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Ground Water in the Southern Lihue Basin, Kauai, Hawaii

By Scot K. Izuka and Stephen B. Gingerich

Abstract

A multi-phased study of ground-water 
resources, including well drilling, aquifer tests, 
analysis of ground-water discharge, and numerical 
ground-water modeling, indicates that the rocks of 
the southern Lihue Basin, Kauai, have permeabili 
ties that are much lower than in most other areas of 
ground-water development in the Hawaiian 
islands. The regional hydraulic conductivity of the 
Koloa Volcanics, which dominates fresh ground- 
water flow in the basin, is about 0.275 foot per day. 
The Waimea Canyon Basalt which surrounds the 
basin and underlies the Koloa Volcanics within the 
basin is intruded by dikes that reduce the bulk 
hydraulic conductivity of the rocks to about 1.11 
feet per day.

The low permeabilities result in steeper head 
gradients compared with other areas in the Hawai 
ian islands, and a higher proportion of ground- 
water discharging to streams than to the ocean. 
Water levels rise from near sea level at the coast to 
several hundreds of feet above sea level at the cen 
ter of the basin a few miles inland. The high inland 
water levels are part of a completely saturated 
ground-water system. Because of the low regional 
hydraulic conductivity and high influx of water 
from recharge in the southern Lihue Basin, the 
rocks become saturated nearly to the surface and a 
variably saturated/unsaturated (perched) condition 
is not likely to exist. Streams incising the upper 
part of the aquifer drain ground water and keep the 
water levels just below the surface in most places. 
Streams thus play an important role in shaping the 
water table in the southern Lihue Basin. At least 62

percent of the ground water discharging from the 
aquifer in the southern Lihue Basin seeps to 
streams; the remainder seeps directly to the ocean 
or is withdrawn by wells.

INTRODUCTION

Kauai is the fourth-largest island (553 mi2) in the 
tropical, North Pacific Hawaiian Archipelago (fig. 1). 
Kauai's population was about 51,000 in 1990; about 20 
percent of the population resided in the Lihue District in 
the southern part of the Lihue Basin (State of Hawaii, 
1991). Total ground-water withdrawal on Kauai in 1990 
was estimated at about 40 Mgal/d, with about 5 Mgal/d 
withdrawn from wells near Lihue (Shade, 1995b). Pro 
jections for water use to the year 2010 indicate that the 
Lihue District would need the greatest increase in water 
production of all districts on Kauai (Hawaii State 
Department of Land and Natural Resources, 1990). 
Since these projections were made, the destruction from 
Hurricane Iniki (1993) and a decline in both agriculture 
and tourism have slowed growth on Kauai, but the 
demands for water still have increased. Combined with 
declining production in some wells, the increased 
demand has compelled the Kauai County Department of 
Water (Kauai DOW) to actively explore for ground 
water in the Lihue area. Recent ground-water explora 
tion efforts have been only moderately successful, how 
ever, in part because the geology of the basin is complex 
and the ground-water hydrology was poorly under 
stood. Kauai is the most geologically complex of the 
eight main Hawaiian islands (Macdonald and others, 
1960) and the Lihue Basin is one of the most geologi 
cally complex areas on Kauai, yet little subsurface geo- 
hydrologic information is available compared with 
more developed areas in Hawaii.

Introduction 1
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Figure 1. Location of the southern Lihue Basin, Kauai, Hawaii.
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In 1991, the Kauai DOW and the U.S. Geological 
Survey (USGS) began a multi-phased cooperative study 
of the ground-water resources of Kauai. The first phase 
of the study included background research, review of 
existing data, computation of a water-budget (Shade, 
1995a) and a summary of water use in 1990 (Shade, 
1995b). In 1995, the studies were focused on the south 
ern Lihue Basin, which extends from the South Fork 
Wailua River to the crest of Haupu Ridge (fig. 1), where 
the need for resource assessment was considered most 
critical. The cooperative study continued with a second 
phase in which new ground-water data were collected 
and analyzed, including drilling, lithologic descriptions, 
and aquifer tests of six monitor wells in previously 
unexplored areas of the southern Lihue Basin (Ginger- 
ich and Izuka, 1997a, 1997b; Izuka and Gingerich, 
1997a, 1997b, 1997c, 1997d).

Purpose and Scope

The objective of the third phase of the 
USGS/Kauai DOW cooperative study was to obtain a 
comprehensive understanding of ground-water occur 
rence and movement in the southern Lihue Basin. The 
objective was met by incorporating the diverse data 
from previous phases and conducting additional data 
collection and analyses, including (1) analysis of 
ground-water discharge to streams using hydrograph- 
separation techniques and instantaneous discharge mea 
surements, and (2) numerical ground-water modeling. 
This report describes the resulting understanding of the 
hydrogeologic system in the southern Lihue Basin.
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PHYSIOGRAPHIC SETTING

The Lihue Basin is a large semicircular depression 
in the southeast quadrant of Kauai (fig. 1). The western 
margin of the basin is formed by the high central moun 
tains of Kauai, including Mt. Waialeale and Mt. Kawai- 
kini. To the north, the Makaleha Mountains extend from 
Kauai's central mountains and gradually decrease in 
elevation toward the coast. The southern margin of the 
basin is formed by Haupu Ridge which terminates 
abruptly in steep cliffs at the coast. Kalepa Ridge and 
Nonou Ridge form a line of smaller mountains near the 
eastern coastline. In the south-central part of the basin 
lies the broad dome of the Kilohana Volcano.

Rainfall distribution in the basin is primarily gov 
erned by the orographic effect (fig. 2). Precipitation is 
heaviest where the prevailing northeasterly trade winds 
encounter the windward flanks of Kauai's central 
mountains, forcing warm, moist air into the cool, higher 
elevations. Average annual rainfall ranges from about 
50 in/yr at low-lying coastal areas to more than 400 
in/yr near the crest of Kauai's central mountains (Giam- 
belluca and others, 1986).

The southern Lihue Basin is drained by numerous 
perennial streams and rivers (fig. 1). The largest of these 
is the Wailua River, which flows eastward from the 
high-rainfall areas of Mt. Waialeale, across the basin 
floor, through a gap between the Kalepa and Nonou 
Ridges, and empties into the Pacific Ocean off the east 
ern coast. The flanks of Kilohana Volcano are dissected 
by numerous small streams that flow into larger peren 
nial trunk streams. Small streams from the northwestern 
flank of Kilohana Volcano flow to the South Fork 
Wailua River. Streams draining the south and south 
western flank of Kilohana Volcano flow southward to 
Huleia Stream, which flows eastward along the south 
ern end of the basin at the base of Haupu Ridge and 
empties in the estuary inland from Nawiliwili Bay. 
Streams draining the northeast and east flanks of the 
Kilohana Volcano flow into Nawiliwili and Hanamaulu 
Streams.

Much of the gently sloping land in the Lihue Basin 
is used for sugarcane cultivation. The sugar plantations 
built and maintained ditches and reservoirs that have 
diverted and stored streamflow for irrigation since the

Physiographic Setting 3



159°30' 159°25' 159°20'

22°05'  

21=55'  

Base modified from U.S. Geological Survey digtel data, 
1:24,000,1983, Albers equal area projection, standard 
parallels 21°55'40" and 22°10'20", central meridian 
159°32'30"

-80-

EXPLANATION

LINE OF EQUAL AVERAGE ANNUAL 
RAINFALL Interval, in inches, is variable

BOUNDARY OF THE SOUTHERN 
LIHUE BASIN

IRRIGATION DITCH OR TUNNEL

Figure 2. Rainfall distribution in the southern Lihue Basin, Kauai, Hawaii (modified from Giambelluca 
and others, 1986).

4 Ground Water in the Southern Lihue Basin, Kauai, Hawaii



late 19th century. The irrigation-ditch system not only 
redistributes water within the Lihue Basin, but also 
brings water in from and takes water out to adjacent 
basins. The natural drainage pattern of the Lihue Basin 
has thus been modified into a network of natural stream 
channels crossed by agricultural ditches. Most stream 
reaches in the basin are regulated in some way by 
upstream diversions. Beginning in the 1970's and con 
tinuing into the 1990's, many sugar plantations in 
Hawaii closed. The Lihue Basin is one of the few 
remaining areas still growing sugarcane in Hawaii, but 
the area of the basin involved in sugar production has 
been greatly reduced. Much of the former sugar produc 
tion land near the town of Puhi has been converted to 
other agricultural or residential uses.

GEOLOGY

A comprehensive study of the geology, including a 
geologic map of the island, and water resources of 
Kauai was compiled by Macdonald and others (1960). 
Although Macdonald and others (1960) referred to their 
geologic mapping as "reconnaissance," their descrip 
tions established the geologic framework of the island 
and remain the primary source of structural and strati- 
graphic information on Kauai. Later investigations, 
including petrologic and geochemical analyses (Mac 
donald, 1968; Feigenson, 1984; Clague and Dalrymple, 
1988, Maaloe and others, 1992, Holcomb and others, 
1997), a gravity survey (Kivroy and others, 1965), and 
offshore sonar mapping (Moore and others, 1989) indi 
cate that the geology of the basin is more complex than 
described in the earlier studies.

According to the geologic history described by 
these previous works, Kauai was built up from the 
Pacific Ocean floor during the early Pliocene by mid- 
plate, hot-spot volcanism which created a large shield 
volcano similar in structure to the younger shield volca 
noes of other islands in the Hawaiian Archipelago. 
Because of Kauai's comparatively advanced age (the 
bulk of Kauai was built in the Miocene and Pliocene, 
whereas most of the major islands in Hawaii are 
Pliocene and younger; Langenheim and Clague, 1987), 
its original form has been greatly modified by erosion 
and the island has evolved a more complex geologic 
structure and stratigraphy than any of the other Hawai 
ian islands. During a 0.5- to 1-million-year period of

relative volcanic quiescence following shield-building 
volcanism, stream erosion and faulting modified the 
surface morphology of Kauai. Large valleys, canyons, 
and other depressions, including the Lihue Basin, were 
formed and thick sediments accumulated on the eroded, 
faulted surfaces. This period of volcanic quiescence, 
erosion, and faulting was followed by rejuvenated vol 
canism that partly covered the landscape in the late 
Pliocene and Pleistocene.

The origin of the circular Lihue Basin has been 
debated since the earliest studies of Kauai. Stearns 
(1946, 1985) contended that the basin is the result of 
advanced stream erosion and the coalescing of many 
amphitheater-headed valleys. Macdonald and others 
(1960), favor the hypothesis that the depression was 
formed by collapse in a manner similar to caldera for 
mation in shield volcanoes. Kivroy and others (1965) 
mapped a gravity anomaly that is similar to anomalies 
mapped beneath calderas of other Hawaiian volcanoes. 
Holcomb and others (1997) suggest that the Lihue 
Basin is part of a younger shield volcano that grew 
along the collapsed eastern flank of an older western 
shield volcano that had built the bulk of Kauai.

Although the structure and geologic history of the 
Lihue Basin is currently debated, most hypotheses 
agree on stratigraphic nomenclature. The rocks of the 
Lihue Basin are divided into two geologic formations 
which are separated by erosional unconformities (Mac 
donald and others, 1960; Langenheim and Clague, 
1987). The bulk of Kauai is composed of the tholeiitic 
Waimea Canyon Basalt which formed during the 
shield-volcano-building period of Kauai's geologic his 
tory (fig. 3). In the Lihue Basin, the Waimea Canyon 
Basalt forms the basement on which younger sediments 
and volcanic rocks lie, but crops out only in the ridges 
and mountains surrounding and within the basin (fig. 4). 
Most of the Waimea Canyon Basalt in the Lihue Basin 
belongs to the Napali Member, which consists of thick 
accumulations of thin lava flows.

The geologic map of Macdonald and others (1960) 
shows numerous sheet-like volcanic dikes cutting verti 
cally into the lava flows in the ridges where the Waimea 
Canyon Basalt is exposed. In the Koolau Volcano on 
Oahu, where dikes exposed by deep erosion have been 
studied intensively, the dikes are concentrated in the 
area of the ancient caldera and in narrow bands of the 
ancient rift zones and are rare in the flanks of the

Geology 5
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Figure 4. Block diagram showing the structure and stratigraphy of the southern Lihue Basin, Kauai, Hawaii.

volcano (Takasaki and Mink, 1985; Walker, 1987). 
Although the location of calderas and rift zones is not 
well defined on Kauai, dike concentrations in the ridges 
surrounding the Lihue Basin and evidence that the 
Lihue Basin is the site of an ancient caldera (Holcomb 
and others, 1997) indicate that dikes probably also are 
present in the Waimea Canyon Basalt below the floor of 
the Lihue Basin. Rejuvenated-stage volcanic edifices 
on the basin floor probably also were fed by dikes that

cut across the Waimea Canyon Basalt beneath the floor 
of the basin. Outcrops of the Waimea Canyon Basalt 
south of Waialeale and west and south of Haupu Ridge 
are composed of flank lava flows with fewer dikes 
(Macdonald and others, 1960).

At the northwest boundary of the basin near Mt. 
Waialeale is an outcrop of the thick-bedded lava flows 
of the Waimea Canyon Basalt's Olokele member, 
which Macdonald and others (1960) interpreted as

Geology 7



caldera fill. Alternatively, Holcomb and others (1997) 
propose that the thick-bedded lavas of the Olokele 
Member accumulated between an older western shield 
volcano and a younger eastern shield volcano.

Resting unconformably on the eroded surface of 
the Waimea Canyon Basalt are volcanic rocks and inter 
calated sediments of the Koloa Volcanics of Pliocene 
and Pleistocene age (Macdonald and others, 1960; Lan- 
genheim and Clague, 1987). The volcanic rocks include 
thick, massive lava flows of highly alkalic mafic rocks 
including alkalic olivine basalt, nephelinite, melilitite, 
and basanites that were erupted during a period of reju 
venated volcanism from edifices scattered over the old, 
eroded shield volcano and fill valleys, gorges, and 
depressions in the Waimea Canyon Basalt. The sedi 
mentary rocks include breccias, conglomerates, uncon- 
solidated gravels, limestones, and marine muds. 
Volcanic activity during the formation of the Koloa 
Volcanics was apparently sporadic and variable in erup 
tive style, and periods of inactivity were sufficiently 
long to allow deposition of thin sediment layers 
between lava flows. As a result, the Koloa Volcanics are 
a heterogeneous unit that includes variously weathered 
lava flows, ash, tuff, cinder, and sediments (Macdonald 
and others, 1960).

The Koloa Volcanics in the Lihue Basin have 
accumulated to great thicknesses. A geologic cross sec 
tion in the geologic map of Macdonald and others 
(1960) shows the contact between Koloa Volcanics and 
the underlying Waimea Canyon Basalt at about -500 ft 
elevation, but exploratory wells drilled in the USGS- 
Kauai DOW cooperative study indicate the Koloa Vol 
canics may be thicker in some places (Izuka and Gin- 
gerich, 1997a, 1997b, 1997c, 1997d).

The youngest stratigraphic units are the sedimen 
tary rocks of Pleistocene and Holocene age that form 
coastal plains and fill valley bottoms. These sediments 
include fluvial and colluvial gravels and conglomerates 
as well as sand-dune, beach, and lagoon deposits.

HYDRAULIC PROPERTIES OF THE 
ROCKS

Most of the ground water developed in the Lihue 
Basin comes from wells in the Koloa Volcanics because 
the formation covers most of the surface of the basin. A 
few wells in the basin produce water from the Waimea 
Canyon Basalt. The Pleistocene and Holocene sedi

ments in the basin are thin, have limited areal extents, 
have not been developed much for water or studied 
hydrologically, and therefore are not discussed as a sep 
arate hydrogeologic unit in this report. For discussion 
purposes, some dense clusters of wells have been 
grouped into well fields (fig. 5).

Koloa Volcanics.--The volcanic rocks and sedi 
ments of the Koloa Volcanics are considered one hydro- 
geologic unit in this report. Individual lava flows and 
sedimentary layers are too numerous and finely interca 
lated to be separated for the purposes of this regional 
ground-water study, and wells used to test aquifer prop 
erties in the Koloa Volcanics penetrate sedimentary and 
volcanic rocks. The horizontal hydraulic conductivity 
(Kfr) of the thick, dense, lava flows and intercalated sed 
iments of the Koloa Volcanics varies widely in the 
southern Lihue Basin. Analysis of aquifer-test data indi 
cates that Kfr ranges from less than 0.05 ft/d to greater 
than 100 ft/d but the regional Kh is probably less than 1 
ft/d (unpub. data in USGS aquifer-test archive, Hono 
lulu District office).

The Kilohana and Puhi well fields (fig. 5) are 
located in an area with a much higher permeability than 
the rest of the Koloa Volcanics, but the extent of this 
high-permeability area is limited. A stepwise decline in 
water levels during drilling of wells in this area also 
indicates the presence of multiple layers of contrasting 
permeabilities. An aquifer test of well 5923-02 indi 
cates that the local Kh is as high as 138 ft/d in an interval 
of the aquifer from 231 to 191 ft above sea level. Aqui 
fer tests from other wells in the area (5923-08 and 5824- 
06), however, indicate that the local high-permeability 
rocks are not extensive and that the regional permeabil 
ity is low. The high-permeability area around well 
5923-02 does not extend as far to the southwest as well 
5824-06, where aquifer tests indicate a Kh of about 8 
ft/d, nor as far to the northeast as well 5923-08, where 
the Kh is estimated to be about 0.05 ft/d. There are no 
aquifer-test data to the northwest toward the summit of 
Kilohana Volcano or toward the ocean to the southeast 
of well 5923-02.

With continued withdrawal, the cones of depres 
sion from the Kilohana and Puhi wells may extend far 
ther into the low-conductivity rocks, which will result in 
an increased rate of drawdown. Thus, although well 
yields appeared to be high initially, the long-term yield 
of the wells may be limited by the small area! extent of 
this more permeable part of the aquifer. Ground-water

8 Ground Water in the Southern Lihue Basin, Kauai, Hawaii
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flow into this area is ultimately controlled by the 
regional aquifer Kh which is about 100 times less than 
in this local area. Declining water levels in several wells 
indicate that the withdrawals have not yet reached equi 
librium. Some of the shallower wells in this area have 
been shut down as water levels have declined over a 
period of more than 20 years of withdrawal (oral com- 
mun., Kauai DOW, 1996).

Waimea Canyon Basalt Within the Lihue Basin, 
the shield-building lava flows of the Waimea Canyon 
Basalt crop out only in ridges that were left uncovered 
by the younger Koloa Volcanics. These ridges are 
intruded by dense, low-permeability sheet-like volcanic 
dikes that cut vertically across the thin flank lavas. 
Hydrologic studies on Oahu indicate that the bulk per 
meability of the shield-building lavas is reduced by the 
presence of dikes (Takasaki and Mink, 1985; Hunt, 
1996).

There is little information on the hydraulic proper 
ties of the Waimea Canyon Basalt underlying the Koloa 
Volcanics in the Lihue Basin, but it is likely that the 
Waimea Canyon Basalt is intruded by dikes as are the 
ridges surrounding the basin. The Waimea Canyon 
Basalt must at least be intruded by dikes or other intru 
sive igneous rocks related to the formation of the Koloa 
Volcanics. All of the Waimea Canyon Basalt in the 
Lihue Basin, including the surrounding ridges and rocks 
underlying the Koloa Volcanics, therefore probably 
consists of dike-intruded lava flows. An aquifer test at 
well 5626-01, which penetrates Waimea Canyon Basalt 
on the southern edge of the Lihue Basin on Haupu 
Ridge, provided an estimate of Kh of about 19 ft/d 
(unpub. data in USGS aquifer-test archive, Honolulu 
District office) for the rocks in the immediate vicinity of 
the well, but the test also indicated that low-permeabil 
ity structures, most likely dikes, are present some dis 
tance from the well. The bulk Kh of the region is likely 
to be lower than 19 ft/d because more dikes probably lie 
beyond the extent of the cone of depression from the 
test. The nearly vertical dikes probably reduce Kh more 
than the vertical hydraulic conductivity (Kv), but the 
effect is not known quantitatively.

The frequency of dikes in the Waimea Canyon 
Basalt probably diminishes, and the bulk Kh corre 
spondingly increases, in the flank lava flows to the 
south of Haupu Ridge. On Oahu, flank lava flows, 
which have few dikes, have hydraulic conductivities 
ranging from a hundred to several thousands of feet per

day (Soroos, 1973). The lavas of the Waimea Canyon 
Basalt on Kauai probably fall on the lower part of this 
range because the rocks are older and more weathered 
than on Oahu, but the flank lava flows of the Waimea 
Canyon Basalt are probably among the most hydrauli- 
cally conductive rocks on Kauai.

MOVEMENT OF GROUND WATER

Fresh ground water in Kauai, as in other oceanic 
islands, occurs as a lenticular body which is underlain 
by saltwater that has permeated from the ocean (fig. 6). 
The freshwater is buoyed by the density difference 
between saltwater and freshwater. The transition from 
freshwater to saltwater is a diffuse zone of mixing. For 
simplicity, especially in aquifers where the freshwater 
is thick, the mixing zone can be envisioned as a sharp 
interface. The Ghyben-Herzberg relation, which uses 
the density difference between freshwater and saltwater 
to estimate the thickness of the freshwater body, indi 
cates that the depth of the interface below sea level is 
about 40 times the elevation of the water table above sea 
level. The computed interface depth is commonly con 
sidered to be an approximation of the position of a 50- 
percent freshwater and 50-percent saltwater mixture in 
the transition zone.

The Ghyben-Herzberg relation assumes hydro 
static or horizontal flow conditions, but the freshwater/ 
saltwater body in island aquifers is dynamic and has 
vertical as well as horizontal flow components. In the 
freshwater body, water flows downward in inland parts 
of the aquifer where recharge is highest, horizontally to 
the coast, then upward near the coast where ground 
water discharges at gaining streams and coastal springs 
(fig. 6). In a pristine condition, the flow in the freshwa 
ter body is in a state of long-term average dynamic equi 
librium. Although seasonal or other climatic variations 
may result in short-term imbalances, over a number of 
years the average recharge rate is balanced by the aver 
age discharge rate, thus satisfying the law of conserva 
tion of mass. The size of the freshwater body is a 
function of aquifer size, shape, permeability, storage, 
and recharge. In this state of equilibrium, freshwater 
flows continuously but the size of the freshwater body 
does not change. If recharge fluctuates because of cli 
matic or other changes, the size of the freshwater body 
will change and discharge will adjust accordingly so 
that a new equilibrium is achieved.

10 Ground Water in the Southern Lihue Basin, Kauai, Hawaii



Downward movement 
of ground water

(Head decreases with 
depth in aquifer)

BEFORE PUMPING (Pristine)

Seepage to streams

Wof to scale

EXPLANATION 

KOLOA VOLCANICS 

WAIMEA CANYON BASALT 

LINE OF EQUAL FRESHWATER HEAD 

WATER TABLE 

DIRECTION OF GROUND-WATER MOVEMENT

DURING PUMPING
Cone of depression 
forms around well

Seepage to streams 
-Pumped wen anc' ocean is reduced
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in response to

pumping

Not to scale

Figure 6. Generalized section through the southern Lihue Basin, Kauai, Hawaii, showing the relation 
between freshwater and saltwater and the direction of movement within the freshwater body under 
pristine conditions and under pumping conditions.
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When the natural balance is upset by artificial 
withdrawals, such as pumping from wells, the shape 
and size of the freshwater body is reduced (fig. 6). The 
artificial withdrawal causes the freshwater body to 
shrink not only by lowering the water table but by 
inducing saltwater to rise in response to a reduction in 
the mass of overlying freshwater. In response to the 
withdrawal, some recharge may be induced, but most of 
the withdrawal is balanced by a reduction in ground- 
water storage and natural discharge to streams and 
coastal springs.

Limitations to ground-water yield.--If withdrawal 
from wells is excessive, saltwater may rise and intrude 
the wells. Saltwater intrusion is a major limitation to 
well yields in oceanic island aquifers. Also, when water 
is withdrawn from a well, a cone of depression is cre 
ated that lowers the water table around the well (fig. 6). 
As the cone of depression spreads, it lowers water levels 
(including water levels of other wells) in an increas 
ingly large area. The cone of depression also spreads to 
areas of natural ground-water discharge such as streams 
or the ocean, where it will cause a reduction in the rate 
of ground-water discharge. The cone of depression will 
not stop growing until it reduces natural ground-water 
discharge to compensate for the withdrawal rate. Well 
withdrawal thus has the eventual effect of lowering the 
water table and reducing streamflow and ocean dis 
charge. Long-term well yields may be limited if large 
streamflow reductions or water-table declines are not 
desired.

Ground-Water Recharge

The natural source of freshwater recharging the 
aquifer is rainfall infiltration. In addition to this natural 
recharge, irrigation water, captured from surface runoff, 
also can contribute to ground-water recharge. A 
monthly water budget for Kauai computed by Shade 
(1995a) indicates that ground-water recharge varies 
seasonally with a high in January (981 Mgal/d island- 
wide recharge) to a low in June (454 Mgal/d island- 
wide recharge). The southern Lihue Basin has an aver 
age recharge of about 130 Mgal/d. The pattern of 
recharge in the southern Lihue Basin (fig. 7) is similar 
to the pattern of rainfall (fig. 2). Recharge is highest 
near Mt. Waialeale (exceeding 150 in. of average 
annual recharge) and lowest in the coastal areas (less 
than 10 in. of average annual recharge). In drier areas,

the recharge distribution departs from the rainfall distri 
bution because of infiltration of excess irrigation water 
and variations in soil moisture storage capacity (Shade, 
1995a).

Ground-Water Discharge to Streams

Where the water table intersects the ground sur 
face, ground water may discharge at springs and along 
streambeds. This discharge maintains a base flow in the 
streams even when there is no direct runoff from rain. 
The quantity of streamflow that is attributable to 
ground-water discharge in the southern Lihue Basin 
was estimated by discharge measurements along 
streams and by analyzing records of continuous stream 
gages. The study also included streams outside the 
southern Lihue Basin possibly affected by ground- 
water withdrawal inside the basin. Studying all of the 
streams and tributaries in the southern Lihue Basin and 
adjacent areas was not possible because the area is 
drained by hundreds of miles of channels, many of 
which have no stream-gage records. To reduce the task 
of characterizing base flow in the southern Lihue Basin 
to a manageable size, only data from the major, repre 
sentative streams and rivers were studied.

Base-flow analysis of stream-gage records. Sev 
eral continuous stream-gaging stations have been oper 
ated over various periods since 1900 in the southern 
Lihue Basin (fig. 8 and table 1). The station with the 
longest continuous record, 16060000 on the South Fork 
Wailua River near Lihue, has been operating since 
1911, but most other stations have operated for much 
shorter periods (Fontaine, 1995). Base-flow estimation 
was also complicated by artificial regulation of many 
streams. Most major streams and rivers in the southern 
Lihue Basin are regulated either by agricultural irriga 
tion ditches that divert water from the stream or by res 
ervoirs that store water along the stream course. 
Hydrographs from continuous stream-gaging stations 
and graphs of daily rainfall show flashy discharge peaks 
(which is typical of streams with steep gradients and 
small drainage areas) caused by rainfall, but between 
the peaks, base flow persists in the streams (fig. 9). This 
persistent base flow indicates that ground-water dis 
charge to streams in the southern Lihue Basin is sub 
stantial.

Base flow was estimated from available continu 
ous streamflow records by using a computer program

12 Ground Water in the Southern Lihue Basin, Kauai, Hawaii



159°30' 159°25' 159°20'

22°05'

21°55'

Base modified from U.S. Geological Survey digital data, 
1:24,000,1983, Albers equal area projection, standard 
parallels 2r55'40" and 22°10'20', central meridian 
159°32'W

EXPLANATION 

AVERAGE ANNUAL GROUND-WATER RECHARGE, IN INCHES

Greater than or equal to 150

Greater than or equal to 100 and 
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    BOUNDARY OF THE SOUTHERN LIHUE BASIN

Figure 7. Recharge in the southern Lihue Basin, Kauai, Hawaii (from Shade, 1995a).
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Table 1 . Summary of base-flow analyses for selected streams in southeastern Kauai, Hawaii 
[ft3/s, cubic feet per second; na, not applicable. Datum is mean sea level]

Size of window 
Period of for base-flow Base-flow Average annual Average annual Stream-gaging 

record used in separation index base flow streamflow stations used in 
calculation (days) (percent) (ft3/s) (ftVs) analysis

Elevation of 
stream-gaging 

station 
(feet)

Hanapepe River

1931-37 4 56 71.8 131.9 16049000
16043000

222
500

Lawai Stream

1963-72 4 38 2.91 8.43 16052500 37
Huleia Stream

1968-70 4 48 33.4 73.4 16055000
16053400
16053600
16054400

210
470
400
386

Hanamaulu Stream

1911-13 na na 5to7a 13 16056000 90
South Fork Wailua River

1913,1918 4 51 115and88b 224andl73c 16060000
16057000
16058000

240
550
420

"Estimated on the basis of base-flow index of other analyzed streams in the southern Lihue Basin 
b Estimated long-term average determined by applying base-flow index to estimate of Davis (1960) 
c Estimated long-term average annual flow from Davis (1960)

by Wahl and Wahl (1995). The results of this analysis 
showed the variability of ground-water discharge to 
streams over time and a long-term average was com 
puted, but was limited to reaches with sufficiently long 
gage records. A sampling-window size (TV) of 4 days 
was used in the program for all streams in the study 
area. The method was developed for unregulated 
streams, but nearly all of the stream gages in the south 
ern Lihue Basin have upstream diversions. Base flow at 
a point gaged on a stream can be estimated when there 
are upstream diversions if the upstream diversions are 
gaged. The records of the stream and diversions can be 
added and the composite hydrograph analyzed for base 
flow. The analysis computed an average base-flow 
index (percentage of stream flow that is attributed to 
base flow) and average annual base flow for the stream 
hydrographs (table 1, fig. 10).

Base flow in the South Fork Wailua River was esti 
mated by summing the records of the Wailua Falls gage 
(16060000) and records of the upstream diversions at 
Lihue Ditch (gage 16057000) and Hanamaulu Ditch 
(gage 16058000) and analyzing the composite hydro- 
graph (smaller ditches above the falls are ungaged, but 
the sum of their total flows is less than 10 percent of the 
total flow in the southern Lihue Basin above Wailua

Falls [Davis, I960]). Base flow could only be deter 
mined for water years 1913 and 1918, the only periods 
during which all three gages were operating. During the 
1913 water year, the estimated base flow in the South 
Fork Wailua River at Wailua Falls was about 100 ft3/s, 
which is 53 percent of the total average flow (187 ft3/s) 
in that year. During the 1918 water year, the estimated 
base flow was 130 ft3/s which is 50 percent of the 260 
ft3/s total average flow in that year. The average base 
flow of the 1913 and 1918 water years is 115 ft3/s which 
is 51 percent of the 224 ft3/s total average flow in those 
years. To estimate the long-term average base flow, the 
average base-flow index for 1913 and 1918 (51 percent) 
was applied to an estimate of total streamflow in the 
Wailua River by Davis (1960) who analyzed 30 years of 
plantation ditch data and USGS streamflow data 
through 1950. After correcting an error in Davis' (1960) 
estimate where Lower Lihue Ditch flow was doubled, 
total flow in the South Fork Wailua River is estimated 
to be 173 ft3/s; applying the 51 percent base-flow index 
gives a long-term average base-flow estimate of about 
88 ft3/s (table 1).

Hanamaulu Stream discharge was recorded for 
only about 2 years from 1911-13 at gage 16056000

Movement of Ground Water 15
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(Martin and Pierce, 1913; Pierce and Larrison, 1914; 
Larrison, 1915). The average streamflow during this 
short period of record was about 13 ft3/s. Assuming a 
base-flow index comparable to similar streams in the 
study area (38 to 56 percent), an estimate of the base 
flow of Hanamaulu Stream above the gage during the 
period of record is 5 to 7 ft3/s. This estimate is probably 
low because of withdrawals from Kapaia and Pukaki 
Reservoirs upstream of the gage. Inflows from outside 
the southern Lihue Basin brought in by the Lihue and 
Hanamaulu ditches can only enter the Hanamaulu 
Stream system through Kapaia Reservoir; elsewhere, 
the ditches are confined to flumes when they cross the 
channels of Hanamaulu Stream and its tributaries. The 
net effect of input to Kapaia Reservoir from outside the 
southern Lihue Basin and withdrawal from the reservoir 
is not known, but the withdrawal probably exceeds the 
input from the ditches, because input can be regulated 
as the reservoir demand dictates (Wilson Okamoto and 
Associates, 1976). The estimate of 5 to 7 ft3/s of base 
flow is thus a minimum. Instantaneous discharge mea 
surements (measured by single field visits, not by con 
tinuous gages) made at selected points along Hana 
maulu Stream (discussed below) indicate that base flow 
is higher.

The total flow in Huleia Stream above the gage 
(16055000) is the sum of the flow measured in the 
stream plus the amount diverted by the Upper and 
Lower Haiku ditches, the Koloa Tunnel, and the Koloa 
Ditch. Base-flow separation analysis could only be 
done on short periods of concurrent record from the 
1960's (table 1). The estimated base flow for Huleia 
Stream above gage 16055000, including water diverted 
through the ditches (gages 16053400, 16053600, and 
16054400) is 33.4 ft3/s.

These base-flow separation analyses indicate that 
the total amount of ground water discharging to streams 
in the southern Lihue Basin is at least 126 ft3/s or about 
81 Mgal/d. Because this estimate does not include 
ground-water discharge to Nawiliwili or Puali Streams 
for which there have been no continuous gages, it is 
probably a minimum. Instantaneous discharge measure 
ments along the channels of these streams (discussed 
below) indicate substantial ground-water discharge 
along parts of Nawiliwili Stream.

Base flow was analyzed for Lawai Stream and 
Hanapepe River outside the Lihue Basin. The average 
base flow of Lawai Stream at gage 16052500 for 9 years

of record between 1963 and 1972 was 2.91 ft3/s with an 
unknown volume of water diverted upstream of the 
gage (table 1). Base flow at Hanapepe River was esti 
mated by summing the records of the Hanapepe River 
gage (16049000) and records of the upstream diversion 
at Hanapepe Ditch (gage 16043000) over the concurrent 
period of record. Base flow diverted to the ditch from 
the period 1931-37 is estimated to be about 71.8 ft3/s of 
a total streamflow of 131.9 ft3/s.

Instantaneous discharge measurements along 
stream channels.--Ground-water discharge to streams 
can be studied by measuring instantaneous stream dis 
charge simultaneously at selected points along the 
course of a stream. An increase in instantaneous dis 
charges between upstream and downstream sites are 
attributed to ground-water discharge to the stream, a 
decrease is attributed to stream water infiltrating the 
ground. The measurements are made during dry- 
weather conditions to ensure that measured streamflow 
gains are not the result of direct surface runoff. Because 
the measurements can be made on any accessible point 
on a stream, no long-term gage data are required, and 
artificial diversions can be avoided. However, the mea 
surements are only instantaneous measurements of the 
time-variable exchange of water between the ground 
and streams.

Records of instantaneous stream discharge mea 
sured on selected reaches of the South Fork Wailua 
River on March 11, 1983 and the North Fork Wailua 
River on September 21, 1982 were obtained from 
unpublished USGS files (Hawaii District office). Addi 
tional instantaneous stream discharge measurements for 
this study were made on October 7-10, 1996, on 
selected reaches of Hanamaulu, Nawiliwili, and Huleia 
Streams in the southern Lihue Basin, and Lawai Stream 
and Hanapepe River outside the southern Lihue Basin 
(fig. 11). For the purposes of comparison, the measured 
ground-water discharges were divided by the length of 
stream channel between measurements.

In the North Fork Wailua River, measured gains 
from ground-water discharge ranged from 0 to 1.5 x 
10'3 ft3/s per foot of stream channel (fig. 11). Gains in 
the South Fork Wailua River, including parts of the Ili- 
iliula, Waikoko, and Waiahi Streams which are tribu 
tary to it, ranged from 1.8 x 10'4 to 5.0 x 10'4 ft3/s per 
foot of stream channel. The total ground-water dis 
charge of all reaches measured on the South Fork 
Wailua River was 18.7 ft3/s, and of reaches measured

18 Ground Water in the Southern Lihue Basin, Kauai, Hawaii
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on the North Fork Wailua River was 30.2 ft3/s, but these 
totals do not include possible ground-water discharge to 
the lowermost and uppermost reaches of the river.

Only a few reaches of Hanamaulu and Nawiliwili 
Streams were accessible and free of diversions to allow 
instantaneous stream-discharge measurements (fig. 11). 
Measured gains in these streams ranged from 0 to 1.2 x 
10'3 ft3/s per foot of stream channel. The total ground- 
water discharge of all measured reaches was 18.9 ft3/s, 
but the measured reaches constitute only a fraction of 
the total length of channels in these streams. If these 
streams gain from ground-water discharge along most 
of their reaches as does the Wailua River, then the total 
ground-water discharge of the streams must be substan 
tially more than 18.9 ft3/s. Although ground-water dis 
charge in the uppermost reaches of Hanamaulu Stream 
was not measured, on October 10, 1996 flow was 
observed at about 820-ft elevation where the stream 
flows through a gap in the rim of the crater of Kilohana 
Volcano (fig. 11). The flow was estimated to be about 1 
ft3/s, and because it was observed following a long 
period of dry weather, all of the flow probably origi 
nated from ground-water discharge in the crater of Kilo 
hana Volcano.

The reaches measured on Nawiliwili Stream corre 
spond roughly to the reach from which a gain of 3.3 x 
10'3 ft3/s per foot of stream channel was measured prior 
to the construction of the Garlinghouse Tunnel (well 
5823-01 [fig. 5]; Macdonald and others, 1960). The tun 
nel was designed to develop ground water by boring 
horizontally into the water table. Besides the tunnel, 
which has been pumped since 1935, water has been 
developed from the Kilohana wells about 4,000 ft to the 
northwest since the 1970's. Comparison of the ground- 
water discharge measured prior to the Garlinghouse 
Tunnel and Kilohana wells with the ground-water dis 
charge measured in October 1996 (about 0.8 x 10'3 ft3/s 
per foot of stream channel) indicates a decrease in 
ground-water discharge to the stream of about 2.5 x 
10'3 ft3/s per foot of stream channel.

Gains from ground-water discharge measured in 
Huleia Stream ranged from 5.2 x 10'5 to 3.8 x 10'4 ft3/s 
per foot of stream channel. The total ground-water dis 
charge to all reaches measured on Huleia Stream was 
8.07 ft3/s, but flows in the many unmeasured tributaries 
draining the south slope of Kilohana Volcano probably 
have substantial ground-water components, as do 
Nawiliwili and Hanamaulu Streams.

All but one of the stream reaches measured in the 
southern Lihue Basin gained from ground-water dis 
charge, including all of the topographically highest 
reaches measured. Even small streams such as Nawili 
wili and Hanamaulu Streams gained substantially from 
ground-water discharge. This indicates that the water 
table throughout most of the southern Lihue Basin 
stands near the ground surface where it is within reach 
of even shallow stream incision.

Compared to streams in the southern Lihue Basin, 
measured stream reaches outside the basin gained less 
from ground-water discharge. The highest gain mea 
sured in Hanapepe River was 1.8 x 10'4 ft3/s per foot of 
stream channel, which is smaller than the highest gains 
in even the smaller streams (for example, Hanamaulu 
and Nawiliwili Streams) within the southern Lihue 
Basin. Measured gains in Lawai Stream ranged from 0 
to 1.3 x 10"5 ft3/s per foot of stream channel.

Ground-Water Withdrawal

Ground-water withdrawals in the southern Lihue 
Basin include pumping from conventional wells and 
withdrawals from water-development tunnels that are 
bored horizontally into the water table near gaining 
streams. In the mass balance of water in an aquifer, 
withdrawal from wells and tunnels represents a compo 
nent of ground-water discharge because withdrawal 
removes water from the aquifer as does ground-water 
discharge to streams and the ocean. However, whereas 
ground-water discharge to streams and the ocean are 
natural and, except for minor seasonal variations, have 
established an equilibrium over many thousands of 
years, withdrawals from wells and tunnels are artificial 
and upset the natural equilibrium. Effects from with 
drawals within the Lihue Basin may spread beyond the 
topographic boundaries of the basin, and effects of 
withdrawals from outside the basin may affect ground- 
water in the basin. For this reason, ground-water with 
drawal from not only within the southern Lihue Basin, 
but in the adjacent area to the southwest of Haupu Ridge 
to the Hanapepe River, was studied. Ground-water 
withdrawal from the area to the north is relatively small. 
These withdrawals are unlikely to affect the southern 
Lihue Basin because the propagation of the cones of 
depression will be halted by the large amount of water 
available (through induced recharge or reduced ground- 
water discharge) in the Wailua River.
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Accounting for ground-water withdrawal from the 
southern Lihue Basin is difficult, however, because 
many wells are not metered. Shade (1995b) used 
records of water use (the water delivered to customers) 
which were more complete than withdrawal records, 
and applied a conveyance-loss factor of 15 percent to 
compute an average ground-water withdrawal estimate 
of 46.29 Mgal/d for Kauai in 1990. Shade's estimate 
does not show how the withdrawal is distributed within 
the southern Lihue Basin, and does not reflect the 
higher withdrawal prior to 1990 (when sugar planta 
tions were more active) which may still have lingering 
effects on the ground-water system.

Most of the ground-water withdrawal data for this 
study were acquired from the State of Hawaii Commis 
sion on Water Resource Management (Water Commis 
sion). Although the Water Commission data are the 
most complete ground-water withdrawal data available 
for Kauai, many wells had no meters and therefore no 
withdrawal records. The Water Commission records 
represent only about 70 percent of known pumped wells 
(Neal Fujii, Water Commission, oral commun., 1993).

A total of 35 wells in the area from the Wailua 
River to Hanapepe River had withdrawals reported at 
the Water Commission as of 1993. The reported with 
drawals were averaged over their periods of record 
through early 1993 (table 2). Average withdrawals for 
two wells (5530-02 and 5529-03) that were not in the 
Water Commission data were obtained from the Water 
Commission's well index and USGS well files. The 
total ground-water withdrawal reported for well fields 
in the southern Lihue Basin is about 4 Mgal/d. The larg 
est withdrawals within the southern Lihue Basin come 
from the Kilohana-Puhi well field (table 2) which 
accounts for 66 percent of the reported withdrawal. 
Ground-water withdrawal from Lihue Town well field 
accounts for 13 percent, Kokolau Tunnel (well 5725- 
01) in the Haiku well field accounts for about 15 per 
cent, and withdrawal from Wailua accounts for about 6 
percent of the total ground-water withdrawal in the 
southern Lihue Basin. About 27 Mgal/d is withdrawn 
from the area outside the southern Lihue Basin between 
Haupu Ridge and Hanapepe River. Wells in Koloa 
account for 27 percent of the reported withdrawal in this 
area, wells in the Lawai area account for 22 percent and 
Hanapepe account for 51 percent.

The total reported ground-water withdrawal from 
the area between the Wailua River and the Hanapepe

River is about 30 Mgal/d which is twice the withdrawal 
estimated for the same area for 1990 by Shade (1995b). 
Most of the difference between withdrawal estimates in 
this report and the estimate by Shade (1995b) is in the 
Hanapepe area. Some of the withdrawal reported for the 
large agricultural well 5534-01 in the Hanapepe River 
valley comes from surface water taken directly from the 
river (Macdonald and others, 1960) but the proportion 
of ground water to surface water is not known. Shade 
(1995b) assumed all of the withdrawal from well 5534- 
01 to be surface water. If the withdrawal from well 
5534-01 is excluded from the ground-water withdrawal 
total, the ground-water withdrawal in this report is 
about 2 Mgal/d higher than Shade's (1990b) estimate. 
The higher withdrawal estimate in this report probably 
results from averaging withdrawal over the entire 
period of record, including the long period when agri 
cultural ground-water use was high, whereas Shade's 
(1995b) estimate is for 1990 only, after agricultural 
ground-water withdrawal for sugarcane production had 
decreased. Agricultural ground-water use on Kauai in 
1990 was only 36 percent of agricultural ground-water 
use in 1980; total ground water used in 1990 was only 
50 percent of total ground water used in 1980 (Shade, 
1995b).

Ground-Water Discharge to the Ocean

No practical or reliable method currently exists for 
directly measuring the amount of ground water that dis 
charges from the aquifer directly into the ocean. Most 
ground-water discharge probably seeps diffusely from 
the ocean floor and quickly mixes with seawater. An 
imprecise estimate can be made by assuming that the 
southern Lihue Basin is a closed system where no 
ground water enters from adjacent ground-water areas 
and ground water exits only by ground-water with 
drawal and stream and coastal discharge. With this sim 
plifying assumption, the only source of ground-water 
inflow comes from surface recharge to the southern 
Lihue Basin, and ground-water discharge to the ocean 
can be estimated by subtracting ground-water discharge 
to streams and well withdrawals from recharge.

The total recharge in the southern Lihue Basin, cal 
culated from Shade's (1995a) estimate, is about 130 
Mgal/d. This total includes not only the recharge enter 
ing within the limits of the southern Lihue Basin as 
defined in this report, but also the area between the 
North Fork Wailua River and the South Fork Wailua
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Table 2. Reported withdrawals from wells in southeastern Kauai, Hawaii
[Withdrawal averaged over period of record through December 1993, for each well. Data from the Hawaii State Commission on Water Resource Management, 
1993, unpub., except where noted]

State well number Well name Average withdrawal 
(million gallons per day)

Period of record used for 
average withdrawal

Wailua well field
0321-01 Nonou9-lC 0.24 December 1987 - February 1993

Kilohana and Puhi well field
5923-05

5923-01,02,03,04,07
5824-03
5824-01
5823-01

Kilohana G
Kilohana A, B, C, F, I
Puhi 2
Puhi 1
Garlinghouse Tunnel

0.19
1.20
0.03
0.07
1.07

November 1988 - January 1993
November 1988 - January 1993
November 1987 - January 1993
November 1987 -January 1993
November 1987 - January 1993

Haiku well field
5725-01 Kokolau Tunnel 0.58 November 1987 - January 1993

Lihue Town well field
5821-04
5821-0

5820-01
5822-01
5822-02
5821-06

Westin 2
Westin 1
Westin 3
Sugar Mill
Lihue Grammar School
Westin 5

0.12
0.09
0.11
0.03
0.07
0.09

May 1989 -March 1993
May 1989 -March 1993
May 1989 -March 1993
December 1982 -June 1992
November 1987 - January 1993
October 1992 - March 1993

Koloa well field
5526-01
5523-01
5523-02
5527-01
5425-11
5427-01
5427-02
5426-03
5426-04
5426-05

Kaluahonu (K-32)
Kipu Kai
Kipu Kai
Kahaono
Mahaulepu 11
Koloa A
Koloa B
Koloa
Koloa C
Koloa D

0.66
0.01
0.16
1.10
0.96
0.23
0.47
2.44
0.63
0.62

December 1982 -June 1992
December 1982 - November 1991
December 1982 - December 1991
December 1983 - December 1987
January 1983 -June 1992
December 1987 - February 1993
December 1987 -February 1993
December 1982 -June 1992
April 1988 - February 1993
April 1988 -February 1993

Lawai well field
5631-01
5631-02
5530-02
5530-03
5530-04
5529-01
5529-03

Kalaheo A
Kalaheo B
Lawai Cannery
Lawai 1
Lawai 2
Huinawai Reservoir
Lawai A

0.31
0.14
0.9a

0.12
0.27
2.31
1.73b

December 1987 - February 1993
January 1990 -February 1993
not available3
July 1990 -February 1992
May 1990 -February 1993
December 1982- June 1992
January 1990 -December 1990

Hanapepe well field
5533-01
5533-02
5534-01
5534-03

Hanapepe A
Hanapepe B

0.15
0.05

Hanapepe Tunnel Pump 3 13.24C
Hanapepe Town 0.01

November 1987 - January 1993
November 1987 - September 1991
December 1982 -June 1992
November 1987- January 1993

a Average reported in Hawaii State Commission on Water Resource Management unpub. index of wells, 1997; no period of record for the average was
specified

b From U.S. Geological Survey unpub. files, Honolulu, Hawaii 
c Unknown portion of reported withdrawal comes from surface water
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River because some of the recharge in this area may 
contribute to ground-water discharge at streams (partic 
ularly the South Fork Wailua River) in the southern 
Lihue Basin. The recharge is probably slightly overesti 
mated because not all of the water recharging the area 
between the forks flows to the southern Lihue Basin; 
some water flows north. Subtracting ground-water dis 
charge to streams (at least 81 Mgal/d) and ground-water 
withdrawal from wells (about 4 Mgal/d) leaves 44 
Mgal/d, which represents an overestimate of the water 
available to flow to the ocean. Not all of this remaining 
ground water will flow to the ocean. Part of this ground 
water probably flows out of the southern Lihue Basin to 
the south through Haupu Ridge and although some of 
this water will reach the ocean at the southern coast, an 
unknown amount may seep to streams or be withdrawn 
by wells outside the southern Lihue Basin. Also, the 
assumption of a closed system is not valid. Because the 
cones of depression from ground-water withdrawals in 
the southern Lihue Basin may have extended beyond its 
boundaries, some portion of the 4 Mgal/d of the 
reported ground-water withdrawal may come from out 
side the southern Lihue Basin. The amount of flow to 
the ocean must therefore be less than 44 Mgal/d, but 
exactly how much less cannot be quantified by this 
approach.

Although the water-budget approach is imprecise, 
it indicates ground-water discharge to the ocean is small 
relative to ground-water discharge to streams. Of the 
natural and artificial means by which ground water dis 
charges from the aquifer in the southern Lihue Basin, 
ground-water discharge to streams predominates over 
ground-water discharge to the ocean and well with 
drawal. At least 62 percent of recharge is eventually dis 
charged to streams whereas less than 34 percent 
discharges directly to the ocean. The remainder is with 
drawn from wells.

Ground-Water Levels

Water-level elevations in wells are near sea level at 
the coast but increase steeply with distance inland. 
Water levels in the monitor wells drilled by the Kauai 
DOW/USGS cooperative study ranged from 250 ft ele 
vation at well 5923-08 which is located 3.2 mi from the 
coast, to 576 ft elevation at well 0126-01 which is 
located 6 mi from the coast (Gingerich and Izuka, 
1997a; Izuka and Gingerich, 1997a). Water levels in 
these wells remained hundreds of feet above sea level

even when the wells had penetrated several hundred 
feet below sea level. Other wells drilled to sea level in 
the southern Lihue Basin, including 5822-02, 5824-06, 
5824-09, and 5923-01, had water levels ranging from 
190- to 360-ft elevation, which indicates that the high 
water levels are part of a ground-water system that is 
completely saturated below the water table.

Although water levels in these wells remained 
hundreds of feet above sea level, most wells showed 
water-level declines of a few feet as they were deep 
ened. Water levels in other wells declined by as much 
as 200 ft during drilling. These water-level declines dur 
ing drilling indicate that vertical head gradients exist in 
the aquifer. The effect of these vertical head gradients 
may be so great that the thickness of the freshwater 
body cannot be accurately estimated by the Ghyben- 
Herzberg principle.

Vertical head gradients in the Koloa Volcanics.--
Observed water levels declined during the drilling of 
many of the wells in the Kilohana, Puhi, Lihue Town, 
and Haiku well fields (figs. 5 and 12). Two abrupt 
water-level drops within the Koloa Volcanics can be 
correlated between these well fields. When wells pene 
trated through the top feature, observed water levels 
dropped 30 to 75 ft; a second abrupt drop of about 80 to 
200 ft was observed during drilling of wells 5824-04, 
5824-09, 5822-02, and 5923-01. Initial water levels 
during drilling of wells in the Haiku and Puhi well fields 
were between 370 and 430 ft elevation. In the Kilohana 
wells, where the ground surface is lower, initial water 
levels were between 190 and 320 ft. Water levels 
dropped abruptly to between 340-ft and 390-ft elevation 
when wells in the Haiku and Puhi well fields penetrated 
to about 250-ft elevation and when wells in the Kilo 
hana well field penetrated to between 150 to 200 ft. 
Water levels again dropped abruptly to between 50 and 
70 ft elevation when wells in both well fields penetrated 
to about 0 to -200-ft elevation. The step wise water-level 
drops indicate that the wells penetrated multiple layers, 
each having a different permeability. An abrupt decline 
in water level indicates that the well penetrated into a 
layer with a lower head resulting from a higher perme 
ability and a better connection to a discharge area such 
as a stream or the ocean. The only deep well near the 
Kilohana well field that did not show the second drop in 
water level is well 5923-08, where water levels 
remained at over 200-ft elevation even when the well 
penetrated to -730-ft elevation.
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The abrupt drops in water levels correlate with 
changes in lithology within the Koloa Volcanics noted 
in the drilling logs for four of the wells (fig. 13). Both 
the upper and lower water-level drops are correlative 
with transitions from thick sections of dense lava rock 
above to loosely consolidated rock below. The underly 
ing loosely consolidated rock apparently has a high- 
horizontal-permeability connection to a discharge zone 
which allows water to move more freely horizontally 
and lowers pressure head at this depth in the aquifer. 
The vertical permeability of the thick, dense lava rock 
is apparently very low. Sustained withdrawal at 900 
gal/min for 10 days at well 5824-09 produced no mea 
surable drawdown in well 5824-02 which was only 78 
ft away horizontally, but whose open interval was sepa 
rated vertically from the open interval of the pumped 
well by about 250 ft of thick lava flows.

Macdonald and others (1960) describe a red clay 
perching layer at an elevation of about 183 ft near the 
Garlinghouse Tunnel (well 5823-01), but there is little 
evidence that the clay layer causes the abrupt water- 
level drop in the wells. A possibly correlative brown 
clay layer at an elevation of 172 to 151 ft was described 
in the drilling log from well 5923-01, but the abrupt 
water-level decline in this well correlates not with pen 
etration through the clay, but through a thick, dense, 
rock layer, as in the other wells in the Kilohana, Puhi, 
and Haiku well fields.

The multi-layered aquifer apparently has limited 
northern and western extents, but how far it extends to 
the east and south is unknown (fig. 14). The multi- 
layered aquifer does not extend as far as well 5923-08 
in which no abrupt water-level decline was observed 
even when the well was drilled to an elevation of -730 
ft. One abrupt water-level decline was measured as far 
to the southwest as well 5824-06 (the well probably did 
not penetrate deep enough to reach the lower abrupt 
water-level decline), but farther to the west, at well 
5825-01, no abrupt water-level declines were recorded 
even though the well penetrated to an elevation of-134 
ft. An abrupt water-level decline was observed as far 
east as well 5821-01 at an elevation of about -100 ft, but 
data for wells farther eastward (closer to the coast) are 
inconclusive. There are no deep wells to the southeast, 
toward Huleia Stream.

Although water levels in wells drilled by the 
Kauai DOW/USGS cooperative study in the northern 
part of the southern Lihue Basin did not decline

abruptly as in wells in the Kilohana and Puhi well fields, 
water levels at the completion of drilling in all but one 
of the wells were lower than the first water levels 
encountered during drilling, which indicates a gradual 
decline in water levels with depth. This downward- 
decreasing head gradient is probably related to down 
ward movement of water as recharge reaches the water 
table and descends into the freshwater body (fig. 6).

Horizontal head gradients in the Koloa Volca-
wcs.--Horizontal head gradients in the southern Lihue 
Basin cannot be studied by simply comparing water lev 
els in completed wells. Because of substantial vertical 
head gradients in some areas, water levels of completed 
wells may not represent the water table, but an average 
head through the part of the aquifer penetrated by the 
well. Only the first water level observed during drilling, 
when the well penetrates only a short distance into the 
aquifer, closely represents the water table. This infor 
mation was gathered for as many of the wells in the 
southern Lihue Basin as were available (table 3) and 
used to construct the water-table map and profile in fig 
ure 15. Because these water levels were measured over 
several decades, short-term variations caused by factors 
such as ground-water development, irrigation, or reser 
voir seepage may not be accurately represented. These 
variations are probably localized and small, relative to 
the high heads and horizontal gradients that characterize 
the southern Lihue Basin. Thus, although the water- 
table map does not represent any instant in time, it pro 
vides a view of the regional water table generalized over 
time.

In addition to the well data, the elevations of 
springs and marshes shown on topographic maps were 
used to contour the water-table map. These areas of 
ground-water discharge indicate places where the water 
table intersects the ground surface. Many of the marsh 
locations were determined from the topographic maps 
of Kauai that were prepared in 1910 and used as the 
base for the geologic map of Macdonald and others 
(1960). Other information came from unpublished 
USGS records that indicate that some reservoirs were 
sited in marshy areas.

The instantaneous stream-discharge measurements 
and base-flow analyses also were used to construct the 
water-table map. Instantaneous stream-discharge mea 
surements and base-flow analyses indicate that the 
streams on the flanks of the Kilohana Volcano are 
perennial because they gain from ground-water
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Table 3. Water-level information used to construct the generalized water-table map, southern Lihue Basin, Kauai, Hawaii
[ft, feet; --, not available; na, not applicable; obs, observation; all water-level measurements refer to the first water level measured during drilling of the well 
unless otherwise noted; all well information is from unpublished data, USGS, Hawaii District well files unless otherwise noted. Datum is mean sea level]

Well characteristics at time of water-level measurement

State well number or 
map designation

(fig. 5)
0221-01
0124-01
0126-01
0020-01
0023-01
5923-01
5923-03
5923-04
5923-05
5923-06
5923-07
5923-08
5821-01
5822-02
5823-01

5824-01M
5824-02
5824-03
5824-04
5824-05
5824-06
5824-07
5824-09
5825-01

5825-01M
5825-02
5825-03
5721-01
5725-01
5626-01
5727-01

HHMW3
THC
THF
THI
THJ
Tl

Quarry
Kilohana Volcano crater

Well name

Fern Grotto 1
Northeast Kilohana
Northwest Kilohana
Hanamaulu Shaft 2
Pukaki Reservoir

Kilohana A
Kilohana C
Kilohana F
Kilohana G
Kilohana H
Kilohana I
Hanamaulu
Lihue STP

Grammar School
Garlinghouse Tunnel

Puhi obs 1
Kilohana D
Kilohana E
Kilohana J

Puhi 3
Puhi 4

Puhi obs 3
Puhi 5

Haiku Mauka 1
Puhi obs 2
Puhi obs 4
Puhi obs 5

Westin Kauai
Kokolau Tunnel

Puakukui
Koloa H-34

Halehaka MW3
Test hole C
Test hole F
Test hole I
Test hole J

unnamed tunnel
na
na

Ground 
elevation 

(ft)

17
466
678
10

319
371
362
369
384
393
363
272
121
224
205
453
488
408
484
411
473
475
481
459
489
470
465
23
300
484
508
220
284
325
353
380
600
na
na

Elevation of top 
of open interval 

(ft)
-18
466
480
10

163
371
362
368
372
383
353
256
121
211
na

408
484
389
477
403
473
420
400
459
371
470
465
-42
na

228
 
 

284
325
353
380
na
na
na

Elevation of 
bottom of open 

interval (ft)
-43
305
431
-1
-3

239
197
288
279
295
258
148
76
124
187
374
319
320
270
321
406
210
376
-134
289
25
20

-302
na
26
 
~
73
171
--
-
na
na
na

Water level 
(ft)
5a

428
576

3
254e
274
300
304
322
311
289
250
115
192
205
401
426
340
411
381
406
350
385
335a
344
310
330
9a

300
173

423a
159a

227a- j
258a- i
263a-'
230a- i
600*
470k
8201

Date of 
water-level 

measurement

2/24/87
6/13/95b
l/9/96c
 

3/7/96
6/73

1/27/78
4/10/80
6/5/81

8/18/81
11/27/81
4/19/95f
5/7/74

5/10/618
1935d
1/92

2/24/79
4/28/80
4/14/82
11/8/89

7/92
 

11/21/95
12/28/93
1/27/92
 
 

10/23/86
1928d

ll/22/95h
3/14/73
 
 
«
-
~
_.

10/11/96
10/9/96

a Water level measured after well was completed
b Izuka and Gingerich, 1997b
c Gingerich and Izuka, 1997a
d year that tunnel was installed
e Izuka and Gingerich, 1997c; first water level measured after well was drilled below sea level
f Izuka and Gingerich, 1997a
s Department of Land and Natural Resources, 1962
h Gingerich and Izuka, 1997b
 PBR Hawaii, 1994
J Macdonald and others, 1960
k Estimated from topographic contours on the U.S. Geological Survey l:24,000-scale Koloa Quadrangle map (1983)
'Estimated from topographic contours on the U.S. Geological Survey l:24,000-scale Waialeale Quadrangle map (1983)
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Figure 15. Generalized water-table map and profile for data from 1910 through 1996 for the southern 
Lihue Basin, Kauai, Hawaii.
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discharge. The point where the stream becomes peren 
nial represents the intersection of the stream with the 
water table.

Additional data used to construct the water-table 
map include an unnamed quarry that appears to have 
been excavated into the water table about 0.5 mi west of 
the confluence of Kamooloa and Huleia Streams, an 
unnamed water tunnel at an elevation of about 600 ft on 
the western branch of Halenanahu Stream (fig. 15), and 
the observation that the crater floor of the Kilohana Vol 
cano (820 ft elevation) seeped water even after about 2 
weeks with no antecedent rainfall.

The water-table map (fig. 15) shows that steep hor 
izontal head gradients are characteristic throughout 
much of the southern Lihue Basin. The steep gradients 
are consistent with the low AT/, measured in most wells 
in the Koloa Volcanics. The map also shows how the 
water table is shaped by streams that incise into the 
ground-water body. Gradients are steepest where the 
aquifer is drained by streams, such as on the eastern 
slope of Kilohana Volcano. Gradients are flatter where 
few streams drain the ground water, such as in the west 
ern flank of the Kilohana Volcano and the flat area west 
of Kalepa Ridge where ground water has saturated the 
rock to the surface and marshes exist.

Water levels in the Waimea Canyon Basalt. 
Although there are no wells in the high central moun 
tains of Kauai that form the western margin of the 
southern Lihue Basin, the large Alakai Swamp at an ele 
vation of more than 4,000 ft (fig. 1) indicates that the 
water table in the Waimea Canyon Basalt is thousands 
of feet above sea level in this area, probably because of 
the impounding effects of volcanic dikes within this for 
mation. These heads are higher than any heads in the 
Koloa Volcanics in the Lihue Basin.

Well 5727-01 and the elevations of springs at the 
headwaters of Puakukui Stream indicate that water lev 
els are about 400 ft (fig. 15) in the western part of 
Haupu Ridge. Water levels in the ridge decline toward 
the south and east. The water-level elevation was 173 ft 
in well 5626-01,147 ft in well 5526-01, 35 ft in well 
5426-03,31 ft in well 5425-11, and 5 ft in well 5523-01 
(fig. 5). The steep horizontal ground-water gradient in 
the ridge is probably the result of the impounding 
effects of volcanic dikes. Well 0221-01 (figs. 5 and 15) 
indicates a water-level elevation of about 5 ft in the 
Waimea Canyon Basalt of Kalepa Ridge.

CONCEPTUAL MODEL OF GROUND- 
WATER OCCURRENCE AND MOVEMENT

The data and analyses presented in this report indi 
cate that ground water in the southern Lihue Basin orig 
inates as recharge from orographically distributed 
rainfall, flows eastward from the high mountains on the 
west, into the southern Lihue Basin, then to the north, 
east, and south where it discharges in streams or the 
ocean or flows to adjacent ground-water areas (fig. 16). 
The ground-water system in the southern Lihue Basin is 
characterized by a water table that is within a few tens 
of feet of the ground surface, steep horizontal head gra 
dients, and flow through low-permeability rocks. A 
larger volume of ground water discharges to streams in 
the southern Lihue Basin than to the ocean.

The highest ground-water heads are found in the 
mountains on the western rim of the Lihue Basin where 
rainfall is highest and low-permeability intrusive dikes 
in the Waimea Canyon Basalt probably impound water 
to higher elevations in a system similar to that in wind 
ward Oahu (Takasaki and others, 1969; Takasaki and 
Mink, 1985). In windward Oahu, water from dike- 
intruded shield-building lavas analogous to those of the 
Waimea Canyon Basalt flows into overlying alluvium 
and rocks of rejuvenated volcanism analogous to those 
of the Koloa Volcanics, then discharges to streams. 
Heads in the Waimea Canyon Basalt west of the Lihue 
Basin are high as a result of the impounding effects of 
dikes and the Koloa Volcanics, in the same way heads 
in the Koolau Basalt of windward Oahu are high 
because water is impounded by dikes and overlying 
sediment and volcanic rocks. The Koloa Volcanics are 
more voluminous and provide greater storage and resis 
tance to ground-water movement than analogous geo 
logic units in windward Oahu, however.

The water-table map shows heads as high as 850 ft 
above sea level in the Koloa Volcanics in the Lihue 
Basin. Macdonald and others (1960) attributed the high 
heads in the Koloa Volcanics to bodies of water held 
above unsaturated rock by low-permeability "perching 
members." Data from the present study, however, indi 
cate that the high water levels are part of a completely 
saturated, not perched, ground-water system with steep 
vertical head gradients. Wells drilled hundreds of feet 
below sea level have water levels that are hundreds of 
feet above sea level indicating that the high water levels 
are part of a fully saturated system. The layering of low-
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Figure 16. Diagrammatic representation of ground-water flow in the southern Lihue Basin, Kauai, Hawaii.

and high-permeability rocks which cause the stepwise 
water-level drops in the Kilohana, Puhi, and Haiku 
wells does not necessarily constitute a perched system. 
Perched water, by definition, is underlain by unsatur- 
ated rock. The water-level data and drilling records 
indicate that all layers are fully saturated. The high 
heads in the saturated ground-water system of the Koloa 
Volcanics result from low horizontal permeability com 
bined with a high influx of water. The Koloa Volcanics 
receive water through the subsurface from the Waimea 
Canyon Basalt and through recharge from the surface. 
When this large influx of water encounters the high 
resistance to flow provided by the low permeability 
rock of the Koloa Volcanics, steep gradients result and 
high heads build in inland parts of the southern Lihue 
Basin.

Freshwater marshes at elevations of 800 and 850 ft 
on the western flank of Kilohana Volcano and at an ele 
vation of about 820 ft in the crater indicate that ground

water saturates the entire volcanic shield nearly to the 
surface. Streams incising the Koloa Volcanics drain the 
upper part of the aquifer and keep the water levels just 
below the ground surface in most places. The two major 
surface-water systems, the Wailua River and Huleia 
Stream, are incised deeply into the Koloa Volcanics and 
provide a means by which much of the ground water 
discharges. Between these larger streams, small streams 
such as Hanamaulu and Nawiliwili Streams incise the 
flank of Kilohana Volcano and drain the water table to 
a few tens of feet below the ground surface. Throughout 
most of their courses, the streams are youthful and have 
little or no streambed material overlying the bedrock of 
the stream channel, which probably allows greater 
exchange between ground water and the stream. The 
streams thus play an important part in shaping the water 
table in the Koloa Volcanics of the southern Lihue 
Basin. Water-budget calculations described earlier in 
this report indicate that at least 62 percent of recharge is
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eventually discharged to the streams and less than 34 
percent discharges directly into the ocean.

Ground water that does not discharge to streams 
continues to flow southward and eastward through the 
Koloa Volcanics and Waimea Canyon Basalt of the 
Lihue Basin and Kalepa and Haupu Ridges, to eventu 
ally discharge at or beyond the coast. The nature of 
ground-water movement in the Waimea Canyon Basalt 
below the Koloa Volcanics in the southern Lihue Basin 
remains poorly known. It is likely that the underlying 
Waimea Canyon Basalt has numerous dikes and low 
bulk Kh of less than 19 ft/d as do the ridges and moun 
tains surrounding the southern Lihue Basin. The nature 
of ground-water flow south of Haupu Ridge was also 
not as well studied because it lies outside of the study 
area of this report. The Kh of the Waimea Canyon Basalt 
probably increases to the south of the Lihue Basin as the 
frequency of dikes diminishes toward the flanks of the 
Kauai shield volcano.

NUMERICAL MODEL OF GROUND- 
WATER MOVEMENT

The conceptual model of ground-water occurrence 
and flow in the southern Lihue Basin is based on analy 
sis of geology, permeability, recharge, natural ground- 
water discharge, and ground-water withdrawal data. To 
test the conceptual model, a numerical ground-water 
model of the southern Lihue Basin and adjacent areas 
was constructed. The numerical ground-water flow 
model was created using the finite-difference modeling 
program SHARP (Essaid, 1990). Because SHARP 
allows simulation of coupled freshwater and saltwater 
flow, the program is ideal for simulation of oceanic- 
island aquifers such as those in the southern Lihue 
Basin. The SHARP program is also capable of quasi- 
three-dimensional simulations, which allows simula 
tion of superposed aquifers with contrasting permeabil 
ities, such as the Koloa Volcanics and the Waimea 
Canyon Basalt in the southern Lihue Basin. By using 
the SHARP program, ground-water flow is simulated 
using a porous-medium approach, although flow 
through lava-rock aquifers of the southern Lihue Basin 
may occur predominantly through high-permeability 
zones between lava flows or through fractures. The 
porous-medium approach is valid for the purposes of 
this study and the regional scale of the southern Lihue 
Basin model, but does not simulate local aquifer heter

ogeneities or preferential flow through thin, high- 
permeability layers.

The SHARP program treats the freshwater and 
saltwater as essentially immiscible domains separated 
by a sharp interface. Although the boundary between 
freshwater and saltwater in nature is actually a diffuse 
zone of mixing with a finite thickness, in aquifers (such 
as those in the southern Lihue Basin) where the fresh 
water thickness is much greater than the thickness of the 
zone of mixing, the zone can be approximated as a sharp 
interface. This simplifies the computations and input 
data requirements and shortens the computer computa 
tion time.

Horizontal flow of ground water is governed by 
user-defined horizontal aquifer properties and distribu 
tion of model-calculated freshwater and saltwater head. 
Vertical flow between layers is governed by user- 
defined vertical aquifer properties and differences 
between model-calculated head in adjacent layers. Dis 
charge of ground water to streams and the ocean is gov 
erned by user-specified streambed and ocean-floor 
hydraulic properties and the difference between model- 
calculated heads in the uppermost layer of the model 
and user-defined head in the streams and at the ocean 
bottom.

The study area was divided into cells which were 
assigned characteristics representing hydrogeologic 
properties, recharge, ground-water withdrawal, and 
streambed and ocean-floor hydraulic properties (table 
4). These properties were assumed to be uniform within 
each cell. The model simulated freshwater and saltwater 
head distribution and flow on the basis of the assigned 
characteristics. To create a numerical ground-water 
model that accurately represents the southern Lihue 
Basin, hydraulic conductivities in the model were var 
ied until simulated water levels matched observed water 
levels at selected sites. Model parameters which are 
assumed to be correct, such as ground-water withdrawal 
and recharge, were kept constant. Streambed and ocean- 
floor hydraulic properties, which, for reasons discussed 
below, are assumed to have little bearing on the hydro- 
logic system, were also kept constant.

The model simulated steady-state (not time-depen 
dent) conditions. Because of the nature of the equations 
involved in simulating coupled freshwater/saltwater 
flow, the SHARP program runs in the transient (time 
dependent) mode only. For steady-state simulations, 
SHARP runs a transient simulation until the head
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Table 4. Summary of selected characteristics and input data of the numerical model of the southern Lihue Basin, Kauai, Hawaii 
[Kh , horizontal hydraulic conductivity; Kv vertical hydraulic conductivity; datum is mean sea level]

Cell horizontal dimensions
Number of rows
Number of columns
Elevation of top of model
Elevation of bottom of upper layer, top of lower layer
Elevation of bottom of model
Stream-bed and ocean-floor leakance
Ratio of Kv to Kh in the Koloa Volcanics
Ratio of Kv to Kh in flank lava flows of the Waimea Canyon Basalt
Ratio of Kv to Kh in dike-intruded lava flows of the Waimea Canyon Basalt
Length of time step
Steady-state criterion3

2,000 feet by 2,000 feet
45
55
varies
-500 feet
-6,000 feet 
1.99 day1 
1:500 
1:200 
1:100 
10 days 
0.001 feet

Steady state considered to be achieved in the simulation when maximum head change between time steps is less than the steady-state 
criterion

change between successive time steps is smaller than a 
steady-state closure criterion (both the time step length 
and the steady-state criterion are defined by the pro 
gram user), at which point the program considers steady 
state to have been achieved. The time step used in the 
southern Lihue Basin ground-water model was 10 days 
and the steady-state criterion was 0.001 ft.

Model Structure and Input Data

The southern Lihue Basin ground-water model 
simulates an area of 90,000 ft (17.0 mi) by 110,000 ft 
(20.8 mi) in the southeast corner of Kauai and adjacent 
offshore areas (fig. 17). The area was divided into two 
layers, each layer was divided into 2,475 cells, each cell 
representing an area 2,000 ft by 2,000 ft. The two-layer 
structure of the model allowed simulation of the con 
trast in hydrologic properties between the Koloa 
Volcanics and the underlying Waimea Canyon Basalt. 
The upper layer extends to an elevation of -500 ft, 
which corresponds to the depth of the contact between 
the Koloa Volcanics and the underlying Waimea Can 
yon Basalt as shown in the geologic map of Macdonald 
and others (1960). The lower layer extends from -500 ft 
to -6,000 ft elevation.

Boundaries.-ModQh created using SHARP are 
bound on all sides except the top by no-flow bound 
aries. Because these no-flow boundaries on the periph 
ery of the model are required, the modeled area must 
extend to natural no-flow boundaries such as imperme 
able geologic structures or ground-water divides or flow 
lines that are unaffected by changes in the study area. 
No impermeable structures exist within the southern

Lihue Basin to serve as no-flow boundaries for the 
model, but the model was extended far enough from the 
southern Lihue Basin that no-flow boundaries could be 
placed along ground-water divides and flow lines that 
will not substantially affect, or be affected by, changes 
in ground-water flow in the southern Lihue Basin.

The western no-flow boundary of the ground- 
water model was placed beyond the Hanapepe River 
and about 5.5 mi from the margin of the southern Lihue 
Basin (fig. 17). The northern no-flow boundary was 
placed beyond the North Fork Wailua River. These 
boundaries roughly parallel the regional flow lines that 
would be expected as ground water flows from the high 
recharge areas at the center of the island to discharge 
areas at the coast. The no-flow boundary at the north 
west corner of the model corresponds to a ground-water 
divide expected to exist beneath the Alakai Swamp (fig. 
1). Ground-water withdrawal from the southern Lihue 
Basin is not likely to affect the location of these flow 
lines and ground-water divides because the propagation 
of the cones of depression will be halted by the large 
amount of water available through induced recharge or 
reduced ground-water discharge at rivers, streams, and 
coastlines within the model.

The southern and eastern no-flow boundaries of 
the ground-water model were placed in the ocean at a 
minimum of 2.5 mi from the coast (fig. 17). This 
allowed sufficient space for the freshwater body in the 
model to expand seaward without impinging on the no- 
flow boundary. The size of the freshwater body is a 
function of the hydraulic properties of the aquifer and 
the rate of recharge and discharge.
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numerical ground-water model of the southern Lihue Basin, Kauai, Hawaii.
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The no-flow boundary at the base of the model was 
set at an elevation of -6,000 ft, but precisely how deep 
in oceanic islands ground water actually flows is not 
well known. Geophysical evidence from Kilauea indi 
cates that below 6,000 ft from the ground surface poros 
ity becomes nearly zero as a result of secondary 
mineralization (Kauahikaua, 1993). Kauai is much 
older and has probably undergone more diagenesis and 
subsidence than Kilauea. Still, placement of the no-flow 
boundary at -6,000 ft is at least consistent with the mea 
ger data available.

Hydrogeologic units.-The cells of the active part 
of the ground-water model were placed into one of three 
hydrogeologic categories: (1) the flank lava flows of the 
Waimea Canyon Basalt, (2) the Koloa Volcanics, and 
(3) the dike-intruded lava flows of the Waimea Canyon 
Basalt (fig. 18). These categories are defined on the 
basis of regional hydrologic properties. On the basis of 
aquifer tests, the Koloa Volcanics were expected to 
have the lowest permeabilities in the active part of the 
ground-water model. The flank lava flows of the 
Waimea Canyon Basalt were expected to have the high 
est permeabilities in the modeled area on the basis of 
knowledge of other flank lava flows in the Hawaiian 
islands. The dike-intruded lava flows of the Waimea 
Canyon Basalt were expected to have a bulk Kh inter 
mediate between the high-permeability flank lavas and 
the low-permeability Koloa Volcanics, on the basis of 
results from the aquifer test at well 5626-01. Dike- 
intruded parts of the Waimea Canyon Basalt were 
expected to have a lower ratio of Kh to Kv than dike-free 
parts of the formation because the vertically oriented 
sheet-like dikes probably reduce horizontal permeabil 
ity more than vertical permeability. Regional hydraulic 
conductivities were obtained by varying Kh and Kv in 
the model until simulated heads at selected monitoring 
points matched observed heads.

Most of the model cells representing the ridges 
surrounding the Lihue Basin, and the cells in the lower 
layer beneath the basin and its surrounding ridges, were 
modeled as dike-intruded Waimea Canyon Basalt (fig. 
18). The geologic map of Macdonald and others (1960) 
shows many dikes in the ridges. Dikes are probably also 
present beneath the Lihue Basin, particularly if the 
basin is the site of an old caldera as some investigators 
hypothesize.

The cells in the upper layer of the model within the 
Lihue Basin were modeled as Koloa Volcanics (includ

ing volcanic rock and sediments), which is consistent 
with the geologic map of Macdonald and others (1960). 
The Koloa Volcanics in the model extends the entire 
thickness of the upper layer (to -500 ft elevation), which 
is consistent with the drilling logs of monitor wells in 
the basin (Gingerich and Izuka, 1997a; Izuka and Gin- 
gerich, 1997a, 1997b, 1997c, 1997d). The multi-layer 
ing in parts of the Koloa Volcanics, indicated by 
stepwise declines in water levels during drilling in some 
wells, was too complex to model. Also, the local high- 
permeability area of the Koloa Volcanics in the Kilo- 
hana and Puhi well fields was too small to warrant dif 
ferentiation from the rest of the Koloa Volcanics in the 
ground-water model for the purposes of this report. All 
of the Koloa Volcanics were thus modeled as a single 
layer with a uniform K^ and Kv .

The remaining active cells were modeled as flank 
lava flows of the Waimea Canyon Basalt, including the 
area south and southwest of the Lihue Basin where out 
crops of Koloa Volcanics are thin (Macdonald and oth 
ers, 1960) and ground water probably flows 
predominantly through Waimea Canyon Basalt (fig. 
18). All of the area modeled as flank flows of the 
Waimea Canyon Basalt lie outside the southern Lihue 
Basin and were not studied or modeled in as much detail 
as the area within the basin. The areas were included 
only as a gross approximation of the hydrologic proper 
ties between the study area and the required no-flow 
boundaries at the periphery of the model.

Recharge. -Recharge was distributed over the 
modeled area according to the average annual recharge 
of Shade (1995a) (fig. 19). The total recharge over the 
active cells of the modeled area is 296 ft3/s or about 191 
Mgal/d. Recharge through active onshore unconfined 
cells in the upper layer was entered in the recharge array 
of the model input data file. Recharge for stream cells 
was put into the model using injection wells in the input 
data file because streams were simulated as confined 
cells which cannot receive recharge in the SHARP pro 
gram.

Streambed and ocean-floor leakance. Unlike
recharge and ground-water withdrawal, values of dis 
charge to streams and the ocean are not entered directly 
in the model but are a function of user-defined stream- 
bed and ocean-floor leakance. Discharge to streams in 
the ground-water model was simulated with confined- 
aquifer cells in the upper layer (fig. 17). Ground water 
discharged from the model through these confined-
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Figure 18. Distribution of geology used in the numerical ground-water model of the southern Lihue Basin, 
Kauai, Hawaii.
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Figure 18. Distribution of geology used in the numerical ground-water model of the southern Lihue Basin, 
Kauai, Hawaii --Continued.

Numerical Model of Ground-Water Movement 37



159°35' 159°30' 159°25' 159°20' 159°15'

22°05'  

21°55'  

21°50'  

D 
13

EXPLANATION

BOUNDARY OF SOUTHERN LIHUE BASIN 
AVERAGE ANNUAL GROUND-WATER 

RECHARGE, IN INCHES

Less than or equal to 10 

Greater than 10 and less than or equal to 25 

Greater than 25 and less than or equal to 50 

Greater than 50 and less than or equal to 100 

Greater than 100 and less than or equal to 150 

Greater than 150 

NO-FLOW BOUNDARY CELL

Figure 19. Distribution of recharge in the numerical ground-water model of the southern Lihue Basin, 
Kauai, Hawaii.
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aquifer cells when head in the cell exceeded the eleva 
tion specified for the top of the cell (which corresponds 
to the head in the stream channel). The constant head 
above the confined-aquifer cells was set equal to 
streambed elevations determined from topographic 
maps (U.S. Geological Survey, 1983a, 1983b, 1983c, 
1983d, 1983e, 1983f).

The rate of discharge through the top of the con 
fined-aquifer cells was a function of the user-specified 
streambed leakance. Leakance, /, is equal to Kv /b 
where, for streambed leakance, b is the saturated thick 
ness of the aquifer between the midpoint and top of the 
stream cell and Kv is the effective vertical hydraulic 
conductivity of the aquifer and streambed. This formu 
lation assumes that all of the leakance happens verti 
cally through a streambed that is as wide as the stream 
cell. In reality, however, streams on Kauai are much 
narrower than the 2,000-ft-wide cells of the model and 
are deeply incised, so that water discharges both hori 
zontally and vertically to the stream channels. Most of 
the streams are youthful, have steep gradients and thin, 
coarse beds that have higher Kh and Kv than the under 
lying aquifer. Heads in the underlying aquifer are there 
fore primarily controlled by the hydraulic conduc 
tivities of the aquifer and are little affected by Kv of the 
streambed. To simulate this condition, all stream cells 
were given a single high leakance value so that ground 
water could freely discharge to the stream as governed 
by Kh of the aquifer and heads would not build artifi 
cially in response to the leakance.

Discharge to the ocean was simulated with con 
fined-aquifer cells offshore. Discharge of ground water 
across the top of offshore cells depends on the user- 
specified ocean-floor leakance and the difference 
between the model-calculated heads in the cells and the 
head in the ocean above the cell. Because the water 
overlying the offshore cells is seawater, the head over 
lying the offshore cells was adjusted to account for the 
greater density of seawater. The equivalent freshwater 
head, relative to sea level, over offshore cells, hp was 
set equal to 1/40 times the bathymetry. As with the 
streambed leakance, ocean-floor leakance was set at a 
high value (equal to the streambed leakance) so that it 
would not cause heads to build artificially in the aquifer. 
The model streambed and ocean-floor leakance was set 
at 1.99 day 1 at all stream and offshore cells.

Leakance between upper and lower layers of the 
model-Flow between upper and lower layers of the 
model is a function of the difference in head between 
the upper and lower layers and the value of leakance (/) 
between layers. As with streambed leakance, / is equal 
to Kv /b, but for flow between an upper-layer cell and 
the lower-layer cell directly beneath it, b and Kv are the 
distance and vertical hydraulic conductivity between 
midpoints of the saturated parts of each cell. Because 
the saturated thickness of each cell changes with the 
water-table elevation and depth to the interface between 
saltwater and freshwater as the SHARP program iter 
ates to a solution, so too should the values of b and /. 
The original version of SHARP does not recalculate b 
and / as freshwater thickness changes during iteration 
(Essaid, 1990). A modified version of the SHARP pro 
gram which automatically recalculates leakance as 
thickness changes, was used to create the southern 
Lihue Basin model (appendix).

Because the lava flows that make up the Koloa 
Volcanics and Waimea Canyon Basalt are essentially 
horizontal structures, the value of Kv is probably a frac 
tion of Kh. In the southern Lihue Basin ground-water 
model, Kv for each of the hydrogeologic units was com 
puted as a proportion of the value of Kh . The value of Kv 
has not been measured for Hawaiian lava flows but esti 
mates have ranged from 1/3 to 1/200 of the value of Kh 
(Hunt, 1996). For the flank lava flows of the Waimea 
Canyon Basalt, Kv was assumed to be 1/200 of Kh , 
which is similar to the ratio of Kv to K^ used by Souza 
and Voss (1987) for flank lava flows on Oahu. The ratio 
of Kv to Kh for the Koloa Volcanics is probably lower 
because the lava flows are thicker and intercalated with 
sediments. In the ground-water model, the Kv of the 
Koloa Volcanics was assumed to be 1/500 of K^. The 
ratio of Kv to Kh for the dike-intruded part of the 
Waimea Canyon Basalt is likely to be higher than in the 
flank flows because dikes probably reduce K^ more 
than Kv . In the ground-water model, Kv of the dike- 
intruded part of the Waimea Canyon Basalt was 
assumed to be 1/100 of Kh .

Ground-water -withdrawal. Withdrawal of 
ground water by wells was simulated by pumping cells 
in the ground-water model. Water was withdrawn from 
the pumping cells at a specified constant rate that corre 
sponded with the withdrawal rates in table 2, except that 
withdrawals from water tunnels are excluded (fig. 17,
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Table 5. Withdrawal rates in simulated pumping wells used in the numerical ground-water model of the southern Lihue Basin, 
Kauai, Hawaii

Row

3
16
17
17
17
18
18
19
19
27
27
28
28
29
29
29
30
31
31
32
32

Cell location

Column

39
34
33
41
42
32
37
41
33
12
36
27
36
16
18
23
31

7
28
24
29

Layer

2
2
2
2
2
2
2
2
2
1
2
2
2
2
2
2
2
1
1
1
1

Withdrawal 
(million gallons per day)

0.24
0.19
1.20
0.21
0.11
0.03
0.10
0.09
0.07
0.45
0.01
0.66
0.16
1.29
4.04
1.10
0.96
0.20
2.44
0.70
1.25

State well number

0321-01
5923-05
5923-01,02,03,04,07
5821-04, 5821-03
5820-01
5824-03
5822-01,02
5821-06
5824-01
5631-02,5631-02
5523-01
5526-01
5523-02
5530-02, 03, 04
5529-01,03
5527-01
5425-11
5533-01, 02
5426-03
5427-01,02
5426-05

Well name

Nonou9-lC
Kilohana G
Kilohana A, B, C, F, I
Westinl,2
Westin 3
Puhi2
Sugar Mill, Grammar School
Westin 5
Puhil
Kalaheo A, B
Kipu Kai
K-32
Kipu Kai
Lawai Cannery, Lawai 1 , 2
Huinawai Res., Lawai A
Kahaono
Mahaulepu 11
Hanapepe A, B
Koloa
Koloa A, B
Koloa C, D

table 5). The water tunnels were simulated as leaky con 
fined-aquifer cells rather than pumping cells because 
they capture water that would have otherwise dis 
charged at nearby streams and they are located so close 
to streams (much less than the 2,000-ft width of the cells 
in the model) that hydraulic connection to surface water 
cannot be precluded. Reported withdrawal at Hanapepe 
Tunnel Pump 3 (well 5534-01) is known to come partly 
from surface-water sources and the proportion of 
ground water to surface water captured by the well is 
unknown. The high withdrawals from the Kokolau 
(well 5725-01) and Garlinghouse Tunnels (well 5823- 
01) may also reflect local high-permeability connec 
tions to nearby streams that are too small to be simu 
lated at the regional scale of the ground-water model. 
The head overlying the confined cell representing the 
Kokolau and Garlinghouse Tunnels was set at the eleva 
tion of the bottom of the tunnels. The head overlying the 
cell representing the Hanapepe Tunnel Pump 3 (the bot 
tom of which is 50 ft below sea level) was level set at 
sea level because well records indicate that water levels 
in the tunnel during pumping are near sea level. Leak- 
ance for the tunnels was the same as that used for 
streambeds and the ocean floor.

Hydraulic Conductivities, Water Levels, 
Ground-Water Discharge, and Interface Depth 
of the Best-Fit Numerical Model

Values of Kh for the numerical model were varied 
within the active cells of the model until water levels at 
specified monitoring points matched known water lev 
els (to keep the ratio of Kv to Kh constant, Kv was varied 
proportionally with Kh). Recharge, ground-water with 
drawal, and streambed and ocean-floor leakance were 
kept constant.

The specified monitoring points included four 
wells (5923-08,0023-01,0124-01, and 0126-01) in the 
Koloa Volcanics, one well in the dike-intruded Waimea 
Canyon Basalt of Haupu Ridge (well 5626-01), and the 
elevation of ground-water discharge observed in the 
crater of Kilohana Volcano (figs. 5 and 17). All of the 
wells used as monitoring points were drilled in 1995-96 
and the first water level measured in each well during 
drilling represents the water table at that time. The ele 
vation of the crater floor of Kilohana Volcano (U.S. 
Geological Survey, 1983e) also was chosen as a moni 
toring point because field data and the conceptual 
model indicate that the water table intersects the crater
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Table 6. Hydraulic conductivities used in the best-fit numerical ground-water model of the southern Lihue Basin, Kauai, Hawaii

Hydrogeologic unit

Horizontal
hydraulic conductivity 

(feet per day)

Vertical
hydraulic conductivity 

(feet per day)

Koloa Volcanics
Dike-intruded lava flows of the Waimea Canyon Basalt 
Flank lava flows of the Waimea Canyon Basalt

0.275
1.11 
200

0.00055
0.0111 

1

floor and is relatively flat there compared with the 
steeply sloping water table on the flanks and stream 
channels of the Kilohana Volcano. The water level indi 
cated by the crater floor is therefore less prone to diffi 
culties associated with steep ground-water gradients 
elsewhere in the southern Lihue Basin.

The dike-confined Waimea Canyon Basalt in the 
best-fit model has a Kh of 1.11 ft/d (table 6), which is 
lower than the Kh (19 ft/d) estimated from the aquifer 
test of well 5626-01. The lower model-simulated Kh is 
expected because it reflects the average bulk regional 
Kfa including many dikes. The estimate of K^ from the 
aquifer test reflects only the local area, which may have 
no dikes, reached by the cone of depression during the 
short period of the aquifer test. The flank flows of the 
Waimea Canyon Basalt in the best-fit model have a Kh 
of 200 ft/d.

With these values of hydraulic conductivity, the 
pattern of simulated head distribution in the upper layer 
(fig. 20) is consistent with the water-table map con 
structed from field data (fig. 15). The model reproduces 
major features of the water-table map, including the 
high ground-water levels that are shaped by ground- 
water discharge to streams. The model-simulated water 
level in the upper layer at well 0124-01 is within 3 ft of 
the observed water level (table 7). The model-simulated 
water level at the crater of Kilohana Volcano is about 30 
ft lower than the observed water level (table 7), but the 
observed water-level elevation has an uncertainty of 
about 40 ft because it was estimated from elevation con 
tours on a 1:24,000-scale USGS topographic map (U.S. 
Geological Survey, 1983e). Simulated water levels at 
wells 5923-08 and 0023-01 were about 50 to 60 ft 
higher than observed, and at well 0126-01 was 110 ft 
higher than observed, but these differences are artifacts 
of the model discretization of a steep water-table gradi 
ent. Whereas the observed data represent a point on the 
steep gradient, the water level in the cell of the model 
represents an average of the water levels within the 
2,000-ft by 2,000-ft square model cell. Also, water lev 
els in wells represent a vertically averaged head over the 
distance the well penetrates, whereas the head in a cell

is averaged over the entire thickness of the cell. Consid 
ering that water-level elevations range widely through 
out the southern Lihue Basin, and water levels in the 
steep gradients near the monitoring points can vary by 
100 ft over a horizontal distance of 2,000 ft, the simu 
lated water levels in the best-fit model closely approxi 
mate the observed water levels. The difference between 
observed and simulated water level at well 5626-01 
reflects the effect of withdrawals at nearby well 5526- 
01. The observed water level at 5626-01 was measured 
when 5526-01 was not in operation, but may not have 
fully recovered from previous pumping. The model- 
simulated water level for well 5626-01 is 10 ft lower 
than observed when withdrawal at well 5526-01 is sim 
ulated and 11 ft higher than observed when withdrawal 
at 5526-01 is not simulated (table 7). Model-simulated 
heads in the lower layer beneath the southern Lihue 
Basin ranged from about 50 to 350 ft above the sea- 
level datum (fig. 20). There are no field data with which 
to compare these heads.

Simulated ground-water discharges at most major 
streams and rivers (table 8) agree closely with ground- 
water discharges estimated from base-flow analyses 
(table 1). Simulated ground-water discharge at Huleia 
Stream is about 44 percent lower than ground-water dis 
charge estimated from base-flow analyses, but simu 
lated ground-water discharges at Hanamaulu Stream, 
South Fork Wailua River, and the Hanapepe River are 
within 5 percent of ground-water discharges estimated 
from base-flow analyses. Simulated ground-water dis 
charge to streams in the model is greater than ground- 
water discharge to the ocean, which is consistent with 
the base-flow analyses and instantaneous stream dis 
charge measurements.

Simulated ground-water discharges to all three 
water tunnels were lower than the reported withdrawals. 
Simulated ground-water discharge to the Hanapepe 
Tunnel Pump 3 (well 5534-01) near Hanapepe River 
was 0.26 Mgal/d which is only 2 percent of the reported 
pumpage (table 2). The discrepancy can be attributed to 
the inclusion of surface water in the reported with 
drawal from this well. Indeed, Shade (1995b) consid-
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Figure 20. Distribution of simulated head in the upper layer and lower layer of the numerical ground-water 
model of the southern Lihue Basin, Kauai, Hawaii.
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Figure 20. Distribution of simulated head in the upper layer and lower layer of the numerical ground-water 
model of the southern Lihue Basin, Kauai, Hawaii-Continued.
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Table 7. Observed and simulated water levels from the upper layer of the numerical ground-water model of the southern Lihue 
Basin, Kauai, Hawaii
[Water levels in feet above mean sea level; all changes indicated were made on the best-fit model while keeping all other parameters the same as in the best-fit 
model]

Monitoring points (well number and name)
5626-01 

Puakukui 
Water levels from Springs

Observed
Best-fit model
Pumpage at 5526-01 removed

Streambed and ocean-floor leakance multiplied by 2
Streambed and ocean-floor leakance multiplied by 0.5
Streambed and ocean-floor leakance multiplied by 0.1
Streambed and ocean-floor leakance multiplied by 0.01
Streambed and ocean-floor leakance multiplied by

0.001

Withdrawals from pumping cells stopped (leakage to
tunnels maintained)

Withdrawals from pumping cells and leakage to tunnels
stopped

Vertical hydraulic conductivity multiplied by 2
Vertical hydraulic conductivity multiplied by 0.5

Recharge multiplied by 2
Recharge multiplied by 0.5

Hydraulic conductivity of Koloa Volcanics multiplied
by 2

Hydraulic conductivity of Koloa Volcanics multiplied
by 0.5

Hydraulic conductivity of dike-intruded Waimea
Canyon Basalt multiplied by 2

Hydraulic conductivity of dike-intruded Waimea
Canyon Basalt multiplied by 0.5

Hydraulic conductivity of flank Waimea Canyon Basalt
multiplied by 2

Hydraulic conductivity of flank Waimea Canyon Basalt
multiplied by 0.5

173
162
184

162
162
163
163
166

194

194

162
164

226
128

175

152

135

202

161

164

0126-01 
Northwest 
Kilohana

576
686
686

686
686
686
687
699

686

686

681
689

803
623

624

800

684

688

686

686

0124-01 
Northeast 
Kilohana

428
423
423

423
423
423
424
426

423

423

422
425

468
400

401

467

422

424

423

423

5923-08 
Hanamaulu

243
296
296

296
296
296
296
299

302

303

291
299

323
282

287

314

294

297

296

296

Kilohana 
Volcano 
crater
820a
790
790

790
790
790
791
795

791

791

781
796

932
713

717

926

787

794

790

790

0023-01 
Pukaki 

Reservoir
252
312
312

312
312
312
312
315

313

313

310
314

330
303

305

327

311

313

312

312

a Estimated from topographic contours on the U.S. Geological Survey 1:24,000-scale Waialeale quadrangle map (1983)

Table 8. Simulated ground-water discharge to streams, rivers, and the ocean in the best-fit numerical ground-water model of
the southern Lihue Basin, Kauai, Hawaii
[nd, not determined; ft3/s, cubic feet per second] _________________________________________________

Seepage to

Simulated 
ground-water discharge

Estimated base-flow from analysis
of stream-gaging records1

(f3/s)

North Fork, Wailua River 
South Fork, Wailua River 
Hanamaulu Stream 
Nawiliwili Stream 
Huleia Stream 
Hanapepe River 
Ocean

33.0
86.1

5.9
1.8

18.7
69.6
52.8

nd
I and 115 
5 to 7

nd 
33.4 
71.8
nd

1 From table 1
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ered all of the 13.24 Mgal/d reportedly withdrawn from 
that well to have a surface water source. Simulated 
ground-water discharge to the Garlinghouse Tunnel 
(well 5823-01) near Nawiliwili Stream was 0.26 Mgal/d 
which is about 24 percent of the reported withdrawal, 
and simulated ground-water discharge to the Kokolau 
Tunnel (well 5725-01) near Huleia Stream was 0.19 
Mgal/d which is about 33 percent of the reported with 
drawal. Because these wells are close to streams, the 
discrepancies between reported withdrawals and simu 
lated ground-water discharges may result from local 
connections to surface water that cannot be simulated at 
the scale of the regional model. The hydraulic charac 
teristics of the area near the tunnels can be varied until 
the simulated ground-water discharge matches the 
reported withdrawals more closely, but the validity of 
the outcome could not be tested because the proportion 
of ground water to surface water in the reported with 
drawals is not known. Because the tunnel discharges 
represent only a small fraction of the total ground-water 
flow through the Lihue Basin, the discrepancies 
between simulated and reported tunnel withdrawals 
have little effect on the numerical model's function as a 
means for testing the regional conceptual model. The 
inaccuracy of the simulated tunnel withdrawals, how 
ever, limits the model's applicability in local studies 
near the tunnels, such as assessing the effects of nearby 
well pumpages on tunnel yields.

The simulated freshwater/saltwater interface inter 
sects the lower boundary of the model at -6,000 ft ele 
vation where the simulated freshwater lens impinges on 
the bottom of the model (fig. 21). The interface rises to 
the east and south, and intersects the top of the lower 
layer (-500 ft elevation) about 1 to 2 mi off the coast. 
Along the eastern coast between the seaward end of 
Haupu Ridge and the Wailua River, the simulated inter 
face in the upper layer rises steeply from -500 ft eleva 
tion to the top of the model. Along the south coast from 
Haupu Ridge to the Hanapepe River, the interface rises 
less steeply from -500 ft elevation about one half to one 
mile inland from the coast to the top of the model near 
the coastline. There are no field data with which to com 
pare the simulated interface depths.

Sensitivity of the Model to Parameter 
Variability

The resulting distribution of hydraulic conductivi 
ties is based on the premise that the water levels and

non-varied parameters are representative of the hydro- 
logic system being modeled. Whereas water-level mea 
surements have little uncertainty, stream and ocean 
leakance, ground-water withdrawal, ratio of Kv to K^ 
and recharge are less precisely known. Each of these 
parameters was varied in separate simulations to test 
how the model results may be affected by these uncer 
tainties. Most of the test simulations reached steady 
state. Two test simulations (identified in table 7) were 
halted before achieving steady state because the they 
had failed to meet the steady-state criterion even after 
32,000 time steps (starting from the best-fit heads). 
However, for the purposes of this sensitivity analysis, 
the heads at the monitoring points are considered repre 
sentative of steady-state conditions because heads at the 
monitoring points changed very little for thousands of 
time steps before the end of the simulations.

To test whether the streambed and ocean-floor lea 
kance in the best-fit model was high enough to be con 
sistent with the conceptual model, leakance was varied 
from 2 to 0.001 times the value of leakance (set at 1.99 
day 1 ) of the best-fit model (table 7). Simulated heads 
were unaffected when leakances were higher than about 
1 day 1 (fig. 22). This indicates that the leakance value 
used for streambeds and the ocean floor is sufficiently 
high that the effect on the heads in the aquifer is insig 
nificant, which is consistent with the conceptual model.

Sensitivity of the model to uncertainties in ground- 
water withdrawal was tested by comparing the best-fit 
model with (1) a simulation in which withdrawals from 
all pumping cells were stopped but leakage to water tun 
nels was maintained, and (2) a simulation in which 
withdrawals from all pumping cells and leakage to 
water tunnels were stopped (table 7). Except for wells 
5923-08 and 5626-01, water levels at the monitoring 
points showed differences of 1 ft or less between the 
best-fit model and the simulations without withdrawals. 
The water level in well 5923-08 in the best-fit model 
was 6 to 7 ft lower than in the non-withdrawal simula 
tions, which shows the effect of the nearby Kilohana 
and Puhi well fields and the Garlinghouse Tunnel (well 
5823-01). The effect is small, however, relative to the 
steep ground-water gradients that cause hundreds of 
feet of water-level variation in southern Lihue Basin. 
The water level in well 5626-01 at the periphery of the 
southern Lihue Basin was 10 ft lower in the best-fit 
model than in the non-withdrawal simulations, which 
shows the effect of well 5526-01 and other wells south
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Figure 21. Simulated elevation of the freshwater/saltwater interface in the upper layer and lower layer of 
the numerical ground-water model of the southern Lihue Basin, Kauai, Hawaii.
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Figure 21. Simulated elevation of the freshwater/saltwater interface in the upper layer and lower layer of 
the numerical ground-water model of the southern Lihue Basin, Kauai, Hawaii-Continued.
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of Haupu Ridge. The lack of substantial differences in 
water levels between the best-fit model and the non- 
withdrawal simulations for most monitoring points 
indicates that the model is not sensitive to the uncertain 
ties in the rate of ground-water withdrawal, and that the 
uncertainties will have little effect on the outcome. 
Also, because water levels at the monitoring points are 
not affected much by the ground-water withdrawal, 
water levels measured at those points at any time can be 
used to create a best-fit steady-state model without con 
sideration of transient effects of ground-water with 
drawal.

In the best-fit model, the ratio of Kv to Kh is 1:500 
in the Koloa Volcanics, 1:200 in the flank lava flows of 
the Waimea Canyon Basalt, and 1:100 in the dike- 
intruded lavas of the Waimea Canyon Basalt. Sensitiv 
ity of the model to uncertainties in these ratios was 
tested with (1) a simulation in which Kv was halved (the 
ratios of Kv to K^ were doubled) and (2) a simulation in 
which Kv was doubled (the ratios of Kv to K^ were 
halved). Differences in head between the test simula 
tions and the best-fit model were less than 9 ft at all 
monitoring points (table 7). The relatively small differ 
ence indicates that the model results are not signifi 
cantly affected by uncertainties in anisotropy.

Sensitivity of the model to uncertainties in 
recharge was tested with a simulation having twice the 
value of recharge used in the best-fit model and another 
simulation having half the value of recharge of the best- 
fit model. Simulated water levels showed substantial 
sensitivity to changes in recharge (table 7). The differ 
ence between the water levels in the test simulations and 
best-fit model ranged from 9 to 142 ft. This analysis 
shows that uncertainties in recharge can have a signifi 
cant effect on the model. The recharge calculations 
from Shade (1995a) which were used in the model are 
assumed to be correct; no estimate of uncertainty for the 
recharge values was given.

To determine the uniqueness of the distribution of 
hydraulic conductivities used in the best-fit model, the 
sensitivity of the model to variations in hydraulic con 
ductivities also was tested. In order to keep the ratio of 
Kv to Kh the same, the value of Kv was varied propor 
tionally with Kh in the test simulations. Hydraulic con 
ductivities of the Koloa Volcanics, dike-confined 
Waimea Canyon Basalt, and flank lavas of the Waimea 
Canyon Basalt were doubled and halved in separate 
simulations. Simulated water levels in the southern

Lihue Basin are highly sensitive to the hydraulic con 
ductivities of the Koloa Volcanics. Changes in hydrau 
lic conductivities result in changes in the simulated 
horizontal ground-water gradient; thus, water levels at 
points farther inland, away from discharge areas, are 
more affected than areas that are closer to discharge 
points at the coast and where the lower reaches of 
streams converge (fig. 23). The hydraulic conductivities 
of the Koloa Volcanics in the best-fit model result in a 
close match of simulated and observed water levels. 
The sensitivity analysis shows that other values of 
hydraulic conductivity for the Koloa Volcanics will 
result in simulated water levels that do not match the 
observed water levels.

The model is apparently not sensitive to the 
hydraulic conductivities of the flank lava flows of the 
Waimea Canyon Basalt (table 7). This is expected, 
because the flank lava flows are far from the monitoring 
points of the model and were included only so that the 
no-flow boundaries on the periphery of the model 
would not affect the area of interest in the southern 
Lihue Basin. Most areas of the model inside the south 
ern Lihue Basin are also not sensitive to the hydraulic 
conductivities of the dike-confined Waimea Canyon 
Basalt. Only the water level in well 5626-01 at the 
periphery of the southern Lihue Basin is substantially 
affected by changes in the hydraulic conductivities of 
the dike-confined Waimea Canyon Basalt. Although 
the model is not sensitive to hydraulic conductivities of 
the dike-confined Waimea Canyon Basalt, the hydrau 
lic conductivity of this hydrogeologic unit is of less 
importance to the model than is the hydraulic conduc 
tivity of the Koloa Volcanics.

Implications of the Numerical Model for 
Ground-Water Occurrence

The numerical ground-water model shows that the 
low hydraulic conductivities estimated from aquifer- 
test data in the Lihue Basin will result in steep horizon 
tal ground-water gradients and water levels that are 
hundreds of feet above sea level in a fully saturated sys 
tem. The model is consistent with drilling data that indi 
cate that high water levels of the southern Lihue Basin 
are not perched. The variably saturated/unsaturated 
condition is unlikely to exist because the low-perme 
ability rocks combined with a high influx of water cause 
ground water to saturate nearly to the ground surface.

Numerical Model of Ground-Water Movement 49
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The model also shows the importance of streams in 
shaping the water table. Ground water is kept from sat 
urating the rocks to the ground surface by the draining 
action of streams.

CONCLUSIONS

The ground-water system in the southern Lihue 
Basin is characterized by low-permeability rocks, water 
levels ranging from near sea level at the coast to hun 
dreds of feet elevation inland, and a larger volume of 
ground-water discharge to streams than to the ocean. 
The Koloa Volcanics are extensive and thick and thus 
dominate the character of ground-water flow in the 
southern Lihue Basin. Substantial vertical head gradi 
ents exist in some parts of the Koloa Volcanics. In the 
northern part of the southern Lihue Basin, water levels 
declined gradually during drilling as the wells pene 
trated deeper into a downward-decreasing head gradi 
ent. This gradient results in downward movement of 
water as recharge reaches the water table and descends 
into the freshwater body. In other areas such as the Kilo- 
hana and Puhi well fields, water levels in wells declined 
in a stepwise fashion during drilling, which indicates 
that the aquifer has multiple layers with contrasting per 
meabilities in these areas. The abrupt drops in water 
levels correlate with transitions from thick sections of 
dense, low-permeability lava flows above to loosely 
consolidated, higher permeability rock below. Despite a 
few higher permeability layers, the overall horizontal 
hydraulic conductivity of the Koloa Volcanics is low: 
the average regional horizontal hydraulic conductivity 
estimated by the best-fit model is 0.275 foot per day, 
which is consistent with estimates from aquifer tests. 
The apparent higher permeabilities in some areas such 
as the Kilohana and Puhi well fields are of limited 
extent and the initial high yields of wells in this area will 
likely decrease as the effects of the ground-water with 
drawal extend farther into the regional low-conductivity 
rocks of the Koloa Volcanics.

The Waimea Canyon Basalt, which crops out in 
ridges surrounding the southern Lihue Basin and under 
lies the Koloa Volcanics, is intruded by dikes that 
reduce the bulk permeability of the rocks. The best-fit 
numerical ground-water model and an aquifer test indi 
cate that the horizontal hydraulic conductivity of the 
dike-intruded Waimea Canyon Basalt is about 1.11 feet 
per day. The frequency of dikes probably diminishes,

and the bulk hydraulic conductivity correspondingly 
increases, to the south and west of the Lihue Basin.

When the large influx of water from recharge 
encounters the high resistance to flow provided by the 
low-permeability rock of the Koloa Volcanics and dike- 
intruded Waimea Canyon Basalt in the southern Lihue 
Basin, steep horizontal head gradients and high water 
levels in inland areas result. Water levels in the Waimea 
Canyon Basalt in the mountains at the western margin 
of the southern Lihue Basin are high because of the 
impounding effects of dikes and the overlying Koloa 
Volcanics; water levels in the center of the southern 
Lihue Basin are high because of the low permeability of 
the Koloa Volcanics. Ground water saturates nearly to 
the surface in most of the southern Lihue Basin. 
Streams incising the Koloa Volcanics drain the upper 
part of the aquifer and keep the water levels just below 
the surface in most places. The streams thus play an 
important part in shaping the water table in the southern 
Lihue Basin. Gradients are steepest where the aquifer is 
drained by streams and flatter where there are few 
streams. Instantaneous ground-water discharge mea 
surements, base-flow analyses, and numerical-ground- 
water-model simulations indicate that at least 62 per 
cent of the ground-water discharge in the southern 
Lihue Basin occurs at streams and rivers; the remainder 
discharges to the ocean or is withdrawn by wells.

Data and analyses in this study indicate that the 
high water levels characteristic of the Lihue Basin are 
part of a completely saturated, not perched, ground- 
water system. High water levels persist in wells drilled 
to hundreds of feet below sea level. The numerical 
ground-water model shows that the low permeabilities 
consistent with estimates from aquifer tests in the south 
ern Lihue Basin will result in high water levels in a fully 
saturated system. Because of the low regional horizon 
tal hydraulic conductivity and high influx of water in 
the southern Lihue Basin, the rocks will become com 
pletely saturated nearly to the surface and the variably 
saturated/unsaturated condition is unlikely to develop.
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APPENDIX

MODIFICATIONS TO THE PROGRAM SHARP TO ACCOUNT FOR CHANGING 
SATURATED THICKNESS IN THE FRESHWATER AND SALTWATER DOMAINS

The SHARP program (Essaid, 1990) is used to create quasi-three-dimensional, block-centered-finite-differ- 
ence numerical models of ground-water flow. The program allows simulation of coupled freshwater/saltwater flow, 
which is useful for simulating the stratified freshwater/saltwater systems of ocean-island and coastal aquifers. The 
overlying freshwater and underlying saltwater are simulated as immiscible domains and the contact between the 
freshwater and saltwater domains is simulated as a sharp interface. The SHARP program user specifies, among other 
things, aquifer properties, freshwater and saltwater properties, and initial freshwater head. The program computes, 
by iterative solution, the heads and the position of the freshwater/saltwater interface at specified intervals of time 
(time steps) since the initial condition. Because of the nature of the equations involved in simulating coupled fresh 
water/saltwater flow, the SHARP program runs only in a transient mode in which head and interface position are 
calculated at each time step during the simulation. For a steady-state problem, the program runs in the transient mode 
until the head change between successive time steps is smaller than a user-specified steady-state criterion, at which 
point the program considers steady state to have been achieved. In reaching a solution for a time step, the SHARP 
program recalculates head and interface position at each iteration within the time step. Transmissivity, which gov 
erns horizontal flow and is a function of saturated thickness, is also recalculated at each iteration because saturated 
thickness varies with head (in unconfined cells) and interface position.

Vertical flow through the top of cells in the uppermost layer of a model is a function of vertical leakance (/) 
which is given by (fig. Al):

(Al)

where

/= vertical leakance (T 1 ), 
K = vertical hydraulic conductivity (L/T), and 
b = the vertical flow distance (for freshwater flow, b is the distance between the center of the freshwater-

saturated part of the cell and top of the cell; for saltwater flow, b is the distance between the center
of the saltwater-saturated portion of the cell and top of the cell) (L).

In multi-layer models, vertical flow also occurs between aquifer layers. Because two aquifer layers are 
involved, / is the serial sum of the separate leakance components of the upper and lower cells:

(A2)

K2

where

bj = half the thickness of freshwater (for freshwater cells) or saltwater (for saltwater cells) in the lower
cell (L),

Kj = vertical hydraulic conductivity in the lower cell (L/T), 
b2 = half the thickness of freshwater (for freshwater cells) or saltwater (for saltwater cells) in the upper

cell (L), and 
K2 = vertical hydraulic conductivity in the upper cell (L/T).
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B D EXPLANATION

Water table

Midpoint of 
freshwater 
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Figure A1. Variation of vertical distances (b) used to calculate vertical leakance (/) in cells: (A) non-variable 
b in a single-layer model cell completely saturated with fresh water, (B) variable b in a single-layer model 
cell containing the freshwater/saltwater interface, (C) non-variable vertical distances in upper (b2 ) and lower 
(b]} cells of a two-layer where both upper and lower cells are completely saturated with fresh water, 
(D) variable b2 and non-variable b, in a two-layer model where the upper cell has a water table (is 
unconfined) and the lower layer is completely saturated with freshwater, (E) non-variable b2 and variable 
bj in a two-layer model where the upper cell is completely saturated with freshwater and the lower cell has 
the freshwater/saltwater interface, and (F) variable bj and b2 in a two-layer model where the upper cell 
has a water table and the lower cell has the freshwater/saltwater interface.

The value of / should change as values of b in equation Al and bj and &2 m equation A2 change as the program 
recomputes interface depth at each iteration. However, the value of / in the original version of SHARP is not 
recomputed at each iteration because the vertical-flow aspect of SHARP was originally designed to simulate 
situations where the effects of thin, low-permeability confining layers dominate vertical flow (Essaid, 1990). With 
confining layers, the value of / for flow through the top of cells in the uppermost layer of a model is given by:

/ = 1 (A3)

K K

where

  = reciprocal of the leakance due to the cell (L), and 
Ka

  = reciprocal of the leakance due to the confining layer (L).
Kc

The value of / between two cells separated by a confining layer is given by:

1

  +   +   
K l Kc K2

(A4)

where

  = reciprocal of the leakance due to the lower cell (L), and 
K

  = reciprocal of the leakance due to the upper cell (L). 
K
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If the vertical hydraulic conductivity of a confining layer is much lower than the vertical hydraulic conductivities of 
the cells, then equations A3 and A4 reduce to

ls, (A5)

that is, the total / is dominated by the confining layer. The value of bc and therefore / of the confining layer stay 
constant, even if the water-table or interface positions change in the overlying and underlying cells, because the 
confining layer is thin and will not likely contain either the water table or interface. The confining-layer 
conceptualization therefore does not require recalculation of / at each iteration. In the original version of SHARP, 
the program user computes /, based solely on the confining unit, externally from the program, enters the values into 
the program input file, and the program uses the single value of / assigned to each cell to compute both freshwater 
and saltwater vertical flow throughout the length of the simulation. This conceptualization, however, limits the 
application of the original version of SHARP to simulations where confining units are present. In the more general 
case where a confining layer is absent, computation of / must consider the changes of b, bj, and b2 as a result of 
changes in water-table and interface elevations at successive iteration steps.

DESCRIPTION OF PROGRAM MODIFICATION

To address the case of variable /, the original SHARP program was modified to recalculate / for specified cells 
at each iteration. In the modified SHARP program, the value of K for each layer is specified by the program user, b 
for each layer is recalculated from the water-table and interface elevations at each iteration, and / is recalculated by 
the program on the basis of the recalculated values of b.

Leakance Through Top of Uppermost Model Layer

In single-layer models and the uppermost layer of multi-layer models, vertical flow occurs between confined- 
aquifer cells and the simulated ocean, springs, streams, or lakes overlying the cells. Similar vertical flow occurs 
between lower layers of multi-layer models and the ocean when overlying layers of a model pinch out, thus exposing 
the underlying layers to the ocean. In these cases, / is calculated from equation Al. The value of b for a confined- 
aquifer cell depends on whether or not the interface is located in the cell and whether freshwater, saltwater, or a com 
bination of freshwater and saltwater underlies the upper face of the cell.

If the upper face of a confined-aquifer cell is completely underlain by freshwater, the value of b is equal to half 
the freshwater thickness. Freshwater thickness is equal to the distance between the top of the cell and either (1) the 
bottom of the cell if the cell is completely saturated with freshwater (fig. A2A), or (2) the interface if the cell contains 
the interface (fig. A2B). If the upper face of a confined-aquifer cell is completely underlain by saltwater, the value 
of b is equal to half the saltwater thickness. In this case, the entire cell is saturated with saltwater, therefore the salt 
water thickness is equal to the distance between the top and bottom of the cell (fig. A2C).

If the interface intersects the upper face of a confined-aquifer cell, the upper face is underlain partly by fresh 
water and partly by saltwater, and b is computed on the basis of combined freshwater and saltwater thickness scaled 
respectively by the proportions of the area of the upper face underlain by freshwater and saltwater (fig. A3). Fresh 
water thickness is equal to the distance between the top of the cell and the interface; saltwater thickness is equal to 
the distance between the interface and the bottom of the cell (computation of the interface elevation in a cell with a 
dipping interface is explained by Essaid, 1990). Freshwater thickness is multiplied (scaled) by the proportion of the 
area of upper face underlain by freshwater and saltwater thickness is multiplied by the proportion underlain by salt 
water. The value of b is equal to half the sum of the scaled freshwater and saltwater thicknesses (fig. A3):
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Figure A2. Vertical distances (b) used by the 
modified SHARP program to calculate vertical 
leakance (/) in a (A) confined cell fully saturated 
with freshwater, (B) confined cell containing the 
freshwater/saltwater interface, and (C) confined 
cell fully saturated with saltwater, in single-layer 
models or the uppermost layer of multi-layer 
models. The value of b is one half the thickness 
of freshwater (7)) in (A) and (B), and one half 
the saltwater thickness (Ts ) in (C).

Freshwater/- 
saltwater 
interface
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7><

Freshwater

,; _  ,, ,,,, , 
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where: 
Tf= Thickness of freshwater

Af = Proportion of upper face 
underlain by freshwater

Ts = Thickness of saltwater

Figure A3. Vertical distances (b) used by the 
modified SHARP program to calculate vertical 
leakance (/) in a confined cell in which the 
freshwater/saltwater interface intersects the 
upper face of the cell.

where

l-A (A6) 
JJ s \ J

T r = thickness of freshwater (L),

A,. = proportion of upper face underlain by freshwater (L), and

T = thickness of saltwater (L).

This yields an average interface position which is then used to compute /. The resulting value of / is an approx 
imation and is not precisely correct for either the saltwater or freshwater domains.

Leakance Between Model Layers

In multi-layer models, vertical flow occurs not only through the top of the uppermost layer but also between 
aquifer layers. Because two aquifer layers are involved, / is the serial sum of the separate leakance components of 
the upper and lower cells (equation A2).
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Figure A4. Vertical distances used to calculate vertical freshwater leakance (/) between two cells, one 
overlying the other. The vertical distance in the lower cell (bj) is one half the thickness of freshwater in 
the lower cell, (7} ), and the vertical distance in the upper cell (£>2) is one half the thickness of freshwater 
in the upper cell, (7y ).

If the bounding face between the upper and lower cells is completely underlain and overlain by freshwater, only 
freshwater can be exchanged between the cells so b; and b2 are computed on the basis of freshwater thickness (fig. 
A4). The value of bj is equal to half the distance between the top of the lower cell and either (1) the bottom of the 
cell if the cell is completely saturated with freshwater (fig. A4A, A4C) or (2) the interface if the cell contains the 
interface (fig. A4B, A4D). The value of b2 is equal to half the distance between the base of the upper cell and either 
(1) the top of the cell for confined cells (fig. A4A, A4B), or (2) the water table for unconfined cells (fig. A4C, A4D).

If the bounding face between the upper and lower cells is completely underlain and overlain by saltwater, bj 
and b2 are computed on the basis of saltwater thickness (fig. A5). The lower cell in this case must be entirely satu 
rated with saltwater so the value of bj is equal to half the distance between the top and bottom of the lower cell. The 
value of b2 is equal to half the distance between the base of the upper cell and either (1) the top of the upper cell if 
the upper cell is completely saturated with saltwater (fig. ASA), (2) the interface if the upper cell contains the inter 
face (fig. A5B, A5C), or (3) the top of the water table if the upper cell is unconfined and completely filled with salt 
water (fig. A5D).

If the interface intersects the bounding face between the upper and lower cells, the bounding face is intersected 
by both freshwater and saltwater, and bj and b2 are computed on the basis of both freshwater and saltwater thickness 
scaled by the respective proportions of freshwater area and saltwater area on the bounding face (fig. A6A). However, 
because of the discretization required by SHARP, the intersection of the interface may be artificially discontinuous 
across the bounding face (fig. A6B). To overcome this artifact of discretization, the freshwater areas above and 
below the bounding face are averaged, as are the saltwater areas above and below the bounding face. This yields an 
average interface position which is then used to compute bj and b2 (fig. A7):

(A7)

b = 0.251 T,v J\ + T 1-A , 
/i

1-A

and

(A8)

= 0.25(T f (Af } + T_ (\-A, } + T 
/1

1-A
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Figure A5. Vertical distances used to calculate vertical saltwater leakance (/) between two cells, one 
overlying the other. The vertical distance in the lower cell (b,) is one half the thickness of saltwater in 
the lower cell, (Ts ), and the vertical distance in the upper cell (b2) is one half the thickness of saltwater 
in the upper cell, (75 ).
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Figure A6. Difference between theoretical 
and discretized freshwater/saltwater 
interfaces crossing the boundary between 
upper and lower layers.
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where: 
Thickness of freshwater in underlying cell

Proportion of area of bounding face 
underlain by freshwater in underlying cell

Thickness of saltwater in underlying cell 

Thickness of freshwater in overlying cell

Proportion of area of bounding face 
overlain by saltwater in overlying cell

Thickness of saltwater in overlying cell

Figure A7. Upper-cell (b2) and lower-cell (b,} 
vertical distances used to calculate vertical 
leakance (/) between two cells, one overlying 
the other, and in which at least one contains a 
freshwater/saltwater interface that intersects 
the bounding face between the cells.
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where

Tf = thickness of freshwater in the underlying cell (L),

A f = proportion of the area on the top face of the underlying cell occupied by freshwater (dimensionless), 

T = thickness of saltwater in the underlying cell (L),

A = proportion of the area on the bottom face of the overlying cell occupied by saltwater (dimensionless), 
S2

Tf = thickness of freshwater in the overlying cell (L), and
h

T = thickness of saltwater in the overlying cell (L). 
S2

The results of equations A7 and A8 are used in equation A2 to obtain /, which, as discussed in the previous 
section, is an approximation and not precisely correct for either the saltwater or freshwater domains.

Limitations of the Modified Program

During each iteration, the modified SHARP program computes one value of / at each bounding face between 
superimposed cells or the upper face of confined cells in the uppermost layer. In cases where only freshwater flows 
vertically, / is computed on the basis of freshwater thickness; in cases where only saltwater flows vertically, / is com 
puted on the basis of saltwater thickness. However, using a single value of / for cells in which both freshwater and 
saltwater flow vertically is contrary to the concept of separate freshwater and saltwater flow domains of the SHARP 
program. The limitation is inherited from the structure of the original SHARP program where only one leakance 
value was specified for each bounding face, regardless of whether freshwater, saltwater, or both flowed vertically 
across the face.

Where both freshwater and saltwater flow vertically, the value of / computed by the modified SHARP program 
is an average of the separate saltwater and freshwater / values, computed on the basis of the respective freshwater 
and saltwater thicknesses, and weighted by the respective saltwater and freshwater areas on the bounding face 
between cells (or the upper face of cells in the uppermost layer). The resulting value of / is therefore not precisely 
correct for either the saltwater or freshwater domains, but constitutes a compromise that cannot be avoided without 
rewriting the SHARP program to allow computation of separate saltwater / and freshwater /.

In the modified SHARP program described here, the single value of / is weighted more toward the domain with 
the larger area impinging upon the bounding face, thus the vertical flow of this domain will be more precisely com 
puted. A less-precise vertical flow will be computed for the smaller domain, but because this domain constitutes a 
smaller proportion of the total vertical flow, the associated errors will be small. The effect of the errors on most mod 
els as a whole will be made even smaller because the errors occur only at the few cells where the freshwater domain 
pinches out towards the saltwater domain or the saltwater domain pinches out in the direction of the freshwater 
domain.

CHANGES TO PROGRAM CODE

The SHARP program was modified to recompute / at each iteration by making the following changes to the 
original SHARP program code (the original SHARP program as well as the program modifications described here, 
are written in FORTRAN 77). Table Al summarizes the new variable and array names used in the SHARP program 
modifications.
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Table A1 . Definition of selected variables and arrays from the modified SHARP program

Name of variable _ .. ...
Definition or array

AQL Array of computed vertical leakances
AQLI Initial vertical-leakance array
BATH Bathymetry (elevation of the top of a cell overlain directly by the ocean)
BK Vertical distance used to compute leakance in underlying layer
BKP1 Vertical distance used to compute leakance in overlying layer
FAREA Proportion of the area of the top face of a cell underlain by freshwater
FKV Freshwater vertical hydraulic conductivity
FKX Hydraulic conductivity in the x direction of the model (also defines active/inactive cells and upper-layer cells

	that pinch out)
SAREA Proportion of the area of the bottom face of a cell overlain by saltwater
THF Freshwater thickness
THS Saltwater thickness

The following lines were substituted for the corresponding lines in the original program. These modified lines 
create two new arrays, AQLI and FKV, that will be needed in the modified program.

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), MA 230 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) MA 240

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), IN 280 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) IN 290

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), IP 280 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) IP 290

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), KM 280 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) KM 290

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), SI 290 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) SI 300

8SAREA(NR,NC,NL),ZTOP(NR/NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), TC 290 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) TC 300

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), FA 290 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) FA 300

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), RE 280 
9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) RE 290

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), OP 270 

9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) OP 280

8SAREA(NR,NC,NL),ZTOP(NR,NC,NL),BATH(NR,NC),AQLI(NR,NC,NL), MB 280 

9FX(NR,NC,NL),FY(NR,NC,NL),SX(NR,NC,NL),SY(NR,NC,NL),FKV(NR,NC,NL) MB 290

The following line was inserted between MA 820 and MA 830 of the original program to eliminate anoma 
lously large saltwater heads in lower-layer cells where the overlying layer has pinched out, exposing the underlying 
layer to the ocean.

IF(FKX(I,J,K) .EQ.0.0.AND.BATIK I,J) .LT.O.)SAREA(I,J,K)=1. SBG103096
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The following new lines were inserted into the original SHARP program as indicated to recalculate aquifer 
leakance at each iteration:

(1) The following lines were inserted between IN 1360 and IN 1370 of the original program.

186

IF(IOP(2).EQ.1)WRITE(IUN{23),185)
CALL READ(FKV ; NNR,NNC / K,IUN(15),IUN(23),IOP(2))
DO 186 1=1,NNR
DO 186 J=1,NNC

AQLI(I,J,K)=AQL(I,J,K) 
CONTINUE

DS0081796 
DS0081796 
DS0081796 
DS0081796 
DS0081796 
DS0081796

(2) The following line was inserted between IN2180 and IN2190 of the original program.

185 FORMAT(/' VERTICAL HYDRAULIC CONDUCTIVITY 1 ) DSO110496

(3) The following lines were inserted between SI 800 and SI 810 of the original program.

.0.001.AND. 

.LT.0.001)THEN

J,K)

UPDATE LEAKANCE COEFFICIENT IF NECESSARY (ASSUMING NO CONFINING UNIT)

DO 150 K=1,NNL 
DO 150 I=2,NNR-1 
DO 150 J=2,NNC-1

IF (AQLI (I, J,K) .LT.O)THEN
IF (K . NE . NNL . AND . FKX ( I , J , K+l ) . GT . 0 ) THEN

IF(DABS(FAREA(I, J,K)-1.DO) .LT . 0 . 001 . AND. 
1 DABS ( SAREA ( I , J,K+1) ) .LT . 0 . 001) THEN 

BK=0.5*THF(I, J,K) 
BKP1=0 . 5*THF ( I , J, K+l ) 

ELSEIF ( DABS (FAREA (I, J,K) ) .LT 
1 DABS ( SAREA ( I , J,K+1)-1.DO) 

BK=0.5*THS(I, J,K) 
BKP1=0 . 5*THS ( I , J, K+l ) 

ELSE
BK=0.25*( FAREA(I, J,K) *THF(I

1 (l.DO-FAREA(I,J,K) )*THS(I, J,K)
2 SAREA(I, J,K+1)*THS(I, J,K) +
3 (l.DO-SAREAU, J,K+1) )*THF(I 

BKP1=0.25*( FAREA (I, J,K)*THF(I, J,K+1)
1 (l.DO-FAREA(I, J,K) )*THS(I, J
2 SAREA(I, J,K+1)*THS(I, J,K+1) +
3 (l.DO-SAREAd, J,K+1) )*THF(I, J,K+1) 

ENDIF
AQLd,J,K)=l./((BK/FKVd,J,K)) 

ELSEIF (K . EQ . NNL ) THEN
BK=0.5*(FAREA(I,J,K)*THF(I / J,K) ) + 

1 (l.DO-FAREA(I, J,K) ) *THS (I,J,K)
AQL(I, J,K)=FKV(I, J,K) /BK 

ELSEIF (K. NE. NNL. AND. FKX ( I, J, K+l) .EQ.O)THEN
BK=0.5* (FAREA(I, J,K)*THF(I, J,K) ) + 

1 (l.DO-FAREA(I, J,K) )*THS( I, J,K)
AQL(I, J,K)=FKV(I, J,K) /BK 

ENDIF 
ENDIF 

150 CONTINUE

J,K) 
+

(BKPl/FKV(I,J,K+l)))

DSO110496 
DS0111996 
DS0110496 
DSO110496 
DS0110496 
DS0110496 
DS0111996 
DS0111996 
DS0110496 
DSO110496 
DS0110496 
DS0110496 
DS0110496 
DSO110496 
DS0110496 
DS0110496 
DS0110496 
DS0110496 
DS0110496 
DS0110496 
DS0110496 
DS0110496 
DS0110496 
DSO110496 
DS0110496 
DS0110496 

DS0110496 
DS0111996 
DS0110496 
DSO110496 
DS0110496 
DS0111996 
DS0111996 
DS0111996 
DS0111996 
DS0110496 
DS0110496 
DS0110496 
DS0110496
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Figure A8. Structure of the model used to test the modified SHARP program.

CHANGES TO PROGRAM DATA-INPUT FILE

The modified SHARP program requires modification of the data-input file. For the original version of SHARP, 
/ for each cell was contained in the AQL array of the data-input file (Essaid, 1990, p. 123). For the modified SHARP 
program, the AQL array contains initial values of / that will be recalculated as the program iterates to a solution. 
Because recalculation of / may not be appropriate for all cells, the user specifies, by entering a negative value for / 
in the AQL array, which cells will have / recomputed during the simulation. At each iteration, the program checks 
the sign of the initial value of / at each cell. If the sign is positive, the value of / is left unchanged. If the sign is 
negative, the program recomputes a new / at each iteration on the basis of changing freshwater and saltwater thick 
nesses. Except for the positive/negative signs, the format of the AQL array in the data-input file of the modified 
SHARP program is the same as for the original program (Essaid, 1990, p. 123). The program preserves the positive/ 
negative sign of the initial / in an array called AQLI while the AQL array is used to store the updated values of /.

For the original version of SHARP, Kwas lumped into / (Essaid, 1990, p. 15). For the modified SHARP pro 
gram, Kis defined in a new array FKV. The FKV array is inserted after the AQL array and has the same dimensions 
and formatting as the FKX and FKY arrays of the original SHARP program.

TESTS OF THE MODIFIED PROGRAM

The program modification was tested with a two-layer strip model simulating flow in a coastal aquifer (fig. 
A8). The model was created using the modified SHARP program and the input data in table A2 and was allowed to 
run to steady state. The resulting steady-state aquifer leakances were compared with leakances computed by hand 
directly from equations Al, A2, A7, and A8 (for convenience, the results are separated into tables A3-A9 according
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to the form of the leakance equation used for the hand calculation). The model calculated a total of 24 leakance val 
ues: 4 between the upper layer and the ocean, 2 between the lower layer and the ocean, and 18 between upper and 
lower layers. All of the leakances computed by the modified SHARP program agreed precisely with the leakances 
computed by hand from the formulas.

To ensure that the program modifications worked correctly within the context of the original SHARP program, 
both the original and modified SHARP programs were run using the same data-input file (except for differences 
required by the modified SHARP program, such as the vertical FKV array and negative signs in the AQL array to 
indicate which leakances are to be recalculated; aquifer leakances used for the original SHARP program came from 
the modified SHARP program). Both programs were run until steady state was achieved. A comparison of the 
results (table A10) shows that the heads and interface elevations from the modified SHARP program agreed within 
0.004 percent of the heads and interface elevations from the original SHARP program. These tests indicate that the 
modified SHARP program correctly recomputes leakances according to the governing equations as freshwater and 
saltwater thicknesses change during the iterative solution process.

Table A2. Summary of selected characteristics and input data of the numerical model used to test the modified SHARP 
program.
[Kh, horizontal hydraulic conductivity; Kv vertical hydraulic conductivity; datum is mean sea level]

Cell horizontal dimensions
Number of rows
Number of columns
Elevation of top of model
Elevation of bottom of upper layer, top of lower layer
Elevation of bottom of model
Kff of lower-layer active cells
Kv of lower-layer active cells
Kff of upper-layer active cells
Kv of upper-layer active cells
Recharge at all onshore upper-layer active cells
Length of time step
Steady-state criterion3

2,000 feet by 2,000 feet
3
20
varies
-500 feet
-6,000 feet 
10 feet per day 
10 feet per day 
20 feet per day 
20 feet per day 
20 inches per year 
10 days
0.001 feet

' Steady state considered to be achieved in the simulation when maximum head change between time steps is less than the steady-state criterion.
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Table A3. Freshwater vertical leakance between unconfined upper-layer cells and confined lower-layer cells 
[Datum is mean sea level]

Interface elevation, 
Column lower layer 

(feet)

2 -3,499.9
3 -3,481.5
4 -3,444.4

5 -3,388.2
6 -3,312.0
7 -3,214.6
8 -3,094.5
9 -2,949.3
0 -2,775.9

11 -2,569.6
12 -2,323.3
13 -2,025.7
14 -1,655.3

Water-table elevation 
(feet)

87.400
86.942
86.019
84.618
82.719
80.290
77.289
73.657
69.310
64.127
57.924
50.406
41.048

Vertical leakance (second*1 )

From equation 1

7.03xlO'8
7.07x1 0'8
7.15xlO'8
7.28x1 Q-8
7.46x1 0'8
7.70x1 Q-8
8.03x1 Q-8
8.46x1 O'8
9.04x1 0'8
9.84xlQ-8
LlOxlQ-7

1.28xlQ-7
1.62xlO'7

From modified SHARP 
program

7.03xlO-8
7.07x1 0'8
7.15xlO'8
7.28xlO'8
7.46X10'8
7.70x1 Q-8
8.03x1 0'8
8.46x1 0'8
9.04xlQ-8
9.84xlO'8
l.lOxlO'7
1.28xlQ-7
1.62X10'7

1 Equation:

/ =

where:

elevation of top of lower layer = elevation of bottom of upper layer = -500 feet,

/ = vertical leakance,

b\ = half the thickness of freshwater in lower layer = 0.5 [(-500 feet) - (interface elevation in lower layer)],

bi - half the thickness of freshwater in the upper layer = 0.5 [(water-table elevation) - (-500 feet),

K* = vertical hydraulic conductivity of lower layer = 10 feet per day = 1.157x10"4 feet per second, and

K~ = vertical hydraulic conductivity of lower layer = 20 feet per day = 2.315xlO"4 feet per second.
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Table A4. Saltwater vertical leakance between upper-layer confined offshore cells and lower-layer confined cells

Bathymetry Vertical leakance (second"1 )

* ee ' From equation 1

17 -200 4.10X10'8 

18 -300 4.13X10'8 

19 -400 4.17xlO'8

'Equation: 

/ l

*l**i

From modified SHARP program

4.10xlO'8 

4.13xlO'8 

4.17xlO'8

where:

elevation of top of lower layer = elevation of bottom of upper layer = -500 feet,

elevation of bottom of lower layer = -6,000 feet,

/ = vertical leakance,

bi = half the thickness of saltwater in lower layer = 0.5 [(-500 feet) - (-6,000 feet)],

b-i = half the thickness of saltwater in upper layer = 0.5 [(bathymetry) - (-500 feet)], 

K, = vertical hydraulic conductivity of lower layer = 10 feet per day = 1.157xlO"4 feet per second, and 

K = vertical hydraulic conductivity of lower layer = 20 feet per day = 2.315X10"4 feet per second.

Table A5. Saltwater vertical leakance between lower-layer cells and the ocean

Column Bathymetry
(feet)

20 -500 

21 -600

Vertical leakance (second"1 )

From equation 1
4.2 1x1 0'8 

4.29x1 0'8

From modified SHARP program

4.21X10'8 

4.29x1 0'8

'Equation:

/= -1 
V

where:

elevation of bottom of lower layer = -6,000 feet, 

/ = vertical leakance,

&! = half the thickness of saltwater in lower layer = 0.5 [(bathymetry) - (-6,000 feet)], and 

K. = vertical hydraulic conductivity of lower layer = 10 feet per day = 1.157x10"4 feet per second.
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Table A6. Saltwater vertical leakance for upper-layer cells exchanging water with the ocean

Column

17 

18 

19

Equation:

Bathymetry 
(feet)

-200 

-300 
-400

Vertical leakance (second"1 )

From equation1
1.54xlO'6 

2.31X10'6 

4.63x1 0'6

,-*-*"2'

From modified SHARP program

1.54xlQ-6 

2.31xlO'6 

4.63x1 0'6

where:

elevation of bottom of upper layer = -500 feet, 

/ = vertical leakance,

&2 = half the thickness of saltwater in upper layer = 0.5 [(bathymetry) - (-500 feet)], and 

K~ = vertical hydraulic conductivity of upper layer = 20 feet per day = 2.3 ISxlO"4 feet per second.
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Table A7. Vertical leakance between an unconfined upper-layer cell and a confined lower-layer cell, where the freshwater/ 
saltwater interface intersects the bounding face between the cells
[Datum is mean sea level]

Interface elevation, Water-table A 
Column . . .. ' elevation f sn lower layer (feet) J\ °2

15 -1,143.8 28.947 1.000 0.082

'Equation:
, i

»i V
Kl +K2

Vertical leakance (second*1 )

1 From modified 
From equation1 SHARP program

2.16X10'7 2.16X10'7

where:

elevation of top of lower layer = elevation of bottom of upper layer = -500 feet,

elevation of bottom of lower layer = -6,000 feet,

/ = vertical leakance,

&i = freshwater/saltwater thickness in lower layer scaled by freshwater area and saltwater areas

'A
2 2 

= freshwater/saltwater thickness in upper layer scaled by freshwater area and saltwater areas

f f
l-A

A"

\ 2 l 2 2 2 2 

= freshwater thickness in lower layer = (-500 feet) - (interface elevation in lower layer),

= proportion of the area on the top face of the lower cell occupied by freshwater,

= saltwater thickness in lower layer = - (interface elevation in lower layer) - (-6000 feet),

= proportion of the area on the bottom face of the upper cell occupied by saltwater,

= freshwater thickness in upper layer = (water table elevation) - (-500 feet),

= saltwater thickness in upper layer = 0 in this case,

= vertical hydraulic conductivity of lower layer = 10 feet per second = 1.157X10"4 feet per second, and

= vertical hydraulic conductivity of upper layer = 20 feet per second = 2.315X10"4 feet per second.
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Table AS. Vertical leakance between a confined upper-layer cell and a confined lower-layer cell, where the freshwater/saltwater 
interface intersects the bounding face between the cells
[Datum is mean sea level]

Interface
. , elevation in 
Column . . lower layer

(feet)

16 -624.71

'Equation:

Interface 
elevation in 
upper layer 

(feet)

-119.97

A A Bathymetry 
J\ 52 (feet)

0.740 1.000 -100

/ .1

*i V
Kl K2

Vertical leakance (second*1 )

. From modified 
From equation1 SHARP program

6.51xl(r8 6.51xlO'8

f 
S2) A

= o.2sfr 
v h

where:

elevation of top of lower layer = elevation of bottom of upper layer = -500 feet,

elevation of bottom of lower layer = -6,000 feet,

/ = vertical leakance,

bi = freshwater/saltwater thickness in lower layer scaled by freshwater area and saltwater areas

= 0.25(Tf (Af } + Ts (l-Af } + T I A

b2 = freshwater/saltwater thickness in upper layer scaled by freshwater area and saltwater areas

A
i

= freshwater thickness in lower layer = (-500 feet) - (interface elevation in lower layer),

= proportion of the area on the top face of the lower cell occupied by freshwater,

= saltwater thickness in lower layer = (interface elevation in lower layer) - (-6,000 feet),

= proportion of the area on the bottom face of the upper cell occupied by saltwater,

= freshwater thickness in upper layer = (bathymetry) - (interface elevation in upper layer),

= saltwater thickness in upper layer = (interface elevation in upper layer) - (-500 feet),

= vertical hydraulic conductivity of lower layer = 10 feet per second = 1.157xlO"4 feet per second, and

= vertical hydraulic conductivity of lower layer = 20 feet ger second = 2.315xlO"4 feet per second.
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Table A9. Vertical leakance between the ocean and a confined upper-layer cell in which the freshwater/saltwater interface
intersects the top face of the cell
[FAREA, proportion of the area on the top face of the lower-layer cell occupied by saltwater; datum is mean sea level]

Column

16

Interface elevation, PARFA Rathymfttry Vertical leakance (second'1 )

^^etT6' upper layer (feet) From equation1

-119.97 0.518 -100 2.39xlO'6

From modified 
SHARP program

2.39x1 0'6

1Equation:

where:

elevation of bottom of upper layer = -500 feet,

/ = vertical leakance,

b2 = freshwater/saltwater thickness in cell scaled by freshwater and saltwater areas on top face of cell 

= Q.5(T (A\ J2\ J2
Tf = freshwater thickness in upper layer= (bathymetry) - (interface elevation in upper layer), 

A , = FAREA of upper layer,
h

T = saltwater thickness in upper layer = (interface elevation in upper layer) - (-500 feet), and 
S2

K~ = vertical hydraulic conductivity of upper layer = 20 feet per second = 2.31 SxlO"4 feet per second.

70 Ground Water in the Southern Lihue Basin, Kauai, Hawaii



Table A10. Comparison of results from modified and original versions of the SHARP program 
[Datum is mean sea level]

Column

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

Freshwater head in 
lower layer (feet)

Modified 
SHARP
0.000

86.867
86.414
85.502
84.119
82.243
79.845
76.883
73.300
69.013
63.907
57.804
50.418
41.210
28.473
15.543
-0.046
-0.028
-0.018
-0.012
-0.010
0.000

Original 
SHARP
0.000

86.870
86.417
85.505
84.122
82.246
79.848
76.886
73.302
69.016
63.909
57.806
50.419
41.211
28.474
15.543
-0.046
-0.028
-0.018
-0.012
-0.010
0.000

Freshwater/saltwater interface 
elevation in lower layer (feet)

Modified 
SHARP

0.000
-3,499.946
-3,481.528
.3444.446

-3,388.198
-3,311.984
-3,214.635
-3,094.515
-2,949.343
-2,775.907
-2,569.568
-2,323.307
-2,025.698
-1,655.260
-1,143.775

-624.709
0.000
0.000
0.000
0.000
0.000
0.000

Original 
SHARP

0.000
-3,500.038
-3,481.619
-3,444.536
-3,388.289
-3,312.072
-3,214.720
-3,094.600
-2,949.424
-2,775.983
-2,569.637
-2,323.367
-2,025.750
-1,655.305
-1,143.823

-624.704
0.000
0.000
0.000
0.000
0.000
0.000

Freshwater head in 
upper layer (feet)

Modified 
SHARP
0.000

87.400
86.942
86.019
84.618
82.719
80.290
77.289
73.657
69.310
64.127
57.924
50.406
41.048
28.947

3.058
0.000
0.000
0.000
0.000
0.000
0.000

Original 
SHARP
0.000

87.403
86.945
86.022
84.621
82.722
80.293
77.292
73.659
69.312
64.129
57.926
50.408
41.050
28.948

3.058
0.000
0.000
0.000
0.000
0.000
0.000

Freshwater/saltwater interface 
elevation in upper layer (feet)

Modified 
SHARP

0.000
-3,560.000
-3,520.000
-3,480.000
-3,440.000
-3,320.000
-3,240.000
-3,120.000
-3,000.000
-2,800.000
-2,600.000
-2,360.000
-2,040.000
-1,680.000
-1,155.849

-119.967
0.000
0.000
0.000
0.000
0.000
0.000

Original 
SHARP

0.000
-3,560.000
-3,520.000
-3,480.000
-3,440.000
-3,320.000
-3,240.000
-3,120.000
-3,000.000
-2,800.000
-2,600.000
-2,360.000
-2,040.000
-1,680.000
-1,155.867

-119.964
0.000
0.000
0.000
0.000
0.000
0.000

Tests of the Modified Program 71



Izuka and G
in

g
e

rich
 G

R
O

U
N

D
 W

A
TE

R
 IN

 TH
E

 S
O

U
T

H
E

R
N

 LIH
U

E
 B

A
S

IN
, K

A
U

A
I, H

A
W

A
II W

R
IR

 98-4031


