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ABSTRACT

The fresh water lens in the Pleistocene
carbonate aquifer on Andros Island, Bahamas
is significantly thinner than the Ghyben-
Herzberg (GH) theoretical lens, with depth be-
low sea level approximately 10 times the head
above sea level as opposed to 40 times. Factors
that may affect lens thickness but are not con-
sidered by Ghyben-Herzberg theory include
variable lithology, recharge, and the subsequent
flow and transport processes. These factors were
considered in this study by using a numerical
model for density dependent ground water flow
and salt transport in order to explore the sensi-
tivity of lens thickness to the factors. The model
represented a two dimensional vertical cross
section of Andros Island and included param-
eters based both on existing data and new data
collected from field investigations.

The simulations were appreciably sen-

sitive only to variations in lithology. Simula-
tions that represented the discrete intervals of
low-permeability paleosols which occur on
Andros resulted in salinity profiles and a lens
thickness similar to conditions observed on the
island. Simulations were also run using layered
heterogeneity, along with anisotropy values es-
timated from field pumping test data. In these
models, aquifer permeability in the vertical di-
rection was three orders of magnitude greater
than horizontal permeability, however because
of paleosols, the harmonic average of vertical
permeability across layers remained the same
as in the isotropic models, and lens thickness
did not significantly change. Thus heterogene-
ity across layers, not anisotropy within layers,
can explain the thinness of the lens on Andros.

Paleosols also exist beneath the other
northwestern Bahamian island and at similar
depth to those on Andros. The lenses on these
other islands are also thinner than the GH theo-



retical lens and are consistent with the results of
this study.

INTRODUCTION

Fresh water lenses on the Bahamian Is-
lands are significantly thinner than would be
predicted by the Ghyben-Herzberg principle
(Fetter, 1972; Little et al., 1973; Cant and Weech,
1986; Lloyd, 1991; Vacher and Wallis, 1992;
Wolfe et al., 1995; Bukowski, 1996). Ignoring
anthropogenic influences, the size and shape of
the fresh water lenses can be controlled by re-
charge, lithology, ground-water flow, and salt
transport between fresh and sea water (Cant and
Weech, 1986; Underwood et al., 1992; Vacher
and Wallis, 1992).

The primary goal of this study was to
provide a better understanding of the factors that
control the thickness of the natwrally occurring
fresh water lens on Andros Island, the largest of
the Bahamian Islands (Figure 1). The objec-
tive was to develop an interpretive numerical
model for the Pleistocene carbonate aquifer.
Parameters for the numerical model were based
on a combination of existing data and new data
collected at a field site located on north Andros
Island (Figure 2). The model parameters repre-
senting the factors were varied in a sensitivity
analysis in order to understand which factors
most strongly influence and therefore do indeed
control the thickness of the fresh water lens.

Understanding the fresh water lens thick-
ness is important for effectively managing it as
aresource. New Providence Island, located 45
km east of Andros, currently receives several
million gallons per day of fresh water exported
from wellfields in the northern region of Andros.
The daily export of fresh water is estimated to
meet over 50% of the drinking water demand in
Nassau, New Providence. Data from pumping
centers maintained by the Water and Sewerage
Corporation indicate that annual yields are sig-
nificantly exceeding design capacities. With-
drawal for potable water has caused depletion
of aquifer storage resulting in thinning of the
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Figure 1. Map of Bahamas and location of
Andros Island.
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Figure 2. Field study area on north Andros Is-
land.

fresh water lens and upconing of salt water
(Weech, 1995, personal communication). Con-
tinued over-abstraction will result in further salt
water upconing and diminish the value of Andros
as a source of fresh water. Understanding the
natural controls on fresh water lens thickness is
an important first step toward building future



models representing the ground water flow sys-
tem, including local scale models specifically
representing abstraction by the wellfields.

INVESTIGATIONS OF THE FRESH
WATER LENS

During 1971 and 1972 a survey was con-
ducted by the British Government to evaluate
the land resources of Andros Island (Little et al.,
1973) including the island’s aquifer system.
They sought to define the boundaries of the fresh
water lens and to formulate pumping rates which
would enable development on the island to pro-
ceed without over-abstraction.

During the time of the survey, 120 per-
cussion boreholes and three cored holes were
drilled ranging in depth from 1.5 to 40 m, for
the purpose of estimating the thickness of the
fresh water lens. While drilling, the ground
water was depth-sampled at 1.5 m intervals and
analyzed for chloride content. The drilling
stopped when the chloride content reached or
exceeded 500 ppm. Data collected from this
investigation were used to conceptualize the po-
sition of the fresh water - salt water interface in
Figure 3. It is inferred that the thickest portion
of potable water (chloride concentration =500
ppm) is about 15 m and thins to zero at the ocean.
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Figure 3. Conceptual model of fresh water -
salt water interface constructed from data by
Little et al. (1973).

This thickness (15m) is significantly less than
the theoretical Ghyben Herzberg (GH) lens, i.e.
the depth below sea level is currently approxi-
mately 10 times the head above sea level, and
the GH model predicts the head above sea level
to be 40 times.

Other studies are consistent with this
conceptual model (Little et al., 1973; Peach,
1991; Wolfe et al., 1995; Boardman and Carney,
1997). Resistivity soundings in the vicinity of
several shallow boreholes (maximum depth 12.5
m) drilled by Boardman and Carney (1997) and
a blue hole in the study area produced results
which indicated the fresh water lens begins at
1.2mto 1.5 ma.s.l. and ranges in thickness from
5.3 to 13.3 m (Wolfe et al., 1995). As ground-
truth support for the surveys, we measured the
base of the fresh water lens in a nearby bore-
hole, and this measurement confirmed the posi-
tion of the base bf the lens estimated by the re-
sistivity studies. Peach (1991) estimated the
depth to the fresh water - salt water interface on
north Andros Island from Offset-Wenner resis-
tivity soundings. Models produced from the data
estimate that the thickest part of the lens in the
area of the northern Andros Island wellfields is
about 17 m.

The conceptual model conveyed in Fig-
ure 3, developed from Little et al. (1973) seems
to be consistent with the thin lens implied in the
results of all these other studies. Thus, the re-
sults from numerical simulations will be com-
pared to this conceptualization of the lens and
diffusion zone.

CONTROLS ON THE THICKNESS OF THE
FRESH WATER LENS

Recharge

Recharge to the fresh water lens is equal
to precipitation minus losses due to evaporation,
transpiration, and surface runoff. The average
annual precipitation in the Bahamas is conveyed
in the isohyetal map (Figure 4) and illustrates
that precipitation generally decreases from 130



cm/year in the northwest to 75 cm/year in the
southeast (Cant and Weech, 1986; Sealey, 1994).
The mean of available precipitation data on north
Andros is 120 cm per year. Cant and Weech
(1986) have observed that Bahamian islands
receiving greater than 110 cm per year have con-
tinuous, cross-island fresh water lenses, as seen
on Andros, and islands receiving less than 110
cm per year have localized, discontinuous lenses.
For those islands maintaining continuous lenses,
such as Andros, Little et al. (1973) used avail-
able meteorological data to estimate that re-
charge to the aquifer is equal to 25% of precipi-
tation or 30 cm/yr.

Topographically, the island is relatively
flat and close to sea level (Boardman et al.,
1992). Tidal flat areas on the western margin of
the island are generally less than 0.5 m above
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Figure 4. Isohyetal map of average annual pre-
cipitation in the Bahamas (modified from Cant
and Weech, 1986; Cowles, 1993; Sealey, 1994).

sea level. Flat lands further to the north and
east do not exceed 5 min elevation. Dune ridges
comprised of Pleistocene rock represent the
greatest relief on the island and are only a few
meters higher than the adjacent land surface.
The relatively flat topography may affect the el-
evation at which recharge occurs, and even the
low relief can significantly affect the hydraulic

gradient controlling ground water flow.
Lithology

Changes in subsurface lithology may
affect lens thickness in that lithologic changes
may create changes in the hydraulic properties
of the subsurface, including permeability, stor-
age, and dispersivity. These hydraulic proper-
ties are discussed in the next section on flow
and transport.

The Great Bahama Bank is a low plat-
form of the Pleistocene Lucayan Limestone
(Beach and Ginsburg, 1980 ). Two major facies
within the Lucayan are lagoonal and eolian dune
deposits which form low arcuate dune ridges
(Shinn and Lidz, 1988). Beach and Ginsburg
(1980) estimate that the average thickness of the
formation is 43 m based on several cores drilled
on the northwestern Bahama Bank.

On Andros, the stratigraphy in the up-
per 25 m of the Lucayan Limestone in the study
area is depicted in Figure 5. The upper 2 m is
laminated, oolitic and peloidal grainstones
(Boardman et al., 1992). The zone from 2 to 10
m is burrowed oolitic grainstones and packstones
(Carney and Boardman, 1993). From 10 to 15
m below surface, the lithology has been charac-
terized as a highly burrowed wackestone. Po-
rosity in the upper 15 m increases with depth
and ranges from 10 to 20% (Boardman and
Carney, 1997). Below 15 m, the rock is crystal-
line oolitic limestone with fossils represented
by molds and burrow walls preserved. A marked
increase in porosity has been observed, though
not specifically quantified, at 25 m (Peach,
1991).

A special situation is presented by
paleosol layers. Paleosols are low permeabil-
ity strata produced during subaerial exposure.
Such strata is characterized by one or more of
the following features: (1) dense laminated cal-
careous, caliche crusts; (2) red to brown leach-
ing and staining; (3) blackened clasts; (4) nar-
row bands of dark gray micrite; and (5) abrupt
facies changes (Beach and Ginsburg, 1980;



Shinn and Lidz, 1988; Peach, 1991; Aurell et
al., 1995; Boardman et al., 1995; Kenter et al.,
1995).

Core borings taken from the northwest-
ern Bahama Bank record paleosols distributed
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Figure 5. Lithologic description of upper 25 m
of Lucayan Limestone (Peach, 1991; Boardman
et al., 1992; Boardman and Carney, 1997).

throughout the Lucayan at an average of one per
3 m of core (Beach and Ginsburg, 1980). Other
cores taken from the Bahama Bank have in-
cluded 13 horizons of laminated crusts and
blackened pebbles in the upper 100-150 m of
the borings (Kenter et al., 1995). Peach (1991)
indicates that caliche crusts can be up to 0.75 m
thick and mark areas of low vertical permeabil-
ity in the formation. Cores drilled in the north
Andros study area include distinct horizons of
black grains, laminated crusts, and staining char-
acteristic of a paleosol (Boardman and Carney,
1997). The paleosol horizons from the north
Andros cores range in thickness from a few deci-
meters to more than one meter.

Flow and Transport

Factors associated with ground water
flow and solute transport include permeability,
porosity, fluid density, advection, mechanical
dispersion, diffusion, and tidal fluctuations.
Several researchers have found that fresh water
lenses in the Bahamas are thinner than what the
hydrostatic GH theory predicts and thus that the
lenses are likely influenced by flow and trans-
port factors (Cant and Weech, 1986; Vacher and
Wallis, 1992; Wolfe et al., 1995). Existing data
and data collected from field investigations con-
ducted in this study (Little et al., 1973;
Bukowski, 1996) associated with permeability
are presented in Tables 1 and 2.

The Dupuit-Ghyben-Herzberg analytical
model for coastal aquifers accounts for recharge
and one-dimensional flow to compute an esti-
mate of fresh witer head:

o W[a2 -(a-x)zl
~ K(1+G)

)

where: h = elevation of water table (L);
W = recharge rate (L/T);
a = half width of island (L);
K = hydraulic conductivity (L/T);

r __ 1 _ 4
p,—p; 1025-10

1, = density of fresh water (M/L?);
r, = density of salt water (M/L?);

G=

and the GH principle to compute lens thickness.
The water table elevation will be lower, and thus
the lens will be thinner if W is lower and K
greater. A recharge value of 11 cm/yr would be
10% of average annual precipitation and at the
lower end of the range of reasonable values. A
hydraulic conductivity of 5.0 x 102 cm/s repre-
sents estimates from pumping tests. With these
values, the analytical solution gives a reason-
able head profile but gives a fresh water lens



Hydraulic Parameters Estimated from Pumping Tests (1971-1972)
borchole  Trarsmissivity (cm/s) Permeabifity (am) | borehole Tmm'n'wiy(un’ls) Permeability (cm®)

_ sy 30m T

14 13E+01 26E-07 51 23E+HR2 4.76E-06
15 3.8E+HB 7.8E05 52 4.7E+01 9.51E-07
18 26E+03 5.4E-05 52 9.9E+02 203E-05
19 S4E+03 LIE-04 53 4.9EHB 1.0CE-04
n 26EHB $.2E05 55 3.5E+3 7.0SE-05
28 43E+H02 8.7E-06 57 3.5E+H03 7.05E-05
32 6.9E+H02 L4E-05 62 L9E+13 3.88E-05
34 1.8E+8 3.TE0S [ L7EHB 3.45E-05
35 11E+01 21E07 5 33EXB 6.T3EDS
39 28EHB 5.6E-05 64 9.8E+02 1.99E-05
40 1.9E+03 3.8E-05 68 23EHB 4.62E-05
41 33E+2 6.7E-06 4 26EHB $25E-05
43 3.2E+02 6.6E-06 80 20EHB 4.12E-05
49 21E+02 4.4E-06 84 L9E+3 3.91E-05
49 25E+03 5.0E-05 89 3.4EHB 6.91E-05
50 1.4E+04 28E-04

Hydmulic Parameters Estinnated from Tidal Response (1971-1972)

Trensmissivity (cm's) ~ Permeabifity (cm®) ~ Transmissivity (cm'/s)  Pomeability (cm®)
borehole fran fuhetion atio anming b10m Fam tmelag esaming be10m
719180 23E+06 24E02 5.8E+06 6.0E02

20-69-1-76-89 4.8E+06 4.9E-02 2.7E+06 2.8E-02
67-13-68-1-5-14 6.0E+06 6.JE-02 1.4E+07 1.5E-01
102-103-104-58 7.0E+06 7.2E02 -] 3.05;_0‘7 3.0E-01
100-101-50-52-59 > 1.9EH07 1.9E-01 25EH07 2.6E-01
30-31-41 1.0E+07 L1E-01 3.5E407 3.6E01
8-9-17-18 1.0EH07 1.0E-01 27E407 2.8E-01
21-19-64 1.9E+07 L9E-01 326407 3.3E01
46-45-49-63 3.1EH07 3.2E-01 26E4+07 2.7E-01

Table 1. Hydraulic parameters estimated from British Land Survey (1973).

Hydraulic Parameters Estimated from Tidal Response (1995)

Location Transmissivity (cm?/s) Permesbility (cm?) Trensmissivity (cm/s) Permeability (om®)
from attenuation asnuming b=10 m from phaso shift assuming b=10 m
BH69 9.3E+01 l 9.5E-05 1.7E+00 l 1.7E-06
Hydraulic Parameters Estimated from Pumptné Tests (1996) -
Location Mcthod of Analysis Transmissivity (cm'/s) Permeability (cm®)
assuming b=5.0 m
2NN Neuman (1975) log-log | 1.7E+00 | k;=3.8E-8; ky=1.1E-4
Hydraulic Parameters Estimated from SluE Tests (1995)
Location Hydraulic Conductivity (cm/s) Permesbility (cm?)
4SA 4.3E-06 4.4E-11
91 4.6E-06 4.7E-11
C69 4.9E-04 5.0E-09

Table 2. Hydraulic parameters estimated from 1994, 1995, and 1996 field studies.




thickness of 150 m which is on the order of 130
m too thick (see section 2). Recharge rates and
hydraulic conductivity within reasonable ranges
give lens thicknesses that are also on the order
of 100 m too large; a model accounting for other
factors is required.

Variability in lithology gives rise to vari-
ability in hydraulic conductivity which affects
flow in ways not accounted for in equation 1.
Other factors can be accounted for in the diffu-
sion and the advection-dispersion equations:

o kyY on —S—%‘F .
O B 3 Ta !

Y A W
ox; \ "9x; ) 0x (v =

d, C'W
Ry =% +AeR, - — " ij=xyz O

c

where: h = head (L);

k = permeability (L?);

m= viscosity (M/LT);

g= specific weight (M/LT?),

S, = specific storage (L-1);

v, = components of the velocity vector
(L/T);

D, = dispersion coefficient L¥T);

¢ = concentration (M/L);

Rd = retardation factors (dim);

I= first-order rate constant (dim);

C’ = known source concentration
(M/L);

W* = source/sink term of mass (M/L);

q*= source/sink fluid including
recharge (L/T),

and

%
C)=p+22(C-C,
p(C) P+ac( Co) @

where: p(C) = density of fluid at concentration
C (M/LY);
p, = density at base fresh water
concentration (M/L?);
C = concentration of fluid at a given

nodal point (M/L);
C, = concentration of fresh water
(M/L);
dD .. : .
c?—c = fluid coefficient of density

change with concentration (dim).

In equations 2 and 3, changes in lithol-
ogy can be represented in the assignment of the
hydraulic conductivity and dispersion coefficient
of the porous medium. The ocean source of salt
and tidal variations are represented by stating
conditions on the boundary domain.

Several studies have used the numerical
solutions of thesg equations to simulate the flow
regime of coastal and small atoll island aquifers
(Herman and Wheatcraft, 1984; Hogan, 1988;
Oberdorfer et al., 1990; Griggs, 1989; Griggs
and Peterson, 1989; Underwood, 1990;
Underwood et al., 1992; Wicks and Herman,
1995). Oberdorfer et al. (1990) used a numeri-
cal model to test theories regarding the geologic
control on flow patterns including the effects of
tidally driven flow and found that tide-induced
dispersion and horizontal mixing contribute to
horizontal and vertical flow. Failure to consider
these processes results in an underestimation of
the mixing zone and overestimation of the fresh
water lens thickness. Underwood et al. (1992)
compared simulations with tidal versus non-tidal
boundary conditions. Model runs simulating
tidal fluctuations broadened the transition zone
between fresh and salt water, and thereby thinned
the fresh water lens. A one meter increase in
the simulated tidal range resulted in approxi-
mately a 5.0 m thinning of the fresh water lens.
However, Little et al. (1973) observed on Andros
Island that in deeper blue holes (circular lakes
formed by sink holes) and boreholes, which have
a greater hydraulic connection with the ocean,
the tidal amplitude was not related to the ratio



of thickness of the fresh water lens to head above
sea level. Furthermore, the tidal amplitude from
the shore inward is generally less than 1 m, and
thus the relationship observed by Underwood
etal. (1992) (1 m amplitude/5 m thinning) could
not account for the approximately 100 m thining
as compared to GH theory.

NUMERICAL MODELING

The equations for solute transport (equa-
tions 2, 3, and 4) were solved using a two-di-
mensional numerical approach (Voss, 1984).
The grid and boundaries of the model were based
on conceptualization of the aquifer as illustrated
in Figure 3. The model represents a vertical
cross section of the eastern half of the island.
The grid was 9000 m long, representing an av-
erage distance from mid-island to ocean, and 170
m deep, a distance great enough to incorporate
ocean circulation beneath the mixing zone. The
western portion of the model corresponds to
what is likely a drainage divide. The eastern
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Figure 6. Two-dimensional finite element grid

and boundary conditions.

vertical edge of the model is used to simulate
the relatively vertical interface with the ocean
along the island’s eastern margin, where water
depth >3000 m is found in a deep marine trough
known as The Tongue of the Ocean (see Figure
1). Topographic relief was varied in the simu-
lations but kept <2 m representing the relatively
flat-lying island surface.

The initial finite element grid shown in
Figure 6 was designed to be finer where the fresh
water lens would likely be positioned. Like-
wise, the grid is finer along the right boundary
to more rigorously account for hydrodynamic
processes associated with flow from the ocean.
This grid gives Peclet numbers that exceed 2,
however, generally the simulations were gener-
ally well behaved as discussed below.

The upper boundary represented the
water table (pressure = 0) under different topo-
graphic and recharge scenarios we investigated,
decreasing from mid-island to zero at the ocean
and was initially determined according to the
Dupuit-Darcy equation. Because the eastern
margin of the island has a relatively vertical in-
terface with the ocean, pressure was prescribed
based on depth below sea level. No flow bound-
aries were specified at the bottom of the grid
and af the flow divide along the left vertical
boundary. The boundary conditions for the mass
transport model were specified as the concen-
tration of sea water along the right side of the
grid and zero flux for the other three boundaries.
The value used for sea water concentration is
the standard for the mass fraction of total dis-
solved solids in sea water equal to 0.0357 kg
salt / kg sea water. Tidal variations were not
simulated because field observations discussed
previously give evidence that they do not exert
a significant influence.

Although the goal of the simulations was
to determine a steady state fresh water lens con-
figuration, the transport model needed to be run
transient to an equilibrated condition. A ten day
time step was used, which gave Courant num-
bers below unity over most of the grid as rec-
ommended (Anderson and Woessner, 1992), and
gave results that were the same as using 1 day
time steps in comparison among early simula-
tions.

An initial simulation consisted of a ho-
mogeneous domain where permeability in all
elements was set equal to 5.1 x 107 cm?, a value
equal to that used in the Dupuit-Ghyben-
Herzberg model and representative of results



from tidal fluctuation studies, pumping tests, and
slug tests given in Tables 1 and 2 (Little et al.,
1973; Bukowski, 1996). The fresh water lens
from this setup resulted in a thickness that was
on the order of 130 m as shown in Figure 7a.
The isochlors give the mass fraction of total dis-
solved solids in sea water. The 0.0009 contour
is equivalent to 500 ppm chlorinity and is re-
lated to salinity by the equation (Thurman,
1991):

.. [ kgsalt .
[sahnlty G(g%aWe—D /1 .80655] *1x10

= chlorinity (ppm)

)

In a subsequent model we assigned per-
meability in the upper 40 m as 10 cm? corre-
sponding to slug test results from the Lucayan
(Little et al., 1973; Bukowski, 1996) Thg grid
which extended from 40 to 170 m below ground
surface was assigned a permeability value of 10-
5 cm? corresponding to the pre-Lucayan portion,
as estimated from tidal response (Little et al.,
1973; Bukowski, 1996). The porosity of the
sediments in the upper 40 m of the model was
assigned a value 0.20 as reported by petrographic
analysis of core samples (Boardman and Carney,
1997). A porosity of 0.35 was used in the lower,
more permeable zone based on marked increases
in porosity observed by several researchers (e.g.,
Little et al., 1973; Beach and Ginsburg, 1980;
Peach, 1991). Dispersivity has not been mea-
sured. The longitudinal value used was 1.0 m
and the transverse value was 0.1 m. To evalu-
ate sensitivity, these values were varied in nu-
merous simulations and only unreasonably large
dispersivities, beyond 100 m for the limestone
aquifer, affected the results. Results from the
setup had a fresh water lens 70 m thick as shown
in Figure 7b.

To the previous model, a paleosol was
added in the Lucayan Limestone by specifying
a permeability value of 10'® cm? to layer 2 (4 m
thick) of the grid. As shown in Figure 7c, the
fresh water lens thins considerably to 25 m and
more closely represents the conditions found on

4d00
Distance From Ocean (m)

Distance Frem Ocean (m)

% Fresh Waler Lens
3333 (isochlor al base = 0.0009)

o 2
Bl sl e o.0ss0)

-s-n Yater

Figure 7. Model results simulating a)
homgenous domain, b) Lucayan Limestone and
pre-Lucayan, and c) Lucayan, pre-Lucayan, and
a paleosol.

Andros Island. This gave an indication that
paleosols may be important in understanding
fresh water lens thickness, as explored further
below.

As a side note, recharge between 15%
and 35% of precipitation maintained the fresh
water lens with only minor changes in thickness.
Small changes in topography did not impact the
lens thickness. Only models representing low
permeability paleosols resulted in a lens as thin
as conceptualized in Figure 3.

After this initial phase, an opportunity
arose to conduct pumping tests in two boreholes
within the study area, detailed by Bukowski
(1996). The results gave transmissivity values
of 1.0 x 10! and 1.6 x 10*' cm?%s (geometric
mean = 4.4 x 10" cm?/s) with horizontal perme-
ability of 3.8 x 10® and 7.7 x 10 cm® and verti-
cal permeability of 1.1 x 10** and 2.2 x 10** cm?
giving anisotropy ratios on the order of 3.0 x
10**. During the pumping tests, water originat-
ing above a paleosol at 4 m depth was observed



cascading in the well, resulting in an apparent
leaky aquifer effect. Discharge water was also
being derived as a result of upward vertical flow
evidenced by the increase in chloride concen-
tration with time.

The results of the pumping test were uti-
lized to refine the model grid and parameters.
The grid was changed to include the 0.5 m thick
paleosol observed in the field at 4 m depth and
the 2 m paleosol found at 10-12 m depth. A 1.8
m head change from mid-island to the ocean was
included to match the results of a water table
elevation survey conducted at the time of the
pumping test (Bukowski, 1996).

In the upper 12 m of the grid, horizontal
permeability was assigned as 10® cm?® and ver-
tical permeability as 10 cm?. Paleosols were
assigned permeability values from previous
models of 10" cm?. The 12-40 m portion of
the model was assigned an isctropic value of
10 cm?® The permeability of the lower part of
the model (40 - 170 m) was assigned 10 cm?,
so that permeability increased with depth. This

Distance From Ocean (m)

Fresh Waler Lens
ﬂlochhr ai base = 0.0009)

Y - fuzion
ngdGL”JF base = 0.0350)

-Scu Yaler

Figure 8. Model results illustrating effects of
assigning specific values for vertical and hori-
zontal permeability.
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simulation is shown in Figure 8a. The slight
fingering instability is likely a numerical insta-
bility due to our Courant and Peclet numbers
slightly exceeding unity (Schincariol et al.,
1994).

As the anisotropy ratio in the upper 12
m is reduced to 1000 and 100 (Figures 8b and
c), the instability is essentially removed from
the simulations. The lens thickness from these
model runs is approximately 10 m and are the
closest to our conceptual model in Figure 3. The
result is the same when using the harmonic mean
of the layered permeability in the upper 40 m,
because the harmonic mean is largely controlled
by the low permeability of the paleosols.

CONCLUSIONS

Results of prior studies by Little et al.
(19735‘, Peach (1991), when combined, lead to
a conceptual model where the fresh water lens
thickness on Andros Island is on the order of 15
m thick in the center of the island and thins to-
ward the ocean. This is considerably thinner
than the Ghyben-Herzberg theoretical lens.

Numerical simulation of the aquifer on
Andros Island in this study has been used as an
interpretive method for gaining insight into the
factors which control the thickness of the fresh

A B

— Y
= ]

-

Residence Time (1) = 32.3 years
Residence Time (2) = 4.91 yesrs

Newlines equipotZatisls

Figure 9. a. shaded cells in grid indicating lo-
cation of cells from which velocities were taken
for residence time calculations; b. expanded
view with flow paths



water lens. Neither topographic nor recharge
variations in the models resulted in appreciable
change in lens thickness. Only simulations
which represented discrete intervals of low per-
meability paleosol horizons at 4 and 10 m gave
a lens thickness comparable to the conceptual
model.

Within the thin lens, it is interesting to
consider ground water residence time and the
magnitudes of the velocity vector computed for
two flowpaths were examined. The velocity
vectors are not strictly connectable as flowlines.
However, we took vectors corresponding very
closely to the two flow lines shown in Figure 9.
Along flowpath 1, approximately 32.3 years
elapse between recharge at the mid-island and
discharge 9.0 km away at the ocean. Similarly,
water recharging the aquifer at a location 4.5
km inland and traveling along ﬂowpoath 2
reaches the ocean in 4.9 years.

Like Andros, the fresh water lens on
other islands including New Providence and
Great Exuma does not follow the Ghyben-
Herzberg theory (Cant and Weech, 1986; Wallis
etal., 1992; Vacher and Wallis, 1992). Paleosols
also exist at similar elevations on these other
Bahamian Islands (Beach and Ginsburg, 1980;
Shinn and Lidz, 1988; Peach, 1991; Aurell et
al., 1995; Boardman et al., 1995; Kenter et al.,
1995; Hall, 1996, personal communication) and
likely control the generally thin fresh water
lenses found throughout the Bahamas.
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