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FOREWORD

INTRODUCTION

It is an exciting experience to lead 26 faculty and students, from
5 separate departments, on a expedition into an essentially unknown
area. We found we could work together, talk together, and learn together
from the environment and from each other. The following reports attest
to the success of our efforts.

.The expedition sailed for Fanning Island aboard the R/V MAHI on
28 December 1969, arriving 2 January 1970. Three members joined us by
plane on 12 January, and four left us on 13 January the same way. We
sailed for home on 25 January, arriving in Honolulu on the 3lst.

The work of the expedition was divided into two phases: a sea phase
and an island phase. The sea phase (NSF Grant GA-10890), conducted by
E. D. Stroup and S. V. Smith, involved measurements in the South
Equatorial Current and Undercurrent, and measurement of the contribution
of detritus from Fanning Island to the open sea.

The island phase (NSF Grant GB-15581), involving most of the
personnel, was largely aimed at the physical oceanography of the lagoon,
biogeographical problems, and productivity studies. ’

Valuable support for all work was supplied by Ray Jeffcott, fixer
of everything; Deetsie Chave and Gene Gilley, cooks; and Mike Aurnig,
radioman. Phillip Palmer and John Fleetwood, managers of the Burns-
Philp copra plantation provided invaluable assistance. Martin Vitousek
supplied the plane. Phillip Helfrich, of the Hawaii Institute of Marine
Biology, lent us boats and equipment. The crew of the R/V MAHI provided
excellent support. Finally. W. R. Coops of the Research Corporation of
the University of Hawaii cut through much red tape and got us supplied
in the last few hectic weeks, when Hawaii was in the midst of a lengthy
shipping strike, and it was Christmas time.

Fanning Island

o Fanning Island is a beautiful atoll in the Line Islands chain at
3°55'N, 159°23'W. The island was discovered in 1798 by the American
whaler BETSY, under captain Edmund Fanning, at which time the island
was uninhabited. Emory (1934, 1939) however reports inhabitation in the
16th century. Copra and guano were produced on the island on and off
between 1848 and 1935 when it was purchased by Burns-Philp, Ltd. Since
then the plantation has exported between 600 and 1000 tons of dried
copra per year.

British Cable and Wireless established a cable station on Fanning
in 1902 as a link between British Columbia and Suva. The greatest
excitement ever at Fanning was the attack by a German warship (under the
French flag) in September 1914, during which the cables were cut and the
batteries destroyed. The cable station was abandoned in 1963. 1In 1966



the University of Hawaii leased the station land and its fifteen buildings
the Gilbert and Ellice Islands Colony. The University has since added
a 2500-foot airstrip on the Island.

Fanning Atoll is composed of three islands enclosing a shallow
lagoon. It 1is about 12 miles long and 6 miles wide (See footnote below).
Although the island is inhabited by some 600 Gilbertese copra workers,
there is very little influence of man on the waters of the island.

There is no effluent from the copra operations, and relatively little
fishing due to a constant threat of ciguatera poisoning. Because of the
unspoiled nature of the environment, it is an ideal area for many types

of studies. ’

Fanning Island and the other islands of the Line Island chain--
Palmyra, Washington, and Christmas--are of great importance biogeographi-
cally, being the easternmost equatorial islands in the Pacific.

All in all, Fanning is an ideal place for many types of studies.
It is beautiful, isolated, yet easily accessible by air, and the Cable
station buildings are in good condition, with electricity and fresh
water available, as well as cooking and sleeping facilities.

Acknowledgment

The Expedition was supported by funds from the National Science
Foundation, under Grants GA-10890 and GB-15581. v

Members of the Expedition

F. M. Aurnig. Marine Technician, Hawaii Institute of Geophysics.
C. J. Berg. Graduate Student, Department of Zoology.

K. E. Chave. Professor of Oceanography.

Edith H. Chave. Graduate Student, Department of Zoology.

R. E. De Wreede. Graduate Student, Department of Botany.

S. Gallagher. Assistant Professor of Oceanography.

G. Gilley. Marine Technician, Hawaii Institute of Geophysics.
I. Gonzalez, Jr. Graduate Student, Department of Oceanography.
C. Gordon, Jr. Assistant Professor of Oceanography.

A, Gosline. Professor of Zoology.

- Guinther. Graduate Student, Department of Zoology.

. Jeffcott. Marine Technician, Hawaii Institute of Geophysics,
lison Kay. Professor of General Science.

. . .

.

°

HAOMHMDS O MEW

B
A
A

-

1See Fig. 1 facing p. 20 this report.



G. S. Key. Graduate Student, Department of Zoology.

G. J. Krasnick. Graduate Student, Department of Oceanography.
G, L. Petersen. Graduate Student, Department of Zoology.

K. J. Roy. Assistant Professor of Oceanography,

H. G, Schiesser. Graduate Student, Department of Oceanography.
G. L. Shepherd. Graduate Student, Department of Geosciences.
K. M. Shimada. Graduate Student, Department of Oceanography.
S, V. Smith, Graduate Student, Department of Oceanography.

E. D. Stroup. Assoclate Professor of Oceanography.

J. P. Villagomez. Student, Department of Botany.

M. J. Vitousek. Associate Geophysicist, Hawail Institute of Geophysics.
P, M. Volk. Graduate Student, Department of Oceanography.

R. C. Wass. Graduate Student, Department of Zoology.
References

Emory, Kenneth P, 1934. Archaeology of the Pacific Equatorial Islands.
B. P. Bishop Museum 123, 43 p.

. 1939. Additional notes on the Archaeology of Fanning
‘Island. B. P, Museum Occ. Pap. 15, 179-189.

The editorial assistance provided by Mrs. Ethel McAfee in the prepara-
tion of this report for publication is greatfully acknowledged.

K. E. Chave

30 November 1970






TIDES AND CURRENTS IN FANNING ATOLL LAGOON

B. S. Gallagher, K. M. Shimada,
F. I. Gonzalez, Jr., and E. D. Stroup

Department of Oceanography and Hawaiil Institute of Geophysics

As part of the Fanning Island Expedition 1970, selected physical
studies were conducted in the atoll lagoon. The major effort was the
measurement of volume, salt, and heat transports through the three main
atoll openings over a 24-hour period. In addition, lagoon and ocean
tides were recorded, and a cursory survey was made of circulation in a
small, reef-enclosed pond within the lagoon.

TRANSPORT STUDY

Fanning Island is a roughly oval atoll whose lagoon, although
almost entirely enclosed, does exchange water with the surrounding ocean.
Tidal flow in and out of the lagoon occurs at four locations and amounts
to roughly 5 percent of the lagoon volume over a semidiurnal cycle.

About 90 percent of this exchange takes place at English Harbor, through
a channel with a maximum depth of approximately 8.5 m and a minimum width
of 290 m. Opposite English Harbor, on the east side of the atoll, is a
shoal opening (Rapa Pass) which handles about 2 percent of the total
exchange, A similar channel to the north (North Pass) accounts for
roughly 5 percent. Air photos show one additional, meandering route
which may or may not lead from the lagoon to the sea. This possible
fourth opening about 5 km along the south shore from Rapa Pass, was
ignored in our study.

Exchange between ocean and lagoon was monitored for 24 hours,
starting at local noon on 7 January 1970. Current velocity, temperature,
and salinity were recorded at each of the three passes.

Both North and Rapa passes were treated in simple fashion. In each
case, a straight section was established by stringing a cross-channel
line, along which bottom topography was measured. (At North Pass,
there is, 1n addition to a main channel, an expanse of shoals which
uncover at low water. This was ignored--with an estimated maximum,
resulting local volume transport error of 13 percent.) A single station
was chosen at a point along the section that appeared to be in the main
flow (see Figs. 1 and 2). At this location, current velocity, tempera-
ture, and salinity were sampled each hour, within 0.5 m of the surface.
Water level was read hourly from a tide staff mounted in a sheltered
spot near shore, Figures 1 to 3 show the measurements. The various
transports through these passes were computed by assuming the measured
parameters to be constant over the channel cross sections,

-5-



Flow through English Harbor channel was sampled in far greater
detail because it was expected to be overwhelmingly important in the
total-exchange picture. H. 0. Publication 80 reports that currents in
the channel exceed 5 knots. Taking measurements from a skiff would be
very difficult at best in such a flow. Consequently, transports were
monitored along a semicircular section enclosing the lagoon end of the
channel and through which a more moderate flow could be expected.
Figure 4 shows the section and a smoothed fathometer trace along it.
Anchored buoys were emplaced at stations 1 to 6. The section was
traversed continuously by a skiff which was made fast to each buoy in
turn, Seventeen cycles of measurements were completed during the 24-hour
study. At each buoy, current velocity, temperature, and salinity were
measured at the depths shown in Figure 4. These data were integrated
over the cross section to obtain transport figures.1 Averages of all
the temperature and salinity measurements at buoys 2, 3, and 4 for each
measurement cycle are presented in Figure 5, along with the volume
transport through the entire channel.

A recording current meter was later placed near the surface at
buoy 3, the site of strongest flow. The resulting record is shown in
Figure 6.

RESULTS OF THE TRANSPORT STUDY
Volume

Currents through the channel at English Harbor display an interesting
pattern. During each period of inward flow, a jet develops and extends
into the lagoon from the channel itself. The jet appears at buoys 2, 3,
and 4, where speeds exceeding 3 knots can be found. On either side of
the base of the jet, eddying motion, which can be observed visually,
appears in the measurements of volume transport at stations 1, 5, and 6.
During the ebb, however, there is outward flow at all locations across
our section, funnelling into the channel. Figure 7 illustrates these
patterns in the volume transports at each buoy. The same jet-like flow
also develops on the seaward side of the channel during ebb and can often
be seen from shore. Another noteworthy feature of the current is its
rapid reversal, with relatively short periods of weak flow between strong
ebb and strong flood. This indicates that the lagoon has a nonlinear
response to tidal excitation. The presence of non-tidal overtones is
seen in the current and lagoon tide records displayed together in Figure
6. As one would expect, the current shows strong relation to the tide's

lDetails of all calculations, lists of instruments used, and a description
of the buoy-anchoring method are given in the appendix at the end of this
paper.,
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rate of change, but both processes clearly reflect nonlinear distortion.2
The lagoon's response to the ocean tide would be an intriguing subject
for further study.

The first, semidiurnal cycle of transport studied coincided with a 3
typical tidal excursion. During this period (1440 to 0120 hrs.) 0.025 km~ of
water was computed to have entered the lagoon through the three passes.
The computed outflow was 0.026 km3. The agreement between these numbers
is gratifying, because the tidal records show no net change in lagoon
water level over this particular period. Moreover, the measured exchange,
6 percent of the mean lagoon volume, agrees with the value estimated using
tidal range and mean depth in the lagoon. In spite of these consistency
checks, however, the transport figures calculated from our measurements
should not be regarded as exact. Inaccuracies in current speeds, direc-
tions, and areas of channel cross sections lead to a volume transport
uncertainty of *15 percent.

There was a net inflow of water through North and Rapa Passes durin
th% first, semidiurnal tidal cycle monitored. The amount was 0.56 x 10~
km~, or 0.1 percent of the lagoon volume. Thus there is an overall flow
across the lagoon which must exit at English Harbor; most probably this
flow is driven by wind and wave transport over the windward and northern
reefs.

Salt

During the first transport cycle, the computed total salt transport
into the lagoon (90 x 107 kg) matched (within our limits of accuracy)
the total salt transport out of the lagoon (91 x 107 kg).

At English Harbor channel, outflow (90 x 107 kg) also matched inflow
(86 x 107 kg) within our limits of accuracy (see Fig. 8). Salinity
followed no discernible pattern (see Fig. 5).

At North and Rapa Passes, (Figs. 9 and 10), inflow exceeded outflow
by 2.0 x 10/ kg of salt. Salinity in these passes decreased during flow
into the lagoon and increased during outflow. Because these passes are
shallow, solar heating may cause the levels of evaporation in the lagoon
to exceed open-ocean levels, at least locally near the mouths of the
passes. The higher salinity outflow could be partly caused by the mixing
of incoming sea water with more saline lagoon water. However, this
cannot be proven. If the ocean water merely flowed in and out of the
lagoon, with no mixing, estimates show that local evaporation in the
lagoon is sufficient to account for the observed salinity increase.

2There is also very probably some error in the relative phases of the
curves in Figure 6; the current should not lag the lagoon tide derivative.
We cannot find a timing mistake in either record and can only point out
this discrepancy.



Heat

In the first transport cycle, during which net volume transport was
zero, net heat transport (see Figs. 8 to 10) was also zero to within the
accuracy of our measurements. Total inflow (68 x 1013 calories) was
closely matched by outflow (66 x 1013 calories). There was a net inflow
of heat at the small passes (1.6 x 1013 calories), but this reflects the
particular phasing of the diurnal temperature curves with the semidiurnal
current variations, and may have no particular significance. It does
seem strange, however, that the temperature variations are diurnal and
do not show the effects of the tidal flows which appear in the salinity
curves. The disagreement in the periodicities of the temperature and
salinity occurs at both passes. It seems likely that this illustrates
the rapid response of temperature in this shallow-water environment to
the large diurnal variation in the flux of radiant energy. The diurnal
variation in evaporation is proportionately very much smaller, so that
no diurnal salinity fluctuation is obvious in the record. At English
Harbor, there is no significant temperature variation. This agrees with
other observations which indicate that the water which enters and leaves
through the channel is essentially open-ocean water. Changes incurred by
mixing with lagoon water were too small to be detected.

Mixing

Replacement of water in the lagoon appears to be a slow process. A
major reason for this is the fact that the lagoon 1s divided into
numerous, small ponds by interconnecting line reefs, many of which are
almost uncovered at low water. Flow is thus restricted to a shoal surface
layer and to meandering passes through the reefs. An exception is the
area receiving flow through the channel at English Harbor. Lagoonward
from the channel, the bottom is scattered with large coral formations,
but these are isolated and do not seriously baffle the flow. The water
here is relatively deep, and quite clear. The clear water contrasts
markedly with the extremely turbid water found throughout the rest of
the lagoon, and the boundary between clear and turbid water appears
vertical and often only a few meters wide. This boundary was sometimes
observed moving in response to tidal inflow and outflow through the
channel, These facts, together with the temperature and salinity records
from the transport study, indicate that very little mixing occurs
between lagoon water -and the water that participates in the predominant
tidal exchange. Mixing is likely to be relatively more important very
locally near North and Rapa Passes where no topographic or turbidity
boundaries are apparent and the water is shoal. Such mixing would not
greatly reduce lagoon-wide residence times, because of the line reefs
and because the volume exchange through these passes is relatively very
small.

One possible lower limit on residence time can be calculated by using
the observed volume of net inflow through the two small passes. If this



inflowing water is assumed to mix completely throughout the lagoon before
exiting at English Harbor, then we have

Lagoon volume
Rate of net exchange

residence time =

3
.41 km -
= = 11 months.

.56 % 107> km>/11hr

Tides

The main tidal records were kept near the Cable Station, on the
northwest side of the island, in the lagoon, and in the ocean. The ocean
gauge was fastened to an outhouse piling a few meters seaward from the
water's edge, while the lagoon record was obtained at the end of a small
pier. The measurements were used to make daily predictions for biologists
on the expedition who were involved in nearshore collecting. The tide
curves, shown in Figure 11, are useful for examining ranges and phases.
However, the records are not related to any common reference level.
Moreover, the curves contain several interruptions occasioned by instru-
ment malfunctions, and no attempt was made to maintain a constant
zero-level between fragments of a given record.

The observed tidal range in the lagoon i1s typically 40 cm. This
provides an immediate estimate of the volume of tidal flow: Half the
tidal range is 5 percent of the mean lagoon depth estimated by the
geologists, implying that 5 percent of the lagoon volume takes part in
tidal exchange. Direct measurement of the volume transport through the
passes confirms this value. The range in the lagoon is roughly half that
in the ocean outside.

The lagoon tide lags that of the surrounding ocean by a typical
period of 1 hr, 40 minutes as shown in Figure 12. The figure also shows
tides measured in North and Rapa Passes during the transport survey, and
the tide outside the Cable Station. Although the measurements in the
passes were taken roughly halfway between lagoon and sea, the curves
appear about the same in phase and in range as the ocean tide measured
at the Cable Station.

There is a temptation for practical reasons to see whether the
ocean tide at Fanning Island is related in some simple way to Honolulu
tides. The Honolulu tide is therefore shown in Figure 11. No relation
that could be used to give rough Fanning predictions based on Honolulu
records 1s apparent. Semidiurnal phase lags, based on very scanty
records, vary from 16 minutes to 1 hr 42 minutes for high water, and
from -48 minutes to 2 hr for low water. The amplitudes are also seen
to be quite different.
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Suez Pond

A large part of Fanning Island lagoon is subdivided into small
ponds by interconnecting line reefs that reach nearly to the surface.
A typical example, called Suez Pond3 in this paper, was chosen for
intensive geological and chemical study; we attempted to provide some
supporting information about water circulation.

Water movements in the pond proved to be extremely complex and
usually too weak to measure quantitatively with standard current meters.
Winds, tides, and thermohaline forces all appear to be important in the
circulation. Furthermore, processes on the bordering reefs and in
adjacent ponds seem to have an influence as well. Our time and instru-
mentation were almost totally inadequate for the task of describing the
circulation, and we are able to make only qualitative comments.

During much of the year Fanning Island lies in the southeasterly
tradewinds, which blow across the lagoon at mean speeds of 10 knots from
135°. There are diurnal speed variations with afternoon winds being 10
to 20 percent stronger than morning winds. (This information is published
in "Line Islands, Meteorological Notes 11-B, September, 1956" prepared
by the New Zealand Meteorological Service, Wellington). Short, choppy.
waves up to 0.3 m high are generated within the lagoon itself. With
exceptions to be noted later, surface flow across the pond and adjacent
reefs is in the direction of the wind. Within the pond, the directly
wind-driven layer is less than 1 m deep with speeds on the order of 0.1
knot. We found no simple pattern of return flow at depth; currents at
3 m were variable in direction with speeds too low to measure (<.05 knot).
Sand from the tops of the adjacent reefs is found deposited almost
exclusively along the windward boundary of the pond, indicating the
directional consistency of the wind-generated waves and currents over
the reefs, and supporting the finding that currents at depth are weak.

Tidal effects are superposed and sometimes masked by the wind-driven
flow. Currents were measured at several locations on the shoal reefs
bounding the pond both during rising and during falling tides. At Suez,
a channel roughly 1 m deep and 5 m wide dredged through the leeward reef,
an ebb flow moved against the wind at 0.1-0.2 knots. Tidal reversals
were not detected at any other location. Tidal currents almost surely
cross the reefs at other places, and future measurements should include
a study under conditions of no wind. To the north and west (and not
communicating with the pond) is a meandering pass which can be followed
through the reefs from the Cable Station to English Harbor. It 1s possible
that this serves as a channel for overall southward flow in the area; the
ebbing tide and the necessary return of wind-driven surface transport may
be minimal in Suez Pond itself.

3S_ee "Sedimentation and Coral Reef Development in Turbid Water: Fanning
Lagoon" by K. Roy and S. Smith, p. 61 of this report, for a further
description of the pond itself.
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Tracing subsurface flow with dye was attempted, but was of limited
value because of the high turbidity in the pond. On one occasion however,
we were able to detect subsurface movement against the wind. Dye
introduced in a vertical streak near the windward edge of the pond broke
into two patches. A surface patch moved with the 9-knot wind at a
maximum estimated speed of 0.4 knot, and became too diffuse to see after
about 40 minutes. A second patch, extending downward from about 0.5 m,
moved up against the windward reef at an estimated speed of 0.06 knot
and could not be seen coming to the surface. The dye may have moved
downward, or it may have ascended very slowly and became too diffuse
to detect in the surface flow. Dye injected as a point source in the
same location at 3 m depth was never detected throughout 2 hours of
observation,

Distributions of properties show a complicated pattern of inhomo-
geneities. Salinity was sampled with depth at five stations during a
3-hour period. At four locations salinity increased by .01 to .03 /oo
frog the surface to the botgom, and one station showed a decrease of
.01"/oo. Variations of .04 /oo over distances of a few hundred meters
occur at all depths. One of the stations was repeated after 24 hours,
and salinity had increased almost 0.30/00 at all depths. There appears
to have been no water of this higher salinity in the pond on the previous
day, so the rapid replacement of the 8-m water column at this station
does indicate vertical movement. The salinity data indicate thermohaline
circulation which is very irregular in space and in time. Probably
patches of high salinity water originate over the wide, shoal, boundary
reefs, are advected into the pond, and perhaps with night-time cooling,
give rise to vertical circulations which can have horizontal dimensions
small compared to the pond. The pattern of such circulation would be
further complicated below about 3 m by the very irregular topography.

The distribution of extinction coefficients in the water column is
shown in Figure 12, in "Sedimentation and Coral Reef Development in
Turbid Water: Fanning Lagoon" by K. Roy and S. Smith.X Several factors
appear. A patch of high turbidity, covering about one-third of the pond's
area, is apparent at the surface and extends down to about 2 m. Within
the patch suspended load decreases with depth, indicating that the patch
is quite recently formed. The horizontal distribution strongly implies
that this highly turbid water has been entering the pond through Suez
canal during the falling tide, and flowing out over the surface. Shallow
tidal flow against the wind also appears to be bringing turbid water from
the leeward reef into the pond to the east of Suez. At depths between 2 m
and 4 m additional horizontal patches of suspended load can be seen. They
are less intense and have no apparent connection with those at the surface;
they may be remnants of surface patches in the process of settling.
(Particulate matter of this size has a settling rate on the order of
1 m/day.) Below 4 m the turbidity becomes almost uniform horizontally,
with an intensity that appears to be close to an average value for the
overlying water.

4
Facing page 68 of this report.
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The salinity and suspended load data weakly suggest some general
conclusions about mixing in the pond. The uniformity of turbidity at
depth, along with the settling rate of the particles, makes it seem
likely that the pond has a mixing time of less than about five days.
Salinity indicates that the mixing time certainly exceeds a few hours,
and that at least part of the mixing may be associated with diurnal,
thermohaline processes. One might suspect that deeper portions of the
pond are filled by relatively dense water that is renewed only infre-
quently by unusual events. However, there are no indications of
stagnation; oxygen concentrations are close to saturation at all depths.
Thus there must be a fairly regular downward transport of buoyancy,
indicating an external source of mixing energy. The most probable agent
is the wind-driven flow, but we have insufficient measurements for
proposing a circulation model which could explain the mixing and the
observed distributions of properties.

Should a future expedition wish to obtain a comprehensive picture
of physical processes in the pond, they would face a difficult task.
A first step would be to employ very sensitive current meters (responsive
to 1 cm/sec or less) to see whether any average, overall patterns of
movement can be discerned. Great effort would be required to ensure no
motion of the meters themselves; they cannot simply be lowered from a
singly-anchored skiff. Hourly vertical profiles should be obtained at
as many stations as possible (at least four on a line roughly parallel
with the wind and through the center of the pond). We advocate this
direct approach because the patchy and transient nature of property
distributions would limit their value for inferring motion unless they
were based on very dense sampling. If a general circulation pattern
was found, then temperature, salinity, and turbidity measurements could
be planned to complement and take advantage of it. Such a plan should
be designed to maximize the density of readings in both time and space;
variations that occur rapidly and over short distances are to be expected.
On-the-spot instrument readout would be extremely valuable,
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Appendix

Explanation of Transport Computations

Volume transport. Volume transports were calculated by approximating the
integral:

D(s)
Transport = IL I u(s,z) ds dz
s =0 2z=0

where s = the coordinate along the cross-channel section, and z = the
depth coordinate.

For Rapa Pass, a straight section across the channel was used. We
assumed that the current velocity measured at our station in mid-channel
was constant throughout the channel. Also, the current direction was
assumed to be normal to the channel cross section. Thus the transport
integral simplifies to the product of one current speed and one cross-
sectional area for every observation hour. Errors were caused by
uncertainties in the channel width, channel depth, and current velocity
data. We had measured the channel width along a 1/2-inch polypropylene
line strung across the channel, but this line was not taut. If taut,
it would have been about 6 m shorter. Uncertainties of 4% in channel
width, 47 in channel depth, and 57 in current velocity led to an error
of 137 in the volume transport numbers for Rapa Pass.

For North Pass, we used assumptions similar to those for Rapa Pass--
a straight section, and normal currents constant throughout the channel.
Most of the volume transport was assumed to have occurred through the
west side of the channel. Gross calculations show that the neglected
flow over the rest of the channel could have been at most 13% of the
measured flow in the main channel. With a 5% uncertainty in the channel
width, depth, and current speed for the west side of the channel, a total
error of 18% was possible in the volume transports.

For English Harbor, the transport integral involved cross-sectional
area data from seven sections and current velocity data from six stations.
The seven sections were chosen along straight lines between the buoys and
straight lines between the end buoys and the shore. The bottom contour was
known along the straight lines between the buoys, while the bottom contour
between buoy 1 and the shore and buoy 6 and the shore was estimated from
visual observations in the field. With these data and with tidal heights
to the nearest tenth of a meter, we calculated the cross-sectional areas.



-15-

The current velocity data from the six stations had to be corrected
because the zero calibration of the Hydro Products 451 A Current Speed
Readout and the 452 A Current Direction Readout drifted during the 24-
hour measurement period. The Aanderaa current meter data taken later at
buoy 3 were used for this correction. To correct the current speed, we
assumed that the slope of the tidal curve recorded in the lagoon near the
Cable Station was related to the current speed. We calculated the ratio
between the average slopes of the tidal curves recorded during the 24~
hour transport study and the average slopes of the tidal curves recorded
during the time the Aanderaa meter was being used. This ratio gave a
factor by which the Aanderaa record should be increased to reflect a tidal
curve that existed during the time of the 24-hour study. The adjusted
Aanderaa data were assumed to be correct. Then the maximum corrected
Aanderaa current speed was compared with the maximum current speed
recorded with the Hydro Products current meter., A correction ratio of
1.32 was calculated and used to correct all the Hydro Products current
speed data.

To correct the current direction, the Aanderaa record was again used.
This showed a flow into the lagoon at about 40° (magnetic) and a flow out
of the lagoon at about 216° (magnetic). For each observation run, we
first corrected the current direction that had been measured at buoy 3
at 1 m. These directions were corrected to either 216° or 40° depending
on whether the sea-level record showed an inflow or outflow. Using this
same angular increment, we then changed the current directions at the
other buoys--on the assumption that the meter used during the survey,
although drifting, was self-consistent over an hour's time. If there
were current directions that remained inconsistent with those at the
other buoys, we used an average inflow or outflow direction for that
particular buoy from other observation runs.

The corrected velocity data were used to evaluate the transport
integral, The currents observed at each depth at each buoy were resolved
into components normal to the two sections adjoining the buoy. Then a
depth-averaged, normal velocity was found at each end of each section.
For this process, we assumed a weighted average,

D
average -% J‘ u(z) dz
)

ulAz1 + uzAz2 + ...
D
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where u = current velocity
z = depth over which u 1s assumed constant
D = total depth or z, + z_, + ...

1 2

Finally, an overall, normal velocity through each section was taken as
the mean of the depth-averaged values at either end. This involves the
assumption that u 1 (s,2z) = £(s) x g(z), with the physical implica-
tion that the 1ocgir¥gpography between stations does not distort the flow.
This overall current velocity and the cross-sectional area of the section
were used in approximating the transport integral.

To assign a transport to each station, we took the sum of one-half
the transports through the sections on either side of a buoy. The
transport at the end stations included the transport through the entire
section between the end buoys and the shore,

Errors were caused by uncertainties in the buoy positions, the time,
and height of the tidal changes, and current speed readings. Uncertainties
in locating the buoy positions led to an error of about 1% in determining
the width of the sections between buoys. The tide data taken in the
lagoon near the Cable Station was applied at English Harbor channel. A
phase lag between the tides at these two positions might have led to a
maximum error of 107, and a more probable error of 37, in determining
channel depth., In the calculation of a correction factor for the Hydro
Products current speed data, a 4% error was involved in determining the
slope of the tidal curves. Uncertainties in reading the Hydro Products
current meter might have led to a 10% error in the current speed. The
total uncertainty in the volume transports for English Harbor channel
may have been about 18%.

Salt Transport. Salt transports were calculated by approximating the
integral:

D(s)
f u(s,z) S(s,z) p(s,z) dsdz,
s =0 z =0

where S is salinity, and p is density.

At North Pass and Rapa Pass the salinity and the density were assumed
constant throughout the channel. At English Harbor channel we averaged
the salinity at buoys 2, 3, and 4 where most of the volume transport
occurred and assumed this average to be constant throughout the channel.
We took p = 1. Therefore the integral reduced to
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D(s)
Salt transport = S J j u(s,z) dsdz
s =0 z =0

fi

S x volume transport.

Heat transport. Heat transport calculations were similar to those for
salt transport and the integral

L D(s)
I I u(s,z) T(s,z) p(s,z) c (s,z) dsdz
=0 z =0 P

reduced to

Heat transport .962 x Temperature x volume transport
where

.962

cp for water of 350/00 and 27.5°C.

Anchoring System at English Harbor

Each buoy was held in place by two 15-1b Danforth anchors. The
anchors, about 20 m apart, were set so one would hold against an incoming
current and the other against an outgoing current., Two meters of chain
and twenty meters of double 1/4-inch Manila line connected each anchor
to the buoy. During a measurement cycle, a 16-foot skiff (Boston Whaler)
was moored to the buoy and a current meter lowered. The anchoring system
was able to hold the buoy in position despite the skiff, current meter,
and 3-knot currents.

Instruments Used

TRANSPORT STUDY (7 to 8 January)
North Pass
Aanderaa current meter

Bucket thermometer
Hytech Model 6210 Laboratory Salinometer
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Rapa Pass
Hydro Products Model 460A Current Speed Sensor
Bucket thermometer
Hytech Model 6210 Laboratory Salinometer
English Harbor
Hydro Products Modular Current Meter System
combining the Model 460A Current Speed Sensor
and the Model 465A Current Direction Sensor

Hydro Products Hydrotemp Model 403 Sensing Unit
(for temperature measurements)

Beckman RS5-3 Portable Salinometer
Raytheon Model DE-719 Fathometer
Aanderaa Current Meter (used 15 to 18 January)
TIDES
Belfort Instrument Company's Liquid Level Recorders
SUEZ POND
Hydro Products Modular Current Meter System

Sims Electronic Anemometer Model BT



TEMPERATURE, SALINITY AND OXYGEN OBSERVATIONS AT FANNING ISLAND

Donald C. Gordon, Jr. and Harold G. Schiesser
Department of Oceanography and Hawaii Institute of Geophsics

INTRODUCTION

A survey was run to determine the distribution of temperature, salinity
and oxygen within the lagoon. 1In addition, salinity was determined in each
of the three channels (English Harbor, North Pass, and Rapa Pass) during the
24-hour study.

METHODS

Water for analysis was either dipped from the surface or collected with
an in situ pumping apparatus. Temperature was determined with a laboratory
thermometer. Salinity samples were collected in 250-ml glass bottles having
tight-fitting screw caps. Salinity was determined within 48 hours of col-
lection using a Hytech Model 6210 Laboratory Salinometer which was standard-
ized daily with Copenhagen water. Dissolved oxygen was determined by the
Winkler method. Samples were collected in BOD bottles, pickled immediately,
and titrated in the laboratory within a few hours.

RESULTS

Lagoon Survey

The values of temperature, salinity and oxygen are summarized in Table
1. Station locations are shown in Figure 1.

The lagoon was nearly isothermal. The average temperature was slightly
below 28 C and fluctuations were only of a few tenths of a degree. There
was no observed gradient with depth.

Salinity within the lagoon was quite variable, ranging from a low of
34.562%, (Sta A) to a high of 35.281%, (Station 172). There was a very
slight tendency for salinity to increase with depth (about 0.020%, per 7m).
Salinity within Suez Pond at a given time was fairly uniform but during the
eleven days of observation it increased continuously from 34.8097%, to
35.281%,. All lagoon salinities determined prior to 9 January were lower
than those at English Harbor, while all but one determined afterwards were
higher. Thus, it appears that the salinity of the entire lagoon was grad-
ually increasing during the course of these observations.

The saturation concentration of dissolved oxygen in lagoon water is

calculated to be 4.69 ml/l. Therefore, except at the surface at Stas 175-
177, the lagoon water was undersaturated with oxygen, averaging about 90%
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saturation. The three super-saturated samples were collected during and
just after a rain squall when surface samples should be highly oxygenated.
Oxygen tended to increase about 0.1 ml/1 in the upper 3 m, presumably due
to an increase of photosynthesis with depth in this layer. All oxygen
samples were taken during daylight hours (0900-1200) when oxygen concentra-
tions should be the highest. Unfortunately, no diurnal data were obtained.

24-Hour Study

The salinity values during the 24-hour study at all three channels are
plotted in Figure 2. There were no significant fluctuations at the English
Harbor station (Buoy 4). Salinity remained very constant at about 35.010%,,
which 1s characteristic of oceanic water surrounding Fanning Island. How-
ever, pronounced variations were observed at North and Rapa passes; salinity
decreased during the flood and increased during the ebb. All values at
these two passes were higher than those at English Harbor and generally
higher than those in the lagoon (Table 1). These high salinities were pre-
sumably due to excessive evaporation in the shallow regions of the lagoon
Just inside from North and Rapa passes.

DISCUSSION

These results give some insight into the circulation of the lagoon.
The absence of pronounced vertical gradients indicates that the water
column is well mixed. Although values are fairly uniform in different parts
of the lagoon, minor differences, especially in salinity, suggest that
horizontal mixing is somewhat restricted due to the numerous line reefs
which criss-cross the lagoon.

These data also suggest that the lagoon has a very low flushing rate.
The fact that lagoon water was fresher than English Harbor water and then
gradually increased in salinity indicates that the salinity of the lagoon
is controlled more by precipitation and evaporation than by exchange with the
surrounding ocean water. Also, the constant salinity of about 35.010%,
during the 24-hour study at English Harbor, where practically all exchange
occurs, suggests that although there is much exchange of water there is
little mixing.
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Table 1. Summary of temperature, salinity

and oxygen values in Fanning Lagoon

Date Station Z (m) Temp (°C) Salinity (%,) Oxygen (ml/1)

4 Jan 2 0 28.5 34.809 4.18
9 0 28.0 35.041 4.18
A 0 34.562
5 Jan 11 0 27.6 34.826 3.96
2 27.6 34.826 4,27
4 27.6 34.828 3.96
15 0 28.0 34.733 4.14
3 28.0 34.726 4,05
5 28.0 34.726 4.10
17 0 27.7 34.989 4.27
3 27.5 34.965 4.05
6 27.5 34,980 4.18
9 27.5 34.989 4.07
14 27.5 35.006
6 Jan 20 0 27.8 34.916 4,12
2 27.8 34.931 4.24
5 27.6 34.947 4,34
21 0 27.8 34.914 4.14
2 27.8 34.913 4,17
5 27.8 34.906 4.32
22 0 28.0 34.886 4.29
3 27.8 34.886 4.43
6 27.8 34.891 4.34
23 0 27.8 34,913 4.13
2 27.8 34.918 4,24
5 27.8 34.924 4.30
24 0 28.0 34.916 4.23
3 28.0 34.916 4.36
8 28.0 34.943 4.34
9 Jan 26 0 35.147 4,06
2 35.153 4.09
4 35.165 4.06
7 35.175 4,24
14 Jan 162 0 35.183
15 Jan 172 0 35.281
16 Jan 174 0 35.006 4.47
175 0 34,924 5.11
176 0 34.979 4.78
177 0 34.995 4.69
178 0 35.140 4.54







ORGANIC CARBON BUDGET OF FANNING ISLAND LAGOON

Donald C. Gordon, Jr.
Department of Oceanography and Hawaii Institute of Geophysics

ABSTRACT

The concentrations of total and particulate organic carbon in the
waters of Fanning Island Lagoon are high and fairly uniform throughout,
averaging 1.68 mg/l and 80 pg/l, respectively. Phytoplankton and reefs in
the lagoon produce 7.8 x 104 kg of organic carbon daily, giving a turnover
time of only 11 days for organic carbon. Only 0.4% of the daily production
is lost from the lagoon by tidal exchange, the remainder is respired by
organisms in the lagoon. Fanning Lagoon is a rich and unique environment
which because of its low flushing rate of about 230 days has little effect
on the surrounding ocean.

INTRODUCTION

Atolls are often referred to as biological oases in the aquatic desert
of the tropical and subtropical ocean. The high productivity of coral reef
communities has been well illustrated by the classic studies of Sargent and
Austin (1949) and Odum and Odum (1955). However, atolls by definition con-
sist of a lagoon as well as encircling reefs and islands. Therefore, an
understanding of processes in lagoons is also necessary for comparing atolls
with and describing their effect on the surrounding ocean.

The few measurements made (Sargent and Austin, 1949; Doty and Capurro,
1961) indicate that phytoplankton productivity in lagoons is generally low.
With the exception of a few determinations by Odum and Odum (1955) and
Johannes (1967) at Eniwetok, the concentrations of organic carbon in lagoons
are unknown. In addition, nothing is known as to how much organic carbon
a lagoon loses by water exchange.

The Fanning Island Expedition offered an excellent opportunity to con-
struct an organic carbon budget for a Pacific atoll lagoon. The small size
and enclosed nature of Fanning Lagoon (Fig. 1) made it easy to study the
distribution of organic carbon within the lagoon and to monitor its exchange
with the ocean.

METHODS
Both total and particulate organic carbon were measured at various lo-
cations and depths within the lagoon and at three-hour intervals at each of

the three passes during a 24-hour sampling program. Seawater for analysis
was either dipped from the surface or collected with an in situ pump
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(Schiesser, 1970) suspended from a Boston Whaler. Station locations are
shown in Figure 1. During the 24-hour study, samples at English Harbor were
collected at Buoy 4 from surface, 3 m, and 7 m (just off the bottom). At
North and Rapa passes, which are only a few feet deep, only surface samples
were collected.

Total organic carbon was determined by treating unfiltered water with
the dissolved organic carbon method of Menzel and Vaccaro (1964), as modi-
fied by Strickland and Parsons (1968). Collected water was placed in 250-
ml glass bottles and processed and autoclaved in the laboratory as soon as
possible, usually within a few hours. The analyses were completed a month
later back in Hawaii.

Water for particulate organic carbon analysis was collected in 4-1
plastic bottles. Upon return to the laboratory, 1 1 was filtered through
a precombusted 25-mm Gelman Type A glass fiber filter (the remaining water
was used for other analyses). After a rinse of 5 ml of distilled water,
filters were placed in numbered plastic petri dishes and frozen until return
to Hawaii. Then, each filter was placed in a 10-ml glass ampoule containing
5 ml of low-carbon distilled water (prepared by saturating glass-distilled
water with potassium persulfate and autoclaving for 1 hr) and treated like
total organic carbon samples. The only differences in handling were that
twice as much potassium persulfate and phosphoric acid were added to each
ampoule and a lower gain was used on the infrared carbon dioxide analyzer.

RESULTS

Lagoon Survey

The concentrations of both total and particulate organic carbon obser-
ved within the lagoon are plotted in Figure 2. Dissolved organic carbon
concentrations can be obtained by subtracting the particulate from the total.
As expected, the distributions of each were similar. Differences within the
lagoon were evident, particularly between Stations 11, 15, and 17. Concen-
trations dropped as English Harbor was approached. At each station, con-
centrations were fairly uniform with depth. Temperature, salinity, and
oxygen had a similar vertical distribution (Gordon and Schiesser, 1970), in-
dicating that the water column is well mixed. In a few instances, sediment
was stirred up when near-bottom samples were being collected. The particu-
late organic carbon concentrations of these samples (not recorded in Fig. 2)
were several times greater because of organic carbon assoclated with the

sediment.

Within the lagoon, the average total and particulate organic carbon con-
centrations were 1.68 mg/l and 80 pg/l, respectively. These mean values are
much higher than those reported in the lagoon at Eniwetok. Odum and Odum
(1955) reported an average total organic matter concentration of 1 mg/l
which 1s equivalent to a total organic carbonconcentration of about 0.5
mg/l, and Johannes (1967) observed an average particulate organic carbon
concentration of 33.6 ug/l just leeward of the Japtan inter-island reef.



159°24'

20’ 16'
T T T T T
NORTH CAPE
- ez e FANNING ISLAND A
£ A -~
8 o : STATUTE MILES
A 0 | 2 3
METAUA PT. | S WS S N S B
e T T
CASLE sTA. {O ° | UjaE ? RS 4
4'_ N - *
s AUA 54
BICKNELL PT ©20-24,26,28,
162,172
el5 [y
TARUFEF;Qﬁ .
— ol7 el77 ’ A\ -
CARTWRIGHT PT. C R @178 \
DANGER PT
ENGLISH HARBOR
350"~ — 3°5¢'
, AFTER ZIPSER AND TAYLOR,[968
] 1 H i 1
159°24' ‘ 20 16’
Fig. 1.

Station locations at Fanning Atoll. The three triangles represent the stations during the
24~hour study.



ORGANIC CARBON

TOTAL(mg/l) PARTICULATE (pg/l)
10 . 1.5 20 50 100 150 200
0 O % SO ASOW TA] T O [ T T T T [EBRS [OT T IO T T 1T
= o lo) - o) 0 -
o O
= o A 4+ o o A .
h— (o) o o =
s~ <
E S & —— 2 =5
T L 4 K
b—
o o a o
T ° T '
- —— o -
i o T o 1
10\~ - - —{10
_ 1 1.1 l F | | - l | ! T' 11 Fkx l A T | l | W | l L1 1 1q
10 1.2 2.0 50 100 150 200

Fig. 2. Concentrations of total and particulate organic carbon in Fanning Lagoon. See Figure 1 for
station locations. Stations 20-24, 26, 162, and 172 are in Suez Pond. Symbols: open circle,
station 11; open triangle, station 15; open square, station 17; open diamond, stations 20-24, 26,
162, and 172; golid circle, station 174; solid triangle, station 175; solid square, station 177;
solid diamond, station 178.



25—

Thus, it is readily apparent that Fanning Lagoon 1s a much richer environment
than Eniwetok Lagoon. The concentrations in Fanning Lagoon are in fact in
the range of those reported by Klim (1969) just leeward of the main reef in
Kaneohe Bay, Hawaii, a partially polluted embayment on the windward coast of
Oahu.

Organic carbon concentrations in surface water changed near the line
reefs which divide the lagoon into numerous ponds. Concentrations of both
total and particulate organic carbon decreased steadily along a transect
extending downwind from the line reef on the windward side of Suez Pond
(Fig. 3), except for one anomalous particulate value. These gradients sug-
gest that line reefs are contributing a significant amount of organic carbon
to lagoon water.

24~hour Study

As expected, since the water column is well mixed, there were no sig-
nificant changes of either total or particulate organic carbon with depth
at the English Harbor Station. Therefore, the three values at each sampling
time were averaged. These averaged values are presented in Figure 4 along
with the data from North and Rapa passes. The concentrations of both total
and particulate organic carbon were much lower in the passes than in the
lagoon which indicates that the concentrations in the lagoon are higher than
in the surrounding ocean.

Looking closely at the data (Fig. 4), a trend of higher ebb tide and
lower flood tide concentrations becomes visible, particularly during the
second half of the observations (8 Jan.). When the ebb and flood concentra-
tions of both total and particulate organic carbon at each channel are
averaged, the mean ebb concentrations are in fact greater than the mean
flood concentrations in all cases. However, these means were not signifi-
cantly different when tested with a t-test. The data were then tested on
the hypothesis that the differences between successive observations in dif-
ferent tidal stages were significantly different from zero. This test dem-
onstrated that the particulate organic carbon differences were significant
(p = 0.05), while those of total organic carbon were not. Thus, the lagoon
is losing some particulate organic carbon through tidal exchange.

DISCUSSION

A crude budget for organic carbon in the waters of Fanning Lagoon can be
constructed from the available data. Assuming that the processes affecting
organic carbon in the lagoon are in equilibrium, production and import must
be exactly balanced by export and respiration. This appears to be a reason-
able assumption since atolls are generally considered to be ecological climax

systems which by definition are quite stable.

Photosynthetic production by phytoplankton in the lagoon was measured by
Gordon et al. (1971) using the radiocarbon method. The average rate typical
of the entire lagoon equaled 49 mgC/m2/hr. This rate is approximately an
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order of magnitude greater than those previously reported from other Paci-
fic atoll lagoons. Since the radiocarbon method is thought to measure
principally net production, this filgure 1s a meaningful estimate of the
rate at which organic carbon 1s formed in the lagoon by phytoplankton 2
activity. Assuming 12 hr of production daily and a lagoon area of 103 km",
approximately 6.1 x 10% kg of organic carbon are produced each day by this
process in the entire lagoon.

Some organic carbon in the lagoon water undoubtedly originates from
the numerous line and patch reef communities which cover approximately
35% of the lagoon floor. This production is 1llustrated by the gradients
of organic carbon in the vicinity of line reefs (Fig. 3). According to
Johannes (1967), this exported material is princigally mucus, and he cal-
culated that it is produced at a rate of 0.02 g/m4/hr on Japtan Reef at
Eniwetokz Applying this rate to the Fanning Lagoon reefs, approximately
1.7 x 10 kg of organic carbon should be released into the lagoon from
reefs each day. This figure is certainly not accurate because of major
differences between Japtan Reef and the reefs in Fanning Lagoon. It 1s how-
ever a first approximation which if anything 1is probably too high.

It is significant to note that the phytoplankton in the lagoon are pro-
ducing three times the amount of organic carbon exported by the reefs. Thus,
the high concentrations of organic carbon in the lagoon are due principally
to the high production rate of phytoplankton. The combined figures yield
a daily total production of 7.8 x 10% kg of organic carbon for the entire
lagoon.

Preformed organic carbon can be imported into the lagoon by two mecha-
nisms: runoff and tidal exchange. Unfortunately, there are no data for
the former. It could be of some importance however, since, except for the
three narrow passes (Fig. 1), the lagoon is completely surrounded by vege-
tated land and the atoll does receive 81 inches of rain annually (Wiens,
1962). The quantity of organic carbon added by tidal exchange is calculated
in Table 1. At both North and Rapa passes, there is a net inflow of water
since they are on the windward side of the atoll. Despite higher concentra-
tions during ebb tides, there is also a net import of organic carbon amounting

to 47 kg/day.

Export of organic carbon from the lagoon by tidal exchange is also
calculated in Table 1. At English Harbor, where most of the water exchange
occurs, 413 kg of organic carbon are lost daily. Subtracting the import of
organic carbon at North and Rapa passes, there is a net export of 366 kg
from the lagoon each day, all in the particulate form.

It should be noted that there is probably some water exchange through
the atoll rim in the southeastern sector. This exchange 1s probably less
than at Rapa Pass and should have little effect on the organic carbon budget

of the entire lagoon.

Some organic carbon must also be lost to the sediments on the lagoon
floor, but, as in the case of runoff, there is not sufficient data to cal-
culate the rate of loss. It is assumed that this loss would be more or less
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Table 1. Calculation of net organic carbon flux during the 24-hr study. Daily water flux from Gallagher

et al. (1971).

Daily orgamic carbon flux determined by multiplying the mean particulate organic

carbon concentrations (POC) for each tidal stage (Fig. 4) by the water flux.

Location Tide Stage

Mean POC (ug/l)

Daily Flux

Water

(m3) Organic Carbon (kg) A Organic Carbon (kg)

English Harbor Flood

Ebb
North Pass Flood

Ebb
Rapa Pass Flood

Ebb

34
40

44
59

36
47

488 x
518 x

15.1 x
3.7 x

7.5 x

5

10 1659

10° 2072
413 Export

10° 67

10° 22
45 Import

10° 27

10° 25
2 Import

366 Net Export
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balanced by the runoff 1nput, so both items are omitted in the remainder of

the discussion. The few analyses run (Schiesser, unpublished data) indicate
the organic carbon concentration in Fanning Lagoon sediments 1s about 0.1%.

Organic carbon could also be removed by fish coming into the lagoon to

feed. This 1s logical to expect because of the much higher productivity in

the lagoon than outside, but there are no data available to indicate whether
this does or does not occur.

Balancing the above figures for production, import, and export, it is
apparent that only 0.47% of the daily production of organic carbon 1s lost
from the lagoon by tidal exchange. The remaining 99.67 must be respired by
planktonic organisms in the lagoon. This respiration rate is equivalent to
31 mgC/m2/hr.

Possible errors in estimating import and export have little effect on
the conclusion that organic carbon cycling within Fanning Lagoon operates
as a more or less closed system with only a slight loss to the surrounding
ocean water. The rate of cycling is rapid as the turnover time (total
amount/production rate) of organic carbon is only about 11 days.

. The principal reason for the small export of organic carbon from the
lagoon is the apparently low flushing rate of the lagoon. The salinity data
of Gordon and Schiesser (1970) and the organic carbon data herein indicate
that inflowing oceanic water at English Harbor, where most of the tidal ex-
change occurs, does not mix appreciably with lagoon water before flowing
out. However, from the tidal volume transport data of Gallagher et al.
(1971) 41t 1s apparent that each day there is a net inflow at North and Rapa
passes and a net outflow at English Harbor of approximately 22 x 105 m3.
Dividing this amount into the total lagoon volume gives a flushing rate of
about 230 days. In contrast, Von Arx (1954) calculated a flushing rate of

35 days for Bikini Lagoon. A

In conclusion, it is apparent that the biological processes in the la-
goon play an important part in the total ecology of Fanning Atoll. A low
flushing rate and a high rate of phytoplankton production have worked to-
gether to form a rich and unique environment.
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ABSTRACT

A single series of representative observations indicate that both the
productivity and standing crop of phytoplankton in Fanning Lagoon are much
greater than reported in the lagoons of other Pacific atolls. Productivity,
as measured by the radiocarbon method, averaged 9.29 mgC/mB/hr, while
chlorophyll a averaged 0.548 pg/l. Phytoplankton, principally dinoflagel-
lates with some diatoms and coccoid blue-greens, averaged 12.6 x 104 cells/l.
The relative richness of this lagoon compared to others appears to be due
to the greater availability of nutrients which in turn is caused by the
unique geographic features of the atoll.

INTRODUCTION

Various investigations, notably those of Sargent and Austin (1949) and
Odum and Odum (1955) on Rongelap and Eniwetok atolls in the Marshall Islands,
have demonstrated the remarkably high productivity of reef communities. In
contrast, the few measurements made in the lagoons assoclated with these
and other atolls indicate that both phytoplankton production and standing
crop are quite low, in fact often not significantly higher than in the sur-
rounding open sea (Sargent and Austin, 1949). As a result of these obser-
vations, there has emerged the concept that a "typical" tropical Pacific
‘atoll consists of highly productive reefs encircling a relatively unproduc-
tive lagoon.

As part of a larger University of Hawaiil program, planned as a multi-
disciplinary synoptic study of Fanning Atoll, an attempt was made to assess
the applicability of the above-stated concept to this particular atoll.

METHODS
Observations were restricted to a single station in the northwestern

part of Fanning Lagoon (Fig. 1) on 9 January 1970. This station (No. 26)
was located in Suez Pond in 8m of water, about 200m from the closest line
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reef.  Water samples for productivity measurements, chlorophyll analyses,
phytoplankton enumeration, and enrichment for cultivation were collected at
four depths (0.5, 2.5, 4.5, and 7.0 m) using an in situ pump (Schiesser,
1970). Productivity was determined using the radiocarbon method as out-
lined by Strickland and Parsons (1968). Two light and two dark bottles from
each sampling depth were innoculated with radiocarbon bicarbonate solution
(1.49 x 107 dpm/2ml). These were than attached to a weighted line and sus-
pended from a buoy at their depths of collection. Light bottles were
covered during the preliminary handling with aluminum foil to prevent ex-
cessive sun exposure. Following a 3-hr incubation period (1122 to 1430
hours), t contents of each bottle was filtered through a 25-mm, 1.2~y
Millipore filter which was subsequently rinsed with filtered seawater,
placed on a copper planchette, and stored in a desiccator. The filters were
counted one month later in a Nuclear Chicago Model 1042 Geiger Counter.

Both the efficiency of the geiger counter and the absolute activity of the
radiocarbon solution were determined by liquid scintillation counting, ac-
cording to the method of Wolfe and Schelske (1967).

Chlorophyll a was determined using the procedure of Strickland and
Parsons (1968). Phytoplankton enumeration was carried out solely on Milli-
pore@@fﬂlters. This was accomplished by filtering 100ml of seawater through
a 25-mm, 1.2-p filter, followed by a distilled water ringe, desiccation and

eventual clearing and mounting on a slide with Permount\R) Cultivation was
attempted by adding variable amounts of seawater to previously prepared
screw-top tubes containing three different sterile media: '"AM" medium

(Antia and Kalmakoff, 1965), "B" medium (Antia and Strickland, unpublished),
and Ed Schreiber medium. Enriched samples were stored in an air-conditioned
room out of direct sunlight until they could be placed in a proper incubator
upon return to Hawaii several weeks later.

RESULTS

The data collected is summarized in Table 1, along with some relevant
physical and chemical observations from the same station reported by Gordon
(1971), Gordon and Schiesser (1970), and Smith et al. (1971). These ob-
servations indicate that the water at the statilon is well mixed.

With regard to the productivity observations, the mean for the four
samples was 9.29 mgC/m3/hr, while the range was from 7.30 to 11.58 mgC/m”/hr.
The maximum rate of photosynthesis occurred at 2.5 m where the light inten-
sity was measured to be 25% of that at the surface. Integrating these data
over the 8m water column, the production at this station equals 67 mgC/mz/hr.

The chlorophyll a values were relatively constant: 0.515-0.567 pg/1.
Expressing photosynthesis as a function of chlorophyll a concentration yield-
ed a mean of 16.9 mgC/m3/hr/mg chl a, while the range varied from 13.4
to 20.6. The maximum value was at 2.5m, presumably related to the high
productivity measured at this depth. These ratios are high and have un-
doubtly been affected by the necessity of freezing the filters and conducting
extractions a month later in Hawaii. Unfortunately the magnitude of this

error 1is unknown.
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" Table 1. Summary of observations made at the productivity

station in Fanning Lagoon; 9 January, 1970
Depth (m)

0.5 2.5 4,5 7.0
Mean absolute CPM, Light 16,625 22,760 18,953 14,309
"Mean absolute CPM, Dark 297 434 284 223
Photosynthesis (mgC/m3/hr) 8.63 11.58 9.68 7.30
Chlorophyll a (pg/l) 0.515 0.562 0.567 0.546
Photosynthesis/Chlorophyll a 16.7 20.6 17.1 13.4
Cells per liter (x 104) 19.2 13.1 5.7 --
Total organic carbon (mg/l) 1.78 1.61 1.64 1.95
Carbonate alkalinity (meg/l) 2.09 2.05 2.05 2.05
PH 8.06 8.08 8.09 8.09
Salinity (°ko) 35.147 35.153 35.165 35,175
Oxygen (ml/1) 4,06 4,09 4,06 4,24
Relative light intensity (%) 50 25 14 9
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Since filters permit observation of only those organisms capable of
withstanding the rigors of the procedure, the resultant cell counts must
be conslidered as minimal estimates. Such 1s the case with the cell numbers
presented in Table 1, yet despite this limitation it is obvious that quite
a sizable phytoplankton standing crop was present at the time the radio-
carbon observations were conducted. They ranged from a high of 19.2 x 10
cells/1 at the surface to a low of 5.7 x 104 cells/l at 4.5 m, which was
the deepest depth from which a sample was obtained. The mean of these
three observations was 12.6 x 104 cells/1.

The standing crop, as seen on the filters, was composed of diatoms,
coccoid blue-greens, and dinoflagellates, with the latter group dominant.
In fact, the dinoflagellates were so abundant that they were the overwhelm-
ing majority of the cells enumerated. The single most prominent dino-
flagellate was a gymnodinioid organism which possessed a cell wall of suf-
ficient strength to resist disruption on the filters. These same organisms
were also observed in the cultures although there the diatoms and blue-
green predominated, due apparently to their greater adaptability to culture
conditions. Nothing can be said about the phytoflagellate contribution to
this standing crop since if they were present they were undoubtedly des-
troyed by the filtration process.

DISCUSSION

A single series of four observations made at one station does not con-
stitute a comprehensive survey. However, several factors suggest that,
although the absolute values of productivity may vary somewhat, the level
of these values is representative of most of the lagoon. The physical and
chemical observations of Gordon (1971), Gordon and Schiesser (1970), and
Smith, et al. (1971) reveal that the conditions at the site of the produc-
tivity station are, with the sole exception of depth, quite representative
of the lagoon as a whole. 1In addition, the well-known absence of season-
ality (or conversely, the high degree of stability) in tropical phyto-
plankton cycles suggests that the level of these observations would vary
only slightly with time.

Assuming that the station is representative of the entire lagoon and
that the level of both productivity and standing crop measurements are
relatively accurate, then it becomes immediately obvious (Table 2) that in
terms of these parameters Fanning Lagoon is unique among those lagoons
which have been studied to date. It contains a large standing crop of phyto-
plankton which is capable of fixing approximately ten times more carbon per
unit volume than has been observed in both Eniwetok and Rongelap Lagoons
(Sargent and Sustin, 1949; Doty and Capurro, 1961) and six to seven times
more carbon per unit area than in the lagoon at Palau (Motoda, 1969). 1In
fact, the productivity in Fanning Lagoon is so high that it compares favor-
ably with measurements made in Kaneohe Bay (Doty and Capurro, 1961), a par-—
tially polluted embayment on the windward coast of Oahu, Hawaii.



Table 2. Summary of production and chlorophyll a data from Pacific Lagoons

Production Chlorophyll a
Location Method mgC/m3/hr mgC/mz/hr ug/1 Reference
Marshall Islands:
Eniwetok Lagoon Oxygen 1.67 - 0.331 Sargent and Austin (1949)
" Radiocarbon 0.75 - Doty and Capurro (1961)
Rongelap Lagoon Oxygen 0.42 - 0.174 Sargent and Austin ( 1949)
" Radiocarbon 0.44 - Doty and Capurro (1961)
Palau:
Iwayama Bay Ryther and - 7 —_ Motoda (1969)
Anchorage Yentsch (1957) - 8 —_—
Hawaii:
Kaneohe Bay Radiocarbon 5.39 70% 0.925 Doty and Capurro (1961)
Line Islands:
Fanning Lagoon Radiocarbon 9.29 49t 0.548

* Assuming average depth of 13 m.

t Assuming average depth of 5 m.
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The relatively high productivity and standing crop in Fanning Lagoon
are due to very favorable growth conditions which are not found in the
other lagoons studied. These are principally the availability of nutrients
and to a lesser degree the turbidity of the water.

The level of nutrients in Fanning Lagoon is closely linked with four
interrelated factors: (1) lagoon area, (2) nature of the surrounding land
and precipitation, (3) lagoon depth, and (4) the residence time of water
within the lagoon.

With an area of 103 km2 (Fig. 1) Fanning Lagoon is considerably smaller
than those in the Marshall Islands. Bikini and Rongelap lagoons are about
700 and 800 kmZ, respectively. 1In addition to influencing the volume of the
lagoon, this smaller area means that no point within the lagoon is ever far
from a rich supply of nutrients in the form of a highly productive reef, the
shoreline, or the islands themselves.

Fanning Atoll 1s one of only six atolls in the entire Pacific having
dry land around virtually the entire rim. The only breaks in the land are
the three narrow passes (Fig. 1). This land is completely vegetated, prin-
cipally by coconut palms which support a copra industry employing the ap-
proximately 600 Gilbertese inhabitants of the atoll. Phosphate rock, pre-
sumably originating from guano deposits, is widespread (K. Roy, personal
communication). The land therefore constitutes an important source of
nutrients which would be carried into the lagoon by runoff. Fanning Atoll
does in fact receive a moderate amount of rainfall; 81 inches/yr compared
to 53 inches/yr at Eniwetok (Wiens, 1962). The presence of considerable
runoff from the islands into Fanning Lagoon is indicated by the low salin-
ities reported by Gordon and Schiesser (1970). The maximum rainfall gen-
erally occurs during April-May, so nutrient levels and therefore productiv-
ity at and just after that time might even be greater than reported herein
for January.

The mean depth of Fanning Lagoon is approximately 5 m which makes it
quite shallow compared to the 49 m average for the lagoons of the northern
Marshall Islands (Sargent and Austin, 1949). These shallow conditions
allow the wind to mix the entire water column, thereby aiding the circu-
lation of nutrients and generally helping the entire regenerative process
to operate at a high rate of efficiency.

The final factor which iInfluences nutrient availability is the flushing
time of the lagoon, or in other words the residence time of the nutrients
already in the system. The shorter the flushing time, the lower the pro-
ductivity since nutrient-rich water would continually be replaced by near-
by, nutrient-poor ocean water. Using the current data of Gallagher, et al.
(1971), Gordon (1971) calculates a flushing time of approximately 230 days.
This is about seven times slower than the 35 days estimated for Bikini
Lagoon (Von Arx, 1954), which is quite similar to the lagoons at Eniwetok
and Rongelap. This long flushing or residence time is probably the single
most important factor governing the size of the standing crop since it
would allow a larger number of organisms to recycle the available material.



-37-

Due to the high suspended load, principally calcium carbonate particles,
the waters of Fanning Lagoon are extremely turbid, except for a clear water
area just inside English Harbor (Smith, et al., 1971). As a result, half
of the incident radiation is absorbed in the first half-meter (Table 1).
Therefore, most of the water column has relatively low light intensities
which are the most favorable for photosynthesis. 1In contrast, the water in
Rongelap Lagoon has a very small suspended load and an average Secchl disc
reading of 18 m (Sargent and Austin, 1949). In such cases, light intensi-
ties in the upper part of the water column are probably high enough to
inhibit photosynthesis considerably.

In conclusion then, it appears that both the phytoplankton production
and standing crop in Fanning Lagoon are much higher than has been previously
measured in the lagoons of other atolls, principally those of the Marshall
Islands. These higher measurements are believed to be due principally to
the greater input and retention of nutrients in the lagoon which in turn is
due to the geographic features of the atoll,
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NOTE ON COCCOLITHOPHORIDS IN THE SURFACE WATERS AROUND FANNING ATOLL

R. 0. Fourniler

Department of Botany

A study of suspended calcium carbonate in the surface watersaround
Fanning Atoll was made by Smith, et al. (1971). In this study, water sam-
ples were taken at various locations around the atoll, and at English
Harbor where falling tides eject a plume of lagoon water. The water samples
were filtered through 0.8 p milliporéd® filters. The filters were then
washed with fresh water and air-dried. Some were mounted on glass slides
for microscopic examination. Three of the slides were examined for cocco-
lithophorids: sample 8, taken in the plume; sample 26, taken outside the
plume on the western side of the atoll (the leeward side); and sample 21,
taken on the eastern side of the atoll (Fig. 1). The three water samples
were drawn from a depth of 5 m, and 2.5 liters of water were filtered to
make the slides. '

Two transects were run across each slide. In order of decreasing
abundance, the species of coccolithophorids observed were: 1. Coccolithus
huxleyi, 2. Cyclococcolithus fragilis, 3. Gephyrocapsa oceanica, 4. Thor-
acosphaera heimii, 5. Rhabdosphaera stylifer, and 6. Coccolithus pelagicus.

The species composition in all three samples was almost identical with.
regard to the coccolithophorids (Table 1). In samples 26 and 21 there was
little difference in species composition or in number of individuals present,
but in sample 8 (the plume water) there was a marked decrease in the abun-
dance of coccolithophorids relative to the other samples. This is in keep-
ing with the observations of Gordon, et al. (1971) on the phytoplankton of
Fanning lagoon, which showed that the most abundant phytoplankters in the
lagoon are dinoflagellates and not coccolithophorids.

The low number of species, but high cell numbers found in all three
samples, is contrary to what is expected in the tropics. In this case,
the presence and influence of the atoll is most likely the cause of the

anomaly.
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Table 1. Coccolithophorids observed in three samples from the surface waters

around Fanning Atoll.

All samples were taken from the 5 m depth.

Location

Species Observed

Notes

Sample 8
(in the plume)

Sample 26
(outside plume
on leeward side)

Sample 21
(outside plume
on windward side)

Coccolithus huxleyi

Cyclococcolithus fragilis

Gephyrocapsa oceanica

Thoracosphaera heimii

Coccolithus huxleyi

Cyclococcolithus fragilis

Rhabdosphaera stylifer

Coccolithus huxleyi

Cyclococcolithus fragilis

Coccolithus pelagicus

Coccolithophorids ap-
pear less abundant than
in Sample 26. Phyto-
plankton dominated by
diatoms.

Coccolithophorids are
extremely abundant, they
are the dominant phyto-
plankton.

Sample 21 is much like
sample 26,
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FLUX OF SUSPENDED CALCIUM CARBONATE (CaCOB), FANNING ISLAND LAGOON

S. V, Smith, K. J. Roy, H. G. Schiesser,
G. L. Shepherd, and K. E. Chave

Department of Oceanography and Hawaii Institute of Geophysics

ABSTRACT

A plume of turbid, CaCOj3-laden water (0.24 mg/l) is expelled from
English Harbor, Fanning Atoll, on outgoing tides. On incoming tides,
the concentration is 0.36 mg CaCO3/1. At the two other passes of the
atoll, incoming CaCOj concentrations also are higher than outgoing con-
centrations. Lagoon waters contain 1 mg CaC03/1 in the clear central
portion of the lagoon and 4 mg CaCO,/l1 elsewhere. Offshore concentrations
out of the plume area are 0.03 mg CaCO3/1. The lagoon and plume CaCOj
material is reef-derived detritus (aragonite and high-Mg calcite). Off-
shore CaCOj3 particles are primarily coccoliths (low-Mg calcite).

During a 24-hour survey 10 tons of suspended CaCO5 were transported
into the lagoon. It is likely that the English Harbor plume represents
little or no sediment loss from the lagoon.

The plume debris is interpreted to be material produced on the
outside fringing reefs, sucked into the lagoon on incoming tides, and
subsequently expelled., Production of CaCO3 in the lagoon may be filling
the lagoon faster than sea level is rising.

INTRODUCTION

A plume of turbid water flows out of English Harbor, the major pass
through Fanning Atoll, on each falling tide (Fig. 1). Because the
turbidity results primarily from suspended calcium carbonate (CaCOj3)
(Backus, 1968), the flux of suspended load is crucial in the analysis of
lagoon sedimentation. Chave (unpublished data) has demonstrated the
feasibility of tracing both the quantity and the mineralogy of reef-
derived material moving westward from Jamaica. That investigation
inspired us to measure the amount of calcareous material in Fanning
Island lagoon, to monitor the amount of this material leaving the lagoon,
and to trace the path of the material outside the lagoon.

Materials and Methods

Samples were gathered for quantitative analysis of suspended CaCOj3
content, for mineralogy, and for microscopic analyses of CaCOj grain size

41~
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and morphology. A generalized outline of procedure from sample collec-
tion through sample analysis will be presented in this section.

Offshore samples were collected aboard the R/V MAHI, using 30-1
Niskin bottles. Water depths reported are uncorrected for wire-angle,
which was generally low at the surface. Surface, midwater, and bottom
samples were collected in English Harbor using a skiff and a small
immersion pump. The water was pumped directly into clean 4-1 plastic
("bleach-type') bottles.

At North Pass, samples were scooped into the 4-1 bottles by a
wader. At Rapa Pass and at various lagoon localities a skiff was used
and the water was scooped or collected with the immersion pump.

Most samples were filtered through 0.8 u Millipore(g)filters. Some
English Harbor samples were filtered through Gelman type A glass fiber
filters. The offshore samples were filtered within a few minutes of
collection. Samples from all the passes sat for a few hours up to about
two days before filtration.

Approximately 5- to 10-1 samples were filtered for the offshore
samples. Generally the pass sample volumes were 1 1 or less. The
volume of water filtered was recorded. For many stations a second sample,
approximately the same volume as the first, was filtered for x-ray
diffraction analysis, and a third sample--about 250 ml--was filtered
for microscopic analysis. 1In the case of the offshore samples, this
third sample proved to have too little material, and part of the x-ray
filter served for microscopic examination. All filters were rinsed two
times with distilled water after filtration in order to remove any
remaining seawater.

Quantitative analysis of CaCO, content was carried out either by
EDTA analysis of total divalent cation (Land, 1966) using .0l or .001
molar EDTA or by infrared analysis of CO2 (Smith, 1970).

Permount(:)(index of refraction--1.54) was used to clear the filters
for microscopic analysis.

For x-ray diffraction analysis, filters were dissolved in acetone
and the residue after centrifugation was placed on a slide. No mineral
discrimination beyond "high-Mg calcite', '"low-Mg calcite', and aragonite
was attempted.

Analysis of variance has been used in order to pool quantitative
data and in order to recognize patterns in those data. The notation
employed follows that of Snedecor (1956).



Fig. 1. Aerial photograph of the plume of turbid water flowing out of
English Harbor on an outgoing tide. Photograph by R. DeWreede.
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Results

Suspended Load Analysis

Suspended load concentrations of CaCO, are reported in Tables 1
through 4. Before differences among statidons are presented, some con-
sideration must be given to the within-sample variability. Sample
localities 40 through 49, reported in Table 1, provide data from which
this variability has been assessed. At each of these lagoon stations
a pair of samples was collected off the bow of the skiff and a third
sample was collected off the stern. For pairs of bow samples the mean
coefficient of variation (100 x s/X = V) is 15 percent. The mean
coefficient of variation is 14 percent for samples from each of the
three sample bottles at a station, and for replications within bottle,
the coefficient of variation is 12 percent. Thus, there appears to be no
more variability from one sample to the next at a station than there is
within a sample; also, no evidence exists for small-scale suspended load
"patchiness''.

Provided that the distilled water rinse has removed all dissolved
sea salts from the filter, that the volume of water filtered is recorded
relatively accurately, and that a satisfactory titration endpoint is
reached, the titration error should be small relative to the variability
seen. Therefore, the variability can probably be attributed primarily to
sample inhomogeneity introduced by materials sticking to the sample-bottle
wall and from the presence of occasional large grains. Some large grains
were seen on filters; the presence of others was occasionally suggested
by extremely large titration volumes. Such samples were refiltered and
re-titrated if sufficient water was available. Some filters saved for
other uses were later used for extra quantitative analyses.

Because offshore sample volumes were larger than lagoon and pass
samples, and because the samples were filtered before the grains had
much time to stick to container walls or to settle, there probably was
a smaller error resulting within the sampling bottles. Nonetheless, 15
percent is taken to be the analytical error for all samples.

Figure 2 illustrates the suspended load localities within the
lagoon, and Figure 3 shows one area of more intensive sampling ("Suez
Pond" in Roy and Smith (1971). The data of Table 1 are summarized in
Table 7 and generalized in Figure 4. Several characteristics need pointing
out. :

Observation of the lagoon reveals a distinctive interface between
clear water in the vicinity of English Harbor and turbid water elsewhere.
The approximate boundary between the two water masses is illustrated in
Figure 4; the exact position of the boundary--particularly the eastern
boundary--fluctuates with tide and weather conditions. The clear water
area has a mean suspended load content of about 1 mg CaCO5/1 (Table 7).
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Table 1. Suspended CaCO, concentrations in Fanning Lagoon, All values
were obtained gy EDTA titration. Sample localities are shown
on Figures 2 and 3.

Station Sample = mg Ca003/1 Station Sample mg CaC03/l
Number Depth Number Depth
(m) (m)
28 0 4.15 45 stern 0 4.24, 3,62
2 4.43 bow 0 3.18
4 22. * bow 0 2.50
29 0 6.94 46 stern 0 2.94
3 5.86 bow 0 4.35
6 12. * bow 0 3.12
30 0 5.08 47 stern 0 3.02
2 4.36 bow 0 3.82
5 14, * bow 0 2.94, 3.58
32 0 4,22 48 stern 0 3.42
2 3.39 bow 0 3.80
4 3.65 bow 0 3.26, 3.57
6 4,02 49 stern 0 3.40
33 0 1.98 bow 0 2.65
34A 0 4.52 bow 0 3.74
B 0 4.30 50 0 5.47
C 0 3.70 2 6.32
D 0 3.85 4 6.89
E 0 6.42 51 0 6.31
F 0 5.05 3 6.38
35 0 3.48, 2.80 5 83. *
36 0 3.33 52 0 1.31
37 0 3.07 3 2.70
38 0 2.75 6 1.15
39 0 3.40 9 1.30
40 stern 0 3.32 12 2.40
bow 0 4.68 53 0 0.95
bow 0 3.40, 3.94 54 0 2.20, 2.80
41 stern 0 3.27 55 0 1.00
bow 0 3.12 56 0 0.65
bow 0 3.84 57 0 1.98
42 stern 0 3.63 58 0 2.64
bow 0 2.88 59 0 2.78
bow 0 3.30 60 0 3.08
43 stern 0 4.75 61 0 0.65, 1.00
bow 0 4,28 62 0 3.18
bow 0 4,27, 5.41 63 0 3.30
44 stern 0] 3.52
bow 0 4.46
bow 0 3.52

*  Pump apparently hit bottom and stirred sediment up. These values not
used in calculations. ‘



Table 2.

Suspended CaCOj3 concentrations (mg/liter) at various depths at English Harbor for the 6 sampling lo-

cations during the 24-hour survey from 7 January to 8 January 1970.
tained by infrared analysis.

shown on Figure 5.

Other values were determined by EDTA titration.

Values 1in parentheses were ob-
Sample localities are

Buoy # 1 2 3 4 Direc-
tion
of

Time Om Om Om 10m 18m Om 10m 20m Om 10m 18m Om 10m  flow*

1240 (0.74)  (0.50) (0.34) (0.40) (0.45) (0.29) (0.32) (0.23) (0.22) (0.21) (0.22) (0.34) (0.36) out

1505 1.48 0.20 (0.04) 0.28 0.11 (0.15) 0.29 (0.16) (0.18) 0.34 (0.17) (1.07) 1.97 in

1800 1.23 0.10 (0.14) 0.10 0.06 (0.18) 0.40 (0.30) (0.33) 0.38 (0.07) (0.37) 0.40 in

2055 0.32 0.18 0.35 0.20 0.20 0.19 0.22 0.15 0.15 0.20 0.11 0.16 0.16 out

2400 0.48 0.49 - 0.41 - (0.04) (0.03) (0.01) -— 0.12 -— - 0.22 out

0340 0.21 0.02 - 0.18 - 0.29 0.30 0.50 - 0.22 - -— 0.13 in

0640 0.71 0.20 -~ 0.13 - 0.40 0.29 0.51 - 0.19 - -— 0.35 in

0903 0.25 0.14 - 0.18 - 0.12 0.36 0.36 -— 0.35 - - 0.19 out

1154 0.22 0.22 -— 0.25 ~— 0.10 0.13 0.10 - 0.18 - - 0.06 out

* Relative to lagoon



46—

Table 3. Suspended CaCOg concentration (mg/liter) at North Pass and Rapa
Pass during the 24-hour survey from 7 January to 8 January 1970.
All samples were analyzed by EDTA titration. Sample localities
are shown on Figure 2.

Time North Pass Direction Rapa Pass Direction
mg CaCO4/1 of flow* mg CaC05/1 of flow*

1200 0.82 in

1300 1.15 out
1500 0.71 out 3.60 in
1800 0.60 in 0.90 in
2100 0.37 in 0.66 out
2400 0.73 out 0.99 out
0300 0.82 in 0.60 in
0600 2.8 in 0.96 in
0900 0.34 out 1.00 out

* Relative to lagoon
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Table 4. Concentration of suspended CaCO3 in offshore samples (mg/liter).
All values were obtained by EDTA titration. Sample localities
are shown on Figure 2.

Station* Station Sample CaCOj Station* Station Sample CaCO4
Depth Depth mg/liter Depth Depth mg/liter
(m) (m) (m) (m)

1(c) 20 0 0.04 16(c) no 5 0.07

10 0.04 ' record 25 0.03

2(a) 90 0 0.16 17 (£) 620 5 0.03

10 0.16 25 0.03

25 0.03 100 0.04

3(c) 360 0 0.11 200 0.02

25 0.13 18(f) 1040 5 0.03

4(b) no 0 0.02 25 0.04

record 50 0.03 100 0.03

100 0.02 200 0.02

200 0.01 19(f) 1040 5 0.03

300 0.01 25 0.03

400 0.01 100 0.03

5(d) 90 0 0.03 200 0.02

10 0.04 20(f) 1000 10 0.02

25 0.05 100 0.04

6(a) 90 5 0.33 200 0.05

7(a) 500 5 0.07 21(£) 1060 5 0.04

25 0.06 25 0.03

8(c) 660 5 0.04 100 0.02

25 0.03 200 0.01

9(b) 400 5 0.01 22(f) 660 5 0.03

25 0.06 25 0.05

10(b) 280 0 0.09 100 0.02

5 0.02 ; 200 0.01

25 0.03 23(e) 1800 5 0.03

50 0.02 25 0.04

100 0.02 100 0.02

11(b) 720 0 0.03 200 0.01

25 0.03 24(f) 440 5 0.04

50 0.05 25 0.03

100 0.04 100 0.07

200 0.02 200 0.03

12(b) 1200 0 0.02 25(c) 870 5 0.05

25 0.02 25 0.03

50 0.04 100 0.10

100 0.05 200 0.02

200 0.02 26(f) no 5 0.03

13(d) 90 5 0.02 record 25 0.03

25 0.03 100 0.03

14(a) 90 5 0.21 200 0.02
15(c) 860 10 0.04
50 0.03
200 0.07

*The stations can be separated into objective classes useful to text dis-
cussions: (a) in obvious plume, (b) in drogue path out of plume, (c) in
vicinity of English Harbor out of plume, (d) at plume locality at slack
tide immediately before ebb tide, (e) in extrapolated trajectory of drogue

path, and (f) around the perimeter of the island.
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Eastward from the clear water area the turbidity apparently increases
gradually to about 3 mg CaCO,/1 (Fig. 4) while northward, the turbidity
increases more abruptly to 6 mg CaCO.,/1l. Presumably the turbidity south
of the clear water area is similar td that of the northern part of the
lagoon.

The intensely sampled Suez Pond area has a mean suspended load of
about 4 mg CaCO3/1 (Fig. 4). No significant areal variability could be
detected there.

The mean CaCO3 content of the turbld water area is about 4 mg CaC03/1
(Table 7).

English Harbor data are reported in Table 2. From 1240 hours, 7
January 1970, until 1154 hours the following day, samples were collected
at approximately 3-hour intervals at the six buoy locations shown in Figure
5. Samples were collected at one to three different depths at each station.

As indicated in Table 2, the CaCO, content of some samples was deter-
mined by EDTA titration at Fanning Island. Other samples were dried and
returned to the University of Hawaii for infrared analysis of CaCoO,.
Analysis of variance (case 1 in Table 5) indicates that no statist;cally
significant difference exists between the results of the two analytical
methods. Therefore, data were pooled for all subsequent statistical con-
siderations.

Sample collection at each buoy was not done consistently for all depths
during each sampling period. If the variability among depths at a time was
significantly less than the overall variability, it would be convenient to
pool data at all depths for each buoy at a time in order to arrive at a sim-
pler data array and a complete buoy-time data matrix. Case 2 in Table 5
justifies this pooling procedure, and such a matrix was used for subsequent
calculations.

Case 3 1in Table 5 is a further analysis of the suspended load vari-
ability at the English Harbor buoys. Variability among the buoys (case 3a)
is greater than error variability by only a small amount (significance
level = 0.1); variability from one time to another at a buoy is much greater
than error variability (significance level = 0.025).

Snedecor (1956) presents and modifies a technique by Tukey by which the
members of the sample population can be separated and ranked according to
their contribution to the sample variance (Table 6). By this technique buoys
1 and 6 (the end buoys) differ from one another in their suspended load con-
centration (0.63 versus 0.37 mg CaCO,/1) and from the four central buoys
(with an average of 0.23 mg CaCO,/1)T The pattern of significant differences
among the times is more complex.” Six times of significantly different sus-
pended loads can be differentiated. If the times are related to direction
of tidal current flow, the following pattern emerges. Incoming water tends
to be more turbid than outgoing water. One instance of relatively clear
incoming water and one instance of relatively turbid outgoing water break the
pattern. Suspended load concentrations of incoming and outgoing water are
summarized in Table 7.
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Table 5. Analyses of variance, suspended load data. A significance level of 0.1 (90% confidence) has

been taken as the arbitrary level for accepting or rejecting the null hypothesis. If the sig-
nificance level is higher than 0.1 (<90% confidence of a difference between the two populations
in question, the null hypothesis is accepted)

Significance Level

Degrees of for rejecting
Null Hypothesis: F Ratio Freedom Null Hypothesis
1. The variability between analytical methods
is no greater than the variability within the
methods. For English Harbor 24-~hour data,
(accept). 0.5 1, 90 0.5
2. The overall English Harbor variability is no
greater than the variability at each buoy 10.7 20, 38 <0.0001
(reject).
3a. At a time at English Harbor variability from
one buoy to another is no greater than error
variability (reject). 3.5 5, 40 0.025
3b. At a buoy at English Harbor variability from
time to time is no greater than error
variability (reject, barely). 1.9 8, 40 0.1
4. Variability between English Harbor offshore

data and English Harbor 24-hour data is no
greater than variability within the two data

sets (accept). 2.2 1, 96 0.75

_6{7_



Table 6.

Snedecor (1956, p. 251; 301) presents a method modified from Tukey for deciding which members of a
population are contributing significantly to the variance and which are not.
each pair of population means is examined to decide if those two differ from one another.
part of this table considers differences between buoys; the lower part considers differences between
times. Means are reported in mg CaCOB/liter; significant differences (at p = 0.05) are underlined.

The difference between
The upper

(a) Differences between buoys; differences greater than 0.05 mg/liter are significant.

Buoy # X X;-Xg X;-X3 XX, X=X, 1%
1 0.63 0.42 0.40 0.40 0.39 0.26
6 0.37 0.16 0.14 0.14 0.13
4 0.24 0.03 0.03 0.03
2 0.23 0.02 0.00
3 0.23 0.02
5 0.21

(b) Differences between times; Differences greater tham 0.07 mg/liter are significant.

Time Flow* X

1505 in 0.56
1240 out 0.42
1800 in 0.40
0640 in 0.33
2400 out 0.29
0903 out 0.23
2055 out 0.21
0340 in 0.19
1154 out 0.17
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X %osa0  *17%2055  %i%poo3  %i%osoo  FiFosso  *17F1800
0.37 0.35 0.33 0.27 0.23 0.16
0.23 0.21 0.19 0.13 0.09 0.02
0.21 0.10 0.17 0.11 0.07
0.14 0.12 0.10 0.04
0.10 0.08 0.06
0.04 0.02
0.02

* relative to lagoon.
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Table 7. Summarized Characteristics of Suspended CaCO3 Concentration,
Fanning Island
Number Mean Standard Coeff. of
of mg/liter Deviation variation
Population samples (mg/liter) (%)
Lagoon
a. turbid 68 3.771 1.252 + 33
b. clear 5 1.186 0.747 63
English Harbor
a. outgoing 50 0.244 0.141 58
b. 1incoming 42 0.360 0.395 110
North Pass
a. outgoing 3 0.593 0.220 37
b. incoming 5 1.082 0.978 90
Rapa Pass
a. outgoing 4 0.950 0.207 22
b. incoming 4 1.515 1.399 92
Outside
a. obvious plume 7 0.143 0.114 80
b. drogue path, out ’
of plume 23 0.029 0.019 66
c. vicinity of English
Harbor plume, out of
plume 15 0.057 0.034 60
d. plume locality, slack
tide 5 0.034 0.011 32
e. extrapolated trajec-
tory, drogue path 4 0.025 0.013 52
f. around perimeter of
island 31 0.031 0.013 42
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The North Pass and Rapa Pass (Fig. 2) data arrays (Table 3) are con-
siderably simpler than the English Harbor data. At North Pass suspended
CaCOj3 concentrations range from 0.34 to 2.8 mg CaCO3/1 and average 0.90
mg CaCO3/l. At Rapa Pass the range is 0.60 to 3.6 mngaC03/1 and the aver-
age is 1.2 mg CaCO3/1. At both passes the highest suspended load concen-
tration occurs on an incoming current, and the lowest concentration is on
an outgoing current. Table 7 lists the characteristic of ebb and flood-
tide suspended loads.

The initial attempt of offshore sampling was to trace the path of the
turbid water plume leaving English Harbor. The procedure consisted of
bringing the R/V MAHI as close to the mouth of English Harbor as was pru-
dent near the beginning of the outgoing current. A drogue (consisting of
a l-m diameter nylon parachute with enough weight to sink it, a 10-m line
to a surface float, and a 3-m line from the surface float to a spar buoy
containing an orange flag and radio transmitter) was dumped into the plume
at this point and suspended load samples were taken. The spar buoy was
repeatedly approached, and samples were taken. Such a procedure was under-
taken twice with similar results. After moving southwestward about 1 km
to the edge of the obvious plume visible in Figure 1, the drogue was
entrained in a northwesterly current and moved on that bearing at approxi-
mately 25 cm/sec until retrieved (Fig. 2).

In addition to the samples collected along the drogue path, numerous
other samples were taken in the vicinity of English Harbor and around the
perimeter of Fanning Island. The sample localities, illustrated in Figure
2, can be divided into six objective categories: (a) in the obvious plume,
(b) in the drogue path but out of the obvious plume, (¢) in the vicinity of
English Harbor plume but out of the obvious plume, (d) at the plume locality
but at slack tide when the plume is not present, (e) in the extrapolated
trajectory of the drogue path northwest of the island, and (f) around the
perimeter of the island. The sample categories are noted in Table 4, and
the population characteristics of the categories are noted in Table 7.

Stations taken in the obvious plume offshore do not differ significant-
ly in suspended load from English Harbor stations (case 4, Table 5). Sta-
tion 2 (Table 4) is interesting in that the 25-m sample apparently penetra-
ted the plume.

Inspection of the data is sufficient to demonstrate that while samples
near English Harbor out of the plume are somewhat high in suspended load
concentration, all other non-plume samples--including those in the drogue
path--contain about 0.03 mg CaCO03/1. This value is close to the suspended
CaC03 concentration reported by Wangersky (1969) in the North Atlantic
Ocean. Station 3, listed as "in the vicinity of English Harbor', was taken
at night and may have actually been in the plume.

Microscopic Analysis

Microscope slides were prepared to ascertain the nature of the suspended
CaC03. These data are presented in a qualitative fashion. The suspended
carbonate of the plume samples is primarily < 1 to 5 p equant or elongate
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Table 8. Suspended Load Flux Calculation Based on CaCO, Concentration and Approxi-

mate Water Volume Transport 3
Volume Transport* Suspendeg CaC0; Flux
3
Category (m3 /day) CaCo0q (g/m”) o /day Metric t/day

English Harbor

in ' +5 x 10; 0.36 +1.8 x 10;

out -5 x 10 0.24 -1.2 x 107

net CaCO3 flux +0.6 x 10 +6
North Pass

in +20 x 107 1.08 +21.6 x 107

out -5 x 10 0.59 -3.0 x 105

net CaCO3 flux +18.6 x 10 +2
Rapa Pass

in +10 x lO? 1.52 +15.2 x 10?

out -5 x 10 0.95 -4.8 x 105

net CaCO3 flux +10.4 x 10 +1
Net CaCO3 Flux for Total Lagoon +9

* Data from Gallagher, et al. (1970). Into lagoon is +; and out of lagoon is -.
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grains of nondescript material. Occasional grains are of obvious skeletal
origin. The majority of the grains cannot be ascribed to particular organ-
isms from microscopic characteristics, but their irregular habit seems to
preclude an inorganic precipitation origin. Much of the material is loosely
bound together, probably by an organic matrix (Chave, 1965).

Non-plume material is distinguished from plume debris by microscopic
character as well as quantity. A few nondescript grains are present, but
1- to 10-p coccoliths are the predominant grains. Planktonic foraminifera
are present on some slides. Organically bound aggregates are present but
are not so prominent as in the plume samples.

Mineralogic Analysis

X-ray diffraction analysils also distinguishes plume samples from off-
shore material. Plume carbonates are a mixture of aragonite, high-Mg cal-
cite, and low-Mg calcite. Aragonite makes up 50 to 75 percent of the
plume and lagoon suspended materials, and high-Mg calcite makes up most of
the remainder. The '"low-Mg' calcite apparently has near 0 percent Mg sub-
stitution of Ca, while the "high-Mg'" calcite apparently has its mode near
13 percent Mg. This mixed mineral content, of carbonate minerals
characteristic of corals and coralline algae, further demonstrates that the
fine-grained carbonates of the plume are skeletal in origin.

Offshore samples contain low-Mg calcite, characteristic of both plank-
tonic foraminifera and coccoliths, as the only distinguishable carbonate
material.

DISCUSSION

Sediment Flux Calculations

In association with our 24-hour sampling of the three passes, Gallagher
et al. (1970) gather data for calculating volume transport. Their data can
be used to estimate the transportation of suspended CaCO, to or from the
lagoon: Suspended Flux = Volume transport °* suspended concentration.

(g/m3) = (m3/sec) . (g/m3)

For an initial approximation, the calculations can be made using only
the mean suspended load concentration on incoming and outgoing tidal cur-~
rents and the volume transport in and out. The results of these calcula-
tions are presented in Table 8. All three passes show a net input of CaCOB,
with English Harbor having about twice that of the total of the other passés.
According to this calculation, 9 metric tons of CaCO3 were added to the
lagoon during our survey.

D)

Another approach is to calculate the instantaneous flux (g - m--2 * sec
at each sampling period and to integrate the results. Figure 6 is a graph-
ical approximation to the instantaneous flux integration. The results are
similar to those of the previous calculation, i.e., about 12 metric tons were

added to the lagoon during the survey.
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Although a plume was seen coming out of English Harbor during the 24-
hour survey, approximately 10 metric tons of material were brought into the
lagoon over that period. If these results typify what occurs over a year,
then perhaps 4 x 103 metric tons of material are supplied to the lagoon
annually. Even if our survey period does not typify year-around conditions
it seems likely that little, if any, suspended CaCO3 is lost from the
lagoon over the year.

Table 8 shows that about 2 x 1O6m3 of excess water entered North and
Rapa passes over the sampling period. If this water displaces very turbid
("4 g/m3) water out English Harbor, then 8 x 106g (8 metric tons) of mater-
ial might be expected to be lost from the lagoon at English Harbor. This
value is somewhat smaller than the estimate of suspended load input calcu-
lated by the other procedures, again suggesting that little, if any, sus-
pended CaCO3 is lost from Fanning Lagoon.

The total lagoon floor area is about 5 x 108m2, so 4 x 109 g/yr input
or output represents only about 10 (g/m2)/yr gain or loss of CaC03.

This discussion provides the basis for considering two other questions.
What is the explanation for the plume of turbid water at English Harbor?
Can any implications be drawn about Fanning Island carbonate sedimentation
from these calculations of suspended load flux?

English Harbor Plume

Figure 1 aptly demonstrates that a distinguishable plume of water
does pour out of English Harbor on an outgoing tide. Yet Table 7 suggests
that the water returning through English Harbor on an incoming tide has
much the same properties as the outgoing water. One possible explanation,
of course, is that the turbid water simply sits outside the harbor and
awaits the next incoming tide. Several lines of evidence refute this argu-
ment. First, the plume water is distinctly greener and more turbid than
surrounding oceanic water. The green color is absent from the water at the
mouth of English Harbor on a slack tide. Second, the suspended load content
of that slack tide water outside English Harbor more mearly resembles non-
plume water than plume water (Table 7). The behavior of the drogue (Fig. 2)
suggests that plume water is entrained in an offshore current. It is likely
that the plume characteristics are lost by mixing the relatively small
volume of plume water with the much larger volume of oceanic water. Perhaps
the initial mixing results in the intermediate composition of the English
Harbor non-plume water (Table 7).

An alternative explanation for incoming concentration of suspended
CaCO., is that much plume sediment is deposited at the mouth of English Har-
bor on an outgoing tide and re-suspended on the next incoming tide. The
very large discrepancies between short-term and long-term deposition rates
observed by Backus (1968) certainly indicate that such a mechanism may be a
partial answer. However, the following consideration demonstrates that this
explanation is only minor. As far into the plume as the MAHI could proceed,
non-plume water could be demonstrated to be present under the plume (Station
2, Table 4). That station was in 90 meters of water, so much of the sus-
pended load moves over areas of relatively deep water before there is
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opportunity to settle. The sediment settling rate is undoubtedly insuffi-
cient for it to settle to the sea floor before the tidal current reverses,
so the sediment along with the water must be entrained in the offshore
current. This conclusion once again suggests that material is removed from
the vicinity of English Harbor by mixing processes. Any material which
does settle to the sea floor in the mouth of English Harbor can be only a
relatively small part of the total material transported outward.

We suggest the following source for the inward supply of suspended
CaCO,. On an incoming tide, water only a few centimeters to a few meters
deep over the fringing reefs outside English Harbor flows laterally over
the reefs and into English Harbor. The suspended load picked up and car-
ried into the lagoon, then, is material produced on the fringing reefs out=-
side the lagoon. The outgoing tide spits this material free of English
Harbor, and the next incoming tide sucks in new material. This mechanism
is transporting reef-produced debris from Fanning Island, but the trans-
ported material is primarily produced on the fringing reefs rather than in
the lagoon.

Some qualitative evidence can be offered to support this model. As
aforementioned, much high-Mg calcite is present in the suspended load of
the plume water, as well as in the incoming water. Coralline algae, pro-
bably a reef's most prolific producer of high-Mg calcite, are abundant on
the algal ridge of the fringing reefs but are not particularly abundant in-
side the lagoon (Roy and Smith, 1970). The aragonite of the plume suspended
load could have originated from corals either inside or outside the lagoon.

Some flow was noted from the fringing reefs into the English Harbor
channel during incoming tides. The importance of this flow was not appre-
clated at the time of our investigation, so no attempt was made to monitor
this flow during our survey. Another study of suspended load flux at
Fanning Island would certainly help to verify this model.

If the model is correct for English Harbor, it probably also operates
on a smaller scale at the other two passes.

The plume debris can be recognized no farther than the visible plume.
The plume exits English Harbor as a southwesterly current and is entrained
in a northwesterly current (Fig. 3). Over the 12 hours of outgoing tide,
the volume transport out English Harbor is approximately 103m3/sec (from

Table 7).

The volume of water mixing with the plume water can be assumed to ex-—
tend to the thermocline (~150 m), to be approximately 1 km wide, and to be
flowing at approximately 25 cm/sec. Then the volume transport of this off-
shore current is about 4 x 103m3/sec. Thus, mixing 1 part plume water (0.14
g CaC0,/m3) with 4 parts offshore water (0.03 g CaCO /m3) should produce
water with about 0.05 g CaCO3/m3. This value is about 1 standard deviation
unit higher than the observed concentrations in the drogue path (0.03 * 0.02
g CaC0;/m3). 1In view of the crudeness of approximating the volume transport
of the offshore current, this agreement seems satisfactory.
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This situation can be contrasted with Chave's unpublished observations
of the CaCO3 plume west of (and downcurrent from) Jamaica. There the plume
results from transportation of the debris off fringing reefs (Goreau, 1959)
along both the north and south coasts of Jamaica. Both the suspended CaCOj3
concentration and the carbonate mineralogy distinguish this material for a
distance of 200 km.

Calcium Carbonate Sedimentation of the Lagoon

Material deposited in the lagoon must represent the difference between
the inputs of sediment and the outputs of sediment. A priori, the general
inputs are biological production, chemical precipitation, mechanical trans-
fer. The general outputs are mechanical transfer and solution. This model
follows that of Smith (1970).

It seems likely that bottom—load transfer of material to or from the
lagoon is small. We have demonstrated that suspended load transfer appears
negligible (about 10 (g/m2)/yr). Inorganic solution is unlikely to occur
in the supersaturated waters of a coral reef environment except, perhaps,
for local environments such as shallow tide pools where diurnal fluctuation
of PCO may effect solution (Schmalz and Swanson, 1969).

2 v

Deposition rate of the lagoon, then, is apparently the difference be-
tween biological production rate of CaCO3 and biological solution rate. If
it is assumed that biological solution is minor compared to carbonate pro-
duction, then the deposition rate of Fanning Island lagoon approximately
equals the carbonate production rate in that lagoon.

Part of the material produced remains in place. The reefs attest to
this fact, as do infauna which are not subsequently displaced.

Smith (1970) and Chave, et al. (1970) have summarized coral reef CaCO3
production rates. These rates range from about 1500 (g/m2)/yr to 30,000
(g/m2)/yr. The lower rate, summed over the entire lagoon would amount to a
deposition rate of about 1 mm/yr (assuming 50% sediment porosity). This
rate is probably only slightly more rapid than the present rate of sea
level rise (Shepard and Curray, 1967), so it would be approximately suffi-
cient to maintain the reefs at sea level and the lagoon floor at its pre-
sent depth. The higher production rate would be equivalent to a deposition
rate of about 2 cm/yr. If the mean depth of the lagoon is 5 m, then this
latter rate would be sufficient to fill the Fanning Island lagoon in 250
years. Of course, before that happened, suspended load transport would
undoubtedly become much more efficient at carrying excess debris away from
the lagoon. Presently the baffling effect of the line reefs in the lagoon
(Roy and Smith, 1970) is probably quite effective in retaining sediments
produced in the lagoon.

The present amount of suspended material (4 g CaCO3/m3) and an average
lagoon depth of 5 m is equivalent to a suspended load of 20 g/m2. If the
CaCO3 production rate is 1500 (g/m2)/yr and none of the material is lost,
then the rate of suspended CaCOj renewal in the water column must be 75
times per year, or about once per 5 days. Since perhaps half of the CaCO3
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produced remains in place, the renewal rate may be half that figure., With
essentially no flushing of the suspended CaC03, production rates of CaCOq
much more rapid than 1500 (g/m?)/yr would seem to demand unreasonably rapid
renewal (and unreasonably rapid deposition) of suspended CaCO3

The optimum deposition rate for lagoon survival is obviously that
necessary to match sea level rise. Those lagoons whose infilling rate lags
behind the rate of sea level rise must eventually become too deep to support
reef production. The "overproducing' lagoons would eventually fill. Per-
haps the large percentage of Fanning Lagoon floor which supports corals
(Roy and Smith, 1970) as well as the relatively shallow depths of the lagoon
suggests that this lagoon is producing somewhat ''tco much'" material.
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SEDIMENTATION AND CORAL REEF DEVELOPMENT IN TURBID WATER: FANNING LAGOON

Kenneth J. Roy and S. V. Smith
Department of Oceanography and Hawaii Institute of Geophysics

ABSTRACT

Lack of light and excessive sediment deposition rates are factors lim-
iting coral reef development. The presence of very turbid water and muddy
bottom does not mean, however, that coral growth is prohibted. Fanning
lagoon has a turbid-water area (visibility, 2 m) and a clear-water area
(visibility, 10 to 15 m). Both areas have a muddy bottom. Because of the
shallow depth and the light-scattering effect of the suspended CaCOj, re-
lative light intensity at the bottom is greater than 5 percent. The clean-
ing mechanism of the corals is sufficient to handle the deposition of sedi-
ment. Live corals cover 62 percent of the clear-water area and 31 percent
of the turbid. Reefs in the turbid water are ecologically different from
the ones in clear water, but they are still living reefs. Ramose corals
make up 55 percent of the individuals in the turbid water and only 10 per-
cent of those in the clear water. This difference is reflected in the
structure of the reefs; those in clear water are magssive and steep~-sided,
while those in the turbid water have gentler slopes and are more open with
sediment infill. Fanning lagoon is an example of penecontemporaneous
formation of reef and intervening muddy sediment with bathymetric relief
never more than 8 m.

INTRODUCTION

The statement that coral reefs develop in clear, warm seas is commonly
made when dealing with studies of reef growth and development. By induction,
reefs therefore do not develop in turbid, warm seas. Stratigraphic analyses
of ancient reef complexes are often done using modern coral reef analogues.
The idea of clear, warm water 1s carried into the interpretation as a result
of logic. Because of the association between turbid water and deposition of
fine-grained sediments, this approach leads to a vision of reefs with tens
of meters of relief standing in clear epicontinental seas. Later introduc-
tion of fine-grained sediment stunts and kills the reefs and deposits the
fine-grained rocks commonly found in the inter-reef areas.

Biological and marine geological literature contains a number of refer-
ences to survival and growth of corals and coral reefs in turbid water
(Crossland, 1928; Kuenen, 1950; Motoda, 1939; Shepard, 1963; Wells, 1957;
Yonge, 1930). However, there also are documented cases of reef-kill by
floods of turbid water associated with periods of extreme fresh-water runoff.
Decrease in salinity may be the major cause of death of the coral (Banner,
1968; Goreau, 1964). The range of salinity tolerance of corals is from
about 27 to 40 parts per thousand (Wells, 1957). As long as the salinity
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remains within these limits, fresh-water flooding will not seriously affect
the coral population as a whole.

The suspended load has two effects. One is blockage of light. When
the light intensity falls below some limiting value, many reef building or-
ganism die, but only after a period of time. Corals, for example, can live
in the dark for some days (Edmondson, 1928). Goreau (1964, p. 384) reports
that "...14 weeks after the floods, many of the bleached colonies bleached
due to loss of zooxanthellae were still much paler than normal although
they appeared to be healthy in other respects.'" Temporary lack of light is
not a serious problem. '

The second effect of the suspended load is the smothering of organisms
by deposits of sediment. Some corals have quite effective cleaning mechan-
isms (Wells, 1957; Yonge, 1930). Complete coverage can kill the coral, but
Edmondson (1928) and Mayer (1918) demonstrated that many species can live
for more than a day when completely covered by some centimeters of sediment.

Marshall and Orr (1931) describe experiments in which Favia, Fungia,
Psammocora, and Porites showed little or no 111 effects from being intro-
duced into water with 800 mg/liter of suspended mud. They quote Mayer's
(1924) observation that under natural conditions 3700 mg/l of suspended mud
kills some corals, but suggest that the observed kill may have been related
to decrease in salinity. Marshall and Orr (1931, p. 131) conclude that some
specles are more susceptible than others to deposition of sediment but that
"... Pocillopora, Galaxea, Symphyllia, Fungia, and Acropora were all able to
deal with large quantities of sediment under natural conditions, and it is
difficult to believe that they can be killed by sediment falling from above."
They of course dealt with growing colonies which may be able to withstand
greater sediment deposition than could coral larvae trying to settle. The
need for suitable substrate to settle on is a problem to coral larvae in
turbid, muddy environments,

Extensive coral reefs intimately associated with muddy sediments are
present in Fanning Lagoon both in clear and in turbid waters. An area in
the turbid water was compared to one in the clear water in order to evaluate
the effect of water turbidity on reef development.

PHYSICAL SETTING

Fanning Island (3055v N, 159°23" W) is in the central Pacific Ocean
about 1500 km south of Hawaii. Rainfall is about 200 cm per year, and there
is a prevailing 10-knot east to southeast wind (Zipser and Taylor, 1968).
The lagoon is ovate in shape, about 13 km by 6.5 km. It is land-locked ex-
cept for three passes, two that are shallow, about 2 m, and one, English
Harbor, which is up to 8.5 m deep. During the study period there was a net
tidal influx of water into the lagoon through the two shallow passes and a
net outflow through English Harbor (Gallagher, et al., 1971). Although
large volumes of water move in and out of English Harbor with the tides,
there does not appear to be much mixing with the resident lagoon waters.
Residence time of water in the lagoon is apparently about 11 months (Gallagher,

et al., 1971).
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Fig. 1. Location of Fanning Island (3°55'N, 159°23'W). Crosses mark location
of the benthic surveys in the clear- and turbid-water areas.
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A clear water body is maintained in the lagoon in the vicinity of
English Harbor (Fig. 1) and, at least on the north side, the contact between
the clear water and the turbid, resident lagoon water is visibly sharp and
distinct. Visibility in the clear water is about 10 to 15 m while in the
turbid water it is 2 m or less. The temperature and salinity of all of the
lagoon water was about 289C and 35 parts per thousand. This is about the
same as the surface waters of the open ocean around Fanning Island.

A maximum lagoon depth of 18 m was encountered in the clear water.
Depths are commonly 10 to 15 m in the clear water and 4 to 5 m in the turbid
water. The maximum depth measured in the turbid water was 8.5 m.

Line reefs and narrow linear reefs, up to 200 m wide, cross the lagoon
and cut it up into a number of ponds approximately 1000 m wide (Fig. 2).
The tops of the line reefs are 0.5 to 2 m deep below the water surface. The
azimuths were measured on sections of line reef 300 m long. There is a
primary mode of azimuths perpendicular to the prevailing wind direction and
a secondary mode parallel to the prevailing wind. Line reefs wider than
about 20 m have a medial sand strip. The wider the line reef, the wider is
the medial sand strip and the less abundant is the coral on the leeward edge.
On reefs wider than about 100 m there is little or no coral on the leeward
side. Sand drifting off the reefs builds sand wedges into the pond on the
leeward side of the line reefs. This causes the profile of the reefs to be
asymmetric--steep slopes on the windward side and gentle slopes on the lee-
ward side (see Fig. 13).

The origin of the line reefs is not known. Although there are growth
features that appear to be related to present day wind and current patterns,
the basic pattern may be related to karst topography formed during subaerial
exposure of the island.

WORK DONE AND METHODS USED

In order to compare reef development in the clear and turbid waters,
suspended load, light intensity, and bottom cover were measured in the two
areas located approximately by the crosses shown on Figure 1. The area sam-
pled in the turbid water is a pond in the central part of the northern half
of the lagoon. None of the passes into the pond are deeper than 1 to 2 m
(Fig. 8). A channel (locally called Suez), 6 m wide and 2 m deep has been
dug across the line reef on the north side of the pond (Figs. 3 and 8).

This particular pond was chosen as representative of the turbid water area

of the lagoon. A few dives were made in other parts of the turbid area.
These dives, together with numerous grab samples and the character of the
bottom as shown on the fathometer traces taken in other areas, indicate that
the pond is typical of the lagoon except for that part of the lagoon near
shore. Shallow sand flats up to 400 or 500 m wide are common around the edge
of the lagoon.

The clear-water sampling area was chosen to duplicate the physiography
of the turbid water pond as closely as possible. The area is also a pond
of sorts, but the reef perimeter is less well defined than in the turbid
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Legends for Figures 2 through 7 on facing page.

Fig. 2. Line reefs in Fanning Lagodn. The view was taken
above North Pass looking toward English Harbor.

Fig. 3. Suez channel across the line reef on the north edge
of the turbid-water sampling area. The sampling area is
in the foreground.

Fig. 4. A massive coral knoll in the turbid water. The knoll
is 2 m wide.

Fig. 5. A massive coral knoll in the clear water. The shark
prod is 2 m long.

Fig. 6. Acropora and calcium carbonate mud on a coral knoll
in the turbid water. The view covers about 1 m.

Fig. 7. A diver doing a benthic survey along the edge of a
clear water knoll.
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pond. The sampling area is on the periphery of the main clear-water area.
Visibility in the water decreases markedly on the turbid-water side of the
line reef that marks the southeast side of the clear-water sampling area.

The reef on the English Harbor side of the pond is 3 to 4 m deep. Passes

into the central part of the clear-water area are up to 6 m deep.

Sediment samples were taken from the lagoon bottom with a van Veen-type
sampler. Water samples were taken at the surface and at various depths
using an in situ pumping apparatus (Schiesser, 1970). Chemical analyses
were done on 163 samples to determine the calcium carbonate suspended load
(Smith, et al., 1971). Visible light intensity was measured with a Wesson
submersible photometer. No filters were used. Twenty-two lowerings were
done and readings were taken at 1l-m intervals. Relative light intensities
were calculated using synchronous deck and submerged cell readings. Verti-
cal extinction coefficients (a) were calculated for 1-m depth intervals
using the formula [o = -1n (Iz/Iz—l)]

Divers using SCUBA equipment determined the bottom cover at 0,25-m in-
tervals on a 10-m-long sampling line. The benthic survey was done at 22
localities in the turbid water and at 11 in the clear water. 1In all, 450 m
of bottom in the turbid water and 200 m of bottom in the clear water were
surveyed. A major problem encountered in the benthic survey was stirring
up of the sediment into the water. Any agitation of the water near the
bottom stirred clouds of muddy sediment into the water and reduced visibility
to zero. The only workable way to sample was to lay the line down and swim
along it--sampling ahead where visibility was adequate. This was the reason
for using this 'one-line' sampling method rather than grids.

Bathymetric surveying was done with a small boat and a Raytheon model
DE-719 portable fathometer. Detailed surveys were made of both the clear
and turbid water ponds. Bathymetric lines were also run in various other
parts of the lagoon to determine the general nature of the bathymetry.
Sample locations and survey track positions were determined by sextant fixes
on objects on shore that could be located on the map of the island. For the
detailed surveys and sampling locations in the ponds, local markers were set
up, surveyed in, and used as reference points. In all, 9.5 km of contin-
uous fathometer track were run in the turbid-water pond and 4.7 km in the
clear-water pond.

The bottom of the ponds is very irregular due to the presence of coral
knolls., To arrive at bathymetric data which could be contoured, the depths
were determined with reference to a generalized bottom trend arrived at by
extrapolating the general bottom through all knolls. Coral knolls were
arbitrarily defined as steep-sided areas greater than 2 m deep and rising
higher than 0.3 m above the general bottom profile. Knolls that rise to
within 1 or 2 m of the surface are considered to be patch reefs. All dimen-
sions associated with the coral knolls were measured with reference to the
smoothed generalized bottom profile.

Widths of coral knoll crossings, heights of coral knoll crossings, and
interknoll distances were determined from fathometer traces from the turbid-
and clear-water sampling areas. Lines of about equal length, one parallel
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and the other perpendicular to the direction of the prevailing wind, were
used to obtain the knoll statistics. The data are summarized in Figure 9.
Eight-hundred and forty meters of track and 45 knoll crossings were used
from the clear-water area, and 1490 m of track and 73 knoll crossings from
the turbid-water area. All the traces from the turbid-water pond were
divided into 30-m intervals and the percentage of coral knoll in each inter-
val was determined. These data were plotted and contoured (Fig. 8).

WATER TURBIDITY

Suspended load

The calcium carbonate (CaCO3) suspended load 1s about 3.5 mg/l in the
turbid water, about 1.0 mg/l in the clear water, about 0.3 mg/l in the water
of the outside fringing reef (interpreted from the values in the inflowing
water of English Harbor), and about 0.03 mg/l in the open-ocean waters sur-
rounding Fanning Island (Smith, et al., 1971). The outside fringing reef
is very well developed, and the suspended load of 0.3 mg/l might be a repre-
sentative number to expect for water associated with reefs of this type.

The suspended load CaCO, in the lagoon is about 65 percent aragonite
and 35 percent calcite (x-ray diffraction analysis). The calcite fraction is
a mixture of magnesian calcites. There are modes at O and 13 mole percent
MgCO,. The 13 percent mode is the major one. This distribution of aragonite,
calc;te, and magnesian calcites is very similar to that in the clay-sized
fraction of the pond bottom sediments (Fig. 10). Most of the material in
suspension is less than 6y in diameter. The modal size is 3 to 4u (petro-
graphic microscope analysis). Large particles appear to be cleavage
fragments.

The suspended CaCO4 appears to be the product of biological and mechan-
ical abrasion of skeletal materials on the reefs. Inorganic precipitation
seems unlikely in view of the composition and appearance of the suspended
material. The presence of extensive sand wedges in the lee of the line
reefs 1s evidence of sand transport and indirectly, of mechanical abrasion.
Most coral skeletons in the lagoon show evidence of extensive boring by
sponges. Boring pelecypods are common. Much of the hard substrate shows
evidence of fish grazing. In Fanning lagoon, as in many other areas, bio-
erosion 1s very extensive (Bardach, 1961; Gardiner, 1931; Neumann, 1966).

Light

At any given depth the relative light intensity is 10-20 percent higher
in the clear water than it is in the turbid water (Fig. 11). In the turbid
water, concentration of suspended CaCO, is high and the standing crop of
plankton 1s large (Gordon, et al., 1971). Yet the minimum relative light
intensity on the pond bottom is about 5 percent. There are two reasons for
this. The depths are not great, so even with large absorption coefficients,
much light penetrates to the bottom. Second, the fine-grained suspended
material scatters light without greatly affecting the measured vertical
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extinction (Holmes, 1957). The mean extinction coefficient in the clear
water area is 0.13/m and 0.28/m in the turbid water. These values are about
the same as extinction coefficients for green light in average oceanic and
average coastal water (Sverdrup, et al., 1942).

According to Wells (1954) most coral reef growth occurs in depths of
30 m or less, although growth does continue down to about 100 m and at
Bikini Atoll to about 160 m. Relative light intensity at 30 m in average
oceanic waters is less than 1 percent (Sverdrup, et al., 1942). About the
same amount cof solar radiation reaches the sea surface at Fanning and Bikini
atolls (Neumann and Pierson, 1966), so at 5 percent, the relative light in-
tensity at the bottom of the turbid pond is well above the minimum light
requirements for reef growth. Light is not a limiting factor in reef de-
velopment in the turbid water of Fanning lagoon.

The distributions of extinction coefficients at various depths in the
turbid pond show definite areal patterns of variability (Fig. 12). 1In gen-
eral the extinction coefficients in the surface water are large except in
the downwind part of the pond. At intermediate depths there are minumum
values while below 4 m the extinction coefficients are essentially constant
at values somewhat higher than the minimum.

Circulation in the pond is complex. The observations were taken on a
falling tide. This may explain the relatively high values in the surface
water and around Suez. Fine material taken into suspension over the leeward
reef is moved out into the sampled pond by the tide. Suez channel may be a
region of maximum volume transport of water across the reef during the tidal
cycle. This could explain the tongue of turbid water upwind from Suez.

The extinction coefficient profile across the turbid pond (Fig. 13)
suggests the following simplified circulation model. The wind drives sur-
face water over the windward reef and sediment is put into suspension. The
water moves across the pond; the suspended materlal settles, leaving the
surface water of the downwind side of the pond less turbid. Then the surface
waters reach the leeward reef, some of the water goes over the reef into the
next pond and some sinks and flows upwind at depth to replace the water up-
welling on the upwind side of the pond. Dye experiments indicate upwind
water movements at depth (Gallagher, et al., 1971). The return flow appears
to be at about 3 m depth. Below 3 m the flow is restricted by coral knolls
(Fig. 13). Coral thickets act as baffles. Mud between Acropora branches on
the knolls is finer than the mud of the interknoll areas.

BOTTOM TYPES

The sampled areas can be divided into three categories: pond bottoms,
reef slopes, and reef flats. These areas have distinct boundaries and, in
most cases, distinct bottom characteristics with respect to nature and type
of coral cover, and sediment type and distribution (Table 1).
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Table 1. The nature of the bottom-cover as determined by benthic surveys
in the clear- and turbid-water sampling areas.

LIVE CORAL
S g
g % &g g
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g reef slope 286 35 2 35 0 0 78 96
g reef flat 21 29 9 41 0 1 51 71
coral knolls 78 ——22=—-
. pond bottom 59 13 0 0 28 57 0 1
E reef slope 73 7 11 1 8 75 2 5
g reef flat 46 15 15 24 0 48 21 38
I
© coral knolls 83 =17
mcn
g turbid water 31 21 3 73 27 -13 55 55
§ clear water 62 12 7 4 17 52 5 10
=
1

The pond bottom includes coral knolls as well as areas of sediment.
The division coral knolls is a subdivision of the pond bottom.

The percent of the live coral that is Montipora.

3 The values are weighted averages, using 50 percent pond bottom, 32 per-
cent reef slope, and 18 percent reef flat as the relative percentages
of the various lagoon areas. The percentages were obtained from analysis
of the bathymetric map of the turbid pond. The same weighting was used
for the clear and the turbid water areas.
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Sediments

The sand on the reef flats of both areas is coarse- to medium-grained.
Because the reef tops are shallower in the turbid water than in the clear
water the sand on the turbid-water reefs tends to be finer and better sorted.
On the lee side of the reefs there are distinct wedges of muddy sand that
extend out about 60 m into the pond before grading into the mud of the pond
bottom. The pond bottom muds have a silt-sized mode (Fig. 10). Sand wedges
were not found in the clear water area examined although the mud at the base
of the reefs is sandier than in the central part of the clear-water pond.
Apparently little sand is produced on the clear-water reef flats. This may
be a function of their deepness.

The micro-mullusk fauna in the pond muds is distinct from that on the
reef flats (Kay, 1971). Foraminifera are present in the lagoon muds, and
their abundance appears to be a function of nearness to coral knolls. There
is an average of 310 foraminifera tests per gram of sediment. There are few
species, and, of these, Ammonia beccarii tepida is most abundant (J. Resig,
personal communication). Both the number of species and the number of in-
dividuals is low compared to other atolls (Emery, et al., 1954).

Another organism that is common on other atolls but rare in Fanning la-
goon is Halimeda. Live Halimeda plants are seldom seen in the lagoon.
Emery, et al., (1954) give 36 percent Halimeda and 5 percent foraminifera
tests as the composition of the average sediment from four lagoons in the
Marshall Islands. In Fanning lagoon both Halimeda and foraminifera make up
less than 1 percent of the volume of the sediment. The reason for the low
abundance is not known.

Alcyonarians are present in small numbers in both the clear and the tur-
bid waters of the lagoon and red alcyonarian spicules are noticeable in many
turbid-water-area mud samples. On the average there are 350 spicules per
gram of mud. The alcyonarians live on the coral knolls. Alcyonarian spicules
and foraminifera tests make up comparable proportions of the sediment.

Coral

Bottom-cover by coral in the clear- and turbid-water areas differs in
amount and in type (Table 1). Live coral covers about 60 percent of the bot-
tom in the clear water and about 30 percent in the turbid water. Figure 9
shows the distribution of live coral cover with depth as determined by the
benthic surveys. Although the coverage is almost constant with depth in the
clear water, there are large changes with depth in the turbid water.

The low abundance of coral at shallow depths is due to lack of coral on
the reef flats. Reef flats sampled in the clear water were all greater than
1 m deep thus explaining the relatively high values for coral cover relative
to the 0.5 m deep reef flats in the turbid water.

Coral knolls in the turbid water have about 80 percent live coral cover
according to the benthic surveys (Table 1). The knolls cover 37 percent of
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the area of the pond bottom (Fig. 8). These figures yield an average coral
cover of 30 percent--the same as the estimate derived from the benthic sur-
vey data (Table 1). Thus, mapping the distribution of coral knolls using
the bathymetric data gives a more detailed picture of the distribution of
coral in the turbid water than is possible from the relatively few benthic
survey stations occupied. The coral knolls have a distinct, though irregu-
lar, distribution pattern: low abundance in the upwind part of the pond,
and increasing abundance downwind.

The general pattern can be explained using the previously discussed
model of sedimentation in the pond. The coral is killed by deposition of
sediment in the upwind portion of the pond. The deleterious effect de-
creases downwind, and maximum knoll development occurs along the downwind
edge of the pond. 1In general the distribution of coral knolls appears to
result from progressive decrease in the amount of deposition of material
away from the upwind edge of the pond and by encroachment of the sand wedge
into the pond.

The apparent discrepancy between Figure 14 which shows less than 10
percent live coral cover in the turbid water deeper than 6 or 7 m, and Fig-
ure 8 which shows the area deeper than 8 m to be 20 to 60 percent coral
knoll, has two explanations. The area below 8 m depth shown on Figure 8 is
actually between 20 and 30 percent coral knolls, with much of it closer to
20 percent. Also, it is possible that the three deeper, low coral cover
stations could have missed coral knolls by random chance. It seems that
there are two effects operating to restrict knoll development in the pond.
One is the encroachment of the sand wedge into the pond, and the other is
the uniform settling of fine material out of suspension. This last mecha-
nism is not very effective except in the deeper areas of the pond where the
bottom physiography causes water movements to be restricted.

BOTTOM PHYSIOGRAPHY

The trend of the line reefs perpendicular to the prevailing wind is re-
flected in the bathymetry of the turbid-pond bottom even in ridges that do
not reach within a meter of the surface. Over most of the turbid pond the
coral knolls with up to 3 m relief cover about 37 percent of the bottom.
The average knoll crossing in the turbid water is 1.6 m high and 6.7 m wide
and the average interknoll distance is 9.5 m (Fig. 9). In the clear water
the same statistics are 1.8 m, 9.7 m and 5.5 m. There is little difference
in the size of knolls in the clear and in the turbid water, although the
mean crossing width in the clear water is larger due to the presence of a
few very large knolls. 1In each case the dimensions parallel and perpendi-
cular to the prevailing wind are very similar so the knolls appear to be
more or less equidimensional in plan view. The average interknoll distance
in the clear water is about one-half that in the turbid water, perhaps re-
flecting the less favorable environment in the turbid water.

What the average crossing dimensions mean in terms of the actual average
knoll dimensions is a problem. If the knolls are approximated by hemispheres
the average crossing dimensions are 0.85 the actual average dimensions. The
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knolls are more closely modeled by rectangular prisms so that the average
crossing dimensions may be somewhat conservative but should be within 5 or
10 percent of the actual average dimensions.

SPECULATION ON AGE OF TURBID ENVIRONMENT

The interpretation of the turbid-water coral reef development is tem-
pered by uncertainty about the age of the environment. Are the reefs actu-
ally developing in the turbid water or are they merely a degenerate skin on
a relict topography? The environment is at least 150 years old, as no men-
tion of major change is made in the recorded history. Beyond that, there
are no definitive data. There are however, observations that allow specu-
lation.

The distribution of land around the rim of Fanning Atoll is peculiar.
Much of the windward area is swampy intertidal or shallow subtidal (Guinther,
1971). Nearly all of the leeward area is land. The windward fringing reef
is about the same width as the leeward reef. Both the reef widths and the
land distribution are the reverse of what is generally found on atolls
(Wiens, 1962, p. 41). Rapa Pass appears to have been formed by the breaching
of a conglomeratic beachrock ridge. Erosional remnants of the beachrock
occur for some distance out onto the reef flat in the vicinity of Rapa Pass.
These observations suggest that the atoll is tilting upward to the west.
This tilting, of course, would change the configuration of passes around the
lagoon and circulation within the lagoon.

Tilting could explain the infilled pass at the site of the Cable Station.
The two spits on the lagoon side at the Cable Station are cemented shingle
with well-developed imbricate structure. The imbricate structure of the two
spits has opposing dips and strikes into the lagoon. The unconsolidated
sediment filling the old pass 1s interpreted to be younger than the phospha-
tized conglomerates making up this part of the atoll rim.

Another feature that appears to be of fairly recent origin is the complex
of apparent relict tidal deltas that occur at the lagoon edge about 5 km west
of Rapa Pass (See Fig.l, Guinther, 1971). At present th