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ABSTRACT

Hydraulic exchange between overlying sea
water and the internal structure of a patch
reef in Kaneohe Bay, Oahu, Hawaii, was stud
ied with an array of wells 1,2, and 4 m deep.
Two natural chemical tracers, radon, and sa
Iinity, were used to calculate the exchange
rate between surface sea water and reef inter
stitial waters. Dissolved radon concentrations
are substantially higher in interstitial waters
than in surface water. The degree of radon
enrichment is quantitatively related to the
time elapsed since interstitial water had equili
brated with the atmosphere. Residence time
estimates are 1-40 days, with deeper wells
having slower exchange. The average resi
dence time for I-m-deep wells was 2.1 days.
A rainstorm-induced dilution of the salinity of
Kaneohe Bay provides the second tracer.
Samples of surface and reef interstitial waters
following this salinity perturbation are used
to calculate an average residence time of 2.6
days at a depth of 1 m and 42 days at a depth
of2m.

Three types of physical forces thought to
cause exchange between surface and intersti
tial water are considered by measurement of
the forcing functions and reef permeability.
Hydraulic conductivities are about 50 mid,
with lower values near the seaward side of
the reef. Most exchange seems to be caused
by high-frequency, wave-driven oscillatory
pumping and by unidirectional hydraulic
head gradients (of uncertain origin) that are
stable for at least 3-4 days. Wave-driven mix
ing is probably more· important shallower in
the reef, whereas head-driven flow may dom-

*Present address: U.S. Geological Survey, 677 Ala
Moana Boulevard, Suite 415, Honolulu, Hawaii
%813.

inate deeper in the reef. Tidal pumping does
not seem to contribute to exchange.

All methods indicate that exchange in the
upper part of Checker Reef is primarily
through vertical exchange. The best estimate
for the residence time of water at a depth of 1
m is 2 days. Water at depths of 2-4 m proba
bly has a residence time of weeks to months.

INTRODUCTION

Hydrology influences several geologic and bi
otic processes on coral reefs. Hydraulic circula
tion controls the exchange of materials between
a reef and the surrounding sea water. Such ex
change may strongly influence the rate and type
of diagenesis within the reef (Buddemeier and
Oberdorfer, 1986; Carter and others, 1989;
Land and others, 1989; Tribble and others,
1990) and may affect ground-water resources in
coastal and atoll island aquifers (Oberdorfer and
Buddemeier, 1986; Anthony and others, 1989).
Understanding exchange between reef and sur
face water may also advance our knowledge of
carbonate aquifers (Buddemeier and Oberdor
fer, 1986). With respect to biology, it is known
that substantial organic decomposition occurs
within the lithified structure of some coral reefs.
Reef interstitial waters are depleted in oxygen
and enriched in inorganic carbon, nutrients, and
the products of anaerobic metabolism such as
sulfide and methane (Andrews and Muller,
1983; Buddemeier and Oberdorfer, 1983, 1986;
Sansone, 1985; Sansone and others, 1988a,
1988b; Oberdorfer and Buddemeier, 1986;
Tribble and others, 1990; Walter and Burton,
1990). The microbial activity within a reef is
affected by the rate at which metabolic sub
strates become available. Similarly, the flux of
materials out of the reef depends on the rate of
hydraulic exchange. Because nutrient concentra
tions in reef interstitial water are much higher

than in surface sea water, the rate of hydraulic
exchange may affect reef ecology.

The goal of this study is to evaluate hydraulic
exchange between surface sea water and reef
interstitial water at Checker Reef, Hawaii. We
use this reef to elucidate hydrologic processes
operating in a large number of carbonate sys
tems and to test the hypothesis that reefs are
hydrologically active environments. Two chem
ical tracers and a suite of hydrologic measure
ments are used to study exchange rates and
mechanisms. The use of three independent
methods to measure exchange overcomes many
of the limitations intrinsic to each technique and
allows us to construct a robust picture of hy
draulic exchange between reef and surface sea
water. The two chemical methods use mass
balance box models to evaluate changes in the
concentration of natural tracers. The first tracer
is 222Rn released from the decay of 226Ra bound
to carbonate minerals. A natural (rainstorm
induced) salinity perturbation serves as the sec
ond tracer. The third evaluation of hydraulic
exchange is through consideration of three phys
ical forces that cause exchange; total exchange
results from the sum of these forces.

Studies of reef hydrology have been made at
only a few sites. At Davies Reef, Great Barrier
Reef, water-level measurements and dye-tracer
experiments were used to calculate flow rates
through a reef (Oberdorfer and Buddemeier,
1986; Buddemeier and Oberdorfer, 1986,
1988). Pore-water velocities were estimated to
be 3-10 mid, with residence times of 3-90
days. Vertical exchange appeared to predomi
nate over horizontal exchange. Dye tests at the
Orpheus Island reef flat (Great Barrier Reef)
indicated that tracer movement within the reef
was primarily dispersive when the reef flat was
tidally submerged (Parnell, 1986). Andrews and
Muller (1983) measured a net flux of nutrients
from a small patch reef near Davies Reef to the
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FORE
•

d[RnRIW1/dt = 1- A[RnRlwl +
kR[Rnsswl - kR[RnRlwJ (I)

for processes operating at time scales ofless than
a month. Its longer-lived (ty, = 1,620 yr) parent,
226Ra, binds strongly to particles (Broecker and
Peng, 1982) and substitutes for calcium in the
aragonite skeleton of corals (F1or and Moore,
1977). In interstitial water, the degree of en
richment in 222Rn can be related to the ex
change rate with overlying sea water. For
example, the accumulation of 222Rn in benthic
domes has been used to calculate material flux
between sediments and the water column at
Cape Lookout Bight (Martens and others,
1980). 222Rn has also been used to determine
rates of gas exchange between sea water and the
atmosphere (Broecker and Peng, 1974; Peng
and others, 1979) and rates of aquifer recharge
(Hoehn and von Gunten, 1989). Our research
uses measurements of 222Rn activity in surface
and interstitial water to calculate hydraulic mix
ing rates between Checker Reef and surface
sea water.

The concentration of 222Rn in reef interstitial
water, [RnRIW1, is determined by the activity of
parent 226Ra within reef interstitial water, the
decay of 222Rn, and the rate of mixing with
222Rn-depleted surface waters:

o 100m
L--....J

kR= (I - A )/[RnExJ (2)

RnEX =[RnRlwl - [Rnsswl. (3)

The reciprocal of kR is equivalent to the time
since an interstitial water sample was last equili
brated with surface sea water; this time is re
ferred to as the residence time (RT) in this study
(Li, 1977; Lerman, 1979). To determine RTat a
point within the reef, only [RnRlwJ, [RnsswJ,
and I need to be known.

where I is the input of 222Rn (from the decay of
226Ra) expressed as the number of atoms of
222Rn produced per minute and given in units of
disintegrations per minute (of 226Ra) per liter
(dpm/L), A is the decay constant of 222Rn,
[RnsswJ is the concentration of 222Rn in surface
sea water, and kR is the 222Rn-determined rate
constant for exchange between the sampling
depth within the reef and surface sea water; k R
has units of inverse time.

At steady state, d[RnRlwJ/dt = 0 and equa
tion I can be solved for kR:

where A, the activity of 222Rn, is the product of
[RnRlwJ and A, and RnEX, the excess concentra
tion of 222Rn in a sample with respect to surface
sea water, is given by

N

l

STUDY SITE

RADON AS A TRACER
OF EXCHANGE

surrounding sea water and postulated that hy
draulic exchange was stimulated by tidally
driven surface-water currents. Measurements of
the internal pressure field of Tague Bay reef (St.
Croix, U.S. Virgin Islands) showed that most
exchange between the reef and surface waters
occurs via vertically driven flow caused by
wind-driven gravity waves (Roberts and others,
1988; Carter and others, 1989). For a specific
reef, the rates and mechanisms of hydraulic ex
change will be dependent on local geologic and
oceanographic conditions (Buddemeier and
Oberdorfer, 1988). Given the small size of
Checker Reef, circulation driven by geothermal
gradients deep in the island core (Rougerie and
Wauthy, 1986) is not likely to be a significant
factor.

Checker Reef, a lagoonal patch reef in Ka
neohe Bay, Oahu, measures about 750 m by
350 m (Fig. 1). The reef rises steeply from a
carbonate and terrigenous lagoon floor 15 m
deep and is exposed to small waves. Despite its
proximity to the volcanic island of Oahu, this
reef seems to be unaffected by either fresh
ground water or input of terrigenous sediment
and is composed almost entirely of Mg-calcite
and aragonite. Cover by branching corals is high
«30%) on the upper slope and edge of the reef;
the top is covered with algae, sand, and poorly
sorted rubble (Morrissey, 1985). The top of the
reef shoals at extreme low tide; the tidal range is
about 80 em. In comparison with many reefs,
Checker Reef is poorly lithified and located in a
relatively low-energy environment (Tribble and
others, 1990).

Interstitial water from Checker Reef was
sampled using vertical well points driven I, 2, or
4 m deep into the reef (see Sansone and others,
1988a, for details). Each well had a screened
interval of 15 cm; the reef surface around each
well was sealed with cement to inhibit water
movement along the outside of the well. A tran
sect consisting of five sites, A-E, with a total of
nine sampling ports was established from the
windward to the leeward margins of the reef. At
each site the sampling depth, in meters, is given
as a numeric suffix to the letter. Well locations
are shown in Figure l.

222Rn is a natural radioisotope in the 238U
decay series and exists in low concentration in
surface sea water as a dissolved gas that readily
diffuses into the atmosphere. With a half-life of
3.82 days, 222Rn is a useful geochemical tracer

Figure 1. Location of Checker Reef, Kaneohe Bay, Oahu, Hawaii. Well sites are identified
by letters A-E. "Fore" and "Back" are surface sea-water stations.

Geological Society of America Bulletin, October 1992 1281



Note: the letter Qf each sile corresponds with the location shown in Figure I; the numeric suffix indicates the well depth (in meters) into the reef. Date ofcollection
is given as tbe Julian day with the year in parentheses. Also shown arc the values of the exchange constant (k Rin days-I) and residence time (RTin days) calculated
according to equation 2. Average values of kR and RT are calculated from the aver~c of the measured well activities. Because the second sample from well D4
collected on Julian day 200. 1988, was used to define the sedimentary input (I) of 2 Rn, vaJut:S or kR and RT were not calculated for this sample.

TRIBBLE AND OTHERS

TABLE I. MEASURED 222Rn ACTIVITY (in dpm/L = d~inle8ralions pcr minu", pcr liler) IN SURFACE SEA WATER (SSW)
AND REEF INTERSTITIAL WATERS

Site Dale Activity kR RT
(dpm/L) WI) (d)

SSW 252(87) 0.99
257(87) 0.37
197(88) 0.99
Average 0.78

AI 244(87) 12.3 0.93 1.1
200(88) 15.8 0.67 1.5
197(88) 21.2 0.45 2.2
Average 16.4 0.64 1.6

BI 252(87) 20.2 0.48 2.1
197(88) 14.4 0.76 1.3
200(88) 16.8 0.62 1.6
200(88) 14.4 0.76 1.3
Average 16.5 0.64 1.6

Cl 252(87) 23.5 0.38 2.6
197(88) 25.9 0.33 3.0
204(88) 21.5 0.44 23
Average 23.6 0.38 26

C2 252(87) 56.1 0.05 20.1
257(87) 63.8 0.02 46.3
197(88) 67.2 0.01 89.7
W4(88) 46.0 0.10 9.8
Average 58.3 0.04 24.3

01 244(87) 22.9 0.40 2.5
257(87) 21.5 0.44 23
197(88) 37.5 0.17 6.0
204(88) 10.3 1.17 0.9
Average 23.1 0.39 2.5

D2 244(87) 65.2 0.Q2 57.7
257(87) 54.0 0.06 17.0
197(88) 23.1 0.39 2.6
204(88) 36.4 0.18 5.6
Average 44.7 0.11 9.1

D4 244(87) 70.2 0.003 328.9
197(88) 54.4 0.06 17.5
200(88) 58.4 0.04 24.6
200(88) 71.3
Average 63.6 0.03 32.2

E\ 257(87) 32.0 0.23 4.4
200(88) 29.\ 0.27 3.7
204(88) \4.7 0.74 1.4
Average 25.3 0.34 2.9

E2 252(87) 21.4 0.44 2.3
200(88) 22.0 0.42 2.4
204(88) 14.4 0.76 1.3
Avcrage \9.3 0.5\ 2.0

Water for determination of 222Rn actIvity
was collected using a peristaltic pump into 2.6 L
glass bottles sealed with butyl rubber stoppers.
Samples were analyzed within 3 days of collec
tion. Each sample was stripped of dissolved
gasses by bubbling with nitrogen in a closed
system for 40 min. The equipment and tech
niques for this procedure are described by
Mathieu (1977). The 222Rn concentration
(dpm/L) was calculated by correcting the meas
ured counts per minute (cpm) for the back
ground of the counting cell (Bkg) and decay
during the time interval (i) between collection
and analysis, normalizing to the sample volume
(V), dividing by 3 to account for the ingrowth of
two short-lived alpha decay daughter products
(Z18po, tv., =3 min and 214Pb, tv., =27 min), and
dividing by the counting efficiency (Eff) of the

specific cell and channel used. This is summa
rized as

222Rn dpm/L =(cpm - Bkg) .
e-Ai/(3 x Vx Eff). (4)

A total of six counting cells and four detector
channels were used in this study. Cell back
grounds were determined by overnight counting
of empty cells in each detector channel. The
counting efficiency of each specific cell and
channel was determined with a U.S. Depart
ment of Energy radium standard; the back
ground alpha emissions and counting efficiencies
of the cells and counting channels used are given
by Tribble (1990). The precision of these anal
yses was ±3%.

A total of 33 measurements of 222Rn activity

in reef interstitial water were made, with at least
three measurements from each well. Three meas
urements were made of surface sea water (Table
1). These results demonstrate that reef interstitial
waters contained substantial 222Rn in excess of
that in surface sea water and that the excess most
likely resulted from the decay of 226Ra bound to
reef carbonates. The average 222Rn activity for
surface water was 0.78 dpm/L, whereas intersti
tial water values ranged from 10.3-71.3 dpm/L.

There was an increase in 222Rn activity with
depth into the reef. This was most clearly seen at
well D, where the activity averaged 23.1 dpm/L
I m below the reef surface, 44.7 dpm/L 2 m
below the reef surface, and 63.6 dpm/L 4 m
below the reef surface (Table I). Similarly, well
CI averaged 23.6 dpm/L at a depth of I m and
58.3 dpm/L at a depth of 2 m. The pattern did
not hold at well E, where there was no signifi
cant difference in waters from the 1- and 2-m
deep wells. Water from wells D4, C2, and D2
had the highest 222Rn activity. Two sets of repli
cate samples (collected from the same well at the
same time) were within 16% and 20% of each
other.

To use 222Rn activity as a chronometer of
hydraulic exchange between surface and reef in
terstitial water, it is necessary to know both the
total activity of 222Rn in interstitial water trace
able to release from reef carbonates (A), and the
rate of input of 222Rn from carbonates (l) in a
steady-state closed system (equation 2). The ac
tivity of reef interstitial water 222Rn released by
carbonates is simply the total measured 222Rn
activity in excess of that supported by decay of
226Ra in surface sea water. The average value
for surface-water 222Rn activity (0.78 dpm/L) is
taken as a measure of the surface-supported
component of interstitial-water 222Rn activity,
and subtracted from the interstitial-water values.
These values of excess 222Rn activity (RnEX) are
used in equation 2 to calculate RT.

The rate of input of 222Rn into reef interstitial
water (l) is evaluated by taking the highest activ
ity measured in a sample of interstitial water
(70.54 dpm/L at D4) that has been removed
from atmospheric contact long enough to reach
closed system equilibrium (RT> 30 d). In this
case, the input of 222Rn from the decay of 226Ra
equals the decay of 222Rn, and the radon activ
ity in this water is a balance between the input
from the decay of 226Ra and the loss by 222Rn
decay. In other words, for water with a RT
longer than several half-lives of 222Rn, equation
2 simplifies to 1= A.

Residence times (RT) of reef interstitial water
calculated according to equation 2 are given in
Table I. The method is very sensitive to changes
in I and not accurate for RT greater than about
five half-lives of 222Rn (roughly 20 days). These
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34.8

(6)

ko = 0.526

C!I

both surface and interstitial water to calculate
the rate at which low-salinity interstitial water is
replaced by water having the same salinity as
surface sea water. The one-box model assumes
that all exchange at I m occurs upward and
ignores exchange between I-m depth and the
deeper reef.

By inspection, variation in surface sea-water
salinity after the first sampling day is described
by the exponential recovery function (Fig. 2)

where SOt is the surface salinity at time t, SOi and
Sorare the initial and final surface salinities, and
kois the recovery constant of the surface water.
Recovery during the first day may have been
complicated by continued freshwater discharge
or mixing of different water masses within the
bay. The value of ko giving the closest agree
ment between measured surface salinities and
those calculated according to equation 5 is 0.526
d-1. A geometric mean regression between the
measured and calculated salinity values using
this value of ko has a slope of 1.11 and r2 =
0.986 (n = 16). Figure 3 shows the agreement
between the measured surface salinities and
those calculated using a value of ko =0.526 d- I .

According to the mass-balance box model,
the rate of change in salinity of water at a depth
of 1 m in the reef is represented by the equation

where S\ is the salinity at I m at time t, and k\ is
the mean rate constant for exchange between
interstitial water at 1 m and surface water as
determined from salinity. As with kR, the units
for k\ are inverse time. The mean residence time
(RT) of water at a depth of 1m in the reef is the
reciprocal of the exchange constant k\ (Li, 1977;
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Figure 2. Salinity (in parts per thousand) in
surface and reef interstitial water over time.
The symbol. indicates surface water, • rep
resents 1-m deep weDs, and. represents 2-m
deep wells.

Figure 3. Actual versus mod
eled surface salinity (in parts
per thousand). Solid line is the
"best fit" to equation 5 (leo =
0.526 d-1); 0 represent data
points.

l
>
I-
Z
::J
or:(
C/)

data indicate residence times of -2 days for
water 1 m deep in the framework and 2-24 days
for water 2 m deep in the framework. The aver
age exchange constant for all I-m wells gives a
RTof 2.1 days. Times for well 04 are not relia
ble because of the long residence time of this
water. The model used for these calculations as
sumes constant rates of 222Rn release through
the reef. Spatially heterogeneous patterns in the
distribution of 226Ra throughout the reef, as well
as variations in effective porosity, will invalidate
this assumption. These effects cannot be evalu
ated with the present data.

SALINITY AS A TRACER
OF EXCHANGE

A pulse of fresh water introduced into the bay
(and reef) by a rainstorm is the other tracer used
in this study. From November 10-12, 1986,
Kaneohe Bay received - 20 cm of rain (Hawaii
Institute of Marine Biology weather data). Heav
ier rainfall was reported in the surrounding
drainage basins (U.S. Geological Survey Water
Resources Division, Honolulu Office, unpub.
data). Strong winds followed the rainstorm,
causing bay waters to be rougher than normal.
Salinity samples were collected from the bay
and wells AI, Bl, Cl, C2, 01, and 02 from
November 12-24. Wells 04, EI, and E2 were
not in place at the time of the event. Samples
were analyzed on an AGE Model 2000 Minisall
salinometer (precision ±0.003%0).

The salinities of surface and interstitial waters
following the November 1986 rainstorm are
shown in Figure 2. Surface sea water showed a
large depression in salinity, to a minimum of
26.619%0, and then a fairly rapid recovery to a
value of 34.750%0. Water from the I-m wells
showed a less pronounced but distinct salinity
decline and a slower recovery. Water from 2 m
deep showed only a slight decline in salinity
over the sampling period. Salinity differences
during the modeled part of the perturbation re
sulted in density differences of <0.002 kg/L be
tween water masses. Given the rapid mixing
observed, it is unlikely that such differences re
sulted in significant density-driven flow (Ober
dorfer and others, 1990), and we believe that
exchange rates calculated here are not a result of
density changes associated with the freshwater
input.

A one-box mass-balance numerical model is
used to describe the exchange of water at a
depth of 1 m in the reef and overlying surface
water. This model uses the recovery in salinity in

300100 200

TIME (HOURS)

33.8+----,---,-----.---...----,,----,---'
oI Use of brand names in this paper is for identifica

tion purposes only and does not constitute endorse
ment by the U.S. Geological Survey.
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A) One-box model

SALlNln (%0) SALINITY (%0)
35 35

WELL A1 WELL 81

34

34

33

k1 =0.0066 k1 =0.0110

33 32
0 100 200 300 0 100 200 300

35 35
WELL C1 WELL D1••• • •• •

34

34

33
k1 =0.0265 k1 =0.0200

32 33
0 100 200 300 0 100 200 300

TIME (HOURS) TIME (HOURS)

TABLE 2. CALCULATED INTERSTITIAL WATER RESIDENCE TIMES (RT IN DAYS) USING RECOVERY FROM THE SALINITY
PERTURBATION AND A ONE-BOX (I m only) AND TWO-BOX (I AND 2 m) MODEL

W<U k RT ,2 Slope
Wi) (d)

One-box model
AI 0.158 6.3 0.996 1.00 10
BI 0.264 3.8 0.996 1.08 14
CI 0.636 1.6 0.972 1.19 15
D1 0.480 2.1 0.932 1.26 16
Avcrag< 0.385 2.6

Two-box model
CI 0.840 1.2 0.913 1.03 15
C2 0.024 41.7 0.655 1.44 16
DI 0.240 4.2 0.964 1.01 16
D2 0.024 41.7 0.599 1.36 16

Note: k (days-I) is the exchange constant for water 31lbe specified well and calculated as a best fit to equation 7 (one-box model) or equations 10 and 13 (two-box
model). RTis the inverse of k and given in days. The relation between calculated and measured salinities is descnbed by the slope, correlalion coefficient (r 2), and
number of samples (n). The average value of k) for the one-box model is used to calculated an average RT.

Lerman, 1979). Substitution of equation 5 into
equation 6 and solving for S, yields (when k1 ¥
ko)

S, =Sor+e-kI1S1i-Sor-kl(Soi-Sor)/(kl-ko)]
+ e-kolkl(SOi - Sor )/(kl - ko) (7)

where Sli is the initial salinity in box I. A sim
ilar model was used by Tribble and others
(1988) to calculate the average RT of water
throughout the upper meter of the reef. A com
putational error, however, caused the previously
published estimates of RT to be overestimated
by as much as a factor of two.

Using the value of kodetermined above (Fig.
3) and the interstitial water salinity, equation 7 is
solved for k l by choosing a value that minimizes
the sum of the squares of the residuals between
the measured and calculated values. To avoid
temporal bias in the data, residuals are averaged
in cases where two or more samples were col
lected on a given day. As with ko,determination
of k1 is restricted to the later phase of the pertur
bation. For wells BI, Cl, and Dl, this started on
the second day of the experiment (t > 20 hours);
well A1 did not start to recover until the third
day of the experiment (t > 40 hours).

The "best-fit" values of kJ, along with the
statistics for regressions between the measured
and calculated values, are presented in Table 2.
Figure 4 shows the agreement between the meas
ured salinity values and those calculated from a
best fit. The agreement between the observed
and calculated values is sufficient to allow reas
onable determination of RT for the interstitial
waters in question: the calculated values range
from 1.6-6.3 days. The average RT, calculated
as the average value of k l for all I-m waters, is
2.6 days (Table 2). The two waters with the
most rapid exchange (Cl and Dl) have regres
sion slopes well above unity, so the model may
overestimate k1 for these wells. If a slope of 1 is
used to force a solution for kJ, residence times of
2.8 and 5.1 days are obtained at C1 and D I,
respectively.

Figure 4. Measured versus modeled salin
ity (in parts per thousand) following a
rainstorm-induced dilution. (A) Solid lines
are the best fits in the I-m wells to equation 7
according to the one-box model (k1 in d-1);

squares represent measured salinity at 1
m. (B) Solid lines are the best fits to equa
tions 10 and 11 in wells Cl/C2 and Dl/D2
according to the two-box model (k1 and k2 in
d-1)•• represent measured salinity at 1 m; A
represent measured salinity at 2 m.

B) Two-box model

SALINITY (%0) SALINm (%0)

35

35 ••••• ••• ..
34

~2WELLS C1 & C2

33 34

k1 =0.0350 k1 =0.0100
k2=0.0010 k2=0.0010

32 33
0 100 200 300 0 100 200 300

TIME (HOURS) TIME (HOURS)
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(12)

The 2-m wells showed only a slight salinity
decline during the course of the experiment. The
total change in salinity is 0.166%0 at well C2
and 0.048%0 for well 02. Although these are
small changes relative to those measured in the
I-m wells and overlying sea water, they are ana
lytically significant and provide important in
formation on exchange within the reef. To
determine water residence times at 2 m, the
model is expanded to include a second box at 2
m. In this case, the appropriate differential equa
tions for the change in salinity at 1 and 2 mare

and

A matrix solution of these two differential equa
tions using the initial and final interstitial water
salinities as boundary conditions yields

S( =Sor + Pxe-krJ + (Sli - SOf - Px)e/11 +
([Sif - Sr - Pxe-kill - (Sli - Sor - Px)e/1ll ]

(eal - e/1II)/(eall- efJ11)}
(10)

and

Sz =SOf + pye-kol + (SZi - Sor - Py)eP1 +
([SZf - Sf - pye-kolr - (SZi - Sor - Py)e/1lr]

(eal - e/1I)1(ea1r - e/1lr)} (II)

where CY. and /3 are the roots of the quadratic DZ
- D(k1 + 2kz) + k1kz, Px = [k1(kz - ko)
(SOi - SOf)]/[koz - ko(k1+ 2kz) + k(kz], Sli and
Sif are the initial and final salinities at I m, Py =

[k(kz(SQj - SOf )]/[koz - ko(k( + 2kz) + k(kz],
and SZi and SZf are the initial and final salinities
at 2 m.

Solutions of k1and kzfor the two-box model
are obtained by minimizing the square of the
residuals between measured salinities and those
calculated with equations 10 and 11. Values cal
culated using the model compare well with
measured salinities (Table 2, Fig. 4). Calculated
RTvalues are 1.2 days and 4.2 days for wells Cl
and 01, respectively, in contrast with RTvalues
of 1.6 and 2.1 days obtained from the one-box
model. The RTfor both 2-m wells is 42 days.

PHYSICAL FORCES OF
HYDRAULIC EXCHANGE

Hydraulic residence time is determined by the
physical forces that drive the exchange of fluid
between the reef and surface sea water. Consid
eration of the individual components of ex
change allows evaluation of their overall signifi
cance and provides insight into the time scales at
which future hydrologic and biogeochemical

studies should be conducted. Several mechan
isms for exchange between reef and surface
water have been described (Buddemeier and
Oberdorfer, 1988). With respect to Checker
Reef, the physical forces thought to merit inves
tigation are (1) long-term differences in hydrau
lic pressure that drive unidirectional advective
flow, (2) exchange caused by semidiurnal (tidal)
pressure oscillations, and (3) exchange caused
by high-frequency pressure oscillations from sur
face gravity waves. Mechanisms 2 and 3 are
physically similar but operate at much different
time scales (hours versus seconds). Because each
of the mechanisms operates independently and
at a different time scale, the total rate of water
exchange will be the algebraic sum of these three
forces.

Sustained Unidirectional Flow

Previous studies to determine exchange rates
through reefs used measurements of hydraulic
head to calculate rates of unidirectional advec
tive flow (Oberdorfer and Buddemeier, 1986;
Buddemeier and Oberdorfer, 1986, 1988). Ac
cording to Darcy's Law,

K dh
V=---

n dl

where V is the average linear velocity of flow, K
is the hydraulic conductivity in units of distance
per time, n is the effective porosity of the struc
ture, and dhldl is the hydraulic gradient. The
hydraulic gradient (dhldl) is a dimensionless
ratio of the hydraulic head difference between
two points along a flow line and the linear dis
tance between them. Changes in density caused
by differences in temperature and salinity may
playa confounding role by invalidating the use
of hydraulic head measurements to define a p0

tential driving force (Hickey, 1989; Senger and
Fogg, 1990). This effect appears to be minor for
Checker Reef. Temperature and salinity meas
urements used to calculate density differences
between surface and interstitial waters indicate
that the head difference owing to such density
variations is <0.1 cm (Tribble, 1990).

Hydraulic Conductivity

Hydraulic conductivity (K) was determined
in situ according to the constant-head slug-test
method of Hvorslev (1951). A field permeam
eter was pounded approximately I m into the
reef, water was introduced into the pipe at a
known flow rate, and the equilibrium water
level was measured. At least three determina
tions of hydraulic conductivity were made about
10 m from each well site. In some cases, water
appeared to rush up from the reef along the
outside of the permeameter. In these cases, the
permeameter was removed and reinstalled a few

meters away until a good seal (no apparent flow
along the outside of the pipe) was attained. Hy
draulic conductivities calculated from the slug
test measurements range from 11-125 mid. All
of the wells have fairly similar median values
(40-60 m/d,Table 3) except for well A, which
is substantially lower (13 mid, Table 3). The
lower hydraulic conductivity at well A may be
due to a higher degree of lithification at the sea
ward edge of the reef (Macintyre, 1977; Mar
shall, 1983).

Measurement of Hydraulic Head and
Sustained Flow

The hydraulic head within Checker Reef was
determined at each of the nine sampling points
using a piezometer consisting of a clear vertical
plastic tube connected to the submerged well. A
second tube was open to surface sea water just
above the reef surface. The difference in water
level between the two tubes gives the head dif
ference between surface and interstitial water.
On May 18-21, 1988 (Julian days 138-141),
all wells were connected to piezometers and
measurements were taken as often as practical
(about hourly) during the daylight hours of days
138 and 139, and continuously over a 31-hour
period starting the morning of day 140, with the
exception of well E, which was not monitored
during the night. On October 27-30, 1988 (Ju
lian days 300-303), all wells were monitored
continuously over a 58-hour period. The differ
ence in the head of surface sea water overlying
wells A and B was also monitored during this
sampling period. Each measurement was the av
erage of three readings taken in quick succes
sion. The average standard deviation of the three
readings during a measurement was 0.14 cm (n
= 1,241). Tides were measured every two min
utes with an oil-filled variable-resistance pres
sure transducer connected to a data logger.

Water levels in a piezometer were in close
correspondence with tidal changes in surface
water level. The tide height and differences in
hydraulic head between reef and surface water
during Julian days 138-141 are shown in Figure
5. Because of problems in stilling both the ob
servation and reference tubes, data from the first

TABLE 3. SUMMARY OF CONSTANT·HEAD SLUG TESTS USED
TO DETERMINE HYDRAULIC CONDUCTIVITY (K IN mId)

NEAR SAMPLING WELLS

K

Well Average Median

A 15 13 4
DIC 68 61 35
D 51 44 39
E 54 43 35

Note: n is the number of tests made at eacb sile and 0 is the standard
deviation of K from the different tests.
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Exchange from Oscillatory Flow

If surface-water oscillations are not matched
exactly by oscillations in interstitial water, the
resulting head difference will stimulate flow. Ex
change between surface and reef interstitial
water will depend on the degree to which oscil-

and I em for D4. Values were negative (flow
into the reef), however, for the first period (days
140-141) and positive (flow out of the reef) for
the second period (days 300-303). The reversals
in the hydraulic gradient, such as were seen at
wells D and E, are discussed below.

The difference in hydraulic heads is much
greater in the vertical than in the horizontal di
rection, indicating that the hydraulic gradient is
nearly vertica1. Vertical flow velocities (equation
12) are calculated using the gradients and hy
draulic conductivities measured at each site. An
effective porosity (the volume of reef through
which water flows) of 30% is taken for the reef
as a whole (Enos and Sawatsky, 1981; Ayers
and Vacher, 1986). Calculated vertical flow ve
locities for all waters are 11-216 cm/d (Table
5) and are shown as vectors in Figure 7. Conser
vation of mass dictates that velocity be equal in
a homogeneous system having one-dimensional
flow. Velocity differences at different depths at a
given well site indicate either local heterogeneity
in the hydraulic conductivity or effective poros
ity, or they reflect other processes, such as diver
gence or lateral flow.

The traveltime from the well to surface sea
water (or the reverse) is the vertical distance
divided by the flow velocity (Table 5). Travel
times tend to be fairly similar for wells of equal
depth. In general, I-m wells have one-way travel
times of 0.5-1.1 days, and 2-m wells have times
of 2-8 days. Well D4 has a traveltime of 10
days. Well Al is an exception to this pattern,
with a one-way traveltime of one week; this is
mostly a result of the considerably lower hy
draulic conductivity at this site. Well E during
the first sampling period also seems unusual,
particularly with regard to the absence of any
net vertical head gradient at well EI.

The large horizontal distance between most
wells results in a very small hydraulic gradient in
this direction and consequently very slow hori
zontal flow. For example, between wells A and
B, the horizontal component of the flow velocity
is 1-4 cm/d (depending on the value of K). In
the upper reef such long-term horizontal flow is
overwhelmed in importance by vertical ex
change. Horizontal flow, however, may be more
important deeper in the reef; such flow is evi
denced by strong horizontal gradients in many
chemical constituents (Sansone and others,
1988a, 1988b; Tribble and others, 1990).
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which range from -0.98 to 1.51 em, are pre
sented in Table 4.

For both sampling periods, head differences
between surface and interstitial water at wells A,
B, and C are similar. These head differences in
dicate a persistent pattern of net vertical inflow
at the front reef well A, and net vertical outflow
at Band C (Fig. 7). Variation in the D wells is
more difficult to interpret. Values at well D were
essentially mirror images (similar magnitudes
but opposite directions) for the two sampling
periods. At both times, the head differences were
approximately 0.6 em for DI, 0.8 em for D2,
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Figure 5. Tide height and head difference between surface and reef interstitial water (in
centimeters) in wells A-E during May 18-21, 1988 (Julian days 138-141). 0 are from 1 m, A
are from 2 m, and 0 are from 4 m. Positive gradients and velocities indicate flow out of the
reef; negative values indicate flow into the reef.

60

40

two days (138-139) are probably unreliable and
are excluded from further analysis. Tide height
and hydraulic head differences during Julian
days 300-303 are shown in Figure 6. Inspection
of the data from both periods shows that tides
had no more than a second-order effect super
imposed on a relatively persistent head differ
ence; heads within the reef did not appear to lag
behind that of surface water over the course of a
tidal cycle. The average of all measurements at a
given piezometer is thus taken as representative
of the hydraulic head difference between the
piezometer and surface water. These averages,

Tide height (em)
80
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(13)

(14)

r;s:
h

x
= hoe -x V -;;K

lations are damped as they propagate through
the reef. Such damping will cause the head at a
site in the reef to lag behind and differ in ampli
tude from the head of surface sea water. The
attenuation of sinusoidal hydraulic oscillations
by a semi-infinite permeable structure has been
solved in one dimension by analogy to heat flow
(Ferris and others, 1962). The amplitude of a
fluctuation in an aquifer is expressed as

where hx is the amplitude at a distance x from
the edge of the structure, ho is the amplitude of
the forcing oscillation, to is the period of the
oscillation, Ss is the specific storage of the
aquifer, and K is the hydraulic conductivity. The
time lag (lL) between the forcing oscillation and
the aquifer response is

!t;;S;
tL = X V i:rr:k .

We choose values of Ss = 10-4 m-I (Herman
and others, 1986) and K =50 mid as represen
tative of the poorly consolidated Checker Reef
"aquifer." In the following sections, we use these
relations in conjunction with field observations
to evaluate the potential contribution of oscillat
ing tides and waves to vertical exchange be
tween surface sea water and reef interstitial
waters at the depths of our wells (1,2, and 4 m)
and at the presumed lagoonal base of the reef
(15 m). Because Checker Reef extends horimn
tally over a much greater distance than the mod
eled depth of vertical wave attenuation, we feel
the reef reasonably approximates a semi-infinite
landmass.

Tide height (cml Surface level difference (cm)
80 3 3

60 2 2
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40 0
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P LiiiI 'ro-~~dti~20
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Figure 6. Tide height and head difference between surface and reef interstitial water (in
centimeters) at wells A-E during October 27-30, 1988 (Julian days 300-303). o show the
head difference in the surface water overlying wells A and B (site A minus site B); other
symbols and conventions are as in Figure 5.

TABLE 4. AVERAGE HEAD DIFFERENCES (incenlimelel1i) IN CHECKER REEF WELLS ON MAY 20-21, 1988 (JULIAN DAYS 140-141)
AND OCTOBER 27-30. 1988 (JULIAN DAYS 300-303)

Wen Julian days 140-141 Julian days 300-303

Average (0) A..'cragc (0)

AI 35 -.26 (,38) 76 -.35 (.29)
BI 56 .77 (38) 88 .64 (.23)
CI 56 .50 (30) 87 .44 (,65)
C2 56 .72 (.26) 87 .83 (.79)
D1 51 - .65 (.24) 91 .66 (.29)
D2 51 -.79 (.24) 91 .79 (.30)
D4 51 -.98 (.15) 86 1.15 (.26)
EI 27 .DO (.34) 65 1.22 (.39)
E2 27 .20 (.37) 65 1.51 (.42)
Surface (A-B) 88 -.03 (.28)

Note: the data arc shown in Figures 5 and 6. Standard deviation (a) is in parentheses; " is the number ofmcasurcments. Also shown is the average difference in
surface water level between wells A and B during Julian days 300-303.

Oscillatory Flow Driven by Tides

Tides appear to be the dominant driving force
for freshwater-sea-water mixing in several island
aquifers (Vacher, 1978; Oberdorfer and others,
1990; Underwood, 1990), so one might expect
tidal fluctuations in water level to stimulate mix
ing between surface sea water and reef interstitial
water at Checker Reef. Field observations and
theoretical calculations, however, indicate that
tides do not cause significant hydraulic exchange
between surface and interstitial water. The cal
culated change in head resulting from a tide with
a 12-hour period and 40-cm amplitude (Figs. 5
and 6) is transmitted into the reef with nearly
perfect efficiency. The ratio hx/ho (equation 13)
is close to unity to a depth of 4 m into the reef
(Fig. 8, Table 6). The lags calculated from equa
tion 14 are also very short in relation to the tidal
period; at 4 m the lag is about 0.2% of the total
period (Table 6). These calculations indicate
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AI Julian days 140·141

.00 -.6: ~ t-~O rl -.26 Figure 7. Cross section of Check-- -T er Reef showing the hydraulic head

.~O. -.7: + t .~2 differences and vertical flow vec-
tors. Well sites are shown as filled
circles and indicated by letters at

-.9~ + the bottom of the figure. Vertical
exaggeration is approximately 20:1.f Scale The average head between a well

= 50 cm/d and surface water is given above

BI Julian days 300·303 each well. The calculated velocity
of vertical flow (based on the head

.6:1
tl; .~4l

difference, hydraulic conductivity,
1.51 and an assumed effective porosity
• of 0.3) is shown as a vector adjacent
'.22j .7: t to the well. (A) Julian days 140-

141, May 20-21, 1988. (8) Julian
days 300-303, October 27-30,

1.~5t 1988.

I E 0 Well C B A

but even at a depth of 15 m in the reef (distance
to the lagoon floor) the calculated efficiency is

TABLE 5. CALCULATED VERTICAL FL~~;EEi~~T1ESw~~ }:;~;:~~~N~O:Ef~;~~~ FWW BETWEEN REEF INTERSTITIAL 95% and the lag is only 4.4 min (Table 6).

N()(~: day refers 10 mcasurcmcnLS collected during Julian days 140-141. 1988 (Day 140) or Julian days 300-303, 1988 (Day 3(0). The hydraulic gradient
(dh/df) is calculated as the average head (Table 4)diyjded by the weU depth in the reef: velocity (V) is calculated as the product of the hydraulic gradient (dh/dl) and
conductivity (K) according (0 equation l2. Positive gradients and velocities indicate flow out ofthc reef; negative values indicate now into the reef. Ellet1ive porosity
is a.uumcd cqualto 0.3. Traveltime (I) is (he time required for waler with velocity Vto now 10 (or from) the deplh of the well. Velocity and time were nol calculated
for Elan Juli:an days 140-141 because the average hydraulic gradient was zero.

Well Julian dil/dJ K V I
day (x 1(00) (mid) (em/d) (d)

AI 140 -2.6 13 -11.3 8.8
300 -3.5 -15.2 6.6

BI 140 7.7 61 156.6 0.6
300 6.4 130.1 0.8

CI 140 5.0 61 101.7 1.0
300 4.4 89.5 1.1

C2 140 3.6 61 73.2 2.7
300 4.1 84.4 2.4

01 140 -6.5 44 -95.3 1.1
300 6.6 96.8 1.0

02 140 -4.0 44 -57.9 3.5
300 3.9 57.9 3.5

D4 140 -2.5 44 -35.9 11.1
300 2.9 42.2 9.5

EI 140 0.0 43
300 15.1 216.4 0.5

E2 140 1.0 43 14.3 14.0
300 6.1 87.4 2.3

that the upper part of Checker reef is, at the scale
of a semidiurnal tide, nearly perfectly conduc
tive, and one would not expect tidal oscillations
to generate head differences between surface and
interstitial waters.

Visual observations support this prediction.
Heads in the piezometers rose and fell in close
correspondence with the tides (Figs. 5 and 6).
Although some heads showed a slight response
to changing tides, the signal was weak, not per
sistent, and thought to be an artifact of overstil-

ling of some of the piezometers. There appears
to be no resolvable time lag or damping in am
plitude between tidally driven hydraulic head
oscillations in reef interstitial water and surface
sea water. In the upper 4 m of Checker Reef, the
high conductivity of the reef framework and the
long period of tidal oscillations allows interstitial
waters to respond to changes in the head of
surface water without causing exchange. It is
possible that tidal pumping is an important
component of exchange deeper within the reef,

Oscillatory Flow Driven by Waves

The damping of surface gravity waves passing
over Checker Reef is also considered a mecha
nism of oscillatory exchange. The wave field
passing over Checker Reef was evaluated on
January 13, 1990. Wave period (to) was deter
mined by counting the number of waves passing
a fixed point on the reef (near well B) over a
specified period of time, and wave amplitude
(110) was measured with a meter stick. Two
types of waves were observed passing over
Checker Reef: high-frequency waves generated
within the bay by local winds (to =1.4 sec, ho =
7 cm) and low-frequency, open-ocean waves
that were attenuated by the Kaneohe Bay barrier
reef (to = 6.7 sec, ho = 10 cm). Water depth
during the measurements was 45-55 cm, and
the wind was 18-28 km/h bearing 0750 (nor
mal trade-wind conditions).

Using equations 13 and 14 to calculate the
theoretical damping of both the high- and low
frequency waves into the reef indicates that
high-frequency waves are attenuated at a shal
lower depth in the reef (Fig. 8, Table 6). At a
depth of 1 m, the amplitude is about half the
original height, and the waves are about 10% out
of phase. These waves are transmitted to a depth
of 4 m with an efficiency of < 10%. Open-ocean
waves were transmitted with greater efficiency
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TABLE 6. CALCULATED AMPLITUDES. PERCENT EFFICIENCY. TIME LAG. AND PERCENTAGE OF TOTAL CYCLE PERIOD FOR THE PROPAGATION OF TIDES AND
SURFACE GRAVITY WAVES INTO CHECKER REEF

Type Tides Local waves Ocean waves
Period 12 hr 1.43 sec 6.67 sec
Amplilude 40 em 7em !Oem

Depth Amp. '<Elf. Lag %Lag Amp. %Elf. Lag %Lag Amp. %Elf. Lag %Lag

1 39.8 99.6 24.2 0.1 3.8 54.0 .14 9.8 7.5 75.2 .30 4.5
2 39.7 99.3 48.7 0.1 2.0 29.1 .28 19.6 5.7 56.5 .61 9.1
4 39.4 98.6 97.5 0.2 0.6 8.5 .56 39.2 3.2 31.9 1.21 18.2

15 37.9 94.8 265.4 0.8 <0.1 <0.1 2.10 146.9 0.1 1.4 4.54 68.1

Note: calculated from equations 13 and 14. Reef depth is in metm. amplitude is in ceDlimeters, and lag is in seconds.

% Efficiency
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Figure 8. Percent of initial oscillatory am
plitude for tides and waves to a reef depth of
4 m, calculated according to equation 13. K =
50 m d-I and Ss =10-4 m-I• Tidal period is
assumed to be 12 hours, with periods for
local and ocean waves determined from field
measurements to be 1.4 and 6.7 seconds, re
spectively. Oscillations observed in the reef
are shown as a percent of the wave (.) and
tidal (e) forcing.

(Fig. 8, Table 6) and are likely to contribute to
exchange processes deeper in the reef. These cal
culations are in good agreement with observed
oscillations having a frequency of several per
minute. Amplitudes of 2-3 cm were common in
the I-m wells, whereas 1-2 cm amplitudes were
typical of the 2-m wells. High frequency oscilla
tions were not noted in well D4 (Fig. 8).

The calculations and preliminary data pre
sented here indicate that wave pumping may
playa substantial role in stimulating exchange
between the reef and surface water. This conclu
sion is consistent with the observation that high
frequency pressure oscillations caused by surface
gravity waves were responsible for most of the
hydraulic exchange at the Tague Bay barrier reef
(Roberts and others, 1988; Carter and others,
1989). Locally generated high-frequency waves
are a common and persistent phenomenon on
Checker Reef, and wind conditions on the day of
measurement appeared representative of an av
erage day. The calculated values are probably
representative of typical conditions. The sea
sonal variability of ocean swells makes it diffi
cult to evaluate their effect on water exchange.
Larger waves (110 > 60 cm) with longer periods
have been observed on Checker Reef. Because
of their longer periods, such waves will propa
gate to greater depths and may play an impor
tant role in hydraulic exchange deeper in the
reef.

DISCUSSION AND CONCLUSIONS

Chemical Tracers

Both chemical tracers indicate that hydraulic
exchange between Checker Reef and surface
water is fairly rapid, with an RTat I m of a few
days. Average RTvalues calculated from 222Rn
seem to be somewhat shorter than those calcu
lated using the salinity perturbation (2.1 versus
2.6 days), but the discrepancy between these
two methods does not exceed their combined
uncertainties. The measurements were not con
ducted synoptically, and so they may reflect dif
ferent hydrologic conditions. Also, both models
have serious limitations. The salinity model is
based on a single ephemeral event, it does not
include measurements before the event, and
model solutions are highly dependent on the
value of ko used for the recovery of surface

water. It is also possible that the exchange rates
are affected by density differences between
water masses. Finally, 222Rn sampling and
measurement lacks the precision of salinity
determinations, and the 222Rn model suffers
from uncertainty in the input rate and spatial
homogeneity of 222Rn from sediments.

Although the salinity models indicate that
some difference in RT rnay exist between waters
I m deep, the 222Rn data indicate that all I-m
deep waters have similar exchange rates. The
general similarity in residence times of intersti
tial water at a depth of 1 m indicates that verti
cal exchange predominates over horizontal flow.
A similar pattern has been found by other
workers (Buddemeier and Oberdorfer, 1986,
1988; Oberdorfer and Buddemeier, 1986; Par
nell, 1986; Roberts and others, 1988).

The two-box salinity model acts as a de facto
boundary condition in determining k(. A prob
lem with the one-box model is the assumption
that all mixing at 1 m is upward exchange with
surface water; adding a second box at 2 m re
laxes this assumption and permits a more robust
determination of k[. The kl values calculated
with the two models neither agree closely nor
differ systematically, but the disparity is not
large (0.0265 versus 0.0350 for Cl and 0.0200
versus 0.0100 for Dl). Although k( for well Dl
obtained with the two-box model differs by a
factor of two from the value obtained with the
one-box model, it does not differ significantly
from the average k, calculated with the one-box
model. The two-box model k( for well Cl is
significantly different from the average of the
one-box k, (t test, p < 0.05), but the RT values
for well Cl indicated by the two models differ
by only 32%. We conclude that the lack of sub
stantial and consistent differences in the k(
values calculated using both models validates
the use of the one-box model, and that the salin
ity perturbation indicates that the average RTof
water at 1 m is 2.6 days.

A second benefit of the two-box salinity

Geological Society of America Bulletin, October 1992 1289



1290

model is evaluation of mixing rates within the
reef. The values of k2 must be viewed with some
skepticism because the "best-fit" solution was
determined by minimizing the total residuals
from both I and 2 m, so the smaller salinity
excursions seen at 2 m reduced the influence of
the deeper wells in determining the exchange
constants. In both cases, the indicated RT at 2 m
is 42 days.

Consideration of both chemical tracers indi
cates that 2 days is a reasonable estimate of resi
dence time at a depth of I m in the reef. Times
for the 2- and 4-m wells are probably on the
order of weeks to months. This fast exchange
rate is consistent with 3H/3He determinations
on surface water and on wells AI, C2, and DI,
which indicate that significantly less than I yr
had elapsed since the last atmospheric equilibra
tion (8. Hudson, unpub. data).

Hydraulic Mechanisms of Exchange

Physical forces other than diffusion must be
responsible for the rapid exchange between sur
face and interstitial water. Wave pumping is one
obvious mechanism. In addition, prolonged ad
vective flow is indicated by the persistent head
differences. Because these forces are evaluated
differently and are not directly comparable, they
cannot be combined to calculate a third estimate
of average residence time within the reef. Con
sideration of the physical forces does, however,
yield insights into the mechanisms of exchange.
The importance of exchange from high-frequen
cy waves generated within the bay will decrease
with depth. At deeper sites, large, but infrequent,
waves and long-term head differences (including
horizontal differences) may become more im
portant. The temporal and spatial variation of
these head differences indicates consistent net
inflow of water at the front of the reef (well A)
and discharge some distance back (wells Band
C). The situation at the reef center (well D) and
back reef (well E) is more complex, with head
differences being stable for time periods of sev
eral days but reversing (well D) or collapsing
(well EI) over longer periods.

The cause of the long-term head differences is
unknown. There was no significant head differ
ence in surface sea water (Fig. 6) overlying wells
A (front reef) and B(60 m back), indicating that
the head differences within the reef are not a
result of variation. in sea-surface topography di
rectly above the reef. It is possible that surface
waves set up standing pressure waves within the
reef, or that local differences in sea-water dy
namic height exist at other parts of the reef.
Dynamic height differences of as much as 60 cm
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have been noted over atoll reefs exposed to
oceanic swells (Munk and Sargent, 1954). Hy
draulic flow in some islands and coastal areas
has been attributed to both wave run-up and the
interaction of tides with sloping beach faces
(Urish, 1980; Vacher, 1988; Nielsen, 1990). A
similar mechanism, driven by tides, waves, or
other forces, may be operative at Checker Reef.
Land and others (1989) measured water veloci
ties of as much as 86 cm/sec through holes
drilled into the fringing reef near Discovery Bay,
Jamaica. The flow did not appear to be driven
by either waves or tides and did not contain a
freshwater component. They postulated that
flow was driven by nonseasonal oceanographic
forces interacting with the island landmass.

Although waters for the upper 4 m of the reef
were similar in density to Kaneohe Bay surface
water, the head differences observed within
Checker Reef might also result from density var
iations in either the bottom waters of the bay or
deeper in the reef. Water circulation within
Great Bahama Bank is thought to be driven by
density-dependent flow (Simms, 1984; Whit
aker and Smart, 1990). Similar density varia
tions might result in the head gradients observed
in Checker Reef and stimulate density-driven
flow.

We believe it is more likely that periodic re
charge and discharge of the onshore freshwater
aquifer is responsible for much of the long-term
head differences in Checker Reef. A coastal
aquifer (Coconut Grove) near Kaneohe Bay ex
perienced head changes of 75 cm over a few
days (Swain and Huxel, 1971). The layers of
fine-grained sediment coveringmost of Kaneohe
Bay may act as a confining layer, allowing dy
namic changes in the freshwater head to be
propagated offshore. Patch reefs in the bay are
thought to rest on older carbonate platforms
(Hollett, 1977). The high conductivity of these
reefs, including Checker Reef, may allow verti
cal propagation of the changes in head to the
upper parts of the reef. A computer simulation
of a coastal aquifer having an offshore confining
layer produced salt-water heads in the aquifer
that echoed head changes in the freshwater zone
(Essaid, 1986). A transmission efficiency of a
few percent would be sufficient to link the dy
namic heads measured in Checker Reef (±1.5
cm) with changes in head onshore such as those
observed at Coconut Grove (±75 em).

Conclusions

Two independent chemical tracers indicate
that the residence time of water inside Checker
Reef at a depth of I m is approximately 2 days.
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The residence time of water at a depth of 2 m is
on the order of a week to a month. Exchange
between surface sea water and reef interstitial
water occurs through wave-driven oscillating
head differences and stable head differences of
uncertain origin. The contribution of small high
frequency waves to total exchange decreases
with depth into the reef. Tidal oscillations in
water level do not appear to contribute to ex
change. Neither chemical tracer yields good es
timates of RT for depths > I m. The radon
model loses resolution at the slow exchange
rates deeper in the reef, and the two-box salinity
model suffers from a relatively small environ
mental signal. The upper reef is dominated by
vertical exchange, but horizontal flow may be
come more important deeper in the reef.
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