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Abstract The growth and origin of the world’s isolated
carbonate banks are as yet not completely understood.
This paper presents a comparison of the areas, depths, and
latitudinal distribution of the world’s carbonate banks.
These are then compared with chemical parameters of
seawater in the upper mixed zone of the oceans and at
depth. The results allow large-scale inferences to be made
on the interacting controls on bank growth and distribu-
tion. The data support the hypothesis that nutrient-rich
waters commonly control bank depth and size.
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Introduction

The world’s modern isolated carbonate banks, separated
from land by deep seaways, are a major part of the
oceanic shoals (Milliman 1974; Wilson 1975). Most, if
not all, larger isolated banks occur in low latitudes
(Vecsei 2000; Fig. 1). The growth and distribution of
these banks, at global and regional scales, can be
represented by their summit area and depth (Grigg and
Epp 1989) and related to current- and climate-influenced
properties of the water above the summits (temperature or
carbonate ion saturation: Kleypas et al. 1999, nutrient
concentration: Hallock and Schlager 1986, salinity:
Wilson and Roberts 1992). These parameters are consid-
ered to control and limit the benthic associations precip-
itating the carbonate sediments that form the banks.
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Vertical and lateral biotic accumulation and cementation
result in bank growth. Rates of carbonate precipitation are
similar in the Indo-Pacific and Atlantic, despite the rather
different assemblages of corals and other calcifying
benthos in these areas and the much greater coral
diversity in the Indo-Pacific (cf. Kinsey 1985).

The nutrients phosphate and nitrate have received
much attention as controls on the associations of platform
biota and on platform growth. The ‘nutrient control
hypothesis’, based largely on work on the Nicaragua Rise
region, showed that the change from low to high nutrients
results in a systematic shift in the benthos (e.g., Hallock
and Schlager 1986). In the upper ocean of this area,
trophic grade, proxied by chlorophyll content, reveals that
high nutrients occur only during short periods (Hallock
and Elrod 1988). Hallock (2001) suggested that nutrient-
poor waters characterized by up to ~0.1 mg chlorophyll-a
m~ are oligotrophic in the geologic sense; these favor
shallow-water reef corals. Waters with intermediate
nutrients (~0.1-0.2 mg chlorophyll m™3) are slightly
mesotrophic; here macroalgae, sponges, molluscs, and
echinoids dominate, including many bioeroders. This
association is characterized by somewhat lower calcifi-
cation rates with respect to the oligotrophic association.
The strong bioerosion prevents net framework accretion,
and probably much of the sediment is swept from these
banks (Hallock 2001). This promotes bank drowning
(submergence below the highly productive euphotic
zone). Waters richer in nutrients (>~0.2 mg chlorophyll
m™>) are strongly mesotrophic; here macroalgal growth is
enhanced. This includes the strongly calcifying green
algae, which can form bioherms and result in strong
platform growth. Eutrophication (>>~0.2 mg chlorophyll
m~>) promotes the growth of heterotrophic organisms,
resulting in low calcification. Even short-term upwelling
of nutrient-rich water may either suppress or enhance
carbonate production (Hallock 2001).

The depth and size of the banks reflect their carbonate
accumulation over time. This paper shows that the
summits, at a global scale, show high accumulation
where the upper mixed zone of the oceans are poor in
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Fig. 1 The world’s 197 isolated carbonate banks, excluding most
atolls, having more than ca. 170 km? summit area and summit
depths less than 200 m. Bank clusters are northern Caribbean (NC),
southern Caribbean (SC), Seychelles-Mascarene Ridge (SM),
Laccadives-Maldives-Chagos (LMC), South China Sea (SCS),

nutrients, reduced accumulation in waters with slightly
higher nutrients, and again high accumulation in waters
with elevated nutrients. This pattern corresponds to
Hallock’s (2001) observations for the Nicaragua Rise
area. Also, the biotic associations on the summits of the
world’s banks, where known (cf. Vecsei 2000), are
similar to those on the Nicaragua Rise banks. Thus, it
appears justified to crudely correlate the measured
nutrients with Hallock’s (2001) trophic grades and the
chlorophyll proxy. This correlation suggests the oligotro-
phic associations thrive in waters having <~30 ppm (v.)
P04, the slightly mesotrophic associations live in waters
with 30-100 ppm PO4*~, and the strongly mesotrophic
biota thrive in waters with >100 ppm PO4>~. The nutrients
reach much higher values, >170 ppm PO,’, below the
nutricline. Hallock (2001) has suggested that upwelling
from below the nutricline brings nutrients to many
summits. Mixing of these nutrient-rich waters with waters
from the mixed zone of the upper ocean, containing less
nutrients, can result in the trophic conditions that control
the biotic associations on many summits.

The actual combination of the diverse controls that
results in the distribution of calcifying organisms on the
banks, their calcification rates, the amount of diagenetic
cementation, and thus in bank growth is poorly known,
except in a few regions (Bahamas: Morse et al. 1984;
Wilson and Roberts 1992; Nicaragua Rise area: Hallock
et al. 1988; Makassar Strait: Roberts et al. 1987). This
note explores the controls, particularly of nutrients, on the
world’s low-latitude isolated banks, with summit areas
>~170 km? and depths <200 m, based on the analysis of a
database from bathymetric charts (Vecsei 2000). The
atolls, having annular reefs that break the water near sea
level, are excluded. The Maldive ‘atolls’ are here
considered banks because of the extraordinary size of
their summits (cf. Purdy and Bertram 1993). Vecsei
(2000) discussed the derivation and accuracy of the bank
data. The summits are circumscribed by the marginal
slope break, most representative for nearly flat summits.
The depths presented here are arithmetic means for these
summits.

The summit area and depth of the banks and the
properties of the ambient seawater (annual averages of
nutrients: Conkright et al. 1994; temperature: Levitus and

Makassar Strait (MS), Caroline Islands (CI), Melanesian Border-
land (MB), Queensland Plateau (QP), Lord Howe Rise to New
Caledonia (LH), and Hawaii Chain (HC). Pixel size increased for
graphic representation (after Vecsei 2000)

Boyer 1994; salinity: Levitus et al. 1994), mostly
available as discrete values, reveal how the banks have
grown. This analysis allows to infer how the properties of
the seawater have controlled the banks. In particular, I
propose that upwelling of deeper water is an important
control on the growth of many banks, which grow in
regions where the deeper waters are rich in nutrients.
Thus, the validity of the hypothesis of nutrient control can
be substantiated at a global scale. The important effects of
sea level change are treated elsewhere (Vecsei 2003).

Results and evaluation

Area versus depth

Bank area versus depth data scatter considerably and are
uncorrelated (Fig. 2a). Most summits are less than 70 m
deep. The few deepest summits are among the smallest
(<300 km?). Many summits from the entire size range are
deeply submerged. These banks drowned during the rapid
sea level rise, following the last glacial maximum ca.
20,000 years ago (cf. Fairbanks 1989).

These relations and their controls may be explained in
a similar way to Grigg and Epp’s (1989) generalization
for the Hawaiian Chain. There, bank depth generally
increases with decreasing summit size, and all banks
<~150 km? are drowned, possibly because waves eroded
them to present depths, of >16 m, during Pliocene or
Miocene times (Grigg and Epp 1989). The growth of
these eroded banks did not keep pace with the fast
Quaternary deglacial rises of sea level. In the shallower
banks, growth restarted and has since continued during
the decelerated sea level rise of the last deglaciation
period.

Area and depth versus latitude

Summit area and depth plotted against latitude each yield
two clusters, which are crudely symmetrical around the
equator (Fig. 2b, c). The banks reach almost 25°N and
30°S. Area and latitude are uncorrelated. Only a few
banks, mainly in the Maldives (Fig. 1), lie around the



478

oy ye & . « 30N
Y =
9 '-.T‘!l!.{' . 20 b i L
— * e A 1.
E 407 alver PR TP T
= s A ¥, . ] g0
sof 2T . 3
ﬁ - - - - .® D
. . b
o, 80 o
g o g

102 104 108
Area (km?)

Fig. 2a—c Properties of the world’s isolated banks. Most banks are
shown at discrete sizes in ~300 km? steps. a Many relatively small
summits and a few large summits tend to be shallow. The smallest
summits are mostly the deepest. All summits are at depths between
0 and 150 m. b The banks form two clusters in north and south

equator. This results in an ‘equatorial gap’ between ~3°N
and 3°S. The banks in ~3-18°N and S are deeper
(respectively reaching ~150 and ~120 m) than those in
higher latitudes (reaching ~100 m).

The occurrence of most banks in the tropical-subtrop-
ical climate zone reflects that their strongly calcifying
biota require warm water or high seawater carbonate
saturation (cf. Kleypas et al. 1999). The prolonged
inhibition of bank growth by upwelling of nutrient-rich,
cool, and less carbonate-saturated waters in the Pacific
appears to be a main cause of the equatorial gap. Some
seamount chains continue across the equator, thus a lack
of tectonically suitable substrates is unlikely the only
cause for the equatorial gap. The preferential occurrence
of deep banks between ~3—-18°N and S still needs to be
explained.

Nutrients versus depth and area

Phosphate concentration, from Conkright et al.’s (1994)
annual averages, can be used to approximate nitrate
content, because both nutrients are highly correlated in
the oceans. The waters from the upper mixed zone of the
oceans, represented by data from 30 m depth, are
oligotrophic (<30 ppm PO4’") to slightly mesotrophic
(30-100 ppm PO,*") over most summits (Fig. 3a, b). The
majority of summits, encompassing a large range of
depths (Fig. 3a) and areas (Fig. 3b), occur in oligotrophic
waters. The shallow mesotrophic waters (>30 ppm) cover
only summits >20 m deep, with one exception (Fig. 3a),
and small to medium-sized summits (<~6,000 km?).
There are no summits in slightly mesotrophic waters at
shallow depth, forming a ‘nutrient gap’. The depth of
most summits is unrelated to the nutrients measured at
shallow depth. Another reason or reasons must be invoked
to explain the depth distribution of the deeper banks.
The waters from —125 m around the slopes and a few
deep summits of many banks vary from oligotrophic to
eutrophic (Fig. 3c, d). The summit depths and areas are
uncorrelated to nutrient concentration (R <0.1). Signifi-
cantly, however, summits of a partial depth and area
range are excluded from nutrient-rich waters. Shallow
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latitudes, only a few banks occur within the ‘equatorial gap’.
Higher latitude banks tend to be small. ¢ The few summits within
the equatorial gap are relatively deep (~100 m). Some tropical
banks have deeper summits (~120 to 150 m)
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Fig. 3a—d The depth and area of the world’s isolated banks greatly
scatter with respect to nutrient concentration (PO4>~, from Conk-
right et al. 1994). a Most summits, shallow and deep, occur in
oligotrophic upper mixed zone waters at —30 m. Shallow banks are
absent from a slightly mesotrophic ‘high-nutrient gap’. b Oligo-
trophic upper zone waters contain most banks, and these cover the
entire range of sizes. Nutrient-rich waters contain only a few banks,
whose size does not exceed ~6,000 km? ¢ Shallow banks form a
‘gap’ where the waters at —125 m depth are mesotrophic, the gap
deepens where waters become eutrophic. The summits are shallow
again where deep waters are strongly eutrophic (~170 ppm. PO,*).
d The nutrient-rich waters at 125 m depth exclude the largest banks
with summits exceeding 4,000 km?

summits are lacking, forming a ‘high-nutrient gap’, where
these deeper waters are mesotrophic and eutrophic (~50—
160 ppm at 125 m; Fig. 3c). This gap increases from —10
to —40 m depth with increasing nutrients. An analogous
gap excludes banks larger than 4,000 km? where the deep
waters are eutrophic (Fig. 3d). The largest summits of
these banks are around an order of magnitude smaller
than the summits of banks surrounded by nutrient-poor
deeper water. The summits deeper than ~70 m are
concentrated where the deep waters are mesotrophic
(~40-90 ppm at —125 m).



The greater summit depth and smaller size of many
banks, which grow in regions where the waters of the
upper ocean and particularly at depth are mesotrophic and
eutrophic, support the hypothesis that high nutrients
adversely affect benthic calcification and bank growth.
The nutrients further increase with depth in most regions
(Conkright et al. 1994). At the high-nutrient (~170 ppm)
end of the range, strong fertilization of green algae by
upwelling from ~125 m and below can explain the strong
aggradation and shallowness of some banks (Makassar
Strait, Laccadives). This fertilization has not resulted in
larger summits.

Temperature and salinity

Temperature controls the carbonate-producing benthos of
the banks directly (cf. Lees and Buller 1972; Lees 1975),
or indirectly through the preference of the calcifying
benthos for carbonate-oversaturated seawater (Kleypas et
al. 1999). The temperature, from Levitus and Boyer’s
1994 annual averages, is >20 °C even in ~100 m depth
around all banks studied, except in the Seychelles-Chagos
area in the Indian Ocean where it is 15-20 °C. The main
carbonate-producers thrive at these temperatures. The
relative shallowness of banks subject to particularly
intense upwelling (e.g., Makassar Strait, Roberts et al.
1987) also argues against major temperature control.
Salinity is normal around the banks from the sea surface
to below 100 m (cf. Levitus et al. 1994). These
observations indicate that temperature and salinity are
subordinate to nutrients as controls on most low-latitude
banks, except of temperature control at the latitudinal
extremes. I have therefore not studied the effects of
temperature and salinity further.

Discussion

Interacting controls

These results suggest several interacting controls on the
vertical and lateral growth and distribution of the world’s
isolated carbonate banks. The banks grow where the
benthos produces abundant carbonate, particularly if the
loose sediment is stabilized in situ by early cementation.
Water temperature or carbonate saturation control the
growth of the calcifying biota, particularly reef corals
(Kleypas et al. 1999) and green algae (Hillis 1997). The
same parameters control the amount of early cementation
(Given and Wilkinson, 1985). Temperature or carbonate
saturation restrict substantial bank growth to the shallow
photic waters of the tropical-subtropical climate zone.
Within the low latitudes, the great scatter of bank area
versus depth suggests that several controls have interacted
during the evolution of the banks. The great scatter of
depth and area plotted against the nutrients from both the
upper mixed zone and ~125 m depth support this
suggestion. The evaluations presented here confirm that
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both depth and nutrients need to be favorable for high
carbonate production and accumulation on banks. The
huge Great Bahama Bank exemplifies strong growth
under such favorable shallow depth and low nutrients (cf.
Eberli and Ginsburg 1989; Wilson and Roberts 1992).
The most deeply drowned banks are among those with
the smallest summits. Area limitation apparently acts
through wave erosion, which primarily affects small
banks (e.g., Hawaiian Chain: Grigg and Epp 1989).

Nutrient control and upwelling

Elevated nutrients in the upper zone of the oceans and,
more importantly, nutrient-rich waters at ~—125 m and
below coincide with greater bank depth and smaller
summits, reflecting decreased bank growth. The relations
between the areas and depths of the banks and the biotic
associations producing the carbonate on the banks are
strong circumstantial evidence for the respective nutrient
regimes proposed, although the absolute values need to be
better constrained. The complete exclusion of a partial
range of shallow summit depths and large sizes implies
that nutrients are an important control on bank distribu-
tion and growth on a global scale. The upwelling of
mesotrophic to eutrophic deep waters with 100—160 ppm
PO4>~ can suppress calcification, primarily by inhibiting
the growth of reef corals, but these waters are not rich
enough in nutrients to induce strong green-algal produc-
tion. Modern reefs in the equatorial upwelling zone
indeed produce little carbonate (Kinsey 1985).

The coincidence of high nutrients at ~125 m depth
with the reduced growth of shallow banks implies that
upwelling is common along many of the world’s bank
slopes. The occurrence of the high-nutrient gap where the
deep waters are eutrophic implies that these are diluted
during upwelling by mixing with waters having lower
nutrient concentrations. The high nutrients represented in
Fig. 3, however, include only those resulting from
regional-scale upwelling, e.g., in the Pacific zone of
equatorial convergence, the Arabian Sea and Indonesia.

Many growth-restricted banks occur outside these
upwelling regions. For instance, PO,* hardly increases
from surface to ~100 m in parts of the Nicaragua Rise and
other areas where nutrient control is probable (Hallock et
al. 1988). Boehlert and Genin (1987), Roden (1987), and
Hay (1995) reviewed the hydrodynamic theory and
numerical simulations of upwelling processes along banks
and other shallow oceanic structures. Significant up-
welling is induced by leeward whorls and Ekman
currents, and specially along larger banks by the Bernoulli
effect and the Coriolis force on latitudinal currents. Such
local upwelling has as yet been demonstrated only along a
few bank slopes (e.g., southern Caribbean: Hallock and
Elrod 1988, Galapagos Islands: Feldman et al. 1984, Cobb
Seamount: Lueck and Mudge 1997). Local upwelling is
probably a common mechanism for nutrient advection to
bank summits. Thus control by upwelling nutrients, both
at regional and local scales, must be much more
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widespread and important than suggested by regional
upwelling represented in Fig. 3.

Timing of bank growth

The successions of carbonate sediments below bank
summits are known from only a few banks. Quaternary
and older carbonate sediments are some hundredss to
thousands of meters thick in banks from the Caribbean
(Great Bahama Bank: Schlager and Ginsburg 1981;
Aurell et al. 1995; Eberli and Ginsburg 1989; Saba Bank:
Despretz et al. 1985) and Indian Ocean (Maldives atolls:
Aubert and Droxler 1996; Seychelles Bank: Plummer et
al. 1998; Saya de Malha Bank: Meyerhoff and Kamen-
Kaye 1981; Sherbakov et al. 1990). This suggests that
many summits have reached their present-day depth and
size during their Quaternary and earlier evolution.

The observation that the effects of area, depth, and
nutrients together explain many aspects of modern bank
distribution suggests that similar factors have been acting
not only during the last deglaciation, but for a long period
of bank growth, perhaps during much of Quaternary time
and before. Indeed Larson et al. (1995) and Wilson et al.
(1998) suggested that equatorial upwelling probably
resulted in the drowning of Pacific atolls during Creta-
ceous times.

Conclusions

The empirical analysis of the growth parameters of the
world’s isolated carbonate banks and comparison with the
chemistry of the waters surrounding their summits and
slopes, suggest that nutrients, summit size acting through
wave erosion, and possibly other factors have interacted
as controls on bank growth and distribution.

The nutrient-control hypothesis, stating that seawater
of diverse trophic grades enhances or suppresses benthic
calcification and thus bank growth, has been previously
based on studies of a few regions. The evaluations
presented here support the hypothesis at a global scale.
The depth and areal distribution of many bank summits
with respect to nutrients at depth indicate that commonly
the nutrient-rich waters upwell along the bank slopes.

The specific combination of the effects of the diverse
controls on the individual banks is as yet largely
unknown. Future studies should examine in detail the
global, regional, and local controls on the growth and
distribution of the banks and other carbonate platforms.
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