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Critical Depth for the Survival of Coral Islands: 
Effects on the Hawaiian Archipelago 

Coral islands drown when sea level rise exceeds the maximum potential of coral reefs 
to grow upward (about 10 millimeters per year). During the Holocene transgression 
(18,000 years ago to present) sea levels rose at rates of up to 10 to 20 millimeters per 
year, and most coral island reefs situated deeper than a critical depth of 30 to 4 0  meters 
below present day sea level drowned. Coral islands that did not drown during the 
Holocene transgression apparently all developed on antecedent foundations shallower 
than critical depth. During low stands in sea level during the Pleistocene, these islands 
were elevated and subject to subaerial erosion. Today, in the Hawaiian Archipelago, 
the depth of drowned banks is inversely related to summit area; smaller banks are 
progressively deeper, evidently because of erosional truncation during low sea level 
stands. Bank summit area may therefore be an important factor determining the failure 
or success of coral islands. 

T HE FORMATION OF CORAL ATOLLS 

has been generally understood since 
the work of Darwin (1). In Darwin's 

theory, a coral reef grows upward around a 
sinkilia volcano until the Golcanic edifice " 
subsides below sea level, leaving a coral 
atoll. However, among 261 atolls in the 
world's oceans, there are 116 drowned shal- 
low banks, all suitable for the development 
of atolls (2, 3). Many of these banks have the 
shape of atolls and are at depths between 10 
and 200 m. Why these banks drowned while 
others adjacent or nearby did not has been a 
long-standing question (2, 4, 5) .  In several 
atoll-guyot pairs, for example, Bikini and 
Sylvania, one edifice drowned and the other 
did not (6, 7). Schlager (8) has described the 
problem of reef drowning as a paradox 
because he suggested that the growth poten- 
tial of reefs is capable of exceeding the rate 
of postglacial sealevel rise. In this report, we 
redefine the problem, claiming that during 
cycles of glacio-eustacy, coral reefs that are 
situated on banks bklow a critical depth 
drown, but reefs growing on shallower 
foundations do not. We hypothesize that 
bank depth depends on subaerial 

erosion which in turn depends on bank sum- 
mit area and sea level history. We have tested 
this hypothesis against a set of data from 
drowned banks in the Hawaiian Archipelago. 

The Hawaiian Archipelago is an ideal 
setting for the study of drowned coral reefs. 
The chain stretches west-northwest across 
the Pacific between 20°N and 29"N, from 
the island of Hawaii to Kure atoll, and 
contains eight high volcanic islands, five 
islets with broad banks, three atolls, two 
coral islands at sea level, and 25 drowned 
banks (Fig. 1). All of these edifices originat- 
ed over a hotspot currently located near 
19"N 155"W (9, 10). Although the archipel- 
ago is in tropical latitudes suitable for the 
development of coral reefs (II) ,  some banks 
have drowned while others have not. 

Processes contributing to changes in 
depth of coral reefs include reef growth, 
change in eustatic sea level, erosion, and 
subsidence or uplift of antecedent founda- 
tions (Tables 1 and 2). Coral reefs drown 
when sea level rise outpaces the rate of 
carbonate accumulation, minus subsidence 
and erosion, for periods long enough that 
reefs submerge below a "critical depth." 

Below this depth, coral reefs cannot main- 
tain a positive net rate of upward accretion. 

Sea level has undergone i t  least 17  cycles 
of transgression and regression during the 
Pleistocene (12, 13), all likely constrained 
within several tens of meters above and 
about 200 below present sea level (14). 
Most workers have estimated that the last 
sea level low stand in the Holocene was 120 
to 135 rn below present sea level (13, 15-17) 
(Fig. 2), but it may have been as much as 
165 m lower (18). Between 18,000 and 
9,000 years ago, the long-term average sea 
level rise was about 12 mmlyear (8, 14); 
however, the rise may have bken up to 20 
mdyear during intervals spanning several 
thousand years (18, 19). 

For comparison, maximum rates of net 
upward coral reef growth are generally 
about 10 mmtyear or less (13, 20-22) (Table 
1). Higher rates have been measured for 
maximum potential growth of corals in opti- 
mal environments (23, 24), but these are not 
representative of entire reefs. Highest rates 
of calcification for corals (and reefs) occur at 
depths of 5 to 10 m and decline rapidly with 
increasing depth (25, 26). At 30 m, rates of 
vertical growth of individual species of mas- 
sive corals are between 15 and 40% of their 
rates at optimum depth (24-26). For exam- 
ple, in Jamaica, the rate of upward accretion 
of the entire reef at 30 m is 1.3 mmiyear; 
about 20% of the rate at 10 m (25, 27). This 
low rate of carbonate production is close to 
average rates of biological and mechanical 
erosion (Table 2). Thus rates of sea level rise 
during the height of the Holocene trans- 
gression were greater than the maximum po- 
tential of coral reefs to grow upward, particu- 
larly if rates of erosion and subsidence are 
taken into account (Tables 1 and 2). 

The critical depth for drowning for most 
coral reefs in the world is estimated to be 
about 30 to 40 m, but could be less depend- 
ing on geographic differences in ecological 
factors such as light, temperature, sedimen- 
tation, turbidity, disturbance, and bioero- 
sion (8). Darwin ( I )  recognized the signifi- 
cance of critical depth and called it the limit 
of vigorous go&.  He placed it at a depth 
of 36 m. Vaughan and Wells (28) estimated 
the zone of vigorous growth to be less than 
30 rn. Buddemeier and Hopley (29) placed 
it at 40 m. Geologists, in many cases, have 
estimated that critical depth is deeper; be- 
tween 50 and 100 m (8, 30). Deep-water 
coral species may survive at depths much 
greater than 40 m (13, 31) but entire reefs 
below this depth are generally unable to 
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build to the surface. Schlager (8) equated 34). The primary evidence that these islands Table 1. Rates of coral reef growth in three 
oceans of the world; I, Island; VI, Virgin Islands. critical d e ~ t h  for coral reefs with the bbttom were exiosed is a worldwide solution un- 

of the euphotic zone, at a depth of 100 m; 
he suggested that submergence by 100 m 
would not cause drowning because succes- 
sive glacio-eustatic falls would re-expose 
such reefs. Successive exposure has probably 
occurred, but because critical depth for coral 
reefs is mush shallower than 100 m, these 
reefs would simply undergo repeated 
drownings and would nct survive. 

In Hawaii, maximum rates of net reef 
growth at 10 m deprh vary between 10 and 
1 mndyear, decreasing with increasing lati- 
tude (1 1). All drowned Hawaiian banks are 
in the northwestern Hawaiian Islands 
(NWHI) between 23" and 29"N where val- 

conformity underlying many coral islands in 
tropical seas today. This unconformity oc- 
curs at depths between 3 and 33 m and 
separates Holocene reefs from their Pleisto- 
cene or younger foundations (21, 35). At 
Enewetak the unconformity occurs at a 
depth of 10 to 14 m and separates reefs that 
are 6,000 years old from those that are 
about 120,000 years old (36). At Muroroa 
in the Tuamoto Islands the same unconfor- 
mity is at 6 to 10 m depth (37). On the 
Great Barrier Reef the unconformity occurs 
at depths between 4 and 23 m (13, 21). I t  
occurs as deep as 33 m in the Alacran reef, 
off the east coast of Mexico (35). Regional 

ues of net reef growth on adjacent islands at differences in depth of this unconformity 
10 m depth are from 5.0 to less than 1.0 may be attributed to varying rates of ero- 
mndyear (11). At 30 m depth, accretion sion, as well as subsidence associated with 
rates- would be expected to be about one- 
fifth the rate at 10 m, about 1.0 to less than 
0.2 rnndyear in the NWHI. These rates of 
coral reef accretion are much less than the 
maximum rate of sea level rise during the 
Holocene. 

About 18,000 years ago, most present- 
day atolls and coral islands were elevated 
100 m or more above sea level (3, 21, 32- 

tectonic effects, such as volcanic loading or 
variable thermal subsidence of the underly- 
ing lithosphere (Table 2). 

If growth rates of coral reefs in the 
NWHI are much less than rates of Holocene 
sea level rise, why are any islands in the 
NWHI at sea level? A possible explanation is 
that Kure, Midway, Pearl and Hermes, Li- 
sianski, and Laysan islands and French Frig- 

I I I I I I - 10 
Modern sea level 

- 

- 

0 

29 
- 4 0  

Percent tlme at depth Bank surnrn~t area (krn2) 
slnce 140,000 years ago 

Fig. 1. (Top) Map of Hawaiian Archipelago showing islands and banks; I, Island. (Bottom) Depth and 
summit area of banks in the Hawaiian Archipelago. Numbers refer to banks identified in the upper 
figure; arrows indicate that the bank area is equal to or less than area of resolution. Banks with lines 
connected to modern sea level surround islands. Histogram on left shows percent of time during the last 
glacio-eustatic cycle (140,000 years) that sea level was at any given depth interval (14). 

Area Rate Refer- 
(rndvear) ence 

Atlantic Ocean 
St. Croix, U.S. VI 9 to 15 
Alacran, Mexico 

(17) 
Up to 12 (35) 

Caribbean 1 to 12 
St. Croix, U.S. VI 4 to 10 

(21) 

Bermuda 1 to 3* 
(42) 

Jamaica 1.3 
(43) 

Pacific Ocean 
(27) 

Hawaii 1 to 10 
Eastern Pacific 

(11) 
About 10 (20) 

Hawaii and Johnson I Up to 9 
Australia Up to 8 

(44) 

Australia 
(21) 

2.6 to 7.3 (13) 
Australia 1.5" 

Indian Ocean 
(21) 

Mauritius Up to 10 (45) 

*Growth by sedimentation 

ate Shoals all have shallow Pleistocene foun- 
dations that are now above critical depth at 
their latitudes. Because coral reef growth 
rates decrease to the north along the chain 
(II), critical depth should decrease to the 
north. About 10,000 years ago sea level was 
about 30 m lower than it is today (17, 38), 
and since that time, it has risen at an average 
rate of only 3 mtdyear. Thus if the southerly 
banks were at depths of 30 m or less, they 
might have kept pace with sea level, but 
those in the north would have required 
shallower foundations to avoid drowning. 
This hypothesis is readily testable by drilling 
in the present coral islands in the NWHI. 

Measurements of the depth and area of 
drowned banks in tropical seas provide addi- 
tional data for interpreting critical depth of 
coral reefs. We determined the summit 
depths of banks less than 200 m deep in the 
NWHI as the shallowest flat surface area 
exceeding 1.0 km2 (39). The summit area of 
the drowned banks was determined as the 
area enclosed within the 180 m (100 fath- 
om) contour. Banks deeper than 200 m are 
guyots (40) and were not considered in the 
study. 

The data show that banks with smaller 
summit areas are progressively deeper (Fig. 
1, bottom). The logarithm of bank summit 
area is inversely related to depth. With one 
exception (Salmon Bank) the largest banks 
in the archipelago (>147-km2 summit area) 
all cluster in a depth range of 16 to 40 m. 
With one exception (Gambier Shoal), mid- 
dle size bank summits (147 to 10 km2) are at 
depths between 51  and 69 m. Banks less 
than 10 km2 in summit area are all at depths 
of 114 to 148 m. 

During the past 140,000 years (Fig. 1, 
bottom) sea level was below 80 m for less 
than 20% of the time and below 100 m for 
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only 10% of the time (13). This period Modernsealevel , , 
represents only the last glacio-eustatic cycle v 

but is probably typical of sea level cycles 
4o 

during the entire Pleistocene (13, 14). If so, - 
the cumulative time sea level has been below - ? ? 

100 m during the entire Pleistocene would 8 - 

be about 160,000 years. 
Menard (40) determined that the rate of 

horizontal erosion of volcanic islands attrib- ,,, - 
I I ~  

banks with smaller summit area are progres- 
sively deeper, evidently the result of trunca- 
tion during periods of low sea level. Bank 
summit area may therefore be an important 
factor determining the success or failure of 
coral islands. 
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The Scanning Ion-Conductance Microscope 

A scanning ion-conductance microscope (SICM) has been developed that can image 
the topography of nonconducting surfaces that are covered with electrolytes. The 
probe of the SICM is an electrolyte-filled micropipette. The flow of ions through the 
opening of the pipette is blocked at short distances between the probe and the surface, 
thus limiting the ion conductance. A feedback mechanism can be used to maintain a 
given conductance and in turn determine the distance to the surface. The SICM can 
also sample and image the local ion currents above the surfaces. To illustrate its 
potential for imaging ion currents through channels in membranes, a topographic 
image of a membrane filter with 0.80-micrometer pores and an image of the ion 
currents flowing through such pores are presented. 

T HE FAMILY OF SCANNING PROBE 

microscopes (1-4) is broadening the 
frontiers of surface imaging. These 

microscoues scan various sharu urobes over 
I I 

samples to obtain surface contours-in 
some cases at the atomic scale (2). We report 
results from the SICM. I t  is designed suecif- 

U I 

ically for biology and electrophysiology in 
that it can image soft nonconductors (such 
as membranes) that are covered with an 
electrolyte. 

A schematic view of the SICM is shown 
in Fig. 1. A micropipette is filled with 
electrolyte and lowered through a reservoir 
of electrolyte toward an insulating sample 
surface while the conductance between an 
electrode inside the micropipette and an 
electrode in the reservoir is monitored. As 
the tip of the micropipette approaches the 
surface, the ion conductance decreases be- 
cause the space through which ions can flow 
is decreased. The micropipette is then 
scanned laterallv over the surface while a 
feedback system raises and lowers the micro- 
pipette to keep the conductance constant. 
The path of the tip follows the topography 
of the surface. 

Preliminary experiments were performed 
in our lab in 1986 by J. Saad and G. 
Tarleton ( 5 ) .  They were able to measure the 
topography of machined plastic pieces using 
an eyedropper as a probe. These experi- 
ments were not pursued further because the 
scan ranges then available with our micro- 
scopes (6) were not much larger than the 
openings in available micropipettes. 

However, x, y,z piezoelectric translators 
with larger scan ranges are now available, 

Flg, 1. The SICM scans a micropipette over the 
Department of Physics. University of California, Santa contours of a surface by keeping the electrical Barbara, CA 93106. 

conductance through the tip of the micropipette 
*Present address: Instinlt f i r  Quantenelektronik, ETH constant by adlustlng the vertical height-of the 
Honggerberg, HPT, CH-8093 Ziirich, Switzerland, probe. 

and microscope design has evolved enough 
that experimentation with various scanning 
probes is relatively easy. The pipette of the 
SICM is brought near the surface with two 
fine screws that are adjusted by hand while 
the separation is monitored with an optical 
microscope (7). A third fine screw that is 
driven with a stepper motor (7) brings the 
pipette within range of a single-tube x,y,z 
piezoelectric translator (8) .  This translator 
has a 9.3-km lateral range and a 3.0-km 
vertical range (9 ) .  

The micropipettes for early experiments 
were made from 1.5-mrn outer diameter 
(OD), 0.75-rnm inner diameter (ID) Ome- 
ga Dot (10) capillary tubing. Later versions 
were made with similar tubing (11) on a 
Brown-Flaming (12) puller. Although these 
pipettes are designed for measurement of 
intracellular potentials and patch clamping, 
similar micropipettes have been used in oth- 
er scanning probe microscopes, namely the 
near-field scanning optical microscope and 
the micropipette molecule microscope (3). 
We estimated our micropipette tip diame- 
ters with a nondestructive bubble pressure 
method developed by Mittman et al.  (13). 

I n n -  7 

Distance (probe l D) 

Flg. 2. Resolution test for the SICM. A pipette 
with an ID of 0.71 mm and an OD of 1.00 mm 
was scanned at constant height over three 
grooved plastic blocks with spacing of (a) four 
times, (b) two times, and (c) the same as the ID of 
the pipette. A 0.1M NaCl solution covered the 
blocks and filled the pipette. Note that even the 
grooves spaced by the ID of the pipette could be 
resolved. 
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