | K-3276 | Bo9e578 | 135 | 660 | 30 | 20 | 534 | 403 006 | 970 45 | 100 4 | 103 6
X103 | K-3280 | B-99-57-12 | 135 | 1030 | 30 | 20 | 534 | 347 024 | 963 69 | 200 10 | 208 18
X103 | K-3282 | B-99-57-14 | 135 | 470 30 | 20 | 534 | 367 010 | 853 42 | 87 4 | 97
XN-03 | K-3283x | B-99-57-15 135 340 30 | 50 | 2670 | 372 025 806 56 BE 3 a5
X103 | K-3284 | B995716 | 135 | 300 | 30 | 20 | 534 | 338 013 | 864 43 | & 3 | 101
XII-03 | K-3285x | B-99.57-17 | 135 | 60 | 30 | 50 | 2670 | 350 071 | 918 15| 8 3 | 82 12
XIl-04 | D-2257 | BG90-37a | 22 | 200 100 | 20 | 668 | 308 008 | 1024 51 | 205 19 | 200 21
XIl-04 | D-2258 | BG90a7b | 22 | 300 100 | 20 | 668 | 303 009 | 980 48 | 189 20 | 193 23
XI-04 | K-1992 | BG90-37a | 22 | 100 50 | 20 | 445 | 332 025 | 1114 | 74 | 222 9 | 199 16
XIl-04 | K-1993 | BG-90-37b | 22 | 100 | 50 | 20 | 445 | 338 059 | 1116 133 | 213 19 | 191 28
X104 | K3262 | B99562 | 29 | S0 30 | 26 | 534 | 347 021 | 1189 | 70 | 249 10| 210 15
X105 | K-1994 | BG9038a | 39 | 50 20 | 20 | 445 | 300 015 | 1011 75 | 182 2 | 180 14
XI-05 | K-1995 | BG903@b | 39 | S0 20 | 20 | 445 | 333 017 | 1080 &1 | 183 & | 170 14
X105 | K-3252 | B99551 | 3@ | 100 50 | 20 | 267 | 300 008 | 993 | 46 | 178 19 | 179 21
X105 | K3254 | B99553 | 30 | 100 | 50 | 26 | 534 | 319 | 000 | 1048 46 | 190 12 | 182 14
XI-10 | K-3181 | B.99-37 a0 | 50 | 30 | 20 | 289 | 342 001 | 1128 | 50 | 206 16 | 183 16
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A new era of geological research began with
MESOLELLAS (1967, 1968) pioneer work on Barba-
dos. He was the first to demonstrate that the coral
cap of Barbados, which covers about 85% of the is-
land, comprises a complex sequence of coral lime-
stones. MESOLELLA interpreted the characteristic
terrace topography of the island as the result of a
relatively continuous uplift. For the first time, *"Th/
U dating proved that reef units with different ages
overlie each other, with the uppermost reef terraces
being older than the lower terraces. MESOLELLA
(1968), MESOLELLA et al. (1969), and BROECKER ¢l
al. (1968) established an absolute chronology through
U-series dating of the three youngest reef units with
ages of 82,000 years, 106,000 years, and 125,000
years. For the first time, these highstand sequences
were related to palaco sea levels. These sea-level
reconstructions used data from four investigated
traverses that were based on the assumptions of a
constant and average uplift rate and a last intergla-
cial sea-level maximum (127,000 BP, MIS 5e) at 6
m asl. Resulting palaeo sea-level values ranged from
-13 m to -16 m around 82,000 years (MIS 5a) and
from -10) m to -13 m around 105,000 years (MIS 5¢)
(see Tables 3.2, 3.3, and 3.4).

Since MESOLELLA and BROECKER (see above)
assumed that each terrace was formed when summer
solar radiation in the northern hemisphere was at its
maximum, they concluded that their data supported
the astronomical theory of Quaternary climate
oscillations proposed by MILANKOVITCH (1941).
Indeed, their Barbados results were extremely
important for the revival of the MILANKOVITCH
theory, which had fallen into disrepute by the mid
1960s. MILANKOVITCH revived the orbital theory of
climate change in the 1910s and was strongly
influenced by the ideas of the 19" century French
astronomer J.A. ADHEMAR and the Scottish scientist
1. CrOLL. By the 1920s, MILANKOVITCH s theory
of orbital forcing was generally complete and many
scientists conducted field studies to test how well that
theory explained past climatic variations. The theory
was widely accepted until the 1950s, when results of
the new radiocarbon method raised serious concerns
about MILANKOVITCH's hypothesis. In particular, “C
dating provided evidence for more glacial advances
than could be accounted for by MILANKOVITCH s
theory. While the theory of orbital forcing was
discredited again by 1965, it was revived in the late

1960s due to new data from deep sea cores where
oxygen isotope records were dated as far back as
650,000 years.

The Barbados benchmark studies by MESOLELLA
fell into this latter period. He was a member of R.K.
Matthews” successful working group of geologists
at Brown University. In the 1970s, this working
group obtained remarkable results about the dating
of the marine Quaternary stratigraphy of Barbados.
In 1979, these results were compiled with special
considerations to Middle Pleistocene reef units
{BENDER et al. 1979). Palaeco sea levels were calcu-
lated for the last 640,000 years based on U-series
ages for the last and penultimate interglacial reefs
and based on He/U dating of the older reef tracts.
Their interpretations provided evidence that the vol-
umes of the polar and mountain ice masses during
the interglacials of the last 700,000 years were com-
parable to those of the present. Derived conclusions
were that sea level reached the present day value
during these interglacials (see Chapter 3).

A new attempt to determine the absolute age of
the fossil coral reef tracts of Barbados was presented
by RADTKE et al. (1988) and RADTKE (1989) and
was based on the relatively new Electron Spin Reso-
nance (ESR) dating technique. RADTKE resampled
the “classical™ traverses Clermont Nose, Christ
Church, Thorpe, and St. George s Valley (see Chap-
ter 3), which continued to play a central role in the
reconstruction of the Quaternary geomorphological
and geological evolution of the island.

Until the mid 1980s, alpha-spectrometric U-se-
ries dating was used to date carbonate fossils, which
exceeded the dating range of the radiocarbon method.
However, due to the limitations in precision and ac-
curacy of the ““Th/™U dating technique, many im-
portant questions in palacoclimatology were diffi-
cult to be addressed, as for example problems focus-
ing on a possible double-peak sea-level maximum
during MIS 5e around 127,000 years ago, or on the
exact duration of MIS 5e. After 1987, these prob-
lems began to be addressed with direct measurements
of U and Th by mass spectrometry that provided a
spectacular improvement in the precision of coral
dating due to the U-Th disequilibrium method.

Although the mass spectrometric U-series dating
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of coral claims a high precision and a reasonable
accuracy (e.g. EDWARDS et al. 1987a), early applica-
tions of this technique displayed obvious discrepan-
cies and triggered subsequent work, which focused
on potential error sources in the age determination.
The main problem is the fact that even apparently
pristine samples may have initial =*U/~*U ratios that
are higher than those of present-day seawater (c. 148
%o). These problems have not yet been solved, al-
though crosschecking with the *'Pa method provides
an efficient tool for testing the reliability of the U-
Th ages. Thus, age estimates have probably not been
affected by diagenetic alterations, if **Th and *'Pa
dates are concordant (e.g. GALLUP et al. 2002). De-
spite these problems, mass spectrometric dating of
fossil coral from Barbados since the 1990s has con-
tinued to shed new light on important questions con-
cerning the marine Quaternary record. In particular,
the timing of Termination 11 (Chapter 3) is of special
interest and recent results from Barbados suggest an
age of 135,800 years for this event (GALLUP el al.
2002).

Intermediate summary 1:

After the benchmarking peomorphological and
chronostratigraphical studies by MESOLELLA in the
19605, research on the marine Quaternary of Bar-
bados focused on improvements of the U-series meth-
oy and refinements of palaeo sea-level calculations.
The U-series TIMS technigue was developed in 1987
Since then, many samples from the “classical sites”
have been remeasured. Although differences between
the initial U ratios and those of present day seawa-
ter still raise guestions about the accuracy of the
TIMS U-Th age determinarion, TIMS daring has be-
come an essential daring technique in Quaternary
science.

The Electron Spin Resonance (ESR) technique
for dating coral also plays an integral role in geo-
chronological and morphostratigraphic studies car-
ried out on Barbados during the last twelve years.
The newly developed approach (D_-D__ plot proce-
dure) for determining the total absorbed radiation
dose improves the precision of ESR dating of Qua-
ternary coral (SCHELLMANN and RADTKE 2001a). It
permits the differentiation not only between the main
MIS 5, 7,9, and 11, but also between sub-stages Se,
5c, and 5a (e.g. SCHELLMANN and RADTKE 2001b).
SCHELLMANN et al. (2004 ) recently demonstrated the
high age consistency of ESR and TIMS U-series dat-
ing results by comparing data from paired Pleistocene

coral samples collected from the emerged last inter-
glacial coral reef terraces on Barbados (see Chapter
4). These results have important implications for
the timing and extent of sea-level changes during MIS
Se, 5¢, and 5a. Both dating methods indicate a dis-
tinct formation of up to three coral reef terraces dur-
ing MIS Se, at approximately 132,000 a (ESR) 1o
128,000 a (USTh), at 128,000 a (ESR), and between
c. 120,000 a (U/Th) and 118,000 a (ESR). Itis also
highly likely that three reef terraces were developed
during MIS 5c between ¢. 103,000 a (U/Th) and
105,000 a (ESR). The formation of two separate coral
reefs during MIS 5a was recognized for the first time
on Barbados (SCHELLMANN & RADTKE 2001b). The
older MIS 5a-2 reef terrace was dated to 85,000 a
(ESR) and 84,000 a (U/Th), and the younger MIS
5a-1 terrace is approx. 74,000 a (ESR) or 77,000 a
{U/Th) old (SCHELLMANN et al. 2004).

As shown by SCHELLMANN et al. (2004), ESR
and TIMS U-series dates for individual Late Pleis-
tocene coral reef deposits display high scattering (see
Chapter 4). This indicates that time resolutions of
both dating methods are currently limited to several
thousand years and thus the ESR and U/Th age esti-
mates for these periods of terrace formation are con-
sistent. Furthermore, it is not possible to differenti-
ate between single Late Pleistocene coral reef layers
and reef deposits that have developed within time
periods of less than 4,000 to 5,000 years, regardless
of the dating technique used (ESR or TIMS U-se-

ries).

Further support for the validity of the ESR dating
technique was provided in a recent study of Holocene
coral samples from the Netherlands Antilles which
were dated both with ESR and "“C methods (RADTKE
et al. 2003) and showed a convincing correlation,
To summarize, ESR dating of fossil coral can be
successfully applied to chronostratigraphic studies.
However, although TIMS and ESR dating may be
used independently as stand-alone dating techniques,
the analysis of replicate samples should become a
routine for both dating methods. A big advantage of
ESR is that coral can be dated beyond the limits of
the TIMS U-series techniques, up to at least 600,000
a.

The precision of ESR dating of corals and mol-
lusc shells, and their potential in supporting chro-
nostratigraphic studies on coral reefs, beach ridge
systems, and eolianites was summarized recently by
SCHELLMANN & RADTKE (2003).
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Intermediate Summary 2:

Due to methodological improvements, the qual-
itv of ESR dating results has increased to such an
extent that it is now comparable to that of "C and
miass spectrometric UdTh dating resulvs. Therefore,
Electron Spin Resonance {ESR) dating of coral has
become an efficient geochronological tool. The ex-
cellent correlation of TIMS and ESR data of paired
last interglacial coral samples from different sites
on Barbados provides confidence in the reliability
af both techniques.

Many scientists who base their research on the
classical .Barbados Model™ assume a 6 £ 4 m higher
sed level during the last interglacial ¢. 127,000 a ago
(MIS 5e) (e.g. RADTKE, 1989 and references therein).
Based on this assumption, sea level during the
subsequent submaxima c. 105,000 a ka ago (MIS 5¢)
and c. 80,000 a ago (MIS 5a) should have been 10 to
20 m below present sea level.

The revised sea-level estimates presented here are
based on the assumption that the southern part of
Barbados has emerged at a more or less “constant”
uplift rate of approx. 0.27 £ 0.02 m/1000 a, and that
sea level was approx. 2 £ 2 m higher during the MIS
Je maximum compared to present sea level. Since
present reef crest heights (Figure 4.24) were used
for sea-level calculations, the estimates are approxi-
mations of former mean low tide water levels. The
most tectonically stable part of the island and there-
fore the most suitable for determining palaeo sea-
level observation is the south coast of Barbados to
the east of Christ Church traverse, one of the so-called
“standard traverses” (see Chapter 4; SCHELLMANN
and RADTKE 2001b, 2002, and 2004). Fundamental
problems, which are related to the assumption of con-
stant uplift, are discussed below,

The two last interglacial sea-level maxima MIS
Se-3 and MIS 3e-2 were dated at ¢. 132,000 a (ESR)
orc, 128,000 a (TIMS U/Th, T-5b coral reef terrace),
and at ¢. 128,000 a (ESR, T-5a coral reef terrace),
respectively (Chapter 4. SCHELLMANN et al. 2004).
Sea level was around 2 + 2 m above present during
MIS 5e-3, and near present during MIS 5Se-2 (see
Chapter 4.4). Sea level dropped towards the end of
MIS Se-2 and reached —11 £ 2 m during the MIS Se-
1 reef growth at approximately 118,000 a to 120,000
a ago (T-4 coral reef terrace). During the MIS Se
interval, the three coral reef terraces T-5b. T-5a, and
T-4 formed on the southern Barbados coast. The N4
terraces at Batts Rock Bay, west coast of Barbados,

also formed during that time (Chapter 5). These find-
ings correspond well with the established timing of
MIS 5e sea-level changes elsewhere in the Carib-
bean. Forexample, mass-spectrometric U-series data
by EDWARDS et al. (1997) and CHEN et al. (1991)
collected on Barbados and Bahamas, respectively,
generally indicated a maximum MIS Se highstand
between 132 or 128 ka ago, followed by a sea-level
drop at about 123 to 120 ka ago.

The MIS 3¢ deposits investigated in this study
included the three coral reef terraces T-3, T-2, and T-
1k on the south coast (Chapter 4), as well as the N3
coral reef terrace and the abraded NI coral reef
deposit near Batts Rock Bay on the west coast of
Barbados (Chapter 5). Neither the abundant ESR
data nor the relatively few U/Th data allowed for a
differentiation of the chronostratigraphy of these MIS
5c coral reef terraces (Figure 4.22; SCHELLMANN et
al. 2004). Based on ESR data, they formed approx.
104,000 a to 105,000 a ago. This corresponds to the
median value of 105,000 years calculated from the
few U/Th dating results from MIS 5S¢ coral samples
from sample sites T-1b and T-3 on the south coast,
and from N .., and N3 on the west coast of Barbados
(Chapter 4). Sealevel reached three different relative
highstands during MIS 5¢ around 105,000 a ago: c.-
13 £ 2 m during MIS 5¢-3; c.-20 + 2 m during MIS
5c-2; and c.-25 = 2 m during MIS 5c-1.

It is surprising that TIMS U-series data referring
to timing and magnitude of sea-level changes in the
Caribbean during MIS 5c are scarce. BARD et al.
(1990) and EDWARDS et al. (1997) reported a
relatively high sea level (c.—18 m) approx. 101,000
a and 104,000 a ago, respectively. These estimates
were based on data from the discontinuously rising
west coast of Barbados (SCHELLMANN & RADTKE
2002) and generally agree to the MIS 3c sea-level
changes described above,

A double sea-level oscillation during MIS 5a
correlated to the formation of two morphologically
distinct coral reefs (T-la, and T-1a,) was identified
on Barbados for the first time by SCHELLMANN &
RADTKE (2001b). Both reef terraces were identified
and mapped on the south coast of Barbados. ESR
dating results from 41 coral samples from difterent
sample sites vielded ages of approx. 74,000 a for T-
la and approx. 85,000 a for T-la, (Figure 4.22:
SCHELLMANN and RADTKE, 2001b, 2002, 2004).
These ages are generally consistent with the U/Th
dating results from samples sites XI-04, XI-78, and
XI-65 on the south coast of Barbados, which provided
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median values of 76,700 a (T-1a ) and 84,200 a (T-
la,), respectively (Table 4.1, SCHELLMANN et al.
2004). An older MIS 3a coral reef terrace is
developed at Batts Rock Bay on the west coast of
Barbados. Coral samples from the N2 coral reef
terrace at 20 m asl. provided an ESR age of approx.
85,500 a and median U/Th age of 84,500 a (Table
4.1), both indicating an association with an early MIS
5a-2 sea-level stand. These findings suggest a double
sea-level oscillation during MIS 3a including an early
MIS 5a-2 with a sea-level height of ¢.-21 + 2 m dated
at approx. 84,000 a (U/Th) or 85,000 a (ESR) and
followed by a late MIS 5a-1 stand at ¢.~19 £ 2 m
below present sea level dated at approx. 74,000 a
(ESR) or 76,000 a (U/Th) (Figure 4.24).

The older MIS 5a sea-level stand at approx.
84,000 a to 85,000 a, is consistent with TIMS U-
series data from the Worthing Terrace, Barbados, of
approx. 83,300 a, 82,800 a and 88,200 a as reported
by GaLLUP et al. (1994), EDWARDS et al. (1997), and
BARD et al. (1990b)}, respectively. In comparison,
ToscaNo and LUNDBERG (1999) reported a MIS 5a
sea-level stand of approx. -9 m below mean sea level
{msl.) at 83,000 a, and of approx. -15to-11 m(MSL)
at 86,200 a to 80,900 a for the southeastern Florida
carbonate margin. This agrees well with the timing
of the older MIS 3a-2 sea-level stand on Barbados,
although these sea-level calculations differ by some
meters. However, these sea-level reconstructions
conflict with a study on Bermuda conducted by
LupwiG et al. (1996), who assumed that sea level
approx. 80,000 a ago was close to present sea level.
CUTLER et al. (2002) presented a relatively high sea
level at -24 m 76,200 a ago (based on two concordant
TIMS U-series age determinations), which may
correlate with the late MIS 5a-1 sea-level stand on
Barbados.

Intermediate Summary 3:

Asswuming a constant uplift rate of 0.276 m/ka on
the south coast of Barbados, sea level reached its
maximum during MIS 5e-3 and MIS 5e-2 between
132,000 a and 128,000 a ago, respectively. Subse-
guently, sea level dropped to ¢, <11 m below present
sea level approx. 8,000 a to 120,000 a ago (MIS
Se-1). Sea level was generally lower during sub-
stage Sc compared to substage Se. It reached three
relative maxima at ¢. -13m, -20m, and -25 m during
MIS Se (approx. 105,000 a) and generated three dis-
tinct coral reef terraces in rapid succession. For
the first time, a double sea-level oscillation was rec-
agnized on Barbados during MIS 5a: an early MIS
Sa-2 {c. 85,000 a) with a sea level places at approx.

20 m, and a late MIS 3a-1 sub-stage (¢, 74,000 a
{ESR) or 77,000 a { U/Th) with a sea level approx. 19
m below present sea level,

The revised Barbados model presented here sug-
gests that sea level seems to have oscillated more
strongly during the last 400,000 years than commonly
assumed. Evidence for these strong oscillations was
provided by several sub-stages with palaeo sea-level
elevations ranging from 10 m to 25 m below present
sea level, which have been preserved on southern
Barbados from the last two interglacial sea-level
highstands (Figure 4.24: sub-maxima 5a-1, 5a-2, Sc-
l,5¢-2,5¢-3,7-1). The beginning of sea-level fall at
the end of the relatively short last and penultimate
interglacial transgression maxima - both of which
probably lasted few tens of thousands of years only
(Figure 4.24: 5¢-3/5e-2,7-2, and 7-3} - has been docu-
mented by morpho- and chronostratigraphically dis-
tinct coral reef formations. KU et al. (1990} described
two “Se” terraces, which were morphologically sepa-
rated: the classical “Rendezvous Hill Terrace™ and
the “Maxwell Terrace”™. However, alpha-spectromet-
ric U-series dating was not able to vield any evidence
for previously inferred separate highstands center-
ing around 118,000 and 135,000 a. Instead, the ob-
tained ages (120,000 a for Maxwell terrace and
117000 a for Rendezvous Hill terrace), differ sig-
nificantly from previously and subsequently pub-
lished U-series results. The new investigations pre-
sented in this volume demonstrate that a double
highstand during 5e can be identified morphologi-
cally as indicated by KU et al. (1990). Moreover,
three morphologically and geochronologically (ESR)
distinct 5e highstands were identified: T5h (5¢-3) at
132,000 a; TSa (5e-2) at 128,000 a; and T4 (5e-1)
(“*Maxwell™) at 118,000 to 120,000 a ago. Taking
into account the very small difference in age and
palaeo sea level, the two highstands 5e-3 and 5e-2
should be interpreted as minor oscillations during
the MIS Se maximum.

The analyses presented here would predict palaco
sea-level heights ranging from 8 m to more than 18
m for the third and fourth past interglacials (Figure
4,24, MIS 9 and 11), if they were based on the com-
monly held assumption that last interglacial sea level
was 6 m higher than present sea level. However,
these reconstructions would be inconsistent with
oxygen isotope data obtained from deep sea cores,
which imply that sea levels during the transgression
maxima of the previous Middle Pleistocene intergla-
cial time periods were comparable to Holocene and
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last interglacial sea-level highstands. These oxygen
isotope data can only be integrated with the sea-level
reconstructions derived from the Barbados coral
samples, if one assumes that the last interglacial sea
level was comparable to present sea level or a maxi-
mum of 2 m higher (Figure 4.24). Therefore, the
widely held assumptions of constant uplift and a last
interglacial maximum sea level at 6 m are not sup-
ported by our study and appear to be incompatible.

Since Barbados does not seem to be significantly
influenced by glacio- or hydro-isostatic effects (PELT-
IER 20002), the palaeo sea levels caleulated here should
be close to ice-equivalent eustatic values. For this
reason Barbados has been an important focus of re-
search on palaco sea levels. However, a note of cau-
tion must be sounded. As mentioned above, palaeo
sea-level estimates deduced from raised fossil coral
reefs are generally based on the assumption that cor-
al reef terraces have been uplifted at a constant rate.
Palaco sea levels calculated from the different
traverses on the island are documented in many text-
books of Quaternary Geology and the results are fre-
quently compared to data from other tropical fossil
reef sequences such as those on Papua New Guinea
{e.g. CHAPPELL et al. 1996, CUTLER et al. 2002) or
Sumba lsland (PIRAZZOLI et al. 1991), or to palaco
sea-level estimates derived from the measurement
of the isotopic oxygen composition in deep sea fora-
minifers (SHACKLETON 1986).

However, MESOLLELLA ( 1968), STEARNS ( 1976),
and BENDER et al. (1979) doubted the constant up-
lift model. MESOLELLA (1986) assumed that Barba-
dos was uplifted at a near-linear rate between 500,000
and 127,000 years ago and that the near-linear uplift
vanished after the maximum of the last interglacial.
However, he admits that this assumption was not
generally verifiable on Barbados., STEARNS (1976),
one of the few critics of the “Barbados model”, ques-
tioned the assumption of a constant uplift between
125,000 years and 80,000 years. He considered the
“Barbados model™ a preliminary approach, at best a
fruitful first approximation to the problem of calcu-
lation Pleistocene palaeo sea levels. The model pro-
vided insufficient reliable information for the exact
calculation of palaco sea levels and for the imple-
mentation as a “standard measure™ for coastal re-
search elsewhere. BENDER et al. (1979) pointed out
that a higher uplift rate had to be considered for the
Christ Church area before 125,000 years. Despite
these critiques, palaeo sea-level values obtained from
Barbados are currently widely accepted and cited
regularly as reference values.

Ouwr research indicates that the assumption of a
constant uplift on Barbados is flawed for several
reasons:

(1)Reef stages from the last interglacial transgres-
sion maximum (MIS 5e) occur at heights ranging
from 20 m to 60 m asl. Thereflore, neotectonics
must have differed spatially and, quite possibly,
also temporally.

(2) Surfaces of individual older reef terraces east of
South Point descend in elevation in an easterly
direction towards the St. George Valley syncline.
This indicates differential tectonic uplift rates
(Chapter 4, Figure 4.23). Therefore, this region
is not suited for palaeo sea-level estimates.

(3) The reef terraces within the vicinity of the Christ
Church Traverse, which were used previously for
global palaeo sea-level calculations, are warped
anticlines and show clear evidence for differen-
tial tectonic uplift (Chapter 4, Figure 4.23).

{4) Similarly, the warped areas of the Clermont Nose
Anticline indicate differential uplift and should
not used for palaco sea-level estimates either.
There, the uplift rate before the last interglacial
was much lower than that during the last inter-
glacial (see below, Chapter 3).

The Clermont Nose traverse north of Bridgetown
{west coast of Barbados) was chosen to demonstrate
the great difficulties in palaco sea-level reconstruc-
tion based on coastlines with a complicated tectonic
history. As mentioned above, the reef terraces within
the vicinity of the Clermont Nose Traverse, which
have frequently been used for palaeo sea-level cal-
culations, are warped anticlines. There, the uplift
rate before the last interglacial was much lower than
later uplift rates (see below and Figure 5.1). The
maximum MIS 5e highstand of ¢. 127,000 a is pre-
served at ¢. 60 m asl. across the driveway of the
University of the West Indies (Figure 5.2, locality
VIII-01, N4 level). Localities VIII-10, VIII-20, VIII-
21, and VIII -22 belong to penultimate interglacial
sea-level highstand (c. 240,000 — 180,000 a} and
reach altitudes of almost 90 m. The coral reef tract
at 71 to 91 m was dated by GALLUP et al. (1994)
with TIMS U-series at c. 200,000 years (Table 3.11)
and confirmed this reef’s classification as MIS 7. The
geochronological evidence for the area 91 to 99 m
asl. is not totally clear. Reef tracts may belong to
oldest stage 7 or youngest stage 9 (see Fig. 5.1 for
ESR, and Table 3.11 for TIMS). GALLUPet al. (1994)
obtained a questionable age of 402,000 a for a sample
at 100 m asl, ESE ages for locality VIII 25 (104 m
asl.) cluster around 465,000 a. ESR ages of up o
500,000 a were obtained for VIII 26, the wop of
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Clermont Nose traverse along Gordon Cummins
Highway (c.12-130 m asl.). Considering the system-
atic under-estimation of ESR ages for samples older
than stage 7 (see Chapter 4.1.2), the highest reef tracts
of Clermont Nose Traverse were formed at least dur-
ing MIS 11 if not earlier.

The new results presented here are compelling,
Prior to the last interglacial period, and most prob-
ably before the penultimate interglacial, the uplift
rate in the area of the Clermont Nose Traverse was
much lower compared to the rate during or after MIS
5. The uplift rate around 130,000 a was c. 0.44 m/

1000 a and may have been similar at 200,000 a, if

the palaco sea level at that time was close to the
present one or slightly lower (SIDDALL et al. 2003).
Directly above the 90 m penultimate interglacial sedi-
ments, coral reefs get older at a rate of a few meters
per interglacial. The calculated uplift rates for the
highest part of Clermont Nose Traverse reach a max.
of 0.24 m/1000 a but were probably lower. This in-
dicates that uplift rates during these intervals were
nearly twice those of the last interglacial. The tim-
ing of this dramatic change in tectonic behavior can
only be estimated due to the lack of precise data be-
tween the highest part of the traverse and the coral
of the penultimate interglacial at an altitude of 90 m.
Based on evidence that marine sediments at c. 95 -
100 m belong to the third last interglacial around
300.000 a, the change in uplift velocity must have
taken place sometime between 300,000 and 200,000
a. In conclusion, terraces in the vicinity of the
Clermont Nose Anticline should not be used for sea-
level calculations because they display indisputable
evidence for differential uplift.

Intermediate summary 4:

The anticlinal warped areas of Clenmont Nose
and Christchurch Traverse are not suitable for
Pleistocene sea-level reconstruction. It has been
demonstrated that the regions around the classical
traverses Christchurch and Clermont Nose have
experienced differential rates of tectonic uplift, which
make the commonly accepted assumption of constant
uplift unreasonable. The uplift rate along Clermont
Nose Traverse has changed between 0.24 and 0.45
m/1000a during the last 500,000 vears.

This research demonstrated that detailed geomor-
phologic mapping and dating of fossil reef tracts is
crucial for the identification of regions that were
probably not affected by anticline or syncline warp-

ing (e.g. east of Christchurch Traverse, see Figure
4.23). Although the possibility that the rate of uplift
has not even been constant over time in tectonically
“safe” areas cannot be excluded, palaco sea level
calculated from the “more stable™ parts of Barbados
are of great importance to the pursuit of a regional
Quaternary sea-level curve. The data are essential
for geophysical models that calculate isostatic re-
bound effects.

In 1989, RADTKE wrote that “an evaluation of our
present state of knowledge points to the fact that a
valid solution for the sea-level record of the last
500,000 years will only become available in the next
decade. Because of the chronostratigraphic prob-
lems that persist, it seems likely that the Early Pleis-
tocene record will remain a “black box™ for terrace
and sea-level research” (RADTKE, 1989: p. 211).
Although the last 12 years shone some light into the
former black box of the Middle Pleistocene, the Ear-
ly Pleistocene still remains quite challenging. How-
ever, progress of the last few years has been remark-
able and sea-level changes of the last four intergla-
cials have been estimated using different methods
(e.g. SIDDALL et al. 2003) and are in discussion.
Despite the critical reflections we have made, the
results obtained on Barbados, are important for fur-
ther global interpretation of sea-level change. Hope-
fully, these results will motivate researchers to look
for similar phenomena at other localities. Determin-
ing temporal and spatial variations in rates of crustal
uplift is a necessary prerequisite for any Pleistocene
palaeo sea-level reconstruction based on coral reef
terrace data. While the assumption of a constant
uplift has an appealing simplicity, our work has dem-
onstrated that, in Barbados at least. this assumption
is not valid. The reconstruction of uplift rates and
the associated identification of most suitable sites
on Barbados for palaeo sea-level reconstruction was
only possible through detailed analyses at numerous
localities and through the combination of morphos-
tratigraphy with multiple dating techniques. What
remains is the challenge to identify comparable sites
elsewhere on the globe in order to use site-lo-site
comparisons for the realistic quantification of glo-
bal palaco sea-level trends. Sea-level changes are
one of the defining signatures of the Quaternary.
Information on both timing and cause of global sea-
level changes is the prerequisite for a better under-
standing of the correlation between geological pro-
cesses and climatic change.




Literature

129

Literature

ADEY, W.H. (1986): Coralline algae as indicators of sea-
level. - In: PLASSCHE, v. de Q. (ed.); Sea-level
research: a manual for the collection and evalu-
ation of data; 229-280; Amsterdam,

ADEY, W.H. (1978): Algal ridges of the Caribbean sea and
West Indies. — Phycologia, 17 (4): 361-367,

ADEY, W.H. & BURKE, R.B. (1977): Holocene bioherms
of Lesser Antilles — geologic control of devel-
opment. - Studies in Geology, 4: 67-81,

AHARON, P. & CHAPPELL, J. (1986): Oxygen isolopes, sea
level changes and the temperature history of a
coral reel environment in New Guinea over the
last 100,000 years. — Palaeogeography,
Palacoclimatology, Palacoecology, 56: 337-
379,

AHMAD, N. & Jones, R.C. (1969): Genesis, chemical prop-
erties and mineralogy of limestone-derived
soils, Barbados, West Indies. - Tropical Agri-
culture, 46: 1-15; Trinidad.

Bak. R.EM. (1977): Coral reefs and their zonation in the
Netherlands Antilles. — Studies in Geology, 4:
3-16.

Bak, R.PM. (1976): The growth of coral colonies and the
importance of crustose coralline algae and bur-
rowing sponges in relation with carbonate ac-
cumulations, — Netherlands Journal of Sea Re-
search, 10: 285-337.

BANNER, J.L., MUSGROVE, M.L. & Capro, R.C. (1994):
Tracing ground-water evolution in a limestone
aquifer using Sr isotopes: Effects of multiple
sources of dissolved ions and mineral-solution
reactions. — Geology, 22: 687-690.

BANNER, J.L. WASSERBURG, G.J., CHEN, ].H. &
HUMPHREY, 1.D. (1991): Uranium-series evi-
dence on diagenesis and hydrology in Pleis-
tocene carbonates of Barbados, West Indies. -
Earth and Planetary Science Letters, 107: 129-
137.

BARD, E.. ARNOLD, M., FAIRBANKS, R.G. & HAMELIN, B,
(1993): *'Th-"*U and "C ages obtained by mass
spectrometry on corals. — Radiocarbon, 35 (1)
191-199,

BARD, E., FAIRBANKS, R.G. & HAMELIN, B. (1992a): How
accurate are the U-Th ages obtained by mass
spectrometry on coral terraces. — In: KUKLA,
B. ). & WENT, E. (eds.): Start of a Glacial: 15-
22; Berlin (Springer Verlag).

BarD, E., FalRBaNKS, R.G.. ARNOLD, M., & HAMELIN, B.
(1992b): **Th-"*U and “C ages obtained by
mass spectrometry on corals from Barbados
{West Indies), Isabela (Galapagos) and Mururoa
{(French Polynesia). - In: BarD, E. &
BROECKER, W.5., (eds.): The Last Glaciation:
Absolute and Radiocarbon Chronologies,
NATOASI Ser. 12: 103-110; Berlin, Heidelberg
(Springer Verlag).

BARD, E., FAIRBANKS, R.G., HAMELIN, B., ZINDLER, A. &
Hoang, CT. (1991): Uranium-234 anomalies
in corals older than 150,000 years., —
Geochimica et Cosmochimica Acta, 55: 2385-
2390.

BARrD, E., HAMELIN, B., FAIRBANKS, R.G. & ZINDLER, A,
(1990a): Calibration of the "C timescale over
the past 30,000 years using mass spectrometric
U-Th ages from Barbados corals, — Nature, 345
405-410,

BARD, E., HaMELIN, B. & FalrBanks, R.G. (1990b): U-
Th-ages obtained by mass spectrometry in
corals from Barbados: sea-level during the past
130,000 years. — Nature, 346: 456-458,

BEAVEN, P.J. & DUMBLETON, M.L. (1966): Clay minerals
and geomorphology in four Caribbean islands.
= Clay Mineralogy, 6: 371-382,

BECKER, B., KROMER, B, & TRIMEORN, P. (1991 ): A stable
isotope tree-ring timescale of the Late Glacial /
Holocene boundary. — Nature, 353; 647-649,

BENDER, MLL. (1973): Helium-Uranium dating of corals.
- Geochimica et Cosmochimica Acta, 37: 1229-
1247,

BENDER, M.L., TAYLOR, FW., MATTHEWS, R.K.,
GODDARD, J.G. & BROECKER, W.S (1979):
Uranium-series dating of the Pleistocene reefs
tracts of Barbados, West Indies. — Geological
Society of America Bulletin, 1 90: 577-594,

BeEwson, LV, & MaTtHEWS, R.K. (1971): Electron mi-
croprobe studies of magnesium distribution in
carbonate cements and recrystallized skeletal
grainstones from the Pleistocene of Barbados,
West Indies. — Journal of Sedimentary Petrol-
ogy, 41: 1018-1025.

BirD, J.B., RICHARDS, A, & WonG, PP. (1979): Coastal
subsystems of Western Barbados, West Indies.
— Geografiska Annaler, 61 A (3-4): 221-236.

BLANCHON, P. & EISENHAUER, A. (2001} Multi-stage reef
development on Barbados during the Last In-
terglacial. — Quaternary Science Reviews, 20
1093-1112,

BLUME, H. (1974): The Caribbean Islands. — 464 p.;
London.

BLUME, H. (1973): Die Westindischen Inseln. = 2™ ed.;
Braunschweig.

BORG, L.EE. & BANNER, 1.L. (1996): Neodymium and
strontium isolopic constraints on soil sources
in Barbados, West Indies. = Geochimica et
Cosmochimica Acta, 60 (21): 4193-4206.

Bort, MLH.P. (1982): The Interior of the Earth. - 223 pp.,
Amsterdam (Elsevier).

BROECKER, W.5., THURBER, D.L., GoDDARD, J., KU, T.L.,
MATTHEWS, K. L. & MESOLELLA, K.]. (1968):
Milankovitch hypothesis supporied by precise
dating of coral reefs and deep-sea sediments. —
Science, 159: 297-300,




130

SCHELLMANN, RADTKE, WHELAN

Bupp, A. E (2000): Diversity and extinction in the Ceno-
zoic history of Caribbean reefs. — Coral Reefs,
19; 25-35.

CAREY, 5. & SiGUrRDSssoN, H. (1980); The Roscau ash:
Deep-sea tephra deposits from a major erup-
tion on Dominica, Lesser Antilles. — Journal of
Volcanic Geothermal Research, 1: 67-86.

CHAPPELL, J., OMURA, A., EsaT, T., MCCuLLOCH, M.,
PanDoLFl, 1., OTA, Y. & PILLANS, B. (1996):
Reconciliation of late Quaternary sea levels
derived from coral terraces at Huon Peninsula
with deep sea oxygen isotope records. — Earth
and Planetary Science Letters, 141: 227-236.

CHAPPELL, J. & PoLacH, H.A. (1991): Post-glacial sea
level rise from a coral record at Huon Penin-
sula, Papua Neuginea, = Nature, 349: 137-140).

CHEN, JL.H., CURRAN, H.A., WHITE, B. & WASSERBURG,
G.1. (1991} Precise chronology of the last in-
terglacial period: *“U-""Th data from fossil
coral reefs in the Bahamas. — Geological Soci-
ety of America Bulletin, 103: 82-97,

CUTLER, K.B., EDWARDS, R.L., TayLOR, EW., CHENG,
H., ADKInS, 1., GaLLup, C.D., CUTLER, PM,,
Burr, GS. & BLOOM, A.L. (2003): Rapid sea-
level fall and deep-ocean temperature change
since the last interglacial period. - Earth and
Planetary Science Letters, 206: 253-271.

Daviess, 5.4, (1971 ): Barbados; A major submarine grav-
ity slide. - Geological Society of America Bul-
letin, 82 (9): 2593-2602.

Dy, ML (1993): Human Impacts on Carbbean and Cen-
tral American Karst. — Catena Suppl. Bd., 25:
109-125.

Day, M_J. (1983): Doline morphology and development
in Barbados. — Annals of the Association of
American Geographers, 73 (2): 206-219,

DEBROT, A.O., KUENEN, MM.C.E. & DEKKER, K. (1998):
Recent declines in the coral fauna of the Spaanse
Water, Curagao, Netherlands Antilles. — Bulle-
tin of Marine Science, 63(3): 571-580.

DEGRAFF, 1.V., BRYCE, R. Jigson, R.W., MORA, 5. &
RoGErs, C.T. (1989): Landslides: Their extent
and significance in the Caribbean. - In: BRABB,
EE. & HarroD, V. (eds.): Landslides: Extent
and Economic Significance: 51-80; Rotterdam.,

DENGO, G & CasE, 1LE. (1990) (eds.): The Caribbean re-
gion. - The Geology of Morth America, Vol. H.
—The Geological Society of America, Boulder
(Colorado).

DeLANY, A.C., DELANY, A.CL., PARKIN, D.W., GRIFFIK,
J.J.. GoLpBERG, E.D. & REIMANN, B.E.F.
{1967): Airborne dust collected at Barbados. —
Geochimica et Cosmochimica, 31: 885-904,

Dia, AN, COHEN, AS., ONIONS, R.K. & SHACKLETON,
N.J. (1992 Seawater Sr isolope variation over
the past 300 kyr and influence of global climate
cycles. — Mature, 356: T36-T88.

DILLER, 1.5. & STEIGER, G (1902): Volcanic dust and sand
from St. Vincent caught at sea and on Barba-
dos. — Science, 15: 947-950.

DREWETT, PL. {2002): Amerindian stories: An archaeol-
ogy of early Barbados. — 28 pp.; Barbados.

DRUFFEL, E.R.M. (1997): Pulses of rapid ventilation in
the North Atlantic surface ocean during the past
century. — Science, 275: 1454-1457.

DULLO, W.-CHR, & MEHL, J. (1989): Seasonal growth lines
in Pleistocene scleratinians from Barbados:
record potential and diagenesis. — Paliiontolo-
gische Zeitschrifi, 63 (3/4): 207-214; Stuttgart,

Dunear, R.B. & CoLE, LE. (eds.) (1993); Coral records
of Ocean - Atmosphere Variability. Report from
the Workshop on Coral Paleoclimate Recon-
struction, Nov. 5-8, 1992, La Parguera, Puerto
Rico. - NOAA Climate and Global Change Pro-
gram, Special Report No. 10: 38 p.

Duncan, P (1975); Growth and form in the reef-building
coral Montastrea anmidaris, — Marine Biology,
33: 101-107.

Duncan, P M. (1863): On the fossil corals of the West
Indian Islands - Part 1. — Quarterly Journal of
London Geological Society, 19: 406-458.

DuUQuUE-CarO, H. (1990): Neogene stratigraphy,
paleoceanography, and paleobiogeography in
northwest South America and the evolution of
the Panama Seaway. — Palacogeography,
Palacoclimatology and Palaeoecology, 77: 203-
234,

Epwarps, R.L., CHENG, J.H., MURRELL, M.T. &
GOLDSTEIN, 5.J. (1997): Protactinium-231 dat-
ing of carbonates by thermal ionization mass
spectrometry: Implications for Quaternary ¢li-
mate change. — Science, 276: T82-786,

EpwarpDs, R.L., CHEN, LH. & WASSERBURG, GJ. (1987a):
S22 Th systematics and the precise
measurement of time over the past 300,000
years. — Earth and Planetary Science Letters,
Bl: 175-192.

Epwarps, R.L., CHEN, LH., KU, T.U. & WASSEREURG,
GJ. (1987b): Precise Timing of the Last Inter-
glacial Period from Mass Spectrometric Deter-
mination of Thorium-230 in Corals. - Science,
236: 1547-1553.

EISENHALER, A, ZHU, Z.R., CoLLINg, L.B., WYRWOLL,
K.H. & EICHSTATTER, R. (1996): The Last In-
terglacial sea level change: new evidence from
the Abrolhos islands, West Australia. -
Geologische Rundschau, 85: 606-614.

Esat, T.M., McCULLOCH, T., CHAPPELL, J., PILLANS, B.
& Omura AL (1999): Rapid fluctuations in sea
level recorded at Huon Peninsula during the
Penultimate deglaciation. — Science, 283: 197-
201.

FalrBanks, R.G (1989): A 17,000 year glacio-eustatic
sea level record: influence of glacial melting
rates on the Younger Dryas event and deep-
ocean circulation. — Nature, 342: 637-642,

FalrBANKS, R.G (1977): Geochemistry of marine skel-
etal carbonate for use in palecenvironmental
reconstructions. — Diss. Brown University: 193
p., Philadelphia.




Literature

133

study of mud volcanoes seaward of the Barba-
dos accretionary wedge: sedimentology, struc-
ture and rheology. - Marine Geology, 145: 255-
292,

LANDER, 1.F., WHITESIDE. L.5. & LOCKRIDGE, P.A. (2002}
A briefl history of tsunamis in the Caribbean sea.
- Science of Tsunami Hazards, 20(2): 57-94.

LEwIs, J.B. (2002): Evidence from aerial photography of
structural loss of coral reefs at Barbados, West,
Indies. - Coral Reefs, 21: 49-56.

LEwis, LB, (1997): Abundance, distribution and partial
mortality of the massive coral Siderastrea sidera
on degrading coral reefs at Barbados, West
Indies. — Marine Pollution Bulletin, 34 (8): 622-
627,

LEwis, LB, (1960a); The coral reefs and coral communi-
ties of Barbados. W.1. — Canadian Journal of
Zoology, 38: 1135-1145.

Lewis, 1B, (1960b): The fauna of rocky shores of Barba-
dos, West Indies. — Canadian Journal of Zool-
ogy, 38: 391-435.

LiGTHY, R.G., MACINTYRE, LG, & STUCKENRATH, R,
(1982): Acropora palmata reef framework: A
reliable indicator of sea level in the Western
Atlantic for the past 10,000 years. — Coral Reefs,
1: 125-130.

Lirman, Do (2000): Fragmentation in the branching coral
Acropora palmata (Lamarck): growth, survivor-
ship, and reproduction of colonies and frag-
ments. — Journal of Experimental Marine Biol-
ogy and Ecology, 251: 41-57.

Low, 5. & ZEIRA, §. (1972): ESR spectra of Mn® in heat-
treated Aragonite. — American Mineralogist, 57:
1115-1124.

Lupwig, K.R., MUHS, D.E., Simymons, KR, HALLEY, R.B.
& SHINN, E.A. (1996): Sea-level records at ~80
ka from tectonically stable platforms: Florida
and Bermuda. — Geology, 24 (3): 211-214.

MacDONALD, R., HAWKESWORTH, C.J. & HEATH, E.
(2000): The Lesser Antilles volcanic chain: a
study in arc magmatism. — Earth Science Re-
views, 49: 1-76.

MacInTyrE, LG. (1972): Submerged reefs of the eastern
Caribbean. — American Association of Petro-
lewm Geologists Bulletin, 56: 720-735.

MacINTYRE, LG, (1967); Submerged coral reefs, west
coast of Barbados, West Indies. - Canadian
Journal of Earth Sciences, 4 (3): 461-474,

MACINTYRE, LG., RUTZLER, K., NORRIS, LN, SMITH, K.P.
CAIRNS, 5.D., BUCHER, K.E. & STENECK, R.S.
(1991): An early Holocene reef in the western
Adlantic: submersible investigations of a deep
relict reef off the west coast of Barbados, W.1.
= Coral Reefs, 10: 167-174,

MaH, A, & STEARN, C.W. (1986): The effect of hurri-
cane Allen on the Bellairs fringing reef, Barba-
dos. = Coral Reefs, 4: 169-176,

McLEaN, R.F. (1967a): Origin and development of ridge
furrow systems in beachrock in Barbados, West

Indies. — Marine Geology, 5 (3): 181-193,

McLEAN, R.F. (1967b): Measurements of beach rock ero-
sion by some tropical marine gastropods. —
Bulletin Marine Science, 17: 551-561.

Mann, P (ed.) (1993): Geologic and Tectonic Develop-
ment of the Caribbean Plate Boundary in South-
ern Central America, — Geological Society of
America, Special Paper 295,

MARTINDALE, W. ( 1992): Calcified epibionts as palececo-
logical tools: examples from the Recent and

Pleistocene reefs of Barbados, — Corals Reefs,
11: 167-177.

MaRTIN-KAYE, RH.A, (1969} A summary of the Geol-
ogy of the Lesser Antilles. — Overseas Geology
and Mineral Resources, 10 (2).

MARTIN-KAYE, R.H.A. & BADCOCK, 1. (1966); Geologi-
cal background to soil conservation and land
rehabilitation measures in Barbados, W.I. - In:
Rosinson, E. (Ed.): Transactions of the Third
Caribbean Geological Conference, Kingston,
Jamaica, April 2-11, 1962: 131-153; Kingston.

MaTTHEWS, R.K. (1990): Quaternary Sea-Level Changes.
— In: Geophysics Study Committee (eds.): Sea-
level changes: 88-103; Washington D.C. (Na-
tional Academy Press).

MATTHEWS, R.K. (1986): The delta "O signal of deep-sea
planktonic foraminifera at low latitudes as an
ice-volume indicator. = South African Journal
of Science, §2: 521-522,

MATTHEWS, R.K. (1973): Relative elevation of Late Pleis-
tocene high sea level stands: Barbados uplift
rates and their implications. = Quaternary Re-
search, 3: 147-153.

MESCHEDRE, M. (1998): The impossible Galapagos con-
nection: geometric constraints for a near-Amen-
can origin of the Caribbean plate. — Geologische
Rundschau, 87: 200-203.

MESCHEDE, M. & FRISCH, W, (1998): A plate-tectonic
model for the Mesozoic and Early Cenozoic
history of the Caribbean plate. -
Tectonophysics, 296 (3-4): 269-291.

MESOLELLA, K.L. (1968): The uplified reefs of Barbados:
Physical stratigraphy, facies relationship and
absolute chronology. - Diss., Brown Univ., Part

| & 2: 736 p.: Philadelphia.

MESOLELLA, K.J. (1967): Zonation of uplifted Pleistocene
coral reefs on Barbados, West Indies. = Science,
1 56: 6GIB-640.

MEesoOLELLA, K.J., SEaLy, H A, & MaTTHEWS, R.K.
(1970): Facies geometries within Pleistocene
reefs of Barbados, West Indies. — American
Association of Petroleum Geologists Bulletin,
54: 1899-1917.

MESOLELLA, K.J., MATTHEWS, R.K., BROECKER, W.S. &
THURBER, D.L. (1969): The astronomical
theory of climatic change: Barbados data. -
Journal of Geology, 77: 250-274.

MEYERHOFF, A.A., TANER, J. & MORRIS, A.E.L. (1995):
Caribbean Region/Karibische Region. — In:




SCHELLMANN, RADTKE, WHELAN

KULKE, H. (ed.): Regional Petroleum Geology
of the World. PIL Africa, Australia and Antarc-
tica. — Beitriige zur regionalen Geologie der
Erde, 22: 455-470; Berlin, Stuttgart.

MiLANKOVITCH, M. (1941): Kanon der Erdbesirahlung und
seine Anwendung auf das Eiszeitenproblem. —
Koniglich-Serbische Akademie, Editions
Speciales, Tome CXXXIII, Section des Sci-
ences Mathématiques et Natrelles, Tome 33;
Belgrad.

MonNTAGGIONI, L. (2000): Postglacial reef growth. = Earth
and Planetary Sciences, 331: 319-330.

MUHS, DLR. (2001): Evolution of Soils on Quaternary Reel
Terraces of Barbados, West Indies. — Quater-
nary Research, 56: 66-78.

MUHS, D.R., BusH, C.A., STEWART, K.C., ROWLAND, TR,
& CRITTENDEN, R.C. (1990): Geochemical evi-
dence of Saharan dust parent material for soils
developed on Quaternary limestones of Carib-
bean and western Atlantic Islands. - Quaternary
Research, 33: 157-177.

Muns, D.R., CRITTENDEN, R.C., ROSHOLT, 1.N., BUSH,
C.A. & STEWART, K.C. (1987): Genesis of ma-
rine terrace soils, Barbados, West Indies: evi-
dence from mineralogy and geochemistry. —
Earth Surface Processes and Landforms, 12:
605-614.

MURRAY-WALLACE, C.V. & BELPERIO, A.P. (1991): The
Last Interglacial shoreline in Australia - a re-
view. — Quaternary Science Reviews, 10; 441-
461.

MUNZINGER-ARCHIV (2002): Internationales Handbuch -
Liinder aktuell: Barbados. — Ravensburg,

MNESBITT, HW, & YounG, GM. (1997): Sedimentation in
the Venezuelan Basin, Circulation in the Carib-
bean Sea, and Onset of Northern Hemisphere
Glaciation. — The Journal of Geology, 105: 531-
544,

NEUMANN, A C. & MACINTYRE, L. ( 1985): Reef response
1o sea level rise: keep-up, catch-up or give-up.
- Proceedings, 5" Intern. Coral Reef Congress,
Tahiti, Vol. 3: 105-110; Moorea (French
Polynesia).

NURSE, L. & SEM, G. (2001): Small island states. - In:
MCCARTHY, J., CanzZIANI, O., LEARY, N.,
DoKKEN, D. & WHITE, K. {eds.), Climate
Change 2001: Impacts, Adaptation and Vulner-
ability. — Cambridge (Cambridge University
Press).

OKUNG, ], & NAKADA, M. (1999): Total volume and tem-
poral variation of meltwater from last glacial
maximum inferred from sea-level observations
at Barbados and Tahiti. — Palaeogeography,
Palaeoclimatology, Palacoecology, 146: 283-
293,

PanpoLFL, LM, (2002): Coral community dynamics at
multiple scales. — Coral Reefs, 21: 13-23,

PauL, M. (1995): Geologic and tectonic development of

the Caribbean plate boundary in Southern Cen-

tral America. — The Geological Society of
America, Spec. Paper, 295: X1-XXXII; Boul-
der (Colorado).

PELTIER, W.R. (2002): On eustatic sea level history: Last
Glacial Maximum to Holocene., — Quaternary
Science Reviews, 21: 377-396,

Perry, C.T. (2001): Storm induced coral rubble deposi-
tion: Pleistocene records of natural reel distur-
bance and community response. = Coral Reef,
20: 171-183.

PFEFFER. K.-H. (1993): Zur Genese tropischer Karstgebiete
auf den Westindischen Inseln, — Zeitschrift fiir
Geomorphologie N.E, Suppl.-Bd. 93: 137-158;
Berlin, Stuttgart.

PINDEL, I.L. & BARRETT, S.F. (1990): Geological evolu-
tion of the Caribbean Region. — In: DENGO, G.
& Casi, LE. (eds.): The Geology of North
America, Volume H., The Caribbean Region.
Geol. Soc. of North America: 405-432; Boul-

der.

PINGITORE, N.E. JR. (1976): Vadose and phreatic diagen-
esis: Processes, products and their recognition
in corals. = Journal of Sedimentary Petrology,
46 (4): 985- 1006,

PINGITORE, N_E. Jr. & NICHOLAS, E. (1976): Diagenesis
and porosity modification in Acrepora palmata,
Pleistocene of Barbados, West Indies, - Jour-
nal of Sedimentary Petrology, 46 (7): 985- 1006,

Prrrvan, E.D. (1974): Porosity and permeability changes
during diagenesis of Pleistocene corals, Barba-
dos, West Indies. — Geological Society of
America Bulletin, 85: 1811-1820.

PooOLE, E.G. & BARKER, L.H. (1982): The geology of the
Scotland District of Barbados., — Transactions,
9 Caribbean Geological Conference, Santo
Domingo, Dominican Republic, 1980 641-6356;
Santo Domingo.

Prior, D.B. & Ho, C. (1972): Coastal and mountain slope
instability on the islands of 5t Lucia and Bar-
bados. — Engineering Geology, 6: 1-18.

PrROSPERO, J.M. & NEES, RT. (1986): Impact of North
African drought and El Nifio on mineral dust in
the Barbados trade winds. — Nature, 320: 735-
138.

PrOSPERO, 1.M. & CarLson, T.N. (1972): Vertical and
areal distribution of Saharan Dust over the
Western Equatorial North Atlantic Ocean. —
Journal of Geophysical Research, 77 (27):
3255-5265.

PROSPERO, .M., BONATTL, E., SCHUBERT, C. & CARLSON,
T.N. (19707): Dust in the Caribbean atmosphere
traced 1o an African dust storm. = Earth and
Planetary Science Letters, 9: 287-293.

RADTKE, U. (1989): Marine Terrassen und Korallenriffe -
Das Problem der quartiiren Meeres-
spiegelschwankungen. Erliiutert an Fallstudien
aus Chile, Argentinien und Barbados. -
Diisseldorfer Geographische Schrifien, 27: 245
p.;: Diisseldorf (Germany).



Literature

135

RADTKE, U. & GrUN, R, (1990): New findings on the re-
construction of Middle and Late Pleistocene
sea-level change, Barbados, West-Indies. -
Journal of Coastal Research, 6 (3): 699-708.

RADTKE, U. & GrRUN, R. (1988a). ESR dating of corals. -
Quaternary Science Reviews, 7: 465-470).

RADTKE, U., GRUN, R, & SCHWARCZ. H.P. (1988b): Elec-
tron spin resonance dating of the Pleistocene
coral reef tracts of Barbados. — Quaternary Re-
search, 29: 197-215.

RADTKE, U., SCHELLMANN, G, SCHEFFERS, A., KELLETAT,
D., Kasper, H.U. & KroMER, B, (2003): Elec-
tron Spin Resonance and Radiocarbon dating
of coral deposited by Holocene tsunami events
on Curagao, Bonaire and Aruba (Netherlands
Antilles). = Quaternary Science Reviews, 22:
1309-1315,

RanDaLL, R.E. (1970): Vegetation and environment on
the Barbados coast. — Journal of Ecology, 58:
155-172,

RAPPAPORT, E.N. & FERNANDEZ-PARTAGAS, LE (1997):
The deadliest Atlantic tropical cyclones, 1492
- present. — Internet: http://www.nhc.noaa.gov/
pastdeadlyal himl.

RITTER, D.F,, KOCHEL, R.C. & MILLER, J.R. (1995): Pro-
cess Geomorphology. — 3™ Edition: Brown,
Dubuque.

ROTH, .M., DROXLER, A.W. & KAMEO, K. (2000): The
Caribbean Carbonate Crash at the Middle w0
Late Miocene transition: Linkage to the estab-
lishment of the modern global ocean conveyor,
— Proceedings of the Ocean Drilling Program,
Scientific Results, 165: 249-273.

RussiL, R.J. (1966): Coral cap of Barbados. — Geografisch
Tijdschrift, 2, 83(3): 289-302; Amsterdam.

RUssEL, R.). & MCINTIRE, W.GR (1965): Limestone ter-
races of Barbados. — Annals Association of
American Geographers, 55 (4): 644,

SaiNT, 5.1, (1934): The coral limestone soils of Barbados,
= Journal of Dept. of Science and Agriculture,
3: 1-37: Barbados.

SANDER, F. & STEVEN, D.M. (1973): Organic productiv-
ity of inshore and offshore water of Barbados:
a study of the island mass effect. — Bulletin of
Marine Science, 23 (4): 771-792.

SCATTERDAY, J. W, (1974): Reefs and associated assem-
blages off Bonaire, Netherlands Antilles, and
their bearings on Pleistocene and Recent reefs
models. - Proceedings of the Second Interna-
tional Coral Reef Symposium, 2. Great Barrier
Reef Commitiee, Brisbane, Dec. 1974: 85-106.

SCHEFFERS, A, (2002a): Paleotsunamis in the Caribbean.
Field evidences and datings from Aruba,
Curagao and Bonaire. — Essener Geographische
Arbeiten, 33: 185 p.; Essen (Germany).

SCHEFFERS, A. (2002b): Paleotsunami evidences from
boulder deposits on Aruba, Curacao and
Bonaire. — Science of Tsunami Hazards, 20(1):
26-37.

SCHELLMANN, G, & KELLETAT, D. (2001):
Chronostratigraphische Untersuchungen
litoraler und dolischer Formen und
Ablagerungen an der Siidkiiste von Zypern
mittels ESR-Altersbestimmungen an
Mollusken- und Landschneckenschalen, -
Essener Geographische Arbeiten, 32: 75-98;
Essen (Germany).

SCHELLMANN, G & RADTKE, U, (2004): A revised mor-
pho- and chronostratigraphy of Late and Middle
Pleistocene coral reef terraces on Southern Bar-
bados (West Indies). — Earth-Science Reviews,
64: 157-187.

SCHELLMANN, G & RADTKE, U. (2003): Die Datierung
litoraler Ablagerungen (Korallenriffe,
Strandwiille, Kiistendiinen) mit Hilfe der
Elektronenspin-Resonanz-Methode (ESR). -
Essener Geographische Arbeiten, 45: 95-113,
Essen (Germany).

SCHELLMANN, (& & RADTKE, U. (2002) with a contribu-
tion by F. WHELAN: The coral reef terraces of
Barbados - a guide. — Barbados 2002 - Inter-
national Conference on “Quaternary Sea Level
Change” with field trips and 4™ annual meeting
of IGCP Project 437 * Coastal Environmental
Change during sea level highstands: A global
synthesis with implications for management of
future coastal change”. INQUA Commission on
Coastlines, IGU Commission on Coastal Sys-
tems. 26, October = 2. November 2002, Barba-
dos (W.L); 118 pp. with numerous figures and
tables. — Bamberg { Dep. of Geography).

SCHELLMANN, G & RADTKE, U, (2001a): Progress in ESR
dating of Young and Middle Quaternary corals
- a new approach of D determination. — Qua-
ternary Science Reviews, 200 1015-1020.

SCHELLMANN, G & RADTKE, U. (2001b): Neue Ergebnisse
zur Verbreitung und Altersstellung gehobener
KorallenrifTierrassen im Siiden von Barbados.

- Bamberger Geographische Schriften, 20: 201-
224; Bamberg.

SCHELLMANN, G & RADTKE, U. (1999): Problems encoun-
tered in the determination of dose and dose rate
in ESR dating of mollusc shells. — Quaternary
Science Reviews, 18: 1515-1527.

SCHELLMANN, G, RADTKE, U., POTTER, E.-K., ESAT, T.M,,
McCuLLocH, T.M. (2004): Comparison of ESR
and TIMS UfTh dating of marine isolope stage
(MIS) 5e, 5¢, and 5a coral from Barbados —
implication for palaeo sea-level changes in the
Caribbean. — Quaternary International, in press.

SCHELLMANN, G, RADTKE, U., POTTER, E.-K., ESAT, TM.,
McCuLLocH, T. & LaMBECK, K. (2002): Com-
paring ESR and TIMS U/Th age measurements
of oxygen isotope stage 5S¢ and 5a coral from
Barbados. — LED 2002, 10™ International Con-
ference on Luminescence and Electron Spin
Resonance Dating, 24.-28. June 2002, Reno
{Mevada), Book of Abstracts,

SCHOMBURGK, R. (1848): The history of Barbados, — 722
p.: London,




136

SCHELLMANN, RADTKE, WHELAN

SCHUHMACHER, H. (1991): Korallenriffe: Verbreitung,
Tierwelt, Okologie. - 4th ed., 275 p.: Miinchen
(BLV).

ScorFiN, T.P, STEARN, C.W., BOUCHER, D., FRYDL, P.,
Hawkins, C. M., HUNTER, 1.G. & MACGEACHY,
LK. (1980): Calcium carbonate budget of a
fringing reef on the west coast of Barbados. -
Bulletin of Marine Science, 30 (2): 475-508.

SEALEY, N. (1992): Caribbean world. A complete geogra-
phy. — Cambridge.

SENN, A, (1948): Die Geologie der Insel Barbados, B.W.L.
(Kleine Antillen) und die Morphogenese der
umliegenden marinen Grobformen. — Eclogae
geologicae Helvetia, 40(2): 199-222; Basel.

SENN, A. (1946): Geological report of the British Union
0il Co. Lid. on the geological investigation of
groundwater resources of Barbados, B.W.L (un-
published).

SENN, A. (1944): Remarks on the best procedure for test-
ing the oil possibilities of Barbados, B.W.L, P
II: Geology, - British Union Oil Company, Ltd.,
Geol. Rep., 8.

SHACKLETON, NI, & MATTHEWS, R.K. (1977): Oxygen
isotope stratigraphy of Late Pleistocene coral
terraces in Barbados, — Nature, 268: 618-620.

SHACKLETON, N.J. & OpDYKE, N.D. (1973): Oxygen iso-
tope and paleomagnetic stratigraphy of equa-
torial Pacific core V28-238, oxygen tempera-
ture and ice volumes on a 10,000 and 100,000
year scale. — Quaternary Research, 3: 39-46,

SippaLL, M., ROHLING, E.J., ALMOGI-LABIN, A,
HEMLERBEN, CH., MEISCHNER, D., SCHMELZER,
1. & SMEED, DAL (2003): Sea-level fluctuations
during the last glacial cycle. — Nature, 423: 853-
858.

SiGUrDssoN, H. & Cargy, 5. (1991): Caribbean Volca-
noes: A Field Guide. — Geological Association
of Canada; Toronto.

SIGURDSSON, H., SParKS, R.5.1., CAREY, S.N. & HUANG,
T.C. { 1980): Volcanogenic sedimentation in the
Lesser Antilles Arc. — Journal of Geology, 88:
523-540).

SMITH, A.L. & RoosoL, M.J. (1990): Mt Pelée,
Martinique; A study of an Active-Island-Arc
Volcano. — Geological Society of America,
Memoir 175: 105 p.

SPEED, R.C. (1990): Volume loss and defluidization his-
tory of Barbados. — Journal of Geophysical
Research, 95 (B6): 8983-8996,

SPEED, R.C. (1983): Structure of the accretionary com-
plex of Barbados, 1: Chalky Mount. — Bulletin
of the Geological Society of America, 84 (1):
92-116.

SPEED, R.C. (1981): Geology of Barbados: implications
for an accretionary origin. — Oceanologica Acta,
Suppl. 4; 259-267.

SPEED, R.C. & LARUE, D.K. (1982); Architecture and
implications for accretion. — Journal of Geo-
physical Research, 87T(B3): 3633-3643,

SPENCER, JW.W. (1902): On the geological and physical
development of Barbados. - Quart, J. London
Geol. Soc., 58: 354-367; London.

SPENCER, T. & VILES, H. (2002): Bioconstruction,
bioerosion and disturbance on tropical coasts:
coral reefs and rocky limestone shores. — Geo-
morphology, 48: 23-5().

STEARN, C.W., SCOFFIN, T.P. & MARTINDALE, W. (1977):
Calcium carbonate budget of a fringing reef in
the west coast of Barbados. — Bulletin of Ma-
rine Science, 27 (3): 479-510.

STEARNS, C.E. (1976): Estimates of the position of sea-
level between 140,000 and 75,000 years ago. -
Quaternary Research, 6: 445-449,

STEARNS, C.E. & THURBER, D.L. (1965): Th-230/U-234
dates of Late Pleistocene marine fossils from
Mediterrancan and Moroccan littorals. =
Quaternaria, 7: 29-42; Rome.

STEINEN, R.P. (1974): Phreatic and vadose diagenetic
modification of Pleistocene limestone: Petro-
graphic observations from subsurface of Bar-
bados, West Indies. — The American Associa-
tion of Petroleum Geologists Bulletin, 58 (6):
1008-1024,

STEINEN, R.P., HARRISON, R.5. & MATTHEWS, R.K.
(1973): Eustatic low stand of sea level between
125,000 and 105,000 BF: Evidence from the
subsurface of Barbados, West Indies. — Geo-
logical Society of America Bulletin, 84: 63-70.

STEINEN, R.P. & MaTTHEWS, R.K. (1973); Phreatic vs.
vadose diagenesis: Stratigraphy and mineralogy
of a cored borehole on Barbados, W. 1. — Jour-
nal of Sedimentary Petrology, 43 (4): 1012-
1020,

STEINEN, R.P, MATTHEWS, R.K. & SEaLY, H.A. (1978):
Temporal variation in geometry and chemistry
of the freshwater phreatic lens: The coastal car-
bonate aquifer of Christ Church, Barbados,
West Indies. — Journal of Sedimentary Petrol-
ogy. 48 (3): 733-742.

SToDDART, D.R. (1990): Coral reefs and islands and pre-
dicted sea-level rise. — Progress in Physical
Geography, 14: 521-536.

TavLoR, F. (1974): The uplifted reef tracts of Barbados,
West Indies: Detailed mapping and radiomet-
ric dating of selected areas. — M.S. Thesis
Brown Univ., 235 p.; Philadelphia.

TavLOr, EW. & Mann, P (1991): Late Quaternary fold-
ing of coral reef terraces, Barbados. — Geol-
ogy, 19: 103-106.

TobpDb, D.L., KEENE, W.C. & MooDy, LL. (2003): Effects
of wet deposition on optical properties of the
atmosphere over Bermuda and Barbados. —
Journal of Geophysical Research, 108; 1-13.

TorriNG BRI, (1986): Structure and Kinematics of the
Oceanic Nappes of Barbados, - Transactions
of the 11™ Carribbean Geological Conference
Barbados,

Torriv, R.J. & SPEED, R. (1989): Tectonic wedging in




Literature 137
the forearc basin-accretionary prism transition, Mittelamerika. -  Senckenbergische
Lesser-Antilles forearc, - Journal of Geophysi- Naturforschende Gesellschaft, 175 p.; Frank-
cal Research, 94: 10549-10584. furt/M.

Toscano, MLA, & LUNDBERG, J. (1999): Submerged Late
Pleistocene reefs on the tectonically stable 5.E.
Florida margin: high-precision geochronology,
stratigraphy, resolution of substage 5a sea-level
elevation, and orbital forcing. - Quaternary
Science Reviews, 18: 753-767.

TRECHMANN, C.T. (1937): The base and top of the coral-
rock in Barbados. — Geological Magazin, 70
(878): 337-358; London.

TRECHMANN, C.T. (1933): The uplift of Barbados. — Geo-
logical Magazin, 70 (823): 19-47; London,

TRICART, ]. (1968): Notes geomorphologiques sur la
karstification en Barbade (Antille). Phénomes
karstiques. — Centre de Recherches et Documen-
tation Cartographiques et Géographiques.
Memoires et Documents, New Series, 4 : 329-
334

TUSHINGHAM, A M. & PELTIER, W.R. (1993): Implications
of the radiocarbon timescale for ice-sheet chro-
nology and sea-level change. — Quaternary Re-
search, 39: 125-129,

VERNON, K.C. & CARROLL, C.M. (1965): Soil and Land
Use Surveys No. 18, Barbados. - Publ. of Im-
perial College of Tropical Agriculture; Trinidad
{West Indies).

VIDETICH, P.E. & MATTHEWS, RLK. (1989): Origin of dis-
continuity surfaces in limestones: isotopic and
petrographic data, Pleistocene of Barbados,
West Indies. — Journal of Sedimentary Petrol-
ogy, 50 (3): 971-980.

WALTHER, R., BARABAS, M. & MANGINL A. (1992): Ba-
sic ESR studies on recent corals. — Quaternary
Science Reviews, 11: 191-196.

WanpeLT, B. (2000): Geomorphologische
Detailkartierung und chronostratigraphische
Gliederung der quartiiren Korallenriffe auf Bar-
bados (West Indies) unter besonderer
Beriicksichtigung des Karstformenschatzes. -
Ph.D., University of Koln (Germany), (unpub-
lished).

WATANABE, T., WINTER, A., OBA, T, ANZAL R. &
IsHIOROSHI, H. (2002): Evaluation of the fidel-
ity of isotope records as an environmental proxy
in the coral Monrastrea. = Coral Reefs, 21: 169-
178,

WatTTs, D. (1970): Persistence and change in the vegeta-
tion of oceanic islands: an example from Bar-
bados, West Indies. — The Canadian Geogra-
pher, XIV (2): 91-109,

WATTS, [ (1966): Man's influence on the vegetation of
Barbados 1627 to 1800. - Occasional Papers
in Geography No. 4; University of Hull Publi-
cations.

WEYL, R. (1966): Geologie der Antillen, = 410 p.; Berlin
( Borntraeger).

WEYL, R.(1965): Erdgeschichie und Landschafisbild in

WHITING, B.M., MCFARLAND, D.P. & HACKENBERGER,
5. (2001): Three-dimensional GPR study of a
prehistoric site in Barbados, West Indies. — Jour-
nal of Applied Geophysics, 47: 217-226.

WILSON, M. (1997): The Caribbean environment, — 2nd
ed.; Cambridge (England).

WORLD ALMANAC (2002): World almanac and book of
facts 2002, = New York.

YOUNG, A. (1976): Tropical soils and soil survey. — Cam-
bridge Geographical Studies; 9.

ZEUNER, EE. (1959): The Pleistocene period. lis climate,

chronology and faunal successions. - (2™ ed.);
447 p.: London.

ZEUNER, EE. (1938): Dating the past. An introduction to
geochronology. — (4™ ed.); 516 p.: London.

ZEUNER, EE. (1945): The Pleistocene period. Its climate,
chronology and faunal successions, — 223 p.;
London.




KOLNER GEOGRAPHISCHE ARBEITEN

Herausgegeben vom

GEOGRAPHISCHEN INSTITUT DER UNIVERSITAT ZU KOLN

durch
H. BESLER H. BREMER E. BRUNOTTE F. KRaas J. NirPER U, RADTKE
K. SCHNEIDER G. SCHWEIZER D. SoveEz O. TIMMERMANN D, J. WERNER

Schriftleitung: D. WIKTORIN

Heft 1 KELLERSOHN, Heinrich (1952);
Untersuchungen zur Morphologie der Talanfinge im
mitteleuropiischen Raum. 104 S., 19 Abb., vergriffen.
Heft 2 REITZENSTEIN, Ursula (1953);

Das Ruhrkohlengebiet im Vest Recklinghausen zwi-
schen Emscher und Lippe. 102 5., 13 Abb., vergriffen.
Heft 3 Brux, Hedwig (1952):

Standortfragen der neueren Wohnsiedlungen am Bei-
spiel der Stadte Koln und Essen. 73 5., 2 Abb., ver-
griffen.

Heft 4 K~app, Ridiger (1953):

Studien zur Vegetation und pflanzengeographischen
Gliederung Nordwest-Italiens und der Sid-Schweiz, 59
5., 3 Abb., vergriffen.

Heft 5 HERMES, Karl (1955):

Die Lage der oberen Waldgrenze in den Gebirgen der
Erde und ihr Abstand zur Schneegrenze. 277 5,
4 Karten u. 4 Tafeln in bes. Mappe, vergriffen.

Heft 6/7 WEIGT, Ernst (1955):

Europiier in Ostafrika - Klimabedingungen und Wirt-
schaftsgrundlagen. XIV u. 383 5., 37 Karten u. Fig,, 30
Abb., vergniffen.

Heft 8 DREHWALD, Hans Rudolf ( 1955):

Zur Entstehung der Spillways in Nord-England und
Siid-Schottland. Eine allgemeine und regionale Unter-
suchung. 82 5., 24 Karten u. Abb., vergriffen.

Heft 9/10 UnriG, Harald ( 1956):

Die Kulwrlandschaft - Methoden der Forschung und
das Beispiel Nordostengland. V1 u. 355 5., 2 Karten, 56
Abb., vergriffen,

Heft 11 JANSEN, Hans (1957):

Die sozial- und siedlungsgeographische Entwicklung im
westlichen  Jilicher Land. 116 5., 15 Karen,
16 Abb., vergriffen.

Heft 12 WIEGELMANN, Giinter (1958);

Matiirliche Gunst und Ungunst im Wandel rheinischer
Agrarlandschaften. 220 5., 16 Karten, 11 Abb., ver-
ariffen.

Heft 13 ZSCHOCKE, Reinhart (1959);

Siedlung und Flur der Kdélner Ackercbene zwischen
Rhein und Ville. 132 5., 10 Karten, 17 Abb., ver-
griffen.

Heft 14 BIRKENHAUER, Josef (1960):

Die Eifel in ihrer Individualitit und Gliederung.
210 5., 16 Karten, 4 Profile, 16 Abb., vergriffen.

Heft 15 KARGER. Adolf (1963):

Die Entwicklung der Siedlungen im westlichen Slavo-
nien. 120 5., 15 Karten, 4 Tafeln, (Franz Stemer Verlag
GmbH, Wiesbaden) € 14.-

Heft 16 ZSCHOCKE, Herlig (1963):

Die Waldhufensiedlungen am linken deutschen Nieder-
rhein. 82 5., 20 Karten, vergriffen.

Heft 17 DORRENHAUS, Fritz (1966):

Der Ritten und seine Erdpyramiden.

BECKER, Hans { 1966):

Vergleichende Betrachtung der Entstehung von Erdpy-
ramiden in wverschiedenen Klimagebieten der Erde.
Xu 112 5, 6 Karten, 16 Tafeln, 11 Fig., € 14.-

Heft 18 BARTEL, Jiirgen ( 1966):

Baum und Strauch in der rheinischen Agrarlandschafi.
84 5., 8 Karten, 31 Abb., vergriffen.

Heft 19 KLASEN, Jiirgen (1967):

Vergleichende Landschafiskunde der englischen Mar-
schen. 331 5., 88 Abb., vergriffen.

Heft 20 Sivons, Peter (1968):

Die Entwicklung des Anbaus und die Verbreitung der
MNutzpflanzen in der dgyptischen Nilstromoase von 1500
bis zur Gegenwart. Eine agrargeographische Untersu-
chung. 218 5., 47 Karten, 36 Fotos, u. zahlr. Tab., € 6.-
Heft 21 RICHTER, Werner ( 1969):

Historische Entwicklung und junger Wandel der Agrar-
landschaft Israels, dargestellt am Beispiel Nordgalilaas.
360 S, 65 Karten, 28 Abb,, zahlr. Tab., vergriffen.

Heft 22 ZSCHOCKE, Reinhart (1969):
Siedlungsgeographische Untersuchungen der Gehofer-
schaften im Bereich von Saar-Ruwer-Prims. 79 S,
8 Karten, mehrere Tab., vergriffen.

Heft 23 ScHmiITZ, Helge (1969):
Glazialmorphologische  Untersuchungen im  Bergland
Mordwestspaniens (Galicien/Léon). 144 5., 7 Karten,
1 Profil, 26 Abb., € 10.-

Heft 24 ZscHOCKE, Reinhart (1970):

Die Kulrlandschaft des Hunsriicks und seiner Rand-
landschaften in der Gegenwart und in ihrer historischen
Entwicklung. X1 u. 2534 S, 34 Karten, 12 Abb._, (Franz
Steiner Verlag GmbH, Wiesbaden) vergriffen.

Heft 25 ScCHACHT, Siegfried (1971):

Drei ausgewiihlte Reisbaulandschafien im westlichen
Mittelmeergebiet  (Kiistenhof von Valencia, Sado-
becken, Camargue). 199 5., 26 Abb., 29 Fotos, ver-
griffen.

Heft 26 KocH, Wilfried (1971):

Funktionale Strukturwandlungen in Taiwan. Das Bei-
spiel Luchou im Umland der Millionenstadt Taipei.
261 S., 10 Karten, 5 Abb., 35 Fotos, € 21.-



Sonderband FORSCHUNGEN ZUR ALLGEMEINEN UND
REGIONALEN GEOGRAPHIE (1971):

Festschrift fiir Kurt Kayser zur Vollendung des
63, Lebensjahres. XXXIII u. 448 5., 31 Karten, 14 Fig,,
36 Abb., (Franz Steiner Verlag GmbH, Wiesbaden)
€43.-

Heft 27 SCHLUSSEL, Peter (1972):

Entwicklungen im EinfluBbereich der GroBstadt, darge-
stellt am Beispiel der Stadtrandgemeinde Liévenich bei
Kéln, 297 5., 16 Karten, 30 Fotos, zahlr. Tab., statisti-
scher Anhang, € 19.-

Heft 28 KURSAWE, Hans-Dieter (1973):

Monheim, neue Stadtentwicklung zwischen den GroB-
stiidten. 263 5., 38 Abb., 14 Fotos, € 10.-

Heft 29 HEeNKEL, Gerhard (1973

Die Wiistungen des Sintfeldes. Eine historisch-geogra-
phische Untersuchung =zur Genese einer alten
westfilischen Kulturlandschaft. 156 5., 28 Abb., 28
Folos, vergriffen.

Heft 30 Inm IDMENSTE DER GEOGRAPHIE UND KARTO-
GRAPHIE (1973):
Symposium Emil Meynen.
Abb., 5 Fotos, € 7.-

Heft 31 BECKER, Hans (1974):

Das Land zwischen Etsch und Piave als Begegnungs-
raum von Deutschen, Ladinern und Italienem in den
stidlichen Ostalpen. 200 S, 20 Karten, 12 Fig., 29
Abb., € 29.-

Heft 32 NOLLE, Fritz W, (1975}

Siegburg und Troisdorf. Die Entwicklung zweier Nach-
barstidie an der unteren Sieg. XV u. 312 S,
52 Tab., 43 Abb., 14 Bilder, € 11.-

Heft 33 SABELBERG, Elmar (1975):

Der Zerfall der Mezzadria in der Toskana urbana. Ent-
stechung, Bedeutung und gegenwiirtige Auflésung
eines agraren Betriebssystems in Mittelitalien. 260 S,
43 Abb., 16 Fotos, € 13.-
Heft 34 MATHEMATI. _HE
ZUR GEWASSERGUTE (1976):
SYMADER, Wolfhard: Multivariate Nihrstoffuntersu-
chungen zu Vorhersagezwecken in FlieBgewiissern am
MNordrand der Eifel.

Rump, Hans Hermann: Mathematische Vorhersagemo-
delle fir Pestizide und Schadstoffe in Gewissern der
Niederrheinischen Bucht und der Nordeifel. 276 5.,
| Karte, 19 Abb., 48 Tab., € 10.-

Heft 35 STRAHL, Dorothea (1977):
Sozial-okonomische WertmaBstibe und ihre Wandel-
barkeit im lindlichen Raum. Untersucht an Beispiclen
aus dem Dollendorfer und Hillesheimer Kalkgebiet und
der dstlichen Hocheifel. 221 5., 1 Karte. 4 Beil.. 5 Fig.,
€ 10.-

Heft 36 BREMER, Hanna und PFEFFER, Karl-Heinz
(Hrsg.} (1978):

Zur Landschaftsentwicklung der Eifel. Beitrige zur
Geologie, Bodenkunde und Geomorphologie. 255 5., 40
Abb., 7 Tab., 6 Beil., vergriffen,

VI w. 107 8., 1 Karte, 3

VURHERSAGEMODELLE

Heft 37 HEGNER, Riidiger (1979):

Nichtimmergriine Waldformationen der Tropen. Unter-
suchungen zu ihrer Typologie und Verbreitung.
410 5., 57 Abb., 64 Tab_, € 15.-

Heft 38 ZENSES. Elisabeth (1980):

Reliefentwicklung in der nordlichen Eifel. 220 5., 17
Abb., 10 Karten, € 14.-

Heft 39 KupPELS, Inge (1981):

Die Karstspalten der Schwiibischen Alb als Leitformen
fir dic Morphogenese. 221 S, 13 Abb., 16 Tab., 12
Karten, vergriffen.

Heft 40 TororOwWsKY, Norbert ( 1982):

Zentrale Orte und zentraloriliche Beziehungen in der
MNordeifel und ihrem Bordenvorland vom Ende des 18,
Jahrhunderts bis zur Gegenwart. VI w. 218 §., 35
Tab., 8 Karten, vergriffen.

Heft 41 ScuMIDT, Siegfried ( 1982):

Wandlungen von Gefligemustern und Wirtschafisfor-
men im lindlichen Raum der siidwesilichen Rhein-
bacher Lolplatte zwischen 1660 und 1830, 360 S,
10 Karten, 16 Tab., € 16.-

Heft 42 BURGER. Dieter { 1982):

Reliefgenese und Hangentwicklung im Gebiet zwischen
Sayn und Wied. 139 5, 83 Fig., 12 Tab., € 10.-

Heft 43 NICKE. Herbert (1983):

Reliefgenese des stidlichen Bergischen Landes zwi-
schen Wupper und Sieg. 286 5., 25 Abb., 2 Karten,
6 Profile, € 15.-

Heft 44 ARENTZ, Ludwig (1983);

Nihrstoffe und Spurenelemente in Béden der Vulkanei-
fel. Eine landschafistkologische Untersuchung mit
Hilfe multivanater statistischer Verfahren. 247 5., 47
Abb., 16 Tab., € 12.-
Heft 45 Er. Camille
(Hrsg. ) (1984):

Le karst belge / Karstphinomene in MNordrhein-West-
falen. 583 5., 137 Abb., 23 Tab., 34 Fotos, € 23.-

Heft 46 JUNGE, Harald (1987):

Reliefgenerationen und Petrovarianz im Morden der Ei-
teler Nord-Siid-Zone. 245 5., 11 Tab., 32 Abb., 5 Ta-
feln, vergriffen.

Heft 47 ZEHNER. Klaus (1987):

Stadtteile und Zentren in Kéln, Eine sozialgeographi-
sche Untersuchung zu Raumstrukiur und riumlichem
Verhalten in der Grofistadt. IX u. 171 5., 17 Karten,
23 Tab., 16 Abb., vergriffen.

Heft 48 KUBINIOK, Jochen (1988):
Kristallinvergrusung an Beispielen aus Stidostaustralien
und deutschen Mittelgebirgen. 178 5., 10 Karten, 27
Abb., 7 Fotos, € 12.-

Heft 49 Janus, Ursula (1988):

Lol der siidlichen Niederrheinischen Bucht,
3 Karten, 5 Tab., 31 Abb.,, € 12.-

Heft 50 Zenses, Elisabeth {1989):
Kaltzeitliche Uberformung des Alireliefs in Siid- und
Zentral-Wales im Vergleich zur Nord-Eifel. 148 S., 13
Karten, 12 Tab., 33 Abb., € 12.-,

und PFEFFER, Karl-Heinz

174 5.,




Heft 51 BREITBACH, Thomas (1989):
Basaltschuttdecken in der Hocheifel. Indikatoren plei-
stoziiner Reliefiiberpriigung. Mit  Vergleichsuntersu-
chungen im Hessischen Bergland. 265 S.. 5 Tab.,
41 Abb., € 15.-

Heft 52 BoORGER, Harald (1990):

Bohnerze und Quarzsande als Indikatoren paliogeo-
graphischer Verwitterungsprozesse und der Altreliefge-
nese ostlich von Albstadt (Schwiibische Alb). XII u.
209 5., 11 Karten, 18 Tab., 38 Abb., 35 Fotos, € 17.-
Heft 53 Frorian, Andrea-Johanna (1990):

Passagen. Ein Beispiel innerstidtischer Revitalisierung
im Interessenkonflikt zwischen Stadtentwicklung und
Einzelhandel. 223 S., 72 Tab., 14 Abb., € 15.-

Heft 54 Nutz, Manfred (1991):

Riumliche Mobilitit der Studierenden und Struktur des
Hochschulwesens in der Bundesrepublik Deutschland.
Eine Analyse des Entscheidungsverhaltens bei der
Studienortwahl und der Einzugsgebiete der Universiti-
ten. X u. 191 S, 29 Karten, 10 Tab., 23 Abb., € 16.-
Heft 55 RIETHER, Norbert (1991):
Geomorphologische Prozesse im Lichte von Sedimen-
ten aus dem westlichen Sri Lanka. 236 S, 40 Tab,,
104 Abb., € 17.-

Heft 56 WiORZ, Axel (1992):

Die Vegetation der Moore Siidtirols. 1X u. 97 5., 54
Tab., 6 Abb., € 16.-

Heft 57 NIPPER, Josel & NuUTZ, Manfred (Hrsg.) un-
ter Mitarb. v. Dorothea WIKTORIN (1993):
Kriegszerstorung und Wiederaufbau deutscher Stidte,
Geographische Studien zu Schadensausmall und Be-
villkerungsschutz im Zweiten Weltkrieg, 2u Wiederauf-
bavideen und Aufbaurealitat. VI w. 228 5., zahlr,
Karten, Tab., Abb. u. Fotos, vergriffen.

Heft 58 REURER, Paul (1993):

Heimat in der Grofstadt. Eine sozialgeographische
Studie zu Raumbezug und Entstehung von Ortsbindung
am Beispiel Kilns und seiner Stadtviertel. X u. 154 5.,
7 Karten, 7 Tab., 38 Abb., vergriffen.

Heft 59 WEISS, Ginther (1993):

Heimat vor den Toren der Grofistadt. Eine sozialgeo-
graphische Studie zu raumbezogener Bindung und Be-
wertung in Randgebieten des Verdichtungsraums am
Beispiel des Umlandes von Kéln. X u. 176 5., 6 Karten,
20 Abb., € 17.-

Heft 60 SAcHS, Klaus (1993 ):

Ortsbindung von Auslindern. Eine sozialgeographische
Untersuchung zur Bedeutung der Grolistadt als Heimat-
raum fiir auslindische Arbeitnehmer am Beispiel von
Kdolm, XII w. 138 S., 3 Karten, 8 Tab., 16 Abb,
€17.-

Heft 61 GEBHARDT, Hans & SCHWEIZER, Giinther
{Hrsg.) unter Mitarb. v. Paul REUBER (1995):

Zuhause in der Grofstadt. Ortsbindung und riumliche
Identifikation im Verdichtungsraum. Mit Beitrigen von
H. Gebhardt, P. Reuber, K. Sachs, G. Schweizer, B.-A.
Stegmann, G. Weiss, K. Zehner. VIII u, 107 §., zahlr,
Karten, Tab. u. Abb., € 17.-

Heft 62 AvLISCH, Matthias {1995);

Das dolische Relief der mittleren Oberen Allemiede-
rung (Ostniedersachsen) - spit- und postglaziale Mor-
phogenese, Ausdehnung und Festlegung historischer
Wehsande, Sandabgrabungen und Schutzaspekte. 1X u.
176 S., 5 Karten teilw. farbig, 13 Tab., 41 Abb_, 10 Fo-
tos, € 19.-

Heft 63 BRUNOTTE, Emst; IMMENDORF, Ralf &
SCHLIMM, Reinhold ( 1994):

Die Maturlandschaft und ihre Umgestaltung durch den
Menschen. Erliuterungen zur Hochschulexkursions-
karte Kéln und Umgebung. Mit Beitrigen von ALl Ka-
lis & J  Meurers-Balke und Chr. Wallossek.
VI u. 123 S, 23 Karten, | farbige Kartenbeilage, 11
Tab., 20 Abb., € 18.-

Heft 64 VERJANS, Theo (1995):

Vergleichende vegetationskundlich-Gkologische  Stu-
dien in der alpinen Stufe des Latemar und Rosengarten
{Prov. Bozen und Trient) auf der Grundlage pflanzen-
soziologischer und pedologischer Erhebungen. X u
O 5., 45 Tab., 70 Abb., 12 Anlagen, vergriffen.

Heft 65 WaLLOSSEK, Christoph & WIURZ, Axel
(Hrsg.) (1995):

Studien zur Biogeographie, Geodkologie und Umwelt-
belastung. VII u. 136 S., zahlr. Karten, Tab. u. Abb., €
17.-

Heft 66 RADTKE, Ulrich (Hrsg.) (1995):

Vom Siidatlantik bis zur Ostsee - neue Ergebnisse der
Meeres- und Kistenforschung. Beitriige der 13. Jahres-
tagung des Arbeitskreises Geographie der Meere und
Kiisten vom 25.-27. Mai 1995 in Kéln. VI u. 242 5,
zahlr. Karten, Tab., Abb. u. Fotos, € 19.-

Heft 687 ManZ, Hermann Heinrich (1995);

Der Wiederaufbau der Zentren der beiden Stidte Mag-
deburg und Hannover nach dem Zweiten Weltkrieg. Ein
Vergleich der politischen Hintergriinde, der Aufbau-
ziele, der Planungen und deren Realisation. IV u. 163
8., 67 Abb., 20 Fotos, € 17.-

Heft 68 STEGMANN, Bernd-Achim (1997):

GrolBistadt im Image. Eine wahrmehmungsgeographische
Studie zu raumbezogenen Images und zum Image-
marketing in Printmedien am Beispiel Kélns und seiner
Stadtviertel. XII u. 219 S, 10 Tab., 19 Abb., 6 Karten,
vergriffen.

Heft 69 Sovez, Dietrich & BAUER, Jutta (Hrsg.)
(1998):

Luftbildauswertung als angewandte Umweltforschung.
VIl u. 146 5., zahlr. Karten, Tab. u. Abb., € 18.-

Heft 70 RADTKE, Ulrich (Hrsg.) (1998):
Lumineszenzdatierung folischer Sedimente. Beitriige
zur Genese und Altersstellung jungquartirer Diinen und
Lisse in Deutschland. VIII u. 124 5., zahlr. Karten,
Tab. u. Abb,,€17.-

Heft 71 HOHMANN, Marc (1999):

Flichenrecycling als raumwirksame Interaktion. Eine
politisch-geographische Untersuchung {iber Entschei-
dungsstrukturen und Konfliktpotentiale riiumhicher Ver-
dnderungen am Beispiel von Kaln. VIII u. 125 5., 16
Abb,, 7 Karten, 7 Fotos, € 17.-



Heft 72 BUBENZER, Olaf (1999):

Sedimentfallen als Zeugen der spit- und postglazialen
Hang- und Talbodenentwicklung im Einzugsgebiet der
Schwiilme (Siidniedersachsen). X u. 132 5., 53 Abb., 7
Karten, 16 Tab., € 18.-

Heft 73 WIKTORIN, Dorothea ( 2000):

Grundeigentum und Stadtentwicklung nach der Wende.
Riumliche Wirkungen der Transformation von Grund-
cigentumsverhiltnissen seit 1990 am Beispiel der
Innenstadt und AuBeren Neustadt von Dresden. VIII u.
151 5., 20 Abb., 10 Tab,, € 18.-

Heft 74 WaALLOSSEK, Christoph (2000):

Der Buntschwingel (Festuca varig agg., Poaceae) 1m
Alpenraum. Untersuchungen zur Taxonomie, Verbrei-
tung, Okologie und Phytosoziologie einer kritischen
Artengruppe. X1 u. 142 5., 45 Abb., 30 Tab., 19 Fotos,
€ 18.-

Heft 75 Kxupp, Marcus (2001):

Wochenmirkte im Jemen. Ein traditionelles Versor-
gungssystem als Indikator gesellschafilichen Wandels.
KIV u. 152 5., 11 Abb., 9 Karten, 29 Tab., 16 Fotos,
€ 18.-

Heft 76 S0YEZ, Dietrich & SCHULZ, Christian (Hrsg.)
(2002): Wirtschaftgeographie und Umweltproblematik,

VIu. 118 5, zahlr. Tab. u. Abb., € 18.-

Heft 77 BoLLiG, Michael, BRUNOTTE, Ernst &
BECKER, Thorsten (Hrsg.) (2002):

Interdisziplindre Perspektiven zu Kultur- und Land-
schafiswandel im ariden und semiariden MNordwest
Namibia. VI u. 219 S, zahlr. Tab,, Abb., Karten u.
Fotos, € 25.-

Heft 78 THONNESSEN, Manfred (2002);
Elementdynamik in fassadenbegriinendem Wilden Wein
{ Parthenocissus tricuspidata). X1Tu. 113 5., 30 Abb. u.
Fotos, 51 Tab., € 18.-

Heft 79 SprRUNKEL, Elke (2003): Vegetationskund-
lich-dkologische Untersuchungen in Kiesgruben des
Kolner Stadtgebietes unter besonderer
Beriicksichtigung der Naturschutzproblematik im Ver-
dichtungsraum. X u. 188 5., 45 Abb., 47 Tab., Anhang:
34 Tab., & Karten. CD-Rom Publikation, € 12.-

Heft 80 BuBenzir, Olaf (Hrsg.) (2003);

Studien zur Angewandien Geomorphologie und Land-
schaftsforschung. ¥Vl u, 110 5., 43 Abb., 10 Tab., € 18.-
Heft 81 ScHELLMANN, Gerhard & RADTKE, Ulrich,
with contributions by Franziska Whelan (2004): The
marine Quaternary of Barbados, XII u. 137 S., zahlr,
Tab. u. Abb., € 30.-

KOLNER GEOGRAPHISCHE ARBEITEN
Geographisches Institut, Universitit zu Kiln
Albertus-Magnus-Platz, D-50923 Kéln
Telefax 0221 /470-4917

E-mail: ade85@uni-koeln.de

Bezug:




Palaeo sea level change is one of the most challenging issues in marine science. The
knowledge about this topic has increased tremendously during the last forty years.
However, numerous problems concerning concepts and theories of sea level change
remain or have been detected recently.

Barbados has been the Mecca for sea level research since Mesolella’s benchmark
studies published in 1968. Numerous subsequent publications focused on the history of
sea level change of Barbados. This textbook illustrates the history of sea level research
on Barbados and presents new geomorphic and geochronologic investigations of
Barbados’ fossil coral reef terraces. The textbook comprises six chapters, ranging from
a general overview to detailed morphostratigraphic descriptions. Furthermore, this
publication presents perspectives for future research related to the reconstruction of
palaeo sea levels and palaeo sea level change on Barbados and in the Caribbean.
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