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Abstract

Groundwater flow in an idealized atoll platform is simulated with CASTEM 2000, a computer code
developed at the CEA (Commissariat al’ Energie Atomique). Darcy’s law and a coupled solute transport
equation (diffusion—dispersion—convection) is solved by the mixed-hybrid finite-element method. Inward
and upward circulations of oceanic water are shown to occur. These steady-state circulations result from
temperature and, to a lesser extent, salinity gradients. Inclusion of a karstified dolomitic horizon, ob-
served at the base of the carbonate structure of certain atolls, is necessary to account for the negative
vertical temperature gradient indicated by field data. The position of the platform in relation to the
oceanic temperature and salinity distributions exerts a significant control on the interstitial hydraulic
regime. The effect of a secondary karstic layer closer to sea surface is also modeled. In this case,
calculations show that the near-surface carbonate edifice is deprived of a significant portion of the flow.
Finally, an upper limit on the possible flow rate through the platform is calculated. This upper estimate
is shown to be independent of the possible uncertainties on the hydraulic conductivity of the system.
Corresponding upper limits on the nutrient fluxes of PO~ and NO; are evaluated. A comparison with
current import and export data for the surface ecosystem indicates that in every case, nutrient fluxes
hardly reach a few percent of the exports. Therefore, the deep oceanic nutrient pool brought to the
surface by thermally driven interstitial circulation is only aminor nutrient source for the reef ecosystem.

The composition and circulation of interstitial waters in
the porous carbonate framework of coral reefs are centra to
our understanding of reef development and geological evo-
lution. Atoll reef hydrology is also of prime importance to
the management of fresh groundwater for communities on
these islands.

Hydrogeological studies of coral reefs were spurred by the
American and French underground nuclear tests in Pacific
atolls (Buddemeier and Holladay 1977; Wheatcraft and Bud-
demeier 1981). Cores drilled in atolls revealed that cora
reefs are complex porous media with both horizontal and
vertical heterogeneity over a wide range of spatial scales,
including cracks, karsts, and strata of composite materials
with different permeabilities. The occurrence of large dolo-
mitized horizons also led geologists to suggest that reefs
should be regarded as hydrologically active environments,
as dolomitization requires the passage of large volumes of
seawater in order to supply the necessary magnesium (Bud-
demeier and Oberdorfer 1986).
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The first strong evidence of large groundwater convective
cells was obtained by Kohout (1967), not in an atoll, but in
the Floridian carbonate platform. There, thermal springs dis-
charge warm, chemically atered seawater from vents and
seepage zones. These fluids apparently originate from the
ocean around the Floridian Plateau. While percolating to-
ward the interior of the platform, the water is heated geo-
thermally from 10°C to 40°C; subsequently, it moves moves
upward and is discharged as warm springs (Fanning et al.
1981). In contrast to the usual situation in most geological
deposits, the vertical temperature gradient is negative (tem-
perature decreasing with depth). Both vertical and horizontal
thermal fields suggest that cold dense water flows inland.
There, reduction of the fluid density produced by geothermal
heating generates upward convective circulation. A similar
distribution of water temperatures was observed in Eniwetok
and Bikini atolls drill holes (Swartz 1958) and in Mururoa
atoll (Sornein and Guy 1993). This suggests an analogous
circulation scheme to the Florida case and confirms the hy-
pothesis of hydraulic exchange between coral reefs and the
surrounding oceanic waters. Samaden et a. (1985) per-
formed numerical simulations of thermohydraulic ground-
water flow in Eniwetok atoll and succeeded in reproducing
the observed thermal field inside the reef.

Atoll hydrology studies indicate that the movement of in-
terstitial waters can occur as a consequence of a variety of
both steady and transient forcings. These include flows that
result from external temperature and salinity gradients or
from geothermal heating by the underlying basaltic basement
but also tidal pumping, wave setup, etc. (Buddemeier and
Oberdorfer 1988). Large-scale steady-state convective flow
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Fig. 1. Simplified geologic cross section of Mururoa atoll.

further depends on system geometry, on the boundary con-
ditions, and on the overall hydraulic conductivity. However,
the relative influence of these various conditions remains
poorly understood. This paper aims at clarifying their role
in the flow through an atoll structure by using computer
modeling. For this purpose, the groundwater flow in an ide-
alized atoll is simulated with the CASTEM 2000 computer
code, developed at the CEA (Commissariat al’ Energie Ato-
mique).

The motivation behind this study is to test the endoup-
welling hypothesis, proposed by Rougerie and Wauthy
(1986). By analogy to coastal upwellings, this theory sug-
gests that nutrients are transported through the atoll by
groundwater flow to the surface ecosystem. We evaluate
whether this supply is quantitatively sufficient to sustain the
biological productivity of atoll surface ecosystems. The first
stage of the hydraulic study solves the thermohydraulic cou-
pling inside a homogeneous platform. A high hydraulic con-
ductivity karstic layer at the base of the carbonate is then
integrated into the model. This layer is needed to reproduce
the thermohydraulic regime of the platform. The effect of
salinity is added to this second configuration. The growth of
an atoll is simulated by thickening the platform, and the
influence of a second karstic layer is assessed. Finally, these
results are used to obtain an upper limit on the nutrient fluxes
arising from the upward motion of the pore water in the reef.

Equations and modeling

Description of the carbonate platform—Carbonate plat-
forms contain successive layers of calcareous slab, calcite,
more or less indurated and karstified dolomite, etc. Thus, the
hydraulic conductivity measured on small-scale samples in
laboratories may not represent the overall hydraulic conduc-
tivity. The hydraulic conductivity of these carbonates was
estimated both from computer calculations and from field
pump tests to be approximately 10~ m s* (Guille et al.
1993; Buigues 1997). The carbonate hydraulic conductivity
is then allowed to vary in the neighborhood to this reference
value. The carbonate platform lies upon a basaltic bedrock
(Fig. 1), which has a hydraulic conductivity amost three
orders of magnitude lower than that of the carbonate (Sa-
maden et al. 1985; Guille et al. 1993).

Henry et al. (1996) modeled Mururoa atoll with both of
the geological domains to evaluate water residence time in-
side the volcanic bedrock and to check that velocities were
small enough to prevent any hazardous radioactive leakage.
The flows were restricted essentially to the inside of the very
permeable carbonate layer. Hydraulic flow does occur inside
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the basaltic bedrock, but its magnitude is too small to induce
significant circulations in the upper carbonate medium, at
least compared to the circulations induced by the ocean ther-
mal gradient and the geothermal flux. Fluxes of chemica
species that may transit through the basalt toward the upper
carbonate rock will also be negligible, as long as the con-
centrations in the basalt interstitial waters are not high
enough to compensate for the low hydraulic conductivities
and velocities. As the hydraulic conductivity ratio of the ba-
salt to the carbonate is on the order of 0.001, neglecting the
basalt is justified if solute concentrations in the basalt are
not more than three orders of magnitude higher than in the
carbonate. As far as nutrients (NO3, PO;~) are concerned,
this condition is valid (Rougerie and Wauthy 1993); thus,
the basalt can be considered impervious, as was also as-
sumed in many other hydrological modeling studies (Her-
man et al. 1986; Oberdorfer et a. 1990; Underwood et al.
1992).

The platform hydrology is influenced by the layered den-
sity structure of the surrounding ocean. In the Polynesian
oceanic environment, the first hundred meters below the sur-
face constitute a mixed layer where temperature and salinity
are amost homogeneous (=27°C and =36 of salinity). Tem-
perature and salinity then decrease quite rapidly down to 500
m depth (thermocline and halocline); below 500 m, both
decrease only slightly and reach, respectively, 6°C and 34.5
at =800 m depth (Kessler and Monbet 1984). Using Millero
and Poisson (1981), we calculated that neglecting salinity
variations leads to an =30% error in the ocean density gra-
dient between the surface and the base of the system. So as
to take the system complexity progressively into account,
we first considered only thermally induced density gradients
that are the dominant driving force of the system and account
for the effect of salinity on water density at a later stage.

Governing equations—The carbonate rock of atolls is a
saturated porous medium. Groundwater flow therein is gov-
erned by five equations: (1) a hydraulic equation, Darcy’s
law, giving the velocity

U= —K(%L + p—””%z) ;
PoY Po
(2) Boussinesq's approximation for the incompressibility
condition (i.e. we neglect the compressibility of water except
in the gravity term),

v.U =0
(3) athermal equation with three terms,
T - = Lo
meme = V-(AVT) — p,C,U-VT;
L | L L ]
tran‘sient diffdsion convéction

(4) atransport equation for any solute with three terms,

0S . (g .
b = V(0¥ - 0-¥s

L | L |
adve[ction

T
transient diffusion—dispersion

where
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and (5) a linear equation of state for seawater density:

p = po(l — BT + vS).

In these equations, U is the Darcy (or filtration) velocity
(m s, p the pressure of the intergtitial fluid (N m=2), g the
gravity (m s?), p, the water density at the reference tem-
perature (kg m=3), p,, the water density as a function of tem-
perature and salinity (kg m=2), z the vertical coordinate (m),
K the hydraulic conductivity (m s %), T the temperature of
the medium (°C), t the time (s), A the thermal conductivity
of the saturated medium (Js* m*°C?), p,C, = ¢p,C,,
+ (1 — ¢)pLC,, the heat capacity of the saturated medium
(I m=3°C?), p,C,, the water heat capacity (J m = °C),3
the water coefficient of thermal expansion (°C™), S the
salinity (no unit), ¢ the total porosity (%), D the diffusion—
dispersion tensor (m? s%), vy the water coefficient of expan-
sion due to salinity (no unit), D, the longitudinal dispersion
coefficient (m? s71), D, the transverse dispersion coefficient
(m? s71), D, the effective diffusion coefficient (m? s7%), «,
the longitudinal dispersivity (m), a- the transverse disper-
sivity (m), and |U| the norm of the Darcy velocity (m s2).

The equation of state introduces coupling between the hy-
draulic flow, the temperature field, and the salinity field by
making temperature and salinity appear in the hydraulic
equation. Hence Darcy’s law becomes

0= —K(%L L (- BT+ ysﬁz>.
P9

When only thermohydraulic coupling is taken into ac-
count, the behavior depends only on the filtration Rayleigh
number (Straus 1974), a dimensionless parameter:

. KBToLp.C,,
B A

where L is a reference length, characterizing the size of the
system, and T, a reference temperature. The Rayleigh num-
ber characterizes the ratio between convection and diffusion,
with higher Rayleigh number values indicating an increase
in the convection-to-diffusion ratio.

The numerical model—The calculations are performed
with CASTEM 2000, a computer code developed by the
Department of Mechanics and Technology (DMT) at the
CEA (Commissariat a I'Energie Atomique). Originadly de-
vised to solve structure mechanics, its fields of application
now range from nuclear reactor hydraulics to groundwater
problems (Paillére and Dabbene 1997). In our study, the
above-stated equations are solved with a mixed-hybrid finite-
element method. This budget-based formulation respects in-
trinsically the incompressibility of the fluid and the conti-
nuity of mass fluxes through the element interfaces
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(Dabbene 1998). Such a method is particularly well suited
for heterogeneous media. The term mixed means that pres-
sures and velocities are calculated simultaneously when
solving Darcy’s law, whereas the classical finite-element
method solves pressure first by injecting Darcy’s law into
the mass conservation equation and calculates the velocity
field afterward. The hybrid aspect consists of assigning flux
continuity at the element interfaces through an additional
matrix equation (hybridation), unlike classical finite-element
methods (Chavent and Roberts 1991; Mosg et al. 1994).

Although only a steady flow regime is sought, the model
runs in a transient state. The thermal equation and the equa-
tion of transport are solved implicitly, in turn, at each iter-
ation, with a centered scheme for the discretization of the
convection term. A two-dimensional representation is as-
sumed to provide sufficient description of the thermohy-
draulic behaviour of the atoll and suitable orders of
magnitude for the flow rates. A few two-dimensiona axi-
symmetrical simulations confirmed this hypothesis. Except
in the first calculations presented in this study, two types of
geological domains are considered: the carbonate rock and
zones of higher hydraulic conductivity (karsts), both of
which are treated as homogeneous and isotropic porous me-
dia. The model has physical dimensions close to those of a
transversal cross section of Mururoa atoll at its broadest ex-
tent. The mesh of a one-layer homogeneous carbonate is
represented in Fig. 2A along with its dimensions.

No lagoon simulation is performed in this study. The atoll
surface is entirely flat, exactly at sea level and is, idedly,
submerged under a few centimeters of seawater.

Main forcings and boundary conditions—Transient ef-
fects, like tides or wave setup, certainly dominate the near-
surface hydrology. Rigorous modeling of the steady-state hy-
drologic regime of the carbonate platform would require
temporal averaging of these transient stresses. In the car-
bonate body, with a hydraulic conductivity of 104 m s1,
hydraulic effects (velocity oscillations) are quickly damped
with depth (Leclerc et a. 1998), but in highly permeable
zones, oscillatory changes in velocity direction may result
in a high apparent dispersivity. However, this question is not
addressed in the present study.

In their study of Mururoa, Henry et al. (1996) assert that
the heat flow at the interface between the basalt and the
carbonate structure is close to 47 mW m~2 with no large
lateral variations, and they use 50 mW m-2in their computer
simulations. In order to maximize the flow rates, an over-
estimated, constant heat flow of 75 mW m=2 is assigned to
the lower boundary of the platform. The boundary condi-
tions for the mathematical problem are summarized in Fig.
2B. Ocean temperature and salinity profiles were measured
by Kessler and Monbet (1984). The oceanic pressure values
assigned are hydrostatic pressures, determined by the sim-
plified temperature and salinity profiles and by the seawater
equation of state. The numerical values of the other physical
parameters, as taken from the literature, are given in Table 1.

The homogeneous platform case

As afirst step, the carbonate matrix is modeled assuming
that it is completely homogeneous and isotropic, so as to
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Fig. 2. (A) Two-dimensional mesh of the carbonate domain; (B) boundary conditions: oceanic temperatures, salinities, and hydrostatic

pressures are assigned on the reef flank and at the surface (respectively, Towan(2), Swem(2)s Pocean(2)s Tatacer Sirtace AN Partace = Patmosphere: ZEO
flux conditions (i.e. VV:i = 0, —AVT-n = 0, —DVSh = 0) are imposed at the bottom and across the central symmetry axis except a

geothermal flux I at the lower boundary (I' = —AVTH).

identify the main governing parameters of the system. Sa-
linity is not taken into account, either in this section or in
the calculations of the next section.

The first calculation is made with no coupling between
hydraulic and thermal regimes (8 = 0, Ra = 0). Velocities
are zero throughout the carbonate body, and heat transfers
are purely diffusive. The outermost section of the platform
is cooled by the ocean with more or less vertical isotherms
(Leclerc et a. 1998), whereas most of the platform is heated
by the geothermal flux, with horizontal isotherms and tem-
perature increasing with depth. This temperature field does
not fit the temperature measurements made in bore holes in

Table 1. Numerical values of the physical parameters.

Symbol Numerical value
g 9.8l ms?2

Po 1,000 kg m—3

K 10“*ms?

A 3Jstmi°Ct

prCop, 419 X 106 Jm=3°C?
p.Ch., 419 X 106 I m=3°C+?

21 x 104°Ct

¢ 10 %

v 7.2 X 1074 —

D, 10°m? st

o 200 m

o 40 m

*Heat capacities of the porous medium and of the water were identically
chosen for simplification. This has no impact on the steady-state regime.

Mururoa, where temperatures decrease with depth until the
top of the volcanic rocks is reached (Guille et a. 1993).
When thermohydraulic coupling is taken into account, in-
ward and upward circulations occur (Fig. 3A). The cold oce-
anic temperature profile disturbs the thermal field much fur-
ther inside the platform by means of convective transfer. In
this case, the temperature gradient becomes negative at the
periphery of the platform but not in the central part, because
the velocities in this region remain very low. A significant
proportion (22%) of the water penetrating the platform base
through the flanks seeps back out to the ocean through the
upper part of the flanks. At the level of the thermocline, a
high temperature gradient zone, higher velocities are ob-
served, both inward and outward. This feature is particularly
important when mass and chemical budgets are computed.
The flow with coupling (Fig. 3A) is driven by tempera-
ture-induced density gradients. The ocean cools the periph-
ery of the platform, while the central part is heated up, not
only by the geothermal flux but also by the warm surface
temperature (28°C). These boundary conditions make the
system unconditionally unstable (Ormond and Genthon
1993; Catalgirone and Bories 1985) and lead to a convection
cell for any value of the Rayleigh nhumber, i.e. warm water
at the center is lighter, moves upward by buoyancy, and is
replaced by cold oceanic water circulating laterally. Al-
though most hydrological studies of natural systems attribute
the circulation to the geothermal flux, the combination of the
cold outer boundary conditions and the inner heat sources,
geothermal flux from below, and heat supply from the sur-
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Fig. 3. Simulated velocity and temperature fields for a hydraulic conductivity K = 10-* m s, (A) with both a geothermal heat flux
and an oceanic vertical temperature gradient, (B) with a zero geothermal flux condition, (C) with a uniform oceanic thermal boundary
condition. The length of the arrows is proportiona to the Darcy velocity. The letter for each isotherm refers to a temperature defined on

the scale at the right hand side of the figure.

face is the actual cause of the flow. Each factor is sufficient
to maintain its own convection cell. Figures 3B and C give
velocity and temperature fields in the two cases. zero geo-
thermal flux in Fig. 3B and uniform oceanic temperature
with a geothermal flux in Fig. 3C. Velocities in both cases
are on the same order of magnitude and globally directed
inward, even though internal convection cells can be seen in
both thermal and velocity fields in Fig. 3C (geothermal flux
only). The geothermal flux accelerates the flow; the net in-

ward mean flow rate per unit of surface through the atoll
flank is 4.4 X 10-° m st with a zero geothermal flux and
8.6 X 10-° m s * with a flux of 75 mW m~2, i.e. the heat
flux almost doubles the flow rate in the case of a homoge-
neous platform. Without any geothermal flux, the negative
temperature gradient, found in field data, is well depicted,
which shows that the ocean temperature profile maintains a
strong influence on the platform thermal regime. With the
additional geothermal flux, a positive temperature gradient
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B. These figures should be compared to the maximum velocity of 3 mm d-* obtained for K = 10-* m s* (see Fig. 3A).

is obtained. This does not correspond to the measurements,
pointing to the limits of the homogeneous model.

The coupling between the thermal and hydraulic fields
depends on the hydraulic conductivity K because the Ray-
leigh number, Ra, is proportional to K. Figures 4A and B
illustrate velocity and temperature fields with K = 103 m
st (Ra X 10) and K = 10-5 m s* (Ra/10). When the Ray-
leigh number is multiplied by 10, the velocities are much
greater. The region of the platform where the temperature
gradient is positive is restricted to the very central part, and
convection cells are seen even in this area, due to the high
Rayleigh number. Conversely, when K is divided by 10, the
velocities are smaller, and the isotherms are less affected.

In summary, these results with a homogeneous reef show
that density-driven flows occur inside atoll carbonate plat-
forms, in agreement with previous work by Samaden et al.
(1985) and Henry et a. (1996). These flows result from the
thermal boundary conditions (assigned temperatures and
geothermal flux) and from coupling between hydraulic and
thermal regimes. However, whereas the homogeneous model
isafirst step in understanding the main physical phenomena,
it fails to reproduce temperature profiles similar to field data.

Influence of a high hydraulic conductivity karst
feature

The long history of atoll islands (several million years)
means that they are subject to deep diagenetic modifications
(dissolution, cementation, dolomitization, etc.). In Mururoa
and Fangataufa atolls, field observation and geological cor-
ing show two karstic layers (Buigues 1982; Guille et al.
1993): one at the calcite-dolomite interface and one at the
base of the dolomite layer, just above the carbonate-basalt
transition zone. Because of its special position and its greater
thickness, the latter layer plays akey role in the hydrological
behavior of this system.

In the following, this karstic layer is modeled as a high
hydraulic conductivity, 50-m-thick, porous layer. Its actual
hydraulic conductivity is unknown, but an order of magni-
tude value can be estimated. As large metric voids are ex-
pected, the validity of Darcy’s law approach in this layer
must be verified. Freeze and Cherry (1979) and De Marsily
(1981) set the limits on the Darcian approach using a simple
criterion, specifically the Reynolds number for porous me-
dia. This number depends on the Darcy velocity U, fluid
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density p, fluid viscosity u, and the average pore diameter
I, i.e

The flow is laminar and Darcian if Re is below a value of
between 1 and 10. Between 10 and 100, a laminar, nonlinear
transition regime occurs in which Darcy’s law is no longer
valid. Above 100, the flow is turbulent. Velocities obtained
in the karstic layer in the following study are never higher
than 6 X 107 m s * whatever the karst hydraulic conduc-
tivity; thus, the maximum Reynolds number is on the order
of R, = (6 X 1077 X 1000 X 1)/(10-3) = 0.6, indicating
Darcian flow.

In the reference case of a homogeneous platform, the
highest velocities are observed at the base of the platform.

5e—07 T T T

4e-07
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Velocity (m/s)
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0 2 4 6 8

log[K(karst)/K(body)]

Fig. 6. Velocity variation in the karstic layer with the logarithm
of the hydraulic conductivities ratio. The hydraulic conductivity of
the carbonate body is kept constant while the conductivity of the
karstic layer is increased, showing that the velocity through the
system reaches an asymptotic value.

Adding amore permeable layer at this location helps oceanic
water penetrate the atoll more easily (Fig. 5). Velocities in-
crease with karst hydraulic conductivity until an asymptotic
state is reached (Fig. 6). In fact, transmissivity that is the
product of hydraulic conductivity and flow width is the crit-
ical parameter (Leclerc et a. 1998). As water enters the
karstic layer and then flows upward into the massive car-
bonate, the system is equivalent to two porous media that
are connected in series, and the domain with the lowest
transmissivity controls the flow in both domains. Once the
transmissivity of the karst is greater than that of the carbon-
ate body, any increase in its hydraulic conductivity will have
no further effect on either the velocity or temperature field.

The platform region with negative vertical temperature
gradient widens progressively with hydraulic conductivity,
indicating that convective heat transfer is effective on alarg-
er scale (Fig. 7). For a karst hydraulic conductivity above
approximately 10-* m s, the isotherms are horizontal and
negative vertical temperature gradients occur in the whole
domain, which matches the field data. This means that the
hydraulic conductivity of the lower karst in Mururoais equal
to or greater than this critical value.

Furthermore, the occurrence of the karstic layer implies
that the flow rate in the platform is independent of the car-
bonate body hydraulic conductivity. When the nomina per-
meability K = 104 m s * is multiplied by 10 in the CAS-
TEM 2000 simulations, the flow rate reaching the atoll
surface remains almost unchanged (increased by a factor of
1.04). The physical explanation is quite straightforward: if
the hydraulic conductivity is low, it controls the velocity in
the system, but when the hydraulic conductivity increases,
the velocity increases until it reaches a maximum value for
which the weight of the water columns inside and outside
the reef are equal (horizontal isothermal lines). At this stage,
any further increase in the hydraulic conductivity of the sys-
tem will have no effect on the velocity. The existence of this
asymptotic behavior is important because it means that it
will be possible to derive an upper limit for the nutrient
transport from the deep ocean to the surface of the platform,
whatever the uncertainty in the hydraulic conductivity of the
system.
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Fig. 7. (A) Mururoaatoll vertical temperature profiles measured

in the ocean (A1), in bore holes under the atoll rim (A2), and under
the lagoon (A3) (after Guille et al. 1993). (B) Computed vertical
temperature profiles for different values of the karst hydraulic con-
ductivity, keeping a platform hydraulic conductivity of 10~ m s%
(B1) oceanic temperature profile used in the simulations; B2) sim-
ulated temperature profile with a homogeneous platform; (B3) sim-
ulated temperature profile with a karstic horizon of hydraulic con-
ductivity K = 10* m s7%; (B4) same as B3 with K = 102 m s¢
in the karstic layer; and (B5) same as B3 with K = 10-* m st in
the karstic layer.

We have seen in the previous section that the first ap-
proach using a homogeneous platform does not reproduce
the temperature field data; conversely, including a highly
permeable zone at the base of the platform, as usually ob-
served in atolls, gives better agreement between calculations
and measurements. In the following, the model has fixed
hydraulic conductivities of 10~ m s in the massive car-
bonate and 1 m st in the karstic layer. The latter value is
beyond the reasonable conductivity values reported for any
geological system, but it yields the maximum theoretical ve-
locities and flow rates through the platform, which are need-
ed for our calculation of a nutrient budget.

Influence of salinity

In the above sections, the density gradients that drove the
hydraulic flow resulted from temperature differences only.
However, differences in seawater salinity also induce density
variations. Whereas tropical ocean temperature decreases
with depth, so that the density increases, salinity changesin
the opposite direction, i.e. it decreases from 36 at the ocean
surface to 34.5 at 800 m depth (Kessler and Monbet 1984).
The latter tends to diminish water density with depth. These
two effects are competitive, but temperature effects are dom-
inant, and therefore, the water column is stable. However,
the effect of salinity is not negligible and has to be integrated
into the model in order to obtain more realistic estimates of
flow rates.

As presented earlier, solute transport is governed by an
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eguation with diffusion, dispersion, and advection terms. Ex-
perimental dispersivity values are uncertain, and measure-
ments give unclear results, depending on the experimental
conditions, i.e. laboratory or field measurements and de-
pending on the time scale (De Marsily 1981). Field disper-
sivities are up to the order of a hundred meters, and high
values have been used for numerical simulations (Freeze and
Cherry 1979). The values chosen for dispersivity, reported
in Table 1 (o, = 200 m, oy = 40 m), are at the upper limit
of realistic values within the uncertainty range of experi-
mental results, while still providing solution stahility.

Coupling between hydraulics and solute transport is im-
plemented as in the previous configuration with a high hy-
draulic conductivity karstic layer. All hydraulic and thermal
parameters are identical, as well as the thermal boundary
conditions. The pressure assigned to the ocean side now in-
cludes both temperature and salinity effects. Solute transport
parameters are given in Table 1. A dtratified salinity field
results (Fig. 8). Temperature and velocity fields are close to
those obtained with thermohydraulic coupling only. The
main difference isin the distribution of the flow rates reach-
ing the surface. With thermohydraulic coupling, normal ve-
locities at the surface are high at the center and low else-
where. The inclusion of salinity tends to attenuate the
difference between normal velocities at the center and at the
periphery of the platform.

The effect of including salinity is complex. If only salinity
effects were considered (in the absence of temperature gra-
dients), the flow would be inverted and velocities would be
directed downward and outward. In such a case, solute from
the high salinity surface water (S = 36) diffuses downward
from the surface into the carbonate. Thus, interstitial waters
at the atoll center become more saline than in the ocean and,
as no thermal gradients are present to moderate this effect,
interstitial waters are heavier and slip oceanward. Hence, we
could imagine that salinity effects slow down the flow rate.
In reality, the model shows that the flow rate is 35% higher
than without salinity coupling. This means that, although the
density gradient in the ocean is smaller, salinity still signif-
icantly accelerates the flow. Physically, the role of salinity
can be understood as follows: waters that are the least saline
(i.e. the lightest) enter the platform through the deep, highly
permeable layer. With unchanged temperature and velocity
fields, low salinity water accumulates inside the platform,
resulting in a weight imbalance between the internal and the
external water columns. This disequilibrium is compensated
by an increase in the velocity that cools the internal water
and re-equilibrates the system.

Impact of the platform thickness

Atoll construction history closely follows sea-level chang-
es. During high sea-level stands, reefs grow vertically in
order to remain in the euphotic zone. During low sea-level
periods, lateral accretion forms the oceanward slope (Ebren
1996). In addition, subsidence of the oceanic floor is super-
imposed on the effect of sea-level evolution. Although atolls
have various shapes and sizes, the average trend is a plat-
form thickness that increases with atoll age. Platform thick-
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Fig. 8. Intensity (A) and direction (B) of the velocity field, temperature (C), and salinity (D) fields with a karstic layer. In A, the length
of the arrows is proportiona to the Darcy velocity. The direction of the velocities (B) clearly shows that oceanic water enters the platform
mainly by the karstic layer and then moves upward through the platform toward the lagoon and partly back to the ocean. In C and D, the
letter for each isoline refers to temperatures and salinities defined on the scales at the righthand side of the figure. In this reference case,
the following parameters are used: thickness of 800 m, K ,ponae = 107* m s, K., = 1 ms%, geothermal flux I' = 75 mW m~2, thermocline
and halocline with AT = 22°C and AS = 1.5.

ness is a major parameter of atoll hydrology because it fixes
the position of the porous carbonate platform with respect
to ocean T and S gradients. Oceanic temperature and salinity
profiles, the key driving forces for flow in atolls are rather

100m
Triangular
400m geometry

700m

—\ ey S00m
Thick

,,,,, S platform

-1 3200m

Fig. 9. Configurations used to study the influence of the plat-
form thickness.

similar all over the tropical ocean, so that atoll thickness
becomes the controlling parameter. Atoll carbonate platforms
have thicknesses between a few hundred and a few thousand
meters, depending on their age. This section reports on the
effect of platform thickness, H, in the 100-3,200-m range.

Atoll geometry is conserved in CASTEM 2000 calcula-
tions (Fig. 9), except at low values of the platform thickness.
As the horizontal section in the central part of the platform
is only 200 m thick for the standard platform (H = 800 m),
this section disappears at H = 600 m, and the atoll geometry
becomes triangular. In nature, this corresponds to a fringing
reef.

Figure 10 displays the variation of the average flow ve-
locity reaching the surface as a function of the height of the
platform for three different values of the geothermal flux (75,
25 and 0 mW m~2). The break in the three curves between
500 m and 600 m is due to the change in geometry noted
earlier (Fig. 9).

The average velocity first decreases with platform thick-
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Fig. 10. Mean flow rate (m s*) through the reef surface as a
function of the platform thickness for different geothermal fluxes.
The squares, stars and crosses correspond to the calculation points.

ness, then increases again until it reaches an asymptotic val-
ue. This can be explained by the combined effects of the
two thermal driving forces of the flow, the geothermal flux
and the oceanic temperature gradient. CASTEM 2000 cal-
culations show that the flow rate is reduced when the oceanic
temperature gradient is increased because the geothermal
heat flux has proportionally less influence. For low values
of platform thickness (H = 100-200 m), the temperature
gradient in the ocean is low and a high circulation is main-
tained by the geothermal flux. For thick platforms, the oce-
anic temperature gradient, that only operates at thermocline
depths (H = 100-500 m), does not play a significant role,
and the flow rate reaches an asymptotic value, depending on
the geothermal flux. For a 75 mW m~2 geothermal heat flux,
the maximum flow rate is approximately 8 X 10-° m s-* for
a platform about 4,000 m thick. This numerical value can
be considered as the maximum hydraulic flow circulating in
the platform for several reasons. First, atoll carbonate plat-
forms are seldom more than 2,000 m thick so that the as-
ymptotic value is not actually reached. In addition, a greater
platform hydraulic conductivity would not significantly in-
crease the velocities. Finally, the geothermal heat flux was
kept constant for each of the three curvesin Fig. 10, whereas
in redlity, it is thought to decrease with atoll age, and this
would further reduce the flow rate.
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Hydraulic scheme with two karsts

As explained above, Mururoa and Fangataufa atolls con-
tain two karstic horizons. In the previous sections, only the
main horizon, located at the base of the carbonate platform,
was taken into account. The hydraulic behavior of this still
simple system is now well understood; ocean water pene-
trates the permeabl e karstic zone and moves upward through
the lower hydraulic conductivity platform. The occurrence
of a second karstic layer connected to the ocean is expected
to modify this hydraulic regime.

The previous domain is adapted to include a second karst-
ic horizon. The upper karst islocated 250 m below sea level.
As it is smaller and less porous than the main karst at the
carbonate base, its chosen hydraulic conductivity value is
smaller, i.e. K = 102 m s~*. Figure 11 displays the velocity
field obtained for a 50-m-thick upper karst, located between
200 m and 250 m below sea-level.

The main karst still allows a substantial penetration of
seawater into the platform, but the upper karst short circuits
the flow. More than half of the flow (=60%) moves back to
the ocean through this alternative route. As the transmissiv-
ity of the upper karst is higher than that of the upper car-
bonate cap, its presence favors fluid exit.

The geometrical and hydrological characteristics of the
upper karst influence the flow reaching the surface. In par-
ticular, its position within the platform, referenced to the
distance between the top of the karst and the sea surface, is
one of the parameters. Figure 12 shows the flow rate reach-
ing the surface in relation to the position of the upper karstic
layer, keeping the same width and the same hydraulic con-
ductivity. The karst is inclined downward, toward the ocean,
proportional to its distance to the surface. The flow rate is
minimal when the upper karst is around 200 m below sea
level. When the upper karst is closer to the base of the plat-
form, the flow rate circulating through this karst is lower,
and the corresponding water supply to the atoll surface in-
creases proportionately. The upper limit of the flow rate in
the lagoon (3.15 X 10-° m s%) is reached when the upper
and lower Kkarsts join.

When the upper karst is close to the surface, the flow rate
also increases. A smaller proportion of the flow is diverted
through the upper karst. This can be explained by looking
at the directions of the velocities (Fig. 8) for the standard
case with only one karstic layer when both temperature and
salinity effects are considered. In the middle of the platform,
afew hundred meters below the surface, velocities are clear-

Fig. 11. Velocity field in the carbonate platform with two karstic horizons. The hydraulic conductivity of the upper karst is K = 102
m s~1. All other parameters are as in Fig. 8. Oceanic water entering the platform by the lower karstic layer is partially diverted to the ocean
through the upper karst. The length of the arrows is proportional to the Darcy velocity.
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between the upper karst and the ocean surface. The upper limit of
the flow rate is reached when the upper and lower karsts coincide.

ly directed oceanward, whereas they are more or less vertical
at the top of the platform.

In al the calculations reported in this section, the veloc-
ities in the upper karst are directed oceanward, so that the
upper karst always deprives the reef surface of a significant
portion of the flow. Transport of chemical species can be
modified profoundly by this short-circuited circulation.

Nutrient fluxes

The nutrient budget of the reef ecosystem is still in debate.
Our aim in this section is to apply the CASTEM 2000 model
to estimate the upper limit of nutrient supply by interstitial
circulation within the reef and discover whether it is signif-
icant compared to the net nutrient export. As we saw in the
previous section, the introduction of a second karstic layer

Fig. 13. Typica PO3~ and NO; oceanic vertical concentration
profiles in the tropical Pecific (Bainbridge 1982).

resultsin a deviation of asignificant part of the upward flow.
Therefore, our standard configuration with only one karstic
layer at the base of the carbonate edifice maximizes the nu-
trient supply to the surface ecosystem.

Ocean surface concentrations of nutrients (N and P) seem,
at first, too low to maintain the biological productivity of
the surface ecosystem that, in fact is a net exporter of nitro-
gen to the ocean (Table 2). However, deeper ocean layers,
below 500 m, are much richer. Figure 13 shows typical
NO; and PO;~ concentrations in the Tropical Pacific ocean
from the Geosecs program (Bainbridge 1982). From an early
suggestion of hydraulic upward circulations, Rougerie and
Wauthy (1993) hypothesized that nutrients could be trans-
ported upward from the mid ocean layers through the car-
bonate platform (endoupwelling concept). This explanation
was challenged by Tribble et al. (1994), who argued that the

Table 2. 3P and 3N fluxes relevant to reef ecosystems in wmol m=2 d—=.
Nutrient imports and exports >N P References
Imports
Atmospheric deposition (for remote areas) 10-100 0.1-0.3 Schlesinger (1991)
Surface tropical ocean* 1,900 300 Rougerie (1995)
Bacterial fixation 10,000—20,000 — Goering and Parker (1972)
Webb et a. (1975)
Wiebe et a. (1975)
Endoupwelling (upper limit) 22 15 This work
Exports
Nutrient exports 1,000—20,000 0-500 Webb et a. (1975)

Furnas et al. (1990)
Charpy-Roubaud et a. (1990)
Pilson and Betzer (1973)
Andrews and Muller (1983)

* Total nutrients available in a slab of water 0.5 m thick traveling over a 500-m-wide reef at a speed of 1 cm s%.
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Fig. 14. Simulated PO}~ and NO; concentration fields (in mmol m~3) for the reference case (see Fig. 8). The letter for each isoline
refers to a value defined on the scale at the right hand side of the figure.

reef ecosystem does not require large extraneous nutrient
fluxes and that its production can be balanced by the uptake
of nutrients from ocean surface water (even though oligotro-
phic), nitrogen fixation, and efficient recycling. High con-
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Fig. 15. Calculated PO~ and NO; supply to the reef surface,
expressed in wmol m—2 d-1, versus the carbonate platform thickness
(in meters).

centrations of nutrients in interstitial waters, one of the main
arguments in favor of the endoupwelling hypothesis, could
simply be the result of organic matter remineralization.
However, as inward and upward circulations do occur in the
carbonate platform, as demonstrated above, they will carry
nutrients up to the surface ecosystem. This is all the more
important as ocean nutrient concentrations are relatively high
at the depth where circulating waters enter the reef at the
base of the carbonate platform. Nevertheless, the occurrence
of this phenomenon does not automatically ensure the nec-
essary nutrient supply to the surface ecosystem.

The velocity fields obtained in the previous calculations
are now used to solve the inert transport (convection—dif-
fusion—dispersion) of PO~ and NO; using CASTEM 2000.
Figure 14 gives PO3~ and NO; concentration fields in mmol
m~2 for the standard case (thickness of 800 m, thermocline
and halocling, I' = 75 mW m2, AT = 22°C, AS = 1.5,
Kebonae = 1074 m 571 Ko = 1 m s%). Interstitial waters
have average nutrient concentrations of 1.7 mmol m-3
PO3- and 25.6 mmol m—3 NOj3, which shows a significant
enrichment compared to seawater; the average concentra-
tions would be, respectively, 0.64 mmol m=3 and 7.3 mmol
m-2 if pore water was normal seawater.

In a previous section, the flow rate was determined as a
function of the platform thickness. Figure 15 gives the cor-
responding supply of PO3~ and NO; to the surface (in wmol
m~2 d-*) versus the thickness of the platform. The jump at
600 m corresponds to the change in geometry (from afring-
ing reef to a barrier reef) that was noted earlier.

For thin platforms, the total supply for both nutrients in-
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creases with platform thickness, even though the flow rate
per square meter at the surface decreases (Fig. 10) because
the enrichment in nutrients with depth is sufficient to coun-
terbalance the dlight decrease in hydraulic flow rate. For
thicker platforms, the total supply in nutrients regularly fol-
lows the flow rate increase. The total supplies of nutrients
for the standard case (800 m thick) are, respectively, 4.05 X
102 wmol s* for PO}~ and 6.2 X 10-* umol s* for NOy
for the whole reef surface, corresponding to fluxes of 0.6
pumol m=2 d-* and 8.9 umol m-2 d-*, respectively. The nu-
trient supply corresponding to the maximum hydraulic flow
rate estimated previously for a 3,200-m-thick platformis 1.5
pwmol m-2 d-* for phosphate and 22.2 umol m-2 d-* for
nitrate. Table 2 summarizes the nutrient budget for the sur-
face ecosystem. Bacterial fixation appears as the major
source of nitrogen with an order of magnitude consistent
with the exports figures. The figure corresponding to the
ocean supply isthe amount of nutrients in a surface seawater
dab, 0.5 m thick, circulating above a reef flat, 500 m wide,
at a velocity of 1 cm st and with concentrations of 0.35
mmol m-2 of 2P and 2.2 mmol m~-3 of XN (Rougerie 1995).
These figures suggest that the surface ocean has the capa-
bility of being the main source of phosphate, although they
are merely indicative, as this nutrient stock is only poten-
tially available to the ecosystem.

The major conclusion of this numerical study is that the
input of nutrients due to the endoupwelling process is far
too low to play a significant role in the nutrient budget of
atolls. Even assuming unredlistically high hydraulic conduc-
tivity does not help boost the nutrient supply, as the velocity
rapidly reaches an asymptotic value.

However, these fluxes are sufficient to bring enough mag-
nesium over geological time to explain dolomitization. Mod-
eling inert transport of magnesium (53 mol m~2 in the ocean)
with a carbonate porosity of 10% suggests that the quantity
of magnesium necessary to dolomitize an 800-m-thick plat-
form is delivered in 0.8 million years. This figure is fully
compatible with geological time constraints.

Conclusion and summary

This modeling study shows that inward and upward cir-
culation of water of oceanic origin occurs through the mas-
sive carbonates of atoll platforms. Consistency between neg-
ative temperature gradients, measured interstitial waters
compositions, and calculated thermal profiles is obtained
when a karstic permeable layer isincluded at the base of the
calcareous edifice in the model. Salinity increases flow rates
by 35% over the case with no salinity effects. The study aso
shows that platform thickness is one of the parameters con-
trolling the hydraulic velocities. When the growth of an atoll
is simulated, increasing platform thickness beyond the depth
of the ocean thermocline produces increasing velocities, and
these tend toward an asymptotic value.

The hydrology of the platform is very sensitive to hetero-
geneities. When a second highly permeable layer is included
in the model, a significant proportion of the flow entering
the platform through the lower karstic horizon is diverted
back to the ocean through this upper horizon.

Leclerc et al.

An upper limit on the nutrient supply to the surface can
be calculated by our model. With no prejudice either in favor
of or against the endoupwelling hypothesis, the conclusion
of our study is that they quantitatively fail to bring an
amount of nutrients to the surface ecosystem that is signif-
icant in its nutrient budget, although hydraulic circulations
are sufficient to explain dolomitization on geological time
scales.
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