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ABSTRACT 

Mixing freshwater and saltwater beneath atoll islands occurs 

primarily as a result of periodic vertical flow due to tidal 

fluctuations. Mixing depends to a lesser extent on transverse 

dispersion along the horizontal recharge-discharge path. The controls 

on the amount of mixing are: 1) the accumulated vertical travel 

distance which increases with tidal range and is restricted by vertical 

permeabilities, and 2) vertical longitudinal dispersivity. The value 

of vertical longitudinal dispersivity determined from numerical 

simulations using a fluctuating tidal boundary condition (0.01 meter) 

is close to laboratory measurements over short flow distances. The 

application of laboratory-scale vertical longitudinal dispersivities to 

field scale atoll problems is justified because actual vertical flow 

through one-half of a tidal cycle is on the order of 0.15 meter. 

Comparison of cross-sectional simulations of atoll islands using 

~on-tidal and tidal models show that the non-tidal model must use 

artificially high values of transverse dispersivity to compensate for 

the lack of tidally driven vertical mixing process. Although the tidal 

model has high computational requirements, it can be used to calibrate 

vertical permeabilities and is best suited for problems dealing with 

ground-water resource evaluations, hydrologic events, and hydrologic 
~ 

processes. The limitations of the non-tidal model are that it cannot 

be used for calibration of vertical permeabilities, and it will not 

realistically simulate cases having thick transition zones or low 

recharge. Analysis of a representative (generic) atoll model suggests 

that both the overlying Holocene and underlying Pleistocene aquifers 

have anisotropic permeabilities and that the lower aquifer has 

permeabilities around one order of magnitude greater than the upper 

aquifer. 
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I. INTRODUCTION 

Low carbonate islands occur in all the world's oceans. In the 

Indian and Pacific oceans these are represented predominantly by atoll 

islands. For communities inhabiting these islands drinking water is 

traditionally obtained from rainwater catchment; however, ground-water 

resources may be an important source of drinking water especially 

during frequent and sometimes extended dry seasons. Because many atoll 

communities are experiencing rapid population growth and development 

there is a need to understand, develop, and manage the freshwater 

bodies beneath these island. 

Beneath an atoll island fresh groundwater occurs as a lenticular 

shaped body or lens which lies on and is surrounded by saltwater of 

oceanic derivation. The fresh ground-water lens is important as a 

source of drinking water as well as in its role in the production of 

taro, the main agricultural staple of many atoll islands. Both uses of 

fresh ground are sensitive to the amount of salt in the water, 

therefore, the problems related to fresh ground-water development 

involve saltwater contamination. 

In order to develop and manage a ground-water resource 

effectively, it is important to understand the geological framework and 

the hydrodynamics of the system. A number of studies have been 

conducted in recent years which lay the groundwork for a working 

conceptual model of atoll hydrogeology. Additionally, numerical 

techniques have been developed which can aid in understanding the 

hydrodynamics of the ground-water system. 

Purpose and Scope 

The size and shape of the fresh ground-water lens beneath atoll 

islands involves the balance of hydrodynamic processes which occurs in 

1 



a unique geologic framework. The primary purpose of this study is to 

advance the understanding of ground-water flow and transition zone 

movement beneath an atoll island. The objectives of this study are: 

1) to present a conceptual hydrogeologic model of an atoll island; 2) 

to extend the understanding of the processes and mechanisms that 

control tidal responses observed in atoll island ground-water systems; 

and 3) to investigate the parameters that control the size and shape 

of the fresh ground-water lens. 

The first objective will be based upon published and personal 

field studies. The latter objectives are investigated by use of 

numerical simulation. 

2 



II. PREVIOUS STUDIES 

The interdisciplinary nature of this dissertation requires 

research into a number of related subjects. An understanding of 

geology of an atoll and its islands assists in development of a 

conceptual hydrogeologic model that can be used in numerical modeling. 

Therefore, a brief summary of the literature on the geology of atolls 

is included. The second section of this chapter reviews the works on 

the hydrogeology of coastal aquifers and oceanic islands including 

introductions to the physics of transition zone mixing and the solute 

transport equation. The third section focuses on the analytical and 

numerical modeling techniques that were developed for coastal aquifers 

and oceanic island boundary value problems. The final section of this 

chapter addresses specifically the numerical modeling studies of atoll 

islands. 

Geology of Atolls 

The formation of atolls was first speculated by Darwin (1842) to 

be the result of calcareous build-up over subsiding oceanic volcanoes. 

Scott and Rotondo (1983) reviewed the literature and concluded that the 

volcanos of the Hawaiian, Marshall, Caroline, Tuamotu, and Society 

island chains (figure 1) probably formed on the moving Pacific 

lithospheric plate as it passed over relatively stationary hot spot 

anomalies. In warmer waters, fringing reefs formed on the flanks of 

the volcanos and continued to grow through the cooling of the 

lithosperic plate and the subsidence of the volcanic island. MacNeil 

(1954) suggested that an important process in forming the annular shape 

of atolls is subaerial erosion that occurred during eustatic lowering 

of sea level during past epochs of continental glaciation. Because 

there was to be nuclear weapons testing on Bikini and Enewetak atolls 

3 
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following World War II, atolls became the subject of intensive 

scientific investigations. Final reports on various aspects of reef 

studies and the geology of atolls were published by the U.S. Geological 

Survey in Professional Paper 260. The geology of atolls is described 

by Emery and others (1954), Ladd and Schlanger (1960), Ladd and others 

(1960), and Schlanger (1963). Tracey and Ladd (1974) and Henny and 

others (1974) focus on the Quaternary history of Bikini and Enewetak by 

summarizing drilling, geophysical, and age-dating studies. 

Hydrogeology of Coastal Aquifers and Oceanic Islands 

Badon-Ghyben (1888) and Herzberg (1901) investigated the interface 

between freshwater and seawater in a coastal aquifer, and determined a 

relationship between shape of the interface and its position based on 

the density differences between freshwater and seawaters. This 

relationship is approximated by the following equation: 

(1) 

where: 

z= distance below sea level to fresh-saltwater interface 

h= distance above sea level to phreatic surf ace 

p - density of saltwater (- 1025 kg/m3 ) s 

pf= density of freshwater (-1000 kg/m3 ) 

This can be simplified: 

z = G h (2) 

where G, the Ghyben-Herzberg ratio, is given by: 

(3) 
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The Ghyben-Herzberg approximation assumes that the lens is in 

hydrostatic equilibrium with the sea water where the two waters (fresh 

and salt) are immiscible, and hence the freshwater-saltwater interface 

is sharp, and the ocean water is hydrostatic (without tides). Under 

these conditions and in an aquifer that is homogenous and isotropic, 

the Ghyben-Herzberg ratio is about 40. In reality, the boundary 

between freshwater and saltwater is not a sharp interface, but a broad 

transition zone of brackish water. Figure 2 schematically represents 

this relationship. Field measurements show that the Ghyben-Herzberg 

ratio of 40 may approximate the 50% seawater isochlor in an unconfined 

island aquifer (Visher and Mink, 1964). Other researchers used a value 

for the Ghyben-Herzberg ratio of 20 to estimate the interface between 

potable and brackish waters (Chidley, et al, 1977; Lloyd, et al, 1980). 

Hubbert (1940) noted realistically that the freshwater lens was 

continuously in motion. Glover (1959) developed a mathematical 

expression for the position of the freshwater-saltwater water interface 

and seepage zone of a coastal environment using a constant dispersion 

coefficient. He assumed steady flow conditions, a sharp freshwater

saltwater interface, and hydrostatic conditions. Cooper (1959) 

described the dynamic balance of freshwater and saltwater in a coastal 

aquifer. He described a cyclic mechanism for flow of seawater into a 

zone of diffusion where it mixes with freshwater driven by hydraulic 

head gradients. Other factors that contribute to the mixing of 

freshwater and saltwater are ocean tides, molecular diffusion, and 

recharge events. 

Physics of Seawater Transition Zone 

The physical processes that control transition zone mixing are 

important considerations for the understanding and modeling of coastal 

and island ground-water systems. Wentworth (1948) describes the growth 
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of a transition zone beneath an oceanic island using a "rinsing 

hypothesis", also referred to as a mixing cell model, that used tidal 

fluctuations as the mixing mechanism. As the surrounding ocean water 

moves downward in a falling tide, ground-water movement is also 

downward. Within compartments, or cells, of the saturated aquifer near 

the freshwater-saltwater interface, more saline water is displaced by 

less saline water. Since the aquifer remains saturated, some residual 

amount of the more saline water is left behind and mixes with the 

incoming less saline water. During a rising tide, the reverse of this 

process occurs. Wentworth (1947) listed 5 factors that influence the 

thickness of potable water and the transition zone. These factors are 

paraphrased as follows: 1) aquifer permeability that is high enough to 

allow infiltration (recharge) yet low enough to impede freshwater

saltwater mixing at discharge boundaries and in the transition zone; 2) 

recharge water of the amount that is adequate to sustain a lens; 3) 

amplitude of tidal motion; 4) preferred pathways of flow that 

facilitate transition zone mixing; and 5) an effective confining unit 

that impedes discharge at island boundaries and increases stored lens 

water. It is the dynamic balance between these factors that ultimately 

determine the size of the freshwater lens. 

In a general sense, there are two basic transport mechanisms that 

occur in the transition zone mixing process: 1) molecular diffusion and 

2) advection. Molecular diffusion refers to the mechanism whereby 

solute spreads in a fluid in response to concentration gradients as 

described by Fick's first law: 

F - D dc/dx (4) 

where: 

F [M/L2 T] - mass flux 

D [L2 /T] = diffusion coefficient 
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dc/dx (M/L3 L] - concentration gradient . 

Advection refers to the movement of ground water and its dissolved 

solutes in response to driving pressure and density forces. Advective 

dispersion refers to the mixing and spreading of solute between regions 

of different concentrations due to nonuniform velocities within the 

porous medium that result from microscopic and macroscopic 

inhomogeneities in the medium. Microscopic inhomogeneities refer to 

variations in the sizes and shapes of intergranular pore spaces of the 

porous medium, whereas macroscopic inhomogeneities refer to variations 

in permeability from one portion of the flow domain to another at 

scales that are larger than the intergranular scale (Bear, 1972). For 

most ground-water systems, mechanical mixing from macroscopic 

inhomogeneities is greater than from microscopic inhomogeneities (Wang 

and Anderson, 1982). The mixing that results from the combination of 

molecular diffusion and advective dispersion processes is referred to 

as hydrodynamic dispersion. Hydrodynamic dispersion is the unsteady, 

irreversible mixing process that is the macroscopic outcome of physical 

and chemical phenomena that take place in the pores of a medium (Bear, 

1972). The hydrodynamic dispersion concept is also generally applied 

to describe mixing due to large scale inhomogeneities in the aquifer 

permeability fabric. Where ground-water velocities are high, such as 

in atoll ground-water systems, advective dispersion is dominant and 

overwhelms the effects of molecular diffusion. Where ground-water 

velocities are low, molecular diffusion plays a greater role in the 

spreading of solute (Bear, 1972) . 

Solute Transport Equation 

The assumed law that the dispersive mixing is analogous to 

diffusive mixing and is thus proportional to the concentration gradient 
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is known as the Fickian model (Wang and Anderson, 1982). The solute 

transport equation for mass flux with fluid flow in the x-direction can 

be expressed by: 

where: 

2 
DL [L /Tl 

2 
DT [L /Tl 

3 
C [M/L] 

vx [L/T] 

a ac ax (n c vx) - n at 

coefficient of dispersion (longitudinal) in the 

x-direction 

coefficient of dispersion (transverse) in the 

y-direction 

(5) 

solute mass concentration per unit volume of aquifer 

velocity in the x-direction 

n [l] - porosity of the medium. 

This equation ignores the effects of molecular diffusion, hence, the 

two dispersion coefficients, also known as constants of proportionality 

for concentration gradients, are defined by: 

(6) 

and 

(7) 

where: 

longitudinal dispersivity 

transverse dispersivity. 

The variables aL and aT are considered to be intrinsic properties 

of the aquifer medium and roughly approximate the size of the aquifer 
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inhomogeneities that are longitudinal and transverse to fluid flow, 

respectively. Anderson (1979) noted that reported values for 

dispersivity were greater for larger flow distances of a tracer test. 

Anderson reported longitudinal dispersivity values ranging from 

centimeters, at the laboratory scale of flow, to tens and hundreds of 

meters for flow distances on the order of hundreds and thousands of 

meters in field studies . Reported values for transverse dispersivities 

range from one to several orders of magnitude smaller than longitudinal 

dispersivities. 

In recent years, the Fickian model has been challenged by using 

stochastic, or statistical approaches. Gelhar and others (1979) used 

stochastic analysis to derive a revised form of the advection

dispersion equation which they used to investigate the macrodispersion 

process. They concluded that the Fickian model is not accurate for 

distances that are close to the source, but that at longer flow 

distances, the Fickian model may hold. Matheron and De Marsily (1980) 

state that the dispersion equation will never correctly represent the 

transport process for all time. The apparent shortcoming of the 

advection-dispersion equation lies in the inability to accurately 

characterize the velocity field of the ground-water system (Bear, 

1972). In most ground-water models, simplistic (generally uniform) 

permeability distributions are simulated, hence, dispersivity becomes 

the parameter that combines all of the unsteady and non-uniform forces 

in the system. As a model is calibrated to a specific set of data set 

at a specific time, the net result of unsteady forces (inhomogeneities) 

may not accurately apply to an extension of the flow domain where 

greater (undefined) inhomogeneities are encountered. In other words, 

with greater flow distances, greater inhomogeneities are encountered, 

requiring greater dispersivity values to maintain model accuracy. 

Smith and Swartz (1980) maintain that if the velocity flow field could 

be accurately defined, it would be possible to use laboratory scale 
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(microscopic) values for dispersivity rather than the high values 

generally derived from field studies. 

For all the apparent shortcomings, the advection-dispersion model 

may serve well in helping to describe and quantify ground-water flow 

and transition zone mixing in atoll island problems due to the fact 

that stresses are periodic and inhomogeneities are not of a large scale 

compared with the size of atoll aquifers. 

Hydrogeology of Atoll Islands 

Field studies of the fresh ground-water lenses beneath atoll 

islands have been conducted for more than 40 years. Cox (1951) 

reported on the hydrology of Arno Atoll in the Marshall Islands. He 

discussed several factors that govern size and shape of the freshwater 

lens, including permeability of the sediments, rainfall, 

evapotranspiration, and tidal range. He deduced that the greater the 

porosity the greater the tidal damping and phase lag as a result of the 

greater specific yield of the aquifer. He also suggested that the 

transition zone of an atoll island lens is the result of tidal ground

water movement, and that transition zone thickness decreases with 

increasing recharge to the lens. Cox also believed that the 

propagation of the tidal signal was horizontal in the aquifer. 

Extensive hydrogeologic studies were conducted in the Marshall 

Islands during the late 1970s and the early 1980s. Buddemeier and 

Holladay (1977) described a dual-aquifer system having an upper aquifer 

of relatively low overall permeability overlying a more permeable basal 

aquifer. This structure explained progressive increases in tidal 

efficiencies with depth and suggested a vertical transport or coupling 

between layers ('Wheatcraft and Buddemeier, 1981). Hunt and Peterson 

(1980) performed an extensive hydrologic budget that provided estimates 

for sustainable yield on Kwajalein. 
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Ayers and Vacher (1986) developed a comprehensive conceptual 

hydrogeologic model for atoll islands based largely on their work on 

Deke Island, Pingelap Atoll. They broke the hydrogeologic framework 

into three components: 1) the island itself; 2) the reef-flat plate; 

3) the facies mosiac which makes up the Holocene aquifer. Their model 

included two flow patterns: a wet-season pattern radiating outward 

from the unconfined lagoon-side of the island, and a dry-season pattern 

that includes a superimposed area of centripetal flow at the central 

depression in the surface of the island. 

Vacher (1978), based on studies on Bermuda, suggested that 

accurate modeling of the fresh ground-water inventory of small 

carbonate islands could not ignore the effects of long period 

atmospheric fluctuations, recharge, and withdrawals in conjunction with 

short period semidiurnal tidal fluctuations. 

Anthony (1987), in a hydrogeochemical study of Laura Island, 

Majuro Atoll, related the importance of carbonate diagenesis to the 

development of porosity and permeability and hence to the occurrence 

and flow of groundwater in a small carbonate island setting. 

Analytical and Numerical Modeling of Coastal Aquifers and Islands 

Several analytical expressions have been derived for application 

to oceanic islands using the Dupuit-Forchheimer assumption of vertical 

equipotential lines and horizontal flow and the Ghyben-Herzberg 

approximation of freshwater thickness. The Dupuit-Ghyben-Herzberg 

analyses ignore vertical ground-water flow which is significant near 

the discharge boundaries of the lenses and therefore provide inaccurate 

results beneath the edges of islands. They have, however, been used 

successfully in cases discussed below. 

Fetter (1972) developed a two-dimensional analytical solution and 

applied it to generate the steady state position of the saline water 

13 



interface beneath South Fork, Long Island, New York. He assumed a 

sharp interface in addition to the Dupuit assumption of uniform 

horizontal flow. 

Anderson (1976) used two different one-dimensional models to 

simulate short term vertical fluctuations in the fresh-saltwater 

interface beneath South Fork, Long Island. The first model, called the 

continuously moving interface model (CMI), was not able to simulate 

response to short term fluctuations in recharge that simulated drought 

conditions. This model was modified to form the second model referred 

to as the delayed interface response (DIR) model which was successful 

in simulating the drought conditions. The CM! model assumed that the 

interface responded instantaneously to the movement of the water table, 

therefore retaining the Ghyben-Herzberg lens thickness in the time 

derivative. The DIR model assumed that there is a delay in the 

interface response and, therefore, the time derivative includes only 

the expression for water-table elevation (head). 

Applying the Dupuit-Ghyben-Herzberg analysis, Vacher (1988) 

derived analytical expressions for strip-island scenarios that depart 

from the ideal of homogeneous permeabilities, uniform recharge, and 

equal sea-levels at the island boundaries. Vacher used the Dupuit

Ghyben-Herzberg analysis to derive the position of the water table and 

saltwater interface in island lenses in terms of island geometry and 

distribution of both hydraulic conductivity and recharge. He also 

showed by analysis of the homogeneous, rectangular island case that an 

island can be considered an infinite strip to 0.1% accuracy if its 

length-width ratio is larger than 4.4. 

Numerical Modeling of Atoll Islands 

Lam (1974) used a finite difference model for simulating tidal 

response to assess aquifer permeabilities using data collected from 
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Swains Island, an atoll in the Western Pacific. The equations for the 

model are developed for a cylindrically symmetric island in terms of 

fluid pressure. He assumed that the system was homogeneous and had 

uniform fluid density. Originally, the model had an impermeable base 

beneath the island. After unsuccessful simulations, this was modified 

to allow vertical hydraulic connection through the base. Results for 

permeability calculations gave values over 3 orders of magnitude; 

average permeabilities were 4.4 x 10- 6 cm2 (K-380 m/da), based on 

analysis of tidal amplitudes, and 14.1 x 10- 6 cm2 (K-1215 m/da), based 

on analysis of tidal-phase lags. 

Chidley and Lloyd (1977) used finite difference approximations to 

solve an equation which describes the time-variant drawdown throughout 

an aquifer. They assumed horizontal ground-water flow and based their 

flow equation on a Ghyben-Herzberg ratio of 20, implying that half of 

the thickness of the lens is brackish. The model was calibrated 

against water levels by adjusting permeabilities and by using steady 

recharge, taking more than 30 years of simulation time to reach steady 

state. They applied the model to Grand Cayman Island to estimate long

term extractions from the lens. 

Lloyd and others (1980) used a model similar to Chidley and 

Lloyd's (1977) to investigate the ground-water resources of Tarawa. 

Constrained by measured permeabilities, the model did not perform well 

and produced flooding and drought conditions during periods of 

excessive and light rainfall, respectively. 

Falkland (1983) performed an extensive water resources study of 

Christmas Island using a water budget based on monthly records and a 

finite difference model for 4 lens areas in order to estimate 

sustainable yields and possible water resources management schemes. 

The finite difference model was based on the work of Chidley and Lloyd 

(1977), and makes the assumption of a sharp interface and hydrostatic 

conditions (ie, no tides). Falkland's model was calibrated to changes 
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in lens size and rainfall over a 7-month period in 1982-83, and 

evaluated lens size using different soil covers. 

Herman and others (1984) employed the finite element code FEMWATER 

(Yeh and Ward, 1980) to investigate the basic hydraulics of Enjebi 

Island, Enewetak Atoll. They assumed uniform fluid density and ignored 

recharge to the lens while applying tidal boundary conditions to a 

dual-aquifer system in a 2-D vertical section. Their results showed 

that fluid flow is dominantly vertical in the upper aquifer of this 

system. Their simulation results, however, did not match well with 

field data in that simulated tidal efficiencies were overestimated 

below the water table and simulated tidal lags at the water table 

exceeded observed values. 

Hogan (1988) employed SUTRA (Voss, 1984) to simulate the ground

water system beneath Enjebi Island, Enewetak Atoll. He calibrated the 

hydraulics of the system to the slope of the change in tidal efficiency 

with depth which was gleaned from several atoll studies. His 

calibration suggested that there was around two orders of magnitude of 

permeability differences between Pleistocene and Holocene aquifers. In 

his model, Hogan adjusts longitudinal dispersivity values on an 

element-by-element basis depending on the flow direction and size of 

that element. This is apparently done to assure numerical stability, 

but, the effect of this procedure is that the shape of the lens is not 

governed by a single value for longitudinal dispersivity for any 

direction of flow. This complicates any interpretation of transport 

dynamics. 

Griggs (1989) used SUTRA as a predictive tool in development of a 

pumping and management scheme in the development of the lens beneath 

Laura, Majuro Atoll. Using salinity data from Hamlin and Anthony 

(1987), Griggs modeled the shape of the lens by assuming isotropic 

permeabilities and flow-direction-dependent dispersion. He did not 

consider tidal responses and thus employed non-fluctuating boundary 
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conditions. Griggs compared the extraction schemes using wells versus 

galleries and concluded that between 1.4 to 2.1 million liters of fresh 

ground water (approximately 10 to 15% of average annual recharge) is 

available for development beneath Laura. Because of his two

dimensional model, the treatment of wells ignored radial flow, and the 

galleries assumed infinite extension into the island. Given Laura's 

nearly triangular shape, this can produce misleading results under some 

conditions. 

Table 1 summarizes the modeling efforts that have been conducted 

for island ground-water systems. Included in this table is the summary 

of the modeling effort undertaken in the present study. 

17 



TAILE 1 
"-ry of Model Ing Studln of Coaatal and laland Aquifers 

AUTHOR MOO EL MOOEL DIMENSION CALllRATION SHARP DUPUIT TRANSIENT DENSITY TIDAL llOUllDARY ANISOTROPIC 
TYPE AND ORIENTATION DATA lllTERFACE ASSlltPTION FLOW DEPENDENT FLOW CONDITION PE~MEABILITIES 

Fetter, 19n F.D. 2-D areal aallnlty x x 

Lam, 1974 F.D. 2-D radial tides x x 

Anderson, 1976 F.D. 1-D vertical heads x x x 

Chidley & Lloyd, 1977 F.D 2-D areal Hlinlty x x x 

..... Falkland, 1983 F.D 2-D areal Hlinlty x x x 
00 

Ayers & Vacher, 1983 F.D. 2-D areal heads x x x 

Hennan & Others, 1984 F.E. 2·D vertical tides x x 

Hogan, 1988 F~£. 2-D vertical tides x x x 

Griggs, 1989 F.E. 2-D vertical salinity x x 

Underwood, 1989 F.E. 2-D vertical tldes/Hllnlty x x x x 

x denotes use in llOdel F.D.zFinlte Difference F.E.•Flnlte Elements 



III. ATOLL GEOLOGY 

Atolls are found primarily in the Western Pacific and Indian · 

Oceans as remote clusters of islands within the ocean's tropical belt. 

On a regional scale, atolls frequently are found in lines of islands 

suggesting formation coincident with movement of oceanic plates. 

Atolls are also found in proximity to larger topographically high 

islands such as Pohnpei in the Western Pacific. Kure and Midway 

Islands of the Hawaiian Island chain represent the northernmost atolls 

at 28° north latitude. Figure 1 shows the location of major atoll 

groups in the Pacific Ocean. 

An atoll is a circular to elliptical chain of small carbonate 

islands with a fringing outer reef surrounding a shallow central 

seawater lagoon. The atoll islands represent the exposed or emerged 

portion of an exceedingly thick carbonate platform which has formed on 

top of a submerged and subsided searnount (Emery, et al, 1954). The 

islands are seldom larger than a few square kilometers and average only 

a few meters in elevation. The central lagoon may vary from a few 

square kilometers to several lOO's of square kilometers. The lagoon 

floor averages a few lO's of meters of water depth and commonly has 

living pinnacle reef structures protruding from it. The lagoon is 

hydrologically connected to the open ocean through shallow passes of 

only a few meters depth; these passes also separate islands. Deeper 

passes up to 50 meters in depth are a feature of some of the larger 

atolls. Oceanward of the islands is a planated reef flat up to a 

kilometer wide and covered by shallow mostly intertidal water depths. 

At the ocean edge of the atoll a reef forms and falls steeply into the 

abyssal ocean depths. Figure 3 illustrates the perspective of several 

atoll structures and guyots in their vicinity. 
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Geologic History 

There has been a total of 6 deep-drilling projects on different 

atolls in the Pacific aimed at understanding the geologic history and 

the processes which form atolls. A summary of the findings appear in 

figure 4. At three locations the entire sedimentary thickness was 

drilled and a .basaltic or andesitic basement of volcanic origin was 

revealed. In addition to the deep drilling projects, a number of 

shallow drilling projects, geophysical surveys, and dredge samples have 

been used to further our understanding of atoll formation. 

In general it is believed that the atoll process begins with 

fringing reef development on the flank of an emergent or nearly 

emergent volcanic seamount. The seamount basement, from drilling and 

dredge samples, has been determined to be basaltic or andesitic and at 

least emergent into shallow marine waters if not into the atmosphere 

during reef development (Emery, et al, 1954) . The volcanic basement 

itself may rise more than one-thousand of meters above the ocean floor. 

Gradual subsidence of the seamount is due both to thermal cooling of 

the oceanic lithospheric plate and, early in the history of the 

volcano, to plastic and elastic deformation of the lithospheric plate. 

The rate of subsidence has been estimated to be on the order of 0.3-0.5 

mm per 100 years (Emery, et al, 1954). The delicate balance between 

the reef growth and accumulation of sediment and the subsidence of the 

basaltic basement is crucial to the development of an atoll. There are 

a number of guyots (flat-topped seamounts) which occur on oceanic 

lithospheric plates; although they resemble the basaltic platforms of 

atolls, for some unknown reason they did not participate in the atoll 

building process. One plausible explanation for this nonparticipation 

in the atoll forming process is that subsidence of guyots exceeded reef 

growth rates and/or the accumulation of carbonate sediments. Dredge 

samples from the Sylvania Seamount adjacent to Bikini Atoll suggest 
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that Sylvania Seamount was at one time exposed to the surface (Emery, 

et al, 1954). The exposure of the volcanic basement is also suggested 

from drilling records at Midway Island (Ladd, et al, 1970). 

The sediments immediately above the Midway basaltic basement 

exhibit a mixture of volcanic muds and carbonate sediments; in the 

other deep drilling cores only carbonate sediments were detected. 

Paleontological studies of these cores and dredged samples suggest that 

the sediments developed primarily within shallow depths of less than 

100 meters. Of the more than 1400 meters of core taken from a drill 

hole at Enewetak Atoll, only a 300-meter interval contains a 

predominance of organisms (in this case foraminifera) of moderately 

deep origin (Schlanger, 1963). 

The earliest dated fossils from atoll drill samples are from the 

Eocene found in the core samples taken from above the basaltic basement 

at Enewetak. A number of distinct sedimentary hiatuses and subsequent 

diagenetic alterations were found in all the deep drilling sections. 

These unconformities probably represent periods of time when the atoll 

platform was emergent and being weathered and eroded. Eustatic changes 

in sea level due to either world-scale glacial events or regional 

uplift appear to have created these unconformities. 

During the last several million years, roughly the Quaternary 

epoch, the character of sedimentation and post-sedimentary diagenesis 

has been dominated by eustatic changes in sea level caused by world

wide glacial events. Coincident with glacial ice-mass accumulation on 

the continents there was an eustatic fall in sea level which may have 

exposed the entire atoll platform including the lagoonal floor. In a 

model of the evolution of atolls during eustatic low stands in sea 

level proposed by Purdy (1974) and Ristvet and others (1978), the 

hydrologic and diagenetic regimes were subsequently affected by 

expanded meteoric freshwater influences within the atoll's surficial 

platform; at the peak of eustatic low sea level, it is speculated that 
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an extensive fresh ground-water lens formed over the entire atoll 

platform. Such an extensive drop in sea level accompanied by large

scale erosion and dissolution may have created the atoll morphology 

seen today including deep channels and drainage patterns observed on 

some of the lagoonal floors (MacNeil, 1954). The unconformity surfaces 

seen in drill cores and detected in geophysical soundings undoubtably 

arose from the exposed surface sediments subjected to localized 

diagenetic alterations such as preferential carbonate dissolution and 

cementation. Conversely, during glacial melting the atoll platform was 

resubmerged and the unconformity surface buried by subsequent 

sedimentation. 

During eustatic low stands in sea level, sediment production moved 

to lower surfaces of the atoll platform. The low stand in sea level 

exposed the atoll's uppermost sediments and subjected them to 

diagenetic alterations from geochemical interaction with meteoric 

waters. The geochemical interactions first resulted in a phase of 

cementation of grains from calcite precipitation within the freshwater 

meteoric diagenetic zone; later, with the further lowering of sea 

level, a phase of preferential dissolution of such unstable grains as 

aragonite occurred in the vadose diagenetic zone. The process of 

cementation partially lithified units whereas the process of selective 

dissolution of relatively unstable grains increased effective porosity 

leading to preferred pathways or channels for ground-water flow. 

During eustatic rises in sea level, sedimentation was brought back 

onto the atoll platform, thus covering and preserving an unconformity. 

The character of sedimentary deposits is related to the energy of the 

depositional environment: in higher energy environments closest to 

reef breaks and passes, deposits are characterized by either large 

detrital grains such as boulders and cobbles or in situ organisms such 

as coral; in lower energy environments away from reef breaks, 

channels, and passes, deposits _are finer detrital grains. As sea level 
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rose, deposition of finer sediments increased in areas of former higher 

energy. In general, depositional surfaces aggraded until they were 

again in shallow water, fitting the pattern of a transgressive 

depositional sequence (Goter, 1979). 

Within the upper 76 meters of deposition on the windward side of 

Enewetak Atoll, Goter (1979) describes five unconformity surfaces and 

six accompanying stratigraphic units. The average thickness of each 

stratigraphic unit is 12 meters, with the uppermost unit being the 

unweathered and predominantly unconsolidated Holocene sediments. Below 

the Holocene unit is a series of five Pleistocene stratigraphic units, 

each having an upper weathered unconformity surface. Throughout the 

observed sections, foraminifera, coral, red algae, and green algae 

Halimeda were the dominant grain types. Goter also observed general 

decrease in in situ skeletons going towards the lagoon within the 

sedimentary packages. The upper horizon of each Pleistocene unit 

exhibits weak cementation and variable dissolution. The general trend 

observed was that aragonite (a metastable form of calcium carbonate at 

low pressures) content decreased roughly with depth. Paleosols (relict 

soil horizons) were observed and deemed instrumental in the dissolution 

of aragonite, providing the mechanism for this diagenetic process. The 

paleosols provided the catalysts for the diagenetic reactions. Goter's 

findings give little support to the formation of the central lagoon of 

an atoll from large-scale dissolution during the Pleistocene. He 

suggests that either the stratigraphic units that he looked at may mask 

the evidence of an earlier period of large-scale dissolution or that 

atoll morphology is dominantly controlled by reef growth rather than 

reef degradation . 

The age of the uppermost Pleistocene unconformity surface has been 

placed at around 120,000 years before present (Thurber, et al, 1965), 

whereas the oldest Holocene sediments have been dated at around 5000-

6000 years before present (Schlanger, 1963) . The sedimentary hiatus 
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between the upper Pleistocene unconformity and the Holocene sedimentary 

age dates corresponds to the last Wisconsinian glacial event that moved 

sedimentation off of the atoll platform. Broad terrace structures up 

to 1000 meters wide have been observed in the lagoonal basins at Bikini 

and Enewetak atolls at around 15 to 20 meters of water depth. On the 

outer slopes, narrower terrace structures up to 400 meters wide have 

been observed at Bikini, Enewetak, Rongelap, and Rongerik at slightly 

shallower depths (Emery and others, 1954). These structures are 

inferred to be relict Pleistocene surfaces which dip lagoonward and are 

as yet uncovered by Holocene sedimentation. 

Holocene sediments typically are unconsolidated and form the 

exposed portion of atoll islands. In general, the character of the 

Holocene sediments is analogous and chronologous with modern sediments 

described in the next section. 

Hard layers are sometimes found in the subsurface Holocene 

sediments. These are cemented horizons which may have originated from 

1) buried beachrock, 2) buried reef flat, or 3) cementation in the 

subsurface. The porosity and permeability of these units are often 

reduced relative to the surrounding unconsolidated sediments and 

therefore may form aquitards impeding ground-water flow. Their 

occurrence is most commonly close to sea level. 

Modern Depositional Environments 

The modern atoll environment is dominated by shallow marine growth 

and wave processes. 

observed on atolls: 

There are 3 major environments of deposition 

1) reef and fore-reef; 2) back reef; 3) lagoon. 

These are illustrated in figure 5. 

The fore-reef and reef environment lie at the ocean perimeter of 

the atoll. This environment is characterized by high carbonate 

productivity from coral communities within the nutrient-rich waters of 
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the photic zone and by gravity deposition along the flanks of the 

atoll. The fore-reef slopes steeply into the subsurface oceanic 

depths. On leeward sides of atolls, this slope at relatively shallow 

depths is close to the non-eroded reef growth profile of nearly 

vertical. On windward sides of atolls wave forces are very erosive, 

breaking off reef materials and depositing them onto the flanks of the 

atoll to form slopes of around 35-45 degrees down to several hundred 

meters depth. Below this, the slope is gentler until it reaches 

abyssal ocean depths (Emery, et al, 1954). 

The surface and near-surface of the reef is commonly dominated by 

crustose forms of the coralline red alga Porolithon and Goniolithon. 

This organism forms massive reef structures within the high-energy 

breaker zone. In deeper water away from the breaker zone, coralline 

algal growth is displaced by coral growth. Due to the erosional forces 

in the shallow oceanic environment, spur-and-groove patterns are 

created along the reef face of some atolls. These patterns are more 

pronounced along the more wave-impinged windward sides of atolls. The 

red algal reef structures and the spur-and-groove systems serve to 

dissipate the wave energy from the open ocean. Storm events and large 

surges, however, may break loose large blocks and fragments of the 

reef, either throwing them onto the reef flat or allowing them to fall 

onto the flanks of the fore-reef. 

Lagoonward of the reef is the planated and indurated reef flat 

representing the oceanward extension of the back reef depositional 

environment. The reef flat is as much as a kilometer wide and is 

covered by waters of mostly intertidal depths. Wider reef flats 

characteristically develop on windward sides of atolls than on leeward 

sides. The reef flat is dominantly composed of boundstones formed by 

in situ organisms such as coral heads and coralline algae. Also 

present is a form of coral head known as a microatoll; Porites and 

Heliospora are the most common genera forming microatolls. Upon the 
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oceanward one-third to one-half of the reef flat the habitat favors 

growth of green algal mats with coexisting foraminifera. These areas, 

therefore, serve as sediment sources for surrounding areas, as the reef 

flat is continually swept by waves and shallow currents. 

Core samples and geophysical soundings taken from the reef flats 

of various atolls suggest that the reef flat is only a few meters thick 

and generally thins toward the lagoon. Drill core samples show that 

the indurated reef flat is typically underlain by unconsolidated 

backreef deposits of coral dominated sands and gravels. Radiometric 

dating of a reef flat on Bikini Atoll suggested that the reef flat is 

not accreting and in fact may be eroding (Emery, et al, 1954). 

According to Buddemeier and Holladay (1977), the reef flat consists of 

subtidal deposits now in the intertidal zone, indicating a previous 

higher-than-present Holocene sea level. The lagoonal extension of the 

reef flat is often overlain by shallow marine to subaerial back-reef 

deposits which form either sand bars or islands. The extension of the 

reef flat into the interior of an island (or a sand bar) is variable 

and may have considerable hydrogeological significance as a low

permeability aquiclude. 

The ocean side of atoll islands is generally marked by shallow 

water to subaerial deposits of boulder-to-cobble-sized reef debris 

referred to as boulder ramparts. Boulder ramparts are best developed 

on windward sides of atolls and sides of dominant storm direction. 

They commonly build up on the back edge of the reef flat in a high

energy zone which favors deposition of the large clasts and winnows 

away the finer sediment. These coarse deposits, in turn, stabilize the 

shoreline. Along many atoll islands the boulder ramparts are masked by 

beach, washover fan, or eolian deposits. 

Lagoonward on the islands the boulder and cobble deposits diminish 

in favor of finer sand and gravel and silt back-reef deposits. 

Washover-fan facies deposits dominate the interiors of islands forming 
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nearly horizontal sheets of varying lateral extent and grain size. 

Washover-fans typically form thicker and coarser deposits nearer the 

source of depositional materials and energy; the sediments tend to 

"fan-out" away from the sediment source. An individual fan may 

actually have uniformity in grain size distribution (i.e. homogeneity) 

within the layer. Collectively, however, they form heterogeneous 

layers sometimes referred to as a "facies mosaic" (Ayers and Vacher, 

1986). Virtually the entire sedimentary column beneath the atoll 

island's surface is comprised of these mixed sand and gravel layers 

that may include silt-sized layers. 

The upper 100 meters or so of sediments are characterized by two 

lithologic units of similar sedimentologic origin but distinctly 

different diagenetic histories: a Holocene sequence of predominantly 

unconsolidated sands and gravels comprising the upper 15-25 meters of 

sediments below the island surface; and a lower Pleistocene sequence 

comprised of several stratigraphic packages marked by diagenetic 

alterations of partial lithification and dissolution and by 
_/ 

unconformity surfaces. Diagenetically lithified layers of Holocene 

sediments are commonly found in the subsurface, representing either 

buried beachrock, buried reef flat, or freshwater-saltwater 

cementation . The facies relationships observed within an atoll are 

dependent primarily upon the wave energy of the depositional 

environment. The wave energy, in turn, is related to dominant wind and 

wave directions, dominant storm directions, and sea level. 

The lagoonal shore of atoll islands is characterised by beach and 

washover deposits generally built-up from the lagoonal direction. The 

gross morphology of these marginal lagoonal sediments is similar to 

that of the ocean-side of the islands, except that there is a general 

fining of grain size lagoonward. The relatively quieter environment 

allows for the deposition of fine-grained sand and silt; rarely are 
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there such coarse-grained sediments or reef debris as is found in the 

boulder ramparts of the oceanic side of an island. 

Beach facies of lagoonal sides of islands are frequently marked by 

en echelon layers of lithified beachrock . The general attitude of 

beachrock is of shallow beds of 10 cm or more dipping lagoonward at 

around 9° (Emery, and others, 1954) from near the high-tide mark to 

well below low-tide mark. The protrusion of beachrock facies into the 

island interior is variable. In some cases, lagoon-dipping beachrock 

has been found on ocean sides of islands indicating lagoonward 

progression of the island. Beachrock is formed by diagenetic 

cementation of beach sands. There are two main mechanisms for this 

cementation process: 1) precipitation due to outgassing of carbon

dioxide charged meteoric groundwaters which are supersaturated with 

respect to calcium carbonate; 2) precipitation on beach-face surfaces 

from the reduction in pressure and the increase in temperature of 

supersaturated surface sea waters. The porosity and permeability of 

beachrock typically are much less than beach sand, thus beachrock may 

form a hydrologic cap which impedes flow and the mixture of fresh and 

salt groundwaters. 

On many atoll islands, sedimentary deposits are relatively higher 

on both the ocean and lagoon shores than on island interiors, leaving a 

central depression of lower elevation in the interiors of the island. 

If the central depression surface is near the phreatic surface, a 

swampy area is formed. This feature is frequently utilized in the 

cultivation of taro, an agricultural staple of these islands. The 

formation of a central depression suggests that the sedimentary 

accretion of atoll islands is from both the lagoonward and oceanward 

directions. 

The surfaces of atoll islands are typically covered by stony soils 

supporting thick vegetative covers dominated by mixed coconut and grass 

plant communities. In general, soil development appears to be 
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correlated with geologic stability and age (Streck, 1986, personal 

communication). Interiors of islands typically have the best developed 

soils ranging from 0 to 0.5 meters in thickness and having high organic 

contents and fairly high soil-moisture retention. Buried soil horizons 

are not uncommon. 

The general attitude among researchers of atoll islands is that 

atoll islands and sedimentary facies are migrating lagoonward. There 

are three major points of evidence for this: 1) reef and reef-plate 

deposits found over back-reef deposits; 2) lagoonward-dipping 

beachrock occurring on ocean sides of islands; 3) from deep-drilling 

records, especially those from Midway (Ladd, et al, 1970), there is a 

transgressive fossil sequence where skeletal remains from deeper-water 

organisms are overlain by those from shallower water organisms. 

The lagoon represents the third depositional environment. This 

environment is essentially a sedimentary basin generally considered to 

be filling. Sediment enters through the tidal passes from the flats 

and reef and also accumulates from within the lagoon itself. Chevalier 

(1973), in a survey of 80 atolls of the Tuamotu Archipelago, noted that 

sedimentary infilling of atoll lagoons has progressed further in 

lagoons where there are no deep passes. Thus, significant sediment 

export is inferred to occur through deeper passes. The sedimentary 

facies of lagoonal deposits include reef facies from patch-reefs or 

isolated pinnacles to detrital carbonate silt and mud facies generated 

from wave action in shallow waters. Coarser channel sand and gravel 

facies are found near pass openings. The primary deposit of the 

lagoonal environment, however, is the fine silt and mud referred to 

sometimes as "Halimeda debris" (Emery, et al, 1954). These fine 

sediments are entrained during high energy events which stirs up the 

near shore sediments and deposited in thin sheets over the lagoonal 

floor. 
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IV. HYDROGEOLOGY OF ATOLL ISLANDS 

The occurrence of fresh ground water beneath an atoll island is 

the result of hydrodynamic ground-water and marine processes in a 

unique geologic environment. In the development of a hydrogeologic 

model, it ~s important to consider the atoll island as it relates to 

the entire atoll rather than as a separate island entity. 

The ground water beneath an atoll island has three major 

components: 1) a thin freshwater portion generally containing potable 

groundwater; 2) a brackish water transition zone; 3) a thick saltwater 

portion of oceanic derivation. The freshwater which has a density of 

about 1000 kg/m3 and is derived entirely from rainfall recharge, floats 

on top of the more dense (about 1025 kg/m3 ) saltwater as a lenticular 

shaped body of water commonly referred to as a Ghyben-Herzberg lens. 

The differences in density that occur within the ground-water body 

result from dissolved solids common to sea water and are generally 

defined by measurement of chloride-ion (Cl-) concentration. The 

chloride-ion standard for drinking water in the United States is 250 

mg/l (U.S . Environmental Protection Agency, 1975). The World Health 

Oganization (1971) standard for upper allowable limit of Cl- is 600 

mg/l, and many Pacific island standards are placed at 400 or 500 mg/l. 

For purposes of consistency, a chloride-ion standard of 500 mg/l will 

be used in this study to define the potable limits of the freshwater 

lens. As a point of reference, the chloride-ion concentration in 

rainwater as measured from the catchment at Majuro Atoll is around 4 

mg/l (Anthony , 1987), whereas standard sea water chloride-ion content 

is 18,560 mg/l. Another ground-water standard is in terms of relative 

salinity with respect to sea water. In terms of relative salinity, the 

500 mg/l Cl- potable limit is very close to 2.5% sea water (or the 2 . 5% 

isochlor). 
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Broadly speaking, there are two major factors which determine the 

size and shape of the freshwater lens: 1) the geologic framework and 

2) the dynamic-ground water system which includes recharge to the 

system. These two factors are consequently influenced by position of 

the island within the atoll and by proximity of the island to seawater 

passageways. 

Geologic Framework 

There are four elements that provide the geologic framework for an 

atoll island: 1) the island surface features; 2) the Holocene 

saturated sediment or aquifer; 3) the Pleistocene saturated sediment 

or aquifer; 4) Holocene hard layers . A schematic diagram of the 

geologic framework of a typical atoll island is illustrated in figure 

6. 

Island Surface Features 

The island surface features that influence the hydrologic system 

of an atoll island include the island's topographic size and shape, the 

soil and near-surface unsaturated sediments, surface permeability, and 

the surface vegetation. These features collectively affect the net 

recharge into the subsurface. If an island is not large enough, there 

may not be enough rainfall catchment area to develop and sustain a 

fresh ground-water lens. Since atoll islands trend toward being 

elongate (i.e. strip islands), the critical dimension for development 

of a freshwater lens is island width. Jacobson (1976) suggested that 

the critical island width for sustaining a fresh ground-water lens is 

400 meters. Critical island width, however, must have some correlation 

with amount of rainfall, permeability of the sediments, and 

evapotranspiration processes. Two examples serve to illustrate this 
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point. First, Kalap Island of Mwokilloa Atoll is a narrow strip island 

from 180 to 255 meters wide that receives approximately 3000 mm average 

annual rainfall; Kalap als~ maintains a well-developed fresh ground

water lens that is around 3 meters thick over most of the island's 

interior (Anthony, 1988, personal communication). Second, Bikini 

Island of Bikini Atoll is a much wider strip island (between 600 and 

800 meters over most of its length) that receives around 1200 mm 

average annual rainfall. Bikini Island has virtually no potable fresh 

groundwater. Clearly island width alone cannot be used to determine if 

there will be fresh groundwater beneath an island. The subject of 

critical island width is considered more thoroughly in the numerical 

evaluations discussed later in this report . 

The soil and unsaturated zones are also influence island 

hydrology. Rainfall must infiltrate through the soil column and the 

unsaturated sediments before entering the saturated ground-water 

system. Soil horizons generally are not very thick, but the organic

rich soils have fairly high water retention capacities, ranging up to 

28% (Robison, 1986, written communication). Soil moisture may be lost 

to evaporation, to plant transpiration, or to downward movement toward 

or into the saturated zone. Below the soil, water movement is presumed 

to move fairly rapidly through the clean sands and gravels during 

recharge events to recharge the saturated ground-water body. There 

have been no studies reported on unsaturated flow in atoll islands, but 

the unsaturated zone in atoll islands typically is only a few meters 

thick and is not thought to be a complicating factor in ground-water 

recharge. 

A feature common to atoll islands is a central depression. On the 

islands where they are well developed and lie near the phreatic surface 

this feature may produce a profound effect on the hydrodynamics of the 

ground-water system. A swamp may form which allows direct evaporation 
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from the ground-water lens. During dry seasons excessive evaporation 

may actually drive ground-water flow (Ayers and Vacher, 1986). 

Holocene Aquifer 

The second element of an atoll island's geologic framework is the 

upper or Holocene aquifer comprised of the dominantly unconsolidated 

Holocene sediments. These sediments are generally from 10 to 25 meters 

thick and contain practically the entire fresh ground-water body. The 

sediments are characterized by heterogeneous layers of back-reef sand 

and gravel deposited in sheets or layers. An individual layer may be 

of uniform grain size or mixed grain sizes and may exhibit homogeneity 

within the layer. Due to the widely fluctuating character of each 

individual layer, however, the layers collectively may be 

heterogeneous. Such overall heterogeneity makes it difficult to 

accurately characterize the aquifer parameters that are most critical 

for modeling purposes, namely porosity and permeability. Reported 

field and laboratory measurements of hydraulic conductivity, as well as 

of porosity, from available atoll studies are shown in table 2. The 

numerous discontinuous horizontal layers may also effectively create an 

anisotropic permeability field when the system is considered as a 

whole. Field observations show widely ranging grain sizes, and 

laboratory measurements produce widely ranging hydraulic conductivity 

values. In cases where some horizons of low permeability are layered 

with higher permeability horizons, the effective vertical hydraulic 

conductivity, Kz, may be of the order of the low permeability whereas 

the effective horizontal hydraulic conductivity, Kx, will be on the 

order of the high permeability. 

Total porosity of Holocene _ sediments may be quite high. Enos and 

others (1979) reported total porosity measurements from Holocene core 

samples taken from Deke Island, Pingelap Atoll, to range from 0.40 to 
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0.71. These measurements included the microscopic pores, such as 

microscopic holes in invertebrate skeletons, that are not involved in 

the transmission of fluids. These intragranular pores may constitute 

as much as one-third of the total porosity. In addition to microscopic 

pores there are macroscopic pores, such as may be found in buried coral 

heads or whole shelled invertebrate skeletons, that may not be involved 

in active transmission of groundwater. These microscopic and 

macroscopic spaces that are not actively involved in groundwater flow 

will be referred to collectively as dead-end pores. Dead-end pores may 

be important in the dispersive process as discussed later. The 

porosity that refers to the amount of interconnected pore space 

available for transmission of fluid in the saturated aquifer is 

effective porosity, €. Thus, effective porosity does not include 

either microscopic or macroscopic dead-end spaces and, therefore is 

less than the value for total porosity. Typical reported effective 

porosity values from atoll studies range between 0.20 and 0.30 (table 

2). A distinction needs to be made between effective porosity and 

specific yield, Sy, which is the volume of water that an unconfined 

aquifer releases from storage per unit surface area of aquifer per unit 

decline in the water table. In the unconfined aquifer such as found in 

atoll ground-water systems, the specific yield is less than porosity by 

the amount of specific retention, Sr, which is the amount of fluid 

retained in the unconfined aquifer after drainage. For an aquifer 

composed of the sands, silts and gravels common to atoll islands, 

specific yield is around two-thirds of the value of total porosity and 

is less than that of effective porosity. 

There are two general trends observed in the Holocene sediments 

which may affect the size and shape of the fresh ground-water lens: 

general fining of sediments lagoonward, and general thickening of 

Holocene sediments lagoonward. With a general trend of sediments 

fining toward the lagoon side of islands one might expect corresponding 
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diminished values for hydraulic conductivity in the lagoonward 

direction. Although reported values generally are not available, 

support for this fining trend may be seen in the general shape of the 

fresh ground-water lens, which is commonly asymmetrically bulged toward 

the lagoonward side, and as measured in core samples (eg, Hunt and 

Peterson, 1980; Ayer and Vacher, 1986; Anthony, 1987). The finer 

sediments restrict the flow and mixing of freshwater and saltwater. 

The thickening of the Holocene sediments results from build-up of 

sediments on top of the gentle lagoonward slope of the Pleistocene 

unconformity surface. The fining of these sediments is due to a 

diminished energy of deposition, the result of increased distance from 

the reef face. 

Pleistocene Aquifer 

Beneath the unconsolidated Holocene sediments or aquifer lies the 

fully saturated Pleistocene aquifer constituting the third element of 

the geologic framework. Total thickness of the Pleistocene sediments 

is at least 75 meters in Enewetak (Goter, 1979) and probably of similar 

thickness in other atolls. Goter (1979) describes 5 Pleistocene 

sedimentary units from cores taken from Enewetak as averaging 12.5 

meters in thickness and exhibiting similar sedimentologic and 

diagenetic properties. Although the Pleistocene sediments were derived 

from essentially the same geologic processes as the Holocene sediments, 

their post-depositional or diagenetic histories have led to somewhat 

different aquifer properties. The Pleistocene aquifer is characterized 

by weak lithification and partial dissolution which give it greater 

overall porosities and permeabilities than the virtually unaltered 

Holocene sediments (Goter, 1979). Estimates for hydraulic conductivity 

values of the Pleistocene range from one to two orders of magnitude 

greater than the Holocene (Hunt and Peterson, 1980; Buddemeier, 1981); 
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however, actual measurements have not been made. Numerical simulations 

of atoll island ground-water systems suggest this difference is closer 

to two orders of magnitude (Herman and Wheatcraft, 1984; Hogan, 1988). 

In reality, the primary framework of the Pleistocene is probably very 

similar to the Holocene, the main difference being that the Pleistocene 

has undergone diagenetic alterations and meteoric dissolution giving it 

partial lithification and higher overall permeabilities. It is 

speculated by the author, however, that primary sedimentary features 

which formed in the Pleistocene and include caverns and holes that 

developed in the original reef structure, may contribute to the greater 

effective permeability of the Pleistocene. 

The permeability contrasts between the Holocene and Pleistocene 

sediments favor the conceptualization of the ground-water system as a 

dual-aquifer system with a lower more permeable Pleistocene aquifer 

overlain by a less permeable Holocene aquifer (Buddemeier and Holladay, 

1977). Such permeability contrasts have a profound effect on the shape 

of the freshwater lens and no doubt lead to the tidally-induced ground

water responses found in many atoll systems. Anthony (1987) observed a 

flattening or truncation of the bottom of the lens near the Pleistocene 

unconformity. In a Dupuit-Ghyben-Herzberg analysis applied to infinite 

strip islands with an upper low perm~ability aquifer underlain by a 

more permeable base, Vacher (1988) showed that permeability contrasts 

of less than one order of magnitude produced a compression of the 

"root" of the freshwater lens, such as shown in figure 6. 

In general, since the freshwater portion of the lens is very thin, 

it is the upper few tens of meters that are of interest to most 

hydrogeologic studies of atolls. In actuality, the ground-water system 

encompasses the total saturated thickness of the atoll sediments. With 

a paucity of data, especially below the surface layers, it is necessary 

to make assumptions about the deeper layers beneath atolls. The common 
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assumption made is that everything below the Holocene embodies features 

similar to those observed in the Pleistocene. 

Within the aquifers there may be large-scale subsurface preferred 

pathways of flow. This includes such features as channels of greater 

effective permeability that resulted from: 1) channel erosion and in

filling of more permeable sediments, 2) cavities that developed in the 

reef as it grew, and 3) buried reef structures such as pinnacle reefs. 

These may serve as hydrologic connections between coastal sea water and 

the ground-water system. There is relatively little known about such 

subsurface features, however, these may explain certain irregularities 

found in lens shape anq ground-water fluctuations observed in 

piezometers such as found in Laura at Majuro (Anthony, 1987) and Kalap 

Island, Mwokilloa Atoll (Anthony, 1988, personal communications). 

Hard Layers 

The fourth geologic element is the hard layers found within the 

Holocene sediments. These indurated layers include the beachrock and 

reef flat facies and the subsurface diagenetically lithified layers. 

Beachrock and reef flat facies most generally have reduced effective 

porosity and are nearly impermeable, whereas diagenetically cemented 

layers do not always have significantly reduced permeability. It is 

inferred that these low-permeability layers influence the shape of the 

lens and the flow dynamics in the ground-water system beneath an atoll 

island, especially near the edges of the islands. 

Beachrock generally outcrops along lagoonal shores; its presence 

depends upon a hydrochemical environment which cements lagoonal sands 

into an indurated limestone. · Beachrock facies form within the ground

water seepage zone along the ground water-lagoonal shore interface. 

Beachrock can form a hydrologic cap that impedes the flow and mixture 

of the fresh and saline groundwaters and thus increase the storage of 
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freshwater beneath the island. In the case of Eneu Island, Bikini 

Atoll, which has an average annual rainfall of only 1200 mm, beachrock 

found along the entire lagoonal shore may contribute significantly to 

the presence of its well-developed fresh ground-water lens. The 

presence of beachrock, depending on its continuity and areal extent, 

may also contribute to lens shape asymmetry. 

Reef flat facies occur slightly below mean sea level on the ocean 

sides of islands. Where the reef flat facies protrudes into the island 

interior, a perched fresh water table may develop on top of the 

impermeable surface, such as is reported at Deke Island, Pingelap Atoll 

(Ayers and Vacher, 1986). Ayers and Vacher (1986) contend that the 

extensive reef plate contributes to the thicker fresh ground-water lens 

on the lagoonward side since the buried reef flat intercepts the 

recharge water. The reef flat may also serve as a caprock impeding 

flow and mixture of freshwater and saltwater below it. 

Subsurface hard layers within the Holocene sediments can result 

from the burial of beachrock or reef-flat facies or the diagenetic 

lithification of certain horizons. Whe~ these layers are impermeable, 

they may affect the character of the freshwater lens. For example, a 

hard layer beneath Kwajalein Island of Kwajalein Atoll appears to 

separate waters of contrasting salt content, as detected by an abrupt 

increase in salinity where the hard layer was penetrated (Hunt and 

Peterson, 1980). 

Dynamic Ground Water System 

The dynamic ground-water system is the second major component of 

the hydrogeologic system of an atoll. Ground-water behavior depends on 

two major processes: 1) flow of variable-density water in the 

subsurface, and 2) mixing of fresh and saline water in the transition 

zone. The principal hydraulic controls on the ground water are the 
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variable recharge over the island surface and variable tidal conditions 

at the discharge areas. Both the recharge and discharge conditions are 

subject to long-term averages and short-term fluctuations. The detail 

of ground-water flow and transition zone mixing will be discussed in 

this section. 

Ground-Water Flow 

The sole source of freshwater to the ground-water system of an 

atoll is rainfall infiltration through island surfaces. Recharge of 

freshwater into the saturated aquifer occurs when rainfall saturates 

the overlying soil and unsaturated sediments beyond field capacity. 

The addition of freshwater to the lens induces an adjustment of the 

upper and lower boundaries of the lens. If hydrostatic equilibrium 

conditions exist, the bottom of the fresh ground-water lens would drop 

around 40 times the amount that the piezometric head level rises, as 

predicted by the Ghyben-Herzberg principle. Although the lens is not 

subject to a strict Ghyben-Herzberg principle, there are nonetheless 

hydrostatic adjustments to external changes to the system, such as from 

rainfall events, tidal changes, and atmospheric changes. The influx of 

recharge water induces adjustment toward a new equilibrium position of 

both top and bottom boundaries of the lens. In the case of high 

recharge from a heavy rainstorm, it has been observed that water levels 

rise and the lens salinity levels at the top of the lens drop (Hunt and 

Peterson, 1980). 

The driving force for ground-water flow is hydraulic head, defined 

as the energy per unit weight of water. Head gradients, or changes in 

hydraulic head over a given length of aquifer determines the flow of 

groundwater as demonstrated in Darcy's law: 

g - -~ • .Yh 
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where: 

g [L/T] 

~ [L/T] 

.Yh [L/L] 

Darcy velocity 

hydraulic conductivity matrix 

head gradient. 

Head values on remote atolls are difficult to measure accurately, 

because benchmark elevations are seldom present and the piezometric 

surface is constantly fluctuating in response to sea level changes. 

Published values for head usually represent a value based on an average 

head measured from observed peaks of the piezometric surface over a 

complete tidal cycle and range on the order of a few centimeters . 

For a ground-water system having variable-density fluid, flow can 

be described by a generalized form of Darcy's law: 

where: k 

lgl 

p 

µ 

p 

g 

g = -!seJgJ • C~p-pg) 
µ 

(9) 

[L2] - intrinsic aquifer permeability matrix 

[L/T2] magnitude of gravitational-acceleration 

vector 

[M/L3
] fluid density 

[M/LT] dynamic viscosity 

[M/LT2]- pressure 

[L/T2] = gravitational-acceleration vector. 

The gravity vector is colinear with the direction in which vertical 

elevation is measured: 

g = -lgl ~(elevation) (10) 

The actual long-term flow paths, as depicted in cross section by 

figure 2, are away from the island's center and may be described by 

Darcy's law . This flow field may ·be driven, in part, by long-term 
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higher water level elevation over the windward reef flat than in the 

lagoon, as measured by Buddemeier (1987, personal communication) at 

Enewetak Atoll. Net ground-water flow may also be driven by lagoonal 

ponding from lagoonal phase lag. In these cases, tide-water outflow 

from the lagoon is restricted by high reef passes, thus causing net 

water-level differences between the lagoon and open ocean. Because of 

logistical problems associated with hydrologic data collection on atoll 

islands and reefs, the details of long-term flow remain speculative. 

The oceanic and lagoonal surfaces surrounding atoll islands are 

continually fluctuating, primarily due to high-frequency diurnal and 

semidiurnal astronomical tides and less prominently due to low

frequency atmospheric-pressure changes, to changes in wind direction, 

and to temperature and salinity changes in the ocean column (Vacher, 

1978 b). The study of ground-water responses to ocean tidal 

fluctuations has been valuable for understanding the ground-water 

system of small oceanic islands. Whereas ocean tides may fluctuate an 

average of 1 meter with peak (spring) tides of around 2 meters at the 

island's shore, an attenuated tidal signal is observed in wells and 

piezometers inland from shore (figure 7). The ratio of well-level 

fluctuation to tidal fluctuation, known as tidal efficiency, has been 

characterized in many hydrogeologic studies of atolls (table 3). Tidal 

efficiencies inland from shorelines are typically very low at the 

phreatic surface of atoll islands, ranging from 0.05 to 0.18 of full 

oceanic tidal range at island centers. With increasing depth from the 

piezometric surface, however, tidal efficiencies most generally show 

increases. In several studies, marked increases in tidal efficiency 

values were observed at depths between 10 and 20 meters that likely 

correspond to the horizon of Pleistocene unconformity (Hunt and 

Peterson, 1980; Anthony, 1987). Below the unconformity, tidal 

efficiencies often exceed 0.5 and may approach 1.0, or the full tidal 

range observed at the shore (eg, Wheatcraft and Buddemeier, 1981, 
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TABLE 3 
Atoll Island Tidal Responses From Beneath Island Centers 

. 
ATOLL, ISLAND AUTHOR AVERAGE WATER TABLE RESPONSE: RESPONSE FROM 8 m BELOW WATER TABLE: RESPONSE FROM >15 m 

OF WIDTH TIDAL EFFICIENCY TIDAL LAG TIDAL EFFICIENCY TIDAL LAG BELOW WATER TABLE: 
REPORT (m) (hrs) (hrs) TIDAL EFFICIENCY 

Enewetalc,Enjebi Buddemeier 900 0.09 + 0.04 2.96 + 0.29 0.28 + 0.04 1.24 + 0.30 0.41 + 0.06 
Enewetalc & Holladay, 500 0.12 + 0.07 3.28 + 0.36 
Japtan 19n, 200 0.05 + 0.01 4.28 + 0. 10 
Aomon Buddemeier, 500 0.11 + 0.06 1.69 + 0.34 

1981 

Bilcini,Bilcini Underwood, 950 0.06 + 0.05 4.44 + 0.63 0.07 + 0.04 4.02 + 0.75 
Eneu ~lished 600 o. 10 + 0.05 3.23 + 0.44 0.25 + 0.05 2.00 + 0.50 0.35 + 0.05 

p. 
CX> 

Majuro, Laura Anthony, 1988 1000 0.15 + 0.05 2.30 + 0.25 0.35 + o. 10 0.80 + 0.20 0.80 + 0.20 

Pingelap,Delce Ayers&Vacher, 400 0. 15 + 0.05 3.00 + 1.00 
1986 

Kwajalein,Kwaj. Hunt&Peterson, 650 0.18 + 0.08 1.63 + 0.70 0.37 + 0.07 0.67 + 0.20 
1980 

Christmas, Falkland, 1200 0.06 + 0.03 2.33 + 0.04 
Banana Village 1983 



Anthony, 1987). Table 3 is a list of tidal lags and efficiencies at 

island centers reported from available studies and data. A theoretical 

relationship between tidal efficiency at the phreatic surface of island 

centers and other locations across the island may be determined by 

simulation. Figure 8 demonstrates the tidal efficiency profile for 3 

horizons (sea level, -7.5 m, and -15.0 m) beneath an atoll island. 

This profile was obtained by modeling the fluctuating tidal boundary 

condition with a 500-meter wide atoll island and using steady recharge 

rates. The profile characterized by each line is analogous to what 

might be seen if a series of piezometers were placed at these depths 

and the fluctuations in the piezometric levels were compared to ocean 

tidal levels. As can be seen, .tidal efficiencies beneath the island 

are nearly the same in magnitude across the island's width except near 

the island edge. This also demonstrates that the tidal signal 

propagates from below. Near the island edges, however, tidal responses 

are influenced both from below and from the shore. 

The relative time of arrival of the peak tidal signal, referred to 

as phase lag, is also a measure of tidal efficiency. The peak signal 

detected in wells and piezometers lags behind the signal occurring at 

the ocean surface. Characteristically the lag time of the peak tidal 

signal also decreases with increased piezometer depth. Lag times from 

1.5 hours to more than 4 hours have been observed at the phreatic 

surface at island centers, whereas lag times at depth beneath interiors 

of islands may be less than 30 minutes. Observations made at Enewetak 

(Wheatcraft and Buddemeier, 1981) and Kwajalein (Hunt and Peterson, 

1980) showed a random correlation between lag time and distance of 

piezometer from shore. On Tarawa (Lloyd, et al, 1980) and Eneu Island, 

Bikini Atoll (Underwood, 1986, unpublished data), a positive 

correlation was observed between lag time and distance from the oceanic 

reef face. This suggests that the source of the tidal pulse may be 

from the ocean-reef side. 
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The tidal pulse is a transmission of pressure from the ocean 

through the aquifer. The fluctuations that are observed in piezometers 

reflect the fluid pressure potential at that piezometric point. The 

water level fluctuations observed in piezometers should not be confused 

with the actual groundwater movements. For example, the surface waters 

in a shallow well may move 10 cm or so while an adjacent piezometer 

open at the Pleistocene unconformity interval may rise and fall more 

than a meter. The whole lens moves up and down only on the order of 10 

cm, i.e. the same as that of the phreatic surface. 

Two factors contribute to the differences observed between the 

phreatic surface movement and the pressure potential movements deep 

within the aquifer: 1) integrated friction losses due to actual fluid 

movement through the aquifer, which is a function of the fluid's 

resistance to flow through the aquifer and described by the aquifer 

transmissivity (T); 2) losses of energy through the entire aquifer 

thickness (b) due to the elastic compression of both the aquifer and 

the groundwater (S
0

) and storage due to water table yield (Sy), as 

decribed by the storage coefficient of the aquifer (S) . 

In the dual aquifer system, the tidal pulse is horizontally 

transmitted through the high-permeability Pleistocene aquifer, then 

vertically transmitted upward through the Holocene. The horizontal 

movement of the pulse in the Holocene aquifer is not significant beyond 

the island's edge as exhibited in the graph of figure 8. Thus, the 

energy losses from the horizontal Pleistocene movement can be described 

separately from the vertical flow in the Holocene. Todd (1959) gives 

an equation for the inland movement of the amplitude of the tidal 

signal in a confined aquifer as a function of both the transmissivity 

and the storage coefficient: 

h
0 

exp (-x sqrt(ITS/t
0
T)) (11) 
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where: x [L] distance from shore 

hx [L] amplitude of the tidal signal at x 

ho [L] amplitude of the tidal signal at shore 

to [T] tidal period 

s [l] storage coefficient (S - S
0

b + Sy) 

T [L2 /T] - aquifer transmissivity (T K b). 

Although this equation applies to one-dimensional horizontal flow in a 

confined aquifer, it may conceptually be applied to an unconfined 

aquifer when tidal signals propagate horizontally. Due to the 

complexity of the tidal forces acting in an unconfined system and the 

fact that they act from vertieal as well as horizontal directions, 

however, application of this analytical equation is limited in the case 

of atoll islands. 

The short-term fluctuations in the ground-water system of an atoll 

island may also reflect local variations in the geology. For example, 

piezometers in proximity to high-permeability layers, channels, or 

buried pinnacle reef structures may respond anomalously compared to 

those not in proximity to such structures . In some cases, elevated 

salinity levels may also reflect more direct connection with more 

saline water. 

Transition Zone Mixing 

The second major hydrodynamic process to consider is the mixing of 

freshwater and saltwater. Two salinity profiles are shown in figure 9. 

The Laura profile , which is analogous to an error-function curve, shows 

an upper potable water zone with low salinity gradients, a middle zone 

of high salinity gradients corresponding to the upper transition zone, 

and a lower zone of low salinity gradients where salinities approach 

seawater concentrations. Kalap Island salinity gradients are analogous 
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to those found beneath Laura down to around 50% seawater, however, 

below this level, concentration changes with depth are more gradual. 

Mixing of freshwater and saltwater occurs in a transition zone from two 

mechanisms: 1) hydrodynamic dispersion and 2) dead-end storage. 

Hydrodynamic Dispersion 

Hydrodynamic dispersion is the macroscopic outcome of the movement 

of individual particles of solute through pores and various physical 

and chemical phenomena taking place along the pathway of flow (Bear, 

1972). The mixing involves two transport processes: 1) molecular 

diffusion and 2) advective dispersion. These processes were introduced 

in the first chapter, thus, the focus in this section will be on the 

processes of dispersion in atoll island ground-water systems. 

Molecular Diffusion 

Molecular diffusion is driven by concentration gradients with 

solute migration occurring from areas of higher concentration to areas 

of lower solute concentration as described by Fick's first law 

(equation 4). Only under hydrostatic conditions for exceedingly long 

periods of time would molecular diffusion contribute significantly to 

the mixing of freshwater and saltwater beneath an atoll island. Since 

most atolls are subject to considerable tidal fluctuations and contain 

materials of high permeability (indicative of high flow velocities), 

the process of molecular diffusion is overwhelmed by advective 

dispersion, and it is not considered significant. 
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Advective Dispersion 

Advective dispersion refers to the spread of solute from regions 

of higher concentration to those of lower concentration from fluid 

motion due to inhomogeneities in the velocity field of flow. In the 

atoll island ground-water system, there are two components of natural 

flow: 1) long-term average driven by recharge, and 2) short-term 

fluctuations driven by tides. Each process of flow has its respective 

mechanism for dispersion. The long-term flow, driven by rainfall 

recharge and restrained by horizontal permeabilities, moves downward 

from the island surface and outward from the island center toward the 

discharge zones at the island edges. Long-term average flow is, 

therefore, generally parallel to the relative salinity isochlors. In 

the absence of tidal fluctuations, such as may be found inland of large 

island or coastal environments, the primary mechanism for freshwater

saltwater mixing is transverse dispersion, i.e. mixing transverse to 

the direction of flow. In this case, the freshwater and saltwater 

water mix due to velocity variations along the long-term flow paths, 

such as described previously. In the case of small islands such as 

atoll islands, heads are generally low at the water-table surface, 

hence, the long-term velocities are low. In addition, vertical 

velocities are high as a result of tidal fluctuations, therefore, 

transverse mixing along long-term flow paths is overshadowed by short

term tidal mixing processes. 

The dispersive mixing driven by short-term tidal fluctuations 

probably account for most of the mixing and determines most of the 

transition zone thickness. This process is primarily the result of 

vertical longitudinal mixing such as described by Wentworth's (1948) 

mixing cell model where more saline water moves into less saline 

horizons during rising tides, and less saline water moves into more 

saline horizons during falling tides. Using a one-dimensional sand 
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column with a fluctuating velocity field, Bear (1961) showed that 

transition zone spreading is directly proportional to the total 

distance travelled by the 50% relative tracer concentration. Even 

though actual tidal fluctuations in the lens are small (on the order of 

a few centimeters), given enough time, the total accumulated flow 

distance of the ground water is great enough to produce a large 

transition zone thickness. The transition zone is prevented from 

spreading to the water-table surface by the influx of recharge water. 

The lower boundary of the transition zone is kept from spreading 

indefinitely downward by the buoyant forces acting on less dense waters 

of the transition zone that cause long-term flow upward and outward 

toward the discharge areas as described by Cooper's (1959) cyclic flow 

mechanism. 

Recharge events and well-water withdrawal from the lens may 

provide other mechanisms for dispersive mixing. Sudden inflows of 

recharge provides an event which causes greater than normal mixing. 

The build-up of freshwater in the lens from rainfall recharge causes 

adjustments in the flow regime of the lens. These adjustments occur 

primarily along discharge boundaries, and there may be a lag-time of 

hours to days for this to occur. Pumping of the aquifer creates 

hydraulic-head gradients which cause the more dense seawater to flow 

upward or upcone. The phenomenon of upconing is a familiar problem in 

all coastal aquifers. Cyclic pumping schedules act as do tides by 

causing up-and-down movement of the transition zone. Proper 

development and management of the aquifer system, therefore, is crucial 

in sustaining the fresh ground-water lens and preventing upconing. 

Dead-End Storage 

Dead-end storage refers to the pore spaces that are not active in 

the transmission of fluids, yet which may provide a mechanism for the 
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mixing of solute. When solute passes into these pores, it is trapped 

and may be released at some later time. The release occurs when solute 

in the surrounding fluid has lower concentration than in the dead-end 

pore hence providing a mechanism of mixing. The dead-end storage 

mechanism is most pertinent in aquifers having distributed regions of 

low-permeability material. In an atoll aquifer composed primarily of 

sands and gravels which have relatively large pores, this mechanism is 

likely not as dominant in the mixing process as non-uniform velocity 

dispersion from tidal fluctuations. 

Summary: Conceptual Model 

The conceptual hydrogeologic model is that of a dual-aquifer 

system having a Holocene aquifer of moderate permeability composed of 

unconsolidated layers of sands, gravels, and silts overlying a 

Pleistocene aquifer composed of sediments that have undergone 

diagenetic changes yielding higher effective permeabilities. The 

abundance of rainfall and the island surface features largely control 

the amount of recharge to the lens. Near-surface Holocene hard layers, 

if present, may contribute to the size and shape of the lens. 

The dynamic ground water system of an atoll island accounts for 

the flow of variable density water and the mixing of freshwater and 

saltwater. The hydraulic response is driven by variable recharge and 

fluctuating tidal conditions at the discharge boundary. The recharge 

and discharge boundaries are subject to long-term averages as well as 

short-term fluctuations. Average water levels and storage in the lens 

are controlled by long-term average recharge, permeabilities, and bulk 

porosity. Recharge is the source of freshwater that drives long-term 

ground-water flow, permeabilities restrict the flow of freshwater and 

retards the freshwater-saltwater mixing, and bulk porosity determines 

the amount of stored water in the aquifer. Transition zone mixing is 
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controlled mainly by short-term tidal fluctuations that are driven by 

tidal pulses transmitted horizontally through the Pleistocene aquifer 

and vertically through the Holocene aquifer. Short-term tidal 

fluctuations are the primary natural causes of the transition-zone 

thickness. Without tidal fluctuations, the transition zone would be 

thin. Other short-term fluctuations that may influence transition zone 

mixing consist of climatic events, such as recharge, storms, or 

droughts. Transverse mixing along long-term flow paths is not an 

important mechanism for transition zone mixing in atoll islands. 
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V. HYDROLOGIC BUDGET 

Hydrologic Budget 

A hydrologic budget provides a way to look at the additions and 

subtractions to the fresh ground-water system. A simple hydrologic 

budget equation may be written: 

Precipitation - Recharge+ Surface losses. 

Precipitation on tropical Pacific atoll islands tends to exhibit 

bimodal seasonal variations, consisting of a wet season with relatively 

high rainfall and a dry season with relatively low rainfall . Because 

of their low elevation, atoll islands receive no orographic rainfall. 

Rainfall comes from isolated storm clouds and from cyclonic rains 

associated with large tropical storm systems. Isolated storm clouds 

produce rainfall events which typically are short in duration yet may 

be very . intense. Cyclonic pressure systems characteristically bring 

long duration rainfall events which can lead to significant amounts of 

rainfall recharge. Most atolls receive adequate rainfall to support 

thick vegetative growths on their larger islands. Annual precipitation 

ranges from 840 mm at Christmas Islands (Falkland, 1983) to more than 

3500 mm at Majuro Atoll (figure 10) . Due to logistical problems 

stemming primarily from their remoteness, rainfall records are often 

lacking from atolls. 

The processes which contribute to surface losses from an atoll 

island ground-water system include: evapotranspiration, rainfall 

interception , and rainfall catchment. Because of high surface 

permeabilities, there is generally little or no runoff on atolls. 

Evapotranspiration (ET) refers to the processes by which rainfall 

is lost from soil moisture, which includes direct evaporation losses 

from either standing surface water or losses by plant transpiration . 

The ultimate source of energy driving these processes is radiant solar 
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energy. Estimation of ET is usually done by one of two methods. The 

first method requires measurement of evaporation from an open pan to 

get potential evapotranspiration (PET) and computation of a "crop 

factor" (C) which describes the effects of the vegetative cover and 

soil type: 

ET - C * PET (12) 

The two main ground covers on populated atoll islands are taro and 

mixed coconut and grasses. Crop factors for these two ground covers 

are around 1.0 and 0.65 respectively (Nullet, 1984). 

_The second method which may be used for determining ET 

incorporates one of several empirical formulas based on the amount of 

available radiant solar energy. Hunt and Peterson (1980) used a method 

based on solar insolation estimates of monthly ET. Penman's formula 

(1956) may also be used to compute PET by incorporating the basic 

variables that affect PET for a given region, namely: solar radiation, 

wind velocity, humidity, and temperature. Nullet (1984) used the 

Priestley-Taylor equation which includes temperature, humidity, and 

cloudiness data to get PET values for many Pacific islands. 

ET rates for tropical regions are typically quite high. Hunt and 

Peterson (1980) estimated actual ET for Kwajalein during the 1978-79 

period to be 48% of precipitation, or around 1250 mm for the year. 

Using Penman's method, Lloyd, et al (1980) found ET rates for Tarawa to 

be nearly 150 mm/month (1800 irun/yr). Falkland (1983) plotted PET 

estimates versus rainfall on the Christmas Islands to get the following 

mathematical relationships: 

ET = 125 mm / mon for P > 300 mm (13a) 

ET - 125 + (300 - P)2 / 1385 for P < 300 mm (13b) 

monthly PET - 190 when P - 0.0 (13c) 
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This gave a mean annual PET of 1800 mm/yr, more than double the 

precipitation (P-843mm/yr), and has strong implications for recharge 

processes . Since there are fresh ground-water lenses in the Christmas 

Islands, recharge is inferred to occur during high-intensity and/or 

long duration rainfall events. 

Some atoll islands have central depressions which lie at or below 

the phreatic surface. ET losses from these regions may be exceedingly 

high. Ayers and Vacher (1986) speculate that ET losses from central 

depressions with near-surface water tables may be a dominating driving 

force for ground-water flow during dry seasons. Robison (1986, written 

communications) measured ET on Bikini Island to be 6-7 mm/da (2190-2555 

mm/yr) during wet seasons and only 2-3 mm/da (730-1095 mm/yr) during 

dry seasons, the difference between the two seasons reflecting the 

availability of soil moisture for plant transpiration. 

The second category of surficial losses from the hydrologic budget 

is in the form of intercepted rainfall. Since most atoll islands are 

covered by lush vegetative growth, light rainfall and rainfall of short 

duration may be intercepted by plant surfaces before striking the 

ground. This moisture is then lost to evaporation. Estimates for 

intercepted rainfall in tropical climates range up to 0.15 of total 

rainfall (Penman, 1963). In most studies this may be included as ET. 

Rainfall catchment represents the final category of surficial 

losses to the water budget. Rainfall catchment is the intercepted 

rainfall off of roofs of buildings and/or paved surfaces which then go 

into artificial catchment reservoirs . The catchment area from roofs of 

buildings is small compared to the size of the island and may be 

considered inconsequential to the overall water budget. Catchment, 

however, often provides enough water for direct consumption by atoll 

islanders. Rainfall catchment on airstrips and other impervious 

surfaces may significantly reduce the amount of rainfall recharge to 

the aquifer. On Kwajalein, for example, approximately 111,500 m2 of 
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airstrip serves as catchment for the island's water supply. This 

represents approximately 9.0% of the entire watershed area of the 

island. Besides catchment, impervious surfaces may also serve to 

deflect and concentrate recharge. 

Effective recharge into the ground-water system, therefore, is 

that portion of rainfall which infiltrates the soil surface and 

percolates through the unsaturated zone into the saturated aquifer. 

The field capacity measured on Bikini Atoll was from 22% to 28% and the 

wilting point was around 9% (Robison, 1986, written communications). 

Hunt and Peterson (1980) estimated recharge to the fresh ground

water lens on Kwajalein to be 41% of annual precipitation for 1978-79 

based on monthly water budgets, and 47.5% based on various daily 

budgets. Anthony (1987), from research on the Laura area of Majuro 

Atoll, estimated recharge to be 53% of annual precipitation. On drier 

atolls where annual PET may exceed precipitation, recharge may occur 

during only a few of the larger rainfall events during the year. On 

Eneu Island of Bikini Atoll, an area receiving around 1200 mm annual 

rainfall, it is estimated that recharge occurred only during several 

storm events over nearly a 2 year period between 1984 and 1986 (Clegg, 

1986, personal communications). A sizable freshwater lens is found on 

Eneu, however, because a large impervious airstrip apron collects and 

concentrates recharge. 

Vacher and Ayers (1980) looked at the ratio of Cl- concentration 

in rainwater (Cp) and concentration at the top of the lens (Cwt) to 

estimate recharge to the island. They computed recharge (R) to be: 

R (Cp / Cwt) * P (14) 

where P is precipitation. 
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Lens Storage and Safe Yield 

Recharge into the ground-water system causes an increase in the 

amount of fresh groundwater stored in the lens. With a sudden influx 

of freshwater following a recharge event, the water levels at the 

phreatic surface may initially increase. With passing of time, the 

lens adjusts to a new balance with the bottom of the lens responding 

more than the top of the lens in accordance to the Ghyben-Herzberg 

principle. In general, lens storage is higher in rainy seasons and 

lower in dry seasons. Table 4 lists lens storage and water balance 

characteristics for reported studies on atolls. 

The ultimate aim of determining a hydrologic budget is to find the 

amount of fresh groundwater which may be safely extracted from the 

lens. The amount of water which may be extracted without deleterious 

effect to the lens is referred to as the "safe yield", or sometimes as 

"sustainable yield". The safe yield can be computed by looking at the 

recharge budget which includes recharge (R), subsurface losses (Lsub), 

extractions (Q), and change in lens storage (~storage) and can be 

written mathematically: 

R Lsub + Q + ~storage (15) 

where Q may also represent the safe yield. Subsurface losses include: 

mixing due to tidal and other sea level fluctuations, seepage from the 

fresh ground-water lens, and mixing due to recharge events. Of these 

subsurface losses to recharge, losses due to tidal fluctuations 

probably far exceed losses due to the other processes. Hunt and 

Peterson (1980) estimate losses due to tidal fluctuations to be around 

85% of the total recharge waters. These losses, of course, refer to 

the dispersive mixing of freshwater and saltwater considered in detail 

in the simulation analyses carried out for this work. 
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TABLE 4 
Atoll Island Water Budget Characteristics From Reported Studies 

ISLAND, AUTHORS LAND AREA OF ISLAND RATIO OF AREA VOLUME OF WATER RAINFALL - PE R YEARS OF 
ATOLL OF SIZE UNDERLAIN BY OF FRESHWATER LENS IN LENS (Ill/yr) (Ill/yr) Cm/yr) RAINFALL 

REPORT (Km2) POTABLE LENS TO LAND AREA (1000m3) DATA 
~km22 

Wheatcraft & 

Enjebi, Buddemeier, 1.11 ... . .. . .. 1.470 . .. 0.50 II 

Enewetak 1981 
Lloyd & 

Buota, Others, 0.475 0.40 0.85 ... 3.083 1.798 1.302 28 
Tarawa 1980 (via resistivit~2 

Lloyd & 

Tarawa, Others, ... . .. . .. . .. 1.996 1.520 . .. 36 
Tarawa 1980 

(j\ laura, Anthony, 1.80 1.40 0.78 120 . 210 3.560 ... 1.780 55 
\J1 

Ma juro 1988 of total area 

Christmas, Falkland, 0.9 (Decca> 0.2 0.22 1200 . 1900 
Kiritimati 1983 4.5 (Banana) 0.9 0.20 13300 • 15100 0.840 1.800 0.120 32 

6.0 ~N.Zeal . 2 1.7 0.28 10300 . 15900 
Hunt & 

Kwajalein, Peterson, 1.30 0.845 0.65 905 • 1120- 2.610 1.350 1.170 
Kwajalein 1980 (-.45 P) (7 /78 • 6[l9> 

Eneu, Peterson, 1.25 0.375 0.30 60·n 1.280 2.350 Event llOde 3 
Bikini 1988 ( 184 • 187) 

Home Is, Jacobson; ... . .. . .. . .. 2.000 1.500 0.50 1 
Cocos 1976 1973 



Hunt and Peterson (1980) performed an extensive water budget 

analysis on Kwajalein to derive some general relationships between 

rainfall, recharge, and safe yields. During periods of high rainfall, 

estimated recharge may exceed 60% of rainfall and possibly 80% of 

rainfall during high intensity rainfall events over a several day span. 

Also during rainy periods, recharge exceeds losses to the fresh ground

water system thereby increasing storage within the lens. When lens 

storage is high, mixing and seepage losses are also high. During dry 

periods, losses to the fresh ground-water lens may exceed recharge by 

800-1200%, thus decreasing the volume in lens storage. 

Residence Times 

Groundwater residence times in an atoll can be determined by 

several different methods. One way is to calculate the average linear 

velocity or pore velocity (y) from Darcy's law and effective porosity 

( f) : 

(16) 

If it is assumed that conditions of uniform gradient, uniform porosity, 

and steady flow exist, a minimum residence time can be determined for 

groundwater at any distance from the shore by using the pore velocity 

and the distance of that point from the shore. 

Another method of determining freshwater residence time is based 

on lens inventory and recharge (Buddemeier, 1981). Applying the 

Ghyben-Herzberg principle, an estimate can be made for freshwater 

inventory: 

w (40 + H) e (17) 
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where 40 is the Ghyben-Herzberg ratio, H is the mean freshwater 

elevation above sea level, E is effective porosity, and W is the 

equivalent column height of the freshwater stored below sea level. 

Using recharge estimates (R) for an island, a residence time (T) can be 

calculated as: 

T - w IR (18) 

In effect, this method represents the turnover time for replacement of 

freshwater entering the lens. Table 5 reports residence times for 

several studies. 

Table 5: Estimated Ground-Water Residence Times for Atoll Islands 

Location Residence Time in Years Source 

Bikini, Bikini 

Enewetak, Enewetak 

Japtan, Enewetak 

Aomon, Enewetak 

Enjebi, Enewetak 

Enewetak, Enewetak 

Christmas 

<5.0 

5.6 

6.0 

3.4 

4.2 

1. 5 

<10.0 

Peterson, pers. commun. 

Buddemeier (1981) 

Buddemeier (1981) 

Buddemeier (1981) 

Buddemeier (1981) 

Oberdorfer&Buddemeier (1984) 

Falkland (1983) 

Ground-Water Development 

Traditionally, ground-water development by native populations on 

atoll islands has been limited to shallow hand-dug wells that penetrate 
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only the upper meter or so of the lens. Sanitation problems often 

develop in open dug wells because of infalling debris and/or bacterial 

contamination. Saltwater contamination, owing to horizontal 

encroachment or upconing of saltwater, is a common problem in wells dug 

too deep or too near to the shore. 

There are several urbanized atolls in the Pacific and Indian 

Oceans that develop sizable quantities of ground water for their water 

supply. Two basic methods are employed: vertical tube wells and/or 

horizontal infiltration wells. Vertical tube wells penetrate not more 

than around 3 meters below the water table, and are at least one meter 

in diameter. To prevent saltwater upconing, pumping rates for vertical 

tube wells are limited to around 15 gal/min, in the case of wells on 

Diego Garcia (Hunt, 1989, personal communications). Horizontal 

infiltration wells make use of shallow horizontal infiltration 

galleries designed to skim water from the uppermost or freshest portion 

of the lens. Horizontal infiltration wells may be pumped at much 

higher rates than vertical tube wells because water is skimmed from a 

large area thereby reducing the potential for saltwater upconing. 

Generally speaking, the use of horizontal infiltration wells is 

constrained by costs which may be considerably higher than systems that 

incorporate vertical tubes or shallow wells. 

Hydrologic monitoring programs can provide essential information 

for sound management of a freshwater lens resource. Successful 

management (determination of optimum yield) of the resource requires 

that operators understand the relation between well production, 

recharge to the lens, and the condition of the freshwater lens. For 

example, recharge to a freshwater lens can be increased by clearing the 

land of coconut groves thereby reducing ET. This effectively increases 

the portion of the hydrologic budget available for pumpage. 

Ground-water development on Kwajalein island began in 1970 with 

the installation of a horizontal infiltration well. Since then the US 
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Army has constructed three additional such wells, and through 

hydrologic monitoring have determined that the optimum yield of their 

system is 520,000 liters per day (137,000 gal/d) (Hunt and Peterson, 

1980). 

The Marshall Islands government is presently in the process of 

constructing a network of wells to develop the Laura freshwater lens on 

Majuro atoll. The US Geological Survey has estimated the sustainable 

yield of the Laura freshwater lens to be 1.515 million liters per day 

(400,000 gal/d) (Hamlin and Anthony, 1987). Four horizontal 

infiltration wells, each capable of producing 380 liter/min (100 

gal/min), will be used to develop the freshwater lens. 

On Diego Garcia atoll in the Indian Ocean, the US Navy has 

developed freshwater lenses on several islands with a battery of about 

70 vertical tube wells and 17 horizontal infiltration wells. Through 

an ongoing hydrologic monitoring program conducted by the US Geological 

Survey, the US Navy has been able to increase the optimum yield of the 

resource from 0.76 million liters per day (200,000 gal/d) to 3.2 

million liters per day (850,000 gal/d) (Hunt, 1989, personal 

communication). 
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VI. THE NUMERICAL MODEL 

In order to use a numerical model for the purpose of investigating 

atoll island hydrogeology, the model must use equations that describe 

density-dependent flow, solute transport, and fluctuating tidal 

boundary conditions. A three-dimensional model would be ideal for 

atoll modeling, however, at the start of this project there ·was no 

known three-dimensional model that simulated density-dependent flow. 

Furthermore, since atoll islands are usually elongate, the modeling 

approach can be simplified to two-dimensional areal cross-sectional 

cases of strip-islands. Because of its availability and previous 

application to atoll island ground-water problems, the finite element 

model SUTRA (Voss, 1984) was chosen. SUTRA can simulate saturated

unsaturated, fluid density~dependent ground-water flow with either 

energy or chemically reactive single species solute transport. SUTRA 

can be employed for two-dimensional areal or cross-sectional modeling. 

For the atoll study, SUTRA was used to simulate variable-density 

saturated flow and solute transport in two-dimensional vertical cross

section. 

Mathematical Formulation 

The following paragraphs will summarize the mathematical 

formulations employed by SUTRA. For further information on this 

subject, the reader should consult Voss (1984). 

SUTRA simulation combines two physical models: one to simulate 

the flow of groundwater, for which the primary variable is fluid 

pressure, and the second to simulate the movement of a single solute 

species; for the purposes of this study, the primary solute variable is 

TDS concentration expressed as a mass fraction. Ground-water flow is 

simulated through numerical solution of a fluid mass balance equation: 
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(19) 

where: Qp [M/(L3 8T)] - fluid mass sources 

Darcy's law gives the mass average fluid velocity at any point in 

the cross section as: 

y k 
E µ a <YP - pg) (20) 

Substituting equation (17) into (16) and expanding the time derivative, 

the exact form of the fluid mass balance equation, as implemented by 

SUTRA, is: 

where: 

C [Ms/M] = solute concentration of fluid (mass fraction) 

S [LS 2/M] - specific pressure storativity for a rigid aquifer op 

matrix. 

S
0

p is defined as: 

where: 

aaq [LT2/M] - aquifer compressibility 

p [LT2/M] - fluid compressibility. 
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Equation 22 represents the mass contribution from all sources as 

implemented for the types of problems posed by this research. 

A modification was made to the SUTRA code by Voss as described in 

Souza and Voss (1987) which allowed for storage of fluid at the water 

table. For this modification, a value of specific yield, (Sy), was 

assigned to the top row of nodes and covered the upper half-cell. This 

accurately accounts for yield at the water table. 

Solute transport is simulated through numerical solution of a 

solute mass balance equation including advective and dispersive 

spreading mechanisms. This is described mathematically by: 

where: Dm [L2 /T] - apparent molecular diffusivity of solute in porous 

media 

L [l] Identity tensor 

Q [L2 /T] dispersion tensor 

c* [Ms/M] solute cone. of fluid sources (mass fraction) 

Equation (23) is coupled to flow equation (21) through the velocity 

term, y. 

In a ground-water system with changing fluid densities as a result 

of changing salt concentrations, an equation of state is needed to 

describe this property. The relationship between solute concentration 

and density is given by: 

p(C) z Po + ~ (C - Co) (24) 

where: p(C) - fluid density at concentration C 

p 0 density at base concentration or freshwater 

C mass concentration of fluid at a given nodal point 
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~ ac 

mass concentration of freshwater 

fluid coefficient of density change with 

concentration (assumed constant). 

Permeability 

Permeability is the fundainental parameter used in SUTRA to 

describe the ease of fluid flow in a saturated solid matrix. When 

permeability varies according to direction of flow, the permeability is 

said to be anisotropic. An anisotropic permeability field, in two

dimensions, is completely described by a maximum permeability (kmax), a 

minimum permeability (kmin)' and the angle (8) orienting the principal 

flow direction with the x and y directions (figure 11). Figure 11 

(upper) illustrates the resulting permeability ellipse and the 

definition of the effective permeability (k). When permeability is 

isotropic, k is the same regardless of direction of flow. In 

anisotropic cases used in this study, the principal direction of flow 

is the horizontal or x-direction. The minimum direction is the 

vertical or z-direction. Since the permeabilities align with the x and 

y-directions, e is zero. 

Handling of Non-Linearities for Noniterative Solution 

Noniterative solutions were used in all of the atoll problems. 

Since p is used in the fluid flow equation in advance of solution of C, 

a projection method is used to estimate the new timestep value of C: 

~raj 
i 

(25) 
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Figure 11. 

----.x 

Definition of Anisotropic Permeability and Effective 
Permeability, k {upper), and Flow-Direction-Dependent 
Longitudinal Dispersivity, a 1 (lower) (from Voss, 1984). 
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where: 

n number of timestep 

i node number. 

The value of p was then determined from the projected value of C. 

Velocity, y, on a given timestep calculating C is determined from 

pressures and densities at time n-1. 

Boundary Conditions 

Boundary conditions to the flow equation take the form of time

variant specified fluid fluxes, specified pressure, or no-flow 

boundaries. The flux condition is either an addition or a subtraction 

of fluid mass occurring at designated nodes at time-designated rates. 

The specified pressure condition maintains a designated pressure 

at a given node by addition or subtraction of fluid to the node. This 

is handled numerically by calculating the amount of fluid it takes to 

maintain the specified pressure, assuming that the region just outside 

the mesh boundary is at the specified pressure and has a very high 

conductance. This enables small pressure differences between the 

calculated and the specified pressure heads to induce fluid flow at the 

node. The flux is determined by : 

where: 

Q ( n+l) 
BCi - v PBci- pi (26) 

fluid mass source rate due to specified node i 

v 

PBci 

conductance for specified pressure nodes 

specified pressure at node i on boundary 

n+l 1 1 d d i.· b d pi - ca cu ate pressure at no e on oun ary. 
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The term QBCi is then inserted into the matrix equation as a flux. At 

no-flow boundaries, the conductance is zero. 

The solute mass inflows and outflows are linked to the fluid 

fluxes. Computing the fluid flux at the boundaries allows 

determination of the mass solute entering the system, which is then 

applied to the transport equation. All terms of (26) are time-dependent 

except v. 

Dispersion 

Dispersion is a mixing process created by deviations in fluid 

velocity from average fluid velocity within a flow field. These 

deviations in fluid velocity arise from inhomogeneities within the 

aquifer, such as caused by tortuous pathways of flow around grains and 

through layers of higher or lower permeability. Deviations of 

velocities resulting in spreading of solute along the direction of 

fluid flow cause longitudinal dispersi~n. Deviations that cause 

spreading in the direction transverse to fluid flow is called 

transverse dispersion. In SUTRA, either flow-direction-independent or 

flow-direction-dependent longitudinal dispersion models may be 

implemented. 

Flow-Direction-Independent Dispersion Model 

In the transport equation, dispersion is described by the 

dispersion tensor, which is expressed for a 2-dimensional system as: 

[~ Dyx ~] Dyy (27) 

where Q is symmetric and the diagonal elements are: 
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(28a) 

(28b) 

and the off-diagonal elements are: · 

(28c) 

The terms dL and ~ are called the longitudinal and transverse 

dispersion coefficients, respectively. · dL describes the spreading 

forward and backward of a flow direction, while ~ describes the 

spreading transverse to the direction of flow. The size of the 

dispersion coefficient in an isotropic flow system depends upon the 

absolute magnitude of the average velocity in a flowing system (Bear, 

1979): 

(29a) 

(29b) 

where QL and QT are the longitudinal and transverse dispersivities, 

respectively, in units of length. When the aquifer inhomogeneities are 

small, QL and QT may be thought of as fundamental transport properties 

analogous to permeabilities. 

Flow-Direction-Dependent Dispersion Model 

In a system with .anisotropic permeabilities or anisotropic 

distribution of inhomogeneities, dispersivities may not have the same 

value in all directions. In this case, flow direction dispersion can 
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be described by an ellipse (Voss, 1984) much as flow directional 

permeabilities are: 

2 
cos okv 
0 1.max 

+ (30) 

where: 0 - angle of flow with respect to aLmax· The ellipse and the 

relationship of these parameters is shown in figure 11. 

Transverse Dispersion 

For both flow-direction-independent and flow-direction-dependent 

dispersion models, SUTRA ignores directional variability of aT and 

assumes it to be isotropic in nature. This is done because aT is 

generally very small with respect to the size of elements , hence 

directional variations in aT are obscured by the lack of fineness in 

practical mesh discretization. 

Numerical Methods 

The numerical methods incorporated in SUTRA simulations are based 

on a hybridization of finite-element and finite-difference methods 

employed in a framework of a method of weighted residuals . Standard 

finite element methods are employed only for terms in the balance 

equations which describe fluxes in fluid mass and solute mass. All 

other non-flux terms are approximated with a finite element mesh 

version of the finite -difference method . Finite element methods allow 

for irregular shaped regions and irregular internal discretization 

while finite-difference methodologies are computationally more 

efficient. 
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The finite element technique derives its name from the 

discretization of the modeled domain into a number of discrete elements 

of finite size. This allows physically based parameters to vary 

spatially across the domain. The finer the divisions in the domain, 

the greater the resolution of coefficient variations that can be 

modeled. The fineness of discretization has a practical limit in that 

greater fineness has greater computational requirements. 

Quadrilateral element construction is employed in SUTRA mesh 

construction, where each element has four corner nodes and four element 

sides connecting the nodes. Assignment of parameters to the mesh are 

as follows: nodewise assigment of fluid and solute sources/sinks and 

pressures; elementwise assignment of porosity, permeability; and 

cellwise assignment of specific storativity and the time derivative. 

Cells cover an area that is connected by the mid-points of the element 

sides. Figure 12 shows nodes, elements and cells for quadarilateral 

mesh construction. Variables discretized by element and cell maintain 

a constant value over the entire area. Parameters that are allocated 

by node may vary spatially over the element. 

One of the problems that is often encountered by finite-element 

methods procedures is spurious velocities. With bilinear quadrilateral 

elements, the pressure gradient (~p) and concentration (hence density, 

p) both vary linearly across an element in the vertical direction. In 

order to satisfy Darcy's law, as written in equation (16), either ~p or 

p must be held constant. In standard finite-element methods 

procedures, ~p is held constant, while p is allowed to vary spacially. 

In this case, equation (16) cannot be satisfied; this inconsistency 

may lead to spurious calculated velocities. To overcome these spurious 

velocities, SUTRA uses a consistent means of evaluating the density 

term whereby both density and pressure gradient terms have the same 

spatial variability (Voss and Souza, 1988). 
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Figure 12 . Cells, Elements, and Nodes for a 
Two-dimensional Finite-Element 
Mesh Composed of Bilinear 
Quadrilateral Elements . 

80 



Other references that describe finite element methods include: 

Huyakorn and Pinder (1983), Pinder and Gray (1977), Segal and others 

(1975), and Wang and Anderson (1982). A flow chart summary for the 

SUTRA code is given in figure 13. 
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SUTRA 
START 

READ Control 
Parameters 

Set Up Pointers 
For Matrices 

I f READ Input WRITE Data 

WRITE READ Initial 
Conditions 

Begin Time step 

Set Tidal 
Boundary Conditions 

Develop p & C 
Matrix Equations 

Pressure Solution 

Concentration Solution 

No Check Iterative 
Convergence 

Yes 
PRINT Store Results 

No All Yes PLOT RESULTS 

Figure 13. Flow Chart of the Functions and Routines for 
Simplified SUTRA Code Performed During Simulation 
of the Atoll Island Model (from Voss, 1984). 
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VII. ATOLL !SI.AND MODEL 

Using the conceptual model developed in the preceeding chapters 

and data from field studies (tables 2 and 3), simulations were designed 

to investigate the relationships between lens responses and aquifer 

parameters and boundary conditions. Tidal responses and salinity 

profiles represent the best available response data from atoll studies. 

Data on physically-based parameters and boundary conditions such as 

porosity, permeability, and geologic features are limited, but, they 

provide constraints for choosing values to describe the system. 

Mesh Design 

Since this study deals with generalized atoll islands, a simple 

mesh of quadrilateral elements and nodes was designed to represent a 

cross-section of an atoll island extending from the middle of the 

lagoon to the ocean reef-face, generally, a distance of around 7500 

meters (depending on the island width used), and from sea level down to 

basaltic basement, which in this case was chosen to be 1000 meters. 

Figure 14 illustrates a diagrammatic cross-sectional area drawn in true 

scale for the domain of a generalized atoll that extends from the outer 

reef, beneath an island, to the center of the lagoonal basin. Figure 

15 is an illustration of the mesh with vertical exaggeration showing 

the elements and nodes. Figure 16 is an enlarged and vertically 

exaggerated portion of the mesh for the island subsurface which 

contains the fresh ground-water lens and is the focus of modeling 

results. The mesh was more finely discretized beneath the island 

surface in order to maintain numerical stability across the transition 

zone where concentration gradients are high. The areas beneath the 

island's edges are particularly sensitive to numerical instability due 
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Figure 14. Diagrammatic Cross Section in True Scale Showing the Domain of the Atoll Island Model. 
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Figure 15. Two-dimensionai Mesh Construction for the Atoll Island Model Shown with Vertical 
Exaggeration. 
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Figure 16. Two-dimensional Mesh Construction for Area Beneath Atoll Island. 



to high velocities at discharge points and were, therefore, more finely 

discretized as illustrated in figure 16. 

Four meshes were generated and used in this study; each 

represented a single island width. Collectively, the meshes represent 

a realistic distribution of atoll island widths. Island widths of 250, 

500, 750, and 1000 meters were constructed having 1027, 1207, 1507, and 

1807 nodes, and 959, 1133, 1423, and 1713 quadrilateral elements, 

respectively. The majority of simulations used the 500-meter island 

mesh in order to provide consistency in evaluating responses to changes 

in parameters and boundary conditions during the ground-water 

hydraulics and dispersive analyses. Vertical (z-directional) element 

spacings were the same for each mesh: the upper 20 elements were 1.5 

meters thick, underlain by 5 3-meter thick elements, then 2 5-meter, 1 

50-meter,l 200-meter, and 1 500-meter thick elements. For each of the 

island widths, mesh design of lagoonal and ocean sides of islands were 

identical. Element spacing on the lagoon side of the island increased 

with distance away from the island, while on the ocean side of the 

island element spacing was a consistent 25.0 meter length beneath the 

reef plate. The reef/ocean boundary, which commonly dips around 35° to 

45° with respect to the horizon, was simply modeled as being vertical, 

or at 90° with respect to the horizon. 

Mesh sizes for separate island widths varied in the number of 

columns of elements comprising the subsurface of the island. In the 

250 meter wide island mesh, there were 20 columns of 12.5 meter long 

elements comprising the island. For the 500, 750, and 1000 meter wide 

island meshes, a band of ' l2.5 meter long elements border either side of 

the islands: a band of 8 element columns on the lagoon side and a band 

of 4 element columns on the ocean side (figure 16 illustrates the case 

of the 500-meter island mesh). Columns of elements constituting the 

interiors of the three largest island meshes were 25.0 meters in width. 

The number of 25.0 meter columns comprising the island interiors was 
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14; 24, and 34 for the 500, 750, and 1000-meter wide islands, 

respectively. 

Boundary Conditions for the Atoll Island Ground-Water System 

Specified pressure values were assigned to all of the nodes that 

border the ocean. Each specified-pressure node was given a value of 

pressure equivalent to hydrostatic sea-water with respect to sea level 

in terms of kg/(m sec 2 ) and a value for solute mass concentration 

equivalent to sea water and expressed as mass solute per mass fluid 

(solute mass fraction-dimensionless). In figure 16, these nodes are 

encircled. There were a total of 74 specified-pressure nodes for each 

mesh construction; 36 on the lagoon side and 38 on the ocean side. 

Source nodes (arrows in figure 16) were assigned to nodes 

representing the water table beneath island interiors that were the 

source of recharge inflows to the ground-water system. Each source 

node was assigned a value of mass rate of fluid inflow in terms of 

fluid mass per second (kg/s) and a value of solute concentration 

(mass/fraction). The values for mass rate of fluid inflow used in the 

simulations were 50% of reported annual rainfall for the various atolls 

ranging from 0.099 to 1.588 x 10- 3 kg/s at a source node. The solute 

concentration specified at a source node was determined from Anthony's 

(1987) chloride content of rainfall on Majuro, which was 2.0 x 10- 5 kg 

TDS per kg fluid (equivalent to 4 mg/liter chloride ion). Recharge 

nodes were placed over island interiors beginning 50 meters from the 

shore. The 4-element buffer was used to avoid numerical instability 

that may result when concentration changes go from sea-water to fresh

water over the space of one element. There were 16, 18, 28, and 38 

source nodes in the 250, 500, 750, and 1000 meter meshes respectively. 

No-flow boundaries were assigned to the bottom of the mesh domain. 

Additionally, the two nodes on either side of the island between the 
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first . island node and the first source node were no-flow nodes since 

they were neither sources nor specified pressure nodes. 

Most of the analyses were run using a boundary condition that 

simulated fluctuating semidiurnal tidal movement at the ocean 

boundaries. This was accomplished by inserting a sine-wave function in 

the SUTRA subroutine BCTIME (Appendix 1) to simulate a movement of sea 

level at the specified pressure nodes along the ocean and lagoon 

boundaries. During a tidal simulation, each specified pressure node 

was assigned a value for pressure that was equivalent to hydrostatic 

pressures of seawater with respect to sea level. With each new 

timestep, a new sea level was simulated according to the sine-wave 

function, and a new pressure was assigned to each specified pressure 

node relative to the new sea level. The simulated tidal cycle had a 

period of 12 hours and an amplitude depending on the tidal range used. 

High tide occurred at 3 hours into the tidal cycle; low tide occurred 

at 9 hours into the cycle. Based on predicted tide tables (Department 

of Commerce, 1988), tidal ranges for most of the Pacific atolls are 

from 0.1 to 1.8 meters at neap and spring tides, respectively. Tidal 

amplitudes of 0.25, 0.5, and 0.75 meters were used giving tidal ranges 

of 0.5, 1.0, and 1.5 meters respectively. A simple sinusoidal tidal 

signal was chosen over a more realistic tidal signal having lunar and 

solar components so that the tracking of modeled lens responses could 

be evaluated with consistency and checked for stability. Leaving out 

high frequency, low amplitude fluctuations, such as found in barometric 

or atmospheric fluctuations, focuses the analysis on the semidiurnal 

tidal fluctuations which in fact dominate the ground-water hydraulics. 

Input Data 

Input data consisted of two parts: 1) distribution of aquifer 

characteristics across the mesh, and 2) distribution of initial 
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pressure and concentration values to the nodes of the mesh. The 

distribution of aquifer characteristics across the mesh was as follows: 

porosity and aquifer compressibility were assigned as a single value 

for the whole domain; permeabilities were assigned separately to 

Holocene and Pleistocene aquifers. For a given simulation, these 

values did not change. 

Initial pressure (p) and concentration (C) distributions at the 

nodes took the form of a freshwater lens with a realistic salinity 

profile. Care was taken to develop an initial lens configuration in 

order to insure stability in the simulation solutions. An initial lens 

was developed for each of the four mesh sizes and for each of the tasks 

in which they were used. The following routine was developed to 

create this initial lens. The beginning p-values were computed from 

equivalent freshwater hydrostatic pressures, while the C-values were 

typed in to give a crude salinity profile that approximated that of 

Laura (Anthony, 1988). A steady state pressure solution (1 timestep) 

was run; this gave a pressure solution that was compatible with the 

input C-values. The p-values from the one-timestep steady state 

solution were combined with the C-values from the input conditions to 

give compatible starting distributions. 

To get the initial lens for the base case calibration and the 

hydraulics analysis, a transient solution was run to a condition of 

steady state using the base case aquifer characteristics, no tidal 

boundary fluctuations, aT=0.01, and longitudinal dispersivities equal 

to 1/4 of the element spacing (aLhor-6.0 and aLvert-0.3), so as not to 

cause numerical instabilities as suggested in the SUTRA documentation. 

The result of this run is the lens in figure 17. For the dispersive 

analysis, the thinnest transition zone possible given the available 

discretization was developed by reducing aT to 0.001 and running a 

transient solution to steady state without tides (figure 18). Figure 
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Table 6 
Summary of Modeling Tasks 

SUTRA SELECTED 
Meshes generated, tidal boundary condition installed, input 

lens created. 

TASK 1: LENS RESPONSE AND CALIBRATION OF ATOLL MODEL 

Approach: 

Results: 

Sensitivity analysis to determine model behavior for 
position of 50% seawater curve, tidal response, and 
spreading of transition zone. 

Base case scenario of aquifer parameters and 
boundary conditions. 

TASK 2: GROUND-WATER HYDRAULICS ANALYSIS 

Approach: Hydraulics investigation of 1) tidal respose to lens 
and 2) movement of 50% seawater curve of the lens. 

Results: Effect of parameters on ·tidal response and movement 
of 50% seawater curve. 

Approach: 

Results: 

Approach: 

Results: 

Approach: 

Results: 

TASK 3: DISPERSIVE TRANSPORT ANALYSIS 

Evaluation of tidal range (TR) and vertical longitudinal 
dispersivity (alver) on transition zone spreading; 
transient solution to steady state; base case scenario. 
Relationships of TR and alver for given recharge (R) on 
transition zone and potable lens thickness. 

TASK 4: CRITICAL ISLAND WIDTH 

Evaluation of island width and R to thickness of potable 
lens using transient solution to steady state with tidal 
boundary condition and base case parameters. 
Relationship between island width, R, and size of 
the potable lens; minimum recharge to sustain lens. 

TASK 5: HYDROLOGIC EVENTS 

Evaluation of high recharge, drought, and saltwater 
inundation events to thickness of potable lens and 
transition zone movement with tidal boundary condition. 
Behavior of lens to hydrologic events. 

TASK 6: EVALUATION OF TIDAL AND NON-TIDAL NUMERICAL MODELS 

Approach: Comparison of behavior of tidal and non-tidal model. 
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lengthened to more than 1-day intervals. 

Simulation results from the SUTRA code returned in the form of 

nodal pressures and concentrations. Pressure values for a given 

timestep were utilized in computations of tidal responses. 

Concentration values were utilized for cross-sectional measurements of 

lens profiles . Lens concentration profiles were plotted using a 

graphical display program developed for SUTRA by Souza (1987). 

TABLE 7: CPU Requirements for Atoll Island Model 

Island Width Number of: Band CPU Seconds per timestep: 

(meters} Nodes Elements Width Prime 75 Prime 9955 

250 1027 933 61 96 28 

500 1207 1133 61 108 31 

750 1507 1423 61 138 40 

1000 1807 1713 61 168 49 
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VIII. RESULTS 

The progression of tasks that were followed are shown in table 6. 

In this chapter, the results and discussion of the results will 

parallel this sequence of tasks. 

Lens Response in an Atoll Island Ground-Water System 

As a matter of definition, the lens beneath an atoll island is 

described as a body of water with total dissolved solid composition 

less than that of seawater (i.e. less than 3.57 x 10- 2 kg of solids per 

kg of water). The lens is composed of the fresh or potable zone, which 

has total dissolved solid compostion of less than 500 ppm chloride ion, 

or 2.5% seawater, and a brackish water transition zone having total 

dissolved solid composition that is greater than potable limits and 

ranging up to around 95% seawater composition. 

The distribution of the fresh and salty ground-water beneath an 

atoll island is influenced by a number of boundary conditions and 

aquifer parameters. The response of the potable and transition zones, 

as a result of changes in these boundary conditions and parameters, may 

be evaluated by considering: 1) the location of the 50% seawater 

isochlor, 2) tidal responses (including both tidal efficiencies and 

lags), and 3) transition zone spreading. Numerical simulations were 

conducted to determine the controls on these responses and are 

described below. The 50% seawater isochlor was used instead of the 

2.5% seawater isochlor because the 50% seawater isochlor represents the 

approximate center of mass of the transition zone and is therefore not 

strongly influenced by factors that cause dispersion. Thus, use of the 

50% seawater curve eliminates some complexities that would be involved 

with interpreting position of the 2.5% seawater isochlor, and is a 

fundamental, though incomplete analysis of the potable lens behavior. 
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Location of 50% Seawater 

The location of 50% seawater beneath an atoll island depends 

primarily on the long-term average head level with respect to sea 

level. The 50% seawater isochlor represents the middle of the 

transition zone, and can, therefore, be roughly approximated by the 

Ghyben-Herzberg ratio of 40 times the average head with respect to sea 

level. There are 2 major controls on the position of the 50% seawater 

isochlor: 1) recharge t~ the lens, and 2) aquifer characteristics. 

Recharge 

Recharge is an important factor controlling the location of 50% 

seawater in an atoll island ground-water system. The movement of the 

50% seawater isochlor beneath an island as a result of recharge (R) is 

illustrated in figure 19 for 3 constant recharge rate simulations run 

to steady state using a transient solution. In general, the cross

sectional area above the 50% seawater curve depends on R. Thus, an 

increase in R leads to an increase in the cross-sectional area 

contained above the 50% seawater curve. The increase in R leads to 

higher heads that also can lead to greater mixing from higher average 

flow velocities and greater discharge losses from higher volume of flow 

through the system. 

A major influence on the quantity of recharge to an atoll island 

lens is the island area upon which rainfall falls. Larger islands have 

greater recharge areas and consequently thicker lenses for given R and 

permeability values. Similarly, larger islands can sustain lenses from 

lower R. For the cross-sectional model, recharge is related to both 

the width of the island and the amount of annual recharge. The 

simulated depth to 50% seawater was compared in four island widths 

using a steady recharge rate of 1.0 m/yr and consistent geological and 
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tidal boundaries. The results of these steady-state simulations are 

summarized in table 8. Figure 20 shows the relationship between steady 

recharge rate and depth to 50% seawater at the island's center for 4 

island widths. As recharge rate increases, depth to 50% seawater 

increases as shown in figures 19 and 20. In general, the 50% isochlor 

reflects the long-term average flow regime as influenced by recharge 

rate. The relationship between R and island width is discussed more 

thoroughly in the critical island width section of this chapter. 

Aquifer Characteristics 

A sensitivity analysis was undertaken to determine which aquifer 

parameters have the greatest effect on the position of the 50% seawater 

isochlor. The objectives were to: 1) isolate the permeability controls 

on the position of the 50% seawater isochlor; 2) determine tidal 

influences on the position of the 50% seawater isochlor; and 3) 

determine the usefulness of simulating position of the 50% seawater 

isochlor for calibration of the model. 

Simulations were run to investigate the sensitivity of 

permeability, porosity, and thickness of the Holocene aquifer on 

position of the 50% seawater isochlor and are reported in table 8. All 

of the simulations listed in table 8 were run using the non-tidal model 

(i.e. the tidal range was 0.0 in these cases) and 13 of the 17 

simulations were run also using the tidal model (the ones with tidal 

range values of 1 . 0 m and reported values for tidal efficiencies and 

lags). Depths to 50% seawater did not change whether using the tidal 

or non-tidal model. Holocene permeabilities were varied from 10 to 500 

m/d and Pleistocene permeabilities were varied from 50 to 1000 m/d. In 

all simulations, transient conditions were run to steady state using 

steady recharge (R) values of 1.0 m/yr. Simulations Pll and Pl2 used 

Holocene thicknesses of 10.5 and 19.5 meters, respectively; all other 
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TABLE 8 
SU11'1118ry of Sensitivity Analysis Investigating Permeability for 500 m Island Width 

SUIJLATION RECHARGE POROSITY HYDRAULIC CONDUCT! VITI ES DEPTH TO 50X TIDAL TIDAL LAGS REASON 
RATE (m/da) SEAWATER EFFICIENCIES (hrs) FOR 

~m/~:r2 KHH KHV KPH KPV (m) SL 7.5 15.0 SL 7.5 15.0 SIMULATION 
P1 1.0 0.25 50 50 500 500 12. 1 0.44 0.49 0.55 2.0 0.7 0.4 ISO DA,TR 
P2 1.0 0.25 50 10 500 100 11.9 0.15 0.32 0.57 2.5 1.0 0.5 ANISO DA,TR 
P3 1.0 0.25 10 10 500 500 18.1 0.21 0.41 0.71 2.5 0.7 0.3 ISO DA,TR 
P4 1.0 0.25 10 10 1000 1000 17.6 0.23 0.48 0.80 2.5 0.7 0.3 ISO DA, TR 
P5 1.0 0.25 100 100 1000 1000 9.0 ISO DA,50X 
P6 1.0 0.25 50 50 1000 1000 12.3 ISO OA,50X 
P7 1.0 0.25 10 10 500 100 17.7 0.19 0.34 0.57 2.5 1.0 0.5 ANISO PLEIST,TR 
P8 1.0 0.25 50 10 500 200 11.8 0.19 0.36 0.63 2.5 1.0 0.5 ANISO DA, TR 

.- P9 1.0 0.25 10 10 100 100 18.9 ISO DA,50X 
0 .- P10 1.0 0.25 50 10 500 500 11.8 0.20 0.42 0.73 2.5 0.7 0.3 ANISO HOLO,TR,50X 

P11 1.0 0.25 50 10 500 100 11. 7 0.21 0.37 0.49 2.3 0.9 0.5 HOLO TKa10.5m,50X 
P12 1.0 0. 25 50 10 500 100 11. 7 0.14 0.27 0.46 2.6 1.1 0.5 HOLO TK•19.5m,50X 
P13 1.0 0.20 50 10 500 100 11.8 0.20 0.34 0.57 2.5 1.0 0.5 POR•0.2,ISO DA,TR 
P14 1.0 0.30 50 10 500 100 11.8 0.14 0.31 0.56 2.5 0.8 0.4 POR=0.3,ISO DA,TR 
P15 1.0 0.25 50 50 50 50 12.3 0.06 0.07 0.08 3.2 2.5 2.3 ISO SA,TR,50X 
P16 1.0 0.25 500 500 500 500 5.6 0.65 0.65 0.65 1.5 1.5 1.5 ISO SA,TR,50X 
P17 1.0 0.25 100 100 100 100 9.2 ISO SA,50X 

Sl•Sea level ISO=lsotropic ANISO=Anf sotropic HOLOzHolocene PLEIS=Pleistocene DA-Dual Acp.iifer SA•Single Acp.iifer 
TR•Tidal Responses 50X=Position of SOX Seawater lsochlor 



simulations used a Holocene thickness of 15.0 meters. Simulations Pl3 

and Pl4 used effective porosity (E) and specific yield (Sy) values of 

0.20 and 0.30, respectively; all other simulations used E-0.25. 

Because the shape of the 50% seawater isochlor did not change 

appreciably for cases having similar depths to 50% seawater beneath the 

island center, the data reporting for this task was simplified to 

include only depth to 50% seawater at the island center. 

The results of these simulations show that the dominant aquifer 

parameter control on the position of the 50% seawater isochlor is 

Holocene horizontal permeability (KHH). This is exhibited by isolating 

the effect that KHH has on the simulation results. Figure 21 

illustrates these results. In cases where KHH=lO m/d (P3, P4, P7, and 

P9), depth to 50% seawater is around 18 meters. In cases where KHH=SO 

m/d (Pl, P2, P6, PlO, Pll, Pl2, Pl3, Pl4, and PlS), depth to 50% 

seawater beneath the island center was around 12 meters. In the case 

of KHH- 100 m/d (PS and Pl7), depth to 50% seawater was around 9 meters. 

The depth to 50% seawater was the same for both isotropic or 

anisotropic cases. 

The simulation results listed in table 8 also show that the 

position of the 50% seawater isochlor is not sensitive to the tidal 

boundary condition, porosity, or Holocene aquifer thickness, within the 

limits of the values tested. As mentioned above, the value of KHH 

determined the position of the 50% seawater curve, regardless of 

whether the tides were on or off. Simulations Pl3, P2, and Pl4 

illustrat~ that porosity values of 0.20, 0.25, and 0.30, respectively, 

produce no appreciable change in depth to the 50% seawater isochlor 

when permeabilities are the same. Simulations Pll, P2, and Pl2 

illustrate that Holocene aquifer thicknesses of 10.5, 15.0, and 19.5 

meters, respectively, produce no significant change in the depth to 50% 

seawater when permeability values are otherwise the same. 
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Several conclusions may be drawn from the above tests. The first 

is that since the 50% seawater isochlor is not sensitive to vertical 

Holocene and Pleistocene permeabilities, porosity, and Holocene 

thickness, these parameters cannot be calibrated using the 50% seawater 

isochlor. The second point is that KHH can be calibrated by using 

known positions of the 50% seawater isochlor in a specific modeling 

problem. This calibration procedure is considerably more efficient 

when done using the non-tidal model. 

Tidal Responses 

Ground-water response to tidal fluctuations beneath atoll islands 

is diagrammatically characterized in figure 22. This figure 

illustrates the long-term ground-water flow paths (long arrows) and the 

short-term tidal fluctuations (short arrows) that result from ocean 

tides. Figure 23 is a set of two cross-sectional diagrams from tidal 

simulations that show velocity vectors, in relative proportion to the 

magnitude of pressure at the nodal points. The left figure illustrates 

the short-term ground-water flow regime during a rising tide. The 

right figure illustrates the falling tide regime. Notice that there 

are strong horizontal flow components below the unconformity (15.0 

meters below sea level) and at depth beneath the tidal flat. 

Tidal responses can be easily measured in wells and piezometers 

and, therefore, can be utilized in a calibration process to determine 

the hydraulic regime of the ground-water system. Simulated tidal lag 

and efficiency data can be used in the inverse problem approach to 

determine effective permeabilities in the ground-water system. Table 8 

gives simulated tidal lags and efficiencies for some of the same 

permeability scenarios used in the analysis of 50% seawater location . 

These simulation data show that vertical permeabilities are the 

strongest factor influencing tidal responses in the lens, while 
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horizontal permeabilities, especially Holocene horizontal permeability, 

have relatively minor influence on tidal responses. There are two 

other points apparent from these data: 1) tidal responses are nearly 

uniform with depth in homogeneous, isotropic aquifers (all four 

permeability values are the same), such as seen in simulations Pl5 and 

Pl6; and 2) greater responses occur with depth from higher contrasts in 

permeability between Holocene and Pleistocene aquifers. The contrasts 

in the vertical permeabilities more greatly affect tidal responses than 

contrasts in the horizontal permeabilities. This is seen by isolating 

the effects of KHH and KHV on tidal efficiency (TE) responses, 

respectively. By comparing simulations P2 and P7, it can be seen that 

changes in KHH from 10 to 50 m/d make no appreciable change on TE, all 

other parameters being the same. Conversely, when KHV is changed from 

50 to 10 m/d (Pl and PlO, respectively), TE contrasts become 

significant, with sea level TE falling from 0.44 to 0.20 and -15.0-

meter TE values increasing from 0.55 to 0.73. 

Transition Zone Mixing 

The mixing of fresh and saltwater in the transition zone of an 

atoll island ground-water system is primarily the result of tidal 

fluctuations from semidiurnal oceanic tides. In the numerical model, 

the location of the 50% seawater isochlor is controlled primarily by 

recharge rates and KHH, while the thickness of the transition zone is 

controlled by the magnitude of the tidal range and dispersion 

coefficients. The exact controls on the dispersive mixing process 

depends on whether the tidal boundary condition is used. Transition 

zone mixing is discussed for tidal and non-tidal models. 
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Transition Zone Spreading for the Tidal Model 

For atoll island ground-water models .that use the tidal boundary 

condition, the transition zone mixing process in the Holocene aquifer 

occurs primarily in a vertical direction as a result of the short-term 

vertical tidal fluctuations. Changes in thickness of the transition 

zone occur about the 50% seawater curve as demonstrated in figure 24 in 

the expansion of the transition zone about the 50% seawater isochlor 

due to increased simulated tidal range. 

The dispersion process that determines the amount of mixing in the 

transition zone in a tidally-driven system is a product of net ground

water movement resulting from short-term tidal movement (in effect 

governed by the magnitude of the tidal range) and the magnitude of 

dispersivity. Because of the prevalence of vertical ground-water 

movement in response to tidal fluctuations, the dominant dispersive 

control in tidal mixing is the longitudinal dispersivity in the 

vertical direction (aLvert)' which is a measure of the scale of aquifer 

inhomogeneities in the vertical direction. An increase in aLvert' 

therefore, produces an expansion of the transition zone as indicated in 

figure 25. In the tidal model, thickness of the transition zone is not 

sensitive to either transverse dispersivity or longitudinal 

dispersivity in the horizontal direction. 

The rate of expansion of the transition zone is similarly governed 

by the magnitude of vertical longitudinal dispersivity. This is 

demonstrated in figure 26 which shows the relationship between 

transition zone thickness (from 16% to 84% seawater) and simulation 

time for three values of aLvert that have not yet reached steady state. 

The initial lens configuration for each simulation is the same and the 

lens expansion occurs at both the potable limit and the 95% seawater 

limit. Figure 26 shows that for higher aLvert' a greater rate of 
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transition zone expansion occurs. This graph is consistent with Bear 

(1961) who states that the expansion of the transition zone is a 

product of dispersivity and distance travelled. Bear's equation for 

estimation of aL is: 

increase of variance 
0 L - 2 x total path (31) 

where the total path refers to the length travelled by the 50% isochlor 

and the variance refers to the thickness of the transition zone between 

the 15.9% and 84.1% seawater isochlors. 

A comparison was made between values of aLvert used in the 

simulations that are shown in figure 26 and values for aL that are 

computed from the transition zone expansion of the simulations shown in 

figure 26. Simulated transiton zone between 16% and 84% seawater (the 

variance) is around 60% of the expansion between the 2.5% and 95% 

isochlors. Determination of the increase of variance was taken from 

figure 26. The distance travelled by the 50% isochlor is estimated to 

be that of the water table which is 15% of the tidal range. The total 

path of travel of the 50% isochlor is, therefore, 0.30 m per tidal 

cycle or 0.60 m per day. For the lower, middle, and upper curves on 

figure 26, Bear's equation yields values of aL equal to 0.005, 0.015, 

and 0.024 m. These values are about one-half of the values used in the 

simulations shown in figure 26, or 0.01, 0.03, and 0.05 m, 

respectively. 

Transition Zone Spreading for the Non-Tidal Model 

For numerical simulation models that do not use the tidal boundary 

condition, the principle control on transition zone thickness is 

dispersion transverse to the long-term average flow directions. Since 
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the vertical tidal fluctuations are not simulated, the effects of tidal 

dispersion are simulated by using artificially large values of 

transverse dispersivity (at) to account for tidal dispersion. The 

validity of the non-tidal model is suspect as the effects of a 

physically fluctuating boundary condition may not be able to be 

replaced by an artificial transport mechanism which behaves in an 

analogous manner to the tidal model. There were a total of 10 

simulations (labelled by "DIS" in table 9) that were run to investigate 

sensitivity of dispersion values using the non-tidal model. All 10 

simulations were conducted using an island width of 500 meters, the 

base case (anisotropic) permeabilities, and a Holocene thickness of 15 

meters. The changes that occurred in these simulations were in the 

values given to dispersivities. The results of these simulations, some 

of which are shown in figure 27, demonstrated that the prevalent 

control on dispersive mixing in the non-tidal model is at. Figure 27 

illustrates the expansion of the transition zone as a result of 

increasing at in the non-tidal model. Notice that the expansion of the 

TZ about the 50% isopach is progressively greater away from the island 

center. This is because in the non-tidal model, spreading is 

transverse to flow and ground-water flow is vertical directly beneath 

the island center and then horizontal away from the island center. 

Hence, with greater distance from the island center, there is greater 

transverse dispersion. 

Summary and Conclusions from Lens Response Analysis 

The investigation of the lens response has shown that position of 

the 50% seawater isochlor is determined by recharge rate and KHH, and 

it is independent of tidal fluctuations. Spreading of the transition 

zone is generally about the 50% seawater isochlor and is dependent 
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TABLE 9 
S.....-nary of Sinulatlons Investigating Sensitivity of 50X Seawater lsochlor to Dispersivlty Values 

Sll«.JLATION ISLAND HYDRAULIC CONDUCTIVITIES DISPERSIVITY VALUES DEPTH TO 50X SEAWATER 
WIDTH (m/da) (m) BENEATH ISLAND CENTER 

~112 ICHH ICHV KPH ICPV HORIZONTAL VERTICAL TRANSVERSE ~1112 
D1 500 50 10 500 100 6.0 0.6 0.1 12.3 
D2 500 50 10 500 100 6.0 0.3 0.1 12.2 
D3 500 50 10 500 100 6.0 0.3 0.05 12.2 
D4 500 50 10 500 100 6.0 0.6 0.05 12.2 
D5 500 50 10 500 100 6.0 1.2 0.05 12.2 

...... D6 500 50 10 500 100 6.0 6.0 0.05 12.2 ...... 
~ D7 500 50 10 500 100 6.0 6.0 0.2 12.6 

D8 500 50 10 500 100 12.0 6.0 0.05 12.6 
D9 500 50 10 500 100 12.0 12.0 0.05 12.3 
D10 500 50 10 500 100 6.0 12.0 0.3 12.0 

TRANSIENT·STEADY·STATE Sll«.JLATIONS HOLOCENE THICICNESS•15• NO TIDES 
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either upon the tidal range and vertical longitudinal dispersivity, in 

the tidal model, or on transverse dispersivity, in the non-tidal model. 

Using the tidal model, tidal responses (i.e. tidal efficiencies and 

lags) are sensitive to Holocene vertical permeabilities, Pleistocene 

horizontal and vertical permeabilities, and contrasts between the 

Holocene and Pleistocene aquifer permeabilities. Transition zone 

spreading is proportional to distance travelled by the 50% isochlor, 

which is controlled by the factors that control tidal responses and 

tidal range, and the vertical longitudinal dispersivity, which 

represents an intrinsic property of the aquifer reflective of the 

vertical inhomogeneities. In the non-tidal model, transition zone 

spreading is controlled by transverse processes. Since tidal 

fluctuations are omitted in this model, the transverse dispersivity 

must be artificially increased to account for this missing process. 

A logical calibration procedure develops from these points: 1) 

calibrate known position of the 50% seawater isochlor for a given 

recharge rate by varying Holocene horizontal permeabilities; 2) 

determine the permeability contrasts and vertical Holocene and 

Pleistocene permeabilities from observed tidal responses; 3) estimate 

dispersivities from transition zone thicknesses, probably by using 

trial and error procedures. 

Selection of Base Case Parameters 

A base case set of parameter values was chosen to represent a 

generic atoll island and use in a ground-water response analysis and 

subse·quent tasks (table 10). This was done in order to standardize 

interpretation of the analyses resulting from the simulation tasks. 

Some of the base case parameter values were chosen for reasons other 

than their effect on the lens response. Because of the long time 

period needed for the lens to adjust to a given recharge value while 
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using the tidal boundary condition, recharge was fixed at a constant 

TABLE 10 

Summary of Base Case Parameter Values Used in Ground-Water Response, 

Dispersive Transport, and Critical Island Width Exercises 

Ground-Water 

Parameter ResEonse 

Porosity 0.20/0 . 2S 

Aquif.Compress. 10- 9 

Holo.Horiz. K so 
Holo.Vert. K 10 

Pleis.Horiz. K soo 
Pleis.Vert. K 100 

Island Width soo 
Tidal Range 1.0 

Recharge 1.0 

Holo.Thickness lS.O 

Horiz.Long.Disp. 6.0 

Vert.Long.Disp. 0.3 

Trans.Disp. 0.01 

Response : Tidal 

Efficiency 

TZ- Transition zone 

% - Percent Seawater 

Dispersive Critical 

TransEort Island Width Units 

0.2S 0.2S 

10- 9 10- 9 2 
(m• s )/kg 

so so m/da 

10 10 m/da 

soo soo m/da 

100 100 m/da 

soo 2S0-1000 m 

O.S-1.S 1.0 m 

O.S - 2 . 0 O.S-2.0 m/yr 

lS.O lS.0 m 

6.0 6.0 m 

0 . 01-0.0S 0.03 m 

0.001 0.01 m 

2.S%, SO%, 2.S%, SO%, 

TZ Thickness TZ Thickness 
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1.0 m/yr and not varied through the base case analysis. The thickness 

of the Holocene aquifer for the base case scenario was chosen to be 15 

meters, since the reported values for thickness of the Holocene are 

generally between 10 and 20 meters. Tidal range was chosen to be 1.0 

meter as an approximate mean tidal range taken from predicted tide 

charts for Pacific atolls (U.S. Department of Commerce, 1986). Aquifer 

compressibility, a , was chosen to be 10- 9 m•s 2 /kg as a middle range aq 

value for sands and gravels (Freeze and Cherry, 1979). 

Selection of Base Case Permeability Values 

The calibration process was a sensitivity analysis that was used 

to choose a set of permeability values and a single porosity value to 

represent a generic atoll island ground-water system. There were 3 

considerations for choosing the generic parameter values: 1) model 

values should be within the range of reported values such as given in 

table 2; 2) position of the 50% seawater curve should be compatible 

with those of reported studies; and 3) simulated tidal responses should 

approximate reported values such as given in table 3. Base case 

permeability values that resulted from this exercise are listed in 

table 10. 

Reported Values for Hydraulic Conductivity 

From the reported values in table 3, hydraulic conductivity values 

range from about 1 to 223 m/d. The methods that were used to obtain 

these values include pumping tests, permeameter tests (both laboratory 

and in situ measurements), and grain size analysis. In general, it can 

be seen that pumping test values are higher than permeameter values. 

This may be due, in part, to the nature of pumping tests which give 

average effective hydraulic conductivities from three-dimensional flow 
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about the well. Permeameter tests, on the other hand, are one

dimensional tests that apply to a very specific locality. Thus, for 

purposes of modeling, there is more confidence in the pumping test 

values. Given the paucity of data for hydraulic conductivity values, 

however, it is difficult to derive average values which may be used in 

a generic model. Using subjective judgement, an average value for 

Holocene hydraulic conductivity might be around SO to 7S m/d. Based 

upon field observations, one would expect there to be greater 

horizontal permeability than vertical permeability due to the presence 

of silt layers that are found either as discrete layers or as 

intergranular fill in otherwise coarser layers. Thus, field 

observations suggest an anisotropic system. 

Position of the SO% Seawater Curve 

There are only a few salinity profiles from atoll studies that 

might be used to develop a generic model, and therefore, there is 

little confidence in using field data for the generic model 

calibration. In a specific case study, however, a known location of 

SO% seawater could help to determine recharge and permeabilities, as 

discussed previously. 

Previous aquifer characteristic analysis on response of the SO% 

seawater isochlor to Holocene permeability (table 8) show depths to SO% 

seawater beneath island centers to 18, 12, and 9 meters for KHH values 

of 10, SO, and 100 m/d, respectively. Based on values reported in 

table 3, a depth of 18 m to SO% seawater is probably too high for an 

island that is SOO meters wide and receiving only 1.0 m/yr or recharge. 

Thus, KHH is probably between SO and 100 m/d, and a value of SO m/d was 

chosen for KHH in the base case because it appears to be closest to 

average values reported in table 3. 
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A total of 14 simulations (labelled "CIW") were run to a steady 

state condition (i.e. where relative salinity levels are not changing 

with respect to time) using the tidal boundary conditions in order to 

describe the relationship between recharge, permeabilities, island 

width (IWID) and depth to 50% seawater. Table 11 lists the results and 

figure 28 shows the relationship between island width and simulated 

depth to 50% seawater beneath the island center for several steady 

recharge rates. The curves on the graph are essentially parallel and 

also show increasing depth with increasing IWID. Although the depth to 

50% seawater continues to increase, the rate of increase diminishes 

with increasing depth because the lens spreading is more horizontal as 

the isochlors enter the Pleistocene. This is also accompanied by 

greater discharge losses beneath . the island edges as a result of a 

greater flow through the system. 

Tidal Responses 

Tidal response data offer the best available data for determining 

the hydraulics of an atoll island ground-water system. From table 3, 

it can be seen the water table tidal efficiencies are similar from 

study to study. The same trend is observed for the horizon at 8 meters 

below the water table. A set of tidal response criteria was formulated 

based on table -3 data for the water table and 8-meter depth below the 

water-table and for the unconformity horizon at around 15 meters below 

sea level. The criteria were used in the calibration of permeabilities 

and are described in the following section. The limitations on using 

tidal responses in calibration of an atoll model are twofold: 1) tidal 

responses are not sensitive to the Holocene horizontal conductivity 

and, therefore, will not yield an accurate value for this parameter; 

and 2) there may be non-unique solutions using this method of 

calibration. 
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TABLE 11 
Sllmlllry of Steady-State Si"'-lletions FrOll Dispersive end Critical Island Width Analyses 

SIMULATION ISLAND RECHARGE TIDAL OISPERSIVITY VALUES DEPTH TO 2.5X DEPTH TO 5~X TRANS IT I ON ZONE 
WIDTH RATE RANGE (Ill) SEAWATER SEAWATER THICKNESS 
~m~ ~m/)'.r~ (m~ HORIZONTAL VERTICAL TRANSVERSE ~m2 ~m2 ~m2 

DIS1 500 1.0 1.5 6.00 0.05 0.001 0.2 12.5 23.4 
DIS2 500 1 .0 1.5 6.00 0.03 0.001 1.7 12.3 20.3 
DIS3 500 1 .0 1.5 6. 00 0.01 0.001 3.2 12.3 17 .3 
DIS4 500 1 .0 1 .0 6.00 0.05 0.001 2.8 12.0 19.0 
DISS 500 1 .0 1.0 6.00 0.03 0.001 4.2 12.0 16.0 
DIS6 500 1.0 1.0 6.00 0.01 0.001 5.9 12.0 12.9 
DIS7 500 1.0 0.5 6.00 0.05 0.001 5.2 12.3 13.4 
DISS 500 1.0 0.5 6.00 0.03 0.001 6.7 11.8 10 .6 
OIS9 500 1.0 0.5 6.00 0.01 0.001 8.2 11.6 7.9 
REf 1 500 1.0 0.0 6.00 0.3 0.000 8.5 11.9 6.6 
REF2 500 1.0 o.o 6.00 0.03 0.001 7.6 11.9 8.5 - CIW1 250 2.0 1.0 6.00 0.03 0.001 2.0 8.0 14.6 N - CIW2 250 1.0 1.0 6.00 0.03 0.001 5.6 9.6 . 
CIW3 250 0.5 1.0 6.00 0.03 0.001 . 4.0 7.6 
CIW4 500 2.0 1.0 6.00 0.03 0.001 8.0 15.2 16.0 
CIW5 500 1 .0 1.0 6.00 0.03 0. 001 4. 1 12.0 16.0 
Cl~ 500 0.5 1.0 6.00 0.03 0.001 0.3 9.4 16.3 
CIW7 750 2.0 1 .0 6.00 0.03 0.001 13.9 20.6 15.0 
CIW8 750 1.0 1.0 6.00 0.03 0.001 10.0 17.4 14.7 
CIW9 750 0.5 1.0 6.00 0.03 0.001 5.2 14.0 15.6 
CIW10 750 0.25 1.0 6.00 0.03 0. 001 1.6 11.0 19.3* 
CIW11 1000 2.0 1.0 6.00 0.03 0.001 16.5 23.3 15.8 
CIW12 1000 1.0 1.d 6.00 0.03 0.001 13.0 20. 1 15.6 
CIW13 1000 0.5 1 .0 6.00 0.03 0.001 9.4 17.0 15.6 
CBl14 1000 0.25 1.0 6.00 0.03 0.001 3.6 14. 1 19.6* 

* 95X SEAWATER ISOCHLOR HAD NOT REACHED EQUILIBRIUM POSITION; SIMULATION RUN VIA A SHRINKING TRANSITION ZONE 
FOR ALL SIMULATIONS: KHH=50 111/d ICHV=10 111/d KPHz500 111/d ICPV•100 111/d TIMESTEP=1.5 hrs Porosftys0.25 
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Tidal Response Criteria 

From the reported values in table 3, average water-table tidal 

efficiencies range between 0.05 and 0.18, with an arithmetic average of 

these values being near 0.11. For the horizon at 8 meters below the 

water table, the range in values is from 0.07 to 0.37, with an 

arithmetic average of these values being 0.28. For depths below 10 

meters, the range in tidal efficiency is from 0.32 to 0.78, with an 

arithmetic average of these values of around 0.51. Because a 500-meter 

island width was used for calibration, greater emphasis was placed on 

data from islands with approximately this width. Based on these values 

and consideration for island width, the target tidal efficiency values 

for the horizons at sea level, -7.5 meters, and -15.0 meters were 0.15, 

0.30, and 0.55, respectively. 

From reported values in table 3, average tidal lags at the water 

table are between 1.63 and 4.44 hours with an average of 2.91 hours. 

For the horizon at 8 meters below water table, the range in lags is 

from 0.67 to 4.02 hours with an average of around 1.78 hours. From 

depths below 10 meters, tidal lags range from 0.50 to 0.65 with an 

average of around 0.56 hours. Average tidal lag values used for 

calibration to nodal points below the center of the 500-meter mesh are 

3.0 hours, 1.0 hour, and 0.5 hours for sea level, -7.5 meters, and -

15.0 meters, respectively. 

Tidal Response Calibration Procedure 

Permeability values, porosity, and specific yield were calibrated 

by using a series of 2-day simulations having 30 minute timesteps 

(tables 8 and 12). The pressure responses were recorded at three nodes 

beneath the center of the 500-meter island, at the sea level, -7.5 

meter, and -15.0 meter horizons. Sea level corresponds closely to the 
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water table, while -7.5 meters corresponds closely to the depth at 8 

meters below water table. Data from these depths for several atoll 

islands are listed in table 3. The -15.0 meter horizon is the 

simulated Pleistocene unconformity surface. During the 2-day 

simulation, it was found that stable simulated responses developed 

after around 2 tidal periods (of 12 hours length). Thus, the responses 

from the final two tidal cycles were averaged and recorded. 

Permeability values, porosity, and specific yield were adjusted in an 

attempt to match the tidal criteria. The initial lens configuration 

used in these simulations is shown in figure 17. The results are 

discussed below. 

Results of the Tidal Response Calibration 

The simulation results for the tidal response calibration are 

listed in table 8 (labelled with "P") and in table ll (labelled with 

"KHH", "KHV", "KPH", and "KPV") and having reported tidal lags and 

efficiencies. Simulations Pl6 and Pl7 each show responses from a 

single homogeneous, isotropic aquifer. Simulation Pl6 is for the case 

of a low permeability (equivalant to 50 m/d). In this case, simulated 

tidal efficiencies are nearly uniform with depth and very low. Tidal 

lags, at depths below sea level, are longer than those found in the 

field. Simulation Pl7 is for the case of an aquifer having high 

permeabilities (equivalant to estimated Pleistocene values of K~500 

m/d). In this case, simulated tidal efficiencies are also nearly 

uniform with depth but are very high, i.e. greater than 0.70. 

Simulations KHHl through KHH5 illustrate that KHH has little 

effect on tidal response. This is also shown graphically in figure 29 

which plots tidal efficiency (TE) against KHH for each depth. 

Simulations KHVl through KHV4 show that KHV has a profound effect 

on the tidal responses at the water table, at -15 meters, and in 
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creating differences in the responses with depth. Tidal response at 

the -7.5 meter horizon is relatively unaffected by changes in KHV . The 

results of changes of KHV on TE is also demonstrated in figure 30. 

These simulations suggest that KHV must be near the low end of the 

range of reported values, i.e. around 5 to 10 m/d, in order to get a 

low tidal efficiency at sea level. Figure 31 (left) illustrates the 

change in TE profile across the island when KHV is dropped from 50 to 

10 m/d and the Pleistocene aquifer remains isotropic with a value of 

K- 500 m/d. 

Previous conceptual models suggest that the Pleistocene aquifer is 

characterized by dissolution that increases the effective permeability 

0£ the aquifer. None of these models have addressed the subject of 

anisotropy within the Pleistocene aquifer. The simulations for this 

calibration process suggest that KPV is lower than KPH. In order to 

get TE at sea level to be near the target value of 0 . 15, KPV must be 

lowered to around 100 m/d while KPH must be up to around 500 m/d 

(simulations PlO and P2). Figure 31 (right) illustrates the TE profile 

change at sea level as a result of dropping KPV from 500 to 100 m/d. 

Because there is strong evidence from the simulations to indicate 

an anisotropic Pleistocene aquifer, and because field evidence supports 

an anisotropic Holocene, anisotropic upper and lower aquifers were 

chosen for the generic atoll model. The values for the permeabilities 

of the generic model were chosen to be the following equivalent values 

for hydraulic conductivity: KHH-50 m/d, KHV- 10 m/d, KPH=SOO m/d, and 

KPV- 100 m/d (simulation numbers P2 from table 8 and KHV3 from table 

12). Having the hydraulic conductivity values one order of magnitude 

apart is consistent with previous conceptual models. The values chosen 

for porosity and specific yield were 0.25, although, the value of 0.20 

would have been equally valid, given the results of the above 

simulations. Similarly, the choice of KPH equal to either 500 or 1000 

m/d and KPV equal to either 100 or 200 m/d would have been valid by 
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SIMULATION 

POR1 
POR2 
POR3 
POR4 
POR5 
POR6 
POR7 
KHH1 
KHH2 
KHH3 
KHH4 
KHH5 
KHV1 
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SL=Sea Level 

TABLE 12 
S1.1111111ry of Sinulations Investigating Tidal Responses From Aquifer Characteristics and BOU'ldary~ Conditions 

ISLAND POROSITY HYDRAULIC CONDUCTIVITIES HOLOCENE PLEISTOCENE TIDAL TIDAL LAGS 
(hrs) YIDTH (m/da) THICKNESS THICKNESS BEL~ EFFICIENCIES 

(m) KHH KHV __ Kf!I__ KPV __ (~1________JJN_t_ONf_~14J_!!_(lll1 SL ·7.5 ·15.0 SL ·7.5 ·15.0 
500 0.10 50 10 500 100 15 985 0.35 0.45 0.64 2.5 

2.5 
1.0 0.5 
1.0 0.5 500 0.15 50 10 500 100 15 985 0.26 0.38 0.59 

500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

0.20 
0.25 
0.30 
0.35 
0.40 
0.20 
0.20 

50 
50 
50 
50 
50 
10 
50 

0.20 100 
0.20 500 
0.20 1000 
0.25 50 
0.25 50 
0.25 50 
0.25 50 
0.25 50 
0.25 50 
0.25 50 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

50 
50 
50 
50 
50 
50 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
5 

10 
25 
50 
10 
10 
10 
10 
10 
10 
10 
10 
10 

500 
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0.19 0.33 0.57 2.5 1.0 
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TABLE 12 (Continued) 
Sl111118ry of Sinuletions Investigating Tidal Responses From Aquifer Characteristics end Boundery·Conditions 

SIMULATION 

IWID1 
IWID2 
IWID3 
IWID4 
IWI05 
IWID6 
IWID7 
IWID8 
HOLOT1 
HOLOT2 
HOLOT3 
HOLOT4 
HOLOT5 
HOLOT6 
PLTK1 
PLTK2 
PLTK3 
PLTK4 
PLTK5 
PLTK6 
PLTK7 
PLTK8 
PLTK9 
PLTK10 

ISLAND 
WIDTH 

<m> 
250 
250 
500 
500 
750 

750 

1000 
1000 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

SL=See Level 

POROSITY 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

HYDRAULIC CONDUCTIVITIES 
(m/da) 

KHH 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

KHV 
10 
10 
10 
10 
10 
50 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

KPH 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

KPV 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

HOLOCENE PLEISTOCENE TIDAL 
THICKNESS THICKNESS BELOW EFFICIENCIES 

(m) UNCONFORMITY (m) SL ·7.5 ·15.0 
15 985 0.26 0.46 0.78 
15 
15 
15 
15 
15 
15 
15 

985 
985 
985 
985 
985 
985 
985 
985 
985 
985 
985 
985 
985 

1.5 
3 
6 

9 

12 
18 
27 
36 

90 

0.28 0.48 0.83 
0.23 0.39 0.65 
0.25 0.43 0.72 
0.14 0.32 0.56 
0.13 0.31 0.55 
0.12 0.31 0.55 
0.19 0.33 0.57 
0.35 0.37 0.39 
0.21 0.39 0.49 
0.15 0.32 0.55 
0.13 0.28 0.45 
0.11 0.25 0.40 
0.11 0.23 0.39 
0.03 0.07 0.11 
0.04 0.08 0.13 
0.04 0.09 0.16 
0.05 0.11 0.18 
0.06 0.12 0.21 
0.07 0.14 0.25 
0.08 0.17 0.29 
0.09 0.19 0.31 
0.13 0.27 0.46 

TIDAL LAGS 
(hrs> 

SL · 7.5 ·15.0 
2.0 0.7 0.3 
2.0 0.7 0.3 
2.5 1.0 0.5 
2.5 1.0 0.5 
2.7 1.2 0.5 
2.7 1.2 0.5 
2.8 1.3 0.6 
2.8 1.3 0.6 
2.0 2.0 2.0 
2.2 1. 7 

2.5 1.0 

2.5 1.0 
2.7 1.2 
3.0 1.3 
3.5 3.0 
3.5 3.0 
3.5 3.0 
3.5 3.0 
3.3 2.5 
3.3 2.3 
3.0 2.0 
2.8 1.5 
2.5 1.0 

0 

9.5 
15 
20.5 
26 
50 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 985 0.15 0.32 0.55 2.5 1.0 

1 .2 
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2.5 
1.7 
1.3 
1 .o 
0.7 
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0.5 
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comparing simulations KPH3, KPH4, IWID3, and IWID4 from table 12. In 

other words, the choices of values for the base case scenario of 

parameters was done with the awareness that these values are non

unique. 

Summary of Base Case Permeability Calibration 

The values chosen to represent the generic atoll island are listed 

in table 10. The Holocene horizontal permeability was chosen to be 50 

m/d, based on average reported hydraulic conductivities and a realistic 

depth to the 50% seawater isochlor. Based upon a criteria of tidal 

response data that was selected from reported studies, vertical 

Holocene permeability was chosen to be 10 m/d, thus, projecting that 

the Holocene aquifer of atoll islands may be anisotropic. A 

permeability contrast between Holocene and Pleistocene aquifers was 

chosen to be one order of magnitude. In addition, the tidal response 

analysis suggests that Pleistocene is anisotropic with permeability 

values of 500 and 100 m/d for horizontal to vertical permeability, 

respectively. Porosity and specific yield were chosen to be 0.25, 

however, a value of 0.20 would also have been reasonable. The value 

for specific yield was simplified to be the same as that of porosity 

throughout the simulation exercises. 

Ground-Water Response Analysis 

Using the permeabilities that resulted from the permeability 

calibration and the base case set of other aquifer characteristics that 

were used in the permeability calibration exercise, each aquifer 

characteristic and some boundary conditions were changed systematically 

in order to record the effects that these parameters have on tidal 

responses. A summary of the simulations that were conducted for this 
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exercise is given in table 13, and results are shown in the figures of 

this section. Many of these simulations were the same as those 

discussed in the base case calibration exercise; the remainder were 

also run using 2-day simulation periods and 30-minute timesteps. It 

was found that, in general, tidal lags were not diagnostic in the tidal 

analysis because they did not change significantly in response to 

changes in a single parameter. This was due, in part, to the 

relatively poor determination of the tidal lag obtained by using 30 

minute timesteps. As a result, tidal lags were not graphed. 

The tidal efficiency graphs (figures 29 to 30 and 32 to 39) have 3 

curves depicting simulated results from the 3 observation nodes located 

at sea level, -7.5, and -15.0 meter depths below the island center. 

The upper two nodes were selected because analogous field data are 

available from roughly the same location. Each aquifer characteristic 

and boundary condition is discussed separately in the following 

paragraphs. 

The simulation results that are represented on a single graph are 

for the aquifer characteristics and boundary conditions of the base 

case scenario except for the specific aquifer characteristic or 

boundary condition tested. For aquifer characteristics such as 

effective porosity and aquifer compressibility, a single value was used 

for the entire domain. For permeability, separate horizontal and 

vertical values were assigned for the Holocene (KHH and KHV) and the 

Pleistocene (KPH and KPV) aquifers. Only one of the permeability 

values was tested at a time for a given graphed result. 

Effective Porosity and Specific Yield 

Reported effective porosity and specific yield values from atoll 

studies range from 0.15 to 0.40 (table 2). Effective porosity (E) was 

tested to see if: 1) variations in porosity and specific yield affect 
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TABLE 13 
SllllMlry of Sinulations Conducted for Ground-Water Response and Dispersive Analysis 

GROUND-WATER RESPONSE ANALYSIS: 
Nl.ll1ber of Range Duration of Tidal Response Results 

Characteristic si111.1lations Tested Si111.1lation BOU'ldary Measured Figure 
~days~ Nl.lllber 

Porosity 6 0.15-0.40 2 yes TE,TL 31 
KHH 5 10-1000 11/d 2 yes TE, TL 28 
KHV 5 5- 200 lft/d 2 yes TE,TL 29 

KPH 5 50-1000 11/d 2 yes TE,TL 32 
KPV 5 50· 500 mid 2 yes TE,TL 33 

Aquif .Coq>ress. 4 10 · 10 2 yes TE,TL 34 

Island Width 8 250·1000 Ill 2 yes TE,TL 35 
>--' Holocene Thiele. 5 0 • 27 2 yes TE,TL 36 w 
w Pleist. ThiC:lc 5 0 . 985 Ill 2 yes TE,TL 37 

Tidal Range 4 0.5· 2.0 m 2 yes TE,TL 38 

DISPERSIVE ANALYSIS: 
Tidal Range 3 0.5· 1.5 m 120-360 yes SP 24,25A,39,40 

Recharge Rate 4 0.25·2.0 m/yr 120·360 yes SP,50X 21,22,47 
Vert .. Long.Disp. 5 I 5 0.01·1.2 m 120·360 yes/no SP 258,41/ 52 
Hor. Long.Di sp 5 I 5 1.5· 12.0"' >160 yes/no SP no effect/no effect 
Transverse Disp. 5 I 5 0.001·1.0 Ill >160 yes/no SP no effect/ 26 
Island Width 4 250·1000"' >160 yes SP 27,43,44,45 . 

TE•Tidal Efficiency TLzTidal Lag SP•Salinity Profile 50~50X Seawater lsochlor 
Vert.•Vertical Long.•Longitudinal Disp.-Oispersivity Hor. •Hortzonta l 



tidal response; and 2) reported values produced reasonable model 

results. The results from the effective porosity analysis (figure 32) 

show an inverse relationship between tidal efficiency and effective 

porosity. Furthermore, changes in porosity have a greater effect on 

tidal efficiencies as distance from the Holocene-Pleistocene 

unconformity increases. The specific yield was kept at the same value 

as porosity throughout the exercises. 

The inverse relationship between e and Sy and TE can be explained 

as an influence of the specific yield. As the value of Sy goes up, 

more water is needed to fill the void spaces at the water-table front, 

thus, more of the tidal pulse energy goes to supplying this water than 

to raising the water level. This is supported by the observation that 

the greatest sensitivity is shown by the water-table response in figure 

32. This indicates that tidal efficiencies are a function of specific 

yield rather than porosity. 

Subsequent tidal analyses were conducted mostly with e and Sy 

values equal to 0.25. However, some of the tests were done using 

values equal to 0.20. 

Permeability 

Permeability values for Holocene sediments range over more than 

one order of magnitude based on field and laboratory measurements 

(table 2). No direct measurements of permeability have been made for 

the Pleistocene aquifer, however, the permeability differences between 

Holocene and Pleistocene aquifers is thought to be between 1 and 2 

orders of magnitude, based largely on interpretation and modeling of 

tidal responses (Buddemeier, 1981; Herman and Wheatcraft, 1984; 

Hogan, 1988). 
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Holocene Horizontal Permeability 

Holocene horizontal permeability (KHH) was tested over the range 

of 10 to 1000 m/d; the results are labelled in table 12 by "KHH" and 

graphed in figure 29 . The graph illustrates that there is only a 

slight increase in the TE at the center of the island even for values 

larger those commonly reported for Holocene sediments. Tidal lags show 

a small response by decreasing with increased KHH, but only when KHH ~ 

500 m/d. This is explained by the tidal response taking a more direct 

path to the center of the island through the Holocene aquifer when 

permeabilities equal or exceed those of the Pleistocene aquifer. 

Holocene Vertical Permeability 

Holocene vertical permeability (KHV) was tested over the range of 

5 to 200 m/d; the results are labelled "KHV" in table 12 and graphed 

in figure 30. Figure 30 illustrates a rather complex relationship 

between KHV and TE. An inverse relationship occurred at the 

unconformity (15 meters below sea level) while a direct relationship is 

exhibited at sea level . The increase in TE at sea level is explained 

by the Holocene aquifer having less resistance to the tidal pulse when 

KHV is increased. The decline in TE at the unconformity is due to the 

release in pressure with increasing KHV; thus, the higher KHV 

disallows the build-up of pressure potential from having a restrictive 

cap. 

Pleistocene Horizontal Permeability 

Pleistocene horizontal permeability (KPH) was tested over the 

range of 50 to 1000 m/d; the results are labelled "KPH" in table 12 

and graphed in figure 33. Figure 33 illustrates a direct relationship 
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between KPH and tidal efficiency below the center of the island. The 

changes are most significant at the unconformity (-15 meters) 

especially over the interval between 50 and 200 m/d. 

Pleistocene Vertical Permeability 

Pleistocene vertical permeability (KPV) was tested over the range 

of 10 to 500 m/d; the results are labelled "KPV" in table 12 and 

graphed in figure 34. Figure 34 shows a direct relationship between 

values for KPV and tidal efficiency. The results of this graph are 

very similar to those of the test on KPH. Because of this similarity, 

it can be inferred that the effects of KPH and KPV combine to create 

contrasts in TE with depth. 

Conclusion from the Permeability Tests 

The results of the permeability tests suggest that, in general, 

the tidal pulse will travel through the pathway of least resistance. 

If the Holocene permeability is significantly lower than that of the 

Pleistocene, then the tidal pulse observed in the Holocene will 

originate from below. If the Holocene had similar permeabilities to 

that of the Pleistocene, then the pathway of tidal propagation would be 

horizontally through the Holocene. An explanation for the spread in 

tidal efficiency values that are commonly observed is that by having 

high contrasts in permeability between the two aquifers, the Holocene 

aquifer effectively "corks-up" the tidal pulse leading to lower TE 

values at sea level and higher TE values at the unconformity. 
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Aquifer Compressibility 

Tidal response with various values for aquifer compressibility 

(aaq) was tested over the range in values from 10- 7 to 10- 10 m•s2/kg; 

the results are graphed in figure 35. Figure 34 shows very little 

difference in tidal response over this range in values. This is 

attributed to the low values in aquifer compressibility that 

characterize carbonate sands and gravels. The storage term, as 

utilized in the time derivative, is given by equation (21) and defined 

in equation (22). Equation (18) shows S
0

p being added to porosity (or 

specific yield) to get the · coefficients to the time derivative, which 

ultimately affects the tidal response observed in the model 

simulations. In order for S
0

p to affect tidal response, the magnitude 

of S
0
p(- aaq • p • g • aquifer thickness) must approach the value of 

Sy, which controls the other half of the storage term in the time 

derivative. Assuming an aquifer thickness of 15 meters (or less) and 

using the highest value for aaq that was tested, a -10- 7 the above aq , 

term in brackets is around 0.03, and, therefore, barely within an order 

of magnitude of Sy. This suggests that in order for aaq to affect 

tidal response in the system, the aquifer material must be composed of 

clay-sized sediments having aaq values above 10- 6 m•s 2 /kg. It is 

possible that layers of fine carbonate muds may be present in the 

aquifers and may have some small effect on the tidal response. It is 

unlikely, however, that the aquifer as a whole would have a significant 

composition of these fine sediments to warrant increasing aaq 

significantly. 
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Island 'Width 

Since the width of atoll islands varies considerably, a total of 4 

island widths were tested by using 4 mesh sizes: 250, 500, 750, and 

1000 meters; the results are labelled "I'WID" in table 12 and graphed 

in figure 36. Since atoll islands seldom exceed 1000 meters in width, 

this value was considered the realistic high end of the range. Atoll 

islands less than 250 meters width, although abundant, seldom have 

developable fresh ground-water lenses; thus, the low end of the range 

of values for island width was put at 250 meters. The controls on 

tidal response exerted by permeabilities warranted use of several 

scenarios of permeabilities; these are restricted to only changes in 

the Pleistocene and are shown in figure 36. All other parameters and 

boundary conditions are consistent throughout the simulations. 

The results of changes in island widths show an inverse 

relationship with large island widths producing smaller and later tidal 

responses than small island widths. The sets of lines in figure 36 

illustrate the range in tidal efficiency simulated by holding 

anisotropic ratios in the Pleistocene at 5 to 1 (horizontal to 

vertical), and changing each permeability value by a factor of 2. 

Thus, KPH was changed from 500 to 1000 m/d and KPV from 100 to 200 m/d. 

The upper curves have the higher values for Pleistocene permeabilities. 

Holocene Thickness 

The thickness of the low permeability Holocene aquifer in a dual

aquifer system is not always known. Simulated tidal responses from 

changes in the Holocene aquifer thickness may show what control this 

feature has on tidal responses. The results of changing the Holocene 

aquifer thickness from 0 to 27 meters are labelled "HOLOT" in table 12 

and shown in figure 37. These results demonstrate an inverse 
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relationship between Holocene thickness and tidal efficiency at sea

level, while showing initial increases in tidal efficiency in the lower 

points, then decreases with increasing Holocene aquifer thickness. As 

expected, the highest tidal efficiencies for the -7.5 and -15.0 meter 

points come where the Holocene aquifer is that thickness, ie 7.5 and 

15.0 meters respectively. When the -7.5 and -15.0 meter curves fall 

into the low permeability aquifer, tidal efficiencies diminish 

significantly by being in the low-permeability aquifer and farther from 

the source of the tidal pulse. These results supplement the results of 

the permeability tests in suggesting that permeability contrasts are 

necessary to get high tidal efficiencies at the unconformity and 

increase the tidal efficiencies significantly with depth. It 

apparently requires greater than 5 meters of Holocene thickness to 

produce high TE with depth. 

Thickness of the Pleistocene Below the Unconformity 

The high permeability character of the Pleistocene aquifer is 

generally considered to extend indefinitely with depth below the 

unconformity. In order to determine the effect that the thickness of 

Pleistocene has on tidal response, its thickness below the -15.0 meter 

unconformity was varied. The results of this test are labelled "PLTK" 

in table 12 and graphed in figure 38. They show the trend in tidal 

efficiencies from having 1.5 meters of Pleistocene aquifer (PLTKl) to 

essentially the full base-case thickness of 985 meters of Pleistocene 

aquifer (PLTKlO). The figure shows that a high-permeability aquifer 

has a positive effective on tidal efficiency over the entire range of 

thicknesses tested; however, the greatest effect results from 

increasing the thickness from 0 to 90 meters. These results suggest 

that the entire thickness of aquifer beneath the unconformity does not 
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have to exhibit the high-permeability character in order to produce the 

tidal response observed in the field. 

Tidal Range 

The effects on TE of varying tidal range were tested for 3 values: 

0.5, 1.0 and 1.5 meters. The results (figure 39) show that there was 

no change in tidal efficiencies resulting from changes in tidal range 

as would be expected. 

Dispersive Transport Analysis 

Mixing of fresh and saltwater in the transition zone of atoll 

islands results primarily from tidal fluctuations. Using a tidal model 

with a fluctuating boundary condition, the parameters that control the 

amount of mixing are the tidal range and the magnitude of the vertical 

dispersivity (aLvert). Greater tidal ranges and higher aLvert' 

therefore, produce thicker transition zones and thinner potable 

portions of the lens that may be utilized for consumption (i.e. the 

lens waters with less than 2.5% seawater). On the basis of simulations 

conducted for this study, horizontal longitudinal dispersivity (aLhor) 

and transverse dispersivity (aT) do not significantly affect the size 

of the transition zone in cases using tidal fluctuations. The 

spreading of the transition zone, it should be noted, is about the 50% 

seawater curve and expands upward into the potable region of the lens 

and downward into the seawater concentration zone. That is, greater 

tidal ranges do not strongly affect the position of the 50% seawater 

curve, yet do cause the potable water portion of the lens to be smaller 

and the area above by the 95% seawater curve to expand. 
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Direction-dependent dispersivities are used the tidal model. 

Since the scale of flow in the vertical direction and aquifer 

inhomogeneities are relatively small in the vertical direction, small 

vertical longitudinal dispersivities are needed to simulate realistic 

transition zone thicknesses. In the horizontal direction, long-term 

flow prevails on the order of the island width, and horizontal 

inhomogeneities observed in the field are much longer (than vertical 

inhomogeneities). Therefore, the use of higher horizontal longitudinal 

dispersivities is justified. The larger horizontal longitudinal 

dispersivities also facilitate model stabilities near discharge areas . 

Using a non-tidal model, the major controlling parameter for 

transition zone mixing is transverse dispersivity. Since tidal 

fluctuations are not simulated, the transverse dispersivity is 

artificially increased in order to compensate for the missing tidal 

process. In this section, however, the simulations that are discussed 

all use the tidal model. 

Table 11 summarizes the simulations that were used in the 

dispersive transport analysis (labelled "DIS") and simulations used in 

the critical island width problem (labelled "CIW") which is discussed 

later. Three tidal range values (0.5, 1.0, and 1.5 meters) and three 

vertical dispersivity values (0.01, 0.03, and 0.05) were used in 

combination for a total of 9 simulations. All of the simulations were 

run to steady-state via a transient solution. Timesteps were 1.5 

hours, and simulation times ranged up to around 700 days. Four graphs 

were constructed to convey the dispersive transport analysis 

information from table 11. Figure 40 shows the relationship between 

tidal range (TR) and simulated thickness of potable water beneath the 

island center for 3 different values of aLvert· Figure 41 shows the 

relationship between TR and simulated steady state thickness of the 

transition zone (TZ) for the three values of aLvert' Figure 42 uses 
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the same data as figure 41 but shows the relationship between aLvert 

and simulated thickness of potable water beneath the island center for 

3 values of TR. Figure 43 illustrates the relationship between aLvert 

and simulated thickness of the TZ beneath island center for three 

values of TR. All of these simulations used the 500-meter island, the 

tidal boundary condition, and steady recharge rates equal to 1.0 m/yr. 

In addition to the 9 simulations performed for this analysis, 

an additional simulations was run for the case where aLvert-0.00 and no 

tides are simulated (labelled "REFl" in table 11 and marked by a square 

in figure 43). This shows the smallest transition zone that can be 

reproduced given the fineness of the mesh discretization in a non-tidal 

simulation. In order to reduce the thickness of the thinnest 

transition zone that can be represented, finer mesh discretization must 

be implemented. 

The curves in figure 40 and 41 are nearly linear and suggest that 

spreading of the transition zone is inversely proportional to the value 

of aL t' The curves in figures 40 and 41 are also parallel which ver 

suggests that transition zone spreading is directly related to the 

combined magnitude of tidal range and aLvert· These lines also suggest 

that there is no unique combination of tidal range and aLvert that 

discribes the transition zone mixing in the system. For example, in 

figure 41, a TZ of around 13.0 meters in thickness can be derived by 

choosing simulation parameters TR-1.0 m and aLvert slightly greater 

than 0.01 m, or by choosing TR=0.5 m and aLvert slightly less than 0.05 

m. 

Figure 41 shows a positive relationship between TR and TZ 

thickness beneath the center of the island. This relationship confirms 

the one shown in figure 40 and illustrates that an increase in TZ 

thickness leads to a decrease in thickness of potable water. About 
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one-half of the TZ increase in thickness is at the expense of potable 

water (i.e. diminishing the amount of water that is less than 2.5% 

relative seawater), while the other half of the TZ growth is by the 

downward and lateral mixing of the lens with greater than 50% seawater, 

as seen in movement of the 95% seawater curve. 

Figure 42 shows an inverse relationship between simulated depth to 

2.5% seawater and aLvert for each of the 3 tidal range values that were 

tested. A linear trend is also found. Figure 43 shows a direct 

relationship between simulated thickness of transition zone and value 

given to aLvert· 

Summary of Dispersive Transport Analysis 

Transition zone spreading beneath atoll islands under tidal 

stresses is sensitive to vertical longitudinal dispersivity aLvert and 

somewhat less sensitive to changes in the tidal range. Based upon a 

comparison between simulated results and the lens profile beneath the 

Laura area of Majuro Atoll (figure 9), a value for aLvert would 

probably be near or possibly lower than the lowest value tested (i.e. 

0.01 m). Laura has a TZ thickness of around 10 meters beneath the 

center .of the island . . For example, if the tidal range is 1.0 m, 

aLvert must be less than 0.01 m, and for a 0.5 meter tidal range, 

aLvert must be around 0.03 m to produce a TZ analogous to that at 

Laura. There are no other data sets available for which direct 

comparisons can be made. It is also possible that a more finely 

discretized mesh would simulate a somewhat thinner TZ for a given 

aLvert· 

The base case value for tidal range was chosen to be 1.0 meters as 

this represents a realistic average value based on Pacific atoll 
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predicted tides, and, therefore, a high level of confidence goes with 

choosing this value for a generic atoll model. The base case value for 

aLvertof 0.01 to 0.03 m is suitable for the generic atoll system. The 

value of 0.03 was chosen for the remainder of the simulations as this 

value is in the middle of the tested range of values. 

Critical Island Width 

Because atoll islands are surrounded by ocean waters and subjected 

to constant tidal fluctuations, some minimum recharge is required to 

sustain a lens that contains potable water resources. The amount of 

potable water resources depends upon both island width and recharge. 

Simulations were run to investigate how the behavior of the lens 

depends on Rand island width (IWID). This was accomplished by using 

base case parameter values determined from the above simulations and 

testing different combinations of R and IWID. Three steady recharge 

rates (0.5, 1.0, and 2.0 m/yr) were used for the smaller two island 

widths of 250 and 500 meters. For the larger two island widths of 750 

and 1000 meters, 4 values of steady recharge rate (0.25, 0.5, 1.0, and 

2.0 m/yr) were used. Thus a total of 14 scenarios (labelled "CIW" in 

table 11) were simulated for this analysis. These simulations were run 

to steady state using a transient solution with a uniform 12-hour tidal 

fluctuation of 1.0 meter. The behavior was quantified by measuring 

thickness of potable water (depth to 2.5% seawater) and thickness of 

the TZ (between 2.5% and 95% seawater) beneath the island center. 

Table 11 summarizes the results of these 14 simulations. Figures 44 

through 47 exhibit the results of these simulations. 

Since tidal range and aLvert were held constant, transition zone 

thicknesses were nearly the same for all the simulations having island 

widths greater than 250 m (figure 44). There is, however, a slight 

decrease in transition zone thickness with increasing island widths 
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from 500 to 1000 m as seen in figure 44. This is due largely to 

horizontal transition zone spreading in the Pleistocene aquifer. 

The depth to 50% seawater beneath the island center increases with 

increasing recharge and island width, as shown in figure 45. The 

increases are largely linear, however, the rate of increase in depth to 

50% seawater diminishes with increasing island width. This, too, is 

because as the lens expands into the Pleistocene aquifer, greater 

horizontal expansion occurs. 

Thickness of the potable water zone nearly doubled with doubling 

recharge (figure 46) for cases of island widths up to 500 meters. For 

larger island widths, spreading of the potable portion of the lens is 

into the Pleistocene and, therefore, is enlarged in the horizontal 

direction. Since increasing R also increases the flow rates and 

discharge losses in the system, there is a resulting diminished rate of 

increase in lens size from increases in IWID. 

Increased thickness of the potable water zone occurs with 

increased island width because of the greater recharge area at the 

surface. The position of the 50% seawater curve similarly becomes 

deeper with greater IWID, as shown in figure 28. 

Threshold of Potable Lens Development 

The recharge threshold required to maintain a developable lens is 

lower for larger islands. In the case of the 250 meter island width, a 

potable lens of only a few meters develops with a high recharge rate of 

2.0 m/yr. It can be projected from the data in table 11 and figure 47 

that the recharge threshold limit for development of at least a 1-meter 

potable water thickness beneath a 250-meter island is around 1.75 m/yr. 

For a 500-meter island, the recharge threshold for potable lens 

development of a 1-meter potable water thickness is around 0.6 m/yr. 

For the 750-meter island, the threshold of recharge to maintain a 
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1-meter potable water thickness is close to 0.25 m/yr. For the 1000-

meter island, the threshold recharge to maintain at least a 1-meter 

potable water thickness is less than 0.25 m/yr. 

For a given island width, there is considerable expansion of the 

potable lens thickness with increased recharge rates (figure 47). The 

thickness of the potable water zone increases significantly with 

increasing R, however, this trend diminishes with increasing R because 

of horizontal expansion when the depth approaches the 15-meter 

Holocene-Pleistocene unconformity. This results when the lens expands 

into the Pleistocene aquifer, and prevailing horizontal flow disperses 

the lens horizontally. 

In order to sustain a developable potable groundwater supply, 

recharge needs to be considerably above the threshold limits. Because 

of the small recharge size, there is very little chance of developing 

ground-water resources on islands less than 250 meters. One example of 

a narrow atoll island that has potable water is the case of Kalap 

Island of Mwokilloa Atoll which is 255 meters wide, receives around 3.0 

meters annual rainfall (for an estimated 1.5 meters annual recharge) 

and has a potable portion of the lens that is around 3 meters thick in 

the center. The Mwokilloa data does not agree with the simulation 

results because: 1) tidal efficiencies for Mwokilloa are very low and 

do not contrast with depth indicating that there is low permeabilities 

in the Holocene and low permeability contrasts between the Holocene and 

Pleistocene aquifers; and 2) the actual recharge to the lens may be 

higher than 50% rainfall, in which case there may be a relatively close 

agreement if, say, actual recharge was around 2.0 m/yr. For larger 

atoll islands, there is a greater likelihood that at least some 

thickness of potable water will develop; the extent of its 

developability remains a function of recharge rate, tidal range, and 

permeability distributions. 
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Hydrologic Events 

Several common hydrologic events that occur on atoll islands, such 

as excessive rainfall, drought, and storm washover of seawater onto the 

island, can significantly impact the size and shape of the ground-water 

lens beneath an atoll island. 

Excessive Recharge 

High rainfall events are common to atoll settings. A simulation 

was employed to examine the response of the lens due to excessive 

recharge such as may occur during a high rainfall period. Using the 

500-meter island, tidal boundary condition, and the base case set of 

parameters, a 30-day wet period was simulated where R was 10 meters per 

year, or 0.833 meters for the 30-day period. The initial lens 

configuration and base case parameters used in this simulation were 

from the steady state tidal simulation CIW5 (table 11). The 0.833-

meter recharge event displaced the 2.5% seawater curve 3.1 meters 

downward beneath the center of the island. Furthermore, the 50% 

seawater curve was displaced downward 2.75 meters, and the 95% seawater 

curve was displaced downward 2.7 meters. Simple piston flow 

displacement by the 0.833 meters of recharge (i.e. downward flow 

without mixing) would have pushed down the 2.5% seawater curve 3.33 

meters (0.833 + 0.25 where 0.25 is the porosity of the medium). Thus, 

the transition zone was compressed about 0.3 m, and at the same time, 

the lens expanded beneath the edges (figure 48). 

Following the accelerated recharge event, a 6-month period of 

steady recharge equal to the long-term normal value of 1.0 m/yr was 

simulated in order to track the subsequent adjustments to the lens size 

and shape. During this period, the 2.5% seawater curve retreated 
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approximately half the distance back to its original steady state 

position. Simultaneously, the transition zone expanded to near its 

steady-state thickness by similar return of the 50% and 95% seawater 

curves. 

In summary, the potable portion of the lens expands quickly in 

response to recharge events by initially compressing the transition 

zone which then adjusts to a new equilibrium thickness. Readjustment 

of the freshwater lens after the heavy recharge event ceases, however 

is much slower. In contrast, the transition zone returns to the steady 

recharge rate equilibrium thickness very quickly. 

Drought 

The response of the lens to a period of drought also was simulated 

using both tidal and non-tidal models. For these two simulations, the 

base case set of parameters, the initial lens configuration from 

simulation CIW13 in table 11, and the 1000-meter island width were 

used, and the recharge rate was set to 0.0. The tidal simulation had a 

1.0 meter tidal range and aLvert-0.03 meters, and at =0.05 meters. The 

non-tidal simulation used the same dispersivity values. The simulated 

time period was 360 days. Figure 49 illustrates the pre-drought and 

post-drought lens profiles beneath the center of the island. 

In general, the response of the lens to zero recharge was slow and 

distinctly different for each model. Tidal simulation movement of the 

2.5% seawater curve was most sensitive to the drought condition as the 

depth changed from 9.4 meters to 6.6 meters beneath the island center 

during the 360-day simulation period. The positions of the 50% and 95% 

seawater curves were less responsive to the drought condition. By the 

end of the 360-day simulation period, the 50% seawater curve had moved 

from 17.3 to 15.7 meters depth beneath the island center while the 95% 

seawater curve had moved from 23.7 to 23.2 meters. The overall effect 
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was to increase the transition zone thickness was from 14.3 to 17.2 

meters. The discharge areas beneath the island edges showed movement 

of the islchlors inward toward the island center with the greatest 

retreat experienced by the shallow salinity isochlors. 

For the non-tidal model, transition zone thickness actually 

decreased from 14.3 to 12.9 meters. In addition, the 95% isochlor was 

the more sensitive than the 2.5% isochlor. The 95% isochlor moved from 

23.7 to 21.4 meters beneath the island center, and the 2.5% isochlor 

moved from 9.4 to 8.6 meters. The position of the 50% isochlor for 

both tidal and non-tidal models was the same, moving from 17.3 to 15.7 

meters. 

The principal conclusion that can be drawn from these simulations 

is that freshwater discharge at the island boundaries is small and that 

the principal loss of freshwater from the lens is from tidal mixing and 

natural discharge driven by higher heads in the center of the lens. 

Although these simulations may suggest that the lens may be sustained 

for a considerable time without recharge, should pumping pressures be 

placed on the system, it is likely that the lens would suffer 

deleterious effects from salinity encroachment. 

Simulated Storm Washover 

Storm inundations of seawater onto low-lying island surfaces 

frequently contaminate fresh ground-water lenses. The effect of storm 

washover onto the island and into the ground-water lens was 

investigated using both tidal and non-tidal models. The use of the two 

models was done to facilitate comparison of the two models. The amount 

of saltwater recharged into the lens (0 . 10 meters), and the rate of 

steady recharge (1.75 m/yr) were similar to a simulation by Griggs 

(1989). In both cases, the same base case set of parameters and 

boundary conditions was used. The 1000-meter island was used with the 
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initial lens configuration of the steady-state tidal simulation CIW12, 

listed in table 11. A pulse of saltwater equivalent to 0.10 meters 

(mass solute concentration of 3.57 x 10- 2 kilograms of total dissolved 

solids per kilogram of fluid) was recharged into the lens over a 1-day 

time period (48 timesteps of 1/2 hour each). Following the saltwater 

recharge period, a 360-day period of steady rainfall recharge 

equivalent to 1.75 m/yr was simulated using each of the models. Lens 

response was recorded through the end of a 360-day simulation periods. 

Because there was little difference between the two model results, 

figure 50 shows the results of only the tidal model for salinity 

profiles at 180 and 360 days into the simulation period. The results 

show that the saltwater mass moves downward through the water column 

and concentration of the plume disperses. The downward movement is 

both from density-dependent flow and displacement by overlying recharge 

waters. 

Comparison of Tidal and Non-Tidal Models 

Tidal fluctuations are a principal process for mixing between 

freshwater and saltwater in a coastal ground-water environment. 

Commonly, the tidal fluctuations are ignored in favor of using 

simplified hydrostatic seawater boundary conditions. Henry (1964), 

Pinder and Cooper (1970), and Lee and Cheng (1974) use a constant 

dispersion coefficient that was independent of ground-water velocities 

to simulated position of the saltwater-freshwater interface in a 

homogeneous, isotropic coastal environment. Velocity-dependent 

dispersion coefficient formulations were developed for use in coastal 

environments by Segol and Pinder (1976), Desai and Contractor (1977), 

Frind (1980), and Voss (1984). These formulations expand the 

dispersion coefficient tensor which give quantitative differences to 

longitudinal and transverse dispersion through respective dispersivity 
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values, aL and aT. 'When velocity-dependent dispersion coefficients are 

used in coastal aquifers having hydrostatic seawater boundary 

conditions, the principal control on transition zone thickness is aT, 

since ground-water flow is dominantly parallel to the relative seawater 

isochlors. In application of the velocity-dependent dispersion model 

to an atoll island ground-water system, Griggs (1989) calibrated aT to 

thickness of the transition zone. 

A contribution of this research was to use both true tidal and 

approximate non-tidal models to simulate tidal boundary conditions. In 

addition, direction-dependent dispersivities were implemented in the 

tidal model. In general, the non-tidal model is computationally 

efficient in steady-state problems, but requires substitution of higher 

transverse dispersion as an artificial transport mechanism to replace 

the physical process of vertical tidal mixing. The tidal model, on the 

other hand, has been demonstrated in this study to be stable and viable 

for most problems in retaining the tidal mixing process. The major 

problem with the tidal model lies in its great computational 

requirements which with improving computer capabilities is becoming 

less of a restriction on the scope and breadth of problems that can be 

studied. 

The fundamental difference between the tidal and non-tidal models 

lies in the flow regime that is simulated in each model; this 

consequently affects the dispersive mixing mechanism. The tidal model 

simulates short-term vertical fluctuations that are superimposed upon 

the long-term flow regime (figure 22). The non-tidal model simulates 

only the long-term flow regime. Since the short-term fluctuating 

vertical flow is the major dispersive mechanism, the lack of tidal 

dispersion in the non-tidal model must be compensated for by increasing 

the dispersivity values to simulate the true transport process. In 

other words, the tidal dispersion process, which is from actual fluid 
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flow, is replaced by an artificial transport mechanism of increased 

transverse dispersivity in the non-tidal model. This artificial 

mechanism does not properly represent the resultant system. 

Comparing responses from the two models (table 14) allows 

evaluation of the models. Three aspects of modeling are compared : 1) 

calibration; 2) dispersive spreading; and 3) hydrologic events. 

Model Calibration 

In simulations that are previously described in this text, it has 

been shown that the non-tidal model is insensitive to changes in 

vertical permeability. Furthermore, without the use of tidal response 

data, there is no way to calibrate vertical permeability values . Given 

the importance vertical permeabilities to the flow regime and 

especially to problems involving groundwater extraction where vertical 

upconing may occur, the estimation of this parameter is paramount. The 

non-tidal model, therefore, has a severe shortcoming. 

In problems where the position of 50% seawater is of interest, 

both models will give similar results. The non-tidal model, however, 

has the advantage of simulating a steady-state solution on the order of 

10 to 50 times faster. 

In summary, model calibration may best be approached using both 

models. The tidal model can use short tidal response simulations to 

estimate vertical permeabilities, and , in the case of a dual aquifer 

system, tidal response methods can be used to approximate the contrasts 

between upper and lower aquifers. The use of the short simulation 

period tidal response methods, however, will not allow estimation of 

horizontal permeability in the upper aquifer since horizontal 

permeabilities are sensitive only to long- term flow regimes, and 

therefore, require the use of steady-state simulations. Since the 

tidal boundary condition does not influence the position of the 50% 
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Table 14 
Comparison of Tidal and Non-Tidal Models 

Tidal Model Non-Tidal Model Advantage 

Computational Large Moderate Non-Tidal 
Requirements 

Mesh Constuction Fine Spacing Fine Spacing Same 

Boundary Conditions Tidal Movement No Extra Needs Non-Tidal 

Calibration Parameters: 
Horizontal Inefficient Efficient Non-Tidal 

Permeabilities 

Vertical Efficient Ineffective Tidal 
Permeabilities 

Dispersivity Values Long Simulations Cannot do Tidal 

Recharge Inefficient Efficient Non-Tidal 

Problems: 
Potable Thickness Long Simulations Uncertain Results Tidal 

Drought Condition Long Simulations Uncertain Results Tidal 

Storm Washover Long Simulations Short Simulations Non-Tidal 

Transition Zone Long Simulations Uncertain Results Tidal 
Thickness 
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seawater isochlor, the non-tidal model may be employed to estimate 

Holocene horizontal permeability. 

Dispersive Spreading 

In both models, the spreading of solute is about the 50% seawater 

curve. For the tidal model, the transition zone thickness may be made 

larger by increasing either the tidal amplitude, the vertical 

dispersivity, or both. Figures 24 and 25 show the effects of 

increasing aLvert and tidal range, respectively. Figure 26 shows the 

relationship between simulated transition zone thickness and simulation 

time for several values of aLvert beginning from the thinnest lens 

case. The limit on the thinness of the transition zone that can be 

simulated by the tidal model is based largely on discretization of the 

mesh and is around 5 to 6 elements in thickness. 

The thickness of the transition zone for the non-tidal model is 

governed primarily by the transverse dispersivity. The thinnest 

transition zone that the mesh discretization would allow without the 

tidal boundary condition was around 4 to 5 elements. In trying to 

create an expanded transition zone, aT was first increased. The 

resulting spread of the TZ is illustrated in figure 27. It can be seen 

that when aT-0.05 and 0.1 m, "normal" TZ shapes develops, however, when 

aT is increased to 0.5 m, spreading has occurred away from the center 

of the lens, but not at the center of the lens. 'When aLvert was 

increased, no significant change occurred in the shape of the TZ until 

the value of aLvert approached the thickness of the potable lens. In 

this case, the 2.5% seawater isochlor developed a slight rise beneath 

the island center as seen in figure 51. 
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This behavior occurs because the flow of water in the nontidal 

model is along the long-term flow paths beneath the atoll island 

surface. Thus, spreading is transverse to the flow paths and of the 

magnitude of the value of aT. Since the flow of water beneath the 

island center is near-vertical, there is no mixing from the transverse 

direction and insignificant effects on the TZ from aT. Where the flow 

direction is roughly parallel to the 50% isochlor, as it is away from 

beneath the island center, an increase in aT produces an increase in TZ 

thickness. The slight rise in the 2.5% isochlor produced by the 

increase in aLvert is from the long-term vertical flow that occurs 

directly beneath the island center. Thus, the increase in aLvert 

produces an artificial increase in TZ thickness. 

In conclusion, the tidal model appears to realistically simulate 

the dispersive mixing process, however, this is not the case for the 

non-tidal model. Dispersive mixing in the non-tidal model responds 

only to long-term fluid flow, and , therefore, cannot simulate the true 

mechansim of dispersive mixing, which is dominated by the short - term 

vertical flow. Realistic steady-state lens configurations develop in 

the non-tidal model , however, when at is 0.1 m or lower . 

Hydrologic Events 

The comparison of the simulation response to saltwater washover 

and drought events in the tidal and non-tidal models was discussed in 

the previous section. The major difference between the two model 

responses lies in the amount of dispersion that the occurred in the 

transition zone. In the case of the saltwater washover event, there 

were minor differences between the results of the two simulations . In 

general, the salinity profiles for each simulation was the same in the 

175 



shallower depths. Below the 50% isochlor, the tidal model produced 

greater dispersion. 

In the case of the drought event, the tidal model simulated an 

increasing transition zone thickness, and the non-tidal model simulated 

a decreasing transition zone. The increasing transition zone in the 

tidal model is caused by continuous mixing from the tides. There are 

two possible explanations for the reduced TZ in the non-tidal model: 1) 

the driving force for long-term flow diminishes with diminished 

recharge, therefore, the effects of transverse mixing are reduced; 2) 

the initial steady-state conditions for this simulation were not 

derived from simulating with the non-tidal model, and, therefore, 

adjustments to the lens may have been from the change in boundary 

conditions. Comparison of these two results to field data from drought 

periods would be useful in evaluating the models. 
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IX. CONCLUSIONS 

The primary purpose of this study is to advance the understanding 

of ground-water flow and transition zone mixing in an atoll island 

ground-water system. This was accomplished by developing a conceptual 

model, and then using this model in numerical simulations that 

incorporated a tidally fluctuating boundary condition. The use of 

numerical simulations allowed investigation of the hydrogeologic 

controls on the system. The conclusions that are drawn from this work 

reaffirm much of the previously developed conceptual models of atoll 

island hydrogeology and improve the understanding of the controls on 

this dynamic system. 

Conceptual Model 

There are two principal components of the atoll island ground

water system: the geologic framework and the hydrodynamic flow system. 

The geologic framework is that of a dual-aquifer system having a 

Holocene aquifer of moderate permeability that is composed of 

unconsolidated layers of primarily carbonate sands, gravels, and silts, 

overlying a Pleistocene aquifer that is composed of carbonate sediments 

that have undergone diagenetic changes which produce very high 

effective permeabilities. The abundance of rainfall and the character 

of island surface features largely control the amount of recharge to 

the lens. Near-surface Holocene hard layers of relatively low 

permeability, if present, may contribute to the size and shape of the 

lens. 

The dynamic ground-water system of an atoll island accounts for 

the flow of variable density water and the mixing of fresh and salty 

waters. The hydraulic controls are from variable recharge and 

fluctuating tidal conditions at the discharge boundary. Average water 
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levels and storage in the lens are dominated by long-term average 

recharge whereas transition zone thickness is dominated by short-term 

tidal fluctuations. 

Controls on the Ground-Water System 

Identification of the controls of an atoll island ground-water 

system come through investigation of the simulated position of the 50% 

seawater isochlor, tidal responses, and salinity profiles (i.e. 

transition zone thickness). Controls on the position of the 50% 

seawater isochlor are recharge rate and Holocene horizontal 

permeability (KHH). Position of the 50% seawater isochlor is not 

sensitive to the magnitude of tidal fluctuations, and therefore, 

reflects long-term average flow conditions. For modeling purposes, a 

non-tidal model may be used to most efficiently calibrate KHH to the 

position of the 50% seawater isochlor from either assumed or determined 

recharge. 

Controls on tidal responses in an atoll island ground-water system 

are Holocene vertical permeability (KHV), permeability contrasts 

between the Holocene and Pleistocene aquifers, and specific yield. 

Tidal responses are not influenced by KHH except near the island edges. 

In order to simulate the contrasting tidal responses that are observed 

with depth, there must be a marked contrast in permeabilities between 

Holocene and Pleistocene aquifers. In cases where tidal efficiency 

does not significantly change with depth, it is inferred that contrasts 

between Holocene and Pleistocene aquifers are small. 

The salinity profile is controlled principally by short-term tidal 

fluctuations. The spreading in the transition zone is related to the 

distance travelled by the 50% seawater isochlor, which is proportional 

to tidal efficiencies at the water table, and to the vertical 

longitudinal dispersivity, which is an approximate measure of the 
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vertical inhomogeneities in the system. Spreading of the transition 

zone is restricted at the potable limits by the influx of recharge and 

at the seawater limits by the buoyant effects of the less dense 

transition zone water which cause flow upward and outward to the 

discharge areas. Mixing of fresh and salty waters in directions 

transverse and longitudinal (horizontal) to long-term flow paths is 

less important. Potable lens thickness, therefore, is controlled by 

the balance between recharge rate, discharge rates (controlled by 

Holocene horizontal permeability), and the dispersive mixing process 

that is controlled by the combined effects of vertical longitudinal 

dispersivity, tidal range, and vertical permeabilities. 

Model Calibration Procedure 

A calibration procedure was developed that can be used for 

specific atoll island cases. This procedure is summarized in the 

following paragraphs. 

The mesh discretization must be small in order to handle 

transition zone mixing in the variable-fluid-density flow system. 

Spacing that is too coarse either produces instabilities beneath island 

edges, or an overly thick transition zone. The thinnest transition 

zone that can be reproduced with the non-tidal model is around 4 to 5 

elements beneath the island center, and around 5 to 6 elements using 

the tidal model. As a criterion for desired thickness of the thinnest 

simulated TZ, the 4 to 6 elements that comprise the thinnest transition 

zone should be at least one or two elements thinner than the 

calibration thickness of the transition zone. In other words, if the 

lens transition zone which is being calibrated to is around 10 meters, 

element spacing should be no greater than 1.5 meters . 

Because the model is insensitive to the small aquifer 

compressibilities of sand and gravel aquifers, values can be assigned 
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to this parameters based on reported values and field measurements. 

Care need be given to the choice of a value for specific yield since 

tidal efficiencies at the water table are sensitive to this parameter. 

The value given to porosity and specific yield should be around 0.20 to 

0.30 as based on reported values and simulation results. As a general 

rule, for sand and gravel aquifers of moderate to high permeability, 

specific yield is around 2/3 of the porosity. 

The tidal boundary condition can be implemented as a fluctuating 

boundary condition by using a sine-wave function. It is recommended 

that a simple tidal signal be used in favor of a more complex one since 

tidal efficiencies are not sensitive to the magnitude of the tidal 

range. Timestep durations should be around 1.5 hours or less when 

using a uniform semidiurnal tide. When using the non-tidal model, 

timestep durations can be greater than or equal to 24 hours. 

The first modeling simulation task is to calibrate KHH and the 

steady recharge rate from the position of the 50% seawater isochlor 

using the non-tidal model. Initial estimates of permeability can be 

obtained from reported or measured values. If average precipitation 

rates are known, recharge can be approximated as 50% of annual 

precipitation, however, a water balance study of a specific site would 

be more appropriate. Making these assumptions and measurements would 

allow estimation of KHH. Steady state simulations using timesteps of 1 

to 2 days can be employed for this task. 

The next modeling task is to use the tidal model with a uniform 

tidal boundary condition to determine KHV and estimate the permeability 

contrasts that might occur between the Holocene and Pleistocene 

aquifers. Short simulations of about 2 days with timesteps of around 

30 minutes can be used in this exercise to determine tidal efficiencies 

and lags from simulated pressures. Since KHV is the primary control on 

water-table TE, this parameter should be calibrated first. Following 

this, combinations of Pleistocene horizontal (KPH) and vertical (KPV) 
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can be tested through sensitivity analyses. Higher contrasts in tidal 

efficiencies with depth indicate greater permeability contrasts with 

depth, and vice versa. 

Once permeabilities have been calibrated, the two parameters that 

control dispersive mixing (TR and aLvert) can be chosen. Since average 

TR can be approximated, a simple tidal signal should be used for the 

task of choosing aLvert· The value of aLvert can be obtained by 

running transient simulations to the steady-state condition of stable 

salinity profiles. The length of these runs will probably be on the 

order of tens or hundreds of days, depending on the closeness of the 
' initial lens profile to the steady-state lens profile. It is advised 

that initial conditions start from a relatively small transition zone 

thickness because transition zone contraction occurs much more slowly 

than does expansion. Since horizontal longitudinal and transverse 

dispersivity values do not significantly affect the transport process 

in this system, initial values for these two parameters should be 

around 1/4 to 1/2 of the horizontal element spacing, for the value of 

horizontal longitudinal dispersivity, and around 0.01 to 0.05 m, for 

the value of transverse dispersivity. From the simulations made for 

this study, a value for aLvert of around 0.01 m is a good starting 

value. Accurately calibrated dispersivity values are not necessary for 

the calibration of hydraulic aquifer characteristics as long as the 

chosen dispersivity values (i.e. characterizing the transport process) 

do not create numerical instabilities (generally characterized by 

oscillations between positive and negative concentrations at adjacent 

nodal points or an excessively wide transition zone). Since estimation 

of TR can often be made by direct or indirect measurements, it is 

possible to calibrate a value of aLvert to be used in the .tidal model. 
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Numerical Simulation Conclusions 

From the calibration process described above and performed while 

using a set of criteria based on data from reported studies, several 

conclusions are drawn. The first is that the system is probably 

anisotropic with horizontal permeabilities being around 5 times greater 

than those in the vertical direction. The tidal response analysis 

suggests that the Pleistocene aquifer may be anisotropic and has 

permeabilities that are around one order of magnitude greater than 

those of the overlying Holocene aquifer. Low vertical permeabilities 

in the Holocene of around 10 m/d are necessary to simulate the low 

tidal efficiency values commonly reported in water-table wells and 

piezometers. Significant permeability contrasts of at least one order 

of magnitude must occur between Holocene and Pleistocene aquifers in 

order to simulate the tidal responses commonly observed with depth. 

The atoll island ground-water system has two components of flow: 

1) short-term vertical fluctuation driven by ocean tides and that 

take place over the scale of a meter or less; 2) long-term average 

flow that is driven by recharge and occurs over the scale of island 

width (i.e. hundreds of meters). From simulation analysis, an estimate 

for vertical longitudinal dispersivity is on the order of 0.01 m and is 

comparable to . those from reported laboratory measurements over the 

distance of around 1 meter of flow (Anderson, 1979). The use of 

laboratory scale dispersivities in a field problem is justified since 

short vertical flow paths of around 0.15 m (the approximate vertical 

distance that the water table travels during a tidal cycle) dominate in 

the atoll island ground-water system. Values for horizontal 

longitudinal dispersivity of between 6 and 12 meters were used in this 

study and are reasonable considering that horizontal flow paths are on 

the order of hundreds of meters. Since dispersivity has been 

demonstrated to be dependent on the scale of the flow path, it is 

182 



concluded that longitudinal dispersivity for the atoll ground-water 

system may be direction-dependent, analogous to permeability in an 

anisotropic system. 

Simulation results from investigations of critical island width 

suggest that higher recharge rates cause the relative seawater 

isochlors to be displaced dominantly downward until they intercept the 

more permeable Pleistocene, then the isochlor spreading is dominantly 

horizontal within the upper Pleistocene aquifer. From simulations of 

drought conditions and recharge events, it is suggested that the 

potable lens is much slower to respond to periods of reduced recharge 

than to periods of increased recharge. In addition, low recharge 

periods appear to increase transition zone thickness whereas high 

recharge slightly reduces transition zone thickness. The 95% isochlor 

is very slow to respond to drought conditions. 

Comparison of Tidal and Non-Tidal Models 

Although the tidal model has large computational requirements, it 

has proven to be robust and may be used for understanding the system 

and as a management tool. A number of realistic problems in atoll 

island hydrogeology may be approached with this model, including the 

modeling of rainfall events, storm washover events, and periods of 

drought or extraction. The tidal model, which retains the true tidal 

boundary condition, may be used to describe the atoll island ground

water flow system including average permeability distributions, 

permeability contrasts, transition zone thicknesses, and estimates of 

freshwater storage. The mixing mechanism in the tidal model is 

controlled by the tidal range, which determines the net vertical 

ground-water movement, and the magnitude of aLvert' which reflects the 

aquifer inhomogeneities in the vertical direction. 
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The non-tidal model, while computationally efficient, is limited 

in its use for ground-water flow problems that depend on tidal mixing. 

This model ignores the short-term dispersive fluctuations and provides 

an artificial transport mechanism through increasing transverse 

dispersivity values for mixing of the fresh and salty waters in the 

transition zone. The mixing mechanism in the non-tidal model is 

controlled by transverse dispersion which cannot simulate realistic 

salinity profiles for thick transition zones. Another shortcoming of 

this model is that the vertical permeabilities cannot be calibrated. 

Suggestions for Improvements on Atoll Model 

There are several improvements that can be made to the tidal 

model. First, improvements in running time would greatly improve the 

scope of problems that can be dealt with. With faster computer speeds 

and larger memories becoming increasingly available, however, this 

problem is diminishing. The use of finer mesh discretization may 

improve the results, especially in problems that involve transiton zone 

thickness and the dispersive mixing process. Improvements on the mesh 

can be made by incorporating such geologic features as hard, relatively 

impermeable layers and known permeability distributions to the mesh 

construction for a specific case study. Improvements to the boundary 

conditions can be made by including effects of swampy central 

depressions, if present, and possibly more realistic tidal and recharge 

fluctuations. 

A suggestion for possible reduction in computational requirements 

may be implemented by reducing the thickness of the Pleistocene. From 

figure 37 it can be seen that no more than 90 meters of Pleistocene 

thickness is needed to retain the model sensitivity observed by having 

the full 985 meters of thickness. It is possible that the lower row of 
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nodes can be nearer the unconformity, but not so close as to inhibit 

the full size of the transition zone from developing. 

Suggestions for Future Work 

The application of this generalized model and modeling procedures 

to specific problems is the next logical step. The problems that may 

be undertaken include: ground-water resources assessment and 

availability estimation, pumping scenarios, saltwater and biological 

contamination problems. 

Numerical modeling of a specific atoll island can best be 

accomplished by collecting the following data: salinity profiles that 

are at least down to 50% relative seawater; tidal efficiencies and lags 

with depth; and tidal responses with respect to ocean tides. For 

cross-sectional modeling, it is ideal to have a minimum of three sites 

of nested piezometers across an island from which to collect salinity 

and ground-water responses. Information on the position of the 50% 

seawater isochlor allows calibration of the model for KHH and long-term 

average recharge rate. Relative changes in tidal responses with depth 

can be used in cases where it is difficult to determine exact ocean 

tides. 

Detailed field investigation of the Pleistocene aquifer has not 

been done. This could be accomplished by placing piezometers in the 

Pleistocene aquifer for measured tidal responses and salinity level 

changes, and by obtaining cores of the Pleistocene strata for porosity 

and permeability measurements. 
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APPENDIX 1 
SUTRA Subroutine With Modified Tidal Bollndary Condition 

The following lines are the SUTRA code for the boundary conditions 
that are implemented by model. The 50 lines of code and explanation 
that are found in the middle of this subroutine are those added to 
implement the tidal boundary condition. The tide that is implemented 
by this example has a uniform tidal range of 1.0 meter per tidal cycle 
of 12 hours . 

c 
c 
c *** 
c *** 
C-*** 
c *** 
c *** 
c *** 
c *** 
c *** 
c 

SUBROUTINE B C T I M E SUTRA - VERSION 1284-2D 

PURPOSE : 
USER-PROGRAMMED SUBROUTINE WHICH ALLOWS THE USER TO SPECIFY: 

(1) TIME-DEPENDENT SPECIFIED PRESSURES AND TIME-DEPENDENT 
CONCENTRATIONS OR TEMPERATURES OF INFLOWS AT THESE POINTS 

(2) TIME-DEPENDENT SPECIFIED CONCENTRATIONS OR TEMPERATURES 
(3) TIME-DEPENDENT FLUID SOURCES AND CONCENTRATIONS 

OR TEMPERATURES OF INFLOWS AT THESE POINTS 
(4) TIME-DEPENDENT ENERGY OR SOLUTE MASS SOURCES 

SUBROUTINE BCTIME(Y,IPBC,PBC,IUBC,UBC,QIN,UIN,QUIN,IQSOP,IQSOU, 
1 IPBCT,IUBCT,IQSOPT,IQSOUT) 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
COMMON/DIMS/ NN,NE,NIN,NBI,NB,NBHALF,NPINCH,NPBC,NUBC, 

1 NSOP,NSOU,NBCN 

c 

COMMON/TIME/ DELT,TSEC,TMIN,THOUR,TDAY,TYEEK,TMONTH,TYEAR, 
1 TMAX,DELTP,DELTU,DLTPMl,DLTUMl,IT,ITMAX 

DIMENSION Y(NN),IPBC(NBCN),PBC(NBCN),IUBC(NBCN),UBC(NBCN), 
1 QIN(NN),UIN(NN),QUIN(NN),IQSOP(NSOP),IQSOU(NSOU) 

C ..... DEFINITION OF REQUIRED VARIABLES 
c . .... . ...... .. .. . 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

NN - EXACT NUMBER OF NODES IN MESH 
NPBC - EXACT NUMBER OF SPECIFIED PRESSURE NODES 
NUBC - EXACT NUMBER OF SPECIFIED CONCENTRATION 

OR TEMPERATURE NODES 

IT - NUMBER OF CURRENT TIME STEP 

TSEC - TIME AT END OF CURRENT TIME STEP IN SECONDS 
TMIN - TIME AT END OF CURRENT TIME STEP IN MINUTES 
THOUR - TIME AT END OF CURRENT TIME STEP IN HOURS 
TDAY - TIME AT END OF CURRENT TIME STEP IN DAYS 
TWEEK - TIME AT END OF CURRENT TIME STEP IN WEEKS 
TMONTH - TIME AT END OF CURRENT TIME STEP IN MONTHS 
TYEAR - TIME AT END OF CURRENT TIME STEP IN YEARS 
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C PBC(IP) - SPECIFIED PRESSURE VALUE AT IP(TH) SPECIFIED 
C PRESSURE NODE 
C UBC(IP) - SPECIFIED CONCENTRATION OR TEMPERATURE VALUE OF ANY 
C INFLOW OCCURRING AT IP(TH) SPECIFIED PRESSURE NODE 
C IPBC(IP) - ACTUAL NODE NUMBER OF IP(TH) SPECIFIED PRESSURE NODE 
C [YHEN NODE NUMBER I-IPBC(IP) IS NEGATIVE (I<O), 
C VALUES MUST BE SPECIFIED FOR PBC AND UBC.) 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

UBC(IUP) - SPECIFIED CONCENTRATION OR TEMPERATURE VALUE AT 
IU(TH) SPECIFIED CONCENTRATION OR TEMPERATURE NODE 
(YHERE IUP-IU+NPBC) 

IUBC(IUP) - ACTUAL NODE NUMBER OF IU(TH) SPECIFIED CONCENTRATION 
OR TEMPERATURE NODE (YHERE IUP-IU+NPBC) 
[YHEN NODE NUMBER I-IUBC(IU) IS NEGATIVE (I<O), 
A VALUE MUST BE SPECIFIED FOR UBC.] 

IQSOP(IQP) - NODE NUMBER OF IQP(TH) FLUID SOURCE NODE. 

[YHEN NODE NUMBER I-IQSOP(IQP) IS NEGATIVE (I<O), 
VALUES MUST BE SPECIFIED FOR QIN AND UIN.] 

QIN(-!) - SPECIFIED FLUID SOURCE VALUE AT NODE (-I) 
UIN(-I) - SPECIFIED CONCENTRATION OR TEMPERATURE VALUE OF ANY 

INFLOW OCCURRING AT FLUID SOURCE NODE (-I) 

IQSOU(IQU) - NODE NUMBER OF IQU(TH) ENERGY OR 
SOLUTE MASS SOURCE NODE 
[YHEN NODE NUMBER I-IQSOU(IQU) IS NEGATIVE (I<O), 
A VALUE MUST BE SPECIFIED FOR QUIN.] 

QUIN(-I) - SPECIFIED ENERGY OR SOLUTE MASS SOURCE VALUE 
AT NODE (-I) 

C ..... NSOPI IS ACTUAL NUMBER OF FLUID SOURCE NODES 
NSOPI-NSOP-1 

C ..... NSOUI IS ACTUAL NUMBER OF ENERGY OR SOLUTE MASS SOURCE NODES 
NSOUI-NSOU-1 

c 
c 
c 
c 

c 
IF(IPBCT) 50,240,240 

c ----------------------------
c ..... SECTION (1): SET TIME-DEPENDENT SPECIFIED PRESSURES OR 
C CONCENTRATIONS (TEMPERATURES) OF INFLOWS AT SPECIFIED 
C PRESSURE NODES 
c 

50 CONTINUE 
DO 200 IP-1,NPBC 
I-IPBC(IP) 
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IF(I) 100,200,200 
100 CONTINUE 

NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCUR FOR ANY 
C TIME STEP IN WHICH PBC( ) CHANGES. 
C THE NEXT 50 LINES INPUT THE CHANGING BOUNDARY CONDITIONS 
C WHICH INCORPORATED TIDAL FLUCTUATIONS TO THE SIMULATIONS. 
C ESSENTIALLY, TIDAL FLUCTUATIONS ARE SIMPLIFIED TO OCCUR TWICE 
C PER DAY (IE TWO HIGHS AND TWO LOWS) AND THEY FUJCTUATE FROM LOW 
C (NEAP) TO HIGH (SPRING) TIDES OVER A 15 DAY (l.296D+06 SECONDS) 
C SPAN. THE FOLLOWING VARIABLES ARE USED: 
C YMAX-MAX Y-COORDINATE VALUE-MEAN SEA LEVEL 
C ¥(I)-Y-COORDINATE 
C YDIM-Y-DIMENSION HEIGHT OF WATER COLUMN-YMAX-Y(I) 
C TCYCLE-LENGTH OF TIDAL CYCLE-15 DAYS-l.296D+06 SECONDS 
C TMAXAMP-MAX TIDAL AMPLITUDE 
C TIDMAX-MAX TIDAL RANGE (2 * TMAXAMP) 
C TIDMIN-MIN TIDAL AMPLITUDE 
C TFLUX-TIDAL FLUCTUATION RATE OVER TIDAL CYCLE OF 15 DAYS 
C YSEC-TIME POSITION WITHIN TIDAL CYCLE-DMOD(TSEC,TCYCLE) 
C TIDAMP-AMPLITUDE OF TIDE FOR THE TIME PERIOD ENDING AT TSEC; 
C TIDAMP IS RISING OVER FIRST 7.5 DAYS OF TIDAL CYCLE; FALLING 
C OVER THE LAST 7.5 DAYS (6.48D+05 SECONDS) OF TIDAL CYCLE. 
C * * * THE UNNUMBERED LINES BELOW NEED TO BE COMMENTED OUT IN ORDER 
C TO RESTORE TO ORIGINAL PROGRAM * * * * * * * * * * * * * * * 
C IF NO TIDAL ·FLUCTUATIONS ARE DESIRED, PUT TIDMAX-0.0, TIDMIN-0.0. 
C FOR A SIMPLIFIED TIDE HAVING NO SPRING-NEAP CYCLE, TIDMAX-TIDMIN. 
C IN THE CASE WHERE THE TIDAL RANGE IS 1.0 METERS, TIDMAX-TIDMIN-1.0. 

!TIME-ABS(!) 
YMAX-1000.00 
YDIM-YMAX-Y(ITIME) 
TCYCLE-15.0 * 86400.0 
TIDMAX-1.0 
TIDMIN-1.0 
AMPMAX-TIDMAX/2 
AMPMIN-TIDMIN/2 
TRANGE-AMPMAX-AMPMIN 
TFLUX-((TIDMAX-TIDMIN)/2)/(7.5 * 86400) 

PI-3.141592654 
GAMMA-9.81DO*l025.00DO 

C DETERMINATION OF FLUCTUATION WITH RESPECT TO TIDAL CYCLE: 
C (FOR CASE OF SPRING-TO-NEAP CYCLE) 

YSEC-DMOD(TSEC,TCYCLE) 
C IF (YSEC .GE. 0.0 .AND. YSEC .LT. 6.48D+05) THEN 

TIDAMP-YSEC * TFLUX + AMPMIN 
C END IF 
C IF (YSEC .GE. 6.48D+05 .AND. YSEC .LT. l.296D+06) THEN 
C TIDAMP-AMPMAX - (YSEC-6.48D+05)*TFLUX 
C END IF 
C DETERMINATION OF TIDAL FLUCTUATION (DTIDE) FROM MEAN SEA LEVEL: 
C (SINE-WAVE FUNCTION) 
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DTIDE-TIDAMP*DSIN(PI*TSEC/21600) 
C DETERMINATION OF PRESSURES AT PRESSURE NODES: 

PBC(IP)-(YDIM + DTIDE) * GAMMA 
C HEADT(IP)-YDIM + DTIDE 
C ASSIGN CONCENTRATION VALUE TO PRESSURE NODE: 

c 
c 
c 
c 
c 

c 

UBC(IP) -3.57D-2 
200 CONTINUE 

240 IF(IUBCT) 250,440,440 

c - - - - - - - - -- - - - - - - - - - - - - -
C ..... SECTION (2): SET TIME-DEPENDENT SPECIFIED 
C CONCENTRATIONS (TEMPERATURES) 
c 

250 CONTINUE 
DO 400 IU-1,NUBC 
IUP-IU+NPBC 
I-IUBC(IUP) 
IF(I) 300,400,400 

300 CONTINUE 
C NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY TIME STEP 
C IN WHICH UBC( ) CHANGES. IN ADDITION, IF FLUID PROPERTIES 
C ARE SENSITIVE TO 'U' THEN A FLOW SOLUTION MUST OCCUR AS WE 
C UBC(IUP) - (( )) 

400 CONTINUE 
c -
c 
c 
c 
c 

440 IF(IQSOPT) 450,640,640 
C------
c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C ..... SECTION (3): SET TIME-DEPENDENT FLUID SOURCES/SINKS, 
C OR CONCENTRATIONS (TEMPERATURES) OF SOURCE FLUID 
c 

450 CONTINUE 
DO 600 IQP-1,NSOPI 
I-IQSOP(IQP) 
IF(I) 500,600,600 

500 CONTINUE 
C NOTE : A FLOW AND TRANSPORT SOLUTION MUST OCCUR FOR ANY 
C TIME STEP IN WHICH QIN( ) CHANGES. 
C QIN(-!) - (( )) 
C NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY 
C TIME STEP IN WHICH UIN( ) CHANGES. 
C UIN(-I) - (( )) 

600 CONTINUE 
c - - - - - - - -
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c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
c 
c 
c 
c 

640 IF(IQSOUT) 650,840,840 
C------ -----------------
C - - - • - - - - - - - - - - - - - - - - - - - - - - - -
C ..... SECTION (4) : SET TIME-DEPENDENT SOURCES/SINKS 
C OF SOLUTE MASS OR ENERGY 
c 

650 CONTINUE 
DO 800 IQU-1,NSOUI 
I-IQSOU(IQU) 
IF(I) 700,800,800 

700 CONTINUE 
C NOTE : A TRANSPORT SOLUTION MUST OCCUR FOR ANY 
C TIME STEP IN WHICH QUIN( ) CHANGES. 
C QUIN(-!) - (( )) 

800 CONTINUE 
c - - - - -
C--------
C 
c 
c 

c 
840 CONTINUE 

RETURN 
END 
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APPENDIX 2 

Relationship Between Permeability and Hydraulic Conductivity 

Hydraulic conductivity is a constant of proportionality that is a 

function of both the medium and the fluid which flows through the 

medium. Hydraulic conductivity can be described: 

where: K [L/T] 

k [L2] -
p [M/L3 ] 

g [L/T2] 

µ [LT/M] 

K --~-e_g_ 
µ 

- hydraulic conductivity 

intrinsic permeability 

fluid density 

gravitational constant 

dynamic viscosity 

For variable density fluid flow, K may change over the flow path from 

not only changes in the medium, but to changes in fluid density as 

well; therefore, SUTRA requires input of k as the variable to describe 

the ease of fluid-flow through the medium. The SUTRA code requires as 

input only single values for g and µ; p may change with changing 

solute concentrations and k may change depending on direction of fluid 

flow and is therefore represented by a two-by-two tensor. 

In order to remain consistent with previous studies and reports, 

near-equivalent values of K were used in the text instead of the values 

of k used as input parameters. Near-equivalent values for K were based 

on the following assumption: g and µ were constant, and p was equal to 

the density of fresh-water. The following table converts SUTRA input k 

values to near-equivalent K values: 
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SUTRA Input k Near-equivalent K 

(m2} (mLd} 

1.1806 x l0-12 1 

5.9030 x l0-12 5 

1.1806 x l0-11 10 

5.9030 x l0-11 50 

1.1806 x l0-10 100 

5.9030 x l0-10 500 

1.1806 x 10- 9 1000 
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