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Abstract 

The ground-water system in Southern Oahu, Hawaii consists of a thick, extensive 

freshwater lens overlying a transition zone to a thick saltwater zone. This 

system is analyzed in cross section with a variable density ground-water flow and 

solute transport model on a regional scale. Steady-state simulation analysis of 

the transition zone in the layered basalt aquifer of Southern Oahu indicates that 

a small transverse dispersivity is characteristic of horizontal regional flow. In 

this system, in which flow is generally parallel to isochlors, steady-state 

behavior is insensitive to the longitudinal dispersivity. Parameter analysis 

identified that only six parameters control the complex hydraulics of the system: 

horizontal and vertical hydraulic conductivity of the basalt aquifer, hydraulic 

conductivity of the confining caprock, leakance below the caprock, specific yield, 

and aquifer matrix compressibility. 

Introduction 

The regional ground-water system of Southern Oahu, Hawaii is a thick, extensive 

freshwater lens overlying a transition zone to a thick saltwater zone in a basalt 

aquifer. The ground-water system is unconfined in the inland area where the 

transition zone is sharp, and confined near the coastal discharge area, where the 

transition zone is broadly dispersed. The bottom boundary of the aquifer is deep 

allowing free movement of saltwater beneath the freshwater lens. The freshwater, 

transition zone, and saltwater are all integral parts of the dynamic aquifer 

system and are modelled as a single system in a cross-sectional simulation. 
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There have been two basic approaches to numerical modelling of aquifers containing 

a freshwater lens and a transition zone to saltwater. One approach assumes a 

sharp interface between fresh and saltwater, so that the system is modelled as two 

coupled, immiscible fluids. Sharp interface models have either assumed static 

equilibrium in the saltwater, or have additionally solved for head or pressure 

changes in the saltwater. The second modelling approach is to use coupled 

ground-water flow and solute transport to simulate a dispersed transition zone. 

Computer models have been applied in the analysis of several aquifer systems in 

Hawaii which contain freshwater lenses. Areal models, using a sharp interface 

approximation were used to study the Honolulu aquifer (Meyers eta!, 1974), a 

basal aquifer in Maui, Hawaii (Burnham eta!, 1977), the leeward aquifers in 

Southeast Oahu (Eyre eta!, 1986), and in the Southern Oahu aquifer (Liu eta!, 

I 98 I; Eyre et a!, l986b ). Solute transport modelling (Whea tcraft, 1979) has been 

used to extend results of sandbox modelling (Heutmaker et a!, 1977) of waste-water 

injection in a freshwater lens system. 

However, a more complete analysis of the flow of fresh and saline water in a 

variable density system must take into account both the distribution of fluid 

density, and the movement of salt within the transition zone. This requires a 

transport model that is able to produce both a stable thin transition zone and a 

broadly dispersed transition zone on a regional scale. However, solute transport 

simulators have considerable difficulties modelling narrow concentration fronts on 

a regional scale, including instabilities and smearing of the concentration 

distribution. A U.S. Geological Survey finite-element model, SUTRA, employing a 

new numerical method for calculation of velocity (Voss, 1984) has been verified 

and shown to successfully simulate sharp transition zones on a regional scale. 

Using a carefully discretized mesh, the SUTRA model is used to simulate a regional 

cross section of the flow system in Southern Oahu and is the first to include 

variable density ground-water flow and the effects of anisotropic permeability. 

The modelling methodology is described in a companion paper in these proceedings 

(Voss and Souza, 1986). This paper describes the initial model identification and 

parameter estimation for the Southern Oahu system. 
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Hydrogeologic System 

The major aquifers on Oahu are composed of hundreds of thin-bedded, sub-areally 

extruded lava flows. The layers, generally a meter to a few meters thick, form a 

matrix of thin overlapping tabular units commonly ten to hundreds of meters wide 

and tens to thousands of meters long which dip about 5 to 10 degrees from the 

mountainous, ground-water recharge areas to the ocean. The bottom of the aquifer 

is generally considered to be composed of relatively impermeable submarine pillow 

basalts, which, because of subsidence of the island, may exist at a depth of about 

2 km below sea level. The extent of subsidence has never been verified by 

drilling. Geophysical studies have suggested a change in density at a depth of 2 

to 3 km (Strange et al, 1965). More direct evidence from studies of offshore 

topography (Andrews and Bainbridge, 1972) suggest subsidence of about 1800 m. 

The horizontal permeability of the basalt aquifers is high. The maximum 

permeability in the rock matrix occurs in the voids that exist between coarse, 

irregular surfaces of overlapping Ia va flows. The layering of the lava flows, as 

exposed in cliffs and valley walls is a striking feature of the aquifer material; 

apparently the horizontal permeability is much greater than the vertical 

permeability. While previous studies have estimated hydraulic conductivity values 

for the aquifer of 150 to 1500 m/d from analysis of aquifer tests (Mink, 1980; 

Williams and Soroos, 1973), anisotropy in permeability has never been directly 

measured. Rough estimates of anisotropy indicate that the vertical permeability 

may be from one to three orders of magnitude less than the horizontal. The 

effective porosity for flow and volumetric porosity are assumed to have the same 

value as the specific yield. 

The primary water supply for the island of Oahu is the Southern Oahu aquifer. 

Fresh ground water occurs in the aquifer in the form of a thick lens underlain by 

a transition to a thick saltwater zone. The highest measured heads in the system, 

recorded in the late 1800's, exceeded 12 meters (Mink, 1980), forming a freshwater 

body up to 500 m thick. This lens, although thinner at present, due to pumping 

stresses, extends inland for about 10 km. The water table map in 1958 is shown in 

figure 1. The lens is impounded behind an extensive, poorly permeable, 

sedimentary wedge. This barrier, composed of layers of marine and terrestrial 
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sediments and termed 'caprock' in previous studies, covers the basalt along the 

southern coast of Oahu and inhibits the free discharge of freshwater to the ocean. 

Ground-water recharge to the aquifer occurs mainly in the mountain areas where 

rainfall is high. Pre-development discharge occured mostly along a line of 

springs at the boundary of the basalt and caprock near the perimeter of Pearl 

Harbor (Figure 1). Presently the measurable discharge from the aquifer occurs at 

these springs and at pumping centers located throughout Southern Oahu. While most 

of the natural discharge occurs at the springs, it is expected that a small 

diffuse discharge takes place through the caprock; however, no freshwater is 

believed to escape beneath the caprock and discharge directly to the ocean where 

the caprock ends about 40 km offshore. The aquifer is bounded on the northeast by 

vertical volcanic dikes in the Koolau Range forming impermeable boundaries. 

Partial barriers to flow occurring to the west are caused by an erosional 

unconformity near the Waianae Range and to the southeast towards Honolulu by 

sediment filled valleys. An impermeable barrier to the north is inferred from the 

existence of a separate ground-water system with unconfined heads exceeding 90 m 

above sea level. Figure 2 shows a cross section typical of the occurence and 

movement of ground water in Southern Oahu. 

Southern Oahu Finite-element Mesh 

The finite element mesh used to discretize a representative cross section of the 

aquifer similar to figure 2 is shown in figure 3. The modelled vertical section 

is generally perpendicular to the coast of Southern Oahu shown as line A-B in 

figure 1. The mesh consists of 646 rectangular elements and 702 nodes with 

variable spacing both horizontally and vertically. The mesh is 18000 meters in 

the horizontal direction, and 1800 meters in the vertical direction. Note that, 

in the figure, a change in scale occurs just below 500 m depth. The top section 

with narrow vertical discretization in figure 3 is only one-third of the total 

mesh depth, and has a vertical exaggeration of about 20 to 1. The modelled 

section has an arbitrary thickness of 1.0 m. The caprock is represented by a 

wedge of elements in the upper right-hand corner of the mesh that is specified to 

have lower permeability than the basalt. 
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Figure 1. Southern Oahu aquifer map with boundaries, well locations, 
and 1958 hydraulic heads adapted from Mink (1980). 



Eigure 2. Typical hydrologic cross-section of Southern Oahu aquifers 
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Boundary Conditions 

The boundary conditions for simulation of the flow in the aquifer system are shown 

schematically in figure 3. Recharge enters evenly along the upper left boundary 

of the mesh where there are 21 nodes with specified inflow. A no-flow condition 

is imposed along the lower left vertical boundary. The recharge distribution 

along the inflow boundary is time-independent and results are insensitive to the 

depth to which this recharge is distributed. Simulation tests show that water 

recharged at greater or lesser depth rises or dives to an even distribution within 

the freshwater lens in a short horizontal distance. A no-flow boundary is 

specified along the bottom of the mesh at the probable depth of impermeable 

submarine-extruded basalts. A water table is modelled along the top left boundary 

of the mesh by specifying non-zero values of specific yield and a no-flow 

condition at the boundary nodes. Along the top right boundary, a constant 

pressure of zero is maintained at the boundary nodes. This boundary models static 

sea level pressure in the Pearl Harbor estuaries and the ocean above the 

semi-confining caprock. 

South of Oahu, the basalt outcrops along the sea bottom more than 40 km offshore. 

At this point a hydrostatic seawater pressure would be the correct condition to 

impose. However, the effects of the distant boundary and the extended aquifer on 

the dynamics of the freshwater and transition zone may be more economically 

modelled by imposing a higher impedance to flow along a boundary in the basalt 

aquifer that is closer to the island. Flow through this aquifer-seawater boundary 

in the lower right edge of the mesh is controlled by the permeability assigned to 

the column of elements along the lower right hand boundary below the caprock. 

These elements have lower permeability to represent the impedence to the flow of 

seawater in the aquifer portion external to the model boundary. Along the right 

vertical boundary a hydrostatic seawater pressure distribution is maintained. The 

pressure along this boundary begins at value of zero and increases linearly with 

depth at a rate corresponding to the pressure of hydrostatic sea water. 

The boundary conditions for the transport simulation are dependent on the flow 

boundary conditions. The total dissolved solids (TDS) concentration of the inflow 

due to the recharge is that of freshwater (C= 0 kg-TDS/kg-fluid). Any inflow 
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occurring through the specified pressure boundaries has seawater concentration of 

.0357 kg-TDS/kg-fluid (TDS= 35,700 mg/L). Any flow out of the mesh at the 

specified pressure boundaries occurs at the ambient concentration of the aquifer 

fluid. Solute may neither disperse or advect across no-flow boundaries. 

Steady-State Behavior 

The water-table configuration of the freshwater lens in Southern Oahu prior to 

development has been reconstructed by Mink (I 980). The reconstruction indicates 

an initial pre-development head of about 12 m at the inland boundary, and 10 m 

near the Pearl Harbor springs. An estimated recharge value of 3.49 x 104 m3jd per 

kilometer width of aquifer (0.404 kgjs per cross-sectional thickness of one meter) 

is based on estimates of natural flux by Mink (1980). 

The steady-state of the system is found by long-term transient simulation from 

arbitrary initial conditions until the system stabilizes. Extensive numerical 

tests identify that only horizontal permeability of the basalt and the 

permeability of the confining caprock control the steady-state hydraulic behavior 

of the system and configuration of the freshwater lens. Steady-state hydraulic 

behavior of the lens is insensitive to the vertical permeability of the basalt. 

Because the basalt is assumed to be homogeneous and vertically anisotropic on the 

regional scale, only one value each of horizontal and vertical permeability are 

estimated. 

The horizontal hydraulic conductivity of the basalt (Kh) is estimated to have a 

value of 460 m/d in order to give an average simulated water table slope of 

approximately 0.2 m/km. The caprock permeability controls the simulated magnitude 

of steady-state pressures in the aquifer. The hydraulic conductivity of the 

caprock (Kc) is estimated to have a value of 0.046 m/d (I0-4Kh) to reproduce the 

over-pressure in the aquifer caused by the confinement. 

The dispersivities used in the model are estimates. Typically, longitudinal 

dispersivity may be considered to be on the order of the same size as the size of 

flow inhomogeneities along the transport reach. A longitudinal dispersivity of 76 m 
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may be considered reasonable in light of the size of lava flow structures. 

Transverse dispersivity is typically not well known for field problems. The width 

of the simulated steady-state transition zone in Southern Oahu is highly sensitive 

to transverse dispersivity. A value of 0.25 m for transverse dispersivity 

produces a transition zone with dimensions similar to those measured in the field. 

While there is no data available for the depth of and concentration distribution 

in the transition zone below the thick inland portion of the lens, it may be 

expected that the transition zone is thinnest in this region. The shape and 

position of the freshwater lens and associated transition zone are in excellent 

agreement with the generally accepted conceptual model and is shown in figure 4a 

to scale and in figure 4b with vertical exaggeration. 

Short-term Transient Behavior 

In February 1958, due to a labor stike in the sugar industry, a large scale 

shutdown of irrigation pumping occurred on the island of Oahu. Because irrigation 

pumping is the major stress on the Southern Oahu aquifer, a regional recovery of 

heads occurred, as well as a regional drawdown at the end of the strike three 

months later. The fluctuations resulting from these major changes in stress on 

the aquifer provide useful data for an analysis of the short-term hydraulic 

behavior. Figure 5 shows a hydrograph from an observation well (2801-01, 

Figure 1), typical of the aquifer-wide response. Hydraulic analysis of aquifer 

parameters is carried out by requiring that the simulation reproduce the measured 

response. Initial conditions for the shutdown/restart simulation are obtained by 

pumping the aquifer from pre-development conditions for average historic pumping 

rates until eight months prior to the strike, and then at monthly rates until the 

strike. The range of aquifer constants considered in the analysis are also 

summarized in table I. 

Table 1. Aquifer parameters and rechargejpumping history for 
Southern Oahu simulations. 

FIXED VALUES 

Freshwater Density, kgjm3 
Seawater Density, kgjm3 
Water Compressibility, Pa·1 
Fluid Viscosity, kg/m 
Molecular Diffusivity, m2js 
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Table 1. (continued) 

PARAMETERS 

Horizontal Hydraulic Conductivity 
of basalt (K.), mjd 

Hydraulic Conductivity of 
caprock (K,), m/d 

Hydraulic Conductivity of 
sea boundary (K 8 ), mjd 

Anisotropy Ratio (Kh/K,) 
Specific Yield 
Aquifer Matrix 

Compressibility, pa·1 
Longitudinal Dispersivity, m 
Transverse Dispersivity, m 

RANGE 

150-1500 

.01-100 

.01-1500 
1-1000 

.01-.15 

1o·1'L1o·8 
10-1000 
a-so 

SUGGESTED MODEL 

460 

0.046 

4.6 
200. 

• 04 

2. sx1o·9 

76 
0.25 

PUMPING AND RECHARGE HISTORY 

PERIOD 

1880-1889 
1890-1899 
1900-1909 
1910-1939 
1940-1949 
1950-1959 
1960-1969 
1970-1979 

RECHARGE (m3jd/m) 

34.93 
34.93 
34.93 
42.01 
41.49 
40.28 
40.80 
40.80 

WITHDRAWAL (m3/d/m) 

.86 
7.95 

14.26 
21.34 
22.12 
21.00 
23.41 
28.17 

Parameter identification and estimation is carried out on the drawdown portion of 

the hydrograph immediately following the end of the strike. At the time scale of 

a few months, simulations identify only three parameters that control transient 

hydraulic behavior in the system: specific yield, specific pressure storativity 

(adjusted by varying aquifer matrix compressibility), and ratio of horizontal (Kh) 

to vertical (Kv) hydraulic conductivity (anisotropy). These parameters are in 

addition to the two identified as steady-state controls. Acceptable model matches 

to field data may be found using various combinations of specific yield and 

compressive storage through a reasonable range of values. Although specific yield 

has been estimated for Hawaiian layered basalts, the compressive storage has not 

been measured, nor considered, in analyses of water table aquifers. One of the 

most reliable estimates of specific yield has been carried out on test data from 

Kalauao, Oahu (Williams and Soroos, 1973). The results give an estimate of 

specific yield (.05 to .19) based on a modification of the Theis method for 

partial penetration. A reasonable range for compressive storage is that given for 

jointed rock 10-10 ~ 10-8pa-1(Freeze and Cherry, 1979). 

Through repeated trials, model response to the stresses imposed by the strike are 

obtained with various combinations of these three parameters. Each series of 

simulations is carried out with a fixed value of anisotropy, and particular 

combinations of values of specific yield and compressive storage are determined 
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that give good model response. The curves in figure 6(a,b,c) show the values of 

specific yield and compressive storage that give reasonable model behavior for 

fixed anisotropies of 20:1, 100:1, and 500:1. In each figure, the range of best 

matching model results are indicated by the box on the curve. The three ranges of 

best matching parameter values are combined in figure 6d, which provides a unique 

trade-off function among parameter values that best fit the data. 

Long-term Transient Behavior 

Long-term hydraulic behavior of the aquifer system is measured by the long-term 

decline in average yearly water levels in the Pearl Harbor aquifer from 1880 to 

1980 (Figure 7). Comparison of simulations with this data identify only one 

additional parameter that controls system behavior on this time scale. This 

parameter is the hydraulic conductivity of the sea boundary (K5 ) below the caprock 

which allows the model to account for the impedance of the aquifer material on the 

seaward side of the boundary. The sea boundary conductivity may be relatively 

small or its conductivity may range in value as high as that of the basalt 

aquifer. This parameter controls the ease with which seawater can enter or leave 

the region below the freshwater lens in response to changes in stresses on the 

aquifer. Simulations show that sea boundary conductivity affects transient 

behavior of the system on the order of a year or longer, but does not have a 

strong affect on the steady-state of the system. 

The historical draft, for the period from 1880 to 1980, is divided into the eight 

pumping periods, used by Mink (1980). The recharge rates and pump rates are 

summarized in table 1. The steady-state water level depicted for the starting 

point in 1880 in the long-term hydrograph (Figure 7) is an estimate of the 

steady-state conditions of the aquifer prior to development. Hydraulic head 

declined slowly from 1880 to 1890, and major development took place from about 

1890 to 1910 (Mink, 1980). Results of the best long-term simulation using a 

sea-boundary conductivity of one-hundredth of the basalt are shown in figure 7. 

This value of sea-boundary conductivity implies that the aquifer is not directly 

connected to a source of seawater below the caprock external to the model. The 

long-term decline in the water level causes a nearly continuous loss of freshwater 
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stored in the aquifer system. This causes a regional rise of the transition zone. 

The simulated salinity distribution after 78 years of pumping is shown in figure 8. 

A comparison of the salinity distribution from field data in 1958 to the model 

data is shown in figure 9. The well used in the comparison is located near 

springs in the Pearl Harbor area (Well 2356-51, Figure 1). The depth and 

thickness of the transition zone is in close agreement with measured salinities. 

No attempt was made to calibrate values of dispersivities in this initial study. 

The close approximation of the model to the shape and distribution of salinities 

indicates that the low transverse dispersivity value used (0.25) is of reasonable 

magnitude. 

Conclusions 

The Southern Oahu regional aquifer system containing both narrow and broad 

transition zones to underlying saltwater is analyzed by a two-dimensional 

cross-sectional ground-water flow and solute transport model although it is a 

numerically difficult simulation problem. The U.S. Geological Survey SUTRA model 

(modified to include water-table storage) is applied to the Southern Oahu system 

for both identification of the hydraulic model of the aquifer, and for estimation 

of aquifer parameters. 

The identification process for the Southern Oahu aquifer provides the following 

information on the structure of the model: 1- The regional aquifer dynamics do 

not depend on the depth of freshwater recharge. 2- Steady-state aquifer behavior 

is controlled by the horizontal hydraulic conductivity of the basalt aquifer and 

the hydraulic conductivity of the caprock. 3- Short-term transient hydraulic 

behavior (on the order of a few months) of the aquifer system is controlled by 

three additional parameters: specific yield, aquifer matrix compressibility, and 

vertical hydraulic conductivity of the basalt aquifer. 4- Long-term transient 

hydraulic behavior of the aquifer system is controlled by the hydraulic 

conductivity of the sea boundary below the caprock. 

The model is parsimonious in that, for the entire regional system, it depends on 

only six hydraulic parameter values. Horizontal aquifer conductivity is estimated 
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to be 460 m/d in order to reproduce the steady-state regional gradient of the 

water-table elevation. Caprock hydraulic conductivity is estimated to be 0.046 

m/d in order to give the correct confining conditions and resultant steady-state 

over-pressure. The three parameters that control short-term transient response 

are not independently estimated, but values resulting in appropriate model 

behavior are given in a trade-off function. An independent estimate of one of 

these parameters determines the other two through this function. A moderate 

impedance of the sea boundary below the caprock best reproduces long-term 

transient behavior. The regional distribution of TDS concentration is insensitive 

to the value of longitudinal dispersivity (76 m) but is highly sensitive to the 

transverse dispersivity. The low tranverse dispersivity estimated for the 

Southern Oahu aquifer (0.25 m) results in simulation of a relatively narrow 

transition zone as is expected on the regional scale, and closely matches the 

measured distribution of total dissolved solids through the transition zone. 

The model identification and parameter estimation described in this paper provides 

the simplest possible hydraulic model of the Southern Oahu aquifer system that 

reproduces the complex hydrologic behavior on a regional scale. Calibrating a 

model based on more numerous physical processes and on more spatially complex 

parameter distributions in order to achieve better matches with field data 

provides, at best, a curve-fitting tool which does not increase hydrologic 

knowledge of the system. The approach in this paper results in meaningful 

simulation analysis because it allows direct physical interpretation and 

understanding of aquifer system behavior. 
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